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Abstract

Maturing of additive manufacturing (AM) techniques has increased their utiliza-
tion for fabricating radio frequency (RF) and microwave devices. Solid composites
used in material extrusion AM have experienced considerable expansion over the past
decade, incorporating functional properties into 3D-printed objects. There are
encouraging indications from AM material research that electrically efficient AM
materials can be discovered. These materials would be useful for producing micro-
wave components in the future. One of the enabling techniques for fabricating these
materials is to incorporate nano/microparticles or fillers into thermoplastic material.
Composite material 3D printing is a novel approach to managing materials’ micro-
wave properties. While extrinsic qualities (effective permittivity) can be controlled by
shape and porosity management, intrinsic attributes are tied to the composition of
composites. Furthermore, combining various materials to increase the spectrum of
available microwave characteristics is made possible by multi-material 3D printing. In
this chapter, we explore different methodologies to fabricate ceramic/thermoplastic
composites for fused deposition modeling (FDM) of RF and microwave devices.
Analytical models for predicting effective permittivity of the composite are discussed
and application examples of FDM printed RF, microwave and mm-wave devices
employing composites are presented.

Keywords: ceramic-thermoplastic composite, fused deposition modeling, high-k
low-loss dielectrics, dielectric constant, dielectric loss tangent

1. Introduction

Research on electromagnetic (EM) devices and microwave circuits has historically
mostly focused on two-dimensional designs that complement established printed
circuit board (PCB) technologies [1, 2]. Additive manufacturing (AM) has gained a lot
of traction for creating small quantities of highly specialized devices, whereas printed
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circuit board (PCB) technology has been thoroughly refined and optimized for mass-
producing affordable consumer electronics products. Though it cannot fully replace
traditional manufacturing for mass production, additive manufacturing (AM) pre-
sents a disruptive alternative in businesses that require high levels of design custom-
ization and small production volumes [3, 4].

In recent years, there has been a rise in study on AM in the field of electrical
engineering [5-7]. By removing the limitations on possible shapes that were previ-
ously imposed by traditional production techniques, the third dimension made possi-
ble by AM provides substantial benefits [8-13]. Using a graded material (easier to
produce using AM) to achieve a required EM response allows the geometry to be
optimized for other reasons, such as aerodynamics. Some of the main types of 3D
printing methods used for fabricating radio frequency (RF) and microwave compo-
nents include fused deposition modeling (FDM) [14], poly-jet printing,
stereolithographic apparatus (SLA) [15], selective laser sintering (SLS) [16] and
selective laser melting (SLM) [17].

One popular AM method that is well-known for its ease of use and adaptability is
FDM [18, 19]. This technique is fundamental to the field of 3D printing since it
provides a useful and affordable way to bring complex ideas to life. In FDM process,
the printer heats a material (thermoplastic or composites made from thermoplastic)
above its glass transition temperature and then deposits it through a nozzle, building
an object layer by layer, as shown in Figure 1. Although FDM has comparatively poor
resolution control, it is compatibility with a wider range of available material and their
composites makes it suitable for prototyping and experimenting with different varie-
ties of recipes [5, 20, 21]. Furthermore, FDM is normally a single step process, not
requiring and post-processing steps. Depending on the quality of the printer mechan-
ics and the use of the proper printer settings, FDM can achieve a degree of precision of
about 0.1 to 0.2 mm.

The FDM printers can have more than one extrusion nozzle to support printing of
multi-material parts [22]. FDM can be considered as the most versatile AM technology
for microwave component manufacturing. High design flexibility is made possible by
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Figure 1.
Schematic representation of fused deposition modeling (FDM) process.
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the substantial size of the FDM material catalog. Additionally, FDM prototyping is a
popular option for RF engineers because of its inexpensive cost [23].

However, the possibility of creating extremely small devices is limited by the
moderate dielectric constant (g,~2-3) displayed by the most popular printable fila-
ments, as well as the extra reduction brought on by the inevitable interstitial air gaps
between the rods extruded during the printing process [24, 25]. For electronics engi-
neering, especially RF and microwave devices permittivity of the material matters
significantly because of its influence on guided wavelength inside the material, as seen
in the following equation,

Co

fver

where A, is the guided wavelength, Co is the speed of light in vacuum. As Eq. (1)
suggests that for a signal with a given frequency, higher permittivity material will
cause it to have a smaller wavelength. This relation is widely adopted by antenna
engineers to miniaturize antennas for RF and microwave applications [20, 26, 27]. At
the microscopic level, several dielectric mechanisms can contribute to the dielectric
constant of a given material [28]. Dipole orientation and ionic conduction interact
strongly at microwave frequencies, as shown in Figure 2. For instance, water mole-
cules rotate in response to an alternating electric field because they are permanent
dipoles. Food warms in a microwave oven because these mechanisms are quite lossy.
Over the microwave area, atomic and electronic mechanisms are typically constant
and rather weak.

