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Abstract:

BZT ceramics was prepared by using fine powder mixture of BaCOs, TiO, and ZrO,
in the respective molar ratio to form Ba(Zry10Tioe0)Os Vvia solid state reaction at elevated
temperature. The prepared BZT was milled in the planetary ball mill from 0-120 min to
achieve different powder grades from micron to nano-sized particles. After the powder
characterization by XRD and SEM the samples were pressed in disc shape and sintered at
different temperatures from 1100-1350°C in the air. The sintered samples were characterized
by SEM and their density and average grain size was determined and presented vs. sintering
temperature and powder grades (milling time). After that the silver epoxy electrodes were
deposited on sintered disc samples. The disc samples capacity and resistivity were measured
at low frequency region from 1 Hz to 200 kHz using low frequency impedance analyzer. The
sintering temperatures and powder grades were used as parameters. Finally the specific
resistance p, dielectric constant (¢' + je") and tgd where determined from the impedance
measurements. The behavior of electronic properties where analyzed e.g. the relaxation effect
of the space charge (inter-granular electric charges) vs. sintering temperature and ceramic
grades. The results obtained were compared with best literature data for the losses in BZT
ceramics at low frequencies.
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1. Introduction

In the last few years, the dielectric and optical properties of relaxer ferroelectrics have
been widely investigated for applications in wireless communications, metal-oxide—
semiconductor field-effect transistors, and optical and microwave dielectrics [1-6]. The main
characteristics of relaxer ferroelectrics are the large, temperature dependent, diffuse and
frequency dispersive maximum of relative permittivity (€) [7].

Ferroelectric materials with perovskite type structure (ABOs3) have been studied
extensively, because of their broad technical application in memory storage devices,
multilayer ceramic capacitors (MLCC) and piezoelectric devices. Since the 20th century
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BaTiO; gained interest due to environmental and fundamental studies [8]. Ba(Zr,Ti)Os was
considered as an important material for ceramic capacitors, because Zr*" is chemically more
stable than Ti**[9].

BaTiO; itself shows a high dielectric constant with a sharp maximum at about 130°C.
With proper dopants this maximum can be depressed and shifted resulting in a stable
dielectric over a wide temperature range. Solid solution of BaTiO; doped with Zr** and/or
Ca®* offer a higher relative permittivity but in a narrower temperature range. So Ba(Zr,Ti)Os
systems have been established as one of the most important compositions for MLCC [10, 11].
BaTiO; ceramics gained great interest due to the ferroelectric characteristics. It's low Curie
temperature Tc of 120°C sets a limit for high power transducers and the low
electromechanical coupling factor is not as interesting as that of PZT. The drawback of pure
BaTiO; is the high temperature coefficient near the Curie temperature. The high temperature
coefficient can be avoided by adding dopants due to the shifting of the transition temperature.
BaTiO; shows a multiple ferroelectric-ferroelectric phase transition which results in a
temperature dependence of piezoelectric properties. A large piezoelectric coefficient results
by a substitution on the Ba** or Ti** side. Also a good electromechanical coupling factor and a
more stable structure is observed. An important example is Ba(Zr,Ti)Oz which can be used in
different devices [12, 13].

Barium strontium titanate (Ba,Sr)TiO; (BST) with high dielectric constant value
combined with low dissipation factor makes BST one of the promising candidates for
dynamic random access memory (DRAM) applications. The BST system is well known for
it's strong response to the applied dc electric field. This property is very attractive and has
been used to develop devices operating in the microwave and millimeter range such as phase
shifters, frequency agile filters, and tuneable capacitors [14-17]. Moreover, the substitution of
barium by strontium in barium titanate can improve the properties such as lowering the
temperature of ferroelectric transformation, increasing dielectric constant, lowering dielectric
dissipation and elevating pyroelectric coefficient [18-23]. It is also reported that barium
zirconate titanate (BZT) solid solutions are also electric field-tuneable dielectrics with
potential use in devices for wireless communications as variable capacitors, phase shifters and
voltage-controlled oscillators [24-27].

Currently, barium zirconate titanate Ba(ZryTi; )O3z (BZT) has been chosen as an
alternative material to replace barium strontium titanate (Ba,Sr)TiO; (BST) in the fabrication
of ceramic capacitors, since [ZrOg] clusters are chemically more stable than those of [TiOg]
[28-32].

Barium zirconate titanate (BZT) is one of the most important traditional functional
materials with potential applications as piezoelectric transducers, dynamic random access
memory (DRAM), tuneable microwave devices, and in electrical energy storage unit [33-36].
With high dielectric constant, it is generally adopted in Y5V multilayer ceramic capacitors
(MLCC) [37, 38].

