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ABSTRACT

Additive manufacturing (AM; 3D printing) is a fabrication process that builds an object layer-upon-layer and
promotes the use of structures that would not be possible via subtractive machining. Prototype AM metal mirrors
are increasingly being studied in order to exploit the advantage of the broad AM design-space to develop intricate
lightweight structures that are more optimised for function than traditional open-back mirror lightweighting.

This paper describes a UK Space Agency funded project to design and manufacture a series of lightweighted
AM mirrors to fit within a 3 U CubeSat chassis. Five AM mirrors of identical design will be presented: two in
aluminium (AlSi;(Mg), two in nickel phosphorous (NiP) coated AlSi;(Mg, and one in titanium (Ti64). For each
material mirror pair, one is hand-polished (including the Ti64) and the other is diamond turned. Metrology
data, surface form error and surface roughness, will be presented to compare and contrast the different materials
and post-processing methods. To assess the presence of porosity, a frequent concern for AM materials, X-ray
computed tomography measurements will be presented to highlight the location and density of pores within the
mirror substrate; methods to mitigate the distribution of pores near the optical surface will be described. As a
metric for success, the AlSi;(Mg + NiP and AlSi;(Mg mirrors should be suitable in terms of metrology data for
visible and infrared applications respectively.

Keywords: Additive manufacturing, 3D printing, mirror fabrication, surface roughness, aluminium, titanium,
polishing, diamond-turning

1. INTRODUCTION

Additive manufacturing (AM; 3D printing) creates a structure additively, layer-upon-layer, as opposed to tradi-
tional manufacturing techniques such as: formative (casting, forging), fabricative (cutting, bending, assembly),
and, more commonly, subtractive (mill, drill and lathe).! The layer-upon-layer methodology dramatically in-
creases the ‘design space’ of structures that can be fabricated and the ease and speed by which fabrication
occurs. In mirror fabrication, the advantages offered by AM include lightweighting, part consolidation and
design optimisations.

Astronomical instrumentation, both ground- and space-based, regularly require low mass per collecting area
mirrors within weight constrained systems. Lightweight mirrors to date typically exhibit two designs:> open-
back structures, where material is either removed from the base (subtractive) or cast in a mould (formative); and
sandwich structures, where a lightweight honeycomb core is sandwiched between two face plates (fabricative).
To achieve a good optical performance, open-back and sandwich substrates are expensive and time consuming to
fabricate - excluding the time taken to generate the optical surface - whereas an AM mirror can be printed and
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ready to post-process in a couple of days. Furthermore, the open-back structures exhibit poorer rigidity than
sandwich mirrors, but sandwich mirrors are more challenging and expensive to fabricate;® therefore, AM offers
the capability to print a sandwich mirror as a single component providing improved rigidity and low cost.

The variety of AM lightweighting options that can be applied to mirror fabrication are incredibly broad. For
example, regular and organic styled lattices can be adopted and optimised for function - optimised to minimise
the polishing print-through effect (quilting). Part consolidation can be applied to minimise the interfaces between
the mirror and the mount, with the potential to reduce distortions upon the optical surface caused by mounting
fixtures. In both cases, the restriction in design freedom originates from either the AM geometry guidelines,
or the ability to post-process (machine, polish or diamond turn) the printed geometry. However, despite some
limitations, AM offers clear benefits in regard to lightweight mirror design and fabrication assuming the required
optical quality can be achieved.

AM mirrors is an emerging field with several groups investigating different aspects from mirror fabrication*”

to design optimisation.®'' In regard to mirror fabrication mirror, surface roughness root mean square (Sq;
RMS) values of 7.5nm” and 22nm have been demonstrated on AM aluminium mirrors. Results relating to the
roughness values exhibited on AM titanium mirrors are limited; however, two groups have trialled titanium for
mirror fabrication.%” In addition, mirrors have been fabricated using a printed aluminium core, which has been
coated in nickel phosphorous (NiP); the aluminium substrate is relatively lightweight and an intricate design can
be printed, the NiP adds an ideal material for further processing, an average surface roughness of 1 nm Sq has
been demonstrated® on aluminium + NiP mirrors.

