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1. Introduction

One of the most critical elements of aircraft design, largely
determining the aerodynamic characteristics and target accuracy,
is the head antenna radome [1,2]. The problem of material selection
for the fairing is a primary concern when creating a new design, so the
most important physical and mechanical properties should be carefully
analyzed. The material of the fairing should be not only strong but also
radio transparent in the operating frequency range of the antenna [3-5].

Radio transparency is the ability of a material to transmit radio
waves [6]. It is closely connected to the level of dielectric permittivity
(e) and dielectric loss tangent angle (tan 3). The lower the € and tan 9,
the lower the loss of the electromagnetic wave that is transmitted to
the antenna through the fairing. Reducing dielectric permittivity (DP)
and the dielectric dissipation factor can reduce capacitance and signal
time delay, thus improving signal transmission quality in antennas and
fairings [7,8]. All these factors set higher requirements for composite
materials used in aircraft fairing design.

Polymer composite materials, particularly aramid-epoxy composite
(AEC) and fiberglass (FG), are good candidates for fairing material
selection due to their low dielectric properties and excellent mechanical
properties. The complex properties of these composites mainly depend on
the phase of the polymer matrix, the phase of the reinforcing fibers,
and the fiber/polymer matrix interface [9-13]. A review of the literature
reveals several studies focused on the dielectric permittivity and the
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Aramid-epoxy composites and glass fiber reinforced plastics are widely used in the manufacturing
of the fairing design for modern aerospace vehicles due to their excellent mechanical properties combined
with radio transparency in wave transfer. In this paper, aramid-epoxy composite and fiberglass were
fabricated by the vacuum infusion method for a comparative study on radio transparency and dielectric
characteristics. The radio transparency of the studied materials was evaluated by free-space measurements
in the frequency range of 1 GHz to 8.5 GHz. According to the radio transparency results, the aramid-
epoxy composite undergoes less electromagnetic wave loss than glass fiber reinforced plastic.
Modifying the epoxy resin with tricresyl phosphate in aramid-epoxy resin leads to an increase in
mechanical properties with a slight decrease in transmittance and a non-significant increase in
dielectric characteristics. The dielectric characteristics results have demonstrated low values (¢ =2.87
and tan 6 = 0.037) for aramid composites compared to fiberglass.

tangent of the dielectric loss angle of AEC and FG. For the FG produced
by LLC "Composite Technologies Ru," the dielectric permittivity ranges
from 4 to 14, and the tangent of the dielectric loss angle is in the range
0f'0.01 to 0.05 [14]. Study [15] compares the dependence of dielectric
permittivity on frequency. The research found that for aramid composites,
the dielectric permittivity decreases from 3.48 to 3.4 with an increase
in frequency from 8 GHz to 12 GHz. In the case of basalt composites,
the dielectric permittivity increases from 3.75 to 3.97 with increasing
frequency from 8 GHz to 12 GHz. According to reference [16], the
dielectric permittivity of Kevlar (aramid) is approximately 3.5 to 4.5,
confirming the presented information.

Recently, scientific literature indicates many articles [13,17-23]
investigating the wave transparency and dielectric characteristics of
aramid and glass epoxy composite materials, which are mainly obtained
by vacuum forming, hot pressing, or resin casting methods. According to
areview paper [13], the creation of radio-transparent composites with
a polymer matrix with low € and tan & can be achieved either by reducing
the polarization molecular density and polarization coefficient of
reinforced fibers and polymer matrix or by increasing the strength of
interfacial bonding of composites. In the [18] paper, a low-profile fairing
was fabricated with an AEC face and foam core for low visibility.
The dielectric constant and loss angle tangent of AEC measured by
the free-space measurement method were 3.742 and 0.018, respectively.
The maximum transmission rate was 83% at a 0.99 GHz bandwidth
for a transmission rate greater than 80%. Under the supervision of
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Choi I. and Chin W. [19,20], the authors used a free-space method to
characterize hybrid composite low-visibility fairings with a sandwich
construction consisting of E-glass/aramid/epoxy resin. The HF2 faceted
hybrid composite barely visible fairing has met the performance
requirements with a transmittance of 81% at the resonant frequency of
8.50 GHz and a bandwidth of 0.84 GHz. In the study [21], the authors
investigated the dielectric parameters of unidirectional and quasi-
isotropic AEC composites at different strains. According to the authors'
results, DP increases by 0.045 at 0.001 strain. Additionally, the DP of
quasi-isotropic composites is lower than that of unidirectional composites
due to the different fiber orientations within the composite. The DP of
epoxy composites increases with increasing filler content (Kevlar 49)
and temperature. This is the conclusion reached by the authors [22].
In their view, the dielectric constant and losses of composites are
mainly affected by interfacial polarization due to inhomogeneities
at the interfaces introduced by the filler material. Xu X. ef al. [23]
have measured the dielectric properties of unidirectional AECs in the
temperature range from room temperature to 200°C and concluded
that both DP and losses increase with increasing temperature. The
change in DP is linearly temperature dependent, while the change in
dielectric loss is nonlinear.

