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Abstract

In this work, composites based on the ceramic matrix Ba2CoNbOgs (BCNO)1.x - CaTiO3(CTO)x were
fabricated using the solid-state reaction method. X-ray diffraction and scanning electron microscopy
were used for structural and morphological characterization of the material. The dielectric properties of
the composites in the microwave and radio frequency ranges were analysed, as well as the temperature
dependence, using the Hakki-Coleman and Silva-Fernandes-Sombra methods for microwave analysis
and complex impedance spectroscopy for radio frequency analysis. A cylindrical resonator was
fabricated from a mixture of Ba2CoNbOs and CTO using 0, 5, 12, 20 and 37 wt. % of CTO and
sintering of these composites. CTO insertion improved the thermal stability of the material and showed
interesting results in the radio and microwave frequency ranges. Tests of the samples operating as an
antenna were performed and showed that all samples were operating in the range of 3-5 GHz.
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Introduction
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The main characteristics of ceramic materials are good mechanical resistance, thermal resistance and
chemical stability. Because they have these characteristics, they are attractive in a wide range of
industries that can apply them in the manufacture of new products and/or insert them in industrial
processes [1,2]. The development of new materials that can be applied in the telecommunications,
aerospace, military and medical industries has grown greatly in recent years. This growth has
happened due to the study of advanced ceramic materials [3] in conjunction with the study of families
of structures, such as perovskite, rutile, spinels and others, that have important electrical and dielectric
properties in the radio-frequency and microwave ranges [4,5]. Some of these properties are high
permittivity and low dielectric loss, which can be applied to the building of highquality electronic
materials and high-frequency circuits, both with low manufacturing costs [4,6]. Ba2CoNbO6 (BCNO)
Is a ceramic material consisting of oxides with a perovskite structure oxides, cubic symmetry [7] and a
high-temperature coefficient of resonant frequency [8]. In the literature, BCNO presents some
important properties such as a low-temperature phase transition [9], a large dielectric constant and
interesting properties in the radio frequency band [10,11]. CaTiO3 (CTO) has attracted researchers’
attention because of its high dielectric permittivity in the microwave range, low dielectric loss and a
very high resonance temperature coefficient (zf) [2]. In this work, the properties of BCNO and CTO
were combined. The combination of BCNO and CTO can exhibit thermal stability (zf) close to zero
since the materials have opposite signs for tf. For this reason, cylindrical resonators were prepared to
study the properties of the composites in the radio and microwave frequency ranges at room
temperature. X-ray diffraction (XRD) was used to analyse the crystallographic phases, while dielectric
and electric properties and thermal stability of the mixture of BCNO and CTO were analysed by
complex impedance spectroscopy (CIS), the Hakki-Coleman method [12] and the Silva-Fernandes-
Sombra method (SFS) [13]. The composites were constructed for evaluation as Dielectric Resonator
Antena (DRA) and simulated using HFSS® software (high-frequency structural simulator) and the

parameters analysed were the coefficient of reflection (S11), gain, Smith chart and radiation pattern.

Experimental Procedure

BCNO was prepared using the conventional solid-phase reaction method. A stoichiometric blend of
high purity oxides (BaCO3 (99%, Vetec), Nb205 (99%, Aldrich) and Co203 (97%, Vetec)) was used
and mixed in a mortar. The blends were milled for 6h in a ball mill with polyacetal pans and zirconia
balls, then placed in the oven for 6h at 850°C. The material was pressed at 200 MPa in a uniaxial press
and sintered in a furnace at 1000°C for 5 h. Both heating and cooling were maintained at a 5°C per

minute rate, forming the phase shown in Eq.1.
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4BaCO, + Nb,0, + C0,0, => 2Ba,CoNbO, +4CO, 1)