This paper details the fabrication study which was conducted as part of a UK Space Agency (UKSA) funded
project investigating design and fabrication of AM mirrors for CubeSats. The fabrication study investigated the
mirror quality that could be obtained on AM substrates through polishing (Pol.) and diamond turning (DT).
Five AM mirrors were fabricated as shown in Table 1: four in AM aluminium (AlSi;(Mg) and one in AM titanium
(Ti64), two of the four AlSi;(Mg mirrors were coated in NiP. The exclusion of a titanium mirror for diamond
turning was due to known challenges with the traditional diamond tool shape and the titanium substrate and
therefore only two AM mirrors were processed via diamond turning. To provide a benchmark for the diamond
turning, a RSA (rapidly solidified aluminium) 6061 blank was also diamond turned.

A single lightweighted design was used for the AM mirrors, based upon a 3U Earth observation CubeSat, is
described in Section 2. A thorough description of the AM mirror design and routes for future design optimisation
is given in the sister paper Atkins et al. 2019,'? which presents the design study of the UKSA project. The
fabrication process chain is presented in Section 3. Metrology data of the internal substrate structure and
external metrology data of the optical surface is presented in Section 4.

Table 1. The six mirror variants for fabrication.

# | Substrate material | AM fab./ method | Coating Fabrication method
1 | AlSi; Mg Yes/ L-PBF* NiP DT
2 | AlSi;(Mg Yes/ L-PBF No coating | DT
3 | RSA€ 6061 No No coating | DT
4 | AlSi;oMg Yes/ L-PBF NiP Pol.
5 | AlSi;(Mg Yes/ L-PBF No coating | Pol.
6 | Ti64 Yes/ EB-PBF® No coating | Pol.

@ L-PBF - Laser powder bed fusion

b EB-PBF - Electron beam powder bed fusion

¢ RSA - Rapidly solidified aluminium

A thorough description of the mirror design and design logic is presented in the sister paper Atkins et al. 2019;'?

2. SPECIFICATION OF THE MIRROR DESIGN

therefore, only a summary is presented within this section.
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2.1 Mirror requirements

The AM mirror requirements were based upon the primary mirror ina 1.2 U (1 U = 100 mm x 100 mm x 100 mm)
Cassegrain telescope configuration designed for a 3 U CubeSat paper study - CubeSat Camera (CCAM).*> The
requirements are presented in Table 2. The optical prescription of the telescope has been simplified to a spherical
concave form to facilitate fabrication and metrology of the mirror surface. Further to the requirements in Table 2,
a lightweight lattice structure was desired for the internal volume of the mirror to demonstrate one of the design
benefits of AM.

To judge the success of the mirror fabrication, the optical surfaces are assessed against the AM mirror success
criteria detailed in Table 3. These criteria define the optical surface in terms of surface form error, peak to valley
(PV) and RMS, and the surface roughness RMS. Due to the heritage of NiP coated mirrors, the AlSi;,Mg +
NiP mirrors are expected to demonstrate a better optical surface than the AlSi;oMg mirrors and therefore the
two mirror variants are assessed against the visible and infrared criteria respectively. With limited knowledge in
regard to the Ti64 substrate, there is no expectation on the achievable performance.

Table 2. AM mirror design requirements

Property Value
Optical prescription Spherical, concave
Radius of curvature 350 mm

Clear aperture diameter | 80 mmg

Mechanical diameter 84 mmg

Total height 17.3 mm

Mounting features 3x M3 holes

Fiducials A notch every 45°
Lightweighting Internal lattice structure

Table 3. AM mirror success criteria

Surface form error Surface roughness
Wavelength range
PV [nm] | RMS [nm] | RMS [nm)]
Visible A\: 400 nm to 700 nm < 150 < 45 <9
Infrared A: 1000 nm to 1500 nm | < 300 <90 <12

2.2 The AM mirror design

There are two designs required in the fabrication of the AM mirror: a design for printing and a design after
machining. The requirements in Table 2 represent the dimensions after machining and therefore the design for
printing is an oversized version of these dimensions with additional features to aid machining. The oversizing of
the substrate is required in order to accommodate the material that will be removed from the surface through
machining - metal powder bed fusion processes typically result in a rough surface. Figure 1 a) presents the
functional mirror component, i.e. the design after machining. Figures 1 b) and ¢) demonstrate the design for
printing and highlight a sacrificial spigot used to facilitate machining. The holes on the base of the mirror
(Figure 1 b)) allow removal of the unsintered metallic powder from the lightweighted cavity. The lightweighting
structure is a body centred cubic (BCC) lattice within an ellipsoidal cavity (Figure 1 c))

