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Abstract
This contribution discusses the impact of sintering temperatures on dielectric
properties of 3D-printed alumina (Al2O3) in the W-band, by evaluating high
quality factor (−Q) resonators integrated in a 2D photonic crystal structure. By
varying the sintering temperature of the lithography-based ceramic manufac-
tured (LCM) samples, the microstructure of the material can be defined, which
has a direct impact on the dielectric permittivity and material losses. Using a
highly accurate photonic crystal structure, with a dimensional variation below
2% from print to print, an accurate extraction and evaluation of the dielectric
material properties could be achieved. The relative permittivity of the alumina
was tuned from 4.4 at 1250◦C to 9.2 at 1650◦C, whereas the observed change in
dielectric losses wasmoderate. Themaximum in observed dielectric loss for sam-
ples sintered at the lowest evaluated temperature, only yields an average value of
30 × 10−4. This demonstrates the versatility of the LCM technology for mm- and
sub-mm-wave applications and its possibilities for material tuneability.
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1 INTRODUCTION

Additive manufacturing (AM) has made tremendous
progress in recent years and has found its way into a
wide variety of technological fields, ranging from proto-
typing, over medical applications to space applications.1–4
The reason for this is the advantage over traditional
manufacturing methods in terms of complex design, fast
fabrication, and low-cost production.5 The production of
3D-printed ceramics is more complex, compared to other
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materials, such as polymers ormetals.6 Especially the post-
treatment, which can consist of multiple steps, is very
demanding. Moreover, the implementation for high res-
olution, good surface quality, and specific mechanical
properties is challenging.2 For this reason, many differ-
ent approaches for ceramic additive fabrication are being
developed, whereas a few processing methods are already
well established, both in industry and research. A distinc-
tion of the different technologies can bemade based on the
starting material and the required processing steps.
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Materials wise, various ceramics (e.g., oxides, carbides,
nitrides, and apatites) have been intensively investigated
and adopted for ceramic additive fabrication.7–12 Espe-
cially, due to highmarket demand, alumina is available for
commercial-level AM.
From a processing type point of view, an established pro-

cess for ceramic additive fabrication is the slurry-based
approach, which offers numerous processing possibili-
ties, such as vat-photopolymerization.13 This principle
is used in the lithography-based ceramic manufacturing
(LCM) method, where a digital light processing (DLP)-
projector is used to create a pixel pattern in a layer
of slurry containing a mixture of photocurable poly-
mers and fine ceramic powders.14 The absorption of the
light triggers photopolymerization in the slurry, creat-
ing a 3D-polymer network in a layer-by-layer process,
in which the solid ceramic particles are fixed.14 Subse-
quent cleaning and thermal post-processing steps convert
the printed green body into the desired ceramic, for
which high densities (>99%) and a low surface rough-
ness (Ra < 0.4 μm) can be obtained.15 Furthermore, a
high structural resolution in the sub 200 μm range is
possible.
Promising dielectric properties of Al2O3, combinedwith

the high accuracy of the LCM-method, make LCM-printed
alumina parts particularly attractive for the field of high
frequency technology.16 Examples are as follows: corner
reflectors with an enhanced radar cross section,17,18 high-Q
resonators based on photonic crystal structure (unloaded
Q of 2601),19–21 and Luneburg lenses with a maximum
gain of 16.51 dBi.22 However, for the successful design and
implementation of LCM-printed alumina-based high fre-
quency devices, accurate information about the dielectric
material/part properties (i.e., permittivity and loss factor)
is crucial.
Therefore, in this contribution, the effect of the sintering

temperature on the dielectric properties of LCM-printed
Al2O3 in the W-band is evaluated. For this purpose, in a
first step, the shrinkage factors during temperature treat-
ment are determined for various sintering temperatures.
This knowledge is then used to manufacture several high-
Q resonators, which are sintered at different temperatures
but are designed to have identical sizes. Afterward, the res-
onator performance is experimentally evaluated, and the
dielectric properties are extracted via comparison of simu-
lation andmeasurement. To correlate the observed change
in dielectric material properties with the microstructure
of the ceramic, an investigation via scanning electron
microscopy (SEM) and the application of different classi-
cal models (Looyenga, Bruggeman, and Böttcher)23–25 is
employed.

