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Abstract 

Additive Manufacturing (AM), a process of producing parts through the building of material layer by layer from 

a computer model, has had an increasing involvement in the manufacturing of components for many industries and 

has led to reductions in material waste, lead time and energy use whilst improving part design and efficiency of 

components. Through an assessment of the design and manufacturing considerations for spacecraft designers, this 

paper looks in to the current capability of AM processes in the production of large scale metallic structures for use in 

the space industry. 

A literature review on the technological capability of current AM processes has been conducted through 

reviewing the use of AM in the aerospace industry. Two case studies have been conducted to evaluate the current 

capability of Wire + Arc Additive Manufacturing (WAAM), Electron Beam Melting (EBM) and Selective Laser 

Sintering (SLS). The first case study assesses theoretically manufacturing an STP-1 ESPA Ring, a large scale 

aluminium spacecraft structure, via WAAM and EBM. The second study assesses and compares the use of SLS in 

the manufacturing of two CubeSat configurations, a standard 1U CubeSat structure and the FoldSat, an AM 

optimised CubeSat structure. 

Through weight and material savings in redesign for AM and the great potential of its use in integrated circuitry it 

has been found that the use of AM in the manufacturing process can only greatly benefit the construction of small 

scale space components e.g. CubeSats and structural supports. The scale of operational metallic components which 

can be built by the majority of qualified AM processes is still quite small, leading to a trade-off in part quality as 

scale increases.  It has been recommended that for the creation of complex metallic space components EBM is the 

AM process most suitable at this time. 

Keywords: Porosity, WAAM, EBM, CubeSat, STP-1 ESPA. 

 

I. INTRODUCTION 

 

I.I. Rapid Prototyping and Additive Manufacturing 

Additive Manufacturing (AM) is the direct 

fabrication of an item, model or component from a 3 

Dimensional Computer Aided Design (3D CAD) 

drawing. It is an evolution of the process Rapid 

Prototyping (RP) and commonly, though slightly 

incorrectly, often referred to as 3D Printing. The 3D 

CAD drawing is digitally segmented into horizontal 

layers then via an additive process the component is 

built layer by layer, hence the alternative name Additive 

Layer Manufacturing (ALM), in this paper the term AM 

will be used when discussing the process as a whole. 

AM builds through addition of material and thus differs 

from common traditional methods of manufacturing 

such as milling, tooling and lathes, which construct 

parts through formative and subtractive methods 

removing material from a billet, and casting which is the 

pouring of material in to a mould. AM processes can 

allow for an overall more efficient manufacturing 

process in regards to material usage, as AM uses the 

minimum required amount of material needed for the 

construction of the part and if necessary support 

material. [1] 

RP is the process of quickly creating variations in a 

component or item part design during its development 

enabling testing long before the final part is produced. 

AM allows for a next step in manufacturing 

development such that the process can now rapidly 

produce functioning and operational components, as 

well as produce components for testing at a high 

operational component level, thus the term RP can no 

longer be used to convey the capabilities of AM. 

The process of additively manufacturing items has 

been advancing since the 1890’s with the development 

of topographic and photo sculpture manufacture 

methods [2]. Most current AM technologies have been 

rapidly progressing since the 1960’s and their potential 

began to be realised come the year 1987 with the 

invention of Stereolithography (SL) by the company 3D 

systems. SL works by the solidifying of light sensitive 

liquid polymer within a vat using a laser of ultraviolet 
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light (UV) and was categorised as the first AM process 

to be commercially viable. 

AM is currently being used in a huge array of 

industrial applications in a variety of sectors, from 

aerospace and automotive to medical and fashion. Thus 

the majority of industries are seeing how they can profit 

from the implementation of this rapidly developing 

technology. 

 

I.II Purpose 

The research conducted in this paper is intended to 

give an understanding of the benefits and current 

limitations associated with the implementation of AM 

processes for the manufacture of large scale metallic 

components for the space industry, and the aerospace 

industry as a whole. It was written to act as a basis for 

the analysis of future developments for BAE systems 

manufacturers deliberating the use of AM in a part 

construction process. It will allow for an understanding 

of the current AM technologies and their applications 

through an assessment of the structural requirements of 

spacecraft components and AM’s capability. The 

research will also give an overview of the engineering, 

economic and organisational considerations for space 

and aerospace organisations on the design of 

components and parts for manufacturing using current 

large scale AM capabilities.  

 

I.III  Objectives 

• Critically evaluate the scope for AM 

technology in space applications 

• Investigate the large metallic AM process and 

its current capability 

• Detail process capability and limitations 

• Review the implementation of the AM process 

in the manufacturing of a large scale space component 

• Detail the necessary considerations for space 

organisations and spacecraft designers when deciding to 

utilise an AM process. 

 

I.IIII  Method 

In the first part of this paper a literature review has 

been conducted on the use of AM processes in the 

aerospace and space industry to allow for an 

understanding of how AM works and the base line of 

the most common aerospace AM processes. The AM 

techniques chosen for an assessment of their current 

capability and advantages and disadvantages for their 

use in the construction of large scale metallic 

components, were chosen with the guidance of BAE 

Systems RAeS Mentors. Two case studies were 

conducted, one case study on the development of a large 

scale space structures component and the second on the 

development of a small scale common space structure. 

Finally a discussion on the considerations necessary for 

spacecraft designers to make before the decision to 

implement the use of AM in to a space component 

manufacturing method has been conducted.  

 

II. REVIEW OF ADDITIVE MANUFACTURING IN 

AEROSPACE 

 

II.I. Aerospace capable Additive Manufacturing  

It is well established within many engineering and 

non-engineering fields that the integration of additive 

manufacturing techniques in to a component or systems 

manufacturing process has a great ability to 

revolutionise the way that product is developed, 

performs and costs and has been said to be heralding in 

a third industrial revolution [3]. Therefore it is no 

surprise that the aerospace engineering industry is a 

current leader in AM research contributing and having 

already contributed large amounts of data and 

investment in to the development of novel research in a 

variety of AM techniques.  

In the space industry one of the main design drivers 

is to minimise the weight of the structure being 

launched as NASA has estimated it costs 10,000 USD to 

launch 1 pound (0.45 kg) of material in to space [4]. 

With the use of AM processes the construction of 

lightweight components that can reach qualification for 

space applications is made easier through the ability to 

create complex structural designs, e.g. cross sectional 

honey comb structures, with relative ease [5]. 

Manufacture by an AM process can allow for the 

production of a better designed part which would by 

other means be impossible to construct, which can have 

drastic positive effects on part weight to strength ratios. 

There are design methods such as the soap film method 

[6] and closed form solution optimisation which allow 

for the design of a structure with the least amount of 

material, and therefore weight, as is needed to be within 

the structural limitations of the application it is being 

designed for [7]. These methods create very complex 

and difficult to form structures, but now with the advent 

of AM the structural components can be made as easily 

as any other geometry and the theoretical design ideas 

can be realised. [5]  

The ability to reduce the necessary material needed 

for the creation of a component directly leads to the 

reduction of the weight which in turn leads to a 

reduction of the cost of the part and the mission, 

potentially freeing launch capacity for another 

component. Many AM technologies are being marketed 

primarily due to their design freedom and the speed at 

which parts can be created leading to a reduction in 

manufacturing lead time, which is attractive but for the 

space industry the combination of design freedom, 

weight reduction and cost reduction makes the use of 

AM for large structures even more so. Particularly 

considering that in the Aerospace industry alone the 

requirement for Titanium is forecasted over the next 20 
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years to be approximately 18 million tonnes, which in 

an industry where the current Buy-To-Fly ratio (BTF), 

where a BTF ratio definition is the ratio between the 

weight of the raw material bought for the construction 

of the component and the final weight of the material in 

the finished component which eventually “fly’s”, varies 

from 5 to 20, approximately 15 million tonnes of 

material will be wasted in the process of machining or 

forging. [8]   

A lot of work has been conducted discussing the 

current uses of AM in the aerospace industry by 

companies such as The Airbus Group, BAE Systems, 

Space X and Lockheed Martin and how they have 

benefited from the use of AM [9]. AM for space has 

predominantly focused on creating test articles for 

proving part capability, such as the Lockheed Martin 

satellite fuel tank simulations which were used by 

Lockheed to simulate the design changes in their 

proposed fuel tanks. Lockheed used the FDM process to 

create full scale fuel tank models which were certified 

for testing on completion of print but not designed to be 

launched, the largest simulation tank had a volume of 

6.75ft x 3.8ft x 3.8ft (2m x 1.16m x 1.16m) which has 

signalled the ability to use AM for large scale 

components.  

The Airbus group has conducted extensive research 

in to the AM Field, through several projects both on the 

ground and in the air. The Airbus Group “AirBike” 

created by Airbus Filton was used to test the capability 

of the Selective Laser Sintering (SLS) AM technique as 

a proof of concept for their initial work in to AM. They 

were able to create a fully functioning bicycle designed 

for a specific user using the SLS technique. The bike 

design was based on the Airbus Scimitar propeller 

design of the Airbus A400M taking from current 

aerospace designs to allow a comparison of the basic 

design to the airworthy design. All components, main 

body frame, axel, wheels and gears were created in a 

single print and showed that the AM technique could be 

used to manufacture functional mechanical components 

cheaply and in good time [10]. The bike design 

displayed design features such as embossing, auxetic 

shapes and integrated bearings which were all produced 

as the bike was printed, features which are either 

unattainable or extremely costly to manufacture via 

current traditional methods. The successful design and 

build of the AirBike paved the way towards Airbus 

creating AM built functional components such as the 

hundreds of plastic wire protectors on the new A350 

XWB aircraft, which Airbus have said the AM process 

saved 70% of the production time and 80% of the 

manufacturing costs [11]. Also the Airbus Atlante 

Unmanned Aerial Vehicle (UAV) is currently in 

operation with an additively manufactured air intake.  

