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ARTICLE INFO ABSTRACT

Keywords: Composite polymer/ceramic filaments for material extrusion-based fused filament fabrication (FFF) additive
Additive manufacturing manufacturing, using strontium titanium oxide (SrTiOs3) ceramic fillers and high impact polystyrene (HIPS)
3D printing

thermoplastics were produced and their dielectric and physical properties characterised for the first time.
Relative permittivity (e;), quality factor (Q x f) and dielectric loss (tans) were measured as a function of ceramic
solids loading (vol%) at 5 GHz. ¢, = 4.6, Q x f = 38,378 GHz and dielectric loss tans = 0.001 were obtained for a
SrTiO3/HIPS ceramic polymer composite, with 15 vol% (46 wt%) solids loading. A Plackett-Burman design of
experiments was used to optimize the printing process of the ST/HIPS composites. The results of this optimi-
sation helped achieve 3D printed parts with near-full density (99 %) and ¢, = 5.3, tans = 0.001. The composite
materials exhibit reduced dielectric losses compared with commercially available feedstocks for FFF that are

Fused filament fabrication
Polymer ceramic composites
Antennas

currently used for functional prototyping in the radiofrequency and telecommunications industry.

1. Introduction

There is an ongoing quest for new materials with performance that
could satisfy future needs for electronic devices used in wireless and
mobile communication systems operating at 5 G (3.5-7 GHz), 6 G (7 -
15 GHz) and (24 — 71 GHz) microwave (MW) frequencies [1]. Medium
to low relative permittivity is typically required accompanied by low
dielectric loss/high quality factor, a temperature coefficient of the
resonant frequency close to zero and a high thermal conductivity [2-4].
Dielectric ceramics are often used in situations where Q x fis paramount
but temperature stable compositions with low ¢, are rare [4,5], notori-
ously difficult to form into complex net shapes and their processing
requires densification at high temperature (>1000 °C), resulting in a
considerable carbon footprint.

Fused filament fabrication (FFF) is an additive manufacturing ma-
terial extrusion process (ISO/ASTM 52903-1:2020) which enables
shaping of 3D parts using thermoplastics. Ceramic-infilled thermoplas-
tics (composites) are an attractive option in telecommunications since
their &, can be tailored and they can still be processed to near net-shape
at low temperature [6]. Polymers that are typically used in FFF are ABS,
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PLA, and ASA. They can achieve 2.6 < & < 12 (Table 1) when infilled
with high &, ceramics such as perovskites and titanates, enabling mini-
aturisation with respect to metal/air designs, but often suffer from high
tans (0.027 — 0.003, Table 1) [7-11]. Despite such limitations, FFF has
seen notable growth in recent years, since it is an accessible and low-cost
technique, capable of producing either functional prototypes or
low-volume production passive electronic components. Table 1 sum-
marises the reported research on composite dielectric materials for FFF
3D printing to date.

This paper presents a novel ceramic/polymer composite material
feedstock, suitable for FFF 3D printing, composed of a high-impact
polystyrene matrix (¢ ~ 2.3) with strontium titanate (¢, ~ 300)
ceramic particles as the filler; materials that both exhibit low dielectric
loss at MW frequencies which is quintessential when synthesising low
dielectric loss composites. The physical and microwave dielectric
properties are measured as a function of vol% solids loading. To mitigate
against any process defects, a Design of Experiments (DoE) approach
was employed to optimise printing parameters and manufacture test
samples of the highest solids loading composite prepared in this study.
Results showcase a novel composite filament material for FFF 3D
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printing that exhibits the lowest dielectric loss documented in the
literature to-date, suitable for the fabrication of functional prototypes or
small batch production of passive devices.

2. Materials and methods
2.1. Materials

High-purity (99.9 %) strontium titanium oxide SrTiO3 (ST) ceramic
powder (Merck KGaA, Darmstadt, Germany) was used with a particle
size dgp < 5 pm. Uncoloured pellets of High-Impact Polystyrene (HIPS)
thermoplastic were utilised (3DXTECH, Michigan, USA) with a nominal
density of 1.04 g-cm >,

2.2. Composite filament manufacture

HIPS pellets were mixed together with acetone in a 1:1.8 wt ratio and
left to dissolve over a period of 72 hours while being continuously
stirred with the aid of a magnetic stirrer. Various volume fractions of ST
particles were then dispersed in the HIPS/acetone to form slurries
without visible sedimentation. Prior to blending, ST particles were
coated with a 2 wt% ammonium polyacrylate dispersant (Darvan 821 A,
Vanderbilt Minerals Co., Gouverneur, USA) in 2-propanol, using plan-
etary ball milling for 24 hours at 100 rpm (PM100, Retsch GmbH, Haan,
Germany). The slurries were placed in a container which was sealed,
immersed in an ultrasonic bath and sonicated for 30 minutes to break up
any particle agglomerates. The resultant composites were poured into
PTFE moulds and left to dry in ambient conditions overnight. Once
dried, composites were pelletised, further dried in an oven at 80 °C for
48 hours and formed into 1.75 mm filaments using an extruder (Noztek
Pro, Shoreham-by-Sea, Sussex, United Kingdom) operating at 190 °C
and 60 rpm extrusion speed.