2 EXPERIMENTAL PROCEDURES

2.1 Design of high-Q resonators

To investigate the impact of sintering tempera-
ture/material quality variation on high-performance
mm-wave devices, and to be able to extract dielectric
material information, an alumina high-Q resonator
is used as an example structure based on the model
presented in the literature.26 The structure is a fully
dielectric photonic crystal, which consists of a periodic
permittivity variation with a specific period (also known
as the lattice). In our case, this variation is achieved by
embedding air holes (𝜀𝑟 = 1) into alumina (𝜀𝑟 dependent
on sintering temperature), as illustrated in Figure 1. With
this configuration, a frequency-dependent EM bandgap is
engineered, through which an incoming wave of a certain
frequency range is not able to propagate, which is the host
of the high-Q resonator by locally modifying the photonic
crystal lattice. The software CST Studio Suite was used to
design the structure of the resonator and to simulate the
dielectric properties of the device.

2.2 Fabrication

This contribution focuses on alumina devices, produced
with a CeraFab 7500 from Lithoz GmbH. The LCM tech-
nology is a slurry-based approach, for which the Lithalox
360 slurry was used. This is a commercial slurry based on
submicron ceramic particles with a content of 49 vol% and
a viscosity of 6.5 Pa s at a shear rate of 10 s−1 (values taken
frommanufacturer), developed for the printing of delicate
structures.27 A DLP-projector (@ wavelength: ∼450 nm)
is used to create a pixel pattern with a pixel resolution of
25 × 25 μm2. The energy per layer can be adjusted by the
software of the printer and influences the accuracy, as well
as the stability of the print. For high stability and accu-
racy, an exposure time of 4.1 s per layer at an energy of
410 mJ/cm2 was applied to fabricate the green body in a
layer-by-layer approach. For the design of the resonator
prints, different shrinkage factors (determined by evalu-
ating simple blocks) were considered to account for the
shrinkage during the temperature post treatment.
After printing a cleaning step is necessary, which is done

by applying LithaSol 20, a special fluid based on organic
esters inert to the polymers used to remove unpolymerized
residues. After cleaning a temperature post treatment is
needed for the transition of the green body into a ceramic
part. This involves an initial slow drying process up to
140◦C, followed by a debinding step where the polymers
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F IGURE 1 Schematic illustration of the designed photonic crystal high-Q resonator.

in the green body structure are decomposed into volatile
carbon containing groups such as CO2 at temperatures up
to 1100◦C and low heating rates in the order of 1 K/min
(based on TGA and DSC measurement conducted by
Schwentenwein and Homa15). The subsequent and final
step to densify the ceramic is sintering at high temper-
atures (e.g., 1650◦C) with heating rates in the 0.8 K/min
range. This maximum temperature is maintained for
2 h before cooling down is initiated. The cooling rate
down to a temperature of 1200◦C is 0.83 K/min, which
is increased to a rate of 1.6 K/min for the temperature
range of 1200◦C—room temperature. The debinding and
sintering steps were done in the same oven using ambient
atmosphere. For this work, different sintering processes
were applied to vary the sample density and thus the
effective sample permittivity. To accomplish this, the
maximum temperature was varied in 100◦C steps between
1250 and 1650◦C. The different total temperature processes
are summarized in Supplementary A (Figure S1).

2.3 Characterization

Microstructure: Blocks with the same size (6 × 4 × 3 mm3)
were printed and sintered at different temperatures and
used to determine the shrinkage factor and density in
dependence of post-processing temperature. Densities of
the blocks were obtained by gravimetric and volumetric
analysis of the samples. Afterward, porosities were evalu-

TABLE 1 Parameters of the fabricated resonator structure.

