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A B S T R A C T

Cost-efficiency, environmental sustainability, and dimension reduction are important aspects in wideband an-
tenna design. Geopolymers could be an eco-friendly and cost-efficient solution for this application. The objective
of this work is to develop new geopolymer-based composites with tailored dielectric properties for applications in
radar antennas. For this, different formulations based on three metakaolin and two alkaline solutions were tested.
The influence of magnetite was studied by insertion of 1, 5 or 10 wt % of Fe3O4 in different formulations.
Furthermore, the influence of humidity was also emphasized. Dielectric investigations between 2 and 3.3 GHz
were performed. The results showed that the metakaolin type had no effect on the dielectric characteristics,
whereas the nature of activation alkaline solution had a significant influence. Indeed, an increase in permittivity
from 3.5 to 5.9 is evidenced by the change in the alkaline solution. The addition of magnetite up to 10 wt % had a
little influence on the polycondensation reaction and lead to a slight increase in permittivity and permeability
values. Furthermore, the permittivity and the loss tangent increase at high relative humidity level, but the phe-
nomenon is reversible. It was also demonstrated that time had no effect on the permittivity values.
1. Introduction

An antenna is the interface between radiofrequency (RF) waves
propagating through space and electric currents moving in metal con-
ductors, used with a transmitter or receiver (IEEE standard 145–1983)
[1,2]. Nowadays, miniaturization of wideband antennas is necessary to
obtain compact devices such as wearable and/or disposable ones [3], or
related to the Internet of Things (IoT) [4], microwave imaging [5] and
Ultra-wideband (UWB) antennas – the application topics discussed
herein [6]. UWB antennas have traditional use in non-cooperative radar
imaging. In terms of both civil and military use, it gained widespread
attention for its implementation in synthetic aperture radar (SAR) tech-
nology. However, most recent applications target sensor data collection,
precision locating and tracking applications. Unlike broad spectrum,
UWB transmits in a manner that does not interfere with conventional
narrowband and carrier wave transmission in the same frequency band.
Reducing dimensions of the antenna affects the electrical and field
properties such as radiation pattern stability, gain, and efficiency [7].

Innovative dielectric materials based on geopolymers represent a
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July 2020; Accepted 7 August 20

behalf of European Ceramic Soc
cost-efficient and eco-friendly alternative to current materials used in
electronics and electric engineering applications [7]. Geopolymers are
synthesized by the reaction of an aluminosilicate (powder) with an
alkaline solution [8,9]. Increasing interest has been drawn in recent years
to the dielectric properties of geopolymers. It was previously shown that
such geopolymer-based antennas can properly operate in a frequency
band ranging from 300 MHz to 3 GHz [9]. Furthermore, it has been
demonstrated that for fly ash based geopolymers the dielectric properties
depend at early ages, on both the solution content and viscosity. How-
ever, at later ages, they are dependent on the porosity and the density of
the geopolymer [10]. Different additives have also been added to geo-
polymer matrix to stabilize the properties. Essaidi et al. [11] investigated
the dielectric properties of a geopolymer matrix for RF applications. They
have demonstrated that various high-k dielectric materials, i.e. zirconia
(ZrO2), barium titanate (BaTiO3) and yttria (Y2O3) and with a high
percentage up to 60%, can be added to geopolymers to improve the
dielectric properties. Magneto-dielectric substrates such as ferrite can
also be used for antennaminiaturization [12]. Furthermore, the magnetic
properties of magnetite were demonstrated to strongly depend on their
20
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synthesis method, particle size and surface treatment [13]. Electromag-
netic properties investigations show that both the real and the imaginary
parts of the permittivity greatly increase with aspect ratio (shape vs.
dimension) increase, while the dielectric loss tangent is reduced [14].