However, even considering the above-mentioned research works
on radio transparency and dielectric characteristics, this field requires
further in-depth research on the radio transparency of composites.
While studies on the mechanism of influence of epoxy resin (ER)
modification on dielectric characteristics are still limited, they are
absent on radio transparency. Pursuant thereto, the purpose of this
work included a comparative study of radio transparency and dielectric
characteristics of modified AEC and FG.

2. Experimental

In order to investigate the radio transparency and dielectric
characteristics of the composites, two AEC samples and one FG
sample were fabricated by the vacuum infusion method. A detailed
description of the methodology is presented in our previous article [24].
The dielectric constant of the epoxy resin is 3.75. Table 1 demonstrates
the physical properties of the obtained composites.

AEC-1 was made of L-grade epoxy resin (PoxySystems, Germany)
with EPH hardener and Aramid 3300 dtex aramid fabric (Teijin,
Netherlands).

AEC-2 was made of the same epoxy resin but modified with 10 wt%
plasticizer tricresyl phosphate (TCP) and combined reinforcement
of aramid fabric and aramid roving TWARON 805TEX (Teijin,
Netherlands) (50% : 50%).

FG was made of the same epoxy resin and Ortex 360 g'm2 to
300 g'm glass fabric (Altair M LLC, Russia).

Table 1. Physical properties of fibreglass and aramid-epoxy composites.

As can be seen from the table, the density of the composites
depends on the density of the reinforcement material used, the epoxy
resin, and the molding method. Since the same resin and molding
method were used for all composites, the difference in density is related
to the reinforcement materials used. Aramid fibers have a density of
1.44 g-m and glass fibers 2.5 g'm. Undoubtedly, the density of the
material affects radio transparency. Since one of the main objectives
of this study was to compare the radio transparency characteristics
depending on the reinforcement materials of the composites used,
normalization work using density was not carried out.

2.1 Measurement of radio transparency

The dimensions of the AEC and FG samples were designed
specifically for measuring radio transparency in an approximate A3
format, as shown in Figure 1. The measurements of dielectric
characteristics of the AEC and FG samples were carried out using
the measuring equipment at the Subsidiary of the limited liability
partnership “Institute of Space Technique and Technology” (ISTT)
in an anechoic screened chamber (ASC) by the free space measurement
method. The measurements of the radio transparency of the material
samples (electromagnetic transmission coefficient) were performed
by comparing the electromagnetic radiation levels between the
transmitting and receiving horn antennas in the presence of the sample
and without it, as shown in Figure 2.

The equipment used in measuring the radio transparency of the
material samples included:

Spectral analyzer N9010B Keysight (Keysight Technologies,
United States) with EMI measuring receiver

Signal Generator N5071 waveform generator (Keysight Technologies,
United States)

Horn antenna P6-23M/2 (MRIIE, Republic of Belarus)

The measurements were performed in the anechoic screened
chamber.

Figure 1. A3-size AEC sample.

