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Abstract

This study focuses on the electromagnetic properties of ceramics for ultra-high temperature
radiofrequency (RF) windows. Although silica shows promising transparency properties due to its low
dielectric constant (), its temperature limit (below 1373K) restricts its application. To overcome this
limitation, we aim at reducing the dielectric constant of alternative ceramics while maintaining sufficient
thermomechanical resistance. We investigated samples with various porosity levels (5-40%) and
designs (gyroids, honeycombs, triangles, stars, and random porous structures) using Fused Deposition
Modelling and conventional methods. Notably, our results align with established analytical models,
yielding dielectric constants below 5 for porosities above 35%. Interestingly, the size of the interstices
and walls (1500-5000 pm) did not significantly affect the dielectric constant. Moreover, our findings
highlight the importance of optimizing structured porosity to balance high flexural strength with reduced
dielectric constant.
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INTRODUCTION

Radomes protect antennas from increasingly aggressive environments while transmitting
electromagnetic waves. It is imperative for hypersonic aircraft to have purposefully designed radomes,
manufactured to withstand extreme conditions. Current commercially available materials for low-loss
radiofrequency (RF) transmission offer limited performances when operating in the conditions
associated with hypersonic flight. Silica and other silicate ceramics or glass ceramics exhibit very low
dielectric constants (€), facilitating good transparency properties; however, their use is restricted to
temperatures below 1200°C due to thermal stability concerns. As alternatives to silica, researchers
have investigated more refractory ceramic phases (as illustrated in Fig 1), which will be crucial for high-
temperature applications. Some studies focus on developing lower dielectric constant phases or
increasing porosity content to enhance electromagnetic properties.

Indeed, various materials, including SisN4 [1], Si2N20 [2], Y-SIAION [3], mullite (3Al203-2Si02) [4], multi-
phase material like BN-SiO2 [5], SisN4-BN-MAS [6] and aluminium phosphate-mullite [7] as composite
material [8], [9] have been investigated for their composition's influence on dielectric properties.
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Fig 1. Flexural strength versus dielectric constant of ceramic materials with indication if service
temperature, adapted from Zhou et al. [10]

Conversely, to lower the dielectric constant, authors have increased the porosity in both monolithic and
composite materials. Penn et al. [11] demonstrated in the early 2000’s the impact of the porosity,
leading to a decrease in the dielectric constant of alumina from 10 down to 4.5 with 42% of porosity,
whereas the tangent loss increased from 3.107 to 3.1073 in the same time. In a SisN4-SiO2 multi-phase
ceramic [12] with pore size ranging from 0.1 to 1 um, researchers observed a decrease in the dielectric
constant from 3.8 (at 23% porosity) to 3.1 (at 42.5% porosity). This decrease is accompanied by an
increase in loss tangent, which the authors attribute to the large surface area of the pores.

However, increasing porosity implies a decrease in mechanical resistance. The previous study showed
that flexural strength lowers from 120 MPa (at 24% porosity) to 40 MPa (at 37% porosity), explained
by the size and irregularity of the pores and sharp angles [12]. Yang et al. [13] demonstrated that, for
30% porosity, the flexural strength of silicon nitride is reduced by half compared to dense samples.
Lastly, efforts to control porosity through freeze casting and gel casting of very porous SisN4 have
yielded promising results : 100 MPa at 60% porosity and dielectric constant of 3.5 [14].

Thus, to conserve mechanical properties, while improving the dielectric properties, composite materials
have been developed [10], [15], including SisN4 fibers with SiO2 matrix [16], which exhibited 160 MPa
of flexural strength at room temperature (with 25% of open porosity). Additionally, 3D SisN4 fibers with
BN-SisN4 matrix [17] showed a flexural strength of 93 MPa at 8.5% open porosity and a dielectric
constant of 5. A 2.5D SiNO fiber with BN matrix demonstrated an impressive flexural strength of 127
MPa at room temperature, with a dielectric constant of 3.4 [18].

