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Abstract: This study contributes to a possible methodology for manufacturing CubeSats using
additive manufacturing and laser beam welding. Titanium connectors were constructed by selective
laser melting and electron beam melting and characterized from a topological point of view. The
connectors can be joined to titanium tubes for the construction of CubeSats via laser spot welding.
The fiber laser welds exhibited full penetration using pulses with 400 J of energy. The welds showed
titanium acicular martensite grains with recesses and pores. The average hardness of the cast zone
was 350 HV, which is close to the hardness of the connectors (400 HV) and more rigid than that of
the tubes (100 HV). Spot welding has proven to be useful in resisting forces above 2000 N, which is
sufficient for CubeSat frame space applications.
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1. Introduction

In recent years, there has been a marked increase in the interest in space exploration [1].
Several missions have been carried out and are still currently under development, expand-
ing the frontier of human presence in space in a way that has never been seen before.
According to forecasts by the website specializing in nanosatellites [2], by the end of 2022,
there should be approximately 646 nanosatellites in orbit, a record since the beginning of
operations in 1998 and twice as many as in 2021. The United States of America leads a
number of constellations with 54% of the satellite constellations, followed by the European
Community with 26%. Currently, 86% of all nanosats are CubeSat compositions, with an
emphasis on the 3U configuration, that is, the composition of three cubes of 1 L volume
each.

The construction of satellites is extremely complex and subject to high risks, and
the present study intends to contribute to a small part of this area with a methodology
for the construction of titanium CubeSat structures. The CubeSat frame can be designed
in a range of materials, from polymers to metals, with characteristics that meet mission
requirements [3]. However, metallic structures have proven useful in withstanding extreme
launches and operating conditions. For example, Nano Avionics US LLC (Columbia, IL)
produces a series of aluminum alloy frames, class 7075-T7351, for CubeSats [4]. NASA
has developed a number of suppliers of aluminum CubeSat primary structures, with the
aluminum alloys 6061 or 7075, which have proven to be reliable and stable in the conditions
of wide temperature variations in space [5]. The use of titanium in the construction of
CubeSats is less well known, with reports of its use in stabilization and propulsion systems,
particularly in N,Hy tanks [6].

Several manufacturing processes have been applied in the construction of space
structures, and additive manufacturing (AM) is currently one of the most promising
tools [7]. In general, additive manufacturing does not lend itself well to the construction of
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large finished products. The time and costs involved would be extremely high, and the
examples available in the market are just proofs of concept and, except for rare excesses, are
not relevant in the manufacturing scenario. As examples, turbine blades by directed energy
deposition AM have been repaired [8], and cooling channels by AM in plastic injection
molds have been constructed [9]. This is also the case in the present study of CubeSat
structures, as it is not logical to build an integral structure using AM [10]. On the other hand,
connectors are somewhat customizable and can be joined to supporting structures at the
edges produced by conventional means. Two AM techniques are competitive for titanium
parts: selective laser melting (SLM) and electron beam melting (EBM) [11]. Therefore, this
study analyzed both alternatives.

Few authors have studied the union between the parts manufactured conventionally
and those by AM. The specific case of titanium components is even more limited. For
example, Yu et al. [12] reported some results on SLM parts joined to wrought Ti-6Al-4V by
laser beam welding (LBW). The authors utilized a fiber laser with a power of 4 kW and
welding speeds between 1 and 2 m/min to weld two 5 mm plates, wrought, and SLM
plates. The fusion zone is marked by acicular &’ martensite inside the prior 3 grains. The
hardness reached 450 HV in the fusion zone and was slightly depleted in the heat-affected
zone.

The objective of the present study is to investigate whether SLM and EBM connectors
can be properly joined via LBW to titanium tubes as an original contribution to the CubeSat
designs.

2. Materials and Methods

Figure 1a shows a three-way tube connector that is to be built using SLM and EBM.
The typical dimensions of a cross-sectional cut are presented in Figure 1b. The computer
model was designed in Solid Works® version 2022 (Dassault Systémes, France), and slicing
was performed in AM machines.