 

 

II.II. Space capable Additive Manufacturing 

Airbus Defence and Space UK (ADSUK) were the 

first company to be successful in launching a space 

qualified component constructed via an AM process, a 

titanium alloy bracket upon the Atlantic Bird 7 

telecommunications satellite in 2011 [12]. Since then 

through partnership with the UK Space Agency and UK 

National Space Technology, ADSUK then went on in to 

researching to produce space flight grade AM 

components constructed from Aluminium. ADSUK in 

collaboration with 3t RPD were able to create the first 

medium size space qualified AM part as part of the 

Eurostar E3000 satellite. The part was a topologically 

improved design of a structural bracket of the E3000 

and was constructed using space grade Aluminium alloy 

developed by ADSUK. [13] 

 

 
Figure 1. Eurostar E3000 AM design evolution. [13] 

 

 
Figure 2. First space qualified SLS part: the E3000 

Structural bracket [13] 

 

Figure 1 shows the initial design of the structural 

bracket and its stress optimisation design evolution to 

the final AM optimised design. The initial part was 

comprised of four pieces of aluminium and 44 rivets, 

whereas the new optimised design is one sole piece of 

aluminium, leading to a weight reduction of 35% less 

than the initial, a 40% stiffness improvement and had no 

waste material created during the SLM process thus a 

BTF of almost 1. It took two years from project creation 

to final production of the part, which in view of the task 

being innovative and ground breaking at the time, it has 

shown the capabilities of AM to transform the design of 

space bound structures by improving the design and 

leading to direct and in-direct cost reductions.  
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Figure 2 shows the final fully built aluminium part, 

the design of which is not able to be manufactured via 

traditional methods without a considerable amount of 

time and money invested. On completion of print the 

part requires very little testing compared to the previous 

design before it was passed ready for flight. From the 

success of this project, ADSUK has since researched in 

to building space parts such as propulsion systems, 

secondary structures, heat exchangers and others using 

the same AM technique.  

NASA and SpaceX have been very successful with 

their research and advances with AM, the SpaceX 

Dragon V2 spacecraft is a landmark in the development 

of functional AM space parts having been the first 

incorporated fully AM spacecraft engine.  

The SuperDraco engine was created using the 

DMLS AM technique using an EOS 3D metal printer 

and is comprised entirely of the austenitic nickel-

chromium based alloy Inconel. The design freedom of 

incorporating DMLS into the manufacturing of the 

SuperDraco engine led to a 16 times propulsive thrust 

improvement for the V2 spacecraft thorough the 

incorporation of two separate SuperDraco engines. The 

SuperDraco engine design is very complex owing to the 

design aim of enabling astronauts to land propulsively 

during a launch abort, which again has led to the design 

only being able to be manufactured due to the 

innovations in AM. SpaceX have confirmed the 

potential for the use of metallic AM in very high stress 

and high temperature environments for a very complex 

design. Elon Musk, founder of SpaceX, has stated that 

through using the DMLS process to manufacture the 

SuperDraco engines they have had a cost reduction in 

manufacturing and have developed a component with a 

superior strength, ductility and fracture resistance with a 

lower variability in materials properties than the 

previous design [14]. The fact that the AM process has 

produced a component that is able to pass all the 

stringent requirements for space flight shows that AM 

truly is a revolutionary tool for space missions now and 

in the future. 

 
Figure 3. The SuperDraco Engine on the Dragon 

Spacecraft. The first fully 3D printed spacecraft Engine 

[15] 

II.III. Large Metallic Additive Manufacturing 

There have been many advances in AM 

production though in most of the large scale cases the 

AM material has been non-metallic, either a cement 

based procedure or plastics. For example the creation of 

full scale housing by the Chinese manufacturing 

company The Zhuoda group and the creation of full 

scale working cars both petrol and electric by Divergent 

Micro factories [16]. Although currently the 

components which have successfully been created for 

space are all relatively small scale, it can be seen from 

the work of Airbus and SpaceX that fully functional 

metallic components that pass all testing and achieve the 

standards required for spacecraft uses are achievable.  

There are currently many initiatives looking in to the 

production of space qualified large scale structures 

being created from AM process, such as the “Additive 

Manufacturing Aiming towards Zero Waste & Efficient 

Production of High-Tech Metal Products” (AMAZE) 

project which is a large intergovernmental agency 

project composed of 28 European partners. The 

AMAZE project was set up by ESA and the European 

commission and of the 28 partners, 19 of those are 

industrial and the remaining 8 are academic intuitions. 

The aims of the AMAZE project is to design, 

demonstrate and deliver a modular streamlining work 

flow to assess the processing flexibility during AM. 

AMAZE predominantly are looking in to the 

manufacturing of high strength space components 

comprised of materials such as niobium, platinum and 

tungsten endeavouring for AM to be a green technology 

leaving no waste in the process. A goal of the AMAZE 

project is to put the first 3D metal printer on board of 

the International Space Station (ISS) with the end goal 

being the ability to print entire satellites whilst in space, 

also allowing astronauts to repair components and 

create tools as needed during future long duration 

missions to Mars and beyond. The initiative is driven by 

the large possible launch cost, material cost, lead time 

and industrial scrap rate reductions, leading to an 

improvement in large scale metallic AM component 

quality, dimensional accuracy increase and build rate 

increase. 

AMAZE is working towards developing the supply 

chain for metallic AM and currently working towards 

the standardisation and certification of AM components 

destined for space in association with ISO, ASTM and 

the European Cooperation for Space Standardization 

(ECSS) standards. [4] [17]-[19] 

The UK government has shown high interest in the 

development of large scale metallic AM for the use of 

space and other industries through the UK Technology 

Strategy Board High Value Manufacturing strategy 

which includes the application of AM techniques in the 

fabrication of intermediate and end use-products [20]. 

Combined with The Strategic Affordable Manufacturing 
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in the UK through Leading Environmental Technologies 

(SAMULET) Programme, a collaborate programme 

aiming at the development of manufacturing and 

product technologies, there is a huge governmental 

drive for the development of AM engineering in the 

UK. SAMULET is a collaboration between BAE 

Systems, GKN, Rolls Royce and 3 SME’s primarily 

focusing on improving the productivity and 

environmental impact of AM manufacturing methods, 

the aim being to improve turbomachinery, combustion 

and transmission systems through the use of novel 

manufacturing processes such as the many AM 

processes. The whole program is valued at near 90 

million GBP over four years and has received further 

funding from the Engineering and Physical Sciences 

Research Councils, again showing that there is a huge 

investment in to the understanding and utilising of the 

large metallic additive manufacturing process. [20] [21] 

 

II.IV. Wire + Arc Additive Manufacturing (WAAM) 

Wire + Arc Additive Manufacturing (WAAM) is a 

new AM process currently in development by Cranfield 

University in the UK, the process uses standard welding 

equipment and combines the use of an electrical arc as a 

heat source and material wire as a feedstock, hence the 

name Wire + Arc. For the control of the feed arm it 

utilises either robotic feeds or Computer Numerical 

Control (CNC) gantries and using a Metal Inert Gas 

(MIG) to protect against atmospheric contamination, 

similar to standard MIG arc welding processes. [8]. 

The process can be used for large (>10kg) amounts 

of a variety of metallic materials such as titanium, steel, 

aluminium and others, WAAM allows designers high 

deposition rates, increased design freedom, facilitation 

of weight savings through complex design methods and 

allows for the manufacturing of low to medium 

complexity parts and assemblies previously constructed 

from sub components. Having all the benefits of 

standard AM techniques but at a much larger scale and 

for a range of metallic materials. WAAM is similar to 

the AM technique SLS however SLS is confined to 

slow deposition rates and the size of the component is 

limited to the bounded working envelope.   

In the space industry the increased use of carbon 

fibre components has lead designers to move from the 

use of aluminium to more use of titanium, as titanium is 

very compatible with carbon fibre through their similar 

property values and electrochemical compatibility, 

therefore the demand for titanium aerospace appropriate 

parts has increased [22].  Titanium is 30% stronger than 

steel and 50% lighter, whilst being 60% heavier than 

aluminium but twice as strong as aluminium leading to 

titanium being a highly expensive material to source and 

to machine. Thus an AM process which achieves the 

goal of very little material waste is very attractive to 

space designers, due to the currently very high BTF 

ratios in space. [23] 

The process currently costs near to 90,000 GBP for 

all components [8], the testing of WAAM has shown 

that most components can be made within one day in 

the current build setup which is 5m by 3m in size, with 

the actual part size capable of production being 

dependent on the size of the manipulator (robotic arm) 

connected to the process. With the ability to use 

standard welding equipment the WAAM process is able 

to be expanded relatively easy. The process comes with 

the software WAAMSoft which is for use of the 

operator to set the system to what the operator decides is 

best for using the components available. [24]  

Some of the main challenges which are facing the 

development of WAAM are the high residual stresses 

that build during the cooling of the component once it is 

released from the building clamps. Cranfield have been 

able to mitigate the problem by using methods such as 

symmetrical building where the object is on a part 

rotator and the line of symmetry is used to build the part 

half on one side and half on the other. Hence allowing 

the residual stresses during the construction of one half 

of the component to counteract and balance out the 

other half. This method allows for heat management 

during the build as one side cools as the other is 

deposited, it may lead to a particular design for 

manufacturing process due to shapes which may not be 

symmetrical, other methods such as back to back 

building, optimising part orientation and high pressure 

inter-pass rolling are being researched to overcome the 

residual stress issues.  

For WAAM to be qualified for the manufacture of 

space bound components it needs to meet the ECSS 

standards set for structures and therefore methods of 

Non-Destructive Testing (NDT) and Online Monitoring 

(OLM) must be put in place according to ECSS [25]. 

Porosity, shape and grain during deposition need to be 

measurable to qualify for NDT [26] in order to observe 

and mitigate any build-up of residual stresses that had 

not been accounted for in the part design. The 

parameters of the arc such as the voltage and current 

need to be recorded adequately via a data logger for 

OLM, and therefore a system needs to be developed for 

it with the space industry in mind. 

The Technology Readiness Level (TRL) is a method 

of estimating the maturity of the critical technology 

elements of a program, product or technology during the 

acquisition process [27] on a scale from 1 to 9, which 

allows organisations to estimate the risk involved 

through the use of a new technology as well as make 

designs on the funding required for the new technology. 

Some aerospace companies consider the WAAM 

process to still be in its early stages with a relatively low 

TRL of about 2 or 3, whereas other methods of AM 

such as Electron Beam Melting (EBM) and Selective 
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Laser Sintering (SLS) have already reached TRL 9 

stage. For WAAM to progress to a similar TRL  Non 

Destructive Inspection (NDI) methods are also needed 

to be put in place before this method is viable, however 

it is showing promise in the field of large metallic AM 

for space bound structures.  