To increase low permittivity of common thermoplastic materials, researchers have
come up with ways to disperse ceramic particles in thermoplastic matrix and utilize it
to fabricate RF and microwave devices [5, 20, 21, 26, 29, 30]. This chapter is
subdivided into five sections. Section I introduces relative permittivity of materials
and why it matters to RF and microwave engineers as well as FDM process. Different
fabrication methods of ceramic/thermoplastic composite filaments for FDM of RF and
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Figure 2.
Frequency responses of dielectric mechanisms [28]. The highlighted green area represents RF, microwave, and mm-

wave frequency range.
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microwave devices in literature are discussed in section II. Section III explores differ-
ent analytical models available for prediction of the effective permittivity of a com-
posite material based on permittivity values and volume fraction of constituent
materials. Experimental demonstrations of microwave and mm-wave devices 3D
printed using ceramic/thermoplastic feedstock filaments are discussed in section IV.
Finally, section V presents concluding remarks and an outlook on future research in
this topic.

2. Synthesis methods

Polymer-based composites can be used to combine the processability of the poly-
mer matrix with the EM characteristics of discrete filler particles using predetermined
mixing methods [31, 32]. For composites to act as a homogenous medium in terms of
electromagnetic energy transmission, the wavelength inside the medium must be
substantially larger than the scale of the particles or particle agglomerates [33, 34].
This condition can be easily met with well-dispersed particles of 107° to 10~* m
exposed to microwaves with free-space wavelengths higher than 10~ m, resulting in
non-resonant bulk materials appropriate for broadband applications.

Synthesis methods can be characterized based on the method of mixing the filler
particles inside the thermoplastic matrix: (1) melt mixing (MM) and (2) solution-
assisted dispersion (SD) [35, 36].

2.1 Melt mixing

This technique involves heating the thermoplastic matrix to its melting point,
followed by the addition of filler particles to the semi-liquid thermoplastic and stirring
with a mechanical screw [37], as illustrated in Figure 3. With an increase in filler
particle volume, it becomes more difficult to distribute the filler particles in the
melted polymer due to a decrease in the solution’s viscosity. Melt mixing can produce
consistent results for a filler volume fraction of 0.3 or less [31, 38—40]. Nevertheless,
no additional chemicals are needed for this method, and process adjustments can be
made as thermoplastic is being extruded in the FDM filament.
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Figure 3.

Schematic representation of melt mixing process using a single screw extruder.
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An extruder essentially consists of a steel screw that rotates inside a heated barrel,
like an auger. Thermoplastic resin, in the form of pellets, is fed to the screw through a
hopper, and the screw compacts, melts and pressurizes the polymer. After the tip of
the screw, a die is attached to the barrel, and the high-pressure melt is forced through
the die and extruded into desired shape. The screw has many functions, which include
compressing the solid pellets, heating the resin through mechanical deformation,
pressurizing the melt, and mixing. Using special screw geometries, mixing can be
achieved on a single screw extruder, but it is generally recognized that the best mixing
is achieved on twin screw extruders [37].

2.2 Solution assisted dispersion

The SD method is broken into multiple sub-steps: (i) agitation to disperse filler
particles in a solvent, (ii) agitation to mix filler and polymer solutions, and (iii)
controlled solvent evaporation and/or nanocomposite precipitation. The process dia-
gram of the SD method is shown in Figure 4. In this method, the thermoplastic is first
dissolved using a chemical solvent at room temperature, and then filler particles are
added to liquid solution and stirred. After a homogeneous dispersion is achieved, the
solvent is evaporated at 60°C to leave behind just the thermoplastic polymer and filler
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Figure 4.
Process flow diagram of solution-assisted dispersion (SD) method.
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particles [21, 30, 41, 42]. This process used by authors in [43] with extrusion temper-
atures in the range of 230-290°C, can achieve repeatable results up to 50% filler
volume concentration.

However, this process requires additional processing steps, and if the solvent is not
reused, it could become expensive. Residual solvent inside final composite can also
have a negative impact on the dielectric and loss properties of the composite. A key
challenge is to keep the filler particles from agglomeration during the process of
evaporating the solvent.

Both MM and SD methods could be modified by introducing a surfactant either
during or before the mixing process [5, 21, 31, 43]. The surfactant could perform a
dual function of improving the adhesion between filler and matrix as well as hindering
the filler particles from agglomerating. Care must be taken to optimize the quantity of
the surfactant to maintain both mechanical properties required for 3D printing as well
as dielectric properties for EM applications [40, 41].

2.3 Examples of works in literature

Castles et al. [21] used the SD method to disperse BaTiO; (BT) particles in acrylo-
nitrile butadiene styrene (ABS) matrix up to 29 vol% to achieve relative permittivity
values in the range of 2.6-8.7 and loss tangents in the range 0.005-0.027. They also
fabricated 1D and 2D periodic structures to demonstrate the feasibility of 3D printing;
however, the EM functionalities of those prototypes were not discussed.