Name Description
Value
(µm)

p Hole period 1160
hr Hole radius 345
lx Length in x-direction 12 055
ly Length in y-direction 12 760
hs1 Shift of the first hole 290
hs2 Shift of the two upper holes 133
t Shift of the first hole 789

ated by relating the measured densities to the theoretical
density of alumina. To measure the sizing accuracy of the
fabricated structures, an optical microscope in combina-
tion with an analysis via ImageJ was used. Table 1 lists the
parameters that are validated for the accuracy of the 3D-
print to obtain identical resonators based on the design in
Figure 1. The analysis of the microstructure was done with
an SEM (Jeol JSM 7500). For this investigation, the sam-
ples were coated with a thin layer of carbon to increase
the picture quality, and ImageJ was used to determine the
grain size distribution. For the statistical analysis, at least
300 grains were measured for every temperature, and a
logarithmic fit was applied to analyze the distribution.
Dielectric properties: The measurement of the S-

parameters and the analysis of the dielectric photonic
crystal properties were performed with two WR-10
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F IGURE 2 (A) Block green body and blocks sintered at different temperatures from 1250 to 1650◦C. (B) Shrinkage and porosity of the
sintered blocks as a function of the sintering temperature.

waveguides and a Keysight Technologies N5222A vector
network analyzer (VNA). The transmission coefficient,
𝑆21, is measured via two Anritsu 3740A W-band exten-
sions connected to the VNA. The extraction of material
parameters such as material losses is explained in the
literature.19 It must be pointed out that for low-loss mate-
rials and particularly for Al2O3, the difference between
simulated and measured Q-factors is small, implying that
the extraction of the losses can be strongly influenced by
misalignment and inaccuracies in themeasurement setup.
Thus, for a precise estimation of the dielectric sample
properties, a high structural accuracy must be ensured,
and 10 measurements were performed for each resonator.
The set-up for the measurement of the high Q-resonator
is illustrated in Supplementary A (Figure S2).

3 RESULTS AND DISCUSSION

3.1 Printing optimization

To implement high-Q resonators with identical sizing but
different material properties, exact information about the
shrinkage factor during thermal post-processing is crucial.
Figure 2A shows blocks which were printed with identical
sizing and sintered at different temperatures. The higher
the sintering temperature, the greater the shrinkage will
be. This relationship is illustrated in Figure 2B showing
the shrinkage (black and blue) in the sample x–y (lateral)
and z (vertical) directions. In comparison with x–y direc-
tion, a greater value is obtained for the z-direction. This
difference increases with higher sintering temperatures. A
possible reason for this could be a different packing fac-
tor of the ceramic particles in the green body in x–y and z
directions due to the layer-by-layer printing process.28 Fur-
thermore, the porosity (red) as a function of temperature
is illustrated in Figure 2B. During the sintering process,
a densification process takes place,29 leading to a lower

porosity at higher temperatures. Apparently, there is a lin-
ear dependence with the sintering temperature for both
the shrinkage process and the porosity. These results are
in good agreement with the literature.30,31
With the information summarized in Figure 2B, the

fabrication of resonators with identical sizing sintered at
different temperatures can be realized. Figure 3A (top)
compares the designated green bodies with different siz-
ings to accommodate for the specific shrinkage factors,
which results into the anticipated identical sized high-Q
resonators after thermal post-processing also illustrated in
the lower part of Figure 3A. In Supplementary B, exam-
ples ofmicroscopic images can be found for every sintering
temperature, with the only apparent difference being the
presence of light reflections on the surface for higher
sintering temperatures. This most likely originates from
the difference in ceramic grain size for different sintering
temperatures, whichwill be outlined further in Section 3.3.
As the accuracy of the print has a fundamental sig-

nificance for the extraction of the dielectric properties,
the device parameters from Table 1 were measured for
all sintered resonators and analyzed in terms of accuracy.
The result of this measurement is plotted in Figure 3B
in a normalized form (absolute values are in Supplemen-
tary C Table S1). The graph demonstrates that an error of
below 2 %was achieved for all analyzed parameters, which
proves the accuracy of the shrinkage factors presented in
Figure 2B.