Name of sample Thickness Density Component ratio Strength Impact resistance
(mm) (g-em™) (reinforcing/matrix)  (MPa) (kJ-m2)
(%)
AEC-1 2 1,41 65/35 423 402
AEC-2 2 1,38 65/35 710 475
FG 2 1,8 65/35 260 155

J. Met. Mater. Miner. 34(3). 2024



Comparative studies of radio transparency and dielectric characteristics of polymer composites 3

ppeezrizers s
7| S

Spectrum
analyze tate z
workplace analyzer Material of samy

( A /
| Reception Teansmiting_/
antenna anlenng

A

FSSREEARNNN

TR T

Figure 2. Measurement scheme for radio transparency of material sample
in the ASC.

The radio transparency was measured in the frequency band of
operation of the measuring horn antennas and devices, ranging from
1 GHz to 8.5 GHz. The measurable material sample in the setup
had no contact with the antennas. The A3 sample area is 20% to 25%
larger than the aperture area of the horn antennas, which agrees well
with the measurement method, ensuring that the maximum electro-
magnetic energy in the antenna pattern passes through the sample
instead of flowing between the antennas to bypass the sample.

During measurements within the frequency range of 1 GHz to
8.5 GHz, irregularities in the intrinsic transfer characteristic of the horn
antennas were observed. To address this, the entire range was divided
into three sections: 1 GHz to 4 GHz, 4 GHz to 6 GHz, and 6 GHz to
8.5 GHz for more accurate reporting of results. For each section,
measurements were taken three times.

2.2 Measurement of dielectric characteristics

If dielectric permittivity (g) characterizes the ability of a material
to store energy in a dielectric compared to a vacuum (air), the dielectric
(insulation) goodness factor (Q) characterizes the ability to store energy
over time. Q is the ratio of stored energy to lost energy. In an alternating
field, the total energy of the oscillating system will consist of the
recharge energy and loss energy.

El

Q=12 )

where, E1 — energy stored during one period, E2 — energy lost
during one period.

It is known that the quality of circuit in the presence of dielectric
decreases by the value of losses in the dielectric medium. Accordingly,
the t dielectric loss fan J is the reciprocal value of Q [25,26]:

tan o =

@

Q| ~

Therefore, measuring the tuned circuit Q-factor with different
dielectrics, we can calculate the losses of tan §.

The measurement of the tuned-circuit Q with the submitted
materials was carried out by the resonator method in an alternating
electromagnetic field using a FieldFox microwave analyzer N9915A
(Keysight, USA). The oscillating circuit is formed by a quarter-wave
M4 copper strip with dimensions of 70 mm x 6 mm x 0.5 mm, grounded

at one end, and the walls of the resonating chamber with dimensions
of 80 mm x 40 mm X 10 mm, made of aluminum D16. The samples
of dielectric material are placed in the clearance between the strip and
the bottom of the resonating chamber. This design of the resonating
chamber is convenient for measuring flat specimens. The tight pressing
of' the copper strip to the sample is achieved by means of space fillers
made from pieces of plastic with a small dielectric constant (¢) and
small intrinsic losses (tan 8), such as foam plastic, under the lid of the
resonating chamber as shown in Figure 3(a) and Figure 3(b).

Since the submitted samples have sufficient dielectric permittivity
(> 3), asignificant part of the electromagnetic field is concentrated
in the dielectric, i.e., in the clearance between the strip and the bottom.
The electromagnetic field above the strip is scattered, so the shielding
cover of the resonating chamber affects the measurements insignificantly.
The input and output of electromagnetic energy to the chamber are
chosen to be inductive, ensuring that the capacitive properties of the
dielectrics do not introduce distortion to the input and output elements.
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Figure 3. Resonating chamber, (a) end view, and (b) top view without cover.
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Figure 4. Measurement design of resonance Q factor.
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The submitted samples had the same thickness of 2 mm. To
maintain the tight clamping of the strip to the dielectric samples, its
grounding is achieved by a screw method with the selection of the
necessary height, and foam inserts of different sizes are prepared. The
Q-factor of the obtained resonator with dielectric is observed by the
amplitude-frequency response (AFR) of the circuit analyzer. The
measurement design of the resonance Q factor is presented in Figure 4.

