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Abstract 
The great potential of additive manufacturing in terms of the high freedom of design and the possibility of integration of functions 
offers advantages for the fabrication of high precise metal optics. Mirrors for aerospace applications or for fast scanning motions 
have to meet high requirements regarding stability and mass reduction. The state of the art uses common lightweight structures 
fabricated by drilling or milling. Therefore, the mass-reduction factor is limited by the tool geometry.  
Recent investigations are focused on the implementation of a process chain based on Selective Laser Melting for the development 
of opto-mechanical components using aluminum-silicon compounds. These compounds offer positive properties like enhanced 
Young’s modulus compared to aluminum. Additionally, the coefficient of thermal expansion can be matched to necessary 
functional coatings like electroless nickel.  
Using the SLM process, different internal lightweight structures can be designed, ranging from simple honeycomb structures to 
complex bionic lattice structures. Existing limitations of the process (e.g. anisotropic behavior, defects, roughness and cleanliness) 
have to be solved in order to validate the technology for the fabrication of optical components. 
The focus of this work is the post-processing of internal lightweight structures to ensure the reliability of the coating process. This 
requires a certain roughness and cleanliness of these structures. 
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1. Introduction 

Metal mirrors are used in astronomical instrumentations for 
telescopes and spectrometer applications [1,2] as well as for 
scanners. Space components have to fulfill high requirements 
on stability and lightweight design to reduce the weight and 
increase the eigenfrequency of the system. Similar 
requirements are valid for scanning applications. Reducing the 
mass leads to reduced mass moments of inertia and hence to 
higher scanning accelerations.  

The state of the art for lightweight metal mirrors utilizes 
machining processes to remove material from the mirror base 
body. One approach is the milling of pockets into the backside 
of the mirror [3], a second approach is the drilling of cross-
holes into the side surfaces of the mirror body [4]. The 
attainable mass-reduction factor of these approaches is limited 
by the tool shape as well as by the accessibility of the 
machining process.  

The implementation of new additive manufacturing 
technologies allows for new, optimized designs. With 
customized internal lightweight structures, a further mass-
reduction can be realized. Customizing the local stiffness of 
scanning mirrors, the shape deviations caused by acceleration 
forces, can additionally be minimized. 

The requirements for surface roughness and shape deviation 
of the optical surface of metal mirrors depend on the intended 
spectral range. Optical components for applications in the 
infrared (IR) spectral range can be directly manufactured by 
diamond turned aluminium mirrors. For shorter wavelengths in 
the NIR and VIS spectral range, additional functional coatings 
with e.g. electroless nickel (NiP) layers are required to realize a 

low surface roughness. Therefore, the metal mirror including 
the additively manufactured internal lightweight structures 
have to be post-treated in order to realize an optimal coating 
process. Traditional cleaning and surface finishing procedures 
are limited due to the accessibility of the internal lightweight 
structures.  

In the following sections, the material selection for metal 
optics and the additive manufacturing (AM) process with a 
focus on lightweight mirrors is described. Subsequent coating 
processes require the cleaning and surface treatment of all 
internal surfaces. Three appropriate cleaning and surface 
finishing technologies are discussed. Using experimental 
investigations these technologies are applied to sample 
structures and the results are given. Finally, an initial coating 
test is described and further steps are derived. 

2. Additive Manufacturing  

Additive Manufacturing is determined by the direct built-up 
of material using Computer Aided Design (CAD) data. Different 
technologies for the additive manufacturing of metal objects 
can be used, such as Selective Laser Melting (SLM), Selective 
Laser Sintering (SLS), Selective Electron Beam Melting (SEBM), 
Laser Powder Build-up Welding or Laser Wire Build-up Welding. 
For the present investigations, the powder-bed based SLM 
process had been chosen. 

  
2.1. AM material 

Typical metal materials for space applications are aluminum 
alloys, titanium alloys and beryllium alloys. The choice of the 
material for the final metal mirror depends on different 
considerations such as the attainable mechanical parameters. 
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The specific stiffness Φ is one parameter to compare different 
materials using Young’s modulus 𝐸 and density 𝜌. 

