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ABSTRACT

Lightweight optical manufacture is no longer confined to the conventional subtractive (mill and drill), formative
(casting and forging) and fabricative (bonding and fixing) manufacturing methods. Additive manufacturing (AM;
3D printing), creating a part layer-by-layer, provides new opportunities to reduce mass and combine multiple
parts into one structure. Frequently, modern astronomical telescopes and instruments, ground- and space-based,
are limited in mass and volume, and are complex to assemble, which are limitations that can benefit from AM.
However, there are challenges to overcome before AM is considered a conventional method of manufacture, for
example, upskilling engineers, increasing the technology readiness level via AM case studies, and understanding
the AM build process to deliver the required material properties.

This paper describes current progress within a four-year research programme that has the goal to explore
these challenges towards creating a strategy for AM adoption within astronomical hardware. Working with
early-career engineers, case studies have been undertaken which focus on lightweight AM aluminium mirror
manufacture and optical mountings. In parallel, the aluminium AM build parameters have been investigated
to understand which combination of parameters results in AM parts with consistent material properties and
low defects. Metrology results from two AM case studies will be summarised: the optical characteristics of a
lightweighted aluminium mirror intended for in-orbit deployment from a nanosat; and the AM build quality of
wire arc additive manufacture for use in an optomechanical housing. Finally, an analysis of how surface roughness
from AM mirror samples and build parameters are linked will be discussed.

Keywords: Astronomical instrumentation, lightweight metal mirrors, additive manufacturing, 3D printing,
design optimisation, material properties.

1. INTRODUCTION

Research-grade astronomical hardware, both telescopes and instruments, is frequently bespoke and for the ‘flag-
ship’ projects (for example, the Extremely Large Telescope - ELT and Laser Interferometer Space Antenna -
LISA) decades in production. As telescopes and instruments get physically larger to collect and analyse more
photons, the count rate for the number of components increases. Mass- and volume-budgets are fixed require-
ments and are applicable to both ground- and space-based astronomical hardware. For ground-based instruments,
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Figure 1. Lightweight mirror styles: a) contoured back, b) open-back, and ¢) sandwich

mass and volume-budgets are required to ensure that the instrument can enter the observatory and be located at
the telescope focus, potentially requiring the use of heavy-duty lifting equipment. For space-based applications,
the entire observatory is limited in mass and volume to ensure that it can be launched within the cargo payload
of the rocket. Given the attributes of future astronomical hardware: bespoke, increasing component count, mass
limits, and volume limits; new methods of component design and manufacture are required to build this future.

Additive manufacturing (AM; 3D printing) is a method of manufacture that creates an object, layer-by-layer,
from a digital design file. AM exists in parallel with existing manufacturing methods, that is, AM does not
replace an existing manufacturing method, rather it adds to the methods that already exist, for example, mill,
drill and lathe (subtractive); casting and forging (formative); and fixing and bonding (fabricative). The primary
advantage of AM is in the design freedom that can be gained, as the designer is no longer constrained by tool
access. Intricate lattices and optimised structures can be integrated within a part design to reduce mass and part
count with relative ease using AM. Given the design freedom, AM is ideal for bespoke and low yield component
manufacture, where the objective of the design is to optimise for function, as opposed to a design to facilitate
conventional manufacturing methods. As such, AM has the potential to offer a new paradigm in astronomical
hardware design and manufacture.

One example of where the application of AM can support astronomical hardware is in the production of
lightweight mirrors. Conventional lightweight mirrors fall within three categories: contoured back, open-back,
and sandwich.! Contoured-back mirrors have a variable thickness to reduce mass (Figure 1 a), open-back mirrors
remove mass from the underside of the the mirror in pockets (Figure 1 b), and sandwich mirrors tend to be a
composite of three components, two plates and an internal lightweight structure (Figure 1 ¢). In comparing
lightweight mirrors, open-back and sandwich styles offer reduced mass in comparison to contoured mirrors.
Open-back mirrors are easier to manufacture than sandwich mirrors; however, sandwich mirrors are more rigid.?
Therefore, the question becomes, can AM be used to combine attributes from open-back (time & cost) with the
attributes of sandwich mirrors (lower mass & more rigid).

Over the past decade a number of different organisations have explored metal lightweight AM mirrors using
laser powder bed fusion (L-PBF)?!? and electron beam powder bed fusion (EB-PBF).'*1® There are seven
categories of AM and PBF represents the category where a layer of metallic powder is fused together using a
heat source. The advantage of this method is that intricate structures can be achieved with relatively thin walls
(~1mm) providing a new design space for lightweight mirrors. In addition to metallic mirrors, AM ceramics
have been investigated for mirror applications, such as alumina,'® silicon carbide variants'® " and cordierite.!®
Unlike the metal counterparts, AM ceramic mirrors have been created using a variety of AM categories, fused
deposition modelling'® (FDM; filament), stereolithography'® (SLA; liquid resin) and binder jetting!” (powder
+ a binding agent). Beyond lightweight AM mirrors, there have been a number of investigations into AM for
optical housings,'® '? opto-mechanical structures?® and compliant mechanisms?' 23 for astronomy or space-based
applications.

