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Organic matrix composite materials exhibit high mechanical properties associated with lightweight. They also
provide the ability to embed radiofrequency features, such as microwave antennas, for smart load-bearing struc-
tures of various means of transport. Antennas implementation into composite panels requires electrically conduc-
tive fabrics for the radiating elements, feeding lines and ground planes embedded into the structural dielectric
composite materials with low loss at microwaves. Accordingly, the present study investigates the assessment of
the dielectric characteristics, namely the relative permittivity ¢, and the loss tangent tané of composite laminate
materials made of E-glass, S2-glass and quartz fabrics infused with epoxy, polyester and urethane acrylate ther-
mosetting resins. The related dielectric characteristics, measured in two operating bands, namely 100 MHz to
1 GHz and 18-26 GHz, are compared with the theoretical values computed from the 2D Maxwell-Garnett model
that we have adapted to laminate composite materials. Mechanical characteristics of such composite laminate
materials are also investigated. Eventually, the quartz/urethane acrylate laminate is highlighted as a low loss

composite material, highly suitable for the fabrication of antennas operating at microwaves.

1. Introduction

Organic matrix composite materials are increasingly used in trans-
port area. These materials are mainly made of reinforcement fibers
infused with thermosetting resins. They enable the fabrication of
lightweight and mechanically resistant structural panels. Moreover, they
promote embedded electronic applications. The vast area of Multifunc-
tional Structures (MFS) [1] shows the interest of combining the func-
tional capabilities of one or more subsystems with that of the load-
bearing structure, thereby reducing the mass and volume of the total
system [2]. Among clean energy production structures [3], integrated
electronics [4] and smart structures [5], composite panels for radiofre-
quency communications have a prominent place in such multifunctional
structure field.

Antennas implementation into load-bearing composite panels is a
major aspect of the smart composite materials development. Various
studies have already developed this innovative concept. Kim et al
[6] fabricated a multiband aero-vehicle smart skin antenna (MASSA)
made of a single honeycomb including the radiating element stacked
between two structural composite face sheets. This antenna can be in-
tegrated in the airplane load-bearing structure and operates close to
300 MHz. Manac’h et al. [7] demonstrated similar microwave perfor-
mance between a pure composite laminate antenna and a copper one
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operating both in the 600 MHz to 2.1 GHz frequency band. You et al.
built conformal load-bearing antenna structures (CLAS) by integrating
slots [8] and radiating patches [5] between two layers of honeycomb.
The first structure resonates at 5.3 GHz and the second one operates at
12.2 GHz. In these works, a twofold study was carried out, (i) on the con-
ductive fabrics to minimize the ohmic loss and the skin depth loss [7],
and (ii) on the dielectric materials to minimize the dielectric loss [5,6,8].
The main objective of such studies aims to develop embedded commu-
nicating systems with optimal radiofrequency efficiency at microwaves.
The present study focuses with the framework of the case (ii), namely
the dielectric loss reduction of the dielectric composite materials. To
date, the fibers reinforced dielectric laminates used for antenna appli-
cations are based on the twosome formed by E-glass/polyester [7], E-
glass/vinylester [9,10], E-glass/epoxy [5,11,12], or S-glass/epoxy [13],
as displayed in Table 1. The relative permittivity of such composite lam-
inates remains close to ¢, ~ 4 and the loss tangent tané higher than 0.01,
relatively high values for applications at microwaves.

The present paper investigates theoretically and experimentally var-
ious dielectric composite laminates made of glass fabrics and organic
thermosetting resins, that may be used as load-bearing composite pan-
els with low dielectric loss for antenna substrate and/or radome appli-
cations. After the description of the dielectric and mechanical character-
ization techniques, the glass fabrics used (namely E-glass, S2-glass and

Received 10 June 2020; Received in revised form 28 September 2020; Accepted 29 September 2020
2666-6820/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.jcomc.2020.100050
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jcomc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcomc.2020.100050&domain=pdf
mailto:maelle.sergolle@univ-rennes1.fr
https://doi.org/10.1016/j.jcomc.2020.100050
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Sergolle, X. Castel, M. Himdi et al.

Composites Part C: Open Access 3 (2020) 100050

Table 1

Dielectric characteristics of the fibers reinforced dielectric laminates used for antenna applications.
Composite laminate materials L-band S-band X-band V-band
E-glass/Polyester [7] e = 4.5; tans = 0.01 @ 1 GHz / / /
E-glass/Vinylester [9,10] e = 4.5; tans ~ 0.015 @ 1.5 GHz / / /

E-glass/Epoxy [5,11,12] /

S-glass/Epoxy [13] / /

&, = 4.0; tans = 0.03 @ 2.5 GHz

& = 4.0; tans = 0.03 @ 12 GHz &, = 4.6; tans = 0.035
@ 50-75 GHz

e = 4.3; tans = 0.02 @ 10 GHz /

Impedance
analyzer

Measurement
head

Sample location

Fig. 1. Complex dielectric characterization by impedance measurement.