 

II.V. Post Processing of Additively Manufactured 

Components 

Dependent on the text that is being read, post 

processing is defined in a number of ways and the 

requirements for post processing can vary greatly 

dependent on the AM method being utilised and the 

requirements of the structure. For the work of this 

paper, post processing can be defined as any activity 

taken between the fabrications of the raw and fresh part 

to the part in operation. [28] 

As the majority of parts created via AM require post 

processing when using an AM process in the 

development of a part, a lot of detail is required in both 

the physical design process and the understanding of the 

requirements after the build process. A thorough 

understanding of the post processing needed at the 

completion of a build for a particular method will lead 

to the development of a better Design for Manufacturing 

(DfM) 

 

III. SPACE INDUSTRY ADDITIVE 

MANUFACTURING APPLICATIONS 

 

A principal design driver for a spacecraft structure is 

to minimise the mass of the spacecraft without 

compromising the reliability of the structure, therefore 

the key design considerations for spacecraft designers 

are the materials selection, configuration of design and 

the testing access for iterative testing methods to 

provide component functionality confidence when 

operating in the space environment. The ECSS is the 

organisation which works to improve the 

standardisation within the European space sector for 

which any contractors to ESA must adhere to. The 

ECSS state that mechanical parts are defined dependent 

on the part classification of space-proven, non-space 

proven, or space proven but with deviation in materials 

design or use environment. The requirements for a 

component to be up to standard depend on its 

classification and is assessed on its demonstration of 

adhering to the needed constraints, design and 

verification requirements set by the ECSS. Also in 

accordance with the Mechanical Parts standard the 

materials used must be of the standards required in the 

ECSS-E-30 part 8 standards of Materials. [25] [29]  

The ECSS standards help to provide a guideline of 

the required goals that all AM process intended for use 

in the space industry must be able to meet, as well as a 

reference point for spacecraft designers to make clear 

decisions on the worth of an AM process in a spacecraft 

structure design.  

 

III.I. Metal Additive Manufacturing for Space 

Applications 

III.I.I. Common Space Metals 

The most commonly used metals in the space 

industry in the creation of spacecraft structural 

components are aluminium, steel, titanium, beryllium, a 

variety of their alloys and composite materials (Metal 

Matrix Composites (MMC), Carbon-Carbon and 

Ceramic Matrix). [30] 

Aluminium and its alloys are the most commonly 

used metal material in the space industry through 

aluminium’s characteristic high stiffness to density 

ratio, non-magnetism, moderate cost, high ductility, and 

high corrosion resistance. Aluminium-lithium is a very 

common aluminium alloy used in the space structures 

industry due to its ability to reduce the mass of a launch 

vehicle by as much as 30% [30]. Aluminium lithium is 

currently being used to create the SpaceX Falcon 9 

launch vehicle, as its higher tensile strength and 

cryogenic strength compared to regular aluminium 

makes it very attractive for the structure of cryogenic 

fuel tanks.  Though Al-Li alloys are very beneficial for 

aerospace purposes there are currently no AM 

technologies which are able to process the material. 

For structures where constructing with aluminium 

does not provide the needed strength margin titanium is 

often the preferred metal, although it is a more difficult 

metal to machine by conventional processes it does 

however have a much greater yield strength and 

stiffness to density ratio than aluminium. The 

manufacture of complex large scale components with 

titanium has been quite a large issue due to the 

necessary expense of processing at times 

overshadowing the benefits of the use of titanium. 

When operating at high temperatures titanium is 

considerably better than aluminium however it is not as 

strong as steels. Most steels commonly used for 

structures are not fit for space structures due to their 

magnetism, however austenitic steel are not magnetic 

and are often used due to their high strength in 

situations where it is difficult to machine the component 

out of titanium or when operating at very high 

temperatures. Stainless steel components are currently 

able to be manufactured using the SLS process and are 

being investigated by institutions such as Stratasys for 

its potential in the aerospace industry. 

Beryllium has a lighter weight than aluminium and 

is approximately 60 percent the density of aluminium, 

has a high specific stiffness, good thermal conductivity 

and a stiffness to weight ratio approximately six times 

better than both titanium and aluminium. Beryllium is 

good for functional purposes but it is an expensive 

material to manufacture due to the need of special 
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facilities for tooling and machining owing to the toxic 

dust produced when machining. Beryllium AM parts are 

able to be created via SLM and there is current work 

being conducted on the production of beryllium alloy 

materials for the specific production of space AM parts 

e.g. AlBeMet, an alloy of aluminium and beryllium 

which is already being used in the creation of satellite 

brackets and telescope structures.  

 

III.I.II. Metal Matrix Composites (MMC) in the Space 

Industry 

For space applications materials with high specific 

stiffness and near zero Coefficient of Thermal 

Expansion (CoTE) are required, specific stiffness, more 

accurately termed the specific modulus, is a materials 

Young's modulus divided by its density and CoTE is the 

materials tendency to expand with variation in 

temperature. The stiffness to weight ratio is essentially 

how heavy a material is for how stiff it is, in space 

engineering there is a need for very light but very stiff 

structures achieved through a high specific stiffness. 

The space industry has managed to satisfy this need 

through the development of several materials comprised 

of a metal and organic compounds known as MMC’s, 

MMCs generally have a higher temperature capability, 

higher thermal conductivity, low CoTE, and high 

specific stiffness and strength compared to the other 

commonly used space metals. [31] [32] 

The space environment is one of the most extreme 

mechanical working environments and the challenges 

for metal structures designers to overcome include the 

effects of vacuum, thermal radiation, atomic oxygen 

ionizing radiation and plasma and micro meteoroid 

impacts. The characteristics of certain materials make 

them not suitable for particular large scale structures 

e.g. beryllium due to it being a highly anisotropic 

material it is highly sensitive to damage. Beryllium 

could not be used in a structure design such as the ISS 

outer structure where it would be subject to 

micrometeorite impact throughout its mission life time. 

Therefore the use of advanced metallic alloys which 

show better characteristics more suited to the space 

environment are of constant need for spacecraft 

designers. MMC’s such as titanium aluminide matrix 

composites have a low density and show high strength 

when exposed to temperatures higher than 700°C and 

can resist oxidisation at all temperatures, are ideal for 

spacecraft applications and therefore are heavily used in 

the industry.  

The construction of components via the use of 

organic-matrix and MMCs can lead to higher 

dimensional stability in the presence of dynamic and 

thermal disturbances for critical spacecraft missions 

such as re-entry where spacecraft can encounter 

temperatures above 1,500°C. MMC’s have been 

minimally but successfully applied in the space industry 

such as their application in the landing gear drag links 

for the space shuttle orbiter which allowed for a weight 

saving of 45% from the original fully aluminium design 

[32]. The aluminium-boron MMC was used for the 

structures of the high-gain antenna boom for the Hubble 

space telescope and graphite-aluminium and graphite-

magnesium have shown great promise for the 

construction of space structures but their use has been 

small due to difficulties in manufacturing components 

and inspecting them [33]. A current barrier for the 

further use of MMC’s are their affordability, the 

material performance needs to be matched with 

innovative design and affordable manufacturing. 

Therefore one of the principles to shape the future of 

advanced materials such as MMC’s in the space 

industry is by creating more economical manufacturing 

processes and new technologies, thus this is the area 

where the development of AM for MMC’s could really 

impact the space structures industry. 

Currently MMC structures made from high strength 

aluminium, mixing boron and carbide fibres or stainless 

steel meshes can be achieved via the use of sheet 

lamination AM methods such as Ultrasonic AM. AM 

has further potential when working with MMC’s as the 

process can be paused and modified at any point in the 

build of a structural part, allowing for a change in the 

MMC being used which could lead to integrated MMC 

parts, such as integrated circuitry currently in 

development by Loughborough university. [33] 

 

III.I.III. Additive Manufacture of Titanium for 

Spacecraft Applications 

Titanium is one of the most commonly used metals 

in the spacecraft construction industry due to pure 

titanium and its alloys being of lightweight with high 

specific strengths, corrosion resistant, stiffer than 

aluminium and having a high temperature capability. 

Therefore it is commonly used in the manufacture of 

pressure tanks, fuel tanks and vehicle skins of 

spacecraft’s. However though it displays highly 

beneficial mechanical properties for space applications 

titanium is one of the more expensive materials, with 

aluminium costing 10.16 GBP per 100g and Titanium 

costing 661 GBP per100g [34]. Manufacturing with 

wrought titanium becomes less attractive with the high 

scrap rates of the space industry of in worst cases up to 

80 and 90% [8].  

The advent of AM has allowed spacecraft designers 

to more economically manufacture titanium components 

with a reduction in scrap material to approximately 10% 

and less for the construction of near net shape 

components requiring minimal tooling, coupled with the 

reduced lead times experienced with AM 

implementation.  

Rather than purchasing components from Orbital 

ATK Lockheed Martin Space Systems constructed 
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titanium fuel tanks via an EBM process developed by 

Sciaky, which led to reductions of 80% in both lead 

times and manufacturing costs through the removal of 

cutting from billet and the removal of casting from the 

manufacturing process [35]. From a space economy 

perspective the creation of components via AM is a 

proven alternative to most traditional manufacturing 

methods. Further work conducted by Lockheed Martin 

contracted on behalf of the NASA New Frontiers 

mission to Jupiter concluded that the use of AM printed 

Ti-6Al-4V alloy components were suitable for use in 

spacecraft. A feasibility study was conducted which 

concluded that the mechanical properties of EBM 

printed components were comparable to components 

created from wrought material. Table 1 shows a 

comparison of the mean tensile strength proprieties of 

tensile test bars which were examined by Lockheed 

during their analysis of the suitability of EBM parts for 

spacecraft structures measured at room temperature 

(RT) and at 121°C.  

