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Low-lead (1-x)BT-xPZN (%40, 0.025, 0.05, 0.075, 0.10, 0.125, and 0.15) ceramics were
successfully synthesized by the spark-plasma-sintering method for the brst time. Their phase
transition behavior as well as structural, thermal, optical, and electrical properties was investigated.
These materials exhibit the structure of perovskite-type solid solutions and undergo a sequence of
phase transitions, typical of pure BaTi@BT). The dielectric test results revealed that with the
increase in the PbzpNb,,s05; (PZN) content, the frequency dispersion of electric permittivity
increases, whilst the dielectric/ferroelectric properties tend to deteriorate, which is characteristic of
relaxor-type behavior. Therefore, it is reasonable to suppose that these ceramics progressively lack
long-range ordering. These effects are due to the competition between lone-pair electronsO induced
changes in the A-O band upon #baddition and ionic size differences. In general, the transition
temperatures observed by dielectric analyses are in good agreement with those obtained from
X-ray diffraction and differential scanning calorimetry measurements. The BT-PZN system may
help to understand why relaxor behavior appears in perovskite-based materials. It appears that these
materials can become a good starting point for the development of new low-lead electronic
ceramicsPublished by AIP Publishindnttps://doi.org/10.1063/1.5005516

I. INTRODUCTION phase transition from cubic (Pm3m) to rhombohedral (R3m)
takes places at around 140.*%* However, some experimen-

Ferroelectric ceramics with a perovskite structure are aQaI results point 1o the presence of two Kinds of local symme
excellent choice for applications in electronic devices such . P P y

as transducers, actuators, and senS@sTiO (BT) and ries: the B-site chemical disorder and the off-axis shift of lead
PbZnysNb,/<O5 kPZN) seer’n to be most promising due to ions!! Thus, PZN can be classibed as a disordered and inho-

their excellent electrical propertiés. mog\t;z\?ious ma(;terlal. | ; ¢ BT and PZN
BT undergoes three phase transitions: rhombohedral- Ith regard to complementary features o an

orthorhombic transition (R3m-Amm2) at about 90 C, reported in numerous publications, the solid solution BT-PZN
orthorhombic-tetragonal transition (Amm2-P4mm) at aboutiS. expected to combine the. properties of b.th normal ferroe!ec-
5 C, and tetragonal-cubic transition (P4 mm-Pm3m) at aboutric anq relaxor ferroelectrics and -to exhibit betFer properties
120 C* The cubic phase is paraelectric, while the others ardh@n single-phase BT and PZN. Itis extremely difbcult to pre-
ferroelectric. BT was believed to be a displacive-type ferro-Paré pure polycrystalline PZN by the conventional mixed-
electric material although some experimental results would®Xide route because of an unwanted pyrochlore-type phase,
suggest an order-disorder mechanf&fit was also postulated highly detrimental to the electrical properties. However, mix-
that the Ructuating spontaneous polarization originates fron’d PZN with BT is expected to yield a pure perovskite struc-
the presence of an electric dipole induced by hopping of the Tfure without the presence of an undesirable pyrochlore phase.
cation around its equilibrium position at temperatures far ~ With these considerations in mind, we have undertaken
above T, similar to relaxor ferroelectricsHowever, the role  the synthesis of (1-x)BT-xPZN systems’%»0, 0.025, 0.05,
and nature of displacive and order-disorder components during-075, 0.1, 0.125, and 0.15) to produce and thoroughly inves-
the phase transitions have not been fully understood or addigate their structural, thermal, optical, dielectric, and ferro-
quately described yet. Similar to PMN, PZN is a relaxor and itelectric properties to get a better insight into various aspects
displays cubic symmetry at high temperatures. Unlike PMNof their behavior.