 Φ = 𝐸
𝜌⁄  (1)   

As shown in Table 1 the specific stiffness of the aluminum-
silicon compound (AlSi) is rising with increasing amount of 
silicon (AlSi12: 12 wt% silicon). AlSi12, TiAl6V4 and Al6061 
show comparable specific stiffness values. The beryllium-
aluminium composite AlBeMet has the highest specific stiffness 
of the shown materials. The usage of this material is mainly 
limited due to its toxic and carcinogenic behaviour. 

The chosen metal powder for AM processing for the initial 
investigations in the present paper is AlSi12 with a particle size 
distribution of 20 µm to 63 µm. This material is commercially 
available including optimized manufacturing parameters for 
the used SLM machine M2cusing from ConceptLaser.  

The coefficient of thermal expansion (CTE) of AlSi can be 
influenced by the amount of silicon which is beneficial for 
matching the CTE with the afterwards applied NiP layer. The 
average CTE of AlSi12 is 19.6 x 10

-6
/K of AlSi42 is 12.2 x 10

-6
/K 

and of NiP is 12.4 x 10
-6

/K [5]. The development of AlSi42 
powder and of the corresponding process parameters for AM is 
therefore beneficial to minimize thermal induced shape 
deviation due to bimetallic bending. This is subject to ongoing 
research and will be presented in future papers. 

 
Table 1. Mechanical parameter of metal materials for AM 

material 
density  
 
[g/cm³] 

Young’s 
modulus E 
[GPa] 

specific stiffness  
= E/  
[m²/s²] 

TiAl6V4 4.43 114.0 25.73 

Al 6061 2.71 69.0 25.46 

AlSi12 2.68 75.0 27.99 

AlSi42 2.55 107.0 41.96 

AlBeMet 2.103 199.0 94.63 

 
2.2. AM process  

The data handling for powder-bed processes starts with the 
final CAD design of the part which has to be completed with 
support structures. They are necessary to create the 
mechanical and thermal connection between the part and the 
baseplate of the machine. This is especially important when 
critical angle between the baseplate and the surface of the part 
below 45° occur. For the processing within the SLM machine, 
the final CAD data is sliced into thin layers which are physically 
built-up during the SLM process. 

 

Figure 1. Schematic setup of an SLM machine 

In Figure 1, the schematic setup of an SLM machine is shown. 
The metal powder is stored within the powder chamber, the 
build-up of the part takes place on the baseplate located in the 
building chamber. One layer of powder is coated onto the 
platform by lowering the building chamber, lifting the powder 

chamber and moving the powder with the help of the coater 
from the powder to the building chamber. The laser source and 
the laser optic expose the beam into the new layer of the 
powder bed according to the data of the corresponding layer of 
the sliced model. The laser beam locally melts the powder and 
creates the solid metal volume. This procedure is repeated 
until the final part is stepwise build up to its final geometry. 
After finishing the AM process, the powder and the support 
structure have to be removed. Especially this step is critical for 
metal mirrors with internal lightweight structures, since the 
powder is present within the whole volume that has not been 
exposed to the beam. Therefore, it has to be extracted from 
the interior cavities of the mirror. This is only possible, if all 
internal features do have a connection to the outside of the 
mirror. Hence, no closed features can be realized. An 
exemplarily design of a light weighted mirror is shown in Figure 
2. The internal honeycomb structure is designed in such a way 
that each cell is opened to the neighboring cell by one 
connecting hole. The outermost cells are opened by one 
connecting hole to the side surface of the mirror itself. That 
way, the metal powder of all internal cavities can be removed 
after the building process. 