 

Table 1. Comparison of mean tensile properties of EBM 

Ti-6Al-4V and wrought and cast products conducted by 

Lockheed Martin. [35] 

Specimen 
0.2% YS  

(MPa) 

E 

 (GPa) 

UTS 

(MPa) 

x̅ XY- at RT 967.4 114.4 1030.7 

x̅ Z@ RT 986.7 119.2 1049.4 

x̅ XY @121°C 812.3 112.3 893.6 

x̅ Z @ 121°C 845.4 109.6 923.3 

Ti-6AI-4V 

Wrought @RT 
903 110 923 

Ti-6AI-4V Cast 

and Annealed 
885 110 930 

 

The study was conducted to assess the possibility of 

using Arcam’s EBM AM process to create many Ti-

6Al-4V alloy brackets to determine their properties and 

suitability for spacecraft use. The components created 

via the EBM process were tested against state of the art 

machined titanium, and as can be seen from the results 

in Table 1 the components showed that they had similar 

mechanical responses to the loading tests. The failure 

load reached by the EBM produced parts was the same 

as that of the state of the art machined components. 

Thus giving the spacecraft designers at Lockheed 

confidence in the use of the EBM process in producing 

space worthy Ti6-Al-4V components.  
Lockheed found that the costs of EBM part post 

process machining to be half that of the state of the art 

wrought parts and a cost reduction maximisation could 

be achieved through the construction of a part greater 

than 12 times. The part quality of the EBM produced 

part was nearly equivalent to the wrought parts, further 

confirming their spacecraft designer’s confidence in the 

components and process. Lockheed Martin eventually 

implemented the process for metal support structures on 

the Juno spacecraft upon which the parts successfully 

endured the necessary tests of vibration and thermal 

cycling and were launched successfully on August 5th 

2011. 

 

III.I.IV. Spacecraft Metallic AM Mechanical Properties 

Considerations 

During the design of a space structure there needs to 

be a precise understanding of the environment, part 

purpose and life cycle of the part in order to make a 

choice of materials long before the manufacturing 

method is to be decided. The understanding of the 

specific strength, stiffness, outgassing, availability, cost, 

radiation resistance and thermal conductivity are vital to 

the success of any space structure design, as it is the 

mission objective and the unique combination of these 

properties that defines the materials needed for a 

particular structure.  

 

 

 

Table 2. Mechanical properties of metals commonly used for the manufacture of space bound components (Adapted 

from [36]) 

Material 
Density 

(g/cm3) 

Tensile 

Modulus (GPa) 

Thermal 

Expansion 

Coefficient 

Specific 

Heat 

(J/kg.K) 

Thermal 

Conductivity 

(W/m.K) 

Yield 

Strength 

(MPa) 

Beryllium 0.067 303 11 1925 182 520 

Aluminium 

(7075-T6) 
0.101 72 23 920 215 480 

Titanium 

(6A1-4v) 
0.16 113 10 540 4 860 

Steel (4340) 0.28 203 15 500 47 1860 

Magnesium 

(AZ80A) 
0.065 44 26 1000 52 240 

MMC 0.105 131 14 800 12 450 
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In the space industry material density is a highly 

important property in the choice of build material due to 

the critical weight restrictions on space missions. 

Currently, though it is difficult for AM processes to 

repeatedly produce parts which are exactly the same 

density as their material reference density, most AM 

processes are able to achieve densities greater than 99% 

of the material reference [37]. 

 

III.I.IV.I. Coefficient of thermal Expansion 

 
       

 
 

Equation 1 – Coefficient of Thermal Expansion (CoTE) 

[38] 

 

The thermal expansion of a material is defined as the 

fractional increase in length per unit rise in temperature, 

it is one of the main considerations when choosing a 

material for a space application as the structures of 

spacecraft’s go through large fluctuations in temperature 

during their operational lifetimes. [37] 

Equation 1 shows the equation for the CoTE of a 

material, where  and  are the original and final 

lengths of the material,  and  are the original and 

final temperatures of testing and  is the CoTE. The 

thermal conductive coefficients are also important 

parameters which need to be considered in the materials 

choice, as when materials with different thermal 

expansion coefficients are used in the construction of a 

structure it can lead to larger thermal stresses being 

induced within the structure via thermal cycling, the use 

of an entirely AM constructed part from composite 

materials could negate this.  

The use of traditional tooling methods in the repair 

of damaged military composite aerospace components 

have been found to have issues with residual stress build 

up due to differing CoTE in the tooling components and 

the material. The CoTE differences cause the composite 

material and the tools to expand when undergoing 

curing treatment, leading to the increased residual 

stresses in both components. A proposed solution to the 

current method is to model the design geometry of the 

tools and manipulate the CoTE material properties of 

the tool to reduce the CoTE mismatch, then make use of 

AM to build the tooling parts allowing for a quick part 

turn around by reducing the lead times of the tool build, 

showing further problem solving versatility of AM 

processes.[39] 

 

 

 

III.I.IV.II. Rate of Sublimation and Outgassing 

According to ECSS-Q-70-02, the standard for space 

product assurance which describes the thermal vacuum 

outgassing test for the screening of space materials, the 

materials used for space systems shall be selected based 

upon low outgassing criteria while taking account the 

location of the outgassing material and its mass [40]. 

The rate of sublimation of a metal is the rate at which it 

transitions directly form the solid state to the gaseous 

phase without passing through the intermediate liquid 

phase [41]. Sublimation is a phase transition description 

of the process of outgassing, a phenomenon that can 

lead to condensation of material on fragile components 

such as optical elements, thermal radiators or solar cells, 

leading to obscured views and reduced performance and 

life expectancy of spacecraft. Outgassing is the 

spontaneous evolution of gas from a solid or liquid, 

however the word sublimation better describes the 

process that is occurring in the space environment.  

The rate at which outgassing occurs is highly 

influenced by the conditions of the vacuum and the 

temperature, hence why it is an important feature for a 

space structures designer to consider when selecting the 

material for a part design. Spacecraft designers need to 

assess that the use of the AM process and that the AM 

material does not affect the outgassing characteristics of 

the structure when compared to creating via traditional 

methods, as it has been found that a lot of AM produced 

products deform in ultra-high vacuum conditions [42] 

[43]. Fortunately the CRP group have recently 

announced that its Windform XT2.0 material have 

passed the ESA outgassing requirements making it the 

first AM material which could potentially be 

manufactured in the space environment [44].  

 

III.I.IV.III. Porosity 

The porosity of a material is a measurement of the 

fraction of the material or volume that is “empty” or 

voided, mostly rated as a percentage. There are several 

reason for the appearance of porosity within a material 

but it is mainly due to molten material being able to 

hold a larger amount of dissolved gases compared to the 

solid form, thus as the material cools the gas bubbles 

form pores either within or on the surface of the part. 

The introduction of porosity in to a material directly 

effects the density of the part and can lead to pockets of 

un-melted material. 

Porosity is a particular issue when manufacturing 

with aluminium, as hydrogen is able to dissolve in 

significant amounts within aluminium’s molten form 

when the molten material is exposed to any water 

vapour, which leads to high hydrogen gas porosity and 

to a series of material defects e.g. earlier onset fatigue 

performance, lower corrosion resistance and reduced 

tensile strength. 



68th International Astronautical Congress (IAC), Adelaide, Australia, 25-29 September 2017.  

Copyright ©2017 by the International Astronautical Federation (IAF). All rights reserved. 

IAC-17-C2.9.8.x41178                Page 10 of 25 

Aluminium is one of the most common metals used 

in spacecraft manufacturing, therefore low porosity 

levels are a necessity for parts to be of space launch 

standard. Porosity issues during manufacture have led to 

early onset fatigue problems in launch vehicle 

structures, such as the rupture of the Space 

Transportation System (STS)-43 pressure vessels prior 

to a launch in May of 1991. The STS-43 had to have 

replacement pressure vessels installed on the Orbiter 

due to leaks in the helium pressure vessel of the main 

propulsion systems caused by poor porosity levels in the 

tank welds.  

Many AM processes are only able to produce 

aluminium components through the build process being 

contained within a vacuum or a monitored enclosed 

space. In order to achieve the required environment for 

some AM processes, extra financial costs are needed in 

the provision of environmental monitoring sensors for 

the build environment, which leads to a limitation of the 

AM build process to the volume of the enclosed 

environment. For the manufacture of large scale 

components, some components may not be feasible 

unless the part is built in smaller parts to be combined 

later. The creation of porosity free AM via a single 

build would greatly help the construction of space 

bound pressure vessels due to the removal of the need of 

welding together two half tanks, as the weld joint has 

been found to be the point where difficult and 

unintentional voids can form due to the complexity of 

the welding process, thus avoiding situations like the 

STS-43. [45] 

 

III.I.IV.IV. Manufacturing residual Stresses 

With the use of laser based AM processes residual 

stress levels can become very high [46], residual 

stresses are stresses which are existing within a body 

without the presence of any external loads or gradients 

acting upon the body, they are three-dimensional and 

are balanced within a part through tensile stresses 

counter acting compressive stresses. Manufacturing 

residual stresses are the internal stresses within a body 

which are introduced due to the method of 

manufacturing, practically all manufacturing processes 

lead to an induction of residual stresses within the 

component. [47] 

 
Figure 4. Simple beam structure stress diagram 

displaying characteristics of residual stress [46] 

 

Pre designed residual stresses can be beneficial to a 

component however unintentional stresses that go 

unobserved can lead to fatigue issues and catastrophic 

failures of components. Figure 4 shows an example of 

residual stress development within a simple beam, when 

the part has undergone loading to the point of plastic 

deformation (a) to (b), residual stresses are introduce in 

the component, which upon unloading will remain (c). 

When the part experiences further loading the point of 

loading will begin at the final residual stress state (d), 

which could lead to an early onset of cracking or 

complete failure of the component. [46] 

Residual stress can be a particular issue for AM due 

to the development of thermal gradients during the part 

building stage, as the lower layers are cooled and 

therefore at a lower temperature than the most recently 

deposited material layer. Also as AM becomes more 

implemented in the space industry there will be a need 

for building parts using multiple materials at one time 

for a single component, as it’ll greatly increase the 

versatility of the manufacturing process, this however 

will increase the likelihood of manufacturing residual 

stresses due to the variation in CoTE in the different 

materials. The development of AM to the point that 

residual stress determination is easily achieved could 

allow for the development of space components which 

have additional topological optimisation through 

specific stress bearing sections of the components, 

similar to the design of standard bicycle wheel spokes 

with induced stresses in the spokes of the wheels.   
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IV. CASE STUDIES 

 

Two case studies were conducted to assess the 

current capability of three AM processes, Wire + Arc, 

Electron Beam Melting and Selective Laser Sintering, in 

their production of relative low complexity metallic 

space structural components. The assessment looked in 

to the development of an ESPA ring and two CubeSat 

configurations and has compiled current industrial data 

on similar projects to give a theoretical outcome of the 

component properties if made using AM processes at 

their TRL at this current time. The design procedures 

and financial impacts of each process have been 

assessed to allow a general engineering understanding 

of the implementation of the AM processes, and the 

materials, manufacturing parameters and design 

variables were also assessed for a better overview of 

AM for the space industry.  

