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Abstract: Lead-boron special glass was doped into Bag g9sLag gp4 Tip 99903 (BLT4) ceramics in order
to control the sintering process and grain growth, consequently obtaining materials with a well-
developed microstructure. Changes in the microstructure resulted in a significant decrease in electrical
permittivity along with a substantial increase in its frequency dispersion. Glass-doped ceramics,
similar to pure BLT4, are characterized by a first-order phase transition from the ferroelectric phase to
the paraelectric phase. The temperature of this transition shifts slightly towards higher values with
the increase in glass dopant concentration.
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1. Introduction

Barium lanthanum titanate Ba;_,La,Ti; _,/4O3 is an advanced ceramic material that
is widely used due to its unique dielectric and ferroelectric properties [1-4]. Particularly
noteworthy are ceramics containing 0.4 mol.% lanthanum Bag gg9¢Lag 004 Tip 99903 (BLT4),
which shows a huge value of electrical permittivity, with a relatively low level of dielectric
losses, piezoresistive and semiconductor properties at room temperature, and, above the
Curie temperature, posistor properties and piezoelectric properties [5-7]. This allows us
to assume that BLT4 ceramics can be used as an alternative filling in ultracapacitors and
could constitute a base material for potential applications in piezoresistive pressure sensors,
PTCR thermistors, and piezoelectric sensors [8-10]. Currently, there is a significant need
and strong demand for new generation electrical energy storage devices, in which high
dielectric constant and low dielectric losses and high dielectric breakdown strength of
materials play a key role [11-13].

Unfortunately, ferroelectric ceramic materials exhibiting high dielectric permittivity
and relatively low dielectric losses are also characterized by low dielectric breakdown
strength. Several external factors contribute to this phenomenon, such as pores, grain
boundaries, and anisotropic permittivity in randomly oriented crystals [14,15]. A promising
material to eliminate the above defect may be special glass, which has high thermal stability
and high dielectric breakdown strength, which makes it a candidate for use in high-
temperature energy storage capacitors [16-18]. Glass-forming components as sintering
additives create an irregular liquid phase during sintering, which causes good wettability at
the grain boundary [19-21]. By acting as a sintering activator, they contribute to improving
technological conditions and, above all, to lowering the optimal sintering temperature [22],
which leads to energy savings and lowers the costs of the production process. By reducing
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the porosity of the ceramics, the addition of glass increases its density and also increases its
mechanical strength by reducing internal mechanical stresses. The admixture of special
glass also affects the purification of crystallites by the diffusion of “foreign” atoms into
the glassy phase and reduces the effects of evaporation of volatile components, while the
crystal grains increase the degree of angularity [23].

In this work, a lead-boron special glass from the PbO-B,O3-Al,O3-WO3 system was
selected as the sintering activator. The composition of the glass-forming agent was dictated
by many important considerations. Glassy materials, which consist of the heaviest metal
oxides, such as lead, are more promising for photonics and optoelectronics. Depending
on the type of bond, ionic or covalent between lead and oxide, respectively, PbO plays
the role of a modifier or glassy agent [24]. Lead oxide significantly reduces viscosity,
especially at high temperature, and reduces surface tension, thereby improving electrical
properties of glasses. In addition, PbO is a binder, preventing lead evaporation, melts
at T = 1161 K, and is not classified as a glass-forming agent, but easily forms glass with
B,O3 [25]. Boron trioxide B,Oj3 is one of the most important components of glasses. It
has strong glass-forming properties and easily forms glasses with many oxides. B,O3
improves the electrical insulating properties of glasses (high resistance, low dielectric
losses) and significantly increases hardness but reduces the density of glass. It is a relatively
volatile component and melts at T = 1073 K [26,27]. Boron glasses are among the most
well-known and unique glass systems. They have useful optical, thermal, and electrical
applications, and have recently been used as potential bioactive candidates [28]. One of
the most important components of glasses, giving them several advantageous properties,
is undoubtedly Al,O5. It increases the mechanical strength, hardness, surface tension,
and electrical conductivity of glass. It forms a liquid phase during sintering, lowers
the temperature of eutectic formation with BaTiO3, and increases the grain size (from
2 to 8 um) [29]. WOs-based glasses, which exhibit significant nonlinearity and electrical
characteristics, have become increasingly important technologically over the years, despite
the occurrence of electro- and photochromic phenomena [30-32]. Tungsten trioxide is
classified as an oxide catalyst for crystallization (devitrification), increases the density of
glass, and is a surface-active component—it has a significant effect on surface tension. The
special features of tungsten trioxide, such as the field intensity and high valence of tungsten
(VI), promote network formation and improve mechanical properties [33]. Tungsten oxide
has many innovative applications, including the production of “smart windows”, anti-
reflective rear-view mirrors for cars, zero-emission displays, optical recording systems, and
can act as a gas, humidity and temperature sensor in the solid state [34]. Due to the ability
to create large areas of glass and change its oxidation from three to four, B,Os is a very
suitable host for the introduction of metal ions. In addition, the size of ions in the glass
network, the movement of the modifier cation, and other factors have a significant effect
on the degree and ability to include WOj3 in glasses [35]. By creating new strong bonds
with tungsten, lead-boron special glasses containing an appropriate concentration of WO3
cause an increase in the dielectric constant and conductivity with increasing temperature,
revealing the semiconducting behavior of the samples [36]. This predisposes them for
applications in a broadly understood group of electronic devices.