In a sequential study, Wu et al. [41] described the production of a better polymer-
ceramic composite feedstock filament for utilization in FDM 3D printing. The pre-
ceding formulation was enhanced by adding a surfactant and plasticizer. The opti-
mum ratio of surfactant and plasticizer was found by doing a parametric study of their
effects on dielectric permittivity. Filament with a maximum solid loading of 32 vol%
was manufactured; its dielectric permittivity and loss tangents measured at 15 GHz
using a split post-dielectric resonator were found to be 11 and 0.0289, respectively.

Khatri et al. [40] also fabricated ABS-BT composite; however, they utilized the
MM method to disperse BT particles in the ABS matrix. They also utilized 1.1 wt %
steric acid as a surfactant to improve adhesion between inorganic filler and organic
matrix. They obtained a relative permittivity of 11.5 for the composite containing
35 vol% BT. This study’s findings were consistent with the Maxwell-Garnett [32, 44]
and Jayasundere-Smith [45] mixing models.

To improve the overall dielectric loss tangent of composite feedstock, Castro et al.
[29] used cyclo-olefin polymer (COP) due to its superb electromagnetic properties
with &,~2.3 and tan (6,;) < 0.0005 at 17 GHz. They employed the MM method to
disperse TiO,, MgCaTiO, (MCT), and Bag 55510 45TiO3 (BST) particles into COP
matrix. They were able to achieve a relative permittivity value of 4.88 for dielectric
composite with 25% volume loading of BST in COP with a low-loss tangent of 0.007 at
17 GHz. For composite with 30% volume loading of TiO,, they were able to achieve a
low-loss tangent of 0.0014 and permittivity of 4.57. One of the key differences was
that they also performed co-firing of ceramic particles before dispersing them in COP
matrix. This helped in increasing crystallinity of ceramic particles and hence improv-
ing loss performance of composite.

Czarny et al. [46] used cyclic olefin copolymer (COC) polymer (e,~ 2.3, tan
(6;) ~1.103) and loaded by titanium oxide (TiO;) (g,~ 100, tan (§;) < 11074, at
36 vol%. This innovative thermoplastic composite material has a high permittivity of
up to 9.2 and a low-loss tangent of 1.10 > at 9.3GHz. They used spray-drying to
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produce titanium oxide grains on a micrometer size. They also sintered (TiO,) parti-
cles at the optimized temperature of 1100°C. However, they fail to mention the
method that was used to disperse ceramic filler in thermoplastic matrix.

Mazzei Capote et al. [5] used the SD method to create ABS and BT-based compos-
ites, which included the use of a surfactant and a plasticizer to aid processing. The
ABS-based composite contained 75% BT (nominally 35% by volume, based on den-
sity), 5% dibutyl phthalate, and 1% octyl gallate. They were able to obtain a record
high permittivity value of 12.85 in the 10 to 12 GHz band. The composite had a high-
loss tangent (tan (6;) = 0.046), perhaps due to ABS’s poor loss attributes. They
implemented the use of ABS-based composite in the manufacturing process of micro-
wave photonic devices. They 3D printed a 2D photonic crystal and experimentally
verified its transmission performance. Furthermore, a prototype 3D photonic crystal
was also 3D printed; however, it had insufficient unit cells to function properly.

To the best of our knowledge, authors [30] used SD method for the first time
to disperse BST, MCT and TiO, particles into COP matrix. We also employed
silane surfactant to improve adhesion between inorganic filler and organic
polymer. The maximum measured ceramic particle filler volume concentration of
50% resulted in relative permittivity values of up to 12.35 and a low-loss tangent of
0.003. Ceramic particles were co-fired before surfactant-assisted ball milling to
improve their dielectric and loss properties. Two functional dielectric waveguides
were fabricated and characterized using developed composite and commercial
counterpart [43].

Table 1 summarizes the state-of-the-art works in literature for developing
ceramic-thermoplastic feedstock filament with high-k, low-loss properties. As can be
seen, that SD method generally allows for higher permittivity values due to homoge-
neous dispersion of ceramic particles in matrix compared to MM method.

3. Analytical model predictions

The emergence of RF and microwave communication necessitated the develop-
ment of substrate materials with tailorable dielectric and mechanical properties. Tra-
ditional dielectric materials cannot meet new requirements, such as balanced
dielectric characteristics and good mechanical flexibility, as electronics become more
multi-functional, integrated, and miniaturized. As a result of their excellent process-
ibility, flexibility, and dielectric qualities, high dielectric polymer composites have
sparked widespread interest. As the interaction between EM energy and matter are
heavily influenced by the compositions and internal structure of the material, the
dielectric properties of the composite have a direct impact on all applications in
electronics. Hence there has been much research throughout history toward tackling
the problem of rationalizing and predicting electrical properties of composite
materials.