However, there are several challenges associated with the uptake of AM within astronomical hardware. One
of the key practical challenges is the lack of standardisation within AM, which results in a wide range in quality
of the printed part. That is, the operation of identical machines can vary depending whether the primary use is
as an external AM bureau, where successful prints are the priority, or in a research environment where a specific
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AM material quality is required. For example, the number of times the metal powder is recycled in PBF affects
the quality of the printed substrate. A further practical challenge is variability in material properties, where,
for example, the Young’s Modulus (E) of a material is likely to be different in the build direction (E,) than in
the in-plane directions (E,, E,). Finally, AM defects, such as porosity, fractures and inclusions, can result in
substrates that are not fully dense and potentially have increased likelihood of failure by fracture or yield.

In addition, there are less tangible challenges to solve for the implementation of AM within astronomical
hardware, such as Design for AM (DfAM) skills, upskilling engineers and machinists, and incorporation of AM
within a very risk averse field. To successfully design for AM, where success is defined as a design that is optimised
for function, printing and machining, requires a new set of design skills beyond the conventional computer aided
design (CAD) packages. Freeform organic structures and lattices provide the engineer with a new design space
to optimise for reduced mass, limited volume and specific loading conditions, and there are a number of software
packages, or software extensions, which offer this capability. However, not all AM designs that have been
optimised for function can be printed, due to specific design rules associated with a given printer, particularly
in terms of orientation to the build platform and heat transfer for PBF processes. Further, how the AM part
will be machined is fundamental to ensure that it can interface appropriately with the neighbouring components
and a new challenge arises in how to machine a near-net shape. Ultimately, upskilling of design engineers and
machinists is required to enable successful adoption of AM, but this is challenging given a demanding schedule of
project delivery and counteracting potentially decades of experience in designing and machining for subtractive
manufacture. Finally, astronomical projects, particularly for space-based or high-cost ground-based applications,
are risk averse where component designs with existing heritage are preferred.

This paper summarises a research programme aiming to address some of the physical and intangible challenges
which limit AM adoption within astronomical hardware. The focus of the programme is towards lightweight AM
mirrors for space-based applications; however, a broader investigation into astronomical hardware in general is
also considered. The programme draws upon two parallel research streams, the first considers the implementation
of AM design in astronomical hardware and the second investigates the material properties of AM specifically for
mirror fabrication. Supporting the research streams are two future looking work packages: space or environmental
qualification, and training and engagement. Section 2 introduces the research programme in context; Section 3
presents the first case study investigating AM for an opto-machanical application; Section 4 presents a second case
study exploring AM for a lightweight deployable mirror petal; and Section 5 explores optimising the AM print
parameters and post-processing steps. The paper closes with a discussion what the community will potentially
lose by not adopting AM in Section 6 and a summary of the paper in Section 7. Data relating to the case studies
can be accessed via Section 8.

2. AM4SPACE - A FOUR-YEAR RESEARCH PROGRAMME

The colloquially named AM4Space programme, has the primary goal to create a strategy for the adoption of
lightweight AM mirrors within future space-based telescopes; however, more broadly the programme considers
astronomical hardware, both ground- and space-based. AM4Space is funded through UK Research and Innova-
tion (UKRI) via the Future Leaders Fellowship scheme. To enable the delivery of the strategy for adoption of
AM mirrors there are four objectives:

1. to explore the AM design freedom and to develop design strategies for difference mirror geometries;
2. to optimise AM print parameters and post-processing to ensure high reflectivity at wavelengths of interest;
3. to undertake qualification of AM substrates for operational environments;

4. and, to engage a broad community to highlight potential AM and to increase user confidence.

The approach of AM4Space to deliver these objectives blends student-led case studies, with more conventional
research and development. The AM design freedom is broken down into individual case studies, where an under-
graduate student undertakes a one-year placement within the AM4Space team to explore the design freedom for
a given application, examples from 2022/2023 include an optomechanical structure (Section 3) and a deployable
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Figure 2. The METIS TMA assembly for AM redesign. Image credit: UKATC/METIS

mirror for Earth observation (Section 4). The student-led design case studies is a deliberate response to the need
for future mechanical engineers leaving higher education to have a practical understanding in both subtractive
and additive manufacturing methods. Print parameters, post-processing and qualification are researcher led in
order to benefit from experience in the field.