fused quartz fibers) and the thermosetting resins used (namely epoxy,
polyester and urethane acrylate) are described, as well as the implemen-
tation process. Then, a two-dimensional Maxwell-Garnett model is pre-
sented and developed for our specific composite laminates to compute
their dielectric characteristics (relative permittivity ¢, and loss tangent
tans). The dielectric measurements are carried out over two frequency
bands (100 MHz to 1 GHz and 18-26 GHz). Theoretical and experimen-
tal results are then compared and discussed. The mechanical character-
ization of the composite laminates, through tensile tests, completes the
study. Finally, conclusions are drawn.

2. Characterization techniques
2.1. Dielectric characterization

Relative permittivity ¢, = ¢, and loss tangent tané = ¢”, /¢’ are dis-
played from the complex dielectric permittivity expression ¢* = ¢’, —
j €” . € is retrieved from two separate techniques, namely the
impedance measurement and the free-space measurement. For each type
of composite laminates, three different samples machined from the same

laminate are assessed.

2.1.1. Impedance measurement

The impedance measurement (Fig. 1) retrieves ¢, and tané values
from 100 MHz to 1 GHz. An impedance analyzer is connected to a mea-
surement head. The measurement head acts as a capacitor of 7 mm-
diameter. Prior to measurements, a standard calibration was carried out
through an open (non-contact capacitor plates), short (face-to-face con-
tact capacitor plates), and load (25 mm x 25 mm x 0.8 mm Teflon®
sample with ¢, = 2.08 over the entire frequency band) sequential steps.
The sample surfaces have to be smooth to prevent any air gap between
the sample face and the related capacitor plate (which would cause arti-
facts). The measurement uncertainties are provided by the measurement
accuracy of the apparatus, as given by the supplier [14].

2.1.2. Free-space measurement

The free-space measurement (Fig. 2) retrieves ¢, and tans values
from 18 to 26 GHz. This technique is based on the signal processing
of reflection/transmission electromagnetic plane waves illuminating the
sample under test. A transmitting horn antenna, connected to a network
analyzer, radiates an electromagnetic field which is focused as a (locally)
plane wave on the sample by the use of two successive reflective mirrors.

Receiver horn

Sample location

Mirror

Transmitter
horn

Fig. 2. Complex dielectric characterization by free-space measurement.

The incident plane waves undergo reflection and transmission through
the sample under test according to its dielectric properties. The second
horn receives the outgoing electromagnetic waves after their reflection
onto two new successive mirrors. Prior to measurements, calibration
was also carried out through a standard thru (no sample), reflect (metal
plate), load (150 mm x 150 mm X 6.7 mm Teflon® sample with e, = 2.09
over the entire frequency band) sequential steps. For this technique, the
measurement uncertainties are mostly related to the sample thickness
spreading. A same sample of composite laminate material fabricated by
the vacuum infusion process may exhibit a thickness variation of about
+ 0.2 mm on 150 mm X 150 mm sample area. Due to this uncertainty,
results of free space measurement exhibit a relative permittivity varia-
tion of 8% and a loss tangent variation of 11% at 18 GHz.

2.2. Mechanical characterization by tensile tests

To evaluate the mechanical characteristics of the composite lami-
nate materials, tensile tests were performed up to the sample rupture,
according to the mechanical standard [15]. A Lloyd Instruments testing
machine (LR50K Plus) was used with a constant displacement rate of
2 mm/min applied on 25 mm-width and 250 mm-length samples. Re-
sulting force was measured with a 50 kN-force sensor and sample elon-
gation was measured through the variation of a random speckle pattern
applied on each sample surface and monitored by a camera. The related
strain, defined as (L-L,)/L, where L is the length of the sample during
the test and L, is the initial length of the sample, was computed with the
Digital Image Correlation (DIC) method [16]. The resulting tensile elas-
tic modulus (Young modulus) was retrieved between 100 and 200 MPa
(curve slope). The behavior of each type of composite laminates was
averaged from 5 samples measurements.

3. Fabrics, thermosetting resins and their implementation
3.1. Reinforcement fibers and the related fabrics

Among the families of inorganic reinforcement fibers and the related
fabrics, fibers of E-glass, S2-glass and fused quartz (commonly known
as “quartz”) were selected here according to their attractive dielectric
characteristics and their common use in the field of composite mate-
rials. E-glass fibers are the most popular reinforcements used in the
transportation area. They are mainly made of silica (55%wt. SiO,) and
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Table 2
Dielectric characteristics (ef; tansz) at 100 MHz and 1 GHz of
the selected reinforcement fibers, estimated from [18].