The use of lead-boron special glass, whose properties have been widely studied and de-
scribed by the authors [24,37], as a modifier of ferroelectric ceramics contributes to lowering
the sintering temperature, thereby improving the material consolidation process. Thanks to
the glassy phase, ceramics with well-developed intergranular boundaries and large angular
grains, the best stoichiometry and a high degree of perfection of the crystal structure were
obtained. It also allowed the dielectric to transition into the semiconductor state and then
into the posistor state and obtain the PTCR effect above the Curie temperature. In the
context of dielectric properties, the admixture of lead-boron glass can lead to a reduction
in dielectric losses and an improvement in the temperature stability of ceramics [38,39].
To sum up, an admixture of special glass introduced into ferroelectric ceramics can have
a multi-faceted impact on its properties. Optimizing these properties requires precise
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selection of the type and quantity of glass, as well as control of the production process to
obtain the desired results in the context of a specific application.

Research on the influence of the admixture of lead-boron glass on the properties of
Bag.o9sLag 004 Tip.99903 ceramics, which is an advanced electroceramic material with unique
dielectric and ferroelectric properties, is crucial for a better understanding of the interactions
between the glassy and ceramic phases and for the development of new materials with
improved parameters [36,40—-42]. This approach may contribute to the development of
advanced technologies, including modern electronic devices such as electromagnetic wave
absorbers. These devices play an important role in today’s world, which is filled with
electromagnetic noise. Particularly valued are absorbers made from ceramic materials
due to their resistance to weather conditions and, consequently, their ability to operate
outdoors. So far, ceramic absorbers based on titanite, which has a very low dielectric
permittivity, have been developed. They are used in the millimeter-wave frequency range.
Ferroelectric ceramics, whose permittivity is at least 100 times greater, have significant
application potential in this regard [43,44]. With suitably controlled dielectric dispersion, it
is possible to create electromagnetic wave absorbers that operate in any frequency band.
One of the ceramic materials considered is barium titanate [45,46]. Attempts have been
made to change the frequency dispersion range of the electric permittivity by doping it
with strontium or calcium [47,48]. However, the range of changes was small. Similar effects
were achieved with dopants such as B, Li, and Na [45]. In this paper, we report, among
other things, the effect of adding special glass dopants on the frequency dispersion of
electric permittivity, as well as its impact on the microstructure, crystalline structure, and
dielectric properties.