3. OPTOMECHANICAL STRUCTURES

In this section, a summary of the case study presented in Wells, J. T., et al. (2023)** is provided. The CAD
files generated from this study can be accessed via the link provided in Section 8.1.

3.1 Motivation

One beneficiary of using AM for astronomical hardware is the creation of lightweight, rigid geometries for opto-
mechanical structures. Similar to the optical components that are mounted in them, opto-mechanical structures
are frequently bespoke items, which are designed for a given instrument or telescope. The size of opto-mechanical
structures varies significantly from centimetres to meters, which means that the potential mass saving could be
in the 10s or 100s of kilograms.

3.2 Design brief

The goal of this case study was to explore the design freedom and challenges of using AM to create lightweight
opto-mechanical structures for future instruments related to the next generation of 30 m class telescopes: the
ELT, the Giant Magellan Telescope and the Thirty Meter Telescope. The specific case study focussed on a
three mirror anastigmat (TMA) assembly within the mid-infrared ELT imager and spectrograph?® (METIS)
instrument. The objectives in using AM for this case were:

1. to use design optimisation tools to reduce the mass of the TMA assembly whilst meeting structural per-
formance criteria;

2. to reduce the number of parts in the assembly;

3. to determine the suitable AM category and technology to enable production of the opto-mechanical redesign
and evaluate relevant AM samples.

3.2.1 The METIS TMA assembly

Figure 2 presents the selected TMA assembly design for manufacture and the dimensions are approximately
0.6m x 0.5m x 0.5m. The assembly has two main structures, which are fixed together with 28 fasteners,
and the assembly has a combined mass of 27.6kg. The material of the assembly, excluding the fasteners, is
aluminium 6061, and the operational environment is 70 K and 10~% Pa. The European Southern Observatory
(ESO) defined the acceptance criteria for the TMA assembly and in this study, a subset of three criteria within
the operational environment were selected as a benchmark for success: maximum stress during a quasi-static
earthquake equivalency; the modal eigenfrequency; and the wavefront error under gravitation loading.
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Figure 3. The AM redesign of the TMA assembly: a) the topology optimised design; and b) the varied wall thickness
design.

3.3 Method
3.3.1 Design for AM - software

Three software tools were used to create two AM redesigns of the TMA assembly: commercial CAD, commercial
finite element analysis (FEA), and a dedicated AM design package. The AM design package was used to create
the optimised structure from a given loading condition; the AM design was passed to the CAD package to add
the interfacing surfaces, for example the plane faces which locate with the mirror mounts; and FEA was used to
ensure that the AM design met the ESO criteria.

3.3.2 Direct energy deposition - WAAM

The AM category direct energy deposition (DED) was identified as the current optimum method for printing
large metallic structures. DED uses a metallic source material (powder or wire) which is aligned with a heat
source (laser or electric arc), to locally deposit metal to create a freeform structure. The DED technology wire
arc additive manufacturing (WAAM) uses metal wire and an electric arc mounted onto a robotic arm to print the
structure. WAAM was selected due to its capability to create large structures and a variant of this technology

has been successfully used to ‘3D print rockets’.?

3.3.3 WAAM evaluation

To explore the WAAM technology, eight samples were printed in aluminium 5356, four samples had the geometry
of a cuboid and four the geometry of a box. The geometries were defined to meet the preferred operational sample
requirements of the in-house outgassing rig,?” which was used to quantify the potential of the WAAM samples
to outgas within a vacuum relative to a conventional subtractively machined sample. An internal evaluation of
the samples to quantify printing defects was undertaken using X-ray computed tomography (XCT).

3.4 Results

Figure 3 presents two different approaches to design optimisation for the TMA assembly. Figure 3 a) highlights
the use of topology optimisation, where a start volume, represented by a 3D mesh, is reduced in mesh elements
based upon user defined criteria and a loading condition, for example, the quasi-static earthquake condition.
Figure 3 b) presents a bespoke varied wall thickness optimisation, where an initial shell around the optical path
was increased and decreased in thickness based upon the stress map resulting from a loading condition. Both
designs met the target ESO criteria that were evaluated, consolidated 30 parts into one, and represented a
mass reduction of 41% and 27% for the topology optimised and the varied wall thickness design respectively.
Comparing the two designs to the geometry constraints of WAAM, the varied wall thickness design is preferred
due to the continuous geometry when cross-sectioned - a continuous geometry is preferred as it prevents a
stop-start of the electric arc.

