Study of the compatibility of 3D-printed loads with a space environment
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INTRODUCTION

Matched waveguide terminations (loads) are essential passive components in microwave systems because they suppress
reflections at the end of transmission paths, thereby preserving signal integrity. They are widely used to terminate
unused ports in passive microwave devices, such as hybrid couplers, and to prevent undesired reflections. Similarly,
loads are often added to configure a circulator as an isolator. In rectangular waveguide technology, matched
terminations are generally realized as short-circuited waveguide sections loaded with a lossy absorbing material. As the
electromagnetic wave propagates through the absorber, its energy is progressively converted into heat [1]. Although this
approach provides excellent broadband matching, it often results in bulky and relatively heavy components, limiting
their integration into compact Radio-Frequency (RF) front ends [2].

Additive manufacturing has emerged as a promising alternative by enabling the fabrication of lightweight and
geometrically complex structures while reducing material consumption and production cost [3], [4]. Among the various
additive manufacturing techniques, fused deposition modelling (FDM) has attracted particular interest because it offers
significant design freedom [5], enabling the realization of graded, tapered [6], and multi-material [7] absorber
geometries that are difficult or impossible to fabricate using conventional techniques such as machining and molding.
However, the design of waveguide terminations remains a challenging multi-objective optimization problem, requiring
a compromise between impedance matching, compactness, thermal performance, power handling, reproducibility, and
cost. Thermoplastic-based 3D-printing technologies offer new topological possibilities to optimize this trade-off.
However, conventional 3D-printing thermoplastics are generally not compatible with the thermal and mechanical
requirements of space applications [8]. Consequently, the development of space-compatible printable materials has
become a key challenge for the deployment of additively manufactured microwave components in aerospace
applications.

In this study, three high-temperature thermoplastic composites are investigated to evaluate their suitability for the
fabrication of space-compatible rectangular waveguide loads. The first material, denoted Ice9 Aero, is a
polyetherketoneketone (PEKK)-based composite supplied by TCPoly. The other two materials, commercially available
from 3DXTECH, are electrostatic discharge (ESD) grades consisting of either a PEKK or PEEK matrix filled with
multiwall carbon nanotubes. These materials combine the high thermal stability and the electrical losses introduced by
the conductive fillers, making them promising candidates for space-compatible microwave absorbers.

In this work, the dielectric properties of three high-temperature conductive thermoplastic composites are first
characterized over a broad frequency and temperature range. These materials are then used to design and optimize 3D-
printed rectangular waveguide loads through a comprehensive comparison of eighteen absorber topologies for Ku-band
operation. The most promising designs are fabricated and experimentally validated in terms of microwave performance,
reproducibility, and power-handling capability under both ambient and representative space environmental conditions.
Finally, the selected topology is extended to Ka-band operation and evaluated under vacuum and high-temperature
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conditions. The results demonstrate the potential of high-temperature 3D-printed thermoplastic composites for the
realization of lightweight, space-compatible waveguide terminations.

MATERIAL SELECTION AND CHARACTERIZATION

As introduced previously, the additive manufacturing process considered in this work is fused deposition modeling
(FDM). This technique builds 3D components by selectively depositing successive layers of molten polymer or
polymer-matrix composite [9], [10]. The raw material is supplied as a filament, which is driven by a motor into a heated
extrusion nozzle and deposited onto the build platform following a predefined toolpath. After each layer is completed,
the build platform moves vertically to enable the deposition of the next layer.

Since the objective of this work is to design and fabricate rectangular waveguide loads with high power-handling
capability, the selected materials must combine high thermal stability with sufficiently high dielectric losses. Three
conductive high-temperature thermoplastic composites were therefore investigated in terms of both their microwave
dielectric properties and printability: Ice9 Aero, PEKK-ESD, and PEEK-ESD. A comparison of their main
characteristics is provided in Table 1.