Another important aspect influencing the dielectric properties of
several materials is the water content and the relative humidity. For
example, for ceramics materials, the influence of humidity on dielectric
properties was related to the composition, the compacting pressure and
the firing temperature and time [15]. The effect of humidity exposure on
the electrical properties of porous zirconia ceramics have been also
investigated [16]. It was demonstrated that the replacement of air by
water (higher dielectric constant than air) leads to an increase of
dielectric permittivity. An increase of the dielectric constant and of the
loss tangent was also evidenced for composites based on nano-alumina
and polyethylene [17,18] after absorption of water especially in the
interface of filler/fibre and matrix [17,18]. For geopolymer materials, it
has been evidenced that the dielectric constant and losses increase with
the increase the free water content [19]. This is explained by the free
cation transference under the influence of an electric field. The drying at
a temperature of 300 �C eliminates this water and decreases the dielectric
loss. The use of acid based geopolymer permits also to decrease the
dielectric loss down to 10�3 because the ion transfer becomes negligible
[19].

Despite many investigations, there is still a lack of information in
literature concerning, on one hand, the effect of magnetite on the
dielectric properties and the polycondensation reaction of geopolymers,
and on the other hand, on the effect of humidity on the dielectric prop-
erties of geopolymers that is still not obvious. The objective of this work
is to develop new geopolymer compositions with tailored dielectric
properties for applications in radar. The influence of magnetite is studied,
and the influence of humidity is also emphasized with respect to the
tested compositions and formulations. Finally, dielectric investigations
between 2 and 3.3 GHz have been performed, validating the functionality
of the antenna devices.

2. Materials and methods

2.1. Materials and synthesis

The materials used for the synthesis of the produced geopolymer
samples were: two types of silicate solution Sa and Sb with Si/K molar
ratios of 0.54 and 0.67, respectively and three types of metakaolin Ma,
Mb, Mc with different Si/Al molar ratio 1.17, 1 and 1.44 [22], respec-
tively. In order to obtain a material with dielectric properties 1, 5 or 10
wt % of Fe3O4 (Alfa Aesar, particle size 44 μm, and 97% purity) were
used. Fig. 1A shows the synthesis protocol of geopolymer samples. The
silicate solution was combined with the metakaolin and with different
quantities of magnetite. The obtained mixtures were placed in a closed
plastic mold at 70 �C for 1 day. Next, they were dried at 90 �C for 1 day.
Samples for dielectric measurements were made as it is presented in
Fig. 1B. The metallic mold is fixed using screws and screw nuts on the
polyethylene plate. The reactive mixture is casted in the metallic mold
and covered. Samples are kept at 70 �C for 1 day and after is removed
from the plates and dried in vertical position for 1 day. After drying
process, the samples presented no cracks for some compositions
(Fig. 1Ba) or presented some cracks around the corners (Fig. 1Bb). The
cracks can be explained by the different coefficients of thermal expansion
of geopolymers detailed in results. In order to investigate the influence of
humidity, samples were kept in controlled humidity. The cycle of hu-
midity treatment is presented in Fig. 2. During the first 12 days, samples
were kept at 20 �C at 50% humidity and then at 85% humidity for 5 days,
then the humidity was changed back to 50% for 3 more days. Nomen-
clature and composition (Si/Al and Si/K molar ratios) of samples is
presented in Table 1. Samples are identified as SxMyFz, where S repre-
sents the type of solution used (Sa or Sb), M the type of metakaolin (Ma,
Mb or Mc), F the percentage of magnetite used (1, 5 or 10%) in the
2

composition.

2.2. Technical characterization

Fourier transform infrared (FTIR) spectroscopies were obtained on a
fresh geopolymer paste using a Thermo Ficher Scientific Nicolet 380
using the mode attenuated total reflectance (ATR). A few drops of the
reactive mixture are simply deposited on the diamond before scanning.
The scans are made every 10 min for 12 h and are performed between
500 and 4000 cm�1, the number of scans is 72 and the resolution is 4 cm
�1. The data were than treated using OMNIC program. The CO2 in the air
produce perturbations on the signal between 2400 and 2280, straight
line was used on that part of the spectra in order to eliminate the noise.
An automatic correction of the base line and normalization of the spectra
were also done in order to compare different results. The evolution of
Si–O-M (M ¼ Si, Al) peak position over time is then plotted and the shift
value (initial peak position at 0 min (directly after mixing of the pre-
cursors) –final peak position at 720 min (after consolidation) is deter-
mined. According to previous work [20], the shift value indicates the
substitution of Si–O–Si bond by Si–O–Al bonds revealing the poly-
condensation reaction and the formed network.

