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The relative permittivity of flax/epoxy composites in unidirectional and biaxial orientations was mapped in the
frequency range of 1 kHz to 200 kHz, and for the first time in the range of 1 MHz to 1 GHz. In addition,
permittivity was investigated for the first time in the temperature range between — 20 °C and 50 °C. These
composites, produced using the vacuum infusion process, are increasingly used for sustainable and lightweight
structural components in the automotive industry. The relative permittivity was determined using a self-
developed plate capacitor with an LCR bridge and an impedance analyzer. An examination of the microstruc-
ture of the flax/epoxy composites shows that the fibers are disordered in the composite, resulting in local var-
iations in fiber volume fraction. Furthermore, it was shown that the matrix also infiltrates into the fiber itself,
resulting in an increase of the matrix fraction. It was found that unidirectional fabrics had a higher relative
permittivity than biaxial fabrics, due to a higher fiber volume fraction and lower proportion of epoxy. The results
suggest that it is the fiber volume fraction, rather than the manufacturing process and fiber orientation, that
primarily determines the relative permittivity. It was also found that the permittivity continues to decrease below

room temperature and thus behaves in a manner typical of the material in this temperature range as well.

1. Introduction

The interest in natural fiber composites has continuously increased
in recent years [1]. This is due to their outstanding mechanical prop-
erties, low cost, high lightweight potential and, above all, high envi-
ronmental compatibility [1,2]. The renewable plant fibers even have a
negative COy balance due to their photosynthesis [2], which makes
them one of the most relevant materials for science and industry in the
future. These advantages make the renewable material particularly
interesting for vehicle construction [3].

At present, natural fiber composites are already being used in auto-
motive engineering for interior door panels, storage compartments, seat
trim and even sunroof frames, among other things. In the latter, for
example, weight savings of up to 50 % can be achieved compared to the
classic metal design [1]. Fiber composites such as carbon or glass fiber
composites are consequently being pushed further out of the market by
progressive developments in the field of plant-based composites and
their weight advantage. [4].

Due to the advantages mentioned above, not only the interior but
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also load-bearing structural components of the vehicle are to be devel-
oped from natural fiber composites in the future. For the use of natural
fiber composites in safety-relevant components in the vehicle, however,
mechanical component monitoring during use is essential. The reason
for this is the fluctuating mechanical properties of the fiber due to non-
uniform plant growth [1,5]. A new type of sensor element, consisting of
electrically conductive materials which are inserted into the composite,
is intended to monitor the wear condition of the composite with the aid
of high-frequency alternating currents. The electrical mode of operation
is based on wear measurement, which was already demonstrated for
cables and wires in moving applications [6]. Here, transmission loss and
phase response are measured in-situ over the service life and conclusions
are drawn about the remaining service life based on a change in the
signal. To be able to electrically design the HF-sensor element, for
example, about its characteristic impedance, it is necessary to know the
dielectric properties of the fiber composite material. Many publications
already exist describing the complex relative permittivity of natural
fiber composites. However, these neither cover the manufacturing pro-
cess used, nor the relevant frequency range.
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For the first time, a flax/epoxy composite material is to be used,
which is produced using the vacuum infusion process. It has high me-
chanical specific strength and stiffness [7,8] and performs excellently
compared to other natural fiber composites [2]. For flax/epoxy prepregs
with a fiber volume fraction of 50 % and unidirectional fiber orientation
with a frequency between 100 mHz and 1 MHz, it has already been
shown that the temperature dependence of permittivity and loss angle
decrease significantly above a frequency of 1 MHz [9,10]. This material
behavior can be attributed to the polarization of the water molecule
dipoles of the flat fiber [9-11]. Basically, higher the temperature, lower
the orientation polarization. This relationship is described by the Debye
equation, which relates the permittivity to the molecular quantities [12,
13]. At higher frequencies, the orientation polarization decreases, since
due to their inertia the dipole molecules can no longer follow the
external field and finally only displacement polarization takes place. At
this point, the Debye equation changes into the Clausius-Mossotti
equation, which neglects the orientation polarization [14].