The measurements of dielectric permittivity of the samples were
carried out by the condenser-type method described in [27]. The
capacitance of the capacitor in the presence of AEC and FG composites
and without them was measured with an APPA701 LCR meter
(ARRA, Taiwan). DP shows how many times the electrical capacity
C of the capacitor, between the liners of which there is a dielectric
with DP ¢, is greater than the electrical capacity Cair of the capacitor,
between the liners of which there is a vacuum (or air, with dielectric
permittivity € = 1), using the formula 3:

e= o &)

air

For mechanical clamping of the AEC and FG sheets between the
capacitor plates (electrodes), a stand with electrodes made of D16
aluminum (size 170 mm % 138 mm) was constructed using precision
milling vises with minimal microscrew backlash. In the stand, electrode
insulators from the vise mechanism are made of caprolon material
with low intrinsic DP to minimize the parasitic capacitance of the
stand affecting the result. Three sample measurements were performed
for each composite, followed by averaging.

3. Results and discussion
3.1 Study of samples radio transparency

Figure 5 shows one of three measurements of the electromagnetic
field attenuation of the AEC-1 sample at the examined 1 GHz to 4 GHz,
4 GHz to 6 GHz, and 8 GHz to 8.5 GHz (screenshot). Trace 2 in blue
is the background of the transmission coefficient of antennas with
AEC-1 sample in air, track 1 yellow without sample. 1, 3, and 5 markers
correspond to yellow trace 1, and markers 2, 4, and 6 correspond to
blue trace 2 with sample. The comparisons should be made on markers
located at the same or closely spaced frequencies: 1 and 2, 3 and 4,
5and 6.

For example, in Figure 5, for the frequency interval 1 GHz to
4 GHz, marker 1 corresponds to frequency /= 1.230 GHz and
attenuation 23.18 dBm, and marker 2 has a frequency of 1.240 GHz
and attenuation 23.49 dBm. A difference in attenuation due to
material losses: 23.49 —23.18 =0.31 dBm. Therefore, electromagnetic
energy loss in AEC-1 at this frequency was 0.31 dBm. For the other
frequencies, the calculation was performed similarly. In total, three
values of electromagnetic energy loss in AEC-1 (0.147,0.103,0.353)
were calculated, from which a mean value of ~0.20 dBm was derived.

According to the results of averaging three measurements of radio
transparency for each AEC-1 frequency interval, it was determined
that the attenuation is in the range of: 1 GHz to 4 GHz ~ 0.20 dBm,
4 GHz to 6 GHz ~ 0.73 dBm, 8 GHz to 8.5 GHz ~ 0.55 dBm.
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Figure 5. Measurement of field weakening in AEC-1.
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Figure 6. Measurement of field weakening in AEC-2.
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Table 2 demonstrates the results of attenuation calculations
followed by the deduction of the average value for each measurement
frequency interval with respect to the AEC-1 composite.

The resulting average attenuation values of 0.20 dBm, 0.73 dBm,
and 0.55 dBm can be converted to power ratios [28]. According to
the voltage, current, and power ratio conversion table, 0.2 dBm
corresponds to a power ratio of 0.955 (part of the power that has
passed through the material). As a result, 0.955 represents 95.5% of
the power that went through the material. The power loss in the
material in the range of 1 GHz to 4 GHz is determined as follows:
100% — 95.5% = 4.5%.

In the case of measurement in the range 4 GHz to 6 GHz, the
power loss of 0.73 dBm can be represented as 0.7 + 0.03 dBm. Then,
0.7 dBm corresponds to a power ratio of 0.8511 dBm, and 0.03 dBm
corresponds to a power ratio of 0.9931. As a result, 0.8511 x 0.9931
= 0.8452, meaning 84.52% of the power passed through the material.
The power loss in the material is 15.48% in the range 4 GHz to 6 GHz.