Table 1. Comparison of material properties provided by the suppliers

Material From Thermal conductivity|Glass transition temperature| Melting point|Resistivity
(W.mLK) (T, °C) (Tw °C) (Q.m)

Ice9 Aero |TCPoly |3 - - -

PEKK-ESD|3DXTECH|0.25 162 305 107 to 109

PEEK-ESD |3DXTECH|0.25 143 343 107 to 109

The three materials were printed using a 3NTR A2v4 printer. Prior to fabrication, the printing parameters were
optimized for the selected materials. Because Ice9 Aero, PEKK-ESD, and PEEK-ESD exhibit similar
thermomechanical properties, the same processing conditions were adopted for all three. The printer is equipped with a
nozzle 0.4 mm in diameter, an extrusion temperature of 390 °C, a build plate temperature of 110 °C, and a chamber
temperature of 75 °C. A layer thickness of 0.2 mm, a printing speed of 30 mm/s, and 100% infill with a concentric
perimeter and 90° cross-hatched pattern were employed. ABS was used as a support material to improve adhesion to the
build plate and was subsequently removed by dissolution in acetone. The printed parts were then dried in an oven at 65
°C for at least 12 h.

Several sets of samples were manufactured for electromagnetic and thermal characterization. Samples were fabricated
by FDM and printed under the same conditions as the final waveguide loads, since the dielectric properties are known
to depend on the printing parameters [11]. Waveguide samples compatible with WR-90, WR-62, and WR-42 standards
were fabricated for X (8-12 GHz), Ku (12-18 GHz), and Ka-band (18-26.5 GHz) dielectric measurements, respectively.
Additional samples were produced for free-space and coaxial dielectric characterization up to 40 GHz, as well as for
thermal conductivity measurements. The dielectric properties of the selected materials were characterized using several
measurement techniques. Rectangular waveguide measurements were performed in the X-band and Ku-band, together
with APC7 coaxial line measurements over the 0.05-18 GHz frequency range. The complex permittivity (&’-j&”’) was
extracted from measured S-parameters by a standard Nicolson-Ross-Weir algorithm [12], [13].

Fig. 1 illustrates the frequency dependence of the dielectric properties up to 18 GHz. All three materials exhibit
dispersive behavior, with PEEK-ESD showing the strongest variation over the investigated frequency range.
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Fig. 1. Dielectric properties of Ice9 Aero, PEEK-ESD and PEKK-ESD in the 0,05-18 GHz frequency band



A comparison of the dielectric characteristics of the three materials in Ku-band is summarized in Table 2.

Table 2. Comparison of dielectric characteristics of materials in the Ku-band

Material Permittivity Loss tangent
Ice9 Aero 13.8 0.08
PEKK-ESD 7.6 0.12
PEEK-ESD 10.4 0.3

The dielectric properties of the three materials were also characterized over the temperature range from —50°C to
+100°C. Their thermal stability is an important parameter for high-power applications, as the absorber temperature
increases when it is exposed to high incident power. The measurements were carried out using a coaxial line. To ensure
accurate results, the empty sample holder was first characterized over the same temperature range to account for
changes in conductivity and thermal expansion of the measurement fixture. Overall, the dielectric properties of the three
materials remained relatively stable over the investigated temperature range. The permittivity of Ice9 Aero and PEKK-
ESD varied by less than 5% between —50°C and +100°C, while that of PEEK-ESD showed a maximum variation below
10%. Fig. 2 illustrates the variation in the permittivity of PEEK-ESD as a function of temperature at 6 GHz.
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Fig. 2. Temperature dependence of €', €”, and tan 6 of PEEK-ESD at 6 GHz from —50 °C to +100 °C.

DESIGN OF 3D-PRINTED KU-BAND WAVEGUIDE LOADS

Various waveguide load topologies were designed and analyzed using CST Microwave Studio®. The designs targeted
the Ku-band downlink of satellite communication systems (10.7—13.75 GHz), leading to the selection of the standard
WR75 rectangular waveguide (19.05 mm x 9.525 mm). All topologies were evaluated in terms of reflection
performance, compactness, and power-handling capability to identify the most suitable configurations for experimental
validation.

Design Methodology and selected designs
Initially, the lengths of the loads were optimized to achieve a reflection level (|]S11|) of less than -20 dB. Three

parameters were compared: Power Loss Density (PLD), length, and volume of the loads. In order to simulate the
absorption level, the load is backed by a metallic plate as shown in Fig.3
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Fig. 3. Simulation setup of waveguide loads



Table 3 summarizes the simulated characteristics of some of the designed waveguide loads, including their length,
maximum power loss density (PLD), and volume. The results show that the single- and double-linear wedges, as well as
the exponential tetrahedral wedge, exhibit the most promising performance.