3.2 Characterization of the high-Q
resonators and extraction of materials
property

Using the photonic crystal layout discussed in the design
section and based on the theoretical material properties
of Al2O3, a resonance frequency of 77 GHz is expected
for the resonator sintered at a sintering temperature of
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F IGURE 3 (A) Green bodies (top row) and sintered high-Q resonators (bottom row) made of alumina (left to right: 1250–1650◦C). (B)
Normalized size of the design parameters for resonators sintered at different temperatures based on Table 1.

F IGURE 4 Measurement of the |𝑆21| parameter in dependency of the frequency in the W-band for resonators sintered at different
temperatures. For clarity, only the resonance frequency is presented here. The complete measurement for each sintering temperature is
depicted in Supplementary D (Figures S8–S12).

T = 1650◦C. This is confirmed in Figure 4, which illus-
trates the measured transmission coefficients, |𝑆21|, for
photonic crystals processed at different sintering tem-
peratures. However, for lower sintering temperatures, a
distinct shift of the resonance frequency to higher val-
ues is observed from approximately 76.5 GHz (1650◦C) up
to 109.5 GHz (1250◦C). This means that the resonance
frequency is shifted in a range of 30 GHz by adjusting
the sintering temperature. Thus, the fine adjustment of
the resonance frequency and consequently the operation
of the device is possible by adjusting the sintering tem-
perature, which otherwise would require redesigning the
part or changing the material.19 A worth noting aspect is
the decreasing height and more pronounced width of the
resonance peaks as the sintering temperature decreases.
As all resonators have identical size, this is caused by a
variation of the electrical properties for alumina sintered

at different temperatures. It may be concluded that the
observed frequency shift is linked to a change in permit-
tivity, whereas the decrease in the transmission coefficient
at resonance is attributed to two effects: first, to a weaken-
ing of the photonic crystal bandgap due to a lower contrast
between the relative permittivity of alumina and air and
second, to an increase in dielectric loss with lower sinter-
ing temperatures. These parameters are extracted from the
measurement as described above in Section 2.3.
The extracted dielectric properties of alumina sintered

at different temperature are shown in Figure 5. Figure 5A
depicts the resonance frequency as well as the estimated
relative permittivity, linking the change in resonance
frequency with an increase in relative permittivity. For
increasing temperature, the relative permittivity changes
from4.4 at 1250◦C to 9.2 at 1650◦C. Themaximumstandard
deviation is 0.05 % for the sintering temperature of 1250◦C.
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F IGURE 5 Dielectric properties extracted from the results in Figure 4: (A) Resonance frequency (black) and permittivity (red) and (B)
loaded Q-factor (blue) and loss tangent (green) are depicted in dependency of the sintering temperature.

Therefore, the measurement of the resonance frequency,
and in consequence the estimate of the effective permit-
tivity, is not affected by deviations in the measurement
setup.
Figure 5B shows the extracted loaded Q-factor and the

loss tangent with respect to the temperature. The graph
indicates that as the sintering temperature increases, the
losses decrease to values in the range of 10−4, whereas
the loaded Q-factor increases to respective values in the
400 range. This speaks for the quality of the 3D printed
alumina solids. However, the relative standard deviation
of the loaded Q-factor for the sintering temperatures of
1250 and 1350◦C is of 18.02% and 9.77%, respectively. It
should be noted that for the case of 1350◦C, the extracted
losses result in negative values for some measurements,
which is physically impossible. These large deviations and
nonphysical effects are attributed to the aforementioned
weakening of the photonic crystal bandgap. As the per-
mittivity contrast between the evaluated alumina sample
and air is lower, the EM wave propagates through the slab
and radiates outside of it, instead of being tightly con-
fined in the waveguides and cavity. This implies that the
setup, particularly the metallic flanges, strongly influence
the measurement results, which is appreciated in the large
standard deviation for the sintering temperatures of 1250
and 1350◦C. Regardless the average of the extracted losses
is still low, with a value of approximately 30 × 10−4. This
is also confirmed in current literature,32,33 albeit for lower
frequencies.
It should be highlighted that the ability of changing the

relative permittivity in the range of 4.4–9.2 while contain-
ing low-loss properties is very interesting from a techno-
logical point of view. Figure 6 summarizes these results by
depicting the relative permittivity and the loss tangent for
the evaluated alumina and compares them with conven-
tional low-loss polymer materials for AM. These findings
can fill the gap in permittivity mentioned by Rosker et al.16
for printable materials between 2.5 and 10 and provide