Figure 4 presents the WAAM samples printed in Al 5356, both before and after machining from the build
platform. The surface of the samples prior to machining indicated some small pinholes; however, millimetre-scale
porosity was observed post machining (Figure 4 a) left). XCT analysis quantified the porosity within one sample
of each geometry type using the Otsu thresholding method, a WAAM cuboid exhibited 2.67% porosity and a
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Figure 4. The samples created using WAAM for evaluation: a) a WAAM block and machined box; and b) a WAAM box
and machined rectangular tube.

WAAM box exhibited 3.83% porosity. A porous structure is non-desirable for a vacuum environment due to
an increased likelihood of outgassing over time. Results from measuring the outgassing rates of three WAAM
machined boxes and three WAAM machined tubes highlighted an approximate factor of 10 increase relative to
conventionally machined bulk aluminium.

3.5 Discussion & future work

The optimised TMA assemblies presented in Figure 3 represent a first step in the design phase. Further design
iterations need to be made in collaboration with WAAM operators and downstream machinists, to ensure that
the TMA assembly is optimised for function, printing, and machining, to create an operational component.
However, the optimised designs presented demonstrate the potential of AM to reduce mass and part count,
whilst meeting operational criteria.

The porosity observed in the WAAM samples is detrimental for a cryogenic vacuum environment and fatigue
life. The presented samples represent the first trial of the supplier to use WAAM with aluminium and through
discussion it is likely that the observed macro-porosity originated with a gas flow that was too high which created
turbulence within the meltpool. Therefore, by optimising the WAAM parameters specifically for aluminium, a
less porous print can be achieved, providing confidence in the use of WAAM to create opto-mechanical structures
for astronomy in the future.

4. AM MIRROR DEVELOPMENT

In this section, a summary of the case study presented in Westsik, M., et al. (2023),%® which was presented at
this conference, is provided. The CAD files generated from this study can be accessed via the link provided in
Section 8.2.

4.1 Motivation

The primary benefits of lightweight (low-mass) AM mirrors for astronomy, introduced in Section 1, link combining
the attributes of open-back mirror (time & cost), with those of sandwich mirrors (lower mass & more rigid). A
further benefit is the reduction of parts, which in the case of AM mirrors can include the mounting structure
used to interface the mirror with the optical payload.

4.2 Design brief

The goal of this study was to investigate the AM design freedom for lightweight mirror fabrication, whilst
considering and implementing the different stages of manufacture: metal printing, subtractive machining, and
single point diamond turning (SPDT). The case study selected was one of the deployable M1 petals of the 6 U
nano-satellite ISAAC?? (Integrated Space Active Optics for Aberration Compensation). The objectives for using
AM in this study are:

1. To reduce the mass of the AM design by ~ 50% using lattice structures, to prioritise rigidity by using a
lightweight sandwich mirror structure and to reduce the part count.
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Figure 5. The deployed ISAAC optical assembly (left) and the non-reflective underside of the M1 petal for redesign (right).
Image credit: UKATC/ISAAC

2. To integrate design for AM, design for manufacture and design for optical manufacture practices within
the final design.

3. To design, print, manufacture and evaluate the prototype(s), to highlight how the final design can be
created.

Note - there are no objectives relating to the optical quality; the focus is design and manufacture.

4.2.1 The ISAAC M1 deployable mirror petal

The ISAAC deployable M1 assembly and the mirror petal identified for AM design, are highlighted in Figure 5 left.
The mirror petal has nominal dimensions 192 mm x 106 mm X 42 mm, a parabolic concave optical prescription,
and will be subtractively machined from aluminium. The reverse of the mirror petal, shown in Figure 5 right,
includes further components that are used to interface the petal to the M1 assembly. The petal including the
interfacing components have a total part count of 9 and a mass of 437g. The AM redesign retains the nominal
dimensions and interfaces from the ISAAC design; however, the optical prescription is simplified to spherical
concave, with a radius of curvature of 628 mm.

4.3 Method
4.3.1 Lattice downselection

Dedicated AM design software packages enable the rapid generation of a variety of lattice structures. The specific
software used in the case study had 33 lattices available to the user and therefore an assessment of the suitability
of each lattice to act as a mirror lightweight structure was undertaken. In a first iteration of the downselection,
lattices were excluded on the principle of ‘printability’, that is, how suitable is the lattice as an internal lightweight
structure given the constraints of L-PBF. A second and third iteration used FEA to evaluate the performance of
the lattice given different loading conditions; Figure 6 left presents the average surface displacement as a function
of weight remaining for a perpendicular load, the optimum lattices in the graph are those identified with low
displacement and low weight remaining. In a final iteration of downselection, polymer prototypes were created
of the four remaining lattices to assess the ability of the lattice to allow metal powder removal. In this practical
iteration, the transparent prototypes were filled with red sand, to simulate the metal powder, and the ease at
which the sand could be removed was assessed using video recordings - a video frame is shown in Figure 6 right.