2. Materials and Methods

The technological process of obtaining barium lanthanum titanate (BLT4) ceramics
modified with special glass consisted of three basic stages. The first stage involved obtaining
lead-boron glass containing W®* cations. The preparation of special glass as a modifying
admixture was made by melting a mixture of simple oxides of high purity (99.99%, Sigma-
Aldrich, USA, St. Louis MO) in the following amounts by weight: PbO (73.4 wt%), B,O3
(18.4 wt%), Al,O3 (5.2 wt%), and WO3 (3.0 wt%). These substrates were mixed together in
a planetary ball mill for t = 24 h and then melted in a corundum crucible at T = 900 °C for
t =1 h. The alloy was poured onto a steel plate for rapid cooling and devitrification. The
obtained glass was crushed and ground into powder in a mortar for approximately t = 1 h
and in this form it was added to BLT4 ceramics as a modifying admixture. The second stage
of the technology was related to the synthesis of BLT4 ceramics by donor doping of pure
barium titanate (BT) with lanthanum La3* ions in an amount of 0.4 mol.%. The starting
materials for obtaining BLT4 ceramics using the conventional method were analytically
pure compounds: barium carbonate, lanthanum oxide, and titanium (IV) oxide (99.99%,
Sigma-Aldrich, St. Louis, MO, USA). The substrates were weighed in a stoichiometric ratio,
taking into account the expected chemical reaction (1):

(1 —x)BaCOs + (1/2x)LayO3 + (1 — x/4)TiOp — Ba;_xLasTi;_« /405 + (1 — x)CO1T (1)

In this way, powders with the desired composition were obtained, which can be represented
by a schematic reaction Equation (2):

0996BaC03 + 0002La203 + 0.999Ti02—>Bao,996La0,004Ti0.99903 + 0996C02T (2)

The prepared powders were dry mixed in a porcelain mortar for t = 1 h and then prepared
for wet grinding with the addition of ethyl alcohol C,H50H (99.99%, POCH, Poland,
Gliwice) in a planetary ball mill, using zirconium-yttrium balls as grinding media. Based
on thermal analyses [5], the synthesis was carried out at a temperature of T's = 950 °C for
t = 2 h. After heat treatment, the moldings were crushed and ground. The third stage
concerned the introduction of an admixture of special glass from the PbO-B,O3-Al,O3-WOs3
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system in amounts of 2, 4, 6, and 8 by weight % to the basic composition of BLT4 ceramics.
The modified compositions were pre-ground in porcelain mortars for t = 1 h and then
subjected to wet mechanical mixing using a suspension with the addition of ethyl alcohol
and ceramic grinders with a diameter of d = 10 mm made of zirconium oxide stabilized
with yttrium oxide, the number of which was selected in proportion to the mass of the
ground powder. The mixing process was carried out in a planetary ball mill for t =24 h at
250 rpm. Powders of oxide mixtures homogenized in this way were dried in air until the
alcohol completely evaporated.

In order to select appropriate technological conditions for the modified powders,
thermal analysis was carried out using the thermogravimetric method (TG) and differential
thermal analysis (DTA), and in parallel, differential thermogravimetric analysis (DTG) was
also performed. Measurements were performed for all compositions using a MOM Q-
1500D derivatograph (Paulik-Paulik-Erdey System, Budapest, Hungary). Based on detailed
thermal analysis tests, optimal technological conditions were adopted for BLT ceramics
modified with special glass.

Before the sintering process, the obtained powders were pressed by unilateral, uniaxial
cold pressing on a hydraulic press at a pressure of p = 300 MPa in a steel die with a diameter
of d = 10 mm. The finished ceramic moldings were placed in corundum crucibles with
Al O3 (99.99%, Sigma-Aldrich, St. Louis, MO, USA) bedding and the first sintering was
carried out in an electric resistance furnace—HTC 1500 at T = 1250 °C for t = 2 h. The
crushing, grinding, and pressing procedure was then repeated. Final sintering was carried
outat Tp = 1300 °C for ¢t = 2 h. During sintering, the controller recorded the temperature and
operating time of the furnace. The temperature rise rate in the furnace was t =5 °C/min.
The ceramic samples obtained as a result of the technological process were mechanically
processed, consisting of grinding and polishing to a thickness of approximately 1 mm.
Then, the samples were dried at T =373 K for t = 1 h and annealed by quick heating to
T = 873 K and slow cooling to remove internal stresses.