2.3 Finite element analysis: print-through estimate

One of the challenges of lightweight mirrors is the imprinting of the lightweight structure upon the optical
structure due to the non-uniform support, as shown in Figure 2. Finite element analysis (FEA) was used
to predict the form of the distortions that might be expected after diamond turning or polishing. COMSOL
Multiphysics was used to perform the simulation and the design-after-machining was used as the input CAD
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Figure 1. The AM design to print: a) the mirror surface and fiducials after machining; b) the base of the AM design with
the holes for powder removal and a spigot to aid machining; and c) the internal geometry of the AM design demonstrating
an internal ellipsoidal cavity populated with a BCC lattice.

file. Polishing and diamond turning apply forces over significantly different areas, a polishing pad might have
the same dimensions as the mirror, whereas the diamond tool radius is typically 1 mm to 2mm. The physical
boundary conditions - how the substrate is mounted - also vary between the two methods, in polishing the
substrate is loosely held, whereas the substrate is rigidly held for diamond turning. Therefore the FEA has been
used as indicative tool to suggest the form of the error that might be observed after processing, as opposed to
using the values of displacement in absolute terms.

Face plate Polishing pressure Print-through/quilting

- | Sy
/ FJ -

/
Light-weighting ribs Deflection due to polishing pressure

'

Figure 2. An illustration of the polishing print-through effect (quilting) caused by a non-uniform support below the mirror
surface.

Figure 3 a) highlights the boundary conditions applied to the FEA model: the part is centred at (0,0,0);
the base is fixed in z; the edges from z = 0 — mirror height at x = 0 an y = 0 are partially fixed to allow
displacement along the axes, but to prevent twisting; and a uniform polishing pressure of 3500 N/m? is applied
along the negative z direction. Figure 3 b) left is the predicted form error on the application of the polishing
pressure, the lightweighted core causes a sag in the centre of the mirror. Figure 3 b) right presents the expected
displacement after subtraction of the first four Zernike terms (piston, tiltx, tilty and focus; Z0 - Z3) and provides
an indication of the form error that might be expected during interferometric testing.

3. MIRROR FABRICATION

Table 1 presented the six mirror variants for fabrication; each AM mirror is identical in design, but is unique
in fabrication route. Figure 4 presents the fabrication process chain from mirror design to the generation of the
optical surface for each of the five AM mirrors. The RSA 6061 mirror was fabricated via a traditional subtractive
machining from block material and therefore is not included in detail within the fabrication chain.
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Figure 3. a) the boundary conditions applied within the FEA model; b) left the predicted distortion of the optical surface
upon application of pressure; and b) right the expected distortion after subtraction of the first four Zernike terms (Z0-Z3)
and is an estimate of the form error observed during interferometric testing.

3.1 Additive manufacture

The additive manufacture of the aluminium and titanium substrates was undertaken at CA Models Ltd and
University of Sheffield respectively. In both cases the substrates were created via powder bed fusion (PBF),
where fine metal powder is either fused together by a laser (L-PBF) or an electron beam (EB-PBF).

3.1.1 The aluminium substrates

The aluminium substrates were printed in the alloy AlSi;¢Mg, which is commonly used in AM. The substrates
were printed on a SLM 500HL by CA Models Ltd, which has a 500 mm x 280 mm X 365 mm build volume and
4 x 400 W lasers operating simultaneously.

The four substrates were built in the vertical orientation, as shown in Figure 5, with external support material
added to the substrates to provide both support and heat dissipation - a thorough description concerning build
orientation selection can be found in Atkins et al. 2019.'? Following build completion the excess powder was
removed and the substrates were thermally cycled before separation from the build plate to relieve stress within
the build. In the final stage, the support material was removed from the substrate - tooling marks in Figure 5
right highlight where the support material has been removed around the spigot.