& tansg
Fibers
100 MHz 1 GHz 100 MHz 1 GHz
Quartz 3.7 3.7 1.0 x 10~ 1.1 x 104
S2-glass 53 53 2.0 x 103 2.5 x 1073
E-glass 6.4 6.4 3.0 x 1073 3.1 x 1073

calcium oxide (19%wt. CaO). The remaining 26%wt. are composed of
others oxides, mainly Al,O3, B,O5; and MgO. S2-glass contains a high
content of silica (65%wt.), alumina (25%wt. Al,03) and magnesium
oxide (10%wt. MgO), and is known for its lower relative permittivity
(Table 2) and its good mechanical strength [17]. Quartz fiber, made of
99.99%wt. pure silica, exhibits high temperature resistance as well as
low dielectric characteristics values (Table 2, [18]). The relative permit-
tivity £ and loss tangent tand; of the three types of fibers are displayed
in Table 2.

In this study, a quadriaxial fabric of E-glass fibers (2.8 yarns/cm
in the warp direction with an area density equal to 618 g/m?, refer-
ence QX618 from Sicomin, France), a plain weave of S2-glass fibers
(2.1 yarns/cm in the warp direction with an area density of 516 g/m?,
reference 6000 from CTMI, France) and a 4H-satin of quartz fibers
(11 yarns/cm in the warp direction with an area density of 180 g/m?,
reference 5903 from CTMI, France) were used. The quadriaxial weave
is a stack of four layers of unidirectional yarns: a first layer oriented at
+45° to the warp direction, a second layer oriented at 90°, a third layer
oriented at —45° and the top layer parallel to the warp direction (0°). The
plain weave corresponds to a periodic interlacing of yarns, alternatively
one over, one under. Finally, 4H-satin (four-harness satin) is a three by
one interlacing pattern. According to the supplier data, the Young mod-
ulus of the E-glass and of the quartz fibers is equal to 72 GPa, and that
of the S2-glass fibers is equal to 87 GPa. Literature reports an elongation
at break of 4.5-5% for E-glass fibers [18], 5.4-5.8% for S2-glass fibers
[18] and 8.7% for quartz fibers [19].

3.2. Thermosetting resins

In order to infuse the previous reinforcement fabrics to fabricate the
composite laminate materials, three types of thermosetting resins were
selected in the present study: the polyester, the epoxy and the urethane
acrylate resins.

Polyester is the cheapest thermosetting resin and the most used in
the field of composite materials, mainly in the fabrication of mainstream
ships, cars and industrial parts. It is produced by a condensation reac-
tion between a glycol and an unsaturated dibasic acid. The polyester
resin polymerizes after adding a catalyst (an organic peroxide) and a
cobalt accelerator [17]. In this study, the polyester resin used is a pre-
accelerated Norester® 823 (Nord Composites, France) and was catalyzed
with 2%wt. of catalyst (PMEC from Nord Composites, France). The resin
was polymerized first at room temperature for 24 h, and then was cured
at 40 °C for 16 h.

Epoxy is a two-component resin. This thermosetting resin is well
known to achieve high mechanical and temperature resistance perfor-
mance of composite laminates for high value-added products in various
means of transport: ships, vehicles and aircraft [17]. In this study, epoxy
resin (SR8100 from Sicomin, France), after adding hardener (SD8824
from Sicomin, France) with a 27:100 (v/v) ratio, was polymerized at
room temperature for 24 h, followed by a curing step at 80 °C for 6 h.

Urethane acrylate resin is made of a monomer containing urethane
groups with chain extenders. This resin is mainly used in the auto-
motive sector, for the bumpers fabrication for example. In this study,
as polyester resin, the urethane acrylate resin (Crestapol® 1261 from
Scott Bader, UK), after adding first 2%wt. of cobalt accelerator (NL49P

Composites Part C: Open Access 3 (2020) 100050

Table 3
Measured dielectric characteristics (e, tans,) at 100 MHz and 1 GHz
of the selected thermosetting resins (retrieved from impedance mea-

surement)
& (+0.5) tans,, (+ 0.5 x 1073)
Resin
100 MHz 1 GHz 100 MHz 1 GHz
Urethane acrylate 2.7 2.7 5x 1073 5x 1073
Polyester 2.7 2.6 14x102 1.1x 1072
Epoxy 33 3.1 3.0 x 102 2.5 x 1072

Fig. 3. Composite laminate material during its fabrication by vacuum infusion
process.

from AkzoNobel Functional Chemicals, Netherlands) and then 2%wt. of
specific catalyst (Trigonox 239 from AkzoNobel Functional Chemicals,
Netherlands), was polymerized at room temperature for 24 h, followed
by a curing step at 40 °C for 16 h.

The three thermosetting resins used in this study are infusion resins.
Furthermore at room temperature, these resins are glassy polymers. Ac-
cording to the supplier data, the Young modulus of the polyester, epoxy
and urethane acrylate resins is equal to 3 GPa, 2.4 GPa and 3.6 GPa,
respectively.