Similarly, a power loss of 0.55 dBm (at the frequency range of
8 GHz to 8.5 GHz) can be represented as 0.5 + 0.05 dBm. Then,
0.5 dBm corresponds to a power ratio 0f 0.8913 dBm, and 0.05 dBm
corresponds to a power ratio of 0.9886. As a result, 0.8913 x 0.9886
=0.8811, meaning 88.11% of the power passed through the material.
The power loss in the material is 11.89% in the range 8 GHz to
8.5 GHz.

Therefore, the average radio transparency for AEC-1 across the
three measurement ranges of 95.5%, 84.52%, and 88.11% is 89.4%.

Further, Figure 6 shows one of three measurements of the electro-
magnetic field attenuation of the AEC-2 sample in the examined
1 GHz to 4 GHz, 4 GHz to 6 GHz, and 8 GHz to 8.5 GHz ranges

Table 2. Indicators of field attenuation in AEC-1 in all frequency ranges.

(screenshot). Similar calculations for determining radio transparency
are performed for the AEC-2 composite. According to the results of
averaging three measurements of radio transparency for each AEC-2
frequency interval, it is determined that the attenuation is in the range of:
1 GHz to 4 GHz ~ 0.42 dBm, 4 GHz to 6 GHz ~ 1.21 dBm, 8 GHz
to 8.5 GHz~ 0.31 dBm.

Table 3 shows the results of the attenuation calculations followed
by the deduction of the mean value for each measurement frequency
interval with respect to the AEC-2 composite. According to the ratio
conversion table [28], attenuations 0f 0.42 dBm, 1.21 dBm, and 0.31 dBm
correspond to power ratios 0f 0.907,0.739, and 0.931, respectively.

In this manner, the average radio transparency for AEC-2 across
the three measurement ranges of 90.7%, 73.9%, and 93.1% is 85.9%.

Next, Figure 7 shows one of three measurements of the attenuation
of the electromagnetic field of the FG sample in the investigated
1 GHz to 4 GHz, 4 GHz to 6 GHz, and 8 GHz to 8.5 GHz ranges
(screenshot). For the FG composite, similar calculations for determining
the radio transparency were carried out. According to the results of
averaging three measurements of radio transparency for each FG
frequency interval, it was determined that the attenuation is in the
range of: 1 GHz to 4 GHz ~ 0.3 dBm, 4 GHz to 6 GHz ~ 0.52 dBm,
8 GHz to 8.5 GHz ~ 1.85 dBm.

Table 4 specifies the results of attenuation calculations followed
by the deduction of the average value for each measurement frequency
interval with respect to the FG composite. According to the ratio
conversion table [28], attenuations of 0.3 dBm, 0.52 dBm, and 1.85 dBm
correspond to power ratios 0of 0.933, 0.887, and 0.653, respectively.

Therefore, the average radio transparency for FG across the three
measurement ranges of 93.3%, 88.7%, and 65.3% is 82.4%.

Measurement Blue marker Yellow marker Difference Averaging Total electromagnetic
frequency frequency in attenuation (dBm) energy loss
(dBm) (dBm) (dBm) (dBm)
23.53 23.18 0.35
1 20.46 20.31 0.15 0.147
24.91 24.97 -0.06
23.47 23.18 0.29 0.2
2 20.40 20.31 0.09 0.103 (at 1 GHz to 4 GHz range
24.90 24.97 -0.07 frequency)
23.49 23.18 0.31
3 21.12 20.31 0.81 0.353
24.91 24.97 -0.06
26.45 26.56 -0.11
1 30.31 29.46 0.85 0917
39.33 37.32 2.01
26.74 26.56 0.18 0.73
2 29.81 29.46 0.35 0.360 (at 4 GHz to 6 GHz range
37.87 37.32 0.55 frequency)
26.64 26.56 0.08
3 30.21 29.46 0.75 0.917
39.24 37.32 1.92
34.83 34.53 0.3
1 35.36 35.02 0.34 0.330
35.98 35.63 0.35
35.47 34.53 0.94 0.55
2 35.64 35.02 0.62 0.670 (at 8 GHz to 8.5 GHz
36.08 35.63 0.45 range frequency)
35.04 34.53 0.51
3 35.49 35.02 0.47 0.660
36.63 35.63 1
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Table 3. Indicators of field attenuation in AEC-2 in all frequency ranges.