2.3. Additive manufacturing

All manufacturing experiments were conducted using a multi-
process additive manufacturing system (Hydra 16 A, Hyrel3D, Nor-
cross, GA, USA) equipped with a filament extrusion module (MK1-250,
Hyrel3D, Norcross, GA, USA) and a brass nozzle with a diameter of
0.55 mm. Test samples measuring 35 x 35 mm x 1 mm used for char-
acterisation of the prepared composites, were printed on a smooth bo-
rosilicate glass surface heated at 110 °C. The printing parameters
included a print speed of 40 mm-s, a layer thickness of 0.1 mm, an
extrusion width of 0.5 mm; introducing a 10 % overlap and a constant
positive displacement value of 80 pulses per microlitre. A rectilinear
infill pattern with alternating —90/+90 degrees was used. The test
samples were first modelled using CAD, and the G-code for printing was
generated using Hyrel3D’s inbuilt slicing software (Repetrel, V4.2.565,
Hyrel3D, Norcross, GA, USA).

2.4. Characterisation methods

The phase and purity of the purchased SrTiO3 powder together with
any potential interactions between the polymer matrix and the ceramic
powder filler, were investigated using X-Ray diffraction (D2 Phaser
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Diffractometer, Bruker AXS, Karlsruhe, Germany) using CuK, radiation
at 1 = 1.54 A, operating at 30 kV and 10 mA with a 1 mm divergence,
3 mm air-scatter and 2.5° Soller slits. Diffraction patterns were collected
from 10 — 80° 29, using a 0.02° step size and 15 min~* sample rotation.
Collected data were analysed using Bruker’s proprietary software
(DIFFRAC.EVA 5.2, Bruker AXS, Karlsruhe, Germany).

The particle size distribution of the ST powder was confirmed using a
combination of dynamic light scattering (DLS) (Zetasizer Ultra, Mas-
tersizer, Malvern, UK) and field-emission scanning electron microscopy
(FESEM) (JSM 7100 F, JEOL Ltd., Tokyo, Japan). To prevent charging
during FESEM, powder samples were sputter coated with a 80:20 wt%
gold/palladium for 90 s at 25 mA (Quorum Q150T, Quorum, Edwards,
Hastings, UK).

The apparent (p meqsured) and relative density (p reiarive) of the 3D
printed test samples were measured following the Archimedes principle
(ASTM D792-20), using an analytical balance (ME200, Mettler Toledo)
and as a reference the theoretical density (p theoretical) Of the composites.
Results are reported as an average of three different 3D printed samples,
together with their standard deviation.

The microstructure of the composite filaments and the 3D printed
test samples were examined using SEM (TM3030, Hitachi High Energy
Technologies), operated in back-scattered electron mode, using an ac-
celeration voltage of 15 kV and a working distance of 8 mm. Composite
filament and 3D printed test samples, were manually snapped and
mounted directly onto 12.5 mm aluminium pin stubs using conductive
carbon adhesive tabs (Leit, Agar Scientific Ltd., Stansted, Essex, UK). To
prevent charging during SEM, samples were sputter coated with a gold/
palladium alloy in an 80:20 wt% ratio, for 90 s at 25 mA (Quorum
Q150T, Quorum, Edwards, Hastings, UK).

&, tans and Q x f of additively manufactured ST/HIPS samples were
determined by placing the rectangular 3D printed test samples of 35 x
35 mm and 1 mm thickness, into a split post dielectric resonator (SPDR)
operating at the fp = 5.1 GHz (QWED, Warsaw, Poland), representative
of 5 and sub-6 G systems. The properties were calculated using QWED’s
proprietary software. Results are reported as an average after measuring
three different 3D printed samples together with the standard deviation.