4.3.2 Manufacture

Three distinct manufacturing steps were required to convert the AM design into a physical aluminium prototype:
additive manufacturing, subtractive manufacturing, and optical manufacturing. L-PBF was identified as the
first choice technology for printing the AM design, the selection was based upon a suitable print resolution
to accurately recreate the lattice structures; the material choices available and the requirement for no binder
material; and previous local experience using L-PBF for mirror manufacture. An external AM bureau was
identified that operated a printer with a large build volume (500mm x 280mm X 320mm) in aluminium
(AlSi10Mg), which could accommodate the prototypes.

Proc. of SPIE Vol. 12677 126770L-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Oct 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Perpandicular loading

Bran prmaray s
¥ [
AL (o g e

THES Fgarvarct
b ey

gt

A L

T

#
'l-_."_l.‘-- » e

o L . - R
g ‘i = r

Displacement
il

—_—
Mass remaining

Figure 6. Lattice downselection: left displacement as a function of mass for perpendicular loading of a sandwich lattice

structure; right the sand test used for the final downselection.
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Figure 7. The final prototype designs: a) the selected TPMS Diamond lattice; b) the selected Graph Diamond lattice;
and c¢) the as-printed design upon the build platform, image credit: G. Campbell.

Subtractive manufacturing (milling and turning) and optical manufacturing (single point diamond turning;
SPDT) were used to convert the AM aluminium print into a functional mirror. Close collaboration was needed
between the machinists and the designer to ensure that the output near-net shape aluminium print could be
machined with the required interfacing surfaces. To facilitate ease of machining, sacrificial features were incor-
porated within the AM design.

4.3.3 Metrology

To evaluate the AM mirror prototype, internal and external dimensional metrology was undertaken. The as-
printed AM substrates were evaluated using external contact profilometry to determine the radius of curvature
of the would-be mirror surface and XCT measurements (voxel size = 60 pm) to quantify the internal porosity and
fidelity of the print compared with the print file. The optical surfaces of the SPDT prototypes were evaluated
for micro-roughness using a Bruker Contour GT-X stitching microinterferometer at three magnifications: x2.5,
x 10, and x50.

4.4 Results

Following the FEA and sand test downselection two lattices were selected for prototyping: TPMS Diamond and
the Graph Diamond. The difference lattice geometries required a different build orientation for each lattice which
impacted the DfAM of the mounting features. The internal lattices and final designs for printing are highlighted
in Figure 7 a) and b). The final designs achieved a ~ 44% mass reduction and consolidation of nine parts into
one.

Two prototypes of each design were successfully printed at the external AM bureau, as shown in Figure 7
¢). The external support material visible in Figure 7 ¢), was required to allow heat dissipation during build
and was removed by the bureau prior to delivery. On receipt of the prototypes, one set (one TPMS & one
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Figure 8. Micro-roughness measurements on the SPDT Graph prototype: a) the prototype under measurement, image
credit I. T. Nistea; b) the topography map at ROI 3, the centre of SPDT; and ¢) the microscope image to accompany
ROI 3 topography map.

Graph) was sent for XCT measurements and the second set was sent for machining and SPDT. The TPMS
prototype was machined first; however, due to the challenges of machining near-net shapes, an error occurred
which resulted in more material removal than required which impacted the optical surface. The machining of the
Graph prototype, which built upon the previous experience, led to a successful completion of the manufacturing
process chain resulting in an optical surface for evaluation.

A first analysis of the 60 pm voxel XCT data focussed on porosity, extracting information relating to the size
and location of the pores relative to the optical surface. The results indicated that the majority of the porosity
was located within 0.5 mm measured normal from the optical surface and that the porosity was located towards
the centre of the prototype. However, the voxel grey-scale contrast of the XCT data varied in the region of
interest (the 2mm thick optical surface), which results in low confidence that the segmentation of the pores,
from the aluminium, accurately represents the porosity. In addition, the voxel size limits the porosity that can
be measured, the resolution limit for features within XCT data is typically stated at ~ 2 X voxel size, which
restricts the pore size that can be measured to ~120 pm in the described data. However, it should be noted that
a single voxel, or a pair of voxels, would also be difficult to distinguish from measurement noise and therefore,
result in a low measurement confidence.