The single resins were cast in silicon molds and cured for the relevant
time. Impedance measurements on 2-mm thick samples were carried out
(Table 3). Urethane acrylate resin exhibits the lowest values of dielectric
characteristics in the 100 MHz to 1 GHz frequency range: ¢, = 2.7 + 0.5
and tané,,, = 5.0 x 1073 + 0.5 x 1073,

3.3. Fabrication of the composite laminate materials

Samples fabrication was done by standard vacuum infusion process,
widely used in industrial environment. It consists in infusing a fabric
by a thermosetting resin under vacuum. In this way, dry fabrics were
stacked onto a waxed glass slab. Placed under vacuum (-0.6 bar) with
a plastic bag as shown in Fig. 3, fabrics were infused jointly with the
liquid thermosetting resin. After 24 h of polymerization at room tem-
perature followed by the suitable curing step, the composite laminate
materials were cut to the required sizes to undergo the dielectric char-
acterizations (25 mm X 25 mm x 2 mm for the impedance measurement;
150 mm x 150 mm x 2 mm for the free-space measurement) and the
mechanical characterizations (250 mm x 25 mm X 2 mm).

The fiber volume fraction V; of each sample was computed as fol-
lows:

v, = nXmys

pXh
where n is the number of plies of the dry reinforcement fabrics, m,y is the
area density of the dry fabrics (kg/m?), py is the glass fiber volume den-
sity (kg/m?3), and h is the measured thickness of the composite laminate
sample (m).

Nine separate composite laminates (Table 4) were fabricated and in-
vestigated here, each made of specific reinforcement fabrics (E-glass, S2-

(C))
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Table 4

Fiber volume fraction V; of the fabricated composite laminate materials com-
puted from Eq. (1) with pgq; = 2200 kg/m? and p gass = Ps2.giass = 2600 kg/m?,
n is the number of plies of the reinforcement fabric in each laminate, and h is
the thickness of the composite laminate sample.

Composite laminate materials n h + 0.2 (mm) Vi (%)
Quartz | Epoxy 12 2.3 42
Quartz | Polyester 12 2.4 42
Quartz [ Urethane acrylate 12 2.4 41
S2-glass | Epoxy 5 2.1 46
S2-glass | Polyester 5 2.3 44
S2-glass | Urethane acrylate 5 2.3 43
E-glass | Epoxy 5 2.7 45
E-glass | Polyester 5 2.6 46
E-glass | Urethane acrylate 5 2.7 45

glass and quartz) infused with a specific thermosetting resin (polyester,
epoxy and urethane acrylate).

4. Mixing rules in the 100 MHz to 1 GHz frequency range

Since the last century, researchers develop theoretical models, called
effective medium approximations (EMA), to predict and compute theo-
retically the macroscopic relative permittivity &, of composite materi-
als made of a host medium (characterized by the relative permittivity
e and volume fraction V) and inclusions (characterized by the relative
permittivity ¢; and volume fraction V; = 1 — V}).

4.1. Mixing rules without loss

From the Maxwell equations, Maxwell-Garnett built a theory of
homogenization [20] based on a medium containing spherical inclu-
sions, still widely used today [21-23]. Based on this theory, a three-
dimensional mixing rule was developed to compute the effective per-
mittivity (or the macroscopic relative permittivity) of the composite
medium according to the relative permittivity of each component and
its related volume fraction [24], as follows:
Ei —&p

2
£i+2£h—V,-(£,-—5h) @

Epr =€y +3Vig,

From a theoretical point of view, Bruggeman solved the problem of
non-symmetry of the Maxwell-Garnett mixing rule (the results differed
when ¢; and V; were substituted by ¢;, and V;,) [25]. Other studies leaded
to an effective relative permittivity value covered by lower and upper
bounds to take into account the phase distribution influence [26], or
a relative permittivity value depending upon the fibers direction in re-
lation with that of the applied electric field [27-29]. Nevertheless, all
the previous models considered the composite media as lossless mate-
rials. Accordingly, the present study adapts a Maxwell-Garnett model
considering composite media with dielectric loss.

4.2. 2D Maxwell-Garnett model of composite materials with dielectric loss

Sihvola developed a Maxwell-Garnett mixing rule which computed
the complex dielectric permittivity ¢* = ¢, — j €”, of composite media
without neglecting the loss, where the inclusion dimensions remained
large compared with the molecular dimensions [30]. In the case of fiber
reinforced composite laminates, this condition is obviously completely
fulfilled. Moreover the fibers were considered as two-dimensional in-
clusions, as done by Bal and Kothari to predict the relative permittivity
of non-infused polyethylene fabrics [28]. According to these consider-
ations, the Maxwell-Garnett model was extended to two-dimensional
composite media, namely the composite laminate materials, where the
fibers of the reinforcement fabrics were considered as 2D cylinder di-
electric inclusions embedded into a dielectric matrix. Because of the
dielectric nature of the 2D cylinder fiber inclusions and of the matrix