The structure of the prepared samples (phase composition) was investigated using
the X-ray diffraction (XRD) method with a Panalytical X'pert PRO MPD diffractometer
(Eindhoven, The Netherlands) operating in the standard @-20 mode. The diffractometer
was equipped with a PW 3050 goniometer, PIXcel 1D raster detector, and a copper (Cu) lamp
(CuKa =1.54178 A). The HighScore Plus program with a PDF-2 DL database (2022 edition)
formalized by JCPDS-ICDD was used for the phase and structural analyses.

The manufactured ceramic materials were also subjected to microstructural analysis per-
formed using a SEM JEOL JSM-7100F TTL LV (Akishima, Japan) scanning electron microscope.

Measurements of dielectric properties were carried out on specially prepared samples,
using a computerized measurement system, an integral part of which was the Agilent
E4980A LCR meter (Santa Clara, CA, USA). The samples used for dielectric measurements
were disc-shaped with a thickness of 0.6 mm and a surface area of 1 cm?. Conductive
silver paste (P-120, supplier: Polish State Mint, Warsaw, Poland) was applied to the parallel
surfaces using the burning method. Before the actual measurements, the samples were
heated at T = 400 °C for t = 30 min to reduce the stresses caused by previous mechanical
processing. This process also resulted in the relaxation of initially immobile defects formed
during the sintering process.

3. Results
3.1. Thermal Analysis

All powders, in the form of 50 mg weighed, were subjected to thermal analysis
before undergoing the synthesis process using the following methods: thermogravimetric
(TG) and differential thermal analysis (DTA). As is known, the quantity measured in the
thermogravimetric method is the change in mass, while differential analysis determines
the temperature difference between the sample and the standard, most often in the form
of pure Al,Os. Since the reference substance, which is aluminum oxide, is not subject to
transformations accompanied by thermal effects, the measured difference AT depends on
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the rate of heat absorption or release by the samples. In order to improve the readability
of the TG curve, differential thermogravimetric (DTG) analysis was performed in parallel.
As a result, next to the TG curve, its first derivative with respect to temperature (T) was
obtained. The recorded total weight loss of the sample was equal to the area of the TG
peak on this curve. Thermal analysis of the tested compositions was carried out in the
temperature range T = (20 + 1000) °C in an air atmosphere. The temperature increase
rate was v = 10 deg/min. Figure 1 shows the TG, DTG, and DTA thermal curves for the
as-synthesized BLT4 ceramic powder, glass powder, and glass-doped BLT4 ceramic powder.

[ —BLT4

——glass

BLT4+2 wt% of glass

[ —— BLT4+4 wt% of glass -08
BLT4+6 wt% of glass
—— BLT4+8 wt% of glass
" L N "

o o
> o
T

0.2F
00F

\

DTG [mg/s]

——BLT4
[ glass
BLT4+2 wt% of glass
—— BLT4+4 wt% of glass
10k BLT4+6 wt% of glass

100 200 300 400 500 600 700 800 900 1000 -1.2

—— BLT4+8 wt% of glass

0 100 200 300 400 500 600 700 800 900 1000

Temperature T [°C] Temperature T [°C]

12 }—BLT4 T
——glass ex0
10 F BLT4+2 wt % of glass

—— BLT4+4 wt % of glass
u BLT4+6 wt % of glass
—— BLT4+8 wt % of glass

0 100 200 300 400 500 600 700 800 900 1000
Temperature T ['C]

Figure 1. Thermal behavior of the substrate mixture of pure BLT4 ceramics, special glass, and BLT4
ceramics doped with special glass after synthesis.