however, PZN reveals a macroscopic lattice distortion with

rhombohedral symmetry at room temperature. A structural; ExpPERIMENTAL DETAILS

@Author to whom correspondence should be addressed: sfsuchan@up. In the prSt stage, gOOd qua"ty 9f BT'PZN geramics had
krakow.pl to be obtained by the conventional sintering method.
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Unfortunately, the samples obtained in this way were rathethe low temperature range 250 C to 20 C), an Oxford
fragile, with density below 88% of the theoretical value andcryostat was mounted and evacuated using rotary and turbo-
low resistivity, and therefore, the next sample was obtaineanolecular pumps. Rietveld analysis of the XRD data was sup-
by the Spark Plasma Sintering (SPS) route. ported by GSAS/EXPGUI softwaré™ For clarity, the results
The materials were sintered using Spark Plasmahown in the respective bgures were numerically stripped of
Sintering (SPS) equipment (FCT system, Germany). Thehe K,, component by the Rachinger method.
powders (without a plasticizer) of basic oxides BaCDO,, The microstructure of the synthesized ceramics was ana-
Nb,Os, PbO, and ZnO were placed in a graphite die (innerysed using a Model Hitachi S4700 scanning microscope,
diameter of 20 mm) and uniaxially pressed at 35 MPa. Theywith Peld emission and a Noran Vantage EDS system.
were then heated up to 1190D12@0with a heating rate of The specibc heat measurements were performed by dif-
100 C/min. They were sintered at the Pnal temperature fofferential scanning calorimetry (DSC) using a Netzsch F3
5min. After the sintering process, the samples were brsiMaia scanning calorimeter in the temperature range of
allowed to cool within the matrix and then removed. The 150 C to 300 C under an argon atmosphere, at a [3ow rate
entire SPS process took place in the protective Ar atmoof 30 ml/min. The specimen consisting of a single piece of
sphere. After SPS sintering, the sample was annealed ataterial with an average mass of 20 mg was placed in an alu-
1000 C for 2h in air to remove the carbon contamination. mina crucible. Measurement data were collected upon heat-
Samples obtained in this way have revealed a pure perovng and cooling with a constant rate of 10/min.
skite phase with a relative density above 96%. Raman spectra were recorded using a Bio-Rad FTS
Structural tests were performed by the X-ray diffraction 6000 spectrometer with an Nd-Yag laser system, where the
(XRD) method. Measurements of the synthesized material4064 nm line was used as the excitation line. The laser power
were taken using a Panalytical Empyrean diffractometer in thevas 200 mW, and the spectra were collected with a resolu-
10 110 range with Cuk, radiation. For high-temperature tion of 4cm *.
measurements (from 3€ to 300 C), the diffractometer was The dielectric measurements were carried out for silver
equipped with an Anton Paar HTK 1200N oven-chamber. Inelectrode samples using a GW 821 LCR meter in the

FIG. 1. SEM micrograph of the frac-
ture surface of (1-x)BT-xPZN ceramics:
x¥40 (a), x¥20.025 (b), %/0.05 (c),
x¥20.075 (d), %¥40.1 (e), and %40.125
®.
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temperature and frequency ranges of room temperature . RESULTS AND DISCUSSION

300 C and 20Hz to 2MHz, respectively, and under the ) ) o
applied electric beld of 20V cnt. The data were collected Well-developed grains with an average grain size of
with a step of 0.1C upon heating and cooling, with the tem- 6! m were observed for BT, as shown in Fida) A decrease

perature varying at a rate of 10/h, and using an automatic " the average grain size to 0.1DDr8 was observed for BT-
temperature controller. PZN [Figs. 1(b)P1(d) EDS analysis conbrmed the high

The pyroelectric current was recorded by a quasistati®Urity and specibed chemical composition of the samples.

method at the rate of 1@/min. The polarizing procedure All investigated BT-PZN samples with a doping level of
was applied in the temperature range of 1Z0down to ~UP to 15at. % were found to be single phase. Figures
room temperature, under a dc electric beld of 5 kv/cm. 2(a)b2(f)show a selected range of diffractograms recorded

FIG. 2. Selected range of XRD data of
(1-x)BT-xPZN ceramics: %0 (a),
x¥40.025 (b), ¥40.05 (c), ¥0.075
(d), x¥40.1 (e), x0.125 (f), and
x¥40.15 (g). Different colors designate
the temperature range where cubic
(blue), tetragonal (red), orthorhombic
(green), and rhombohedral (magenta)
phases are present.
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for the investigated compounds in the temperature range of