In addition, flax/epoxy composites manufactured by hot-pressing
method with fiber volume fractions of 30 %, 45 % and 60 % were
investigated in the frequency range between 0.1 and 10 MHz [15]. A
single measurement of the flax/epoxy composite at 9.375 GHz was also
performed for fiber volume fraction of 60 %. This results in an &, of 4.93
and tané of 0.018. [15]. For flax reinforced polypropylene composites
manufactured by compression molding, an ¢, of 1 and a tans of 0.06
could be measured at 1 MHz [16]. In the discussion section of this paper,
a table summarizing the results of the complex relative permittivity of
flax/epoxy composites from the literature In addition, results exist on
the dielectric behavior of other natural fiber composites such as loofah
[171, rice straw [17], sisal [17], jute [18], coir [19], banana [20],
bamboo [21] and sunn hemp [22]. These are only comparable with the
flax/epoxy composite to a limited extent and are therefore not consid-
ered further.

The aim of this work is to measure the frequency dependent complex
relative permittivity &, = ¢, —je, of unidirectional (UD) and biaxial (BA)
flax/epoxy composites fabricated by vacuum infusion method with high
frequency alternating currents. Here, the dielectric properties will be
presented for the first time in the frequency range up to 1 GHz. The fiber
orientation plays a crucial role since it has an effect on the mechanical
properties of the material [2]. In addition, the complex relative
permittivity in the temperature range between — 20 °C and 50 °C is
presented for the first time in the frequency area between 1 kHz and
200 kHz. This temperature range is particularly relevant for the subse-
quent application of the sensor element. Previous work shows measured
values starting at 40 °C [9,10]. In frequency range up to 1 GHz, tem-
perature plays a subordinate role, since there is no longer any influence
on relative permittivity above a frequency of 1 MHz [9,10,23].

2. Methods
2.1. Materials

The samples are made of flax/epoxy using the vacuum infusion
process [24]. Flax fibers of the type ampliTex Art. No. 5025 [25] with
280 g/m? (gsm) from the manufacturer bcomp are used. These scrims
have the advantage that they can be combined to samples of any com-
bination of fiber orientation due to the unidirectional fiber layer. Thus,
unidirectional as well as biaxial specimen can be prepared from the
identical starting material to allow high comparability of the results.
Epoxy Resin L and Hardener GL1 are used to produce the composite.

Both the unidirectional and the biaxial scrims are made of four layers
with the orientation UD = (0°, 0°, 0°, 0°) and BA = (0°, 90°, 90°, 0°). For
this purpose, the fiber mats are aligned on a glass plate and then sealed
airtight with a film. Due to this manufacturing process, usually only one
face of the sample is smooth in the vacuum infusion process. For the
present work, in deviation from the standard procedure, an additional
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Plexiglas pane is positioned between the flax fiber and the foil, so that a
smooth sample surface can be ensured on both sides. This is essential for
a dielectric measurement with surface contact, so that as little air as
possible is trapped between the sample and the electrodes of dielectric
probe, that could falsify the measurement. The epoxy resin is then drawn
through the scrim with the aid of vacuum. The reason for choosing the
dimensions of the specimen is to match the dimensions of the parallel-
plate capacitor, which is presented in the following chapter. In addi-
tion, a sheet of Epoxy Resin L, which is used in the natural fiber com-
posite, was cast to examine its dielectric properties separately. The
specimen has dimensions of 450 x 450 mm with a thickness of 2.9 mm.
In the supplemental files is a picture of the specimens used for the
measurement.

For the determination of the fiber volume fraction, the specimen are
embedded with cold embedding medium (CEM100 Blue) [26] and then
ground with a 1500 grit silicon carbide paper. Subsequently, fiber and
matrix are manually colored on the microsections shown using image
processing software. Thus, the relationship between fiber and matrix can
be determined. Automated determination is only possible to a limited
extent, since the edge areas of the fiber are not accurately detected due
to the small differences in contrast, resulting in errors. The fiber volume
fraction of the unidirectional sample is approx. 45 %. At about 39 %, the
biaxial specimen has a lower fiber volume fraction, which can be
attributed to the greater packing density of the unidirectional fiber layer
caused by the manufacturing process [27]. In unidirectional orientation,
the fiber planes can slip into each other, which is not possible when the
orientation is 90° to each other. The vacuum, which leads to planar
loading on the flax fiber during specimen fabrication, enhances this ef-
fect. This better space utilization leads to a higher fiber volume fraction,
since the volume between the fibers is minimal. A detailed consideration
of the microstructure of the flax/epoxy samples is given in chapter 3.1.
Microstructure analysis is performed using a JSM-6610 [28] scanning
electron microscope (SEM) and industrial micro-computed tomography
(uCT). The X-ray device uses a 225 kV microfocus X-ray tube and offers a
real resolution of 900 nm/voxel.