F IGURE 6 Comparison between loss tangent of conventional
low-loss polymer materials for additive manufacturing (AM) and 3D
printed alumina samples of this research.34–40

a significant benefit for specific device and application
designs. Although higher permittivity could be attractive
for applications based on total internal reflection,17 lower
permittivity could be interesting for example for Luneburg
lenses.22

3.3 Effect of microstructure on the
material properties

As the investigated samples all have the same final dimen-
sions, the variation in permittivity and dielectric losses due
to the sintering temperature is attributed to the change in
microstructure (i.e., grain size and porosity) of the mate-
rial. Figure 7 illustrates SEM images from the different
samples sintered at temperatures ranging from T= 1250◦C
to T = 1650◦C. The grain size increases significantly with
an increase in sintering temperature, which is quantified
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F IGURE 7 Scanning electron microscopy (SEM) images of the samples sintered at different temperatures (1250◦C (A), 1350◦C (B),
1450◦C (C), 1550◦C (D) and 1650◦C (E)) with a holding time of 2 h.

F IGURE 8 (A) Grain size distribution for different sintering temperatures. (B) |𝑆21| parameters of high-Q resonators sintered at 1650◦C
with 2 and 8 h holding time. (C) Microstructure of sintered Al2O3 at 1650◦C for 2 h holding time compared to 8 h (D).
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in Figure 8A showing the corresponding grain size distri-
butions. At 1250◦C, the mean grain size value is 284.4 nm
with a geometric standard deviation of 𝜎𝑔= 1.42, which
increases to a value of 2.01 μm and 𝜎𝑔= 1.72 for a sin-
tering temperature of 1650◦C. Thus, not only the average
grain size increases exponentially with temperature, but
also the width of the distribution function and therefore
the scatter or homogeneity of the grain sizes.41 Figure 7 also
illustrates that by increasing the sintering temperature, the
porosity of the sample is decreased. This confirms the data
shown in Figure 2. As both grain growth and densifica-
tion occur simultaneously,29,30 it is difficult to distinguish
exactly which parameter has a greater influence on the
dielectric properties, which is therefore evaluated in more
detail in the following.

3.3.1 Grain size

As Figure 7 illustrates, the densification process is almost
completed at high sintering temperatures (e.g., 1650◦C).
Therefore, this range is suitable for investigating the influ-
ence of the grain size inmore detail and possibly analyzing
it independently of the porosity.30 For this, two photonic
crystal samples sintered at the same max. temperature
of T = 1650◦C; however, processed for different sintering
times of 2 and 8 h were considered. Figure 8 summa-
rizes these results by showing the grain size distribution,
the measurement of the |𝑆21| parameters, and the SEM
images of the two samples. The difference in processing
time should lead to a similar sample porosity (i.e., no
visible porosity), whereas the change in grain size is signif-
icant, as is apparent from Figure 8C,D. The impact of this
grain size variation on the |𝑆21| parameter of the photonic
crystal is shown in Figure 8B. The resonance frequency of
the photonic crystal sintered for an 8 h period is 76.7 GHz,
which is only a change of 0.2 GHz to the 2 h sintered
sample. This means that a 75% variation in average grain
size (3.52 μm), compared to 2 h holding time (2.01 μm),
corresponds to a 0.26% change in resonance frequency.
Therefore, the extracted dielectric properties would only
barely change. It is likely that this change in the resonance
frequency is the consequence of minor variations in the
manufacturing process and that grain size has no signifi-
cant impact on the dielectric properties in the W-band.
The impact of the grain size on the dielectric sample

properties is still under debate in the current literature.
One of the ideas is that an increase in grain size, which
is in line with a simultaneous decrease in grain bound-
ary density, is associated with a reduction in dielectric
loss.42 However, contradictory results were found, where
no influence of grain size on dielectric material losses was
observed.43 Further, especially for high frequencies, the
grain size and its size distribution appear to be of minor

F IGURE 9 The models of Looyenga, Bruggeman, Böttcher,
and Hashin–Shtrikman for the calculation of the relative
permittivity in dependency of the mixture content in comparison to
the observed data.