2.5. Parameter development through design of experiments (DoE)
methodology

A Plackett-Burman design methodology was employed to systemat-
ically investigate the impact of printing process parameters of the 3D
printed test samples by using statistical software (RStudio, 2021.09.1,
RStudio Team, PBC, Boston, MA). The DoE procedure was carried out
only for the composite bearing the highest achieved solids loading of
15 vol%. Each of the factors was varied at two levels, with a total of 12
randomised experiments being conducted. Each experiment comprised
of three replicates. Table 2 lists the chosen factors, along with their
lower and upper levels. The build platform temperature of 110°C and
the rectilinear infill pattern were set as fixed parameters. The analysed
data were fed to a response surface single-objective optimisation algo-
rithm, in order to obtain an optimal combination of printing process
parameters that would result in fully dense samples and consequently
the highest ¢,.

Table 1

Summary table of ceramic/polymer composites for FFF additive manufacturing reported in the literature.
Ceramic Filler Polymer Matrix & Q x f (GHz) tané Measurement Frequency (GHz) Reference
CNT Acrylonitrile butadiene styrene 7.5 - - 0.01 [71
TiO, Cyclo-olefin polymer 12.35 - 0.003 16 [8]
BaTiO3 Acrylonitrile butadiene styrene 13 - 0.0289 15 [9]
BaTiO3 Acrylonitrile butadiene styrene 2.6 -8.7 - 0.005 - 0.027 15 [10]
Bag.77Sr(.23TiO3 Acrylonitrile butadiene styrene 6.05 10,433 0.007 5 [11]
SrTiO3 High-impact polystyrene 5.3 38,378 0.001 5 This work
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Table 2

Factors and levels used for the Puckett-Burman design.
Factors Lower Level Upper Level
Printing speed (mm-s™ 1) 25 50
Layer height (mm) 0.1 0.3
Extrusion width (mm) 0.4 0.55
Extrusion temperature (°C) 230 250
Pulses per microliter 60 80

3. Results and discussion
3.1. Raw materials characterisation

Fig. 1 shows the room-temperature X-ray diffraction patterns of as-
received (AR) ST powder. The diffraction peaks from the ST powder
are indexed to the cubic perovskite SrTiOs with Pm3m (221) group and
lattice parameter, a = 0.39 A (ICDD PDF 00-035-0734). The theoretical
density of the ST phase was calculated from the XRD data at psy =
5.1 g-cm . Results from particle size analysis, revealed a unimodal
particle size distribution, Fig. 2a, with a mean particle size, dpegn = 3.97
pm and polydispersity index (PD) = 0.2342. This was confirmed from
SEM images, Fig. 2b.

3.2. Dielectric and physical properties of additively manufactured ST/
HIPS composites

Fig. 3 presents the dielectric properties of the 3D printed test samples
at 5 GHz as a function of ST solids loading (vol%), using the printing
process parameters listed in Section 2.3. &, increased progressively from
2.3 + 0.02 for the unfilled test samples, up to 4.6 + 0.08 for the samples
loaded with 15 vol% ceramic particles. This increase is ascribed to the
higher &, of ST. However, the tans increased as a function of the solids
loading accompanied by a reduction in Q x f. The dielectric losses of the
unfilled samples were measured with tans = 0.0006 + 0.00002 and Q x
f = 55,546 + 150 GHz, while the samples that contained 15 vol% ST,
achieved tans = 0.001 + 0.00006 and Q x f = 38,378 + 112 GHz. We
note that ST/HIPS composite filaments with solids loading past that of
15 vol%, exhibited an extremely brittle behaviour and were not further
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assessed.

Dielectric loss in ceramic/polymer composites is related to factors
such as: a) material impurities, b) the filler being inherently more lossy
than the matrix material and c) the formation of interfaces between the
two dissimilar materials, introducing anharmonicity in the vibrational
phonon modes. Nonetheless, the 3D printed ceramic/polymer compos-
ites presented in this study, exhibited lower loss than commercially
available materials [12] and two orders of magnitude less than lami-
nates such as FR4 (¢, = 4.9 £ 0.001; tans = 0.014 £+ 0.0001 and Q x f =
973 + 6 GHz at 5 GHz). No issues with the layer-to-layer adhesion or
delamination were evident, while printing with the composite materials.

Fig. 4a is a comparison of the theoretical density of the ST/HIPS
composites and the measured density of the 3D printed test samples, as a
function of the ST solids loading (vol%). A difference of up to 6p =11 %,
between the measured and theoretical density values was observed due
to: a) the effect of the increased volume fraction of the ceramic particles
present in the composite, that may reduce the flow characteristics of the
composite [13], b) randomly occurring bubbles/air voids in the com-
posite filament, a product from the outgassing of remaining solvent;
shown in Fig. 5, and ¢) a combination of air gaps between the printed
layers and small pores between the adjacent printed filaments that form
a monolayer. The addition of ST particles was found to change the
morphology of the polymer matrix when the filler content reached
10 vol% or higher. High magnification electron images in Fig. 5 show
that the polymer’s morphology transitioned to a cellular-like structure.
This change may be due to the interaction between the filler and the
polymer.