2.2. Measurement

The measurement of the relative complex permittivity takes place
with the aid of two measuring setups and instruments. This is due to the
limited measuring ranges of the measuring instruments utilized. By
combining the devices, a frequency range from 1 kHz to 1 GHz can be
represented ( Fig. 1).

The first measurement setup for frequencies from 1 kHz to 200 kHz
consists of a parallel-plate capacitor with guard electrode according to
DIN EN IEC 62631-2-1:2018 [29] and the Rohde & Schwarz HM8118
LCR Bridge/Meter [30]. Publications already exist with measured values
of the complex relative permittivity of flax/epoxy composites in the
selected frequency range from 1-200 kHz. To ensure comparable results
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HM8118 LCR Bridge/Meter

Fig. 1. Schematic measurement setup of parallel-plate capacitor and HM8118
LCR Bridge/Meter.
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with those already known, the composite used in this work is therefore
also analyzed in the frequency range between 1 kHz and 200 kHz. The
diameter of the smaller capacitor plate, which is enclosed by the guard
electrode, is 418 mm. The guard electrode has a gap of 0.5 mm to the
capacitor plate and an outer diameter of 440 mm. It serves to minimize
the stray fields in the edge region of the capacitor and thus improves the
accuracy of the measurement result. The opposite capacitor plate
without guard also has the outer diameter of 440 mm. The capacitor and
the corresponding geometries were designed specifically for the tests
with flax/epoxy composite material. The design was made according to
the measuring range of the LCR meter and aluminum was used as the
material. A picture of the measurement setup is shown in the supple-
mental files. Before each series of measurements, a calibration is per-
formed. This is done by aligning, the short-circuit and open-circuit states
for all measuring points (frequencies). It reduces system-related errors,
such as the parasitic effects of the test leads. The electrical connection of
the LCR bridge/meter is shown schematically in Fig. 1. As can be seen,
the four-wire measurement technique is used to prevent parasitic
resistance. To verify the self-built test rig, PTFE with defined dielectric
properties was measured. The values from the data sheet could be
reproduced. For the sake of clarity, the results of this control group can
be viewed in the digital appendix.

The relative permittivity &ngc) of the natural fiber composite is
calculated by the following equation:

CNfC e deC
——— €A ——
CAir A dAir

£€4(NfC) (@)

As a reference the capacitance of the ambient air is measured, since
its relative permittivity is known to be &,x;) = 1.00059 [31]. To ensure a
constant distance between the capacitor plates is guaranteed, spacers
made of PLA are used in around the guard electrode. These therefore
have no influence on the measurement of the capacitance. Subsequently,
the unidirectional and biaxial flax/epoxy composites and the pure epoxy
sample are then inserted between the capacitor plates. To ensure that
the plates lie flat against the samples to be measured, they are addi-
tionally pressed together. Due to the size of the plate capacitor in rela-
tion to the ratio between fiber size and matrix of the flax/epoxy
composite, local differences in the composite structure can be ignored
during the measurement. The reason for this is that there is a sufficient
averaging over the cross-section of the plate capacitor. As this mea-
surement setup operates in the frequency range between 1 kHz and
200 kHz, a temperature dependence of the complex relative permittivity
is to be expected. For this reason, the measurements are carried out in a
Binder MK 112 [32] climatic chamber in the temperature range between
— 20 °C and 50 °C. Since the climatic cabinet has a side opening for the
test leads to pass through, the door can remain closed for the entire
duration of the test.

The second measurement setup consists of the Keysight E4991A
Impedance/Material Analyzer [33] and the 16453A Dielectric Material
Test Fixture [34] with a measuring head diameter of 15 mm. This fixture
allows measurements from 1 MHz to 1 GHz. Calibration is performed
with a 7 mm cal kit at the substrate level. In addition to the open and
closed states (open/short standard), a calibration standard made of
polypropylene with known dielectric properties is used. Since the in-
strument performs the calculation according to the formula shown
above independently after successful calibration, the relative permit-
tivity of the natural fiber material can be output directly.