TABLE 2 Applied models to estimate the effective permittivity
in dependency of the mixture of two different materials
(alumina/air).

Model name Description
Looyenga25(with𝛽 = 1

3
) 𝜀𝑟,𝑒𝑓𝑓

𝛽 = 𝑣 𝜀𝑟,1
𝛽 + (1 − 𝑣 )𝜀𝑟,2

𝛽

Bruggeman24 𝜀𝑟,𝑒𝑓𝑓−𝜀𝑟,1

2𝜀𝑟,𝑒𝑓𝑓
= 𝑣

𝜀𝑟,2−𝜀𝑟,1

𝜀𝑟,2+𝜀𝑟,𝑒𝑓𝑓

Böttcher23 𝑣 =
(𝜀𝑟,𝑒𝑓𝑓−𝜀𝑟,1)(2𝜀𝑟,𝑒𝑓𝑓+𝜀𝑟,2)

3𝜀𝑟,𝑒𝑓𝑓(𝜀𝑟,2−𝜀𝑟,1)

significance for the dielectric properties,44 which is in
accordance with the findings presented here.

3.3.2 Porosity

Considering that the observed grain size variation dis-
cussed above cannot explain the change in dielectric
properties, illustrated in Figure 5, it can be concluded
that the porosity is the main factor. Figure 9 illustrates
the experimentally determined relative permittivity with
respect to the measured porosity (black circles). Further,
different models to describe the impact of the porosity on
the permittivity are shown. These models are based on cal-
culations using a 2D mixing approach with two dielectric
materials shown as the dashed lines. For the calculation
of all models, the maximum possible permittivity was
assumed to be εr,1 = 10.07 for Al2O3

43–45 and εr,2 = 1 for air
(i.e., porosities). Table 2 summarizes the applied models
with 𝜀𝑟,𝑒𝑓𝑓 as the effective relative permittivity of the
material and 𝑣 the volume fraction of alumina in
the mixture. Furthermore, an enveloping function is
employed based on the model by Hashin–Shtrikman,46
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which assumes a statistically homogeneous and isotropic
mixing of two materials in a three-dimensional space.
The enveloping function provides the bounds for the
maximum/minimum possible permittivity value. It was
originally derived for the description of magnetic per-
meability; however, the model has been validated for the
description of the permittivity.47
As Figure 9 shows, the measured relative permittivity

data in dependence of the porosity is within the lim-
its of the enveloping function by Hashin–Shtrikman and
agrees well with the models of Looyenga, Bruggemann,
and Böttcher. This means that for the W-band, the influ-
ence of the porosity on the dielectric properties has a more
significant impact than the effect of grain size and bound-
aries, which agrees with the findings of Di Marco et al.,44
who observed similar effects for frequencies up to 73 GHz.

4 CONCLUSION

In this contribution, the dielectric material properties of
additively manufactured alumina were tuned by changing
the sample microstructure, using the thermal post pro-
cessing of the 3D-printed green body. It was substantiated
that for W-band frequencies, the relative permittivity and
loss tangent are mainly dependent on the material poros-
ity, whereas the grain size distribution can be neglected.
Relative permittivity values between 4.4 and 9.2 could be
realized by design using a variation in sintering temper-
ature, while maintaining low-loss material properties in
the range of 30 × 10−4. Therefore, it is expected that this
tuneability of the ceramic permittivity will ease the design
and manufacturing of 3D-printed ceramic structures for
specific applications, while keeping the advantages that
ceramicmaterials typically offer, such as resistance against
corrosion, toxic gases, high-temperature stability.
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