Maxwell and Faraday first studied formulae for the permittivity of
heterostructures in the mid-nineteenth century as part of their comprehensive electric
and magnetic research [47]. The models currently in literature can be broadly charac-
terized in two categories: (1) mixing rule and (2) effective medium theory (EMT).
This chapter focuses on the various cases in which composite regions are large enough
to contain macroscopic fields. The advanced models based on percolation theory and
complex electrodynamic-based models are not discussed here, but interested readers
can find relevant information in the references.
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Ref. Matrix Filler Filler Mixing Surface Permittivity ~ Loss tangent
Fraction Method Modification @GHz @GHz
Applied.
[27] COC TiO, 36 vol % n/a No 7.7@37.1GHz 0.001
@37.1GHz
[5] ABS BaTiO; 35 vol % SD Yes 12.85@12 GHz 0.046
@12GHz
[42] ABS BaTiO3 30 vol % SD Yes 8.39 0.016
SrTiO3 8.18 <0.01
Bag 6,51r0.33Ti03 8.02 0.069
@18-40GHz ~ @18-40GHz
[38] ABS CaCu3Ti4O1; 40 wt % MM No 9.6@18GHz 0.0057
@18GHz
[43] cCoP TiO, 50 vol % SD Yes 12@16GHz 0.003
(Fired 1100°C) @16GHz
[30] COP  BagssSro4sTiOs 50 vol % SD Yes 8.46@16GHz 0.0099
(Fired 1100°C) 12.35@12GHz @16GHz
MgCaTiO, 0.0033
(Fired 1100°C) @12GHz
[41] ABS BaTiO; 32vol % SD Yes 11@15GHz 0.03
@15GHz
[29] cCoP MgCaTiO, 30 vol % MM No 4.78 0.0012
(Fired 1200°C) 4.82 0.0018
TiO, @17GHz @17GHz
(Fired 1200°C)
[21]  ABS BaTiO; 29 vol % SD No 8.72@14.13 GHz 0.027
@14.13 GHz
[26] ABS BaSrTiO3 15 vol % SD No 6.05@5GHz 0.007
@5GHz
[39] PLA GNP 6%wt MM & SD No 12.73 (ME) n/a
CNT @26-37 GHz
11.84(SB)
@26-37 GHz
Table 1.

Comparison of literature vesults on ceramic-thermoplastic feedstock filaments used for FDM printing of RF and
microwave devices.

To begin with mixing rules, think of a homogeneous medium (matrix) with rela-

tive dielectric permittivity &, and spheroids with relative permittivity . The volume
fraction of filler spheroid particles is denoted as ©¢, while the arising volume fraction

of the matrix is 6,, = 1 — 6. e, represents the effective permittivity of composite

material. It is assumed that both filler and matrix have no dielectric loss and that they
do not interact with one another chemically.

3.1 Mixing rules-based models

The analytical bounds of the effective permittivity of a binary lossless sandwich
composite in terms of its constituent parts can be computed by considering two
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extreme cases of interchanging layers: the first case with the layers being normal to the
applied field (Figure 5b) and the second case with the layers being tangential to the
applied field (Figure 5a). The upper bound, which represents parallel model, can be
calculated using,

€eﬁ‘, max — Em Qmé‘fef (2)

The lower bound, which represents series model, can be calculated using,

_ 8m€f (3)
Eeff,min = Sfem + 8m9f
3.1.1 Maxwell-Garnett model
A more accurate equation for predicting dielectric properties can
be achieved by the following equation known as Maxwell-Garnett equation
[32, 44],
39f (Ef — 8m)
Eff = Ep |1+ 4
T T8 =)+ ”

This equation considers the dielectric permittivity of spherical fillers scattered in a
medium, as illustrated in Figure 5c. In the literature, the Maxwell-Garnett equation is
represented in a variety of ways and referred to by various other names, including
Maxwell-Wagner [48], Rayleigh [49], and Lorentz-Lorenz [50]. One of such Maxwel-
Garnett equation forms is given below,

Eff —Em
8#4—28,,,_

& — Em

" o+ 2em )

This equation applies solely to spherical particles. For dispersed particles that are
not spherical in shape, Eq. (5) must be changed. A popular method for including
information about the geometry of scattered particles is to incorporate a depolariza-
tion factor that is proportional to their divergence from sphericity. Thus, the Maxwell-
Garnett model equation (Eq. (4)) could be altered to this form to make it more
general [51],

O (& — &m)
1- Of) (sf — sm) + em ©)

|
I
I]]I | m
(a) (b) (©)

Figure 5.
(a) Parallel model, (b) series model, and (c) mixing model. Red lines are for electrodes.