3.1.2 The titanium substrate

The titanium substrates were printed at the University of Sheffield using an ARCAM Q20+, which is an EB-PBF
AM machine. The Q20+ has a cylindrical build volume with 350 mm diameter and 380 mm height. The titanium
alloy used for the substrates was Ti-6Al-4V, commonly known as Ti64.

The titanium substrates, like the aluminium substrates, were built in the vertical orientation as shown in
Figure 6. Following completion of the build, excess powder was removed and the substrates separated from the
build plate. Due to the elevated temperature of the EB-PBF over the L-PBF during build, no additional thermal
cycling was required once the build was complete to relieve stress.

3.2 Traditional machining

The aluminium and titanium substrates were subtractively machined at the RAL Space Precision Development
Facility. The spigot shown in Figure 1 b) was used to hold the substrates for machining of the side walls and the
concave mirror surface, the spigot was then removed when the base of the substrate was machined. Upon the
completion of the traditional machining, the substrates were split into those intended for polishing and those for
diamond turning.
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Figure 5. The additive manufacture of the aluminium substrates: left - the design with the AM set-up software where
the orientation and the support material (red) is defined; middle and right - the aluminium substrates after printing and
with support removal.

Figure 6. The additive manufacture of the titanium substrates: left - the design with the AM set-up software where
the orientation and the support material (blue) is defined; middle and right - the titanium substrates after printing, the
support material can be observed on the spigot and on the mirror side wall which is in contact with the build platform.
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3.3 Polishing

Traditional hand-polishing was undertaken at University College London to generate the optical surfaces on the
AlSi; g Mg, AlSi;oMg+ NiP and Ti64 substrates. First, the machined substrates were centred upon a 300 mm
diameter polishing machine and supported with three Neoprene faced clamps. SiC 220 grit was used to fine
grind the substrates using a Perspex or aluminium tool for the AlSi;(Mg and Ti64 substrates respectively. Upon
the removal of the machining mark, successively finer SiC grades were used to converge the surface to < 2pum
PV from error after best fit radius of curvature subtraction and within 1 mm of the desired radius of curvature
(350 mm). Upon completion of the fine grinding, one of the AlSi;(Mg substrates was coated with 100 pm of NiP
and then reground to remove surface imperfections (bubbles, inclusions) within the NiP layer.

The AlSi;oMg and AlSi;(Mg + NiP substrates were initially prepolished using 3 pm grade aluminium oxide
(Alox) combined with a high quality polishing cloth, the resultant surface form error could be measured using
the interferometer (A = 633 nm). The AlSi;(Mg + NiP sample was further refined using a 70 mm diameter pitch
tool with 1 pm grade Alox. The AlSi;(Mg sample proved challenging due to significant pin-holes and scratches
and therefore the substrate did not progress beyond the 3 pm grade of Alox. The polishing procedure of the Ti64
substrate is proprietary; however, a factor of three increase in the polishing pressure of the aluminium substrates
was applied to obtain the optical surface.

3.4 Diamond turning

Single point diamond turning is a widely used machining technique which consists of cutting material with a
diamond tool using a purposely built ultra-high precision turning machine. While the part is rotating, the
tool moves axially (z-axis) and transversally (x-axis) relative to the axis of rotation, cutting the desired shape
(Figure 7). By synchronizing the angular position of the part (c-axis) with both x and z axes, the machine can
cut non-rotationally symmetrical parts (freeform surfaces), with large sag and steep slope. In the case of the AM
substrates, which have a rotationally symmetrical profile (on axis spheres), only 2 axes were required (z & x).

€ g [ ' tool head
Spindle ‘

2 \

Figure 7. The Moore Nanotech UPL diamond turning machining at Durham University.

The two AlSi;(Mg substrates and the RSA 6061 blank were machined at the Centre for Advanced Instru-
mentation, at Durham University, using a Moore Nanotech 250 UPL machine. The diamond machining of the
AlSi; (Mg substrates did not involve any bespoke set-up, tooling or machining parameters; the process for dia-
mond turning of conventional aluminium (RSA 6061) was employed. The substrates were all cut with a diamond
tool radius of 1.5 mm at 2000 RPM with a feedrate of 10 mm/min.
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The two AlSi;Mg substrates machined well although the surface cosmetic was not as good as for the RSA
6061 blank. In particular, pickup marks (scratches on average 1.5 pm wide, 200 nm deep) and holes (digs approx.
10 pm to 20 pm diameter and 15 pum deep, due to the porosity of the AM material) were visible. The AlSi;(Mg
substrate that exhibited the worst optical surface was sent for 100 pm of NiP coating and then diamond turned
again to achieve the desire optical prescription.