Porosity is known to decrease the microwave properties of the 3D
printed samples, as air inclusions with &4 =~ 1, reduce the effective &,
[13,14]. Additionally, entrapment of moisture within those air in-
clusions, may negatively influence the dielectric loss [15]. Fig. 4b
overlays measured (& megsureqd) and corrected for porosity (&r corrected)s
values at 5 GHz. The latter depicts material performance excluding
porosity. 3D printed test samples with the maximum solids loading
achieved in this study, exhibited a & corrected = 5.3 taking into account
11 % porosity. & corrected Values are necessary to describe the perfor-
mance of the composite material, regardless of the chosen fabrication
process. Table 3 summarises the physical and dielectric properties of the
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Fig. 1. RT-XRD patterns of the as-received (AR) SrTiO; powder.
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Fig. 2. [a] Particle size distribution and [b] scanning electron micrograph of the ST powder.
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Fig. 3. Relative permittivity (e,), dielectric loss (tand), and quality factor (Q x f) vs. ST/HIPS volume fraction of the 3D printed test samples, measured at 5 GHz

using the SPDR.

3D printed test samples.

Fig. 6a shows the RT-XRD patterns of the ST/HIPS composite test
samples as a function of ST solids loading. The diffraction pattern
collected from the non-filled HIPS polymer matrix, exhibited a single
broad peak (commonly known as a halo) at low diffraction 239 angles,
which is characteristic for amorphous polymers, such as HIPS. The
diffraction patterns for the ceramic/polymer samples bearing 5 — 15 vol
%, contained reflections indexed to the SrTiO3 cubic perovskite crys-
talline phase (ICDD PDF 00-035-0734. With increasing volume fraction
of the infilling ceramic particles, the amorphous low-angle halo dis-
appeared into the background. XRD results suggest that the constituents
of the ceramic/polymer composite remain heterogeneous.

Fig. 6b is an overlay of the DSC curves, from the ST/HIPS composite
test samples, heated between RT to 500°C, as a function of their solids
loading. All DSC plots showed a series of minor endotherm peaks in the
temperature range of T; = 25 — 60 °C, ascribed to the evaporation of
adsorbed moisture or remaining solvents and one major endotherm at
approximately T2 = 430 °C, associated with the decomposition of HIPS.

All values are in close agreement with the known thermophysical
properties of the individual constituent materials within the composite
[16,17]. Thermal conductivity and thermal decomposition of the com-
posite were affected by the increasing volume fraction of ST. Both
weight-corrected heat flow and the latent heat of fusion reduced as the
vol% fraction of ST increased due to the inherent difference in the CTE
between ST and HIPS which causes localised concentration of stress at
the interface between the ceramic particles and the polymer matrix [18].
This stress concentration creates thermal barriers that eventually may
reduce the transfer of heat. Moreover, the introduction of ceramic par-
ticles in a polymer matrix is expected to cause scattering of phonons at
the interface between the two materials [19]. With an increasing num-
ber of ceramic particles in each composite, the interfacial surface con-
tact area is also expected to increase, thereby slowing down the flow of
phonons due to scattering and thus reducing the overall conductivity.
Fig. 7 shows a comparison of the ¢ measurements of the additively
manufactured test samples as a function of the ST solids loading (¢) with
the theoretical values (¢ ¢f), estimated via the effective medium theory
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Fig. 4. [a] Theoretical and measured density of the 3D printed samples as a function of ST solids loading (vol.) and [b] measured and corrected relative permittivity

at 5 GHz.

Fig. 5. Electron micrographs showing cross sections of the composite filaments (top row) and the dispersion of the ceramic particles through the HIPS matrix (bottom
row), as a function of their solids loading. The white arrows denote the gas pores and the yellow arrows show the strontium titanate filler particles.

Table 3

Dielectric and physical properties of additively manufactured SrTiO3/HIPS composites.