Measurement Blue marker Yellow marker Difference Averaging Total electromagnetic
frequency frequency in attenuation (dBm) energy loss
(dBm) (dBm) (dBm) (dBm)
23.74 23.29 0.45
1 22.34 22.08 0.26 0.490
25.69 24.93 0.76
23.04 23.29 -0.25 0.42
2 22.5 22.08 0.42 0.370 (at 1 GHz to 4 GHz range
25.87 24.93 0.94 frequency)
23.02 23.29 -0.27
3 22.51 22.08 0.43 0.397
25.96 24.93 1.03
28.5 26.67 1.83
1 29.46 27.95 1.51 1.467
38.46 37.4 1.06
29.18 27.36 1.82 1.21
2 30.61 30.21 0.4 1.677 (at 4 GHz to 6 GHz range
41.28 38.47 2.81 frequency)
28.65 27.78 0.87
3 31.44 30.21 1.23 0.510
37.9 38.47 -0.57
34.28 34.53 -0.25
1 34.96 35.02 -0.06 0.123
36.31 35.63 0.68
35.18 34.53 0.65 0.31
2 35.02 35.02 0 0.487 (at 8 GHz to 8.5 GHz
36.44 35.63 0.81 range frequency)
34.72 34.53 0.19
3 35.36 35.02 0.34 0.330
36.09 35.63 0.46

Table 4. Indicators of field attenuation in FG in all frequency ranges.

Measurement Blue marker Yellow marker Difference Averaging Total electromagnetic
frequency frequency in attenuation (dBm) energy loss
(dBm) (dBm) (dBm) (dBm)
24.16 24.24 -0.08
1 21.7 21 0.7 0.450
23.6 22.87 0.73
24.25 24.24 0.01 0.3
2 20.87 21 -0.13 0.177 (at 1 GHz to 4 GHz range
23.52 22.87 0.65 frequency)
24 24.24 -0.24
3 21.7 21 0.7 0.287
23.27 22.87 0.4
26.97 27.36 -0.39
1 28.99 30.21 -1.22 -0.620
38.22 38.47 -0.25
29.18 27.36 1.82 0.52
2 30.61 30.21 0.4 1.677 (at 4 GHz to 6 GHz range
41.28 38.47 2.81 frequency)
28.65 27.78 0.87
3 31.44 30.21 1.23 0.510
37.9 38.47 -0.57
36.7 34.53 2.17
1 36.5 35.02 1.48 1.473
36.4 35.63 0.77
35.63 34.53 1.1 1.85
2 37.16 35.02 2.14 1.663 (at 8 GHz to 8.5 GHz
37.38 35.63 1.75 range frequency)
372 34.53 2.67
3 3741 35.02 2.39 2413
37.81 35.63 2.18
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Figure 8. Transparent and lost wave power in AEC-1, AEC-1 and FG
composites.

For the purpose of comparative study of radio transparency, the
obtained data for all composites (AEC-1, AEC-2, and FG) are presented
in Figure 8 for three measurement ranges. Red indicates the power
loss during transmission in percent. As seen from the results, if we
average the values among the investigated materials, AEC-1 has the
highest radio transparency because a higher percentage of the wave's
power has passed through it.

It is worth noting that the modification of ER with TCP leads to
an increase in mechanical properties with minimal decrease in radio
transparency in the measured frequency ranges. This is most probably
due to the modifying effect of TCP. Since TCP is part of AEC-2,

it affects the overall polarization and slightly increases the dielectric
parameters. Additionally, the radio transparency of AEC composites
is higher than that of FG. One of the main reasons is the lower DP of
AEC composites compared to FG. It is known that the wave transmission
characteristics of wave-transparent composites with a polymer matrix
are usually evaluated by DP [9,29]. Unlike AEC, FG is made from glass
fiber, which has a higher DP. Consequently, FG absorbs more radio
waves, resulting in a decrease in its radio transparency compared to AEC.