These methods, however, have several disadvantages, notably the limited control over porosity, leading
to non-uniform cellular structures that could affect material properties like flexural strength.

Today, Additive Manufacturing (AM) enables innovative solutions and breakthrough technologies for
specific applications. However, for ceramics, this process is relatively new compared to its application
in metals and polymers. Currently, high-quality ceramic parts are only achieved through multi-step
additive manufacturing processes, which involve complex sequences of steps. In contrast, direct AM
often results in parts with high crack density, attributed to the low toughness of ceramics under strong
thermal gradients during the printing process. The production of the final part needs post-processing,
typically involving in two to three steps, notably debinding (to remove binder materials) and sintering
(to enhance densification and mechanical properties). The selection of the AM process depends on the
size and resolution requirements of the part [19], [20], [21].

Given our research objective focuses on X-band electromagnetic and mechanical properties, the Fused
Deposition Modeling (FDM) process' resolution (down to 50 pm) is deemed sufficient for our study. This
process is versatile and can accommodate different ceramic compositions with very high loaded
filaments [22]. Additionally, FDM allows for the design of open and closed porosity structures, as well
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as the processing of large-sized components [23], [24], offering advantages compared to
stereolithography or Direct Light Processing (DLP) printing processes.

Therefore, our objective is to reduce the dielectric constant of porous ceramics while carefully
maintaining sufficient thermomechanical resistance. To address this, samples with porosity ranging
from 5 to 40% vol. were processed by two distinct processing methods: conventional methods involving
a porogen agent and FDM 3D printing using an Al2Os-loaded filament.

EXPERIMENTAL PROCEDURE

1. Design of structures

First to structure the porosity, patterns were selected from the designs available in the slicer software
used for 3D printing preparation. These structures include honeycombs, gyroids, stars, and triangles,
as illustrated in Fig 2, with a base infill rate of 50% by volume. To achieve porosities ranging from
approximately 40% to as low as 5% for the densest samples, the infill rate was varied between 20%
and 100%. The achievable porosity range is influenced by the sample perimeter. Finally, the geometric
dimensions of the pattern as the wall and gap widths are linked to the infill rate.

(a) (b) (©) (d)

Fig 2. Representation of the patterns selected from the slicer at 50% infill rate: gyroids(a),
honeycombs(b), stars(c) and triangles(c)

Additionally, specific honeycomb designs were created using CAD software, with a constant porosity of
approximately 40% maintained across all variants. The number of hexagonal cells was reduced, while
both the wall width and hexagon size were increased—from 0.4 mm to 2.4 mm and from 0.9 mm to
5.6 mm, respectively (Fig 3). Wide perimeters of 0.5 mm were added, slightly decreasing the overall

sample porosity.

(a) (b) (0 (d)

Fig 3. Representation of the different honeycombs with constant porosity of approximately 40 %
and different hexagon & wall dimension: smaller size (a), medium low size (b), medium high size
(c), higher size (d)
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2. Processing

Structured porosity samples were printed using the Prusa Mk4S with Prusa Slicer (version 2.9.2) and a
0.4 mm diameter brass nozzle. The alumina-rich filament (D50 < 1 um) was supplied by Zetamix
(Nanoe, France); the wire contains 83% alumina by weight. Printing and debinding parameters were
set according to the supplier's recommendations, which included 4 h/mm in acetone bath set at 312 K,
then heat treated at 773 K with a ramp of 8 K/h, and finally parts were sintered at 1873 K at 50 K/h
under air.

For random porosity samples, commercially available ultrafine Al.03 powder (D50 < 0.2 pm, SM8 grade
from Baikowski) was mixed with monodisperse PMMA pore formers (100 um in diameter). The powder
mixture was then poured into a square mold and uniaxially pressed at 80 MPa. The monodispersed
PMMA was added in varying weight percentages: 0 wt.%, 15 wt.%, 30 wt.%, and 40 wt.% of the total
mixture.