 

IV.I. Case study 1 - Evolved Expendable Launch 

Vehicle (EELV) Secondary Payload Adapter (ESPA) 

 
Figure 5. STP-1 ESPA Ring Structure Solid Model [48] 

 
Figure 6. ESPA with Primary Spacecraft and six 

secondary spacecraft [49] 

 

 

Figure 5 displays the Air Force Space Test Program 

(STP)-1 Evolved Expendable Launch Vehicle (EELV) 

Secondary Payload Adapter (STP-1 ESPA) which was a 

joint program developed by the Department of Defence 

(DoD) Space Test Program and the Space Vehicles 

Directorate of the Air Force Research Laboratory 

(AFRL). The majority of launches of EELV’s are 

designed with a considerable amount of excess payload 

capacity, the ESPA Ring was designed in 1995 to 

provide a secondary payload capability for EELV’s in 

order to utilise this excess payload capacity. The ESPA 

has since been flight qualified for use on both the Atlas 

V and Delta IV launch vehicles and had its maiden 

voyage in 2006 on the Air Force Delta IV STP-1 flight.  

The development of the ESPA ring has allowed for the 

small satellite community to have a better access to 

space, institutions ranging from universities, 

government agencies, small to medium enterprise and 

long founded corporations have since utilised this extra 

capability. The introduction of the ESPA ring in EELV 

launches has been estimated to have reduced the cost of 

what would have been 10 to 20 million USD spacecraft 

launches to less than 1 to 2 million USD, due to the 

ESPA making it possible for up to 6 secondary 

spacecraft weighing up to 170kg each to be placed in 

orbit with any EELV launch, as shown in Figure 6. [50] 

The ESPA ring is compatible with most EELV’s 

currently in operation including the Falcon 9 and 

Antares rockets, there are also ESPA modifications 

which can allow for a smaller number of heavier 

satellites to be launched, such as the ESA Grande which 

is a 4 port adapter increasing the capacity to 300Kg per 

satellite [50].  

 

IV.I.I. ESPA suitability for Additive Manufacture 

The small launch ESPA ring component was chosen 

for an AM study due to its homogenous structure being 

created entirely of one material, aluminium, making it a 

suitable candidate component to test the feasibility of 

launch ready components created via a metallic AM 

process. The ESPA is a cylinder weighing 300-pounds 

(136kg, estimated empty mass), its dimensions are 24-

inches (61cm) tall, 62.01-inches (157.5 cm) in diameter 

and a 0.5 inch (1.27 cm) wall thickness, and it also has 

port hole accommodations for the six secondary 

payloads. The cylinder, top and bottom flanges, and 

secondary payload attach rings are all constructed from 

7050 aluminium [48]. The ESPA is currently 

manufactured through a single forging of aluminium 

due to its low complexity machining needs, however 

leading to high percentage of material waste. If the 

ESPA were to be manufactured via an AM process it 

would make it larger than current AM produced 

aluminium parts, the current largest being a 0.474 m x 

0.367 m x 0.480 m high automotive gearbox casing. An 

analysis of the ESPA ring will allow for a good 
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evaluation of the current development scope of any 

large scale metal structure being proposed for AM 

construction. [49] 

The ESPA is a very versatile structure and can be used 

as a secondary payload adapter or as a part of the 

secondary spacecraft such as in its use as part of the 

AFRL demonstrating and science experiments mission 

[50]. The ESPA is an expense reduction solution which 

if the implementation of AM into its manufacture can be 

beneficial in the further reduction of costs will 

complement its primary design goal. AM has been 

implemented in industries to reduce the backlog of stock 

of certain components, if AM can be implemented 

successfully in to the production of ESPA rings it could 

allow ESPA ring manufacturers such as Lockheed 

Martin and RUAG to bespoke the design of the ESPA 

even further for individual missions with a supply on 

demand chain. 

 

IV.I.II. Manufacturing of the ESPA via Aluminium 

Wire and Arc Additive Manufacturing 

The first method of AM to be assessed for the 

possible manufacture of an ESPA ring via AM 

processes was the aluminium WAAM process currently 

in development at Cranfield University UK. 

 

 Table 3. ESPA Structural dimensions and properties 

ESPA Structural Dimensions 

Weight 136 Kg 

Height 61 cm 

Width 157.5 cm 

Cost 250,000 USD 

Material 7050 aluminium 

Compressive yield strength 60ksi / 413.7 MPa 

Ultimate Tensile Strength 70ksi / 482.6 MPa 

Wall Thickness 0.5 inches 

Factor of Safety  1.25 

 

IV.I.II.I. Mechanical Properties 

Table 3 shows the structural dimensions and 

properties of the ESPA ring constructed from forged Al 

7050. Currently most components created via the 

WAAM process and most research conducted on the 

process has been with titanium or steel as the wire 

feedstock, though there has also been a study conducted 

on the use of aluminium as feedstock for the WAAM 

process.  

This has enabled conclusions to be made on the 

current achievability of making an ESPA to its exact 

current design [34], though due to the constraints of 

time and available data the study has been conducted 

comparing the material properties of the forged 

aluminium 7050 and 2319 aluminium alloy (alloy of 

aluminium and copper). Table 7 has been created to 

enable a comparison of the Compressive Yield Strength 

(CYS) and Ultimate Tensile Strength (UTS) of forged 

Al 7050, which the current ESPA is manufactured from, 

and the 2319 Aluminium feedstock wire, the WAAM 

deposited 2319 aluminium and wrought 2219 

aluminium which was used during the Cranfield study 

for tensile testing carried out according to BS EN ISO 

6892-1:2009 Standard. [34] 

As can be seen from Table 4, the WAAM deposited 

2319 aluminium showed considerably poorer 

mechanical properties compared to the wrought material 

and the initial wire material. This was attributed to poor 

porosity levels during the aluminium WAAM process, 

which can be attributed to the trace levels of hydrogen 

being too high in the manufacturing state of the current 

WAAM method, therefore not being able to nucleate 

bubbles within the molten pool of the build. Currently 

porosity is the main issue with the feasibility of creating 

aluminium parts via WAAM, the high porosity levels 

directly lead to a reduction in the level of the 

mechanical properties, which is of critical importance 

for the creation of a space component such as the ESPA.  

Methods of improving the porosity levels of 

aluminium WAAM produced parts have been 

investigated, it was found that the use of slight 

variations of the WAAM process can lead to an almost 

full elimination in the porosity of the aluminium 

components produced. Figure 7 shows a comparison of 

the aluminium porosity between a Pulsed Cold Metal 

Transfer (CMT-P) Process [51], which inherently has a 

low heat input, therefore reduces residual stress build up, 

and an advanced variant of the CMT-P (CMT-PADV) 

process which is AC operated and so works through 

polarity reversal. As Table 7 shows an increase of 200 

MPa in both the CYS and the UTS from the WAAM as 

deposited, clearly there is a requirement for post 

processing the aluminium built WAAM parts via heat 

treatment, rolling and ageing the metal. 

 

 

Table 4. ESPA and WAAM aluminium mechanical properties 

Property 
Forged Al 

7050 (ESPA) 

Wire 

2319 

Al 

As deposited WAAM 

2319 Al 

WAAM 

Treated 

2319 

Wrought 

2219 Al 

alloy 

Compressive Yield Strength (CYS) 

MPa 
413.7 476 110 310 350 

Ultimate Tensile Strength (UTS) 

MPa 
482.6 393 260 460 455 
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Figure 7. Longitudinal porosity of WAAM 2319 

deposited by (a) CMT-PADV process, (b) CMT-P [24] 

 

A solution to the strength issue is to heat treat 

aluminium parts manufactured via the WAAM process 

in order to enable control of the material grain size and 

grain patterns. This will require operator optimisation as 

the increase in rate of cooling will improve the hardness 

and the tensile strength but it will proportionally reduce 

the toughness and ductility of the component, as there is 

currently no integrated heat treatment process within a 

WAAM build this will lead to an additional financial 

cost [52],  Due to the WAAM processes deposition 

nature, additional material rolling during and post build 

can also increase the strength properties, the 

combination of post heat treatment and high pressure 

inter pass rolling is deemed necessary to reduce the 

levels of distortion and residual stresses that accumulate 

during the build of aluminium parts.  

The creation of novel aluminium wires solely for the 

purpose of WAAM are currently being researched 

which once developed would give the aluminium 

WAAM process an added reliability for spacecraft part 

manufacturing. 

 

IV.I.III. Manufacturing of the ESPA via Titanium Wire 

and Arc Additive Manufacturing 

IV.I.III.I. Mechanical Properties 

There has been more research conducted for the 

WAAM process in the manufacturing of parts 

constructed from titanium, primarily Ti-6Al-4V. This 

has led to there being a very good understanding of the 

current capabilities of Ti-6Al-4V WAAM components, 

therefore a study has been conducted concerning the 

possibility of creating the ESPA entirely form Ti-6Al-

4V rather than its current all-aluminium design. In terms 

of mechanical properties Table 5 shows that the critical 

mechanical properties of CYS and UTS are, in most 

cases, twice as much as the current ESPA design due to 

titanium’s characteristic strength performance when 

compared to aluminium.  