In literature the BZT ceramics were prepared through solid state method using a
calcinations temperature between 1100 and 1250°C with 2 to 12 h holding time [39-43]. BZT
ceramics are usually prepared by conventional sintering at high temperatures of about 1550
°C for several hours with a holding time of 2-8 h [44-47]. The high temperature sintering
process leads to the formation of coarse-grained ceramics with substantial grain growth.
Furthermore the relative density is determined with 90 to 94 % as Mahesh et al reported
[48].The ferroelectricity of BZT ceramics changes with the Zr** content. Therefore, at higher
Zr*™* content x > 0.08 show a broad peak by plotting temperature vs. the relative permittivity &,
due to the inhomogeneous distribution of Zr**ions in the Ti*" site. With a Zr** content of x =
0.20 only one phase transition exists and by increasing the content to x = 0.25 the typical
relaxer behaviour can be observed [49]. BZT ceramics show a rhombohedral and tetragonal
structure in the range of 0.10 < x < 0.15. Above that Zr** content range the structure changes
from rhombohedral to cubic [50-53]. Rehrig et al. reported that the BZT ceramic with a low



D. Kosanovic et al.,/Science of Sintering, 55(2023)413-423 415

Zr** content provide a crystal growth in millimeter size and a piezoelectric coefficient of 355
pC/N is determined at room temperature [52]. In 2015 Yang, Wu et al. pointed out that with a
Zr** content of 6 % the piezoelectric coefficient reaches 420 pC/N with the conventional solid
state reaction at 1400°C for 100 h [54].

It is known that inter-granular electric charge relaxation in electronic ceramics
happens at low frequencies and depends on micro/nano structure (grain size), but it was not
enough presented in literature. The results from MF frequency region are more often
presented in the region from 100 Hz to 100 MHz. However some medical electronic devices
and sensors require work in the low frequency region. This was the motivation for us to
prepare BZT different ceramic grades and to measure electronic properties at low frequencies
and analyze their behavior vs. grain size and density to find out correlations between the
measurements (shape of diagrams) and relaxation of inter-granular charges.

2. Materials and Experimental Procedures

Commercially available powders of BaCO; (E. Merck, Darmstadt), ZrO, (99.99 %,
Sigma-Aldrich) and TiO, (99.99 %, Sigma-Aldrich) was mechanically activated in the ratio
ZrO, and TiO; (10/90) by grinding in a planetary ball-mill (Fritsch Pulverisette) in air for 0,
40, 80 and 120 minutes, at 300 rev/min. Initial mixtures were milled in a ZrO, jar (500 cm?)
with ZrO, balls that were 10 mm in diameter. The powder to ball weight ratio was 1:30. After
performing mechanical activation, the powders were dispersed in distilled water, ultrasonic
treated for 20 minutes and dried at 100°C for 24 h. The powder mixtures were dried and
calcined at temperature of 700°C, for 2 h inside a chamber furnace, after milling.

The samples of the activated and after that which calcined BZT (Ba(Zro.10Ti0.90)O3)
powders were pressed at 6 t/cm?® (589 MPa). They were sintered in air in a laboratory chamber
furnace (Electron) whose maximum temperature is 1600°C. The samples were placed into the
furnace and sintered at a temperature of 1350°C for 2 h. The heating rate was 10 °C/min. The
X-ray powder diffraction patterns were obtained using a Rigaku Ultima IV X-ray
diffractometer (XRD) instrument in thin film geometry mode with grazing incidence angle of
0.5°, using Ni-filtered CuKa radiation (A\=1.54178 A). Diffraction data were acquired over the
scattering angle 20 from 10° to 70° with a step of 0.05° and acquisition rate of 2°/min and
obtained data were analyzed with PDXL 2 software. The International Centre for Diffraction
Data (ICDD) database was used for the detection of crystal phases.

The morphology and microstructure of sintered BZT powders were analyzed using a
Scanning Electron Microscope (SEM, JSM-6390 LV JEOL, 30 kV) coupled with EDS
(Oxford Instruments X-Max").

The relative dielectric permittivity e(w) of Ba(Zrg19Tige0)O3 Was measured on disc
samples using low-frequency impedance analyzer HP4119A and high-frequency impedance
analyzer HP 4191A. First, the real and the imaginary part of impedance Z (®) of disc samples
were measured using measuring mode of parallel RC circuit. The obtained data were then
used for calculating parallel capacitance Cp(w) and parallel resistance Rp(w). In the second
step, the relative dielectric permittivity g(w)=¢(®)+je(®) was calculated using Cp and Rp.

3. Results and Discussion
3.1. Sintering

Fig. 1. shows relative densities of BZT samples sintered at 1100, 1200, and 1350°C
for different periods of sintering time. These results show: although the samples sintered at
1100°C generally have lower relative densities than the samples sintered at 1200 °C for a time
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up to 40 minutes, after a sintering time of 120 minutes, there is no appreciable difference
between sintering at 1100 and 1200°C respectively, as both samples achieved relative
densities of around 65%. However, sintering at 1350°C achieved significantly higher relative
densities of around 85-95% with a maximum relative density of 96% achieved for the samples
mechanical activated for 120 minutes.
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Fig. 1. Relative density dependence vs. sintering time of BZT samples sintered at different
temperatures.