@6mm —=|

[ tmm |

8mm

16mm

!
== 4mm -~
8mm

@) (b)

Figure 1. Computer drawing of the connector (a) and its dimensions (b).

The powders used in the SLM and EBM processes had a composition of Ti6Al4V
alloy (Ti, 5.72%Al, 4.1%V, 0.37%Fe, 0.065%C, 0.04%N, 0.15%0, 0.013%H, by weight), as
given by the powder fabricant. Spherical particles of the powder were sieved to obtain a
granulometric distribution between 45 and 60 um.

SLM was performed on an EOS M280 instrument (Krailling, Germany) using a laser
power of 170 W and a process speed of 1350 mm/s. Each layer was applied by rotating
the previous layer by 60° to mitigate anisotropy, with a thickness of 30 pm each and a
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distance between the lines of 0.1 mm. The process chamber was filled with argon at ambient
pressure after purging to eliminate atmospheric gas.

The EBM equipment was a GE ARCAM Q10 (West Chester, PA, USA) with an electron
source of a current of 41 mA and a voltage of 60 keV. In the focal plane, the estimated
current was 3.073 mA. After purging with pure argon, the chamber was evacuated to
3.9 kbar after a purge with pure argon. The process speed was set to 8000 mm/s, and the
powder bed was preheated to 560 °C before the start of growth. The different processing
speeds for SLM and EBM are due to the in-built recipes in the models and could not be
changed, although this parameter could change the quality of the built volume.

The connectors built by SLM and EBM were laser-welded to commercially pure grade
2 titanium tubes to compose a cube of 1 L volume. The tubes that made up the edges of the
cube had an outer diameter of 6 mm and a wall thickness of 1 mm. The connectors and
tube were designed to minimize the weight of the assembly. The maximum permissive gap
tube to the connector terminal is 0.5 mm.

For the LBW, IPG Photonics YLR2000 (Oxford, MA, USA) equipment with a maximum
power of 2 kW and a minimum focal diameter of 0.1 mm was used. The welding strategy
involves laser spot welding on one side of the connector to the tube to join the three tubes
in each connector until the complete formation of the structure is reached. Each spot weld
was performed 3 mm from the edge with a power of 1 kW per shot and a beam diameter of
7.4 mm. The pulse temporal length was 400 ms; therefore, each laser shot had an energy of
400J and an energy density of 9.3 J/mm?. A shielding gas nozzle blasted 10 L/min of pure
argon during the spot welding.

The density measurements of the connectors were obtained using the Archimedes
method, according to ASTM C373-18 [13]. For the measurements, a Shimadzu analytical
balance model AUX320 was used. The dry angle mass was measured after the angle was
maintained in a muffle furnace at 50 °C for 5 h. To measure the submerged mass, the
connector was first placed in a beaker with distilled water and heated at 100 °C for 5 h. At
the end of the time that the connector was kept at 100 °C, the heating was turned off, and
the sample was left in a beaker with water for 24 h before the mass was measured. The
saturated mass was measured after the submerged mass was measured. As the connectors
were removed from the beaker with water, the excess water was dried with absorbent
paper, and the mass was measured.

Optical microscopy (OM) was performed using a Zeiss microscope Axio Imager.A2m
(Oberkochen, Germany). Microstructural analysis was performed on the samples, which
were cut on a metallographic saw with a diamond disk with a constant lubrication and
on Bakelite synthetic resin. The sanding process was carried out in a motorized sander at
a speed of 300 rpm, with silicon carbide water sandpaper of 220, 320, 400, 600, 800, 1200,
1500, and 2000 grit. at a speed of 600 rpm and a diamond paste with a granulometry of
6 um, 3 um, and 1 um. Final polishing was performed using colloidal silica. To visualize
the microstructure, after polishing the samples were etched with Kroll reagent (10 mL of
HEF, 45 mL of HNO3, and 45 mL of H,O) for 30 s, washed in water, and dried with a jet of
compressed air. The etching methodology was based on ASTM E 407-99 [14].