4. METROLOGY

Internal and external metrology was performed within this project. Internal structure of the AM substrates was
evaluated using X-ray computer tomography (XCT), while the external mirror surface was quantified in terms
of surface form error and surface roughness via an interferometer (A = 633nm) and a microscope interferome-
ter respectively. During diamond turning and polishing, metrology data was taken to ensure the optical surface
converged to the desired optical prescription; however, to remove systematic variations between metrology equip-
ment, mounting and measurement environment, all six mirrors were measured at UK Astronomy Technology
Centre (UKATC) for surface form error and at the Diamond Light Source (DLS) for surface roughness.

4.1 X-ray computer tomography

The measurements were undertaken and analysed at the National Physical Laboratory (NPL) using a micro
XCT scanner which resulted in a 3D data map with a pixel size of 57um. Cross sections of the aluminium
substrate are shown in Figure 8 and the fine pixel resolution of the data allowed the porosity within the AM
substrate to be quantified. It should be noted that the XCT measurements were not performed on the substrates
that were processed into mirrors, but rather on spare AlSi;(Mg and Ti64 substrates that were available. Due to
uncertainty in the titanium XCT results, only the AlSi;(Mg XCT analysis is discussed in this section.

In AM mirror fabrication, the primary concern relating to the AM substrate is porosity within the reflecting
surface which leads to increased scatter. Therefore, the analysis performed at NPL explored the skin of mirror
surface and quantified the number of pores within its 2mm thickness. A description of the analysis procedure
is discussed within P. Cooper et al. 2019.'* Figure 9 presents the results of the porosity study - the pores
were identified and counted in the plane normal to the optical surface. The curvature of the mirror surface was
removed within software for simplicity, as shown in Figure 9 left. The number of pores within the 2 mm thick
skin were counted and Figure 9 right highlights the number of the pores as a percentage of the substrate as a
function of depth below the mirror surface for the ALSi;(Mg substrate. The results demonstrate that there is
a significant increase in porosity at approx. 0.5 mm below the surface of the substrate. It is suspected that this
increase in porosity is an effect of an interface between two AM machine settings, where the perimeter of the part
is printed first and then the internal structure is filled-in. This result is a concern for AM mirror fabrication,
it suggests that the material that is removed through traditional machining and polishing/ diamond turning
(0.25 mm to 1.00 mm depth) would place the optical surface within the porous layer of the AM substrate, leading
to an increase in surface roughness.

Despite the fact that the substrate evaluated was not used in fabrication, there is confidence that similar
porosity effects would be seen in the processed substrates if the porosity is a systematic effect caused by the
AM machine properties. Unfortunately, in this project, due to the rapid turn-around, the XCT data was unable
to influence our fabrication process chain to avoid the porosity layer in the aluminium substrates. However,
manipulation of porosity within a build is an active area study and there are routes that could be applied in
the future to minimise the pores in the critical regions for mirror fabrication.'> Therefore with an ability to
manipulate porosity and to quantify both location and number density, optimum AM material properties can
be defined in the location of the optical surface in the future.

4.2 Surface form error

The surface form error of the optical surfaces were measured at the UKATC using a Zygo Dynafiz (A = 633 nm).
For measurement, the mirrors were mounted via an interface plate to a tip tilt stage using the three threaded
holes in the mirror base. Minimal force was applied to the screws to prevent mounting distortions upon the
optical surface. Figure 10 presents the six interferograms depicting the surface form error after subtraction of
the first four Zernike terms. For each interferogram, the PV, PVr (robust peak to valley) and the RMS were
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Figure 8. XCT slices through the aluminium substrate; the cross section on the top left is the concave surface of the
substrate and the bottom right image is the flat base of the substrate. Credit: NPL
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Figure 9. Analysis of the XCT data from the aluminium substrate: left - simplification of the substrate form to facilitate
the calculation of porosity; right - the cumulative porosity in the mirror skin as a function of skin depth. Credit: NPL
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recorded (Table 4). The difference between the PV and the PVr is that the PV is an absolute maz — min
range, which is prone to misrepresentation of the mirror surface due to localised defects (dust, pits), whereas the
PVr is the PV of a fitted surface which is not sensitive to localised defects.