The presence of porosity, observed in the XCT analysis, was confirmed in the micro-roughness measurements,
as shown in Figure 8. Five regions of interest (ROI) located towards the centre of the spherical curvature, where
the surface was less tilted, were measured. The root mean square (RMS) micro-roughness values for x2.5
magnification ranged from 314 nm to 4.2nm. The ROIs which exhibited high roughness values were subject to
both SPDT ‘pick-up’ scratches and porosity; however, the low roughness value of 4.2nm RMS, does highlight
the potential of the AM aluminium substrate to deliver 5 5% scatter in the visible and infrared wavelengths,
estimated assuming a Gaussian roughness profile and light at normal incidence.

The porosity observed in the microscope images (Figure 8 ¢)) was used to estimate the porosity < 60 pm in
size by exploiting the ~4 nm pixel size of the microscope images. Using the same XCT analysis method, it was
found that, on average, only ~ 16% of pores within the microscope image field of view are > 60 pm, thereby
necessitating an alternative approach to acquiring XCT data to reduce voxel size in the future.

4.5 Discussion & future work

The study was successful in achieving the goal to investigate the AM design freedom for lightweight mirror
fabrication, whilst considering and implementing the different stages of manufacture. The AM design freedom
was explored to select the optimum lattices for function, as well as to consolidate nine components into one.
The final designs incorporated DfAM geometry features, mounts for subtractive machining, as well as mounts to
connect the prototype to the optical assembly. Four aluminium prototypes have been printed and one prototype
has been successfully taken through all the manufacturing steps to date. However, lightweight mirrors for
astronomy and Earth observation are bespoke and therefore it cannot be assumed that the designs created in
this study can be directly translated into another project. To create a design strategy for lightweight AM mirrors,
different mirror geometries and optical prescriptions need to be considered and a suitable approach for AM design
identified. This case study represents a first chapter in a broader strategy.
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Future work will focus on exploring different optical geometries and prescriptions to deliver the broader
strategy, with case studies now underway investigating a cylindrical convex geometry with attachments to a
deployable boom; and an approximately square concave geometry with the goal to remove ~ 70% of the mass in
comparison to the conventional design. It is hoped that future case studies will explore hexagonal and freeform
geometries.

5. AM MATERIAL INVESTIGATION

This section draws upon content introduced by Snell, R. M. et al. (2022)*° and presents new dimensional
metrology data.

5.1 Motivation

The benefits of the AM design space have been introduced and applied to create structures optimised for their
function. However, as presented in Sections 3 and 4, AM material properties remain a barrier in the adoption
of AM within astronomical hardware. At the outset of the AM4Space programme, the AM materials research
stream was decoupled from design stream to allow the streams to run in parallel, with the programme uniting
the streams in the final year. The goal of this research stream is to identify print parameters and post-processing
steps that provide an optimal substrate for AM mirror production.

5.2 Method
5.2.1 AM print parameters

AM print parameters, in the context of this paper, refer to the L-PBF printer settings, aluminium powder, and
the part set-up within the print environment. The focus on the L-PBF technology stems from its frequent use
in metal AM mirror production. Each L-PBF printer has numerous parameters that can be adjusted to enable
a print, for example, a non-exclusive list includes:

1. Layer height - the thickness of one printed layer, typically ~ 30 pm to 100 pm;

2. Temperature - the thermal environment of the print;

3. Powder history - how often the powder has been recycled;

4. Laser power - the energy applied to melt the powder;

5. Laser speed - how quickly the laser creates the solid part cross-section within the powder;

6. Print path - the route the laser takes across the powder.

How the part is orientated within the print environment also affects the resultant AM material quality, as the
orientation links to the print path, which in turn links to the temperature.?® The temperature in turn links to
the likelihood of porosity, where lack of fusion pores result when the print environment is too cold and keyhole
pores result when print environment is too hot - it is suspected that the pores visible in Figure 8 b) and ¢) are
keyhole pores.

In the presented study, the objective was to determine the effect of build orientation and a heat treatment
applied in post-processing, to the surface roughness after SPDT. The sample geometry for the study is shown in
Figure 9 a), the diameter and height are 50 mm and 5 mm respectively, there is a 1 mm chamfer applied to the
flat optical surface and three lugs are added to the design to aid mounting and handling. Three build orientations
were evaluated: 0° (in the plane of the build platform), 45°, and 90°. Two sets of samples were created, each set
containing one 0°, one 45° and two 90°; Figure 9 b) highlights the build platform with the 45° and 90° samples
after printing.
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a)

Figure 9. Sample production: a) the sample design, 50 mm diameter 5 mm height; the aluminium samples on the the
build platform, image credit: R. M. Snell; and ¢) the SPDT of a sample, image credit: M. Harris.