For both measurement setups, the unitless loss angle tané is given.
The conversion to the imaginary part of the relative permittivity is done
according to the following equation:

tans = £ /¢ )

Unlike the previously presented setup, the measuring head of this
measurement setup is in the same order of magnitude as the fiber to
matrix ratio. For this reason, it is necessary to move the specimen
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slightly during each measurement to account for local differences in the
composite structure. If the specimen would not be moved, it is possible
that e.g., a spot with increased fiber content would be measured and
thus a falsification of the results occurs.

3. Results and discussion

In the first part of this chapter, the microstructure of the flax/epoxy
samples is presented. On the one hand, this should serve to better
characterize the samples so that it becomes apparent how the ratio be-
tween flax and epoxy is. This is important because the complex relative
permittivity as a function of fiber volume fraction and thus the flax/
epoxy ratio will be addressed. On the other hand, a better comparison to
previous research results should be possible to support statements in the
discussion section.

3.1. Microstructure analysis of the flax/epoxy specimen

Fig. 2 shows the microstructure of the unidirectional (Figs. 2, al-a3)
and the biaxial (Figs. 2, b1-b3) flax/epoxy specimen. The images were
taken by micro-computed tomography, thus allowing non-destructive
component observation. Three sections are shown of both specimen
variants, which are taken in longitudinal section through the specimen
at intervals of 5 mm.

The flax fibers have a relative movement to each other in the lon-
gitudinal direction. This movement is exemplified by the yellow circles
(UD: I-III and BA: IV-VI), which mark one flax fiber each for both sam-
ples. The samples thus exhibit strong local differences in the composite
structure as the fibers move among themselves. A statement about the
complex relative permittivity can thus only be made with limited ac-
curacy for local sections on the order of the plant fiber since the ratio
between fiber and matrix is not constant. As already mentioned in the
previous chapter, this inconsistencies of the composite material neces-
sitates an averaging of the recorded measured values of the complex
relative permittivity if the size of the measuring probe is not a multiple
of the dimension of a plant flax fiber.

A closer look at the fiber reveals that the flax itself consists of many
smaller plant fibers that are interwoven with each other. Since the res-
olution of micro-computed tomography, which was used for Fig. 2, is not
sufficient for the individual observation of a single fiber, the individual
observation is carried out with a scanning electron microscope.

Fig. 3(a) shows a cross-sectional micrograph of the flax/epoxy
composite. The plant fiber itself consists of many smaller fibers. This
becomes even clearer when looking at Fig. 3(b), which is a magnifica-
tion of Fig. 3(a). It can also be seen that the vacuum infusion process
allows the epoxy to reach into the interstices of the individual flax fiber
components, thus minimally reducing the fiber volume fraction. With
the help of the micro sections, it can also be ruled out that there is air in
the composite, which has a significant influence on the complex relative
permittivity and mechanical strength. Figs. 3c and 3(d) show two flax
fibers without matrix, which again clearly show that a flax fiber is
interwoven from many smaller fibers.

3.2. Dielectric Measurement

Fig. 4(a-f) shows the real and imaginary parts of the relative
permittivity versus frequency. The individual measurement points are
averaged from three measurements. Fig. 4 shows the complex relative
permittivity of the flax/epoxy composites and the epoxy matrix inves-
tigated in this work in the frequency range between 1 kHz and 200 kHz.
The set of curves in each of the six figures displays the measured values
for the temperatures in the range between — 20 °C and 50 °C. Each
measurement point is averaged from three individual measurements.
From the scatter bars, a small standard deviation is observed for all
measurements.

Fig. 4(a) shows the real part of the permittivity of the unidirectional
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Fig. 2. Micro-computed tomography (uCT) for the unidirectional (a) and biaxial (b) microstructure of the flax/epoxy composites. (al - a3, unidirectional) and (b1-
b3, biaxial) show cross-sectional images of the flax/epoxy composite at 5 mm. (L. - III., unidirectional) and (IV. - V1., biaxial) show one fiber each and illustrate the

variance due to manufacturing.