The single- and double (or dual) -wedge designs are the most compact when fabricated with PEEK-ESD. In addition,
the double-linear wedge designed with PEKK-ESD provides the lowest maximum PLD, although its length is
approximately three times greater than that of the corresponding PEEK-ESD design. The exponential tetrahedral wedge
also achieves the smallest volume, and therefore the lowest weight, when fabricated with PEEK-ESD. Based on these
results, the single-linear wedge, double-linear wedge, and exponential tetrahedral wedge were selected for fabrication
by FDM using the three investigated materials.

Table 3. Comparison between simulated results of waveguide terminations with different shapes and materials.

Structures (wedges) Materials Length L(mm) |PLD (W/m’)*10° |Volume (mm’)

Ice9 Aero 41 9.08 5267

<8, PEKK-ESD 19 40.39 3187
Single linear PEEK-ESD 32 10.82 4417
Ice9 Aero 45 11.98 5817

PEKK-ESD 19 14.17 3260

PEEK-ESD 58 6.31 7095

Ice9 Aero 33 14.85 3202

PEKK-ESD 23 14.15 2618

PEEK-ESD 70 6.72 5616

Ice9 Aero 59 26.08 4172

PEKK-ESD 25 44.09 2742

Concave exponential PEEK-ESD 59 14.37 4172

Fabrication and low power experimental validation

The selected waveguide loads were fabricated by FDM using PEEK-ESD, PEKK-ESD, and Ice9 Aero to evaluate their
microwave performance. The reflection coefficient was measured using an R&S ZNB20 vector network analyzer with a
low incident power level of =10 dBm. During the measurements, the device under test was inserted into a standard
WR75 metallic waveguide and positioned against the metallic short-circuit plate closing the waveguide.

Table 4 compares the simulated and measured reflection coefficients of the three waveguide load topologies fabricated
with the three investigated materials. Good agreement between simulations and measurements is observed for the
single-linear wedge fabricated from PEEK-ESD and the exponential tetrahedral wedge fabricated from PEKK-ESD. In
contrast, the Ice9 Aero-based loads exhibit significantly higher measured reflection levels than predicted by simulation.
For the double-linear and exponential tetrahedral wedges fabricated from PEEK-ESD, slight deformation occurred
during handling, leading to a small degradation in performance, although the overall agreement between simulations
and measurements remained satisfactory. Likewise, the single- and double-linear wedges fabricated from PEKK-ESD
showed good agreement between simulated and measured results.

Since loads fabricated from Ice9 Aero and PEKK-ESD require volumes—and therefore masses—1.22 to 2.18 times
greater than those fabricated from PEEK-ESD, and because Ice9 Aero exhibited a significant discrepancy between
simulated and measured reflection levels, these two materials were not considered for further investigation. In addition,
the handling difficulties encountered with the exponential tetrahedral wedge led to the selection of only the single- and
double-linear wedge topologies fabricated from PEEK-ESD for subsequent power-handling experiments.

The measured reflection coefficients of these selected loads were slightly higher than the simulated values, mainly due
to uncertainties in the dielectric properties of the material and manufacturing tolerances. To compensate for these
discrepancies and ensure a measured reflection level below —20 dB over the 10.7-13.75 GHz frequency band, the
designs were slightly optimized. The length of the single-linear wedge was increased to 33 mm, while that of the
double-linear wedge was increased to 28 mm, yielding simulated reflection levels below —25 dB across the operating
band.



Table 4. Simulated and measured reflection coefficients of the fabricated loads with the three materials.
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Finally, three identical samples of each topology were 3D-printed using PEEK-ESD to assess the reproducibility of the
manufacturing process and the measured microwave performance (Fig. 4).
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Fig. 4. 3D-printing waveguide loads (a) single linear wedge and (b) double linear wedge

Fig. 5(a) and 5(b) show good agreement between the simulated and measured reflection coefficients. In both cases, the

measured reflection level remains below —20 dB over the entire specified frequency band.
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Fig. 5. Simulated and measured reflection coefficient for single (a) and double (b) linear wedges