Eff = Em 1—|—D(
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where parameter D is depolarization factor. For D = 1/3, Eq. (6) simplifies as
Eq. (4). Value of D could be computed or can be found in the literature for different
geometrical shapes [51].

3.1.2 Lichtenker model

According to Weiner’s theory, the lower and upper boundaries are given by egs.
(2) and (3). The higher bound for the effective dielectric permittivity is attained by a
system made up of parallel layers arranged tangentially to the applied electric field.
The lower bound is achieved by system with the layers that are normal to the applied
electrical field. Cross-sectional analysis yields similar results. Starting with egs. (2)
and (3), Lichtenker assumed that the effective dielectric function of the considered
composite satisfies the equation:

egr = €7 Of + €,0m (7)

where parameter « varies from —1 to 1. The value of —1 for represents anisotropy
and value of 1 for o represents isotropy. Each value of o represents a distinct micro-
geometrical structure of the composite. One can thus predict that the applicability of
Eq. (7) is broader than that of the well-known Maxwell-Garnett equation (Eq. (4)),
which, in general, has no free parameters connected to the topology.

3.1.3 Raleigh model

An important advance to the subject matter was made by Lord Rayleigh [52]. The
standard assessments of the effective dielectric constant of binary mixes are derived
from the Raleigh model. It assumes cylindrical particles mixed in a matrix with
effective dielectric constant calculated from the following equation:

€f — &p

€gﬁc—€m
- & + Ep

quf—F:‘;’m_

(8)

This is quite like Eq. (5). Rayleigh demonstrated that Maxwell’s model provides an
accurate first-order estimation for cubically ordered spherical and cylindrical fillers in
a host matrix. Three things are worth noting: (1) Lord Rayleigh further developed
Maxwell’s dipole theory [53] of the dispersion of spheres within a medium by consid-
ering the contribution of induced octopole moments to conductivity, (2) Rayleigh’s
model is simpler, but it is equivalent to the Maxwell-Garnett model, and (3) Rayleigh’s
model revealed an equivalence of electrical conduction and acoustic propagation.

3.1.4 Jaysundere: Smith equation

At greater particle concentrations, the interaction among particles is more i-
mportant due to the shorter distance between them, as seen in Figure 6b. Jaysundere-
Smith [45] estimated the electric field with a dielectric sphere contained in a contin-
uous dielectric matrix, considering the polarization of consecutive particles.
According to Jaysundere and Smith, effective relative permittivity can be given via
equation,
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(a) (b)
Figure 6.

(a) Composite with lower filler volume fraction and (b) composite with higher filler volume fraction.

enn + &6y (32 {1 30,5 f;})}

e = 9)

ST e cE)

3.2 Effective medium theory-based models

Effective medium theories (EMT) apply when the fields are quasistatic, meaning
that the wavelength of the electromagnetic radiation probing the system is substan-
tially larger than the typical scale of inhomogeneities. The frequency also defines the
nature of the microscopic mechanisms within a material that govern the bulk mate-
rial’s macroscopic polarization (and magnetization) response. Polarization in materials
can be caused by a variety of mechanisms, including electronic, ionic, atomic, dipolar,
and interfacial, as detailed in the introduction.

3.2.1 Hanai-Bruggman model

The Bruggeman model [54], which was also developed by Hanai [55], is a popular
model for calculating the relative permittivity of EM composites. It is cited as the
Hanai-Bruggeman model [56]. One advantage of this model is that it assumes filler
particles to be very close to each other; this is indicated by the following equation,

1

i @7< )1—9f (10)
& — &m \ Eff

The Hanai-Bruggeman model can accurately predict permittivities of composites
with volume fractions of particles &7 up to around 50%, under the assumption that the
scattered filler particles in the composite do not create a percolative path across the
matrix.

3.2.2 Stroud-Pan model

Stroud and Pan [57] expanded the EMT to finite frequencies, accounting for
particle scattering with a full multipole expansion. In their model, composite is
thought of as being made of spherical particles for both matrix and filler as shown in
Figure 7. Effective permittivity of the composite can be calculated using the following
equation,
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Figure 7.
Composite geometry utilized by Stroud and Pan for computing frequency-dependent permittivity. Red spheres
represent filler while green spheres represent matrix vepresentation of fused deposition modeling (FDM) process.

Je—eg 1 (wRNY |
Zi@’ £i+2£q§f+30< ¢ ) (& eﬁ)] =0 (1)

where 6; is the volume fraction of ith material, ¢; is relative permittivity of ith
material, R; is the radius of ith material particles and  is angular frequency of EM
wave and c is speed of light in vacuum.