The real piece was compared with the electronic model of the connector using 3D
scanning of the part after fabrication. Three-dimensional scanner equipment of the brand
GOM model ATOS Triple Scan was used; it offered 16,924 measurement points with a
resolution of 20 nm. The results allowed for the determination of the maximum and
minimum differences between the real and electronic surfaces of the model in relation to
the normal of their surfaces.

Roughness analysis was performed using a Leica confocal microscope (DCM3D). A
roughness analysis was performed to measure the difference in surface finish between the
connectors produced by SLM and EBM. As reported in the literature, there are differences
in the surface finish of parts produced by SLM and EBM [15].

The Vickers microhardness test was used to measure the variation in the hardness
values of the two samples analyzed in different regions. The Vickers microhardness tests
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were performed using a Future-Tech microhardness meter, model FM-700. The load used
in the tests was a 100 g force (gf), with a load application time of 10 s, and with the aid of
a microscope coupled to the microhardness meter, the diagonals of the impression were
measured, and the equipment provided toughness values. The samples used for mapping
the hardness profile were the same as those used in the microstructural analyses. Therefore,
the samples were embedded, sanded, polished, and etched. The samples to be tested
were positioned in a microdurometer such that the weld bead was perpendicular to the
indentation line. The first indentation was performed on the angle towards the weld bead
until it reached the tube, maintaining a spacing between the indentations of 0.05 mm.

Tensile strength tests were carried out in the universal testing machine Emic, model
DL 100 kN, with a maximum capacity of 10,000 kgf and a bench speed of 1 mm/min, at
room temperature.

3. Results and Discussions
3.1. Characterization of the AM Connectors

Initially, connectors obtained by additive manufacturing should be characterized from
a metrological point of view. Figure 2a,b shows the 3D mapping of the connectors obtained
by SLM (a) and EBM (b), respectively. Considering the vector moduli, the SLM real di-
mensions deviate from the electronic model in the range from —0.242 mm (minimum) to
+0.145 mm (maximum). The EBM measurements indicated a deviation of —0.179 mm (min-
imum) to +0.130 mm (maximum). As the tolerances are quite large, with an approximately
0.5 mm tube-to-flange gap, the solids reproduced the idealized connector from the CAD
quite well, independently of the heat source. Figure 2¢,d presents the actual connectors. As
can be seen, both the SLM and the EBM presented the required design for the purpose. The
surface aspect is granular, and the SLM aspect seems to be more rounded than that of the
EBM. This feature was observed in all pieces and could be linked to a higher heat input
from the electron beam source, as reported by Sing et al. [16].

Figure 2. Shapes and dimensions of the connectors: Isometric view of the connector pieces: (a) SLM
and (b) EBM. Scale at the right. Actual pieces: (¢) SLM and (d) EBM connectors.
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The measured average surface roughness (Ra) values in the SLM and EBM parts were
32 £ 5 um and 42 £ 6 pm, respectively. The EBM was slightly rougher than the SLM, as is
also visible in Figure 2, perhaps as an indication of the different AM strategies. These values
are also below the powder mean diameter (45-60 um), indicating fusion and consolidation
of the impingent added material. The measured roughness values were similar to the layer
thickness, indicating that this parameter could influence the resolution and quality of the
final product, corroborating the literature [17].

Although slightly different in shape (Figure 2c,d), the samples produced by SLM and
EBM showed densifications of 87 £ 3% and 83 % 5%, respectively. The density values were
similar, indicating that the number of inner pores in the two processes was similar. These
densification levels are below those reported for the SLM of pure Ti by Gu et al. (density of
97%) [18] and Ti4Al6V by Yan and Yu (density of 99.7%) [19]. A possible explanation for
the low relative densification in both cases may be the methodology used to prepare the
connectors in the AM equipment for prostheses. As the mechanical properties of Ti4Al6V
are much better than those of bone, the internal porosity does not affect the performance
of the implant. Currently, it is not possible to determine whether the same applies to the
CubeSat structure.