The power-handling capability of the two selected waveguide loads was evaluated at 11 GHz (room temperature and
ground level pressure) using a dedicated high-power measurement setup. Fig. 6 shows the reflected power P; as a
function of the incident power P;, for both topologies. For the single-linear wedge, the relationship between P; and Pi,
remains linear up to an incident power of 9.8 W, beyond which a deviation from linearity is observed. In contrast, the
double-linear wedge maintains a linear response up to a higher incident power of 13.3 W before exhibiting the same



behaviour. These results indicate that the double-linear wedge provides a higher power-handling capability than the
single-linear wedge, most likely because its larger interaction surface distributes the absorbed power more effectively.

0.6|~® ~Single-wedge
—® -Double-wedge

Fig. 6. Measurements of reflected power with respect to the incident power at 11 GHz for single and double linear
wedges

Experimental validation in a space-like environment: vacuum and thermal testing

High-power tests under representative space environmental conditions were performed on each waveguide load (single-
and double-linear wedges) at an incident power of 5 W (37 dBm). In addition, the variation of the reflection coefficient
with temperature was measured over the range from —150°C to +150°C.

The reflection coefficient of each waveguide load was continuously monitored during a thermal cycle from —150°C to
+150°C using a vector network analyzer. The measurements were performed in a thermal vacuum chamber under
representative space environmental conditions. The chamber has a volume of 2 m?, an operating temperature range from
—150°C to +150°C, and a temperature accuracy of =1.5°C. During the tests, the pressure was maintained below 5x107°
mbar. The reflection coefficient was measured over the frequency range from 10.5 to 14.0 GHz, corresponding to the
Ku-band, while the temperature was varied between —150°C and +150°C. The temperature ramp rate was maintained
below 2°C/min throughout the thermal cycle to ensure stable testing conditions.
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Fig. 7. Measured reflection coefficient for single (a) and double (b) linear wedges under temperature variation

Fig. 7 compares the reflection coefficient of the single-linear wedge measured before and after the thermal cycle, as
well as at the extreme temperatures of —150°C and +150°C. The results show that the reflection coefficient remains at
an acceptable level throughout the entire temperature range. For the double-linear wedge, the reflection coefficient also
remains satisfactory, staying below —20 dB over most of the operating band. A slight degradation is observed at the
upper end of the band, where the reflection coefficient increases to approximately —15 dB at —150°C and remains at a
similar level after the load returns to room temperature (21°C). Despite this increase, the matching performance remains
acceptable for the intended application.

This indicates that thermal cycling does not significantly degrade the electromagnetic performance of the load (|S11|<-
15dB). This demonstrates good thermal stability and suggests that no permanent degradation occurred during the
temperature test.

The high-power performance of the waveguide loads was evaluated under representative space environmental
conditions after the temperature test. A continuous-wave RF signal at 12.2 GHz was applied to each load while it was
placed inside a thermal vacuum chamber. The incident power was gradually increased from 0 W to 5 W in 0.5 W
increments. During the test, the reflection coefficient and the temperature of the load were continuously monitored and
recorded. The measurements were carried out in a thermal vacuum chamber with a volume of 2 m?, operating at a
pressure below 5x107 mbar. The chamber maintained an ambient temperature of +150°C with a temperature accuracy
of £1.5°C throughout the experiment. The test was performed at the frequency of 12.2 GHz, corresponding to the center



of the Ku-band operating range, with the incident power increased in 0.5 W steps from 0 W to 5 W. The chamber
temperature was kept constant at +150°C during the entire measurement.
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Fig. 8. Measured reflection coefficient for single- and double-wedge under power variation at 12.2 GHz

Fig. 8 summarizes the evolution of the reflection coefficient of the single- and double-linear wedge loads as the incident
power is increased from 0 to 5 W. For both topologies, the reflection coefficient remains relatively stable over the entire
power range with a variation of about -3.5 dB for the single-wedge and -2.5 dB for the double-wedge. Overall, both
loads maintain a reflection coefficient better than approximately —16 dB over the entire power range, demonstrating
good electromagnetic stability under high-temperature vacuum conditions up to an incident power of 5 W. No sudden
drop or loss of matching is seen during the test. However, these tests caused slight surface degradation of the loads, with
the appearance of a blister at the point of highest EM wave concentration. This degradation indicates that the
components’ maximum power handling capability has been exceeded under these extreme conditions of temperature
and power at low pressure. Nevertheless, despite this degradation, both components retained a reflection coefficient of
less than -15 dB across the frequency band of interest at the end of these tests.