In the TG curves for all compositions, it is observed that the total mass loss is
Am = 0.4%. As the glass content in the tested material increases, the mass loss increases.
Two temperature ranges corresponding to mass losses can be observed on the TG thermal
curves. The first mass loss at ATy = (20-150) °C is accompanied by a minimum in the
DTG curves at a temperature of approximately T = 80 °C and an endothermic maximum
(minimum in the curves) in the DTA curves at a temperature of approximately T = 100 °C.
The first observed weight loss is related to the evaporation of moisture from the powders.
The second mass loss, for pure and glass-doped BLT4 ceramic powders, occurring in the
temperature range AT, = (550-750) °C, is accompanied by a minimum on the DTG curves
at a temperature of approximately T = 600 °C for doped compositions and at a temperature
of approximately T = 650 °C for pure BLT4 and a small endothermic maximum in the DTA
curves around the temperature T = 650 °C appearing for doped compositions. As the glass
content in the tested material increases, this maximum becomes more and more visible.
This maximum is responsible for the formation of intermediate phases during the transfor-
mation of perovskite. In the case of TG and DTG thermal curves, their courses for glass
and BLT material doped with glass are similar. However, DTA curves have a completely
different course for pure glass. The DTA curve shows typical transformations occurring in
glassy materials. The endothermic maximum (minimum on the curve) occurring on the
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DTA curve at T = 100 °C is related to the evaporation of moisture from the powdered glass.
As the temperature increases, an inflection point is observed around Tg =370 °C, associated
with the beginning of the glass softening process. However, the endothermic maximum at
T,; =430 °C is the glass softening temperature. The large exothermic maximum on the DTA
curve, observed at T = 610 °C, is responsible for the crystallization of the glass. During
further heating of the glass, the crystallized phase melts, observed on the DTA curve in the
form of an endothermic maximum at T, = 680 °C.

3.2. X-ray Analysis

Figure 2 shows the XRD patterns recorded for all the investigated BLT4 samples. The
top panel of Figure 2 depicts the diffractogram taken for the glass powder used in the
synthesis process. One can note two broad peaks characteristic of amorphous materials in
the case of the glass sample. No crystalline phases were detected.

experiment BLT4
—fit
A LA A
T T T T T T
BLT4_2%
T T T T T T
BLT4_4%

T T T T I L N T —

BLT4_6%
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- |‘°°2’||“°2’||<1121|‘ Lo
2‘0 3‘0 4‘0 5‘0 5‘0 7‘0 80

20 ]

Figure 2. The results of XRD analyses for BLT4 ceramics modified with special glass. The top panel
shows the diffractogram registered for the special glass used in the synthesis procedure. The bottom
panel shows the standard room temperature XRD pattern for tetragonal BaTiO3 (ICSD code 28620) as
a reference.

In the case of the investigated composites, pure BLT4 phases were obtained without
any secondary phase. Interestingly, it can be noted that the background is flat and there
is no trace of an amorphic glass-like phase. Thus, it can be stated that the glass elements
were incorporated into the perovskite lattice of BLT4. This finding is confirmed by the
DTA results, which show no features typical for glass in the case of all glass-doped BLT4
samples, and DTG data showing a growth of the height of the exothermic minimum at
T = 600 °C with increasing concentration of glass. The structure of all the samples was
found to be tetragonal (P4mm space group), characteristic of the pure BaTiO3 compound
at room temperature. The bottom panel of Figure 2 shows the positions and intensities of
diffraction peaks reported for the BaTiO3 compound (ICSD No.: 28620) as a reference. The
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Rietveld method was used for refinement of the unit cell of the obtained BLT4 samples.
Structural parameters were derived and summarized in Figure 3.

3.993 4 4.029
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1 4028
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T — 14026 ©
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0 2 ‘ zlt ' Els ' 8
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Figure 3. Lattice parameters of BLT4 ceramics modified with special glass derived from Rietveld
refinement of tetragonal P4mm unit cell as a function of special glass content.

It can be noted that the c lattice constant was weakly sensitive to the contribution of
glass in the composite and it is close to 4.026 A. On the other hand, the parameter a slowly
decreases, reaching a minimum of around 3.990 A for sample BLT4_6%, and then increases
t0 3.9909 A for BLT4_8%. This proves that the glass elements were incorporated into the
BLT lattice, thereby slightly modifying the unit cell parameters. The decrease of a lattice
constant and a drop of a unit cell volume can be attributed to the partial substitution of
titanium by tungsten, as was reported earlier in [38].