Thermogravimetric analysis (TGA) and differential thermal gravim-
etry (DTG) were performed with an SDT Q600 equipment from TA In-
struments. A heating rate of 5 �C/min was employed between 25 and
800 �C followed by a dwell of 15 min at 800 �C, in synthetic air flow (100
sccm). A platinum crucible was used. Samples kept at room temperature
and in humidity (HR 85%, 20 �C) for 3 days were analyzed with this
technique. TGA-DTG analysis were performed on grinded geopolymers.

Dielectric measurements were carried out by using the Network
Analyzer Keysight E5063A which provided high-precision scattering
parameter measurements (related to the reflection and transmission co-
efficients at material interfaces and through the material of a microwave
electromagnetic field). For a lower influence of surface and heterogeneity
defects and to obtain more homogeneous measurements and character-
ization of the samples, the loaded rectangular waveguide method was
chosen despite its reduced frequency band in mono mode operation
(fcTE10 ¼ 1.735 GHz and fcTE20 ¼ 3.47 GHz for WR340 standard of this
study) Fig. 3. To duplicate the means of multi-site characterization and
ensure a good level of adaptation, it was decided to carry out the tran-
sitions from the coaxial guide to the rectangular one. The guiding idea in
the design is to facilitate the casting of geopolymers in the sample holder
and improve its performance in terms of adaptation of the order of 25 dB
between 2 and 3.3 GHz. TRL calibration of the Network Analyser gives
results in a measurement error better than of |Sij] 0.03 dB and arg(Sij)
0.4�. Measurements of standard samples (plexiglass and Teflon) were
made and comparisons of complex permittivity extracted by NRW algo-
rithm [21,22] and by another free space method [23] have shown good
agreements and validated the whole process. The sample is connected by
a phase and amplitude stable cable to a VNA which is then calibrated
with standards thru, reflect and line for WR340. Fig. 4 shows an example
of dielectric measurements of SbMa samples 2 and 3.3 GHz. Dielectric
measurements were investigated the values of the real part of dielectric
constant known as the relative dielectric constant (ε0r) (please see the
appendices) which indicates the ability of the material to store micro-
wave energy and tan δ, dielectric losses quantifies a dielectric material’s
inherent dissipation of electromagnetic energy. The values of ε for fre-
quencies between 2 and 3.3 GHz for this composition were around 3.5,
while tan δ values were around 0.025.

3. Results and discussions

3.1. Feasibility of the various samples

Table 2 presents the visual aspect of the samples based on Sb solution
with two types of metakaolin (Ma and Mc) containing different per-
centage of magnetite (1, 5 or 10%). Samples made with metakaolin Ma



Fig. 1. (A) Synthesis protocol of geopolymers samples and (B) shaping for dielectric measurements for samples (a) without cracks and (b) with cracks after drying
process figure.
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without magnetite present a grey-yellow color due to the Ma initial color
and purity (Si/Al ¼ 1.17) [24]. The sample made with Mc presents a
red-brown color caused by the presence of Fe2O3 [22]. Addition of 1, 5
and 10% of magnetite to samples made with metakaolin Ma induces a
dark grey color due to black color of the magnetite [25]. The sample
made with Mc presented a lighter grey color, compared with Ma based
samples, caused by the red-brown initial color of the metakaolin. Samples
made with metakaolin Ma presented cracks after drying process, while
Mc based samples presented no cracks due to a higher content of impu-
rities. These impurities play the role of filler and reinforce the micro-
structure [26].
3.2. Impact of magnetite addition

3.2.1. Structural data
Compositions based on Sb solution with different type of metakaolin
3

(Ma and Mc) with or without magnetite addition were investigated by
FTIR spectroscopy (Fig. 5). Fig. 5a presents an example of three infrared
spectra recorded at 0, 360 and 720 min for SbMa sample.