4.2.1 Surface form error analysis

The majority of the mirror surfaces, excepting Pol. AlSi;yMg, demonstrate a PVr between 127 nm to 295 nm and
an RMS between 25 nm to 35nm, which was within the desired operation wavelengths of visible to IR (Table 3).
In addition, the shape of the surface form error in all except the DT AlSi;;Mg and DT RSA6061, is similar to
that predicted via the FEA (Figure 3) - highlighting the non-uniform support of the mirror surface. Ripples
were observed in the DT AlSi;(Mg + NiP mirror, the origin of these ripples remains unclear, but it is suspected
that they could either be an effect due to vibration/ fringing, or that a temperature change has resulted in
the differential expansion of the AlSi;Mg substrate and the NiP coating causing an imprint of the lightweight
structure upon the mirror surface - further analysis is required.

In regard to the Pol. AlSi;yMg mirror, the surface form error is clearly poor in comparison the other mirrors.
Polishing of the AlSi;yMg mirror proved challenging, initial results exhibited a large number of pits and scratches,
which required the sample to be reground and repolished several times. Unfortunately, as demonstrated in the
XCT data (Section 4.1), if polishing was taking place in the porous layer, which is suspected, then reworking the
surface would not remove the necessary thickness to reach the denser AM material. Therefore the Pol. AlSi;(Mg
was unable to achieve an equivalent performance than that of the DT AlSi; Mg without a significant reworking,
which was beyond the time frame of the project.

Table 4. Collation of form error measurements taken at UKATC on the Zygo Dynafiz

Surface form error measurements
# | Mirror PV [nm] | PVr [nm] | RMS [nm]
1 | DT AlSi;oMg + NiP | 177 150 30
2 | DT AlSi;pMg 231 154 28
3 | DT RSA 6061 152 127 25
4 | Pol. AlSi;oMg + NiP | 271 204 35
5 | Pol. AlSi;gMg 593 474 83
6 | Pol. Ti64 225 295 28

4.3 Surface roughness measurements

The surface roughness measurements were undertaken at the Diamond Light Source (DLS) using a Bruker
Contour GT-X stitching microinterferometer. A 3 x 3 grid of individual measurements was centred upon the
mirror with 25 mm spacing between each sample area; however, due to the curvature of the mirror and the size
of the microscope head, only 6 out 9 measurements could be performed. The measurements were numbered
1 — 9, with the upper left grid sample designated 1 and the bottom right grid sample designated 9. Each
mirror was orientated with 0° facing the operator and secured using 4 clamps. A 10x microscope objective was
used for the measurements, resulting in a sample area of approx. 0.6 mm by 0.45 mm. Due to time restrictions
only the diamond turned mirrors have been measured to date: DT AlSi;(Mg + NiP, DT AlSi;(Mg and DT RSA
6061 are presented in Figures 11, 12 and 13 respectively.

4.3.1 Analysis of the surface roughness measurements

The mean of the average roughness (Sa), the RMS roughness (Sq) and the PV roughness (Sz) values for the 6
measurements on each DT AM mirrors are presented in Table 5. The low order spatial frequency terms that
have been removed from the data sets are: piston, tilt x, tilt y and curvature. Loss of data is represented as
white pixels and is not included in the calculation of the roughness terms - loss of data is particularly evident in
DT AlSi;(Mg data (Figure 12).
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Figure 10. The surface form error of the six mirrors upon subtraction of the first four Zernike terms (Z0 - Z3): top -
AlSi;gMg + NiP mirrors; middle - AlSi;oMg mirrors; and bottom DT RSA 6061 (left), Pol. Ti64 (right).
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DT: AISi10Mg + NiP
# Sa[nm] [Sq[nm] [Sp[nm] |[Sv[nm] |Sz[nm]
1 2.62 3.25 7.64] -1293] 2057
2 3.50 416/ 2203 1285  34.88
3 6.34 772 2072|1957  40.28
5 4.89 9.42] 2040 -193.00 213.00
6 336 400  1084] -21.04 31.89
9 4.47 531 1397] -1425 2822
Average 4.20 5.64  15.93] -45.61  61.47

mm]

3 04
{mm]

Figure 11. The surface roughness measurements of the DT AlSi;(Mg + NiP mirror.