SrTiO3 SrTiO3 €r measured = O tand + ¢ Qxf+o P theoretical P measured = 6 P relative €r corrected
(vol%e) (%) (GHz) (gem™) (gem®) (%)

0 0 2.3 £0.02 0.0006 + 0.00002 55546 + 150 1.0 1.0 + 0.002 99 % 2.3

5 19 2.5 £0.09 0.001 + 0.00006 48546 + 766 1.2 1.1 + 0.009 94 % 2.7

10 34 3.7 £0.06 0.001 £ 0.00002 39874 + 110 1.4 1.3 + 0.004 98 % 3.8

15 46 4.6 + 0.08 0.001 £ 0.00006 38378 + 112 1.5 1.4 £0.010 89 % 5.3

(EMT) [20], Lichtenecker [21], Maxwell-Garnett [22], Pooh-Shin [23],
and Wiener models [24] (Eq. 1 - 5) that are commonly used to predict
the effective permittivity (&, frective) Of two-component composites [6],
that may exhibit differences in shape of the infilling particles or their
distribution (uniform or non-uniform) [25] Measured relative permit-
tivity values of 3D printed HIPS test samples (¢, = 2.3 £ 0.02) and ST
pellets sintered at 1350 °C for 2 h (¢, = 360 + 5.6) were used in the
models. None of the models matched the measured & ¢4 of the ST/HIPS
composite material throughout solids loading range of 0 — 15 vol%

because the 3D printed samples were not fully dense and therefore the
measurements, did not fully represent the ¢, of the composite. However,
for & corecteds the Lichtenecker model was in closest agreement. The
latter also highlights, why 3D printed parts may not always perform as
expected in terms of their dielectric properties. To mitigate against this,
optimisation of the printing process is required, which is further dis-
cussed in the following section.
EMT
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Fig. 6. [a] Diffraction patterns and [b] DSC curve overlay of 3D printed ST/HIPS composites.
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3.3. Printing process optimisation through Plackett-Burman design of
experiments

The properties of parts produced via FFF are subject to the optimi-
sation of parameters such as: layer height, printing speed, extrusion
temperature and flow rate. In the case of functional prototyping for
electromagnetics, density is the main physical property of interest, as it
is proportional to & which affects the performance of the designed de-
vice. In this study, Error! Reference source not found.extrusion width (p
= 0.002) and the pulses per microlitre (p = 0.043) were identified as the
two main factors which affected density and therefore the &, of the 3D
printed test samples; shown in Table 4. Extrusion width is the distance
between the two adjacent printed filaments that form a monolayer,
while pulse per microlitre refers to an equipment-specific setting that
controls the material flow through the hot end.

Based on the collected and analysed data for the 15 vol% ST/HIPS
composites, the single-target surface response optimisation algorithm
suggested that a combination of 25 mm-s™* printing speed, 0.3 mm layer
thickness, 0.4 mm extrusion width, 230 °C extrusion temperature and
80 pulses per microlitre extrusion, would result in fully dense 3D printed
test samples with & =~ 5.3, within a 95 % confidence interval. Fig. 8
presents electron micrographs from 3D printed and cross-sectioned
15 vol% ST/HIPS test samples, before and after process optimisation.
The printed samples with optimised process parameters after the DoE
procedure, measured & = 5.3 + 0.02 and tans = 0.001 £ 0.00005,
which corresponds to pmegsured = 1.49 + 0.01 g-cm'3 (P relative = 99.3 %).

4. Conclusions

This study investigated the manufacture and dielectric characteri-
sation at microwave frequencies, of a novel ceramic/polymer composite
to be used as feedstock for FFF 3D printing. Composite ceramic/polymer
filaments of 1.75 mm in diameter, made of submillimetre strontium
titanate ceramic fillers dispersed within a high-impact polystyrene
polymer matrix, suitable for FFF were manufactured. A maximum solids

Table 4
ANOVA coefficient table for factorial regression of the 15 vol% 3D printed
composite test samples.

Term Effect Coeff SE T- P- VIF
Coef Value Value

Constant 3.701 0.126 29.34 0.000

Printing Speed -0.457 -0.229 0.126 -1.81 0.113 1.00

Extrusion width —-1.189 —-0.595 0.126 —4.71 0.002 1.00

Extrusion —0.375 —-0.187 0.126 —-1.49 0.181 1.00

temperature
Pulses per 0.624 0.312 0.126 2.47 0.043 1.00

microlitre




A. Goulas et al.

Additive Manufacturing 92 (2024) 104390

Fig. 8. ST/HIPS composite test samples’ cross-sections, before and after printing optimisation via DoE.

loading of 15 vol% (46 wt%), resulted into 3D printed samples that
achieved & = 4.6, Q x f =38,378 GHz and tans = 0.001 at 5 GHz.
Printing optimisation via the Placket-Burman design of experiments
methodology, helped achieve 3D printed samples of ¢, = 5.3, matching
the theoretical properties of the 15 vol% composite. The composites
exhibited lower dielectric losses, compared to similar studies previously
reported in the available literature.
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