The powders obtained in this process were examined using the XRD technique with ka- Cu radiation
(A = 0.15406 Z\) in a range of 20-80° at a rate of 0.5° per minute to identify the Ba2CoNbO6 phase.
The samples were prepared with the addition of 0, 5, 12, 20 and 37%wt CTO and are represented as
BCNOO0O, BCNOO5, BCNO12, BCNO20 and BCNO37, respectively. Dielectric properties such as
dielectric loss and permittivity were obtained in microwave range using the Hakki-Coleman method.
Also in microwave range, the temperature coefficient of the resonant frequency, zf, was measured
using the SFS method and an Agilent AN5230A network analyser. The antenna measurements were
performed using the reflection coefficient, an Agilent N5230A network analyser and HFSS software.
In order to perform the electrical measurements at radio frequencies, the pellets were painted with
silver paste on both sides and then heated at 600°C for 1 h to remove its polymeric components. The
parameters were measured as a function of frequency in the range of 1Hz to 10MHz at room
temperature using an impedance analyser (Solartron 1260).

Results

BCNO synthesis was analysed by XRD and the phase confirmation was performed using the Rietveld
refinement [14] in which all the peaks that are in the experimental measurements were compared with
the diffraction peaks of the ICSD 91086 standard, which shows cubic symmetry and space group
pm3m [8]. The Rietveld refinement was performed, and the parameters revealed good agreement with
the BCNO ICSD standard, where RWP = 9.25%, S = 1.35, RBragg = 4.20, and the monocrystal
density was 6.42 g.cm-3. These values represent a good refinement because the lattice parameters are
close to the standard ICSD 91086. The diffraction analysis of the blends is shown in Fig. 1 and Table
1.
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Figurel: X-ray diffraction patterns BCNO and BCNO-CTO.
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The diffractogram shows the evolution of BCNO and CTO peaks with increasing CTO addition, Fig.
la—e. The CTO peaks appear more intensely with increasing CTO addition and there is no extra

important phase found during refinement.

Tablel: Parameters obtained from Rietveld refinement of the BCNO-CTO

Sample REXP(%) RP(%) Rwp(%) S

BCNO 6,84 7,13 9,25 1,35
BCNOO05 2,78 3,45 4,48 1,61
BCNO12 2,85 4,02 5,41 1,89
BCNO20 2,89 4,19 9,61 1,93
BCNO37 3,23 4,80 5,93 1,83

The validity of the sintering process was analysed using pycnometry, as shown in Table 2 and the
SEM images in Fig. 2. Sample density values decrease with CTO insertion, which is expected since
CTO has a lower density than BCNO [2, 15].
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Table 2: Dieletric properties of BCNO and BCNO-CTO in the microwave range

Sample Radius Height Diam ok €6 Tan

(mm) (' mm) eter (g.cm? P (Bexp)
BCNO 7.04 5.75 14.08 4.)47 175. 2.78107
BCNOO05 7.21 7.36 14.42 3.88 lZ. 3.54.10
BCNO12 7.42 7.92 14.83 3.56 18. 5.20-102
8
BCNO20 7.45 8.46 1491 3.33 lf. 4.1110%
BCNO37 7.49 7.03 14.97 3.03 18. 428107

7

Figure 2: SEM images of BCNO and composites (a) BCNO, (b) BCNOO5, (c) BCNO12, (d) BCNO20,
(e) BCNO37.

Table 3 shows the permittivity as a function of frequency at room temperature in the frequency range
from 1Hz to 10MHz. The dielectric permittivity of BCNO with the addition of CTO decreases with
increasing frequency, see Fig 3a, indicating either a relaxation phenomenon where while the rotated
dipoles do not follow the electric field at high frequencies or an electrode effect [16].