Table 5. Surface roughness of the AM mirrors; an average of 6 measurements

Surface roughness

# | Mirror Sa [nm] | Sq [nm] | Sz [nm]
1 | DT AlSi;oMg + NiP 4.20 5.64 61.47

2 | DT AlSi;oMg 3.59 4.85 192.90

3 | DT RSA 6061 3.74 4.96 160.42

4 | Pol. AlSi;oMg + NiP | - ~2 -

5 | “Pol. AlSi;pMg - ~ 15 -

6 | 9Pol. Ti64 - ~2 -

¢ Estimate based upon UCL measurement.

Sa = absolute mean, Sq = root mean square, Sz = peak-to-valley
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~0.6 mm x ~0.45 mm

DT: AlSi10Mg 9
# Sa[nm] |Sq[nm] |Sp[nm] |Sv[nm] |Sz[nm] o
1 2.47 3.27 98.75| -78.34  177.00
2 3.72 4.94| 106.00| -57.37 163.00
3 2.79 3.84/  76.12| -87.53| 164.00
5 5.04 7.37| 214.00] -57.52| 271.00
6 4.29 5.44/  93.00/ -118.00 211.00
9 3.20 423 150.00] -21.55 172.00
Average | 3.58| 4.85] 122.98] -70.05/ 193.00 2

om)

Figure 12. The surface roughness measurements of the DT AlSi;(Mg mirror - the loss of data is highlighted as white
pixels.
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10x magnification

Measurement area:

~0.6 mm x ~0.45 mm

tmm)

DT: RSA 6061
# Sa[nm] |Sq[nm] |Sp[nm] [Sv[nm] |Sz[nm]
1 2.69 3.39 36.89 -16.75 53.64
2 3.90 4.98 47.94 -85.51 133.00
i | 291 3.67 24.74 -15.54 40.28
5 5.03 6.47 39.64| -108.00 148.00
6 4.05 6.34 250.00 -276.00 526.00
9 3.87 4.92 41.54 -19.72 61.25
Average 3.74 4.96‘ 73.46‘ -86.92| 160.36

3
[mm)

{mm)

Figure 13. The surface roughness measurements of the DT RSA 6061 mirror.
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The DT AlSi; (Mg + NiP measurements (Figure 11) exhibit a low spatial frequency variation and measurement
5 (centre) highlighting a ‘fan blade’ pattern. It is suspected that this is an effect caused by vibration of the
substrate during diamond turning and therefore can be considered as waviness as opposed to roughness. Therefore
the Sq value of 5.64 nm represents an artificially high value than the actual roughness due to the contribution of
the waviness.

Figure 12 presents the only direct measurement of an AM surface within the current data. Two features
are evident within the interferograms: 1) the diamond turning lay lines whose orientation rotates around the
centre point; and 2) the AM build lines, which run horizontally in each image. The horizontal builds lines are
consistent with the orientation of the build and the positioning of the mirror upon the Bruker measurement
platform, where 0° represents the top of the build (as demonstrated in Figure 6) and is inline with the grid
roughness measurements 2, 5 and 8. Despite the presence of the build layers, the Sq of the surface indicates
< 5nm, which is considered a good roughness for cast aluminium and consistent with a similar reported Sq
measurement of 3.66 nm on AM DT AlSi;,Mg.'® However, as observed by the data loss (white pixels) and the
higher value of Sz, the surface is also prone to localised defects (pits and spikes) and the true value of Sq on the
DT AISi;(Mg is suspected to be slightly higher.

The RSA 6061 sample (Figure 13) demonstrated typical roughness values for the aluminium type. The
roughness was limited by the granularity of the material, which is visible in the image files. There are no
significant defects in the RSA material and therefore although the RSA 6061 and the AlSi;(Mg have similar Sq
values, 4.96 nm and 4.85nm respectively, the RSA 6061 has lower Sz values implying a better surface overall,
which is to be expected for a non-AM material.