3.3. Scanning Electron Microscopy

Fractured samples were used for microstructural tests of the surface of the manufac-
tured ceramics. Samples for analysis were initially cleaned of micropollutants with acetone
(p-a.) using an ultrasonic scrubber. Then, using a carbon sputter (turbomolecular), they
were covered with a thin layer of gold to facilitate the removal of electrons from the tested
surface. Samples prepared in this way were placed on the stage of a scanning electron
microscope. Figure 4 shows SEM images of the fracture surfaces of pure BLT4 ceramics
and for various concentrations of the special glass admixture introduced at a magnification
of 10,000 .

Literature data indicate that the ideal microstructure of doped BaTiO3 ceramics should
be characterized by well-formed, homogeneous grains of barium titanate containing dis-
solved donor dopants [49]. For BLT4 0% ceramics, the appearance of the microstructure
indicates that fractures occurred through the grains (transgranular fractures) during the
breaking process. The obtained ceramics are characterized by well-formed large prismatic
grains, with a tendency for spiral hexagonal growth. This two-dimensional grain growth
mechanism significantly increases the size of individual grains, consequently enhancing
the strength of the obtained ceramics [49]. With the increase in the content of the special
glass additive, a decrease in grain size is observed. Additionally, it can be noted that the
grains are prismatic and more densely packed. The surface microstructure is not homoge-
neous; it features areas of both coarse and fine grains. The presented images of the fracture
microstructure clearly indicate that the fractures characteristic of the studied materials are
intergranular fractures. This suggests a positive impact of the special glass additive on
grain quality.
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Figure 4. SEM photos of ceramic fractures.

3.4. Dielectric Properties

In the first step of analyzing the influence of special glass additives on the properties
of BLT4 ceramics, the temperature dependencies of the dielectric constant and the tangent
of the loss angle were measured in a measurement field with an amplitude of 1 V and a
frequency of 1 kHz. The obtained characteristics are presented in Figure 5.

1x10° 1.0
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Figure 5. Dielectric permittivity (a) and dielectric loss tangent (b) as a function of temperature,
measured at frequency 1 kHz on heating processes for pure BLT4 ceramics and those modified with
special glass.

The modifying additive in the form of lead-boron special glass introduced into lan-
thanum barium titanate ceramics significantly reduced the maximum value of the dielectric
constant, from &, = 99,140 for pure BLT4 ceramics to &4y = 12,407 for BLT4 + 6% glass.
Further increasing the concentration of the modifier (up to 8% glass) causes a subsequent
twofold increase in the dielectric constant, both at room temperature and at the Curie
temperature (Table 1). However, it should be emphasized that all the discussed ceramic
materials are characterized by high dielectric constant values (both at room temperature
and at the phase transition temperature) while maintaining low values of the dielectric loss
tangent, which is extremely important from an application perspective (Table 1). According
to the authors of the study [37], such low tan delta values may be due to the decreasing
pore content. In the paraelectric phase region, a slight increase in tgd is observed, which is
related to the increase in electrical conductivity caused by the rise in temperature.
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Table 1. The influence of the amount of special glass on the dielectric parameters of BLT4 ceramics

determined at a measurement field frequency of f = 1 kHz.

Special Glass Content Tc [K] ERT Emax tgoRrT tgdrc Ty [K] CIKI
0% 393 39,497 99,140 0.08 0.20 348 420 x 10°
2% 397 13,391 30,530 0.31 0.41 369 9.97 x 10°
4% 399 12,670 30,578 0.32 0.38 365 1.16 x 10°
6% 417 5363 12,407 0.13 0.16 342 9.80 x 10°
8% 408 10,222 24,593 0.29 0.31 356 1.42 x 10°

With the increase in the amount of glass in the studied materials, a gradual shift
towards higher Curie temperature values is observed, from T¢ = 393 K for BLT4 ceramics to
Tc =417 K for BLT4 + 6% glass, followed by a decrease in T for a glass concentration of 8%.
According to the authors of the paper [13], the reason for this behavior can be attributed
to the compositional variation in the ferroelectric phase caused by the incorporation of
elements between the ceramic and glass phases.