Research has shown that titanium material 

manufactured by WAAM can reach the mechanical 

properties of the initial wrought and cast material 

specification as shown in  

Table 5 [53]. If it were found that there was an 

overall design, economic or structural improvement of 

the ESPA design through the use of WAAM, in terms of 

maintaining high mechanical properties during the 

process, it would be recommended to construct with 

titanium. Although this will come at an added economic 

cost with the cost of building via titanium WAAM 

being 15 times the current cost per kg of building via 

aluminium WAAM.[8] 

The build of parts via Titanium WAAM also has the 

issues of undesired residual stresses and additionally 

there are anisotropy issues due to the effects of the 

layered process which leads to distorted parts. To 

qualify the process for space component building one 

would use the recommended processes for the 

aluminium process, heat treatment and inter-pass rolling, 

are also recommended for titanium.  [55] 

 

 

Table 5. ESPA and WAAM TI-6AL-4V properties (adapted from [35] [50] [53])  

Property 
Forged Al 

7050 (ESPA) 

WAAM as 

deposited Ti-

6Al-4V 

Cast 

Ti6Al4V 
Wrought Ti6Al4V 

Compressive Yield Strength (CYS) 

MPa 413.7 810 758 860 

Ultimate Tensile Strength (UTS) 

MPa 
482.6 890 860 930 
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IV.I.IV. Manufacturing of the ESPA via Aluminium and 

Titanium Electron Beam Melting. 

When designing for WAAM an identification of the 

work piece geometries most suitable for the final 

product needs to be conducted via manufacturing 

considerations such as the build orientation, the design 

patterns, where the base plate should be placed and if 

there is a need for a base plate at all. Finite Element 

Modelling (FEM) specifically for the manufacture of 

the ESPA via WAAM will need to be conducted in 

order to assess the thermomechanical model before 

WAAM construction. This would lead to the addition of 

another design element as conventional methods of 

FEM are not suitable for WAAM components the size 

of the ESPA due to the amount of computation required 

for accurate analysis. However a method of analysis 

which makes use of an Eulerian reference frame is 

currently in development and has been noted to save 

approximately 80% of the computing time required. [55] 

For the ESPA the use of WAAM could be beneficial 

in the area of bespoke mission design, as the WAAM 

process has been highlighted for its ability to create 

unconventional stiffener designs with relative ease due 

to its freeform nature. Therefore through the use of 

WAAM the design of mission specific stiffeners which 

could not be created via conventional methods, e.g. for a 

secondary payload with an unusual centre of gravity, 

could be optimised for that secondary spacecraft rather 

than the design of the spacecraft having to be altered.  

During the process of design of the ESPA for 

WAAM manufacture there is a necessity to create a 

robot tool path, unfortunately there is currently not a 

software package which is able to perform this to the 

required standard for the ESPA or other space 

components. The tool path generation would compose 

of a part slicing module and a robot arm guide module 

allowing for a path code for the WAAM Fanuc robot 

arm that controls the process to be generated. The 

process would need to be WAAM specific due to the 

need of a robotic arm path optimised for the variable 

robotic tool arm allowing for an automatic calculation 

of the speeds and deposit rates that are required with the 

system available. 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV.I.V. Material Cost 

Table 6. Estimated pure material cost of ESPA 

manufacture via forging and WAAM at BTF ratios of 

10 and 20 vs WAAM manufacture at BTF = 1.5. [48] 

[55]-[59]  

Manufacture Method 

Material 

Cost 

(GBP) 

% Cost 

difference to 

Al WAAM 

Al Forging (BTF  = 10) 3079.31 +32.5 

Al Forging (BTF  = 20) 6158.62 -33.8 

Ti-6Al-4V WAAM 

(BTF = 1.5) 
61200 1400 

2319 Al WAAM (BTF 

= 1.5) 
4080 0 

 

Table 6 shows the estimated material cost of 

manufacturing the ESPA via its current method of 

forging at BTF’s of 10 and 20 against the titanium 

WAAM and aluminium WAAM theoretical BTF. Due 

to lack of available information on the exact process of 

manufacturing of the ESPA, estimations have been 

taken from current forged material costs of pure 

aluminium using the market prices of 99.7% aluminium 

ingot on the date of this papers writing. WAAM is 

attractive to space designers due to the ability to 

drastically reduce the BTF ratios of space parts, 

especially due to the high average BTF ratios related to 

traditional formative and subtractive methods of 

manufacture in the space industry.  

Table 6 shows that manufacture via Aluminium 

WAAM would only lead to a reduction in the material 

costs of the ESPA with BTF ratio values of greater than 

approximately 15. Work conducted by the North 

Atlantic Treaty Organization (NATO) concluded that 

AM is only commercially advantageous, in regards to 

material acquisition, with the current AM technology 

available for components with BTF ratios of 12:1 and 

above, and that on average AM processes can reduce the 

BTF to at least 3 [55], whereas WAAM has claimed it 

can in most cases reduce the BTF to less than 2. [55] 

Unless there could be a clear benefit through 

redesign and stress optimisation, the results show that 

titanium WAAM construction of the ESPA ring is ill 

advised due to the comparative percentage material cost 

increase being 1400%. 

 

IV.I.VI. Manufacturing of the ESPA via Aluminium and 

Titanium Electron Beam Melting. 

To fully take advantage of the benefits of AM in the 

space industry it has been recommended that spacecraft 

designers should manufacture parts via a Powder Bed 

Fusion (PBF) process [56]. PBF processes allow 

particular design freedoms that other AM techniques are 

not capable of achieving, and can also help reduce the 

number of required components in a design which 
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would be of a significant advantage in the manufacture 

of a large scale part.  

Producing parts via EBM using aluminium and its 

alloys is currently still predominantly in the research 

and development stage in many engineering 

organisations due to issues of porosity and vaporisation 

[58]. For example, 7075 Aluminium, the aluminium 

which the ESPA is forged from, is composed of 

magnesium, zinc, copper and aluminium, all of which 

have varying vaporisation temperatures in vacuum 

conditions, approximately 375°C for magnesium, 300°C 

for zinc, and 1200°C for both copper and aluminium. 

Consequently when 7075 aluminium is melted via EBM 

in the vacuum chamber at approximately 600°C, a 

proportion of the magnesium and zinc are vaporised in 

the process changing the predicted mechanical 

properties of the part. It is only once control of the level 

of vaporisation of the alloys is achieved can there be a 

feasible implementation of the aluminium EBM process 

for space components. [60] 

Conversely the EBM process has had a lot of 

success with the manufacturing of space worthy 

components when building with Titanium, thus 

theoretically an ESPA could be manufactured out of 

titanium via an EBM process.  

 

IV.I.VI.I. Mechanical Properties  

Table 7 shows a comparison of the mechanical 

properties of parts produced via the use of an Arcam 

A2X EBM machine, and the required ASTM standard 

properties for cast and wrought Ti6Al4V. The table, as 

expected, shows that construction via titanium would 

lead to much higher values of CYS and UTS, and that 

the Arcam EBM method provides Ti-6Al-4V 

components with much higher property values than the 

standards require.  

This is partly due to the Arcam produced Ti-6Al-4V 

going through hot isostatic pressing, a form of heat 

treatment that leads to improved CTS and UTS, during 

its building  

 The build volume during building via EBM is 

continually maintained at a high temperature, as it 

allows for the preservation of a steady-state uniform 

temperature throughout the component build, 

counteracting the effect of the high energy electron 

beam heating the loose material around the worked 

material. This leads to a reduction in the residual 

stresses that build up in an EBM process compared to 

other methods of PBF and it also improves the ductility 

of the parts created. The implementation of optimisation 

strategies such as application of post-deposition 

processing and in-situ wave processing allow for further 

improvements of the mechanical properties of EBM 

produced components but require operator control.  

The EBM process can produce metallic space 

components with very good mechanical properties 

however this comes at a sacrifice of the build speed of 

the parts. The maximum build rate for the Arcam A2X 

is between 55 to 80 cm3/h, approximately a maximum 

of 0.36kg/h of titanium, making it one of the slower AM 

processes, particularly when compared to the WAAM 

process which has a build rate of 0.5 to 4 kg/h. Though 

the build speed is drastically slower using EBM the 

BTF ratio has been shown to be near to 1 in most 

applications.  

 

IV.I.VI.II. Design  

The surface finish of most EBM components 

initially comes out poorer than components produced by 

most other AM processes, thus for use in spacecraft 

applications there is a need for a high level of precision 

post processing by traditional manufacturing methods. 

To accommodate for this during the design of a part the 

volume and wall thicknesses would have to be slightly 

increased to enable for a shaving of the part to the 

correct dimensions and finish. 

The current main draw back for creating large 

mechanical components via EBM is the maximum build 

volume, for instance the Arcam A2X has a maximum 

build envelope of only 0.2 x 0.2 x 0.38 m [64]. 

Therefore in terms of design it would not be at all 

feasible to create the ESPA via an EBM process at the 

technologies current state, nevertheless the EBM 

process has already proven itself beneficial in the 

construction of metal parts for other space applications.  

 

 

 

 

 

Table 7. ESPA and EBM Ti-6Al-4V mechanical properties. (Adapted from [61]-[63])] 

  

Property 

Forged Al 7050 

(ESPA) Arcam Ti6Al4V 

Cast 

Ti6Al4V 
Wrought Ti6Al4V 

Compressive Yield Strength 

(CYS) MPa 413.7 950 758 860 

Ultimate Tensile Strength 

(UTS) MPa 482.6 1020 860 930 
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IV.II. Case study 2 - CubeSats 

 

` 

Figure 8. A 1U CubeSat [65] 

 

As defined in the CubeSat design specification by 

the California Polytechnic State University, a U-class 

spacecraft commonly known as a CubeSat is a type of 

miniaturised satellite for space research applications. A 

CubeSat satellite can operate as an independent singular 

unit or can be constructed of multiples of 10 x 10 x 

11.35 cm3 units, with each unit’s mass not exceeding 

1.33 Kg [66]. CubeSats are predominantly intended for 

use as small satellites in Low Earth Orbit (LEO) where 

they perform basic scientific research. The simplicity 

and relative low cost of a CubeSat mission compared to 

large satellites allows for the development of space 

activities by small industries, aerospace start-ups and 

academic intuitions around the world.  The majority of 

developments in CubeSat technology come from 

academia, though several large companies are lately 

seeing the benefits of CubeSat technology and have 

begun building CubeSats as part of larger satellite 

constellations. Companies such as Boeing, BAE 

Systems and Lockheed Martin have integrated CubeSats 

in several of their endeavours in the satellite industry 

[67]-[69]. The functionality of CubeSats is continually 

increasing with the advent of deployable solar panels 

and antennas, the CubeSat specification is able to 

accomplish a lot of high level goals with its 

simplification of the satellite infrastructure which has 

enabled satellite designers to create low cost operational 

satellites. 