5.2.2 Post processing

There were three steps in the post-processing: removal of the support material, seen in Figure 9 b), through
subtractive machining; a heat treatment applied to one set of samples; and SPDT to generate a reflective surface.
A hot isostatic press (HIP) was used to deliver the heat treatment, this method places the samples within a
pressure vessel and applies high pressure and high temperature. HIP has been successfully used to close porosity
and to reduce the anisotropic material behaviour in AM aluminium parts;3' however, it should also be noted
that pore regrowth has been seen in HIP-ed AM titanium following further thermal annealing.?? Following HIP
treatment, the two sets (one HIP and non-HIP) were SPDT, as shown in Figure 9 ¢).

5.2.3 Evaluation

The samples after post-processing were visually inspected (by-eye and microscope) and a qualitative assessment
of the reflective surface was noted. A quantitative analysis of the reflective surfaces was undertaken using
a Bruker Contour GT-X stitching microinterferometer at three magnifications: x2.5, x10, and x50. Three
regions were measured on each sample: the centre of SPDT (0,0), a 12.5 mm y-displacement (0,12.5), and a
12.5 mm x-displacement (12.5,0).

5.3 Results

The reflective SPDT samples from both the HIP and non-HIP are shown in Figure 10. A complete qualitative
assessment is provided in Snell, R. M. et al., (2022);*° however, in summary, the non-HIP samples exhibited
irregular porosity and SPDT scratches in all three orientations, and the HIP samples exhibited low — zero
porosity or scratches, but the reflectivity was less and the samples appeared ‘milky’, implying increased scatter.

Evaluating the sample quantitatively using the microinterferometer confirmed the qualitative visual inspec-
tion. Table 1 presents the roughness parameters for the average of the three measurement regions for the eight
samples. The average roughness (Sa) and RMS roughness (Sq) confirm that the roughness is higher for the HIP
samples than the non-HIP; however, the peak-to-valley (Sz) is lower for the HIP samples, implying the reduction
of localised defects on the surface in comparison to the non-HIP. The topography images, comparing print orien-
tations and post-processing, are presented in Figures 11 to 13. Porosity and SPDT scratches are evident in the
non-HIP topography images, in addition, the L-PBF meltpools are also visible. In contrast, the HIP topography
maps highlight a non-stochastic ‘noisey’ surface, where the noise is orientated with the SPDT cutting lines.

In Table 1, 90° non-HIP #2 and 90° HIP #2 present higher roughness values than 90° non-HIP #1 and 90°
HIP #1. For 90° non-HIP #2 the increased roughness is due to the central (0,0) region exhibiting more surface
defects (porosity) and hence increased roughness than the neighbouring datasets, thereby biasing the average.
For 90° HIP #2, each measured region exhibited approximately the same roughness value (Sq range: 22.8 nm to
26.0nm), implying a difference in either the AM substrate or the effect of the post-processing. Given the limited
and variability of the dataset, a link between print orientation and roughness cannot be confirmed. Further,
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Figure 10. All eight SPDT samples: non-HIP (top) and HIP (bottom).
Table 1. The surface roughness parameters averaged over the three measurement regions for each sample.

Sample Sa [nm| | Sq [nm] | Sz [nm] || Sample Sa [nm| | Sq [nm] | Sz [nm]
90° - non-HIP # 1 6.3 8.5 440 90° - HIP # 1 10.7 11.8 260
90° - non-HIP # 2 10.8 16.5 657 90° - HIP # 2 18.9 24.1 470
45° - non-HIP 5.7 9.0 460 45° - HIP 9.9 12.8 340
0° - non-HIP 7.1 11.1 430 0° - HIP 9.5 12.6 303

Sa - average, Sq - RMS, Sz - peak-to-valley

questions remain whether this first trial of HIP and SPDT is representative, as the feedback from the thermal
sensors within the HIP suggest that a HIP temperature much higher than standard was applied. An error during
the HIP meant that the target temperature (500 °C) was exceeded and a constant temperature of ~570°C was
recorded over the 4 hrs of the HIP heating phase. This temperature is higher than commonly used for L-PBF
aluminium®! (510°C to 540°C) and, as such, the effect the aluminium micro-structure is unclear. Therefore,
the role of HIP on surface roughness after SPDT requires further investigation.

5.4 Discussion & future work

One of the barriers faced in the adoption of AM prints for mirrors substrates is ensuring a defect free material.
Work is on-going to determine the optimum print parameters and post-processing routes for aluminium intended
for mirror applications. The preference to optimise the print parameters, rather than coat the AM substrate in
nickel phosphorus'* (NiP), which is commonly used in metal mirror manufacture, stems from a desire to reduce
the processing steps and to remove the mismatch in coefficient of thermal expansion between the aluminium and
the NiP.
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Figure 11. x2.5 magnification: (left) 90° non-HIP #1 (0, 0); and (right) 90° HIP #1 (0,0).
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Figure 12. x2.5 magnification: (left) 45° non-HIP (12.5,0); and (right) 45° HIP (12.5,0).