Both the 3D printed and uniaxially pressed green samples were sintered at a temperature of 1873K
in an air atmosphere to achieve similar microstructural properties across both methods.

3. Characterization
3.1. Density

The density of the samples was determined by weighing the samples using a precision balance of
10* g and measuring their dimensions to complete the density values. The procedure yields the
geometrical density of the samples. The theoretical density of alumina is 3.99 g/cm3 and was used as
the reference value to calculate the relative density.

3.2. Microstructural observations

To characterize the microstructural features of the samples (both FDM and randomly porous types),
measurements were performed using an OLYMPUS GX71 optical microscope.

3.3. Dielectric constant

A vector network analyzer (ZNLE18, Rohde et Schwarz), coupled with a wave guide X11644A Hewlett
Packard, was used to measure the transmission and reflection parameters (Si1: et S21) in the frequency
range (8-12 GHz). The real (¢") and imaginary (€") parts of the permittivity were calculated using the
Nicolson-Ross-Weir method [25]. The sample dimensions were 23 x 11 x 3 mm3.

3.4. Flexural strength

Four-point bending tests were conducted at ambient temperature to determine the flexural strength.
Rectangular bars with dimensions of 3 x 4 x 45 mm?3 were machined for testing. The loading rate was
set to 0.5 mm-min-!, with a span length of 20 mm. At least three specimens were tested, and the
average values were reported in MPa are calculated from (1, where F is the fracture force in Newtons,
L the outer span (mm), | the inner span (mm), b the test piece width (mm) and h the test piece height
(mm).

3F(L-1D)

T ()

RESULTS

4. Microstructure of resulting patterns
4.1. Random porosity samples

As shown in Fig 4, increasing the amount of PMMA spheres results in higher porosity and promotes the
formation of agglomerates, leading to large void regions and walls with wide variation in thickness.
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Porosity : 16 % Porosity : 29 % Porosity : 42 %

Fig 4. Observations of the microstructure of random porous samples function of the porosity

4.2, Structures shaped with slicer

The Table 1 shows the microstructural observations of the structured design with the slicer software
for the gyroids, honeycombs, stars, and triangles. The infill rate from 85% to 40% lead to samples with
13 to 39.2%.

Table 1 Observations and effective porosity (considering perimeters and intercordon porosity)
function of the infill rate of structured samples with gyroids, honeycombs, stars and triangles

Infill | Gyroids Honeycombs Stars Triangles
rate

85%

70%

55%

26.8% 26.2% _ T 24.5%
40% ' Bt i i

39.2% 35.0% 35.2% 34.2%

To complement the initial observations, the sizes of the gaps and walls in each sample were measured
and analyzed in relation to porosity (Fig 5). Of the different patterns, the gyroid structure exhibits the
smallest feature sizes. As porosity increases, the interstice size increases, while the wall width tends to
decrease. In the case of honeycombs, the hexagonal shape is not clearly defined; the structure appears
to adopt a diamond-like geometry along the z-axis. For these samples, both the interstice size and the

wall thickness increase with porosity. In the triangular pattern, the interstice size increases with
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porosity, while the wall width remains constant. For the star-shaped structures, the interstice size
increases, while the wall thickness decreases. This pattern results in the largest structure size. Overall,
the interstice sizes across all structures range from 100 to 1500 um, and the wall widths range from
125 to 400 pm.