 

 

Figure 2. CAD model of mirror with internal honeycomb structure 

3. Post-processing 

The major goal of the following post processing steps is the 
preparation of the mirror base body for the coating with 
electroless nickel. Utilizing a NiP layer on the optical surface, 
finishing processes such as magnetorheological finishing (MRF), 
Ion-Beam figuring (IBF) or Chemical Mechanical Polishing (CMP) 
can be used to obtain the roughness and surface deviation 
requirements. To avoid electro-chemical corrosion between 
the AlSi base body and the NiP coating, a closed layer of NiP is 
necessary. That requires a surface treatment of the internal 
surfaces to enable a stable overall coating process. In general, 
the obtainable surface roughness of AM parts is limited and 
due to the powder based process, partly molten metal particles 
can adhere to the surface. These particles have to be avoided 
or removed. 

Two exemplarily sample structures for internal lightweight 
designs are chosen, see Figure 3. The outer diameter of each 
design is 26 mm with an connecting hole diameter of 3 mm and 
a pin for fixing the sample structures is attached. The first 
design uses honeycomb like hexagon cells, the thickness of all 
walls is 0.5 mm. The second design uses multiple rod-like 
structures with 4 rods per unit cell. Around the central vertical 
rod, three uniformly distributed rods were placed with a 30° 
angle to the central rod. The diameter of the rods is 1 mm.  
 
3.1. Unprocessed state 

After the manufacturing of the sample structures, the as-built 
quality of the surface and adhering particles are rated by 
optical evaluation of the outer connecting holes. 



  

 

Figure 3. CAD model of sample structure with hexagon cells (left) and 
rod cells (right) 

 
The inner surfaces are measured by laser scanning microscopy 
LSM [6] after mechanically opening the sample structure. The 
chosen qualitative value to compare different LSM 
measurements is the areal surface roughness parameter sq [7]. 
It is the mean squared height of the surface within the used 
measuring field of 1.2x1.2 mm. The results of these inspections 
for the unprocessed as-built samples are shown in Figure 4. In 
some connecting holes, partly adhered metal particles with a 
size of up to 900 µm are present. This is caused by different 
orientations of the holes within the building chamber. The LSM 
measurement of the inner surface shows multiple peaks of 
heights up to 40 µm. These are also partly molten particles 
which are represented as peaks due to the measurement 
process of the LSM. 

 

     

 
Figure 4. Picture of outer connecting holes (top) and exemplarily LSM 

measurement of inner surface of unprocessed sample. Sq=4.3 µm 

 
Most of the traditional cleaning and surface treatment 

methods cannot be transferred to the internal surfaces since 
the access is limited to the outer connecting holes for the 
powder removal. After evaluating different methods, three are 
investigated in detail.   

 
3.2. Internal vibratory finishing 

The internal vibratory finishing method is a physical process 
that uses abrasive material (Al2O3) with a grain size of 200 - 300 
µm to remove attached particles. A mass of 0.3 g of the 
abrasive is filled into the sample structure, the outer 
connecting holes are closed and a linear motion of the sample 
structure realizes the relative motion of the sample and the 
abrasive material. The actuator is a pneumatic linear vibrator 
with a nominal frequency of 4880 /min and an amplitude of 
approx. 5 mm. Using the pin of the sample structure, the linear 
vibrator is attached to the part and therefore the direction of 
the linear motion corresponds to the axis of the pin. 

The adhered particles within the outer connection holes are 
only slightly removed, the major material removal took place 
on the inner surfaces. After a processing time of 180 s the 
sample structure had also been opened and the LSM 
measurement was performed. It is clearly visible in Figure 5 
that the majority of the adhered particles had been removed 
during that process. The disadvantage of this process is the 
need to remove the abrasive Al2O3 particles after processing. 
After mechanically opening the samples, some remaining 
abrasive particles were found within the internal structure of 
the rod cells, trapped in the intersection of the rods. 