Figure 13. x2.5 magnification: (left) 0° non-HIP (0,12.5); and (right) 0° HIP (0, 12.5).
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On-going and future work is divided into parallel efforts: first, a repeat of the study presented in this
paper with the appropriate HIP temperature; and second, an investigation into the material micro-structure.
The repeat of the presented study explores the effect of HIP, both internally using XCT and externally through
SPDT and surface roughness measurements. The objective is that the effect of HIP on porosity can be quantified
using XCT before and after treatment. In addition, different HIP providers will be used to assess the different
HIP parameters. The second effort to evaluate the presented samples micro-structure, aims to investigate the
difference in material structure between the HIP and non-HIP aluminium. It is hoped that these measurements
could help inform suitable print parameters and post-processing routes in the future.

6. DISCUSSION

The astronomical instrumentation community has incredible ambitions for ground- and space-based observato-
ries in the future; however, as a community it is also risk averse and relies frequently on existing design heritage,
which may be 10, 20, 30+ years old. Minimising risk, particularly within large, international projects, is prudent
given the tax-payer is frequently the funding source, but what do we lose by not considering new routes of manu-
facture? AM is a method of manufacture which will soon be considered on-a-par with substractive, formative and
fabricative methods, and already it has been adopted in alternative fields, such as healthcare? and aerospace.?*
Therefore, the time is right to start considering the use of AM at the outset of new astronomical instrumentation
projects.

Parallels can be drawn with the construction industry, which, similar to international observatory projects,
deliver unique, one-of-a-kind constructions and frequently involve numerous stakeholders and partners. A paper
by Olsson, N. O. E., et al. (2021)*° describes the barriers and enablers of integrating concrete 3D printing
within the construction industry. There are many similar barriers preventing the adoption of AM in construc-
tion projects, for example, “risk in adopting new technology” and “high cost of the innovation”.?® However,
enablers from construction also apply: “An important issue for architecture as a field will therefore be whether
or not architects are ready to make use of the complex, potential and the high degree of design freedom pro-
vided by additive construction...”,3® and “Ideally, the design process should be thought of as a collaboration
between architects, engineers and constructors.”3® In this context, architect could be considered as the Principal
Investigator or Head Engineer, but the parallels remain, particularly in the collaboration of individuals with a
stake in the design: systems engineers, mechanical engineers, AM design engineers, AM operators, machinists,
and assembly, integration & test (AI&T) specialists. Following the Astro2020 decadal,®® imminent planning and
technology maturation for the top priority large space-based initiative, newly termed Habitable Worlds Observa-
tory (HWO), is underway. Large space-based initiatives (flagships) are decades in production and therefore, now
is ideal opportunity to adopt AM at the outset of the proposal, when technology maturation is commencing.

7. SUMMARY AND CONCLUSION

This paper has introduced the benefits and challenges of using AM in astronomical hardware through a description
of a four-year research programme, which has the goal to create a strategy for the adoption of lightweight AM
mirrors within future space-based telescopes, and more broadly, AM adoption in astronomical instrumentation.
Two AM design case studies were summarised: an opto-mechanical structure for METIS, a future instrument
for the ELT; and, a lightweight mirror petal, forming part of an optical assembly within a 6 U CubeSat. Both
AM design case studies considered how the AM design could be created, and the accompanying prototypes
and samples highlighted the challenges often encountered using AM, namely, material defects. To meet this
challenge, research was presented highlighting the initial phase of the optimisation of AM print parameters and
post-processing routes.

Adopting a new method of design and manufacture does require new skills, both technical and professional.
AM, which is part of a larger industrial revolution - Industry 4.03° - will increasingly become mainstream within
manufacture and therefore, it is inevitable that increasingly components will be made in this method. To
ensure the benefit of AM is harnessed within the astronomical instrumentation community, engineers, technical
specialists and managers need to be trained in the different aspects of AM and how its potential can be harnessed.
To conclude, AM does not replace subtractive, formative or fabricative manufacture methods, rather it has the
potential offer new design solutions whilst working in parallel with the existing methods.
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8. DATA AVAILABILITY STATEMENT
8.1 Optomechanical structures

The CAD files for both the topology-optimised design and varied wall thickness design are openly available from
eData, the STFC Research Data repository, at https://edata.stfc.ac.uk/handle/edata/938.

8.2 AM mirror development

The as-printed and post-processed STL files presented in this paper are openly available from eData, the STFC
Research Data repository, at https://edata.stfc.ac.uk/handle/edata/937.
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