Interstice Length and Wall Width vs Porosity
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Fig 5. Comparison of structured size function of porosity for structured generated by the slicer:
gyroids, honeycombs, stars, triangles

4.3. Structures shaped with CAD software

As described in Section 2.1, honeycombs structures were precisely designed using CAD software to
investigate the effect of their size on dielectric properties at a constant porosity. The microstructure of
the samples is shown in Fig 6. The sample with the finest honeycomb structure revealed limitations of
the printing process, as the printer was unable to accurately reproduce the fine hexagonal geometry,
resulting in partial infill along the printer’s return path. This leads to a lower porosity of 29.6% compare
to the other samples which reach a porosity range from 37.5 to 41.5%. The interstice lengths range
from 1800 to 5000 um, while the wall widths vary between 750 and 2250 pm.
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Fig 6. Structures micrographics of CAD designed honeycombs with constant resulting porosity,
around 40% (a) and their relative geometric dimensions (b)

5. Dielectric properties

The figure below plots (Fig 7) the measured dielectric constant is plotted as a function of porosity for
different structured porosities, gyroids, honeycombs, triangles, and stars, processed using the slicer,
as well as for randomly porous samples produced using a conventional method. These results are
compared with literature data from Penn et al. [11]. All the datasets, except those from the randomly
porous samples, can be reasonably fitted with a linear approximation, with correlation coefficients
greater than 0.9. Additionally, the Heidinger approximation [26] is overlaid on the figure and shows
good agreement with the data, regardless of the type of porous structure used.
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Dielectric Constant vs Porosity
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Fig 7. Dielectric constant as a function of porosity for various structured porous materials,
including gyroids, honeycombs, triangles, and stars fabricated via slicer-based 3D printing, and
randomly porous samples produced by conventional methods.

Next, we compared the dielectric constants of CAD-designed honeycombs with those of honeycombs
generated by a slicer (Fig 8 (a)). Both sets show excellent agreement with the literature data. The 42%
porosity sample exhibits a dielectric constant of 5.2 which is slightly higher than that of the other
samples around 40% of porosity. To better observe the evolution of the dielectric constant as a function
of structural size while maintaining constant porosity, the 30% porosity sample was excluded. The
figure below (Fig 8(b)) shows the dielectric constant plotted against interstice length and wall width for
CAD-designed honeycomb samples with porosities ranging from 38% to 42%. Its structure size features
the largest interstice length and wall width (Fig 8 (b)), measuring approximately 5000 ym and 2300
pum, respectively. These dimensions are close to the wavelength of the measured electromagnetic
waves, which may explain this atypical behaviour, a phenomenon that has rarely been studied.
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Fig 8. Comparison of dielectric constant as a function of porosity for honeycombs generated by
slicer software and gyroids designed with CAD software (a), Comparison of dielectric constant
function of gap length and wall width of CAD honeycombs (b)

6. Mechanical properties

As predicted by Kwan et al. [27], randomly porous samples exhibit decreased flexural strength as
porosity increases. At 33% of porosity, the flexural strength is 20 MPa (see Fig 9) which is far too low
for the intended application. The next stage of the study will involve printing a structured pattern with
a relatively high flexural strength, which will then be compared with this set of data.
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Fig 9. Mechanical properties of random porous samples function of porosity (4 to 33%)

CONCLUSIONS AND PERSPECTIVES

This study demonstrates the possibility of designing patterns in the dielectric properties of alumina-
based materials. Various structured porosities, including gyroids, honeycombs, stars and triangles, were
successfully fabricated using slicer- and CAD-based approaches, which enable precise control over
porosity and feature size. The dielectric constant was shown to decrease with increasing porosity, which
is consistent with existing literature and can be well described by established models, such as the
Heidinger approximation. Notably, CAD-designed gyroids with larger interstice lengths and wall widths
exhibited a slightly higher dielectric constant, likely due to interactions with electromagnetic
wavelengths. This highlights the importance of structural scale in relation to the measurement
frequency.

Mechanical testing confirmed that the flexural strength of randomly porous samples decreased
significantly with increasing porosity, emphasising the trade-off between lightweight design and
mechanical performance. The ability to tailor pore size and geometry at a given porosity offers a
promising approach to optimising material properties for applications requiring specific dielectric or
mechanical characteristics.

Future work should explore the interplay between structural dimensions and wave-material interactions
in greater detail, as well as investigating the scalability and reproducibility of these architectures for
application.
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