All the spectra show contributions located at 3255 and 1620 cm� 1

and attributed to the νOH and δOH respectively [27]. The band observed at
980 cm�1 is related to Si–O-M (M¼ Si or Al) bond. It is worth noting that
the intensity of the νOH and δOH bands decreases and the Si–O-M peak
position shifts towards lower wavenumber in function of time. This result
is in accordance with the previous work and evidences the poly-
condensation reaction [28]. Fig. 5b shows the Si–O-M peak position
versus time for samples based on Sb solution and Ma and Mc metakaolin
without magnetite insertion and with 5% of magnetite addition. For all
compositions, the initial band positions are at around 976 cm�1 are
similar. Indeed, at t ¼ 0 min, immediately upon mixing the precursors,
the initial band position is imposed by the used alkaline solution and
corresponds to the vibration of silicate species (the same alkaline solution



Fig. 4. Frequency dependence of permittivity and loss tangent for SaMc sample
(▬ ε; - - - tan δ).

Table 1
Nomenclature, chemical composition, shift values determined from FTIR spec-
troscopy and the weight loss between 30 and 400 �C of the different samples.

Mixtures Si/Al molar ratio Shift (cm�1) Weight loss (30–400 �C) (%)

SaMa 1.57 15 7.8
SaMaF5 12 7.5
SaMaF10 8 7.0
SaMb 1.28 15 9.1
SaMc 1.67 15 7.9
SbMa 1.64 30 8.7
SbMaF1 20 10.3
SbMaF5 20 9.8
SbMaF10 20 9.5
SbMb 1.51 20 10.2
SbMc 1.74 13 8.9
SbMcF1 15 6.4
SbMcF5 15 6.1
SbMcF10 15 6.0

Fig. 2. Example of humidity cycle used for dielectric measurements.
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is used in this case) [29]. Then, the position of the band is shifted towards
lower wavenumbers over time. For the first 100 min, the samples exhibit
the same behavior. Then, differences can be observed depending on the
metakaolin used and it is thus possible to determine the difference in the
Fig. 3. Experimental setup of the loaded w

4

Si–O-M position. The calculated shift values for all samples are reported
in Table 1. For the samples without magnetite and using Sa solution,
SaMb sample exhibits higher shift value than SaMa and SaMc (24, 15 and
15 cm�1 for SaMb, SaMa and SaMc samples, respectively). The same
variation is observed using Sb solution (30, 20 and 13 cm�1 for SbMb,
SbMa and SbMc samples respectively). This fact can be explained by the
higher availability of reactive aluminum able to react with siliceous
species from metakaolin Mb compared to Ma and Mc [30]. In fact, Mb
metakaolin has a Si/Al molar ratio of 1, while Ma and Mc have higher
Si/Al molar ratio (1.17 and 1.44 for Ma and Mc metakaolins, respec-
tively). The higher Si/Al ratio reveals the presence of impurities which
influence the metakaolin reactivity and is responsible for generating one
or several networks. The polycondensation rate strongly depends on the
reactivity of metakaolin and the alkaline solution [31]. The addition of
magnetite in the SbMa mixture induces a decrease of shift value to 20
cm�1 for SbMaF1, SbMaF5 and SbMaF10, respectively. The same shift
value suggests that the presence of magnetite in the mixture had no in-
fluence on the formation of the species and therefore on the formation of
Si–O–Al bonds. In the case of SbMc mixture, the addition of 5 or 10% of
magnetite induced quite similar shift values (13, 15 and 15 cm�1 for
SbMc, SbMcF5 and SbMcF10). Addition of 5 and 10% of magnetite to
SaMa composition induces a slight decrease of shift values (from 15 to 12
aveguide method in WR340 standard.



Table 2
Visual aspect of the samples with different percentage of magnetite.