Figure 3 shows the real mounted CubeSat structure that is ready to be joined. In-
dependently of the AM route, the entire CubeSat frame weighed 122 + 4 g, which is
approximately the same mass as the aluminum versions [20]. However, it has superior
thermal and mechanical resistance to titanium.

Figure 3. Example of the actual CubeSat structure ready for the welds. Each edge measures 100 mm.

3.2. Spot Welds Characterization

The images in Figure 4a,b were obtained by stereoscopy of the weld spots on the
connector end produced by SLM and EBM, respectively. In the images, it can be observed
that both spot welds have a diameter of approximately 2 mm, and there is a recess in the
center of the weld spots. As the weld solidification process started at the border and the
grain growth was directed to the center, the recess was associated with liquid-to-solid
shrinkage. No surface cracks were observed at the weld spots; however, to assess the
presence of internal weld discontinuities, a microstructural analysis of the cross-section
was performed.
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(a) (b)

Figure 4. Laser spot welds for superposed connector to tube geometry: (a) SLM and (b) EBM.

Figure 5 shows the micrographs of the cross-sections of the samples produced by SLM
(a) and EBM (b) and spot-welded to the grade 2 titanium tube. The fusion zones (FZ),
connector side (C), and tube side (T) were marked in the images. In both conditions, isolated
spherical pores were observed in the fused zone of the bead weld owing to outgassing [21].
These pores were systematically observed in the weld cross-section, and their location and
size indicated the effect of superposed free spacing (gap) as their origin.

In the images of Figure 4a, a depression in the center of the weld bead is observed, as
indicated by a white arrow, due to the void formed at the end of solidification, as observed
in the images of Figure 3. The presence of the depression did not cause any internal defects
owing to the stress concentrator, such as the formation of cracks.

500 pm

(b)

Figure 5. Cont.
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(c) (d)

Figure 5. Laser spot welds cross-section macrographs: (a) SLM and (b) EBM. The letters refer to
fusion zone (FZ), connector (C), and tube (T). The arrows indicate, approximately, the laser beam
optical axis. Micrographs of FZ: (c¢) SLM and (d) EBM.

Figure 5c,d shows the microstructures of the fusion zones of the weld beads produced
by SLM (a) and EBM (b). In both fusion zones, an acicular martensitic microstructure, o/,
was observed owing to the high solidification rate (~500 °C/s), which is characteristic of
laser beam welding [22]. The martensitic transformation starts in the prior 3-phase grains
and then decorates a fine network of crystallographically oriented plates, in agreement
with the literature [23]. This martensitic microconstituent increases the hardness to 750 HV
(Vickers hardness) [24].

Figure 6 shows the microhardness profiles of the two laser-welded samples produced
via SLM and EBM. The microhardness profile began in the AM connectors, ran through the
weld bead, and ended in a grade 2 titanium tube (CP-Ti). In general, both the SLM and
the EBM cases showed the same profile; the HV started at approximately 420 HV in the
connector, then decreased to a path around 340 HV in the fusion zone, and finally dropped
to 130 HV in the tube. The sudden drop in hardness in the region between the fusion zone
and the tube could eventually configure a stress concentrator zone.

500 T
I ——EBF

450 ¥ -=-SLM

400 ¥

Hardness Vickers (HV, ;)
= = N N w w
v o (5] (=] 1% o (1]
Q (=] o o Q (=] o
+ =+ : + T T T T L]

Connector Fusion Zone Tube

o

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Relative position to the weld center (mm)

Figure 6. Vickers hardness values as a function of the weld center distance for SLM and EBM cases.
Each region is noted at bottom.