For the sake of illustration, assume that the composite is made up of only two types
of dielectric particles, £; and &, with volume fractions 6; and 6; = 1 — 64, and that
each type of particle is formed into approximately spherical shapes of the same radius
R. Then eq. (11) assumes the simple form.,

€1~ Eff €2 — Eff
R 20 _ -0 12
1 et 2t + + )/(82 Seﬁc) (12)

o
G 82+285ﬁf

v(e1— egr)

where y equals to 35 @’R*/c. The above equation looks to be a cubic equation for
¢, which simplifies to a prominent quadratic Eq. (5), in the limit (y = 0).

Different models for predicting the effective dielectric constants of composite
materials are compiled and presented to help researchers in developing new high
performance ceramic-thermoplastic composite feedstock filaments for fused deposi-
tion modeling of RF and microwave devices.

4. Application of FDM printed ceramic-thermoplastic feedstock filaments
for RF and microwave applications

As the FDM technology matured and became more available, more researchers in RF
and microwave field started using it to 3D print passive RF and microwave devices
with complex geometry [58]. The majority of works focused on all-dielectric RF devices,
as it is challenging to fabricate smooth conductor surfaces using FDM method [7].
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However, there have been advances in research for providing smooth FDM printed
conductive surfaces, recently [59, 60].

Given FDM technology’s obvious proclivity for printing dielectric materials, most
scientific endeavors that use this technique are mainly focused on manufacturing pure
dielectric devices such as reflect arrays, dielectric resonator antennas (DRAs), lenses,
and dielectric rod antennas (DRAs). Companies such as Preperm [61] and Zetamix
[62] are beginning to cater to the specialty material market for FDM printing of RF
devices, which will improve the momentum of research publication and potential
commercial application.

Although not exhaustive, authors have tried to compile a list of known RF and
microwave device applications presented in literature that use ceramic-thermoplastic
feedstock filaments for fused deposition modeling. These works are broadly charac-
terized based on whether the material was developed in lab or commercially pur-
chased.

4.1 Laboratory-made ceramic-thermoplastic composites

Castro et al. [31] demonstrated for the first time 3D printed microwave devices
employing cyclo-olefin-polymer (COP)-based composites via an FDM process. They
also observed the highest relative dielectric permittivity value of ~5 and an ultra-low
dielectric loss tangent tan (5;) < 0.0014 for COP-based composites. Figure 8a illus-
trates how they used 3D printing to create rectangular edge-fed patch antennas oper-
ating at around 17 GHz. The substrates for these antennas were 3D printed using 25%
v/v COP-MgCaTiO, (¢,~4.47) and pure COP (&,~2.27). A 49.35% reduction in size
was reported for antenna fabricated with 25% v/v COP-MgCaTiO, compared to edge-
fed patch antenna made of pure COP.

Goulas et al. [26] used BaSrTiO, in acrylonitrile butadiene styrene (ABS) compos-
ite (&, ~6.05 and tan (5;) ~ 0.007 at 5 GHz) with 15.26 vol% filler to 3D print a
prototype microstrip patch 5G antenna and a hemispherical dielectric lens, as shown

Patch antenna @ 3D printed
Hemispherical lens

Figure 8.

(a) 3D printed patch antennas over pure COP and 25%v/v COP-MgCaTiO, substrate [20] (b) microstrip patch
5G antenna on 3D printed 15.26%v/v ABS-BaSrTiO, substrate [26] (c) hemispherical dielectric lens 3D printed
using 15.26%v/v ABS-BaSrTiO, [26](d) FDM printed DRA using 30%v/v COP- MgCaTiO, composite filament
along with ABS cladding [63] (¢) FDM printed DRW using 30%v/v COP- MgCaTiO, composite [64] (f) 3D
printed subwavelength deflector using 36%v/v COC-TiO, composite [27](g) DRW FDM printed using 30%v/v
COP- TiO, composite filament [30] (h) DRW FDM printed using 40%v/v COP- TiO, composite filament [43].
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in Figure 8b and c, respectively. The rectangular microstrip patch was fabricated via
fused filament fabrication (FFF) 3D printing. A hemispherical dielectric lens with a
radius of 25 mm (which fed with a different microstrip patch antenna) was also
fabricated using FFF 3D printing using the same composite and a 100% infill setting.

Lugo et al. [63] used COP and MgCaTiO, (MCT) based composite (g,~4.34 and
tan (6;) ~ 0.0060 at 44 GHz), with 30% volume of ceramic filers to FDM print
dielectric rod antenna operating in mm-wave frequencies. The peak gain of the mul-
tilayer antenna is over 22 dBi for the entire frequency range of 30-40 GHz. Figure 8d
shows the DRA along with low permittivity (ABS) cladding used to enhance the
antenna performance.

In a follow-up paper, they used the same 30 vol. % COP-MgCaTiO, composite (e,
~4.82 and tan (6;) ~ 0.0018 at 17 GHz) to fabricate a multilayer dielectric rod
waveguide (DRW) for operation at an extended Ku-band from 10 to 18 GHz [64]. The
insertion loss of the dielectric rod waveguide stays within 0.01 dB/mm and 0.012 dB/
mm, which is comparable to the previously reported multilayer DRW that was
constructed from a commercial high-k material not compatible with FDM [64].
Figure 8e presents the picture of the 3D-printed DRW made of composite material.