Composites Part C: Open Access 3 (2020) 100050

[31], we assume that the complex permittivity £* ,,, of the composite
laminate materials can be expressed as follows [32]:
e, — gt
f m
=& +2V,e" 3
comp " 4 me*f+s*m—Vf(s*f —e*m)

e*

where £*;, is the complex permittivity of the resin host medium, £*¢ is
the complex permittivity of the fibers (2D inclusions), V; is the fiber
volume fraction, and V,,, = 1 - V; is the matrix volume fraction in the
composite laminate material. Eq. (3) complies the boundary conditions,
namely €*c,pp = €%, When Vy = 0 and &*,p, = €*f when Vy = 1. It is
worth noting that porosity (with £* ;. = 1) into the composite laminate
samples is neglected, which is close to reality when the vacuum infusion
process is implemented to fabricate such samples. Moreover the model
described above remains suitable if the wavelength of the electromag-
netic field used to characterize the composite material is large enough in
comparison with the dispersion and dimensions of the inclusions. These
conditions then enable the modelling of the diffusion effects as coming
from an equivalent homogeneous material. At 3 GHz, the working wave-
length of the electromagnetic field equals 10 cm. The biggest fabric yarn
used is 0.5 cm-wide (S2-glass — 2.1 yarns/cm) with a repeat weave unit
of 1 cm-wide. Therefore to consider the composite laminate material
as a homogeneous material for an electromagnetic point of view, the
present model is no longer suitable beyond the 3 GHz limit-frequency.
Accordingly, the mixing rule has been applied in the 100 MHz to 1 GHz
frequency range.

4.3. Application of the 2D Maxwell-Garnett model to the composite
laminate materials

The 2D Maxwell-Garnett model was used to compute the complex
dielectric permittivity e*wmp (Eq. (3)) of the composite laminate materi-
als from the complex dielectric permittivity values of the reinforcement
fibers s*f (Table 2) and of the single thermosetting resins £*,, (Table 3),
and by taking into account the fiber volume fraction V; in the compos-
ite laminate samples (Table 4). Results are displayed in Table 5 at both
ends of the studied frequency band, namely 100 MHz and 1 GHz.

On the one hand, the relative permittivity values of the single ther-
mosetting resins range from 2.6-2.7 (polyester and urethane acrylate
resins) to 3.1-3.3 (epoxy resin) in the 100 MHz to 1 GHz frequency band,
inducing an amplitude deviation A¢,, = 0.6 at 100 MHz and A¢,,, = 0.5
at 1 GHz (Table 3). For the relative permittivity values of the reinforce-
ment fibers, they range from 3.7 (quartz fibers) to 6.4 (E-glass fibers) in
the working frequency band, inducing higher values and larger ampli-
tude deviation (Aef = 2.7) (Table 2). Accordingly the computed relative
permittivity values &, com, of the composite laminate materials are con-
trolled by the type of reinforcement fibers used and they can be grouped
in three families whatever the working frequency (Table 5): the E-glass
fiber reinforced laminates with &, ., ranging from 3.9 to 4.5; the S2-
glass fiber reinforced laminates with &, .o, ranging from 3.5 to 4.1; and
the quartz fiber reinforced laminates with &, con, ranging from 3.0 to
3.5. Within each family, the composite laminates with epoxy resin host
medium always exhibit the relative higher €, .o, values while the ones
with polyester and urethane acrylate host media are close together (in
agreement with their related ¢, values).