In the context of electrical properties, it is commonly accepted that samples with
higher relative densities will exhibit superior electrical properties, primarily due to
elimination of negative effects of grain boundaries, larger crystalline and grain size, and more
compact structure.

3.2.Microstructure

The fractured surface reveals a densely packed granular microstructure (Fig. 2). It is
well known that the sintering process favours an increase in number of large grains growing
at the expense of fine grains of a strain-free matrix [55]. Growth terraces are visible on almost
all the grains as evident from Fig. 2b indicating that grain growth might have occurred due to
a layer mechanism probably on account of screw dislocations [56]. The appearance of domain
structure in the high resolution SEM in these compounds was reported earlier [57]. In the
present work also the domains are visible and can be seen from Fig. 2c. Wei Cai et al.
reported that the strain energy as well as the depolarization energy can be reduced by the
formation of 90° and 180° domains in case of small grains, whereas in case of large grains
(>40 nm) the energy is reduced by formation of 180° domains [56]. The relative density of the
BZT ceramics was found to be ~96 % of the theoretical density.
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c)

Fig. 3. EDS images of BZT ceramics sintered on 1350°C: a) 0 min, b) 80 min and c) 120 min.
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EDS analysis in Fig. 3. shows that zirconium is incorporated into the sample to a
varying degree. However, this analysis only provides information on the local content in the
sample and is not fully indicative of trends in the entire sample. Therefore, while we can
conclude that zirconium has been incorporated into the sample, it is hard to determine the
average zirconium content of individual samples based solely on EDS analysis.

Tab. | Microstructure parameters from XRD diffractometry.

Sample a c Crystallite Size Lattice Strain
(nm)
BZT-120-1350 | 4.012+0.001 | 4.020+0.001 55+2 0.021 £ 0.001
BZT-120-1200 4.03 £ 0.001 4.04 £0.001 40+2 0.045 £ 0.001
BZT-120-1100 | 4.015+0.001 | 4.053+0.001 34+2 0.120 £ 0.005
BZT-80-1350 | 4.0169+0.001 | 4.007 +0.001 35+2 0.041 £ 0.001
BZT-80-1200 | 4.0334 +0.001 | 3.997 +0.001 26+2 0.044 £ 0.001
BZT-80-1100 | 4.0384 +0.001 | 4.0064 + 0.001 18+2 0.045 £ 0.001
BZT-40-1200 4.037 £0.001 | 4.0341 +£0.001 61+2 0.022 +0.001
BZT-40-1100 4.037 £0.001 | 4.0341 +£0.001 36+2 0.042 +0.001
BZT-20-1200 4.03 £0.001 4.03 £0.001 70+2 0.05+0.001
BZT-20-1100 4.022 £0.001 | 4.013 +£0.001 21+2 0.121 £ 0.005
BZT-0-1350 4.0281 +0.001 | 4.0153 +0.001 50+2 0.022 £ 0.001
BZT-0-1200 4.0307 £ 0.001 | 4.0254 +0.001 29+2 0.04 £0.001
BZT-0-1100 4.0236 +0.001 | 4.0118 +0.001 21+2 0.05+0.001

Table | shows microstructural parameters obtained from XRD analysis. The average
crystalline size was determined using Debye-Scherer method [58] and Williamson-Hall
method was used to calculate the microstrain [59].These results show that, in general, samples
activated for 40 minutes exhibit the highest lattice volume-although the differences are within
1.3% of the volume of BZT-0-1100 sample, indicating relatively small changes due to the
incorporation of zirconium into the lattice. Samples made of the powder activated for 80 and
120 minutes and sintered at 1350°C exhibit the lowest lattice volume, suggesting more
uniform zirconium distribution in the grain. Also, samples activated for 120 minutes exhibit
a/c of less than 1, while all other samples exhibit a/c over 1, suggesting that mechanical
activation for 120 minutes incorporated the most zirconium into the BZT lattice, leading to
shortening of the lattice along the c-axis, relative to the a-b plane.

Samples activated for 80 minutes exhibit the smallest average crystalline size,
indicating that at higher activation time’s agglomeration occurs leading to higher crystalline
sizes in sintered samples activated at 120 minutes. As expected, the samples sintered at
1350°C generally exhibit the lowest microstrain, due to elimination of defects during
sintering.