The shape of the reciprocal of electric permittivity in the function of temperature
for all discussed ceramics shown in Figure 6 points to the sharp transition between the
ferro- and paraelectric phase occurring at Tc. Moreover, the discussed dependencies follow
the Curie-Weiss law at temperatures above temperature T¢c. According to the mentioned
relationship, the Curie-Weiss temperature (T) and constants were obtained from linear
extrapolation of 1/¢ (T) characteristics in the high-temperature region (Table 1).
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Figure 6. The reciprocal permittivity (1/¢) at 1 kHz as a function of temperature for pure BLT4 and
BLT4 ceramics modified with special glass.

The obtained Curie-Weiss temperatures are lower than T, and the difference between
temperature Tc and T is significant (about 28-75 K). From the above results, it is clear that
first-order phase transitions occur in pure BLT4 ceramics as well as in the modified ones.

Considering the potential application of glass-modified ceramic materials BLT4 in elec-
tromagnetic wave absorbers, the temperature dependencies of electrical permittivity were
measured at several selected field measurement frequencies ranging from 100 Hz to 1 MHz.
The obtained curves clearly indicate the presence of significant frequency dispersion of
electrical permittivity noticeable across the entire range of investigated temperatures for all
discussed materials. To quantitatively define the influence of special glass on the mentioned
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dispersion, its measure was determined as the difference between the maximum values
of electrical permittivity measured for the two extreme field measurement frequencies,
denoted as Agygy. In the case of pure barium lanthanum titanate ceramics, this difference is
the smallest and amounts to Ag,,y = 22,239, which constitutes 25% of the maximum value
of electrical permittivity measured in a field of frequency f = 100 Hz.

With an increase in the concentration of lead-borate special glass in BLT4 ceramics,
there is a distinct increase in frequency dispersion, and for ceramics with the highest
amount of glass additive, it reaches Agy,y = 30,015, which constitutes as much as 87% of
emax at frequency 100 Hz. Similar results were obtained for values of frequency dispersion
at room temperature (see Table 2).

Table 2. Quantitative description of the frequency dispersion observed in pure BLT4 ceramics
as well as in ceramics modified with special glass at room temperature (Aerr) and at the Curie
temperature (Agyay).

Special Glass Content AeRT Agmax
0% é‘gf/z) 22,239 (25%)
2% 1253/3)1 41,512 (83%)
4% 1;&)90/2)1 38,510 (84%)
6% (‘%%Z) 11,395 (74%)
8% 1585/1;1 30,015 (87%)

The sources of frequency dispersion should be sought in the increasing contribution
of space charge within the sample volume and its polarization. It is also worth noting
that the Curie temperature T¢ remains unchanged, which clearly excludes the presence of
properties typical for ferroelectric relaxers [50]. Strong frequency dispersion of electrical
permittivity is accompanied by dispersion of the dielectric loss tangent, which is also
observed across the entire considered temperature range. However, the value of tand
remains very low (see Figure 7).
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Figure 7. Cont.
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Figure 7. Temperature dependence of electrical permittivity and dielectric loss tangent as a function of
temperature and field measurement frequency for ceramics: pure BLT4 and BLT4 ceramics modified
with special glass.

4. Conclusions

The microstructure, crystalline structure, and dielectric properties of Bag g9¢Lag,004Tip.99903
ceramics modified with different content of lead-boron special glass were investigated. The
additions of special glass caused distinct changes in microstructure. With the increase in
the content of the special glass additive, a decrease in grain size is observed. Moreover, the
grains are more densely packed. The structure of all the investigated samples was found
to be tetragonal, revealing a PAmm space group characteristic of pure BaTiO3 compound.
The lattice parameters were weakly dependent on the glass concentration. The addition
of glass caused a decrease in the value of electrical permittivity across the entire consid-
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ered temperature range and a slight increase in the value of the dielectric loss tangent.
However, it should be noted that both values remain attractive for potential applications.
Furthermore, this modification enhances dielectric dispersion across all temperature ranges
investigated, which is highly valuable for electromagnetic wave absorbers, as mentioned in
the introduction.
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