Sample Visual aspect of samples function of Fe3O4 percentage (%)

0 1 5 10

SbMa

SbMc

Fig. 5. (a) Example of FTIR analysis of SbMa (▬ t ¼ 0 min; t ¼ 360
min; - - - t ¼ 720 min) and (b) Shift position versus time for different samples
from FTIR spectra (□ SbMa; □ SbMaF5; ◊ SbMc; ◊ SbMcF5).
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and 8 cm�1 for SaMa, SaMaF5 and SaMaF10 respectively). Overall results
reveal that whatever the type of metakaolin, the magnetite when added
with a percentage varying from 5 to 10% do not participate in the geo-
polymerization reaction. This finding is in agreement with literature [32]
demonstrating that Fe3O4, contained in the fly ash, do not participate in
the reaction in fly ash based geopolymer. Other authors [33] have shown
that even if the magnetite from fly ash can be dissolved, the resulting Fe
did not participate in the reaction. However, the presence of magnetite
modifies the reactive mixture by decreasing its surface tension (47, 38,
33, 27 mN/m for SbMa, SbMaF1, SbMaF5 and SbMaF10 respectively).
This can be explained by the low zeta potential value of magnetite which
has been proven to be negative at alkali pH value [34,35].

3.2.2. Thermal analysis
Thermal analyses were performed on dried samples at 90 �C. Fig. 6A

shows an example of DTA-TGA curves performed on SbMa sample. Two
weight losses can be distinguished corresponding to endothermic phe-
nomena. The first weight loss between 30 and 200 �C (I) represents the
release of free and adsorbed water. However, the second weight loss after
200 �C (II) represents the release of structural water [36]. The different
weight losses for all samples are detailed in Table 1. Using Sa solution,
SaMa and SaMc exhibit quite similar weight loss (8%) and lower than
SaMb (9%). The same tendency is obtained with Sb solution with slightly
higher weight loss values (9, 10 and 9% for SbMa, SbMb and SbMc,
respectively). This finding is in accordance with the shift values showing
a more favored polycondensation reaction using Sb solution and Mb
metakaolin.

In order to assess the impact of magnetite on the water content, Fig. 6
B shows the evolution of the weight loss related to the release of free
and physisorbed water (between 25–200�C, Fig. 6. B.a) and the total
weight loss (between 25 and 800 �C, Fig. 6. B.b) as a function of the
percentage of Fe3O4 for SbMa and SbMc samples kept in air and kept in
humidity for 3 days (HR 85%, 20 �C). The results concerning samples
kept in humidity will be discussed later. For the samples without
magnetite, SbMa sample shows higher total weight loss than SbMc (11
and 9% for SbMa and SbMc samples respectively). Adding from 1 to 10%
of magnetite leads to a slight decrease of the total weight loss (around 7,
10 and 6% for SaMaFx, SbMaFx and SbMcFx samples respectively).
Similarly, no significant change is observed concerning the weight loss
related to free and physisorbed water (Fig. 6. B.a). The weight losses are
quite similar around 3% for all samples. Thus, magnetite seems to have
no significant effect on the water content of the sample.

To conclude, the addition of magnetite until 10 wt % in different
geopolymer formulations was proven to have no or only small effect on
the polycondensation reaction.

3.3. Dielectric and magnetic properties

Dielectric measurements were carried out on the different studied
samples. The values of ε and tan δwere investigated at room temperature
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in the frequency domain between 2 and 3.3 GHz as shown in Fig. 4. As
the values are quite constant in this frequency domain, the dielectric
properties at 2.45 GHz were chosen to compare the different samples.
The frequency range was selected since it is used for wireless
communications.

a) Data for different samples

The obtained values of permittivity (ε) and permeability (μ) at 2.45
GHz (T ¼ 20 �C, 60% HR) for the different studied samples are reported
in Table 3. Without magnetite addition, using Sa solution, quite similar ε
values are obtained for the different metakaolins (3.6 � 0.034, 3.2 �
0.034 and 3.5 � 0.056 for SaMa, SaMb and SaMc samples, respectively).
However, the use of Sb solution leads to higher ε values whatever the
type of metakaolin (4.3� 0.11, 4.4� 0.036, 4.5� 0.065 for SbMa, SbMb
and SbMc samples, respectively). The addition of magnetite in the case of
SbMa and SbMc samples leads to a slight increase of the ε values (from
4.5� 0.025 and 4.7� 0.015 for 5% of magnetite addition to 4.9� 0.054
and 4.8� 0.035 when the magnetite increases to 10%). By increasing the
magnetite content, the permittivity ε has a tendency to increase. This
Fig. 6. (A) Example of thermogravimetric analysis and (B) weight loss values betwee
kept at 20 �C–60% HR (□ SbMaFx, ◊ SbMcFx) and 20 �C–85% HR during 3 days (