CubeSats are launched via the use of a Poly-

Picosatellites Orbital Deployer (P-POD) often via the 

use of an ESPA ring as part of a secondary payload, 

costing on average 50,000 USD (32,500 GBP)  to 

launch [70]. The P-Pod launch enables the scaling of a 

satellite structure to CubeSat frames in 3U, 6U and even 

up to 12U configurations which enables a CubeSat 

configuration to have the enhanced functionality of a 

more complex satellite system or constellation.  

With the standardisation of the geometry, 

componentry and interfaces of the CubeSat design the 

cost of launching a small satellite has greatly declined, 

however even with the improvements in design 

efficiencies and standardisation of parts, most CubeSat 

structures are currently constructed by traditional 

methods and consequently are confined to the 

constraints of traditional manufacturing methods and 

thus CubeSat structure can be composed of up to 30-50 

parts and fasteners [71]. 

 

IV.II.I. CubeSat Suitability for Additive Manufacture. 

With the continual improvements of the AM process 

and its proven implementation and well suiting for 

complex space components. There is much research 

being conducted on the application of an AM 

manufacturing method in to the production of CubeSat 

components as it is believed the CubeSat community 

can greatly benefit from AM processes to enable 

complex CubeSat design, potentially with integrated 

circuitry and mechanisms. [66] - [69] [71]   

Due to the CubeSat structure having a limited size, 

the use of AM may allow designers to create mission 

tailored CubeSat structures to accomplish the mission 

experiment with the electrical components required, 

rather than having to define the experimental 

components to conform to the restrictions of the 

standard CubeSat structure. There is currently research 

being conducted on the production of AM materials 

specifically for the use of fabricating CubeSats with 

integrated electronics [72]. This development could 

hopefully revolutionise the use of CubeSats making 

them even more versatile as the integrated electronics 

will allow more space within the CubeSat for 

experimental purposes, especially on CubeSats greater 

than 1U. The combined innovations of integrated 

electronics and customised structure design would lead 

to a greater use of CubeSat technology, a scenario 

which may only be feasible through the use of AM. 

Also with the fundamental fast manufacturing speeds of 

AM processes, it could allow for the fast-track 

development of small satellites for opportunity 

launches.  

 
Figure 9. CubeSat Kit 1U CubeSat Skeleton CAD 

Model [73] 
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IV.II.II. Manufacturing of a CubeSat using Selective 

Laser Sintering 

For the analysis of the construction of a CubeSat 

structure a comparison of a current CubeSat structure 

manufactured via traditional methods and an AM 

optimised CubeSat structure has been conducted. A 

theoretical analysis of AM produced CubeSat models 

has been conducted through a review of SLS AM and 

CubeSat structures data, a standard 1U Skeletonised 

RevD CubeSat structure created by CubeSat Kit (CSK) 

has been assessed alongside a Stratasys AM optimised 

FoldSat. The parts were chosen due to both being 

publically available designs with accessible cost 

information and STK being one of the leading 

manufacturers of CubeSat components. The 1U 

skeletonised structure is comprised of 3 components the 

Base Plate Assembly 710-00294, the Chassis Walls 

703-00289 and the Cover Plate Assembly 710-00296. 

Each part is sold separately at a Manufacturer Suggested 

Retail Price (MSRP) of 425 USD (276.96 GBP), 925 

USD (602.79 GBP) and 375 USD (244.38 GBP) 

respectively, coming to a cumulative cost of 1725 USD 

(1127.13 GBP) for the CubeSat casing structure. [74] 

[75] 
 

 

Figure 10.  The FoldSat, winning CubeSat design of the 

2015 Stratasys and GrabCad CubeSat Challenge [71] 

 

A second CubeSat designed by P. Minetola, the 

“FoldSat”, a 1U CubeSat designed as part of the 2015 

“The CubeSat Challenge” competition conducted by 

Stratasys Direct Manufacturing and GrabCad, has also 

been used for the assessment of the implementation of 

AM processes in a CubeSat design. Figure 10 displays 

the FoldSat which has been designed specifically for 

manufacture via an AM process, with the aims of 

minimising the manufacturing time and the amount of 

material waste.  

 

Table 8. Cost comparison of the CSK Pumpkin 

Skeletonised CubeSat structure and the Stratasys 

FoldSat 

Material Cost Production Time 

(Days) 

FoldSat CSK Min Max 

Alumide 
168.49 

161.2

6 
8 13 

Steel 
286.51 

307.1

9 
12 16 

Polyamide 99.43 95.81 8 13 

ABS 
119.42 

229.5

3 
8 13 

 

The AM service “i.materialise” has been consulted 

to give a cost estimation and manufacturing time 

estimation of both CubeSat designs if they were to be 

manufactured via the SLS method via an EOS P700 

[76]. Table 8 shows the results of this analysis studying 

four materials, a polyamide blended with aluminium 

particles, steel, Acrylonitrile-Butadiene-Styrene (ABS) 

and polyamide.  

The CSK Pumpkin structure is currently 

manufactured out of a mixture of nonmagnetic stainless 

steel and aluminium and costs a cumulative 1725 USD 

(1127.13 GBP) at the MSRP, whereas if it were to be 

completely manufactured via steel in an AM process, 

the cost would reduce by 82% to 307.19 GBP, a 

considerable cost saving for the manufacturing of the 

component. It should be noted that though the current 

CAD design of the CSK CubeSat would come to 307.19 

GBP, it would not currently be able to function due to 

the design not being AM optimised, the individual 

components may however be able to be produced via 

AM with slight modifications. 

Conversely the design of the FoldSat is already 

optimised for manufacture via the AM process and the 

cost when built with steel is 286.51 GDP, cheaper than 

the non AM optimised CSK CubeSat structure. The 

design of the FoldSat is currently available for free via 

GrabCad, which, if cost is a major factor in a mission 

design for a small organisation, is a much more 

appealing option to use than purchasing from CSK. 

 

IV.II.III. Design 

The main benefit of using a SLS process is that a 

complex part or assembly can be created over a very 

short period, as the complexity of a part increases the 

use of SLS becomes more advantageous, conversely as 

the size of the component increases the SLS process 

becomes less cost effective. This is the reverse of 

traditional manufacturing methods were a largescale 

low complexity object is relatively easy to manufacture 

compared to small scale highly complex design.  
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When designing for SLS there needs to be 

consideration of the choice of layer thickness and 

hatching distance, hatching distance being the space 

between the lines of the 2 dimensional layer slice. As 

the layer thickness and hatching distance increase there 

is an increase in the amount of material porosity 

produced during the SLS build due to the overlapping of 

recently melted layers, which ultimately affects the 

value of the density of the part [77]. The layer thickness 

has a larger effect on the density than the hatching 

distance and effects the material hardness linearly, thus 

when designing a space component via SLS there 

should be a clear understanding of the effect of the layer 

thickness choice prior to building.   

The laser melting of the material affects the 

properties of part surface roughness, density and the 

bond between the layers, thus careful consideration of 

the laser power and scanning speed is needed before the 

build of a space worthy component. These 

considerations are eased through SLS AM machine 

manufacturers producing guidelines for design 

procedures for each of their machines, as though the 

process is common to all machines the laser 

specifications may highly differ. [78] 

 

V. CONSIDERATIONS AND DISCUSSION 

From the research conducted through the literature 

review and case studies, the conclusion that there are 

many initial economic and design benefits to the 

implementation of AM in the manufacturing and 

designing of a space component can be drawn. In 

engineering the process of taking advantage of the 

improvements that other industries are having through 

new technology and innovation is standard, however for 

every industry the effects of that new technologies 

application varies. The negative impact of current 

financial cost may out weight the positive lead time cost 

reductions until certain milestones are met and 

standards are put in to place for all varieties of the 

technologies application, i.e. from small scale metallic 

component to large scale multi material circuitry 

integrated components.  

 

V.I. Power consumption and Environmental Impact 

AM technology on both small and large scale allows 

industries to create their own components independent 

of the need of outsourcing manufacturing. The use of in 

house AM processes leads to consumption of electricity 

and materials purchased directly by the institution, 

which in a time where many industries are trying to 

reduce their electrical usage due to both savings in 

energy and environmental considerations may be 

detrimental to the cause.  For example, BAE Systems, 

during the year 2014 electricity was responsible for 

around 561 thousand tonnes of CO2 (tCO2) emissions, 

which through recycling initiatives and improved 

manufacturing processes was a 4% decrease from the 

year 2013. The 561 tCO2 equated to 46 percent of 

BAE’s overall emissions, BAE like many other 

engineering firms have made efforts to reduce their 

environmental impact in the manufacturing of their 

products as part of their resource efficiency goals [80]. 

The integration of AM into a space organisations 

current manufacturing process can lead to a direct 

increased carbon footprint of that organisation through 

the necessary set up of the AM apparatuses, however 

studies have shown that the ongoing use of AM once 

implemented by an organisation can lead to an overall 

reduction of fossil fuel consumption by an organisation 

after around 3 years. [81]  

 
Figure 11. Environmental impact of a customised iPhone 5 case between injection moulding and 3D printing. [79] 
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In most industries the use of traditional methods of 

manufacturing such as injection moulding are motivated 

by the “economics of scale” i.e. the more one produces 

an item, the cheaper that item becomes. Within the 

space industry this benefit would be more attractive for 

companies who produce a particular component several 

times, such as the basic CubeSat structure discussed in 

the case study, however in the space industry the 

majority of the large scale components are developed to 

a high bespoke mission level, such that most 

components are one-off builds. Therefore the use of AM 

as a replacement of current traditional methods may be 

better suited to rapid prototyping of the components 

rather than the continual production of the final product 

at this current stage in the large metallic AM process 

maturity.  

Another area of application could be in the 

construction of LO2 tanks or secondary payload 

components, such as the P-POD. Figure 11 shows the 

environmental impact of a customised IPhone 5 case 

between injection moulding and 3 different methods of 

AM [79]. The graph is showing that regardless of the 

amount of items that an AM process produces a part and 

the number of variations of that part, the total cost of the 

manufacturing process remains the same. This is 

attractive for spacecraft designers as the development of 

components for a space mission are continually 

evolving over time, therefore a countless number of 

design variations can be considered as the project 

continues without any additional manufacturing costs. 