1 20pm

Fig. 3. Individual observation of the flax fiber in the composite. a) Microscope image of a micrograph of the flax/epoxy composite. b) SEM image of the flax/epoxy
composite. ¢) SEM image of the pure flax fiber. b) SEM image of the pure flax fiber with magnification to the fiber constituents.

flax/epoxy sample. At room temperature (20 °C), the permittivity is €’
=5 - 5.1. The real part of the permittivity increases as a function of
temperature. This spreading is due to the improved conductivity of the
composite when the temperature increases [9,35] and has been shown
several times in the context of natural fiber composites [9,10,12,35-37].
Furthermore, at the frequency of 1 kHz, a stronger effect of temperature
on permittivity can be detected. This effect is even stronger in the
imaginary part &’;, which will be discussed below. This is due to the
dispersion and associated polarization effects of the water molecules in
the plant fiber, which have already been explained at the beginning. For
high frequencies and temperatures, the relative permittivity start
decreasing. It is striking that the measured values scatter strongly at a
frequency of 1 kHz, compared to the higher frequency measured values.
Small loss angles mean resistances in the Megaohm range. Thus, the
currents to be measured at the applied excitation of 1 V are in the range
of microamperes, which are difficult to resolve. The interpretation of the
imaginary part of the relative permittivity at 1 kHz is therefore only
possible to a limited extent. A consideration of measured values below
1 kHz is therefore also not to be evaluated as meaningful. These

measurement inaccuracies are found for all measurements shown in
Fig. 4. The imaginary part of the relative permittivity of the unidirec-
tional flax/epoxy sample is shown in Fig. 4(b). Again, at 1 kHz there isa
clear spread as a function of temperature. This already drops signifi-
cantly at 10 kHz. For the measured value at 50 °C, ¢", drops from 1 to
0.24. The reason for this behavior is polarization effects of the water
molecules [12]. Fig. 4(c-d) shows the real and complex permittivity of
the biaxial flax/epoxy specimen. The characteristics of the measured
values for both flax/epoxy samples are the same, which is conclusive
since both samples are made of identical materials. The results differ in
the magnitude of the measured permittivity from those of the unidi-
rectional specimens. The unidirectional flax/epoxy composite has a
higher permittivity over the entire frequency range than the biaxial
flax/epoxy scrim. At the temperature of 20 °C and 200 kHz, the unidi-
rectional flax/epoxy sample has a permittivity ¢, of 5.1 and the biaxial
sample has a permittivity ¢, of 4.52. This is due to the higher fiber
volume fraction of the unidirectional specimen. In Fig. 4(e-f), pure
epoxy resin has a significantly lower permittivity than the composite of
flax fiber and matrix. At a temperature of 20 °C and frequency of
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Fig. 4. Complex relative permittivity in the frequency range between 1 kHz and 200 kHz as a function of temperature for (a-b) unidirectional flax/epoxy composites,

(c-d) biaxiale flax/epoxy composites, and (e-f) pure epoxy.

200 kHz, the permittivity ¢, of the epoxy is 3.9 and that of the unidi-
rectional flax/epoxy sample is 5.1. For the matrix material, a tempera-
ture dependence over the frequency range can also be seen. This is due to
an increase in the mobility of the polymer molecules, which leads to an
increase in the real part of the permittivity [38,39]. The opposite
behavior at 1 kHz compared to the flax/epoxy sample can only be
explained by the lack of organic content in the epoxy. It should also be
mentioned at this point that measurement inaccuracies can occur at
1 kHz. For the imaginary part of the permittivity of the epoxy, an in-
crease over temperature can be seen, especially in the range between
1 kHz and 10 kHz, which has already been shown several times [39-42].

The lower proportion of epoxy resin in the composite thus ensures
that the influence of the pure flax fiber on the electrical measurement is
greater and the overall permittivity is higher in the unidirectional scrim.
This differentiation between flax fiber and epoxy is independent of the
scrim orientation and is already known [9]. The relative permittivity of
the plant fiber has also been found to be greater than that of the epoxy in
other natural fiber composites [17,18,20].