KA-BAND WAVEGUIDE LOADS

Based on the Ku-band topology study, the single- and double-linear E-plane wedge loads were selected for redesign in
the Ka-band (17.3-21.2 GHz). The loads were designed for a standard WRS51 waveguide (12.954 mm x 6.477 mm)
using PEEK-ESD as the absorbing material. The lengths of both topologies were optimized to achieve a simulated
reflection coefficient below —25 dB over the entire operating frequency band. As a result, both waveguide loads have a
length of 20 mm and exhibit simulated reflection coefficients lower than —25 dB across the Ka-band.

Both waveguide loads were fabricated by FDM using PEEK-ESD to evaluate their microwave performance. As shown
in Fig. 9(a), excellent agreement is obtained between the simulated and measured reflection coefficients of the single-
linear wedge, both with and without the metallic short-circuit plate. In all cases, the measured reflection coefficient
remains below —20 dB over the entire operating frequency band. In contrast, a significant discrepancy is observed
between the simulated and measured results for the double-linear wedge (Fig. 9(b)). This difference is attributed to the
small dimensions of the load, which make this topology more difficult to manufacture accurately. Consequently, the
single-linear wedge was selected for the Ka-band experimental tests under space-like environmental conditions.
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Fig. 9. Simulated and measured reflection coefficients of the (a) single-linear wedge and (b) double-linear wedge

Experimental validation in a space-like environment: vacuum and thermal testing

High-power tests under representative space environmental conditions were conducted on the single linear wedge in the
Ka-band, following the same temperature test procedure used for the Ku-band measurements. As shown in Fig. 10, the
reflection coefficient remains below —20 dB across the entire operating band, regardless of the temperature condition.



No significant variation in the S| level was observed, demonstrating the stability of the absorption performance over
the tested temperature range
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Fig. 10. Measured reflection coefficient for single linear wedges under temperature variation

High power tests were also performed on these loads at 19.25 GHz and under the same conditions than previously for
Ku-band components (pressure below 5x1075 mbar and ambient temperature of +150°C). The incident power was
limited to 1.25 W, corresponding to the requirement of the application. Fig. 10 summarizes the evolution of the
reflection coefficient of the single wedge loads as the incident power is increased from 0.25 to 1.25 W. The reflection
coefficient remains stable over the entire power range with a variation of only 0.6 dB. In addition, good performance
stability was demonstrated, with similar frequency responses before and after high-temperature vacuum power testing.
To our knowledge, this work represents the first demonstration of the compatibility of 3D-printed absorbers with a
space environment, provided that irreversibility thresholds are not exceeded.
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Fig. 11. Measured reflection coefficient for the single wedge under power variation at 19.25 GHz

CONCLUSION

In this work, the potential of high-temperature thermoplastic composites for the development of space-compatible
rectangular waveguide loads has been investigated. The combination of advanced composite materials and 3D-printing
technology provides new opportunities to optimize the trade-off between compactness, electromagnetic performance,
and power-handling capability.

Among the materials investigated, the PEEK-ESD-based loads demonstrated promising performance for space
applications in both the Ku- and Ka-bands. The experimental results showed good agreement with the simulations,
confirming the accuracy of the design approach and the reproducibility of the manufacturing process. The double-
wedge topology exhibited a higher power-handling capability than the single-wedge configuration, highlighting the
advantages of topology optimization enabled by additive manufacturing.

Environmental tests performed under representative space conditions demonstrated that the proposed 3D-printed loads
maintain stable electromagnetic performance under vacuum and thermal cycling conditions but also highlighted the
power limitations of the load. The extension of the approach to Ka-band operation further confirmed its versatility. In



particular, the single-wedge topology maintained a reflection coefficient level below -20 dB during high-temperature
vacuum power testing, with limited variation in the reflection coefficient and no significant performance degradation
after testing.

Future work will focus on further enhancing the thermal management and power-handling capability of these
components through additional material optimization and absorber topology refinement.
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