Research is still being conducted on the 

environmental impact of the disposal and removal of 

AM material via the use of solvents as currently there is 

little knowledge on the hazards, chemical degradation or 

toxicity produced when using the current AM solvents 

[81]. Several AM processes such as WAAM are still 

highly in their development stage and have a low TRL 

and therefore the associated reductions in energy 

consumption would be counteracted by the energy used 

in development to full scale readiness if the processes 

were to be immediately implemented. Equally the 

reduction in material usage for the majority of AM 

produced parts compared to the current methods of 

production would reduce the environmental burden. 

[81] 

 

V.II. Testing of AM Components 

With the integration of all new technologies in to a 

manufacturing process there is a required level of 

component testing required for qualification, which is 

one of the main challenges facing AM produced parts in 

the space industry. All processes and machines are 

required to create test parts for their machine 

standardisation. Currently most test parts are designed 

for an assessment of the accuracy of the process or 

machine, test parts which are designed to assist with 

complex testing lead to a relatively longer testing time 

for evaluation [82]. The latter type of test parts will be 

required for space applications, which would lead to a 

further investment of resources by any space 

organisation.  

Currently components for space applications 

developed via AM undergo a considerable amount of 

testing, predominantly destructive testing during the 

qualification stage of the part. The process of 

destructive testing is reliable and provides good quality 

results with little need for skilled analysis, yet 

destructive testing is only testing a sample of the 

component and the part designed is destroyed, removing 

the possibility of repeat testing of the component for a 

higher level of confidence in the part design. In 

conventional methods of manufacture the use of 

destructive testing is often adequate to find an 

agreement to the meaning and significance of the test 

results concerning the manufacturing process. Unlike 

with AM where any slight variation in test results 

during testing could be due to a slight alteration in the 

environment during the build or prior to the AM 

process.  

Qualification testing of materials and components 

for the space industry require extensive empirical 

testing which leads to thousands of tests being 

conducted at a cost of millions of pounds and can have a 

time span of 5 to 15 years [83]. The use of AM then 

leads to a complete requalification of the materials and 

the manufacturing methods, as there currently are no 

AM processes which are fully qualified for critical 

defence or space applications. The efforts which have 

been undertaken to make certain AM processes 

qualified for space component application have come at 

a high economic and time expenditure by individual 

organisations or multi-national engineering 

organisations leading many institutions and businesses 

to keep the qualification proprietary [84]. Hence the 

large increase in governments encouraging 

collaborations to enable their countries economy to reap 

the benefits of AM.   

There are three main methods used to qualify 

processes and materials for the space industry, these are 

empirical testing, equivalence-based and model based. 

Empirical testing being the most costly and time 

consuming which is currently the most common method 

of testing, equivalence based qualification is showing 

that the new process can produce parts to the same 

qualification standard as a current qualified process, and 

model based qualification is using a computer to 

simulate that a process’ performance is at a qualifiable 

level which can be verified via marginal testing.  

The cost of qualification of processes and novel 

materials must be considered by spacecraft designers 

when wanting to implement AM, as the cost of 

implementing a new material or process can range 
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between 2 million GDP and 100 million GDP dependent 

on the level of operation [85].  

For full confidence in the AM process and its 

materials for an aerospace application three questions 

must be answered and reviewed internally for the 

specific AM process and its materials [86]: 

 

• Has the materials technology been developed 

and standardised? 

• Has the materials technology been fully 

characterised? 

• Has the materials technology been 

demonstrated? 

 

In order for spacecraft designers to have full 

confidence in an AM process each statement must be 

answered to reach the required industrial standard such 

as the AMST standards. Qualification testing is the first 

step in this process, secondly there is a need for 

improvements in current methods of OLM. The current 

main method of online testing of AM processes is via 

ultrasonic measurements being performed e.g. optical 

tomography being applied to monitor areas of 

unbalanced heat energy, which could be an indication of 

possible defects in the component during manufacture. 

Methods such as X-ray and fluorescent penetrant 

inspection can be used to assess any porosity issues, 

residual stress build up and the occurrence of surface 

defects [47] [87]. There are currently several monitoring 

techniques still in development which are aimed at 

observing the component during the build process via 

the use of laser generated ultrasound and thermography. 

It is clear that a review of the level of testing required, 

the cost of the necessary testing and the time taken for 

current AM processes being used in industry is required 

before an institution can make a decision on the benefit 

of implementing. 

 

V.III. AM Integration 

Through the use of AM there has been 

improvements in the process of the redesign of common 

components which, though the new component having a 

more complex design, have helped improve the part 

performance greatly. Regardless of the improvements 

found by the designers, manufacturers are very used to 

the conventional manufacturing methods and therefore 

there is a conventional manufacturing bias prior to the 

application of AM. Space organisations need to be 

considerate of the needs of retraining current staff to 

operate the AM process or there is a need for the 

development of skilled professionals in the area of AM 

production. This would lead to further cost expenditure 

by the organisation in training utensils and courses for 

personnel to reach the necessary competencies. Either 

internal education programs will need to be developed 

or collaboration with academic institutions for 

professional development could be set up.  

 
 

Figure 12. AM patents Submitted and issued [88] 

 

A considerable amount of AM research is being and 

has been conducted since the public realisation of the 

technologies potential. Figure 12 shows a graph of the 

number of AM patents issued since 1995 and the 

number of patent applications made since 2001. There 

has been a large growth in the numbers over time and it 

is currently projected to continually increase [88]. 

Considerations to the method of acquiring research data 

for the AM processes needed to enable space 

organisations to successfully implement AM technology 

is necessary, be it through internal research such as the 

work conducted on pressure vessels by Boeing or via 

collaborations with governments, universities, 

consortiums or engineering companies such as AMAZE 

and SAMULET. Collaborations would reduce the costs 

incurred by the individual organisations and increase the 

research capability of AM, however may lead to 

concerns with intellectual property, as due to the cheap 

access to AM machines and 3D scanners novel part 

designs could be replicated.  

 

VI. CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this paper was to assess the current 

feasibility of manufacturing operational large scale 

metallic components and parts via additive 

manufacturing for use in the space industry. It has been 

found that though AM technology is currently capable 

of creating components and parts which can meet the 

mechanical property and design criteria required for 

space industry application, the scale of operational 

metallic components which can be built by the majority 

of qualified AM processes is relatively small, and that 

most processes can currently produce titanium 

components to a high level with the use of other metals 

being limited and not yet fully cost effective.  

This conclusion has been reached through an 

understanding of the different AM techniques available, 

a review of the current usage of AM in the aeronautical 
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and astronautical industries, an analysis of the 

requirements for spacecraft structures metals and two 

separate case studies. The first case study consisting of 

the AM techniques Wire + Arc Additive Manufacturing 

and Electron Beam Melting being evaluated through an 

assessment of their capability to manufacture an STP-1 

ESPA ring, a 136kg large scale space component 

comprised entirely of aluminium. The second case study 

used the AM services of i.materialise to evaluate the use 

of Selective Laser Sintering of a variety of material in 

the creation of a CubeSat Kit (CSK) 1U CubeSat 

Skeleton and compared the theoretical result to the 

production of a FoldSat, an AM optimised CubeSat 

design by Stratasys. 

Currently there are few AM processes which are 

able to produce large scale parts appropriately, with the 

increasing size of the part there is a trade-off between 

design quality and mechanical properties of the part that 

AM processes can currently produce. Therefore at this 

current time there is not an AM process which can fully 

meet all the mechanical requirements to create a large 

scale component for the use in the space industry. 

Significant further research in to AM processes 

specifically designed for large part manufacture such as 

WAAM is needed to be conducted to overcome issues 

of porosity, high costs and extensive post-processing 

procedures.  

 

VI.I. Recommendations 

If a part design is not feasible to be created via 

traditional manufacturing methods and there is a design 

advantage through the use of AM it is advised that 

where possible that, though expensive, titanium should 

be initially considered as the part build material due to 

the breadth of knowledge available to spacecraft 

designers using AM, as well as its proven success with 

most AM processes currently available. This would 

allow for designers to have a greater deal of confidence 

in the final product produced, low initial set up costs, 

heritage data to help with material analysis and a great 

choice of AM processes. 

The use of a powder bed fusion processes such as 

EBM is recommended as the main choice of AM 

process, as it enables the full advantages of the use of 

AM to be appreciated during the manufacturing of a 

component. The EBM process has greater freedom of 

design when compared to other AM methods and can 

achieve very low build to fly ratios. EBM builds are 

currently restrained to the maximum build volume of 

the machine thus it will be necessary to develop the 

technology to a larger scale. Also, consideration must be 

taken in design to create a level of tolerance for wall 

thickness changes during post processing and finishing.  

WAAM is an AM technology that is still in a low 

TRL but is showing that it is capable of providing 

practicable manufacturing solutions for large space 

components. It is not recommended for spacecraft 

designers to manufacture parts through the process until 

further research in to solutions for the improvement of 

mechanical properties has been found and there has 

been an increase in the choice manufacturable materials. 

 

VI.II. Suggested Future work 

A redesign assessment of an ESPA or similar 

product should be conducted via the use of Finite 

Element Modelling (FEM) software for a topological 

analysis of a large scale space component similar to the 

projects discussed in this paper. Enabling a true 

assessment of the potential material cost reduction and 

design improvements of an AM built ESPA, allowing 

for a comparison with other space AM projects. 

Physically building this optimised design would give 

the opportunity to practically assess and demonstrate the 

capabilities of large metallic AM for the space industry 

through the use of testing methods currently available.  

Research should be conducted to compile details 

about current AM optimised CAD and Computer Aided 

Manufacturing (CAM) software currently being used by 

other industries, in order to develop algorithms relating 

the laser speed, build temperature, deposition speed and 

material choice of AM processes into a software 

specifically designed for the analysis of large scale 

components. The software would enable CAD analysis 

of a design which would automatically set the scan 

speed and deposition rates necessary to reach specified 

material properties for an AM process. 

A trade study of the pecuniary advantages of AM 

application in the space industry should be conducted to 

enable a full financial analysis of the application of AM 

in to a space component manufacturing process. 

Covering energy, materials cost, machine costs, 

operating costs and an assessment of the organisation 

specific impact. 
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