To compensate for the disadvantages of measuring in the low fre-
quency range and to produce results closer to the intended range of use
at a few GHz, the identical samples were analyzed in the second step
using the Keysight E4991A Impedance/Material Analyzer and the
16453A Dielectric Material Test Fixture. Readings were taken in the
frequency range between 1 MHz and 1 GHz. The results of the real and

imaginary parts of the relative permittivity are shown in Fig. 5. A total of
801 measurement points were recorded over the frequency range, each
of which is averaged from ten individual measurements. Attention was
paid to moving the specimens back and forth under the measuring head
for each new measurement to consider potential influences of the fiber
structure. The measured values at 1 MHz vary greatly. The reason for
this is that the measurement method used does not work accurately in
this frequency range. Here, too, this behavior is due to the combination
of a small measured value and high inaccuracy caused by the relatively
small measuring frequency. In Fig. 5, for the sake of clarity, a scatter bar
is shown only at every 20th value, since otherwise the measurement
curve itself would no longer be recognizable.

Fig. 5(a) shows that the real permittivity of epoxy, unidirectional and
biaxial composites decreases with frequency. This frequency depen-
dence is characteristic and, as mentioned earlier, can be explained by the
different polarization effects [43]. Also in this measurement, a clear
difference between the unidirectional and biaxial flax/epoxy fabrics can
be seen, which can be attributed to the different fiber volume fraction.
Thus, it is proven that the fiber orientation and the related
fabrication-related fiber volume fraction has an influence on the real
permittivity. A comparison of the results in Fig. 4 and Fig. 5 shows that
the results are conclusive with each other. At a frequency of 200 kHz, a
permittivity ¢, of 5.1 was shown for the unidirectional flax/epoxy
sample at 20 °C. The results in Fig. 5 link to a permittivity £ of 5.1. The
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Fig. 5. Real part (a) and imaginary part (b) of the permittivity of unidirectional and biaxial flax/epoxy composites and epoxy in the frequency range between 1 MHz

and 1 GHz.

readings in Fig. 5 tie in at a frequency of 20 MHz with a permittivity &',
of 4.8 of identical magnitude. It can be clearly seen that there is a large
scatter in the measured values for both the real and imaginary parts of
the permittivity at a frequency of 1 MHz. The results in this frequency
range must therefore be viewed critically, since the measuring instru-
ment does not get them resolved cleanly.

The imaginary part of the permittivity is shown Fig. 5(b). The fre-
quency dependence and the difference between unidirectional and
biaxial flax/epoxy fabrics can also be seen here. Only the increasing
trend of epoxy is no longer evident in the frequency range between
1 MHz and 1 GHz, which has already been shown in the past [39,44].
The reason for this is the f§ relaxation process, which comes into play at
high frequencies and low temperatures [45]. The magnitude of the
imaginary parts shown agrees with those in Fig. 4.

It was shown that the fiber orientation of a flax/epoxy sample pro-
duced by the vacuum infusion process has an influence on the complex
permittivity due to the fiber volume fraction. The higher the fiber vol-
ume fraction, the greater the complex permittivity due to the increasing
influence of the flax fiber compared to the matrix. This behavior as a
function of fiber orientation can be supported by the studies on flax/
epoxy composites [ 15] and bamboo fiber and nanoclay-reinforced epoxy
[30], as it was shown that the dielectric properties increase with fiber
volume fraction. The frequency dependence of the two measured com-
ponents follows the characteristic course of the permittivity or suscep-
tibility, which is additively composed of the various mechanisms of
electrical polarization (displacement polarization, orientation polariza-
tion, ion polarization, etc.), which in turn depend on frequency.
Therefore, as expected, all & values decrease (continuously) with
increasing frequency. Local maxima in the imaginary part cannot be
identified so far. This is to be considered in future investigations over an
extended frequency range.

A comparison with measured values from the literature in this fre-
quency range is only possible to a limited extent, since corresponding
values are only available up to 1 MHz. Table 1 shows the quantitative
results of the complex relative permittivity of unidirectional flax/epoxy
composites at a frequency of 200 kHz from the literature. This is
intended to place the results presented in this paper in the context of
previous research. A direct comparison with the results in the frequency

Table 1
Overview relative permittivity of unidirectional flax/epoxy composites at
200 kHz.

Fiber volume £ P Manufacturing Temp. Reference
fraction [%] process [°Cl

50 2 0.07 prepregs 40 [9]

50 10 0.6 prepregs 40 [10]

30 4 0.08 hot-pressing 20 [15]

45 4.2 0.126  hot-pressing 20 [15]

60 4.4 0.176  hot-pressing 20 [15]

range between 1 MHz and 1 GHz is not possible, since measured values
from the literature are limited to 1 MHz.