Thus, the density of the composites depends on the density of the
reinforcement material used, the epoxy resin, and the molding method.
Since the same resin and molding method were used for all composites,
the difference in density is related to the reinforcement materials used.
Aramid fibers have a density of 1.44 g-cm™ and glass fibers have
a density of 2.5 g-cnm>. Undoubtedly, the density of the material affects
radio transparency. Since one of the main objectives of this study was
to compare the radio transparency characteristics depending on the
reinforcement materials of the composites used, normalization work
using density was not carried out.

3.2 Investigation of dielectric properties

The dielectric permittivity (g) and dielectric loss tangent angle
(tan J) are among the parameters that determine the wave transmission
characteristics of radio-transparent polymer matrix composites [13, 29].
€ can characterize the polarization of composites, representing the ratio
of a capacitor's capacitance with dielectrics to its capacitance in a vacuum
[30]. Dielectric absorption loss means that when passing through the
medium, a part of the electromagnetic wave is consumed and converted
into heat energy [31]. In other words, the smaller the tand, the more
the electromagnetic wave passes through the composite, increasing
its radio transparency. The comparison of the results of the study of
dielectric characteristics of the samples enables the comparison of
the wave transmission characteristics of radio-transparent polymer
matrix composites.

3.2.1 Study of samples dielectric losses

The dielectric losses in the investigated composites AEC-1,
AEC-2, and FG have been measured using the dielectric Q factor,
which was observed from AFR. The central resonance frequency is
marked by marker 2 on the top of the AFR plot, and markers 1 and 3
are spaced left and right at the minus 3 dB level. The frequency
difference between markers 1 and 3 (Af) is the bandwidth. From
[25,26], it is known that the resonance quality Q is calculated as
follows:

feent fcent
= —_—— = — 4
Q=" "7z @)

The central resonance frequency fcent depends on the dielectric
permittivity, so it varies from sample to sample. The Q quality factor
affects the bandwidth (Af). The wider the Af, the worse the Q factor,
which means there are more dielectric losses (tand) in the material.
After determining the Q factor, the value of tand was calculated
using formula 2.
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Figure 9 shows one of the three AFR measurements for AEC-1
(screenshot). The data comparison was also performed using three

Figure 10 shows the AFR of AEC-2. Table 6 summarizes the results
of loss tangent measurements in AEC-2.

markers at different frequencies f1, f2, and f3. Table 5 summarizes Further, Figure 11 shows the AFR of FG. Table 7 shows the results

the results of loss angle tangent measurements in AEC-1.

of loss tangent measurements in FG.
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Figure 9. AFR of AEC-1.

Table 5. Results of loss angle tangent measurements in AEC-1.

Figure 10. AFR of AEC-2.

Avg Avg
1 -1537dB 1 L M1:679.95865 MHz -10.84 dB
-1237dB | M2: 69249824 Mz -7.845 4B |
-1535dB | M3: 706.42654 MHz -10.84 dB

Measurement Frequency (MHz) Q=1 (fs—f1) Tg=1/Q Average
f1=623.55

1 f2=639.31 27.02 0.0370
f3=647.21
f1=625.61

2 f2=640.43 27.02 0.0370 0.0372
f3=649.31
f1=624.52

3 f2=640.43 26.56 0.0376
f3=648.62

Table 6. Results of loss tangent measurements in AEC-2.

Measurement Frequency (MHz) Q=12 (fs—f1) Tg=1/Q Average
f1=1679.96

1 f2=692.49 26.14 0.0382
f3=706.43
f1=1679.09

2 f2=691.58 26.02 0.0384 0.0381
f3=705.54
f1=682.02

3 f2=695.00 24.45 0.0378
f3=708.23

Table 7. Results of loss tangent measurements in FG.

Measurement Frequency (MHz) Q=Ffi/ (fs—f1) Tg=1/Q Average
f1=65524

1 f.=670.24 21.48 0.0465
f3=686.44
f1=655.72

2 f.=670.24 21.57 0.0463 0.0464
f3=686.79
f1=653.97

3 f2=669.61 21.55 0.0464
f3=685.04
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Table 8. Results of DP of AEC material and FG.