6

indicates the content of magnetite improve the dielectric properties and
storage capability of the absorber. Same behavior was observed for
polymer composite doped with Fe3O4 [37].

Concerning the permeability (μ), without magnetite addition, Sa so-
lution induces similar permeability values close to 1 for different meta-
kaolins (1.01, 1.06 and 1.02 for SaMa, SaMb and SaMc samples,
respectively). The use of Sb solution induces similar values (1.03, 1.05
and 1.04 for SbMa, SbMb and SbMc samples, respectively). These values
are in accordance with the values of permeability found in literature for
geopolymer composites [38]. The addition of magnetite induced a slight
increase of permeability values due to the magnetic properties of
magnetite. In SbMa samples, the increase of magnetite percentage leads
to the increase of the permeability values (1.06 and 1.1 for SbMaF5 and
SbMaF10 respectively). This is not the case for SbMc samples (1.03 and
1.05 for SbMcF5 and SbMcF10 respectively). Variations in permeability
are close to the measurement uncertainties (few percent); it is difficult to
quantify clearly the evolution of μ with the percentage of magnetite for
last case.

Consequently, the magnetite addition until 10 wt % induces a slight
increase of permittivity and permeability values.
n (a) 25–200 �C (physisorbed water) and (b) 25–800 �C (total water) for samples
SbMaFx, SbMcFx).



Fig. 7. Values of ε (◊) (error 0.11) and tan δ (☆) (error 0.01) at 2.45 GHz in
function of time for SbMc samples kept at 20 �C and (a) 60% humidity and (b)

Table 3
Values of ε, tan δ and μ for the various samples at 2.45 GHz, 20 �C and 60% humidity after drying, 5 and 10 days.

Sample Permittivity (ε) at 2.45 GHz Loss tangent (tan δ) at 2.45 GHz Permeability (μ) at 2.45
GHz

Type of
solution

Type of
metakaolin

Percentage of
Fe3O4

after
drying

after 5
days

after 10
days

after
drying

after 5
days

after 10
days

Sa Ma 0 3.62 0.073 1.01
5
10

Mb 0 3.24 0.047 1.06
Mc 3.51 4.31 4.26 0.039 0.124 0.135 1.02

Sb Ma 0 4.35 0.062 1.03
5 4.55 0.082 1.07
10 4.93 0.090 1.10

Mb 0 4.42 0.080 1.05
Mc 0 4.46 5.77 5.87 0.053 0.106 0.128 1.04

5 4.72 0.025 1.03
10 4.83 0.027 1.05
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3.3.1. Effect of humidity and time
The impact of relative humidity was studied. The evolution of the

weight loss related to the free and physisorbed water between 25 and
200 �C was plotted as a function of the percentage of Fe3O4 in Fig. 6B a.
The weight losses after humidity exposure are at least 3 times higher than
those before humidity exposure. Indeed, the weight loss between 25 and
200 �C (Fig. 6B a) increases to 14.8, 9.1, 12.9 and 11.8 for SbMa,
SbMaF1, SbMaF5 and SbMaF10 respectively The same trend is observed
for SbMc samples (10.9, 10.1, 10.5 and 9.6 for SbMc, SbMcF1, SbMcF5
and SbMcF10 respectively). Consequently, the increase of water content
after humidity exposure can be explained by the increase of free and
physiosorbed water. This type of water favors the mobility of free Kþ and
increases the electrical conductivity of the geopolymer [10,39]. This fact
suggests a modification of the dielectric properties under relative hu-
midity change. Fig. 6B b shows the evolution of the total weight (between
25 and 800 �C) deduced from thermal analysis as a function of the per-
centage of Fe3O4 for SbMa and SbMc samples kept in humidity for 3 days
(HR 85%, 20 �C). Whatever the sample, an increase of the weight loss is
noticed compared to those kept in air (HR 60%, 20 �C). SbMa and SbMc
samples exhibit total weight losses of 19% and 16% respectively. After
addition of magnetite, the total weight losses are about 16, 19 and 18%
for SbMaF1, SbMaF5 and SbMaF10. For SbMc samples, the weight losses
are about 16, 15 and 14% for SbMcF1, SbMcF5 and ScMaF10 respectively.
Consequently, an increase of water content is evidenced for all samples
with or without magnetite at high relative humidity.