Table 3: The dielectric properties of ceramics BCNO, BCNO05, BCNO12, BCNO20 and BCNO37

Sample 100 HZ 10kHz 100kHz
& Tan & & Tan & & Tan &
BCNO 3780 326 3060 4.19 1550 1.56
BCNOO05 896 419 231 16.8 119 3.67
BCNO12 351 7.25 85.5 0.70 55.4 0.30
BCNO20 236 341 63.3 0.48 44 0.23
BCNO37 936 3.65 221 0.51 155 0.23
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At low frequencies, the dielectric losses are higher for BCNO and BCNOO5, what happens because
BCNO present, higher loss compared to CTO [17] and, in these samples, the BCNO molar fraction is
much larger than the CTO molar fraction in another samples. Thus, this explains the proximities of the
curves in Fig.3a and Fig.3b. For samples BCNO12, BCNO20 and BCNO37, the molar fraction of CTO
is much higher than the molar fraction of BCNO.

The dielectric losses follow a downward trend due to the CTO, as seen in Fig. 3b. The highest
permittivity value occurs for the BCNO at 100 Hz and the lowest dielectric loss occurs for the
BCNO37 sample at 1 MHz, see Table 3.

Figure 3: Relative dielectric permittivity and (b) loss tangent as a function of frequency for BCNo-
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The impedance diagram, Nyquist diagram, of the BCNO with added CTO at room temperature is

shown in Fig 4.

Figure 4: Variation of real part (Z’) versus the imaginary part (Z”) of the complex impedance of
BCNO-CTO at room temperature.
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This diagram is typical of ceramic materials and for a good fit of the circuit we use two RC circuits;
although the results only present a semicircle, the circuits are associated with the grain and the grain
boundary of the ceramics. We use the constant phase element (CPE) instead of the capacitance because
CPE is a generalized element. Several factors can contribute to CPE, one of the main factors being
irregularities on the surface of the electrodes [18]. The addition of CTO considerably increased the

impedance of BCNO, as seen in Table 4, which shows increasing values for resistors R1 and R2.

Table 4: Equivalent circuit fitting parameters for BCNO-CTO.

Grain Grain Boundary
Sample R; Py ny Ry P, Nz
BCNO 3.01.10% 4.1410° 0.40 8.40102 1.45.10°® 0.92
BCNOO5  3.0010° 1.1810°® 0.69 2.2510% 4.19.10%° 1.00
BCNO12  2.7210° 1.1110°% 0.70 2.5110° 1.5110° 0.80
BCNO20 12210°  3.1510° 0.76  6.4310° 1.2410° 0.79
BCNO37 1.3510° 1.76:10° 073  6.0810° 1.28:107 0.55

The values of n for the grain are in the range of 0.4-0.7, indicating that CPE is related to diffusion and
deviations relative to Fick's second law. For the grain boundary, n, CPE is close to 1 for BCNO and
BCNOQO5, indicating that the CPE represented is much more capacitive, whereas for samples
BCNO12, BCNO20 and BCNO37, it decreases to 0.545 [18]. The dielectric properties of ceramic
cylinders in the microwave range were measured by the Hakki-Coleman technique. All samples
presented radius/height ratios close to one, which is required by the technique. The compounds did not
show the expected increase in the dielectric permittivity and dielectric loss with the increase of the
CTO concentration [19], as seen in Table 2. This can be explained by the sintering temperature, which
in the literature can be higher than 1200°C [20], chosen for the material. The temperature coefficient of
the resonant frequency was measured in all samples by the SFS method. The measurements of tf for
BCNO showed that the negative values become positive with the addition of CTO, thus improving the

thermal stability of the dielectric properties of the studied ceramic, as seen in Fig. 5.
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Figure 5: Temperature coefficient of the resonant frequency of BCNO-CTO composites.
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The improvement in the thermal stability with CTO addition occurred because CTO (tf = 625 ppm.°C-
1) [13] presents opposite zf values compared to BCNO and, in the sample with 37%wt of CTO, it
presented better thermo-stability, according to Table 2, from this CTO concentration the zf values
increases for zf positive values due to the CTO properties. BCNO was tested as a DRA. Figure 6 shows

the experimental setup for the antenna tests, where A is the radius and L is the height of the DRA.