Figure 14 presents the total integrated scatter (TIS) of the three mirrors as a function of wavelength. The
equation'” TI1S = 1 — exp(—(4msinfo/N\)?) was used, where § = the angle of incidence to the surface (90°), o
= RMS roughness (Sq) and A = the wavelength of light. TIS provides an estimation of the scatter assuming
a Gaussian distribution of roughness. Figure 14 demonstrates that for all the mirrors there is < 1% scatter at
IR wavelengths (> 750nm) and that for the aluminium mirrors there is < 2% at visible wavelengths (400 nm to
750nm). Although the scatter for the AlSi;Mg + NiP is greater than the aluminium, as discussed above, this
value has been affected by the low order waviness in the measurement.

6

T T T T
—_DT AIS!wMg +NiP
——DTASi, Mg
DT RSA Al
51 4

Total integrated scatter [%]

0 ' L L L L
400 600 800 1000 1200 1400 1600

Wavelength [nm]

Figure 14. The total integrated scatter as a function of wavelength

4.3.2 Anticipated roughness values for the polished mirrors

To date only the diamond turned mirrors have been evaluated at DLS; however, the surface roughness of the
polished mirrors has been measured during the polishing iterations at UCL. The Sq values are included within
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Table 5 and the results indicate that the Ti64 and AlSi;(Mg+NiP mirrors will demonstrate a high surface quality
at approx. 2nm for both substrates. The Sq value for the AlSi;yMg mirror predicts a rough surface of approx.
15 nm, which is suspected to be a result of the multiple iterations of grounding and polishing that the substrate
has experienced and encroaching the optical surface withing the porous layer as identified in Section 4.2.1.

5. SUMMARY AND FUTURE WORK

AM mirror fabrication has clear benefits in terms lightweighting and part consolidation if the required optical
quality can be achieved. This paper has presented the design, fabrication and metrology of 5 AM mirrors
designed for integration within a 3 U CubeSat chassis. The primary goal of the study was to demonstrate how
different AM materials, AM machines and post-processing routes can be implemented to create mirrors suitable
for operation within the visible to IR wavelength range. The results to date are positive and encouraging with
several routes for development identified.

Section 3 outlined the fabrication of mirrors, two different metal AM fabrication methods were trialled: laser
powder bed fusion (AlSi;(Mg) and electron beam powder bed fusion (Ti64). The analysis of the resulting mirrors
was presented in Section 4, all except one of the AM mirrors exhibited a good surface quality (PVr between
130nm to 300nm and RMS between 25nm to 35nm) after fabrication; however, the poor quality of the Pol.
AlSi;gMg mirror (474 nm PVr and 83 nm RMS) was suspected to be due to the reworking that caused the optical
surface to be generated within the layer of high porosity as indicated within the XCT measurements (Section 4.1).
The anticipated scatter from the roughness on the diamond turned mirrors indicates current suitability within
the IR wavelength range with < 1% scatter predicted. The AlSi;(Mg + NiP mirror, after filtering to removal
the vibrational low order distortion, would arguably demonstrate reduced scatter.

Future work will target two areas: design optimisation and improvement of the AM material. The sister paper
Atkins et al. 20192 described the design logic and performance of the fabricated mirror design. The percentage
of mass remaining after lightweighting of the fabricated design was ~ 69%, this value does not represent a
significant weight saving at this stage; however, the priority of the project was the fabrication process chain
of the AM mirrors the optical quality that could be achieved. From the optimisation study performed within
the sister paper, several routes were identified for future lightweight mirror structures, which exhibit both a
reduction in mass and in the predicted surface distortions. These structures will be developed further with input
from both AM machine and subtractive machine operators to ensure a design that is optimised for function and
post-processing.

The XCT data demonstrated the presence of porosity in close proximity to the depth where the optical surface
would be generated. To reduce scatter and therefore improve the optical performance, minimising porosity is a
priority. Working with the AM community, the porosity within the AM substrate can be reduced by altering
the AM machine parameters'® and, in particular, the parameters can be tailored towards optical fabrication -
i.e. to prioritise a 100% dense material in the immediate vicinity where the optical surface will be generated.
It is hoped that by tailoring the AM process to the end goal of mirror fabrication, an improvement in optical
performance can be shown.
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