 
Figure 5. LSM measurement of inner surface of sample after internal 

vibratory finishing. Sq=1.9 µm 

 
3.3. Cyclic nucleation 

The cyclic nucleation method combines chemical and physical 
processes to remove attached particles [8]. It is a water based 
process within a pressure chamber that allows to nucleate, 
grow, detach, implode and collapse vapor bubbles. This is 
realized by a cyclic increasing and decreasing of the pressure 
within the pressure chamber. The resulting bubbles remove 
loose particles and transport them away from the surface. As 
the bubbles appear within the whole water volume, this 
process is especially suitable to clean structures as blind holes, 
undercuts or internal structures. Additional solvents and 
temperature regimes support the cleaning effect. 

In Figure 6, the results after a processing time of 10 minutes 
are given, using a water based solvent with pH-value of 10 and 
a water temperature of 68°C. Some small adhered particles 
within the outer connecting hole and of the inner surface are 
removed. No loose particles could be detected after this 
process.  

 

    

 
Figure 6. Picture of outer connecting hole before (top left) and after 
(top right) cyclic nucleation process and LSM measurement of inner 

surface after processing. Sq=4.0 µm 



  

3.4. Etching 
Etching is a widely used chemical process for the preparation 

of surfaces e.g. for successive coating processes. Since the 
chemical reaction depends on the contact surface between the 
chemical product and the part, the main effect is expected on 
the partly adhered particles. The used etchant consists of 25 % 
water, 25 % highly concentrated sulfuric acid (96 %), 50 % nitric 
acid (68 %) and additional 120 g/l Ammonium dihydrogen 
fluoride.  

Figure 7 shows the results after an etching time of 300 s and 
a rinsing step using de-ionized water. Small particles could be 
removed but the majority of the particles still remains attached 
to the surface. The general material removal causes the 
reduction of the connection area of larger adhered particles. 
This could lead to a spontaneous detachment of these particles 
during later processes. A surface oxidation of the AlSi base 
material during this process results in a matt white surface. 
 

 

    

 
Figure 7. Picture of outer connecting hole before (top left) and after 

(top right) etching process and LSM measurement of inner surface after 
processing. Sq=3.2 µm 

4. Initial coating test  

All three cleaning and surface treatment methods reduce the 
amount of the adhered particles and hence the surface 
roughness. To evaluate the ability of the processed sample 
structures to be coated with NiP, one of each had been coated 
with a layer of 55 µm thickness. The main goal of this initial test 
is the overall application of the layer in order to avoid the 
electro-chemical corrosion between the AlSi base body and the 
NiP coating. This had been tested by immersing the samples for 
4 minutes in a bath using a 30 % hydrochloric acid. Since the 
reaction between Al and HCl results in the production of 
gaseous hydrogen, the presence of uncoated aluminum can be 
seen clearly as bubbles within the experimental setup. All three 
samples had been tested as shown in Figure 8. No bubbles are 
arising and after mechanically opening of the samples it can be 
seen that all surfaces are coated. 

5. Summary 

Aluminum silicon compounds are suitable for producing 
metal mirror base bodies with internal lightweight structures. 
The surface roughness and the cleanliness of the internal 
structures have to be considered if functional coatings such as 
electroless nickel shall be applied. 

    
Figure 8. Picture of experimental setup of coated sample in 

hydrochloric acid (left) and coated and mechanically opened sample 
(right) 

Three different methods for cleaning internal lightweight 
structures of AlSi12 metal mirrors represented by two sample 
structures are investigated. All methods reduce the amount of 
adhering metal particles, whereat the internal vibratory 
finishing shows the best effect. The cyclic nucleation is very 
suitable for removing loose particles from the internal volume. 
The etching of the samples can lead to the loosening of 
adhered particle which were initially tightly fixed to the 
surface. 

The coating with electroless nickel of the processed samples 
is possible and after an initial test, a closed coating is realized 
what is very important for the intended use as metal mirror for 
astronomical instrumentations or for scanning applications. 

In ongoing and future work, two major points are addressed. 
One point is the development of process parameters for AlSi40, 
since this material shows an increased specific stiffness as well 
as a better CTE matching with the electroless nickel coating. 
The second point is the further optimization of the cleaning 
procedure by combining different methods such as the internal 
vibratory finishing with the subsequent cyclic nucleation.   
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