In order to assess the effect of humidity and time on the dielectric
properties, the samples were kept in laboratory conditions (constant
temperature T ¼ 20 �C but HR around 60%) and the dielectric properties
were measured repeatedly. Fig. 7a shows the values of ε and tan δ at 2.45
GHz as a function of time for SbMc samples. SbMc sample presented after
1 day a value of ε and tan δ around 4.6 and 0.060 respectively. After 8
days the values of ε and tan δ increase to 5.9 and 0.13, respectively).
Therefore, one may conclude that the values of ε are stable in controlled
conditions; however, the samples may evolve in time. This result leads to
the hypothesis that the relative humidity fluctuation can affect the
dielectric properties of geopolymer materials. To investigate the impact
of humidity on dielectric properties, the samples were exposed to hu-
midity cycling in climatic chamber (as shown in Fig. 2 in the experi-
mental part). The dielectric properties were measured after each step.
Fig. 7b presents the evolution of the dielectric properties (ε and tan δ) in
function of time for the same sample. Samples presented initial ε of 4.6.
After the first day in controlled humidity at 50%, the ε values increased to
5.8 respectively and remain stable and fixed at this value all along the
period of exposure (10 days). When the humidity increases to 85%, the
values of ε increase to 9 after 1 day and further increase up to 10 and 11
after 2 and 4 days, respectively. Setting back the humidity to 50% in-
duces a decrease of ε value to 6, similar to the initial value measured at
this level of humidity (5.8). A reversible behavior is thus observed with
7

an increase of permittivity with humidity rate from 50 to 85% and then a
decrease of ε when getting back to initial conditions. [Humidity affects
the value of ε, the values increase with increasing humidity, but after it is
returning to lower values when the humidity decreases. Similarly, tan δ
value varies from 0.156 to 0.163 at 50% of humidity during 10 days.
controlled humidity at 50% (grey) and 85% (black) by climatic chamber.



Fig. 8. Values of ε (error 0.05) at 2.45 GHz function of ðnSisolþnFeÞ
ðnKþnH2OÞ ratio for

samples based on different solutions and metakaolin (■ SaMa; ● SaMb; ◆
SaMc; □ SbMaFx; ○ SbMb; ◊ SbMcFx).
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Then, it increases from 0.270 to 0.329 at 85% of humidity and decreases
again to 0.172 at 50% of humidity. According to literature, the dielectric
loss is controlled by motion of charge-balancing cations in the alternating
current field, requiring low conductivity to decrease the dielectric loss
[40]. Thus, the increase of ε and tan δ values upon the increase of relative
humidity can be explained by the mobility of free potassium cations due
to the increase of free and physisorbed water as previously demonstrated.
Although this phenomenon is reversible, it is necessary to eliminate the
free water in order to guaranty the stability of the dielectric properties.