The measured values of both the real and the imaginary part of the
relative permittivity fluctuate. The results of the real part from [10] are
particularly striking. Fig. 4 shows a real permittivity ¢, of 5.1 and a
complex permittivity &’ of 0.18 for the unidirectional flax/epoxy sample
at a temperature of 20 °C and a frequency of 200 kHz. Since the fiber
volume fraction is 45 %, the results presented here can be compared
with those from [15]. It can be clearly seen that the values are in the
same order of magnitude and differ only slightly. Thus, it can also be
concluded that the manufacturing method has at most a minor influence
on the dielectric properties. If there are increased air inclusions in a
manufacturing method due to the manufacturing process, the permit-
tivity will be lower compared to the results shown here. Based on the
results from [15], it can also be seen that the complex permittivity in-
creases with increasing fiber volume fraction. This confirms the
measured differences between the unidirectional and biaxial samples
due to their different fiber volume fraction. Only the already mentioned
results from [10] do not fit into the order of magnitude of the key figures
presented here. A comparison with measured values in the temperature
range below 20 °C is not possible, since no values exist for this in the
literature.

4. Conclusion

The aim of this publication was to show for the first time the complex
relative permittivity of unidirectional and biaxial flax/epoxy composites
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in the temperature range between — 20 °C and 50 °C for the frequency
range between 1 kHz and 200 kHz. In addition, the complex permittivity
in the frequency range between 1 MHz and 1 GHz was to be mapped for
the first time for the plant fiber composite. In this work, the samples
prepared by vacuum infusion method were investigated using a self-
developed parallel-plate capacitor and an impedance/material analyzer.

For a more detailed description of the two flax/epoxy samples, a
micro-computed tomography and an SEM image were also obtained.
These show that local differences occur in the relationship between fiber
and matrix and that these must be considered when using small
measuring heads to determine permittivity. Another result of the
microstructure analysis was that the matrix penetrates the individual
flax fibers and thus slightly reduces the fiber volume fraction. Based on
the images shown, it can be ruled out that air inclusions occurred during
the manufacture of the samples, which would falsify the result.

It was shown that the unidirectionally fabricated flax/epoxy com-
posite has a larger complex relative permittivity over the entire fre-
quency range than the biaxial scrim due to its higher fiber volume
fraction. The ratio between fiber and matrix material due to
manufacturing is responsible for this. The resin used has a lower relative
permittivity than the flax fiber. Thus, the fiber volume fraction plays a
crucial role in the magnitude of the complex relative permittivity. In
addition, the complex relative permittivity of a plant fiber composite
was investigated for the first time in the temperature range between
— 20 °C and 20 °C, which is relevant for the new sensing element. This
shows that the behavior is analogous to the temperature ranges already
investigated from room temperature. This means that with decreasing
temperature, the relative permittivity in the frequency range between
1 kHz and 200 kHz also decreases further above zero. At the frequency
of 200 kHz, a permittivity ¢, of 5.1 was found at 20 °C, whereas at
— 20 °C the permittivity ¢, already dropped to 4.05. This is due to the
decreasing conductivity of the composite over the temperature.

The presented results of the complex relative permittivity also show
a characteristic behavior for natural fiber composites in the frequency
range up to 1 GHz. At the frequency of 1 GHz and room temperature, a
permittivity of ¢, of 3.9 and ¢, of 0.24 could be measured for the uni-
directional sample and a permittivity of ¢, of 3.8 and ¢ of 0.215 for the
biaxial sample. This means that the order of magnitude of the measured
values is comparable with previously published results, which, however,
were considered at most up to 1 MHz. Since only other manufacturing
processes were used in these, it can also be stated that the manufacturing
process has only an indirect influence on the dielectric properties. As
already mentioned, the fiber volume fraction is more decisive. With the
help of the knowledge gained, it will be possible in the future to design
and use impedance-controlled RF-lines structures as sensor elements for
flax/epoxy composites using high-frequency alternating currents. In
addition, the use of the natural fiber material is made possible in many
areas of application in electrical engineering.

In future work, attention should be paid to a finer breakdown of the
orientation of the clutches with respect to each other, considering the
fiber volume fraction. Here, it is necessary to identify non-linear cor-
relations of the mentioned factors on the complex relative permittivity.
Of course, the frequency range must also be increased in the future and
the frequency dependence of the individual components must be
investigated.
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