Hoang et al. [27] fabricated a subwavelength deflector using cyclo-olefin copoly-
mer (COC) and TiO, composite and compared it to a counterpart 3D printed in ABS.
To obtain a high-permittivity and low-loss composite, the TiO, (e, ~ 100, tan (5,)
< 10™*) was loaded at 36% volume in the low-loss polymer matrix COC (tan (6,)
< 1073). The deflectors were intended to refract an incoming plane wave with 0°
incidence by 30° at 30 GHz. Using this high-permittivity printed material, the thick-
ness of the 90 mm-diameter subwavelength deflector is reduced by more than twice,
the realized gain is increased by 1 dB across the full frequency range of 27.5-31 GHz,
and the side lobe level is reduced by 7 dB. Figure 8f depicts the 3D manufactured
subwavelength deflector. Following laboratory research, the disclosed COC-TiO2 fil-
ament has been manufactured on an industrial scale and has been sold since the end of
2022 [62].

The authors used a 30% volume COP-TiO; (&, ~5.37 and tan (§;) ~ 0.003 at
16 GHz) composite to 3D print dielectric rod waveguide operating in the frequency
range of 12-18 GHz [30]. FDM printed DWG exhibited an impressive low loss of
0.017 dB/mm at 17.5 GHz. In a follow-up paper, authors fabricated DWGs made from
30% volume COP-TiO, and 40% volume COP-TiO, (&, ~6.86 and tan (;) ~ 0.0019
at 16 GHz) for mm-wave frequencies (Ka and V-bands) [43]. 3D printed DWGs for
Ka band and V band are shown in Figure 8g and h, respectively.

4.2 Commercially available ceramic-thermoplastic composites

Huang et al. took advantage of commercially available dielectric composite fila-
ment named PREPERM 3-D ABS DK 10.0 from Premix with relative permittivity €, of
10.0, and loss tangent tan (5;) of 0.003, to fabricate different kinds of antenna
applications, from dielectric resonator antenna to dielectric rod antenna [65-68]. In
[66, 68], they fabricated low-profile end-fire dielectric antennas with wideband per-
formance consisting of four and five dielectric sections designed with tapered per-
mittivities and sizes to achieve impedance-matched surface-wave launching over a
wide bandwidth, as shown in Figure 9a and b. In several of their works, they used 3-D
printing technology to regulate the effective permittivity of dielectric blocks in the 2.0
to 8.3 range by altering the fill factor. They also 3-D-printed a dielectric rod antenna

14



High-k, Low-Loss Ceramic-Thermoplastic Composite Feedstock Filaments for Fused Deposition...
DOI: http://dx.doi.org/10.5772/intechopen.1008537

S
e )2
.,:Qii
IOV
233>
22)25>
333759
Feeding 2] %%
Antenna .70
sk
S >
;SSs“
43393

.
E-DRAs

Alignment tab

Figure 9.

(a) Low-profile end-fire dielectric antenna [68], (b) conformal low-profile end-fire dielectric antenna [66], (c)

dielectric rod antenna with wideband civcular polarization using helical grooves in tapered dielectric rod [65], (d)
hemispherical lens (18-24 GHz) with civcular corrugated matching layer and perforated matching layer regions

[69], (¢) mm-wave dual-polarized dielectric resonator veflect array [70], (f) gradient-index lens antenna fed by
a switched monopole feed array [71], and (g) dual wideband encapsulated dielectric resonator antennas [71].

with wideband circular polarization which used a tapered dielectric rod with two
helical grooves (Figure 9c) for generating circular polarization.

Algep and Tokan [69] employed Preperm ABS1000 filament (e, ~10 & tan
(64) ~ 0.003) from Premix for 3D printing of hemispherical lens (18-24 GHz) proto-
type consisting of circular corrugated matching layer and perforated matching layer
regions (Figure 9d). Instead of the standard broadband matching procedure, which
requires the machining of three additional layers of different materials on the lens
surface, they employed an alternate matching technique that is feasible to implement
with 3D printing technology. The reported performance in terms of beam scanning
capability of the perforated lens with 70° scan angle and 2.7 dB scan loss is promising
for next-generation automotive radar sensors.

Sun et al. [70] presented a 3D printed millimeter-wave dual-polarized dielectric
resonator (DR) reflect array (16 x 16 elements) working in the Ka band. PREPERM 3-
D ABS DK 10.0 from Premix materials (g, ~ 10, tan (§;) ~ 0.003) was used as the
dielectric filament for FDM process. Figure 9e shows a picture of the 3D-printed
reflect array. The unit cell of the reflect array is composed of two elliptical DRs
orthogonally placed in the center. A recorded peak antenna gains of 22.53 dBi was
reached, resulting in a gain improvement of 7.43 dB above the feed horn alone.