Figure 6: Design of dielectric resonator antenna measurement.
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The antenna feed is lateral, considering that the dominant mode is the HE115. Eq. 2 shows the
frequency of the fundamental mode.

—4.036 2
freus = 2735¢e 7| ) 543+0.589-~ —0.050/ 2| | (2)

. i 3
Quenss = 0.01353-202{2.135[ ZAL ] + 228.043( 2AL )e zou( 3 ) } ( )

It can be seen that BCNO functions as a DRA as long as the reflection coefficient (S11) is below -10

dB, showing that there is an acceptable minimum reflection. Fig. 7 shows that all samples function as
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antenna. We noticed that there is a narrowing of the DRA's bandwidth of with the addition of CTO,
which can be explained by Eq. 3, where the quality factor is a function of the material geometry and
the electric constant [21].

Figure 7: Experimental reflection coefficient measurements for BCNO, BCNOO05, BCNO12, BCNO20
and BCNO 37.
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The numerical simulation was performed using HFSS for validation of the samples as DRAs and to
obtain the distant field parameters, such as gain, directivity, radiation efficiency, bandwidth, radiation
diagram and Smith Chart. All the results obtained reveal that there is a small difference between the
experimental and simulation results; this shows that the numerical simulation was effective. The real

and imaginary impedances are shown in Fig. 8.

Figure 8: Simulated real and imaginary impedance of BCNO and BCNo-CTO.
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The experimental and simulated data are in full agreement. Increasing the CTO concentration causes a
shift in the peak frequency of the impedances. This numerical simulation profile is observed in all
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samples. Far-field parameters are shown in Table 5, which also presents gain, radiation efficiency,

bandwidth, permittivity and loss tangent for all fabricated DRAs.

Table 5: Simulated data in HFSS and =+

Sample fon fsm Gain er Esim BW sim T
(dB) (%) (MHz) ___(ppm /°c)
BCNO 5.07 5.07 4.51 69.29 17.47 468.64 -330.45
BCNOO5 4.33 4.32 4.24 64.71  16.06 360.05 -159.0
BCNO12 3.96 3.96 3.81 55.45 17.56 348.56 -148.9
BCNO20 3.88 3.88 4.39 65.24  18.10 278.90 -77.31
BCNO37 4.13 4.14 4.56 69.94 17.51 261.63 -0.98

The best values of gain and radiation efficiency were for the BCNO37 sample and the highest
bandwidth was the BCNO sample, showing that BCNO and its compounds with CTO are suitable for
use as DRAs. Figure 9 shows the radiation pattern of BCNO and BCNOO5 obtained by numerical
simulation. The profile of the radiation diagram is compatible with the profile of a cylindrical DRA,
where we observe the maximum radiation at 6 = 0 and ¢ = 90°.

Figure 9: Smith charge and radiation diagram of samples BCNO and BCNOO05.
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All other DRAs follow the same profile. The symmetry of the lobes indicates an effective coupling
between the probe and the sample in the setup in Fig. 6. The Smith chart presented shows excellent
concordance between the measured values and the simulated values, validating the study method. All
samples presented the graph cross the real axis precisely at 50 Ohms, indicating a perfect impedance

matching of line-antenna impedances.

Conclusions
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The addition of CTO into the BCNO ceramic matrix shows better thermal stability at around 37 wt%.
The addition of CTO promotes a decrease in the density of the composites, allowing important
applications in projects in which the weight is an important parameter for new device design. Nyquist
diagrams were well fitted using two associations of R—-CPE and the addition of CTO promoted an
increase in the BCNO resistance due to the contribution of the grain and the boundary of the grain. The
application of these composites as DRA was satisfactory since all the samples functioned as antenna
and the reflection coefficient of the composites was below -10 dB, gains were above 3.81 dB and

radiation efficiency was above 55.46%.
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