_ { p 0.975BT-0.025PZN
250 C up to 300C. Structural transformations occurring cooling i cooling
with the temperature change are observed for all investigated, o frequency
materials. Note that respective phases are indicated with dif-?< 4t 2k | increases

ferent colors.
Compared to the undoped BaTjOperovskite, the

recorded structural transitions of BT-PZN 2.5at. % are not
so well debned, revealing broader peaks indicating disorder-
ing in the crystal structure. Moreover, no signibcant changes

in temperatures at which the respective transitions occu
could be noticed (Fig3). In fact, the transition temperatures
cannot be accurately determined because of the presence

relatively broad peaks. Essentially, the same behavior was? | frequency

observed for BT-PZN 5at. %, with virtually no changes in
the nature of the recorded diffractograms. Interestingly, in

the case of the PZN sample doped with 7.5at. %, structural
transformations were shifted to the lower temperature range,
for example, the cubic structure was found to be stable down 6

J. Appl. Phys. 122, 124105 (2017)
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to 60 C. As regards materials with a higher PZN content (up cooling i coolng iy,

to 15at. %), the respective structural transitions were © ,| | e

observed for less-doped compounds, but the actual cause fory; | feawency M 2z

this behavior of BT-PZN 7.5 at. % oxide is still unclear. 1ese frequency — 2MHz
Generally, it can be summarized that the effects of PZN 2L e

and PMN dopants on host BT are different. In previous —— N

works, we reported that PMN reduces the structural distor- 0 S BEBT 15PN 5 150 . 300

tions of barium titanate, with the cubic phase becoming stable 6} 9 cooling

down to lower temperatures, and causes the disappearance
the orthorhombic phase for a doping level of 7.5%or the

PZN dopant, all transitions (cubithetragonaIDorthorhom-?0

bicbrhombohedral) in the doped BT are observed up to th
doping limit. However, the observed distortions are signib-
cantly smaller in magnitude.

Measurements of dielectric properties reveal that BT-

. . . 0 3
PZN ceramics undergo a sequence of phase transitions which TICl

are the same as those for pure BT (M. The &T) peaks
prst shift towards the higher and then to the lower temper

of frequency

P .
[} _InCI’ ases

N

e

200kHz
0 —— 2MHz
0 15

00

FIG. 4. Temperature dependence of the electric permittigiof (1-x)BT-

ApZN ceramics on cooling.

ture range. These phase transitions seem to be of pbrst-order

with diffused characteristics [inset in Fig(d)]. Dielectric

dispersion increases with the increasing PZN content (exceptiih the following parameters: attempt frequency44.2

for samples with ¥20.075 and 0.125). In addition, samples
with x%20.10 exhibits the relaxor-type behavior [Fig(e).
The T, (f) dependence obeys the Vogel-Fulcher (V-F) law

FIG. 3. Phase diagram of (1-x)BT-xPZN ceramics.

10* Hz, with a very low activation energy of£40.08 eV,
and freezing temperature,g%129 C. So, the low value of
E. points to a complex system, with a kind of long-range
interaction. The fulbllment of the V-F law may point to the
glassy behavior of the material although it does not necessar-
ily imply that complete OfreezingO takes place in the system.
This issue cannot be fully explained yet because of the narrow
frequency band.

Figure5 shows the temperature dependence of heat Bow
on the cooling process of the investigated ceramics. The
DSC curve for BT reveals threleshaped peaks associated
with phase transitions. The DSC peaks related to the phase
transitions in pure BT become smaller and broader with the
increasing PZN content (the calculated latent heats decrease,
and the temperature width of the phase transitions, from the
beginning to end of the DSC peaks, will increase).
Simultaneously, these peaks brst shift to the higher and then
to the lower temperature range. The broadening of the DSC
peaks is related to an increase in the degree of A and B-site
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