On the other hand, loss tangent tans,, values of the single thermoset-
ting resins range from 5 x 1073 (urethane acrylate) to 25-30 x 1073
(epoxy) with a ratio equal to 6 (Table 3) and those of the reinforcement
fibers from 0.1 x 10~3 (quartz) to 3 x 10~3 (E-glass, Table 2) in the
100 MHz to 1 GHz frequency band. Despite the ratio variation of the re-
inforcement fiber tané; values, loss tangent of the composite laminates
is controlled by the type of the thermosetting resin used due to their rel-
ative high values, and can also be grouped in three families (Table 5):
laminates with epoxy host medium (tand,,, higher than 1072); lami-
nates with polyester host medium (6 x 103 < tané.y,, < 1072); and
laminates with urethane acrylate host medium (tand.,,, lower than
5 x 1073). For each family, the theoretical loss tangent values increase
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Table 5
Theoretical complex permittivity &* ., and loss tangent tané,, of the composite laminate materials computed from the 2D Maxwell-Garnett model at 100 MHz
and 1 GHz.
100 MHz Quartz S2-glass E-glass
Epoxy & comp 3.48 - j 6.0 x 102 411 -j7.2 %1072 443 - j83 x 1072
£aN3comp 17.2 x 1073 17.4 x 1073 18.6 x 1073
Polyester € comp 3.09 - j 2.0 x 102 3.62 - j 3.2 x 102 3.96 - j 3.7 x 102
£aNS comp 8.1 x 1073 8.9 x 1073 9.4 x 1073
Urethane € comp 3.10 - j 1.0 x 102 3.61 -j 1.4 x 1072 3.94 -j 1.7 x 1072
acrylate tans o, 3.1 x 103 3.9 x 103 43 x 1073
1 GHz Quartz S2-glass E-glass
Epoxy & comp 3.36 - j 2.5 x 102 3.97 - j 5.9 x 102 427 - j 6.7 x 102
£aNS comp 143 x 1073 14.9 x 103 15.8 x 103
Polyester  comp 3.04 - j 2.0 x 102 3.55 - j 2.7 x 102 3.88 - j 3.1 x 102
£aN3comp 6.6 x 103 7.7 x 1073 7.9 x 1073
Urethane & comp 3.07 - j 0.9 x 102 357 - j 1.4 x 1072 3.90 - j 1.7 x 10~
acrylate £ans copy 3.1 x 1073 4.0 x 1073 4.3 x 1073
6.0 —Quartz / Epoxy —S2-glass / Epoxy ~E-glass / Epoxy 0.030 ——Quartz / Epoxy —52-glass / Epoxy e E-glass / Epoxy
5.6 ===Quartz/ Polyester ~ ===S2-glass / Polyester  -~~E-glass / Polyester | ===Quartz / Polyester ~ ===S2-glass / Polyester ~ ~-~E-glass / Polyester
’ ——Quartz / Urethane ac. —— S2-glass / Urethane ac. E-glass / Urethane ac. 0.025 | ——Quartz / Urethane ac. —— S2-glass / Urethane ac. ——E-glass / Urethane ac.
g 5.2 §'
S o’
w 4.8 g 0.020
' -
'
244 fommmeecoaoooo T CT T ST ) s g -
= [r— g 0.015
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K 3.6 [F===F====----m---ooooo=oooo=s FemseeEerrrs , 0.010
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Fig. 4. 100 MHz to 1 GHz frequency variations of the relative permittivity ¢
impedance technique.

slightly according to the type of fibers (in agreement with their related
loss tangent values), but without really affecting their related absolute
value.

5. Characterizations of the composite laminate samples
5.1. Dielectric characterizations

5.1.1. Impedance measurement

Impedance measurement from 100 MHz to 1 GHz was performed
on the nine studied composite laminate samples (E-glass, S2-glass, and
quartz fibers, infused one by one with epoxy, polyester and urethane
acrylate thermosetting resins). Fig. 4 presents (&, copps taNSconp) vari-
ations versus frequency of the composite laminate samples. £* ., and
tans om, at 100 MHz and 1 GHz are given in Table 7. As expected, the rel-
ative permittivity &, c,n, measurement identifies three composite lami-
nate families, namely the E-glass reinforced laminates with the highest
€r comp values (& comp ~ 4.1-4.4), the S2-glass reinforced laminates with
the middle &, com, values (e, conp ~ 3.6-3.7), and the quartz reinforced
laminates with the lowest &, ., values (¢, copp =~ 3.1-3.2) in good
agreement with the theoretical behavior resulting from the 2D Maxwell-
Garnett model application. The relative permittivity values slightly de-
crease from 100 MHz to 1 GHz, as expected for standard dielectric ma-
terials [33].

" comp (a) and loss tangent tans,

Frequency (GHz)

comp (b) of the composite laminate samples measured by

Focusing on the dielectric loss, Fig. 4.b presents a relatively moder-
ate variation of tans,, versus frequency for all the samples; it may be
assumed as a constant for practical applications. The composite laminate
samples infused with epoxy resin exhibits always the highest loss values
(tandomp higher than 102 over the frequency band). E-glass and S2-
glass/polyester laminate samples show higher loss than that of laminates
infused with urethane acrylate resin. Loss tangent of quartz/polyester
laminates remains close to that of the E-glass and S2-glass/urethane
acrylate laminates. Accordingly, combination of middle loss reinforce-
ment fibers with a low loss thermosetting resin is similar to the combi-
nation of low loss reinforcement fibers with middle loss thermosetting
resin. Therefore, the combination of low loss reinforcement fibers with a
low loss thermosetting resin, namely quartz/urethane acrylate laminate
sample, must exhibit the lowest dielectric loss over the entire frequency
band: tandggy, = 2.8 x 1073 at 100 MHz and tans,,, = 3.1 x 1073 at
1 GHz.

comp

5.1.2. Free-space measurement

The dielectric characterizations were supplemented by free-space
measurement from 18 to 26 GHz on the same composite laminate sam-
ples (Fig. 5).