3.3. Impedance Spectroscopy

Since there is a significant difference in relative density and microstructure between
samples sintered at 1100 and 1200°C, and samples sintered at 1350°C, respectively, only
results for the best systems — those sintered at 1350°C are shown, because these were found to
exhibit the best electrical properties.
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Fig. 3. Frequencies dependence of real and imaginary permittivity, tangent loss, and
resistivity at different times of mechanical activation for the Ba(Zro10Tip.90)O3 ceramic
sintered at 1350°C.

Fig. 3. shows the results of impedance spectroscopy for samples sintered at 1350°C.
These show that the tangent loss of samples sintered for 80 minutes is the lowest across the
entire frequency range, while resistivity for these samples is significantly improved in the low
frequency region. In addition, the samples sintered for 80 and 120 minutes exhibit very good
stability of dielectric permittivity (€') across the frequency range, while exhibiting
significantly lower values of €" compared to non-sintered samples.

This can be attributed to larger grain size and more compact structure of sintered
samples seen in the SEM analysis (Fig. 1). This increases the maximum transport path of the
electron and reduces the negative effects of grain boundaries, where electron transport is
slower. Overall, these effects reduce both resistivity and tangent loss, although sintering also
results in a decrease of dielectric permittivity at lower frequencies. However, for application
purposes, sintering improves general characteristics of BZT ceramics, and with sintering for
80 minutes provides optimal properties.

4. Conclusion

Mechanical activation of BZT ceramics precursor before sintering shows that
relatively compact samples can be obtained at lower sintering temperatures, where samples
with 85-95% relative density have been obtained after sintering at 1350°C for 2 h. This is full
200 degrees lower that the typical BZT ceramics sintering temperature, which also takes from
2 to 8 h, anywhere [44-47], indicting significant technological potential of mechanical
activation of precursors for preparation of BZT ceramics. Significantly lower sintering
temperature and shorter sintering time would result in significant energy savings. In addition,
microstructure analysis suggests that longer activation times lead to higher zirconium content
in the final BZT ceramics.
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The samples mechanically activated for 80 and 120 minutes and sintered at 1350°C
have also shown superior electrical properties to non-activated sample, as measured using
impedance spectroscopy. They exhibit significantly lower resistivity and tangent loss, while
maintaining relatively high and stable value of dielectric permittivity across the investigated
frequency range. This suggests that mechanical activation is a viable method of producing
high-performance BZT electroceramic materials at a lower cost.
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Casicemax:. B3T xepamuxa je npunpemmwena npumenom gurnoe npaxa mewasure BaCOs, TiO,
u ZrQ, y oozoeapajyhem moackom oonocy oa bu ce gopmupao Ba(Zrg10Tio.0)Os pearkyujom y
ugpcmom cmarby Ha nosuwienoj memnepamypu. Illpunpemmwenu BZT je wmnesen y
RIAHEMAPHOM KyeRuuHoM MAury 00 0-120 mun oa 6u ce nocmuene paziuyume epcme npaxa
00 MUKpoHna 00 uyecmuya Hawo eenuuune. Haxon rapaxmepuszayuje npaxa XRD u CEM
V30pyu cy npecosanu y oOIuUKy OUCKa U CUHMEPOBAHU HA PA3TUYUMUM THeMRepamypama 00
1100-1350°C na eaz0yxy. Cunmeposanu y3opyu cy okapaxmepucanu CEM u oopehena je u
nPeOCmas/beHa wUxo8a 2yCMUHA U RPOCEYHA BETUYUHA 3PHA Y 3A6UCHOCIU 00 MeMnepamype
CUHmMeEPOsara U Keaiumema npaxa (8peme miesera). Haxon moea cy cpebphe enokcuone
eleKmpooe HaHueceHe HaA Y30pKe cunmeposamux ouckoea. Kanayumem ysopxa oucka u
OmnopHocm MepeHu cy y obnacmu Hucke @pexsenyuje o0 1 Hz 0o 200 kHz xopuwhervem
aunanuzamopa umnedawnce Hucke (pexsenyuje. Kao napamempu cy kopuuihene memnepamype
cunmeposarsa u cmener npaxa. Konauno, cneyuguunu omnop p, ouerexmpuuna KOHCmanma
(¢ + je") u tgd cy oopehenu u3z mepersa umnedance. AHANUBUPAHO jJe NOHAUWIAILE
eIeKMPOHCKUX C80jCcmasa, HAp. epexam peraxcayuje npocmoproe naboja (mehyepanyraphu
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enekmpuuny Haboj) y 3a8UCHOCIU 00 MEMNepamype CUHmMeposarLa U Keaiumema Kepamure
Hobujenu pezynmamu cy ynopehenu ca nHajoosoum aumepamypuum nooayuma 3a cyoumxe y
BZT xepamuyu na nuckum pexsenyujama.

Kuwyune peuu: BZT kepamuxa, cunmepogarse,0ueieKmpuita c60jcmaad.
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