Sample Cliel, picofarad Cair do (mm) € Averaged value ¢
AEC-1 273 99.1 2 2.754

AEC-1 286 97.6 2 2.930 2.874

AEC-1 289 98.3 2 2.939

AEC-2 331 110.8 2 2.987

AEC-2 333 110.7 2 3.008 3.003

AEC-2 335 111.1 2 3.015

FG 600 129.4 2 4.636

FG 597 135.6 2 4.403 4.58

FG 602 127.6 2 4.702

[l [[KEYSIHT techuologies K99154 | used in AEC. Additionally, the moisture content and other impurities
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T T
0,05 -5
T
AL

0,04 - L4
o z
EL s
:

« 0,03 o L3
5 5 2
g 2
] £
s b
2 0,02 - -2 g
- a

0,01 - -1

0,00 0

AEC-1 AEC-2 FG

Figure 12. Dielectric permittivity € at a current frequency of 1 kHz and
dielectric loss tangent angle tand in the frequency range 550 MHz to 750 MHz
of the obtained composites.

3.2.2 Study of samples dielectric permittivity

Table 8 summarizes the results of three measurements of AEC-1,
AEC-2, and FG composites. As can be seen from the results, AEC-1
and AEC-2 have a mean DP of 2.874 and 3.003, respectively, whereas
FG has a mean DP 0f 4.58. The obtained results for FG coincide with
the reference data given in [25,27]. Due to the lower DP of aramid
fiber compared to that of glass fiber, AEC composites demonstrate
comparatively low values. One of the reasons for the difference in
DP between AEC and FG composites is their structure. FG is composed
of glass fibers, which have a higher DP than the polymeric materials

in the material are important factors affecting the DP. However,
it should be realized that DP depends on many factors and can vary
over a wide range depending on the specific material and operating
conditions.

As it appears from the presented dielectric loss and DP data,
they correlate with the previous free space analysis (radio transparency
results). According to the impedance matching theory [32], the larger
the € of the medium, the stronger the electromagnetic wave is reflected,
thereby reducing the efficiency of electromagnetic wave transmission
through the material [33,34]. Figure 12 shows the comparative
measurement results of dielectric permittivity (¢) and dielectric loss
tangent angle (tand) of AEC-1, AEC-2, and FG composites. It should be
noted in the comparison that the AEC-1 composite is characterized
by low values of € and tand, which contribute to an increase in
transmittance or radio transparency. In the AEC-2 composite, a slight
increase in € and tand is observed due to the introduction of the
tricresyl phosphate modifier into the ER.

4. Conclusions

In this work, aramid-epoxy composite and fiberglass were
fabricated by the vacuum infusion method. Comparative studies of
radio transparency and dielectric characteristics of the composites
have been carried out. The radio transparency of the examined
materials was evaluated by free space measurements in the frequency
ranges of 1 GHz to 4 GHz, 4 GHz to 6 GHz, and 8 GHz to 8.5 GHz.
According to the results of radio transparency, it can be concluded
that the losses in the aramid-epoxy composite are less than those in
fiberglass due to the lower dielectric constant and dielectric loss.
Based on the averaged values, the transmission coefficients for AEC-1,
AEC-2, and FG were 89.4%, 85.9%, and 82.4%, respectively. The
dielectric characteristics for AEC-1 and AEC-2 aramid composites
are lower compared to FG. In the AEC-2 composite, a slight increase in
¢ and tand is observed due to the introduction of the modifier into the
epoxy resin, which contributed to a slight decrease in radio transparency.

Our results suggest that the comparative results of radio transparency
and dielectric characteristics of glass and aramid-epoxy composites
with changes in binder composition lead to different physical properties,
including their radio transparency. By analyzing the results obtained
in this work, aramid-epoxy composite-1 with dielectric permittivity
of 2.87, dielectric loss of 0.03, and transmittance of 89.4% can be
a candidate for fairing material in aerospace vehicles.

J. Met. Mater. Miner. 34(3). 2024
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