As at lower frequencies (100 MHz to 1 GHz), the results from free-
space measurement specify three composite laminate families, regard-
less of the resins used: the E-glass fiber reinforced laminates with &, ¢,
ranging from 4.3 to 5.0; the S2-glass fiber reinforced laminates with
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Fig. 5. 18-26 GHz frequency variations of the relative permittivity e
technique.

r comp

Table 6

Young modulus (GPa) of the composite laminate materials.
Young modulus Quartz S2-glass E-glass
Epoxy 181+ 0.7 21.1+09 129 + 1.2
Polyester 174 + 0.5 20.6 + 0.7 124 + 04
Urethane acrylate 165+ 0.5 195+ 05 12.1 + 1.1

€r comp Tanging from 3.6 to 4.0; and the quartz fiber reinforced laminates
with &, ¢omp ranging from 3.1 to 3.4. Comparison of the absolute rela-
tive permittivity values from free-space measurement with those from
impedance measurement exhibits an increasing &, com, value from 1 GHz
to 18 GHz. This increase is ascribed to the own uncertainties of the two
separate techniques used to characterize the samples in two different fre-
quency bands. As a reminder, the impedance measurement is based on a
capacitive method while free-space measurement is based on an electro-
magnetic reflection/transmission waves method. Nevertheless, the ex-
pected decrease of &, com, values is noticed from 18 GHz to 26 GHz.

Focusing now on the loss tangent variations versus frequency,
tansdom, values exhibiting by the nine samples are less split from each
other than at lower frequencies. However, the same trends are observed:
first, the direct impact of the resin type on the dielectric loss of the com-
posite laminates, and second, the slight influence of the reinforcement
fibers type on their dielectric loss. Accordingly, E-glass/epoxy laminates
exhibit the highest dielectric loss with tané.,, higher than 2 x 1072
over the entire 18-26 GHz frequency band while quartz/urethane acry-
late laminates exhibit once more the lowest dielectric loss with tans
lower than 8 x 103,

comp

5.2. Mechanical characterization

The stress-strain curves (Fig. 6) highlight a pure elastic behavior of
the nine composite laminates. Moreover the use of quartz fiber reinforce-
ment shows an increase of the elongation at break (up to 3.6%), while
the composite laminates reinforced with S2-glass and E-glass fibers ex-
hibit a similar elongation at break (close to 2.7%). This result is ex-
plained by the intrinsic elongation at break of the pure glass fibers (as a
reminder, 8.7% for quartz fibers, 5.4-5.8% for S2-glass fibers and 4.5-
5% for E-glass fibers). Regarding the stiffness of the samples studied
(Table 6), the composite laminates reinforced with S2-glass fibers ex-
hibit a Young modulus close to 20 GPa, those reinforced with quartz
fibers close to 17 GPa, and those reinforced with E-glass fibers close to

Loss tangent - tand m,
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Fig. 6. Stress-strain curves of the composite laminate samples measured from
tensile test.

12 GPa. It is worth noting that, even though epoxy resin provides a slight
increase in stiffness of the composite laminates, the impact of the resin
used is not relevant on their absolute Young modulus value. This result
stems from the similar mechanical characteristics of the pure resins used
(as a reminder, Young modulus equals 2.4 GPa for epoxy resin, 3 GPa
for polyester resin and 3.6 GPa for urethane acrylate resin).

6. Comparison of the 2D Maxwell-Garnett model with the
microwave measurements

(&7 comps tand omp) values retrieved from impedance measurement are
compared with those computed from Eq. (3) of the tailored 2D Maxwell-
Garnett model at 100 MHz and 1 GHz (Table 7). Theoretical &, .oy, val-
ues always fit with the measured ones in the uncertainty range of mea-
surement. The theoretical tand,n,, values often exhibit slightly higher
levels than the measured ones. Nevertheless, theoretical and measured
values remain very close to each other. Therefore, the proposed 2D
Maxwell-Garnett model provides fair (&, comp; tandcom,) theoretical val-
ues of the low loss composite laminate materials, conditionally upon
the electromagnetic wavelength used is large enough compared with
the dispersion and dimension scales of the reinforcement fibers.
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Table 7

Comparison of the computed and measured (&, comp;

tané

comp
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) dielectric characteristics of the composite laminate materials at 100 MHz and 1 GHz.