Figure 7 shows three representative curves of tensile force versus displacement for
specimens SLM and EBM and, for comparison purposes, the F(d) curve for the titanium
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tube. As can be seen in the figure, the behavior of the welded assemblies differs significantly
from the result obtained when the titanium tube was tested separately. This indicates
that rupture occurs at the interface between the connector end and the tube long before
permanent deformation of the tube occurs. After three tensile tests, the maximum forces
were 2114 + 420 and 2021 + 493 N for the SLM and EBM specimens, respectively. Although
these values are approximately 33% of the maximum force observed in the tube (~6090 N),
the results indicate that each connector-tube weld resists a static load of approximately
200 kgf. These tensile strength levels corroborate those reported by Kahraman [25] for
electrical discharge spot-welded Ti. Compared to a popular alloy in CubeSat construction,
the AA7075-T6 aluminum alloy would need to be three times thicker to withstand this
level of stress [26]. Regarding deformations, there was also a significant reduction in
the maximum deformation of the tube. In both the LBF and the EBF cases, there was a
maximum extension of approximately 2 mm.

From the current perspective, these values are sufficiently large to resist loading during
launching in a typical rocket. According to a Brazilian flight record, the maximum speed is
2071 m/s, attaining an acceleration of 13 g at 25.3 of altitude. This should be the maximum
hydrostatic pressure, because the maximum acceleration for the 1st stage is 7.7 g decreasing
continually up to the apogee (264.5 km). For example, considering that the whole CubeSat
weighs half a kilogram, at 13 g the overall load could be 60 N when the cube was coplanar
to the baseplate. The maximum loading during launching was only 3% of the ultimate
force of failure for every connector-to-tube joint.

6000
5000
4000
= 3000
(T
2000
s Tube
—SLM
— EBM
0 J'I/ L I g I 5 ) . 1 % 1
0 1 2 3 4 15 16 17 18 19 20

d (mm)

Figure 7. Tensile force (F) versus displacement (d) for two representative cases of SLM and EBM and
for the unwelded base Ti tube.

The images in Figure 8 show the fracture surfaces of the SLM (a) and EBM (b) speci-
mens after tensile testing. Looking at both images, similar fracture surfaces were observed,
with a region of deformation bounded by the red dotted lines. As the connector and weld
nugget had higher hardness values (Figure 6), only the region of the tube adjacent to the
weld deformed. The arrows in Figure 8 show the fracture surface, indicating that the weld
zone was detached from the tube as the difference in hardness values was high at the
interface between the fusion zone and the tube as a stress concentrator. The same failure
procedure was reported in other superposed spot-weld tensile tests [27].
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(b)

Figure 8. Fractured surfaces after tensile test for two representative cases: (a) SLM and (b) EBM.

4. Conclusions

Titanium CubeSat structures were successfully built using pure titanium tubes and
Ti6Al4V connectors obtained by additive manufacturing. Selective laser melting (SLM) and
electron beam melting (EBM) techniques were used to manufacture the connectors. For
the union between the connectors and tubes, in order to form the structure of the CubeSat,
laser beam welding (LBW) was performed.

The produced parts showed a similarity to the planned electronic model, with a
maximum deviation of 0.2 mm and a surface roughness Ra of 32 + 5 um and 42 & 6 um for
SLM and EBM, respectively.

An energy of 400 ] with a pulse duration of 400 ms from a fiber laser was sufficient for
the union between the connectors and the tubes in the present configuration.

The microstructure of the fused zone showed the characteristics of a martensitic
microconstituent with a hardness of approximately 320 HV, which was slightly below the
hardness of the base material of the connector. At the interface between the weld zone
and the tube, there was a sharp decrease in hardness, from 320 to 130 HV, which caused a
rupture in this region in the tensile tests.

In terms of load, each laser spot weld averaged 2000 N, which was far above the
hydrostatic load in a given rocket launch (60 N). Thus, the CubeSat frame is ready for
further robustness and reliability tests.
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