3.3.2. Correlation between the dielectric properties and the chemical
composition

In order to correlate the dielectric properties to the chemical
composition, the variation of ε values at 2.45 GHz was plotted in function
of nSisolþnFe

nKþnH2O
molar ratio in Fig. 8. Only the number of moles of silicon

from the activating solution was considered since the solution has an
impact. A linear correlation was evidenced showing the increase of the
dielectric constant ε as the nSisolþnFe

nKþnH2O
molar ratio increases. Using Sa solu-

tion and without addition of magnetite, regardless of the metakaolin, the
nSisolþnFe
nKþnH2O

molar ratio is about 0.049 leading to quite similar ε values (3.5,
8

3.2 and 3.4 for SaMa, SaMb and SaMc samples respectively). The use of
Sb solution (higher nSi and lower nH2O) leads to higher value of nSisolþnFe

nKþnH2O

molar ratio (0.083 for SbMa, SbMb and SbMc samples respectively) and
therefore increased ε values (4.5, 4.4 and 4.3 for SbMa, SbMb and SbMc
samples respectively). The addition of magnetite in SbMa and SbMc
samples increases also the nSisolþnFe

nKþnH2O
molar ratio (from 0.090 to 0.151 and

from 0.083 to for SbMaF1, SbMaF10 and SbMcF1, SbMcF10 samples
respectively) leading to ε values varying from 4.2 to 4.9 and from 4.354
to 4.8 for SbMaF1, SbMaF10 and SbMcF1, SbMcF10 samples respectively).

Consequently, the dielectric properties are related to the chemical
composition of the geopolymers. The activation solution controls the
dielectric properties, magnetite shows a slight influence, while the type
of metakaolin has not a significant influence.

4. Conclusion

The current study aims to develop geopolymer material for antenna
applications highlighting the effect of used precursors, magnetite addi-
tion and relative humidity. For this, different formulations based on two
alkaline solutions, three metakaolins containing different amounts of
magnetite addition (1, 5 and 10 wt %) were synthesized. The effect of
magnetite addition and the relative humidity on the polycondensation
reaction, water content and dielectric properties were examined.

FTIR analysis demonstrated that magnetite until 10 wt % modified
the reactive mixture but did not participate to the polycondensation re-
action. Furthermore, thermogravimetric analysis reveals that the water
content of the samples is influenced by the alkaline solution and the
magnetite addition. Dielectric and magnetic investigations for samples
without magnetite addition reveal an influence of alkaline solution type,
while the type of metakaolin has a small influence. The addition of
magnetite induced a slight increase of permittivity values. Concerning
the magnetic properties, the permeability of the samples without
magnetite addition is close to 1 for all compositions, while the addition of
magnetite induces a slight increase of permeability. Humidity affects the
permittivity and the loss tangent, i.e. an increase is observed with
increasing humidity, but the values are decreasing back when the hu-
midity is decreased. This result was explained by the increase of free
water and cation mobility in the geopolymer.
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Appendices

Nicolson-Ross-Weir (NRW) [38,39] is a method to measure the electrical permittivity (ε) and permeability (μ) in non-conductor materials using
scattering parameters (Sij). This method is based on the phenomenon of reflection and transmission of a microwave electromagnetic field of the ma-
terial. These phenomena occur because of the difference between the complex permittivity and the complex permeability of the two environments
involved (inside and outside the material) [38,39].

Dielectric polarization takes place when the dielectric material is irradiated with an electromagnetic wave. Complex relative dielectric constant, εr, is
an intrinsic property and it is not depending on the measurement method. This technique describes the interaction of microwave signals with the
material. εr consists of two parts: the real part known as the dielectric constant (ε’) which indicates the ability of the material to store microwave energy
and the imaginary part known as relative loss factor (ε”) which indicates the dissipation of energy within the medium [41]. The relative permittivity can
be calculated by following Equation (1).

εr ¼ ε’� jε’’ (1)

The relationship between the real and imaginary parts is expressed as loss tangent (tan δ). The loss tangent can be used to represent the fraction of
stored energy lost per period field oscillation as it is presented in equation (2).

tan δ¼ ε’’=ε’ (2)
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Permeability is the ability to support formation of magnetic fields in a material. It is measured in H/m (Henry/m) or N/A2 (Newton/Ampere2).
Relative magnetic permeability μr is a complex property expressed in equation (3).

μr ¼ μ’� jμ’’ (3)

The real part (μ’) represents the material storage capacity of magnetic field whereas imaginary part (μ’’) represents losses and power dissipation.
Real part can be related to inductance and imaginary part to resistance [42].
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