Composite laminate materials Theoretical &, ¢omp, Measured &, comp, Theoretical tané,, Measured tané,,
100 MHz
Quartz | Epoxy 3.48 32+05 17.2 x 1073 14.0 x 103 + 0.5 x 1073
Quartz | Polyester 3.09 32 +05 8.1 x 1073 6.4 x 1073 + 0.5 x 1073
Quartz | Urethane acrylate 3.10 3.1+05 3.1 x 1073 2.8 x 103 + 0.5 x 103
S2-glass | Epoxy 4.11 3.7 + 05 17.4 x 1073 13.7 x 1073 + 0.5 x 1073
S2-glass | Polyester 3.62 3.6 + 0.5 8.9 x 1073 7.6 x 1073 + 0.5 x 1073
S2-glass [ Urethane acrylate 3.61 37 +05 3.9 x 1073 48 x 1073 + 0.5 x 1073
E-glass | Epoxy 4.43 42 + 06 18.6 x 1073 14.6 x 1073 + 0.5 x 1073
E-glass | Polyester 3.96 4.4 + 0.6 9.4 x 1073 8.4 x 1073 + 0.5 x 1073
E-glass | Urethane acrylate 3.94 43 + 0.6 43 x 1073 50 x 1073 + 0.5 x 1073
1 GHz

Quartz | Epoxy 3.36 31+05 143 x 1073 11.1 x 1073 + 0.5 x 1073
Quartz [ Polyester 3.04 31+05 6.6 x 1073 52 x 1073 + 0.5 x 1073
Quartz | Urethane acrylate 3.07 3.1+05 3.1 x 1073 3.1 x 103 + 0.5 x 103
S2-glass | Epoxy 3.97 36+ 05 149 x 10-3 123 x 1073 + 0.5 x 103
S2-glass | Polyester 3.55 3.6+ 0.5 7.7 x 1073 7.6 x 1073 + 0.5 x 103
S2-glass | Urethane acrylate 3.57 3.6 +0.5 4.0 x 1073 6.6 x 1073 + 0.5 x 1073
E-glass | Epoxy 4.27 4.1 + 06 15.8 x 1073 129 x 1073 + 0.5 x 1073
E-glass | Polyester 3.88 43 + 0.6 7.9 x 1073 8.0 x 1073 + 0.5 x 1073
E-glass | Urethane acrylate 3.90 42 + 06 43 x 1073 57 x 1073 + 0.5 x 1073

Both theoretical and experimental investigations demonstrate that
the reinforcement fibers type impacts the relative permittivity of the
composite laminate materials, and the organic resin type impacts their
dielectric loss. In that way, the quartz/urethane acrylate composite lami-
nate exhibits the most attractive dielectric characteristics for microwave
applications, namely low relative permittivity value (&, copp = 3.1 £ 0.5)
and very low loss value (tand ,n,, ~ 2.9 x 1072 + 0.5 x 1073) in the
100 MHz to 1 GHz frequency band. This composite laminate can there-
fore be used as radome and/or dielectric substrate for antenna applica-
tions.

To date, cyanate ester resin was the most attractive resin in the aero-
nautical area due to its high dielectric and mechanical performance.
This resin is an epoxy-like processing, but more difficult to imple-
ment due to its strong exothermic behavior, high vacuum with ad-
ditionally autoclave processing and high curing temperature (higher
than 200 °C) requirements. Recent open literature provides the mea-
sured dielectric characteristics of quartz/cyanate ester composite lam-
inate materials at 300 MHz (&, copp = 3.42 and tandcom, = 5.8 X 1073
[34]). The quartz/urethane acrylate composite laminates studied here
exhibit higher dielectric performance at the same operating frequency:
€r comp = 3.1 and tand om, ~ 2.8 X 10-3. At higher operating frequency,
a study presents the quartz/cyanate ester composite laminates as the
combination providing the lowest loss achievable from commercial off-
the-shelf aerospace materials with tandcomp = 3 x 103 at 10 GHz [13].
For comparison, our quartz/urethane acrylate composite laminates ex-
hibit a loss value tané op, = 6 X 10-3 at 18 GHz, demonstrating the
relevance of such composite materials over a wide operating frequency
band, from 100 MHz up to 26 GHz.

7. Conclusions

Dielectric characteristics, namely relative permittivity &, con, and
loss tangent tand ,,,, of low loss composite laminate materials were
theoretically and experimentally studied at microwaves. The two-
dimensional Maxwell-Garnett mixing rule developed for such a mate-
rial provides fair (&, comp; tanScomp) theoretical values, which fit strongly
with the measured ones in the 100 MHz to 1 GHz frequency band (in
the uncertainty range of measurement). Mechanical characteristics of
the composite laminates were also measured through tensile tests.

This study highlighted the quartz fabric/urethane acrylate type
resin composite laminate materials which exhibit (&, comp = 3.1;

tans oy = 3.1 x 1073) and (&, comp = 3.2; tandggy, = 6 x 1073) mea-

sured values at 1 GHz and 18 GHz, respectively. Such composite lami-
nate materials are therefore relevant for low loss load-bearing antenna
composite structures for microwave applications, in direct competition
with the quartz fabric/cyanate ester type resin composite laminates. In-
deed, this well-known composite material remains more expensive and
difficult to implement. Urethane acrylate could therefore be considered
as the promising thermosetting resin for substrates and/or radomes of
antennas embedded into load-bearing composite panels.
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