Giddens and Hao [73] also utilized commercially available standard white ABS
from Verbatim and ABS-400 filament from PREPERM with permittivities of 2.69 and
3.99, respectively. They designed and fabricated a gradient-index lens antenna

15



Additive Manufacturing — Present and Sustainable Future, Materials and Applications

(Figure 9f) designed to radiate with a 45° beamwidth across eight different sectors
fabricated by multi-material FDM 3D printing. At 5.8 GHz, the lens antenna was
supplied by a switched monopole feed array, resulting in 360° pattern diversity. The
lens antenna had a graded dielectric profile from 3.6 down to 1.3.

Malfajani et al. [71] proposed the concept of encapsulated dielectric resonator
antennas (EDRAs). E-DRAs are constructed by embedding smaller DRAs with a
specified dielectric constant inside a bigger DRA (Figure 9g) with a lower dielectric
constant, facilitating efficient radiation at two widely spaced and heavily utilized
frequency bands. The FFF 3D printing technique is used to fabricate the whole E-DRA
structure with a single material (commercial filament PREPERM 3D ABS DK 12.0
from company Avient based in Belgium) but with different infill, percentages to
achieve the required permittivity. An array of five elements was employed in a
switched mode configuration to add switching beam capability to the antenna in the
mm-wave band. The measurement findings depicted a maximum gain of 7.2 dBi at
3.2 GHz and 18 dBi at 31.5 GHz. The calculated efficiency in the sub-6-GHz and mm-
wave bands is better than 95% and 80%, respectively. The dielectric constant of the
smaller DRA was chosen to be 9, because this is the greatest dielectric constant that
can be obtained by ABS1200 through the FFF 3D printing method at mm-wave
frequencies.

de Oliveira Neto et al. [72] introduced a technique to produce RF and microwave
devices with relative permittivity (e,) variations using two or more filaments, with
different permittivities, which they introduced into the print head and mixed with
designed proportions. They designed and built a dielectric planar lens, with varying
permittivity, to work along with a planar antipodal Vivaldi antenna (AVA). Yellow
ABS filaments (&, ~ 2.6 & tan (§,;) ~ 0.032) and graphite-filled ABS filaments (g, ~
6.5 & tan (§;) ~ 0.36) were used as two feeding materials. As seen in Figure 10, they
chose the palm tree as the reference antenna for the experiments. Their building
process differs from others in the literature in that it creates materials by combining
filaments with varying electrical permittivity values.

FDM is foremost and widely utilized AM methods for prototyping EM devices. It’s
being economical and easy to use, overcome the disadvantages such as lack of ther-
moplastic materials with extremely high dielectric constant, and the post-processing
requirements associated with deposition of (electrically conductive) metallic surfaces.

(e

Figure 10.

(a) Simulation model of the lens antipodal Vivaldi antenna with vaviations of relative permittivity indicated with
different colors and (b) picture of 3D printed lens antenna prototype with outermost part composed of yellow ABS
and innermost part composed of 95% of graphite-filled ABS [72].
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5. Conclusion

Additive manufacturing, especially fused deposition modeling offers feasibility of
complex geometries for RF and microwave devices which cannot be achieved or are
expensive to achieve using traditional fabrication methods. However, commercially
offered 3D printable materials are not optimal for RF and microwave frequencies as they
lack high relative permittivity and low-loss-tangents offered by traditional PCB laminates.

Incorporating ceramic filler particles in thermoplastic matrix makes it feasible to
combine processibility of thermoplastics with the unique dielectrical properties offered by
ceramic materials. Melt mixing is a simpler and more cost-effective way to manufacture
ceramic-thermoplastic composites. However, it can only achieve repeatable dispersion of
ceramic fillers for composites with up to 30% filler volume fraction. Solution-assisted
dispersion can achieve repeatable dispersion of ceramic fillers for higher volume fraction
compared to melt mixing. However, it requires expensive and sometimes hazardous
chemical solvents, which makes it more expensive. Both above-mentioned methods can
be enhanced by incorporating a surface treatment of ceramic fillers before dispersing
them in thermoplastic matrix. Surfactant can serve the dual purpose of hindering filler
particle agglomeration and improving the interface between filler and matrix.

In this chapter, different methodologies of fabricating ceramic-thermoplastic
feedstock filaments are reviewed, and their application for FDM printing of RF and
microwave devices is presented. Widely used analytical prediction models for
predicting the effective permittivity of the composite materials are listed. Given the
limitless and high potential applications of 3-D printing, ongoing research, particu-
larly FDM printed composites, should be encouraged and pursued. The use of micro-
particles has been shown to generate and build more functional products. It is critical
to continue the development of new materials that are precisely tuned for certain
electromagnetic applications.
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