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A STUDY ON ELECTRICAL PROPERTIES OF YTTERBIUM OXIDE
DOPED Ba(Zr,,Tiyes)O; CERAMICS

T.S. THEJAS!2, B. SAHOO"? AND P.K. PANDA*!.2

Ytterbium oxide (Yb,0O,) (0.02-0.06 wt. %) doped Ba (Zr,Ti ) O; were synthesized by mixed
oxide route. The powders were calcined at 1100 °C for 4 h, de-agglomerated, granulated pressed
into pellets, and sintered at 1450 °C for 2 h. The samples were electrode with silver-palladium
paste, cured at 1000 °C for 1 h, poled and characterized. Maximum piezoelectric coefficient (d,)
achieved was 345 pC/N and relative dielectric constant (K=14051.2) obtained at Curie
temperature (T,) and 100 Hz frequency for 0.02 wt.% Yb,O, doping. This sample exhibits a
higher positive strain of 0.46% at an electric field of 20.94 kv/cm could be a suitable lead-free
piezo material for high strain and actuation application.

Keywords: Yb,O,-doped BZT, lead-free piezoceramics, piezoelectric charge coefficient; Curie

temperature.

Introduction

numerous applications ranging from automotive

industries to aerospace sector’”’. In the race of smart
materials, perovskite-type titanate-based ceramics certainly
stand at front from many years because of their exceptional
ferroelectric, piezodectric and diglectric properties®. BaTiO,
(BT) is one of the members of this perovskite family
discovered during World War-11 and known to have the
first ferroelectric ceramics prepared in the laboratory with
viable electrical properties’. Barium Zirconate Titanate
(BZT) a modified barium titanate system is gaining more
attention in recent days due to possibilities to alter its
electrical properties by changing titanium and zirconium
ratiol®, This interest is driven by the notable characteristics
of Zr* ions, which include a high dielectric constant and
low dielectric loss. Even high piezoelectric properties were

I n recent years, smart materials are widely used in
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obtained for Barium Calcium Zirconate Titanate (BCZT)
ceramics by varying Zr* concentration*l. The majority of
investigations are centered on the preparation,
microstructure, and dielectric characteristics of BZT
ceramics. Also, BZT is lead free in nature, therefore,
eliminates toxicity concerns unlike in Lead Zirconate
Titanate (PZT) based piezo ceramics!?.

A number of researchers have communicated that the
introduction of rare earth ion enhances the dielectric
characteristics of BZT ceramics®8, This improvement is
attributed to their ability to exhibit low leakage current
and low electric field. Modifications in the composition of
BZT ceramics through rare earth doping have been
explored by two approaches: ‘donor-doping,” employing
an anionic compensation mechanism that generates cationic
vacancies and defects, thereby altering properties; and
“acceptor-doping,” aimed at further enhancing material
performance'® 20, Rare-earth elements found to be used
for atering the electronic properties of barium titanate?!
22, Recently a study on Sm,0, doped BZT reported with
improved dielectric and strain properties?®. Most
investigations on effects of rare earth doping in BZT
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ceramics are explored on the structural, dielectric, relaxor
and electrical properties. However, there is no study
revealed regarding the piezoelectric as well as strain
properties using ytterbium oxide (Yb,O,) as dopant in
Ba(Zr, o, Tiy95)05 composition. Therefore, in the present
paper, an effort is made to study the effect of electrical
properties as well as strain properties on Yb,O, doped
BZT.

Experimental Section

Materials: High purity grade barium carbonate
(99.9%), zirconia powder (99.8%), titania powder (99.95%),
Y tterbium oxide (99.9%) were used as starting raw materials
for preparation of the compositions.

Preparation of Powders: Ytterbium oxide (Yb,O,)
doped BZT with composition BaZr, ,Ti; 4505~ X Wt. %
Yb,O, (x=0, 0.02, 0.04, 0.06) was prepared by solid state
reaction method. 20 grams batch of each composition was
prepared using the above raw materials in stoichiometric
amount. The powder mixture was wet milled using ethyl
alcohol and zirconia ball (5 mm dia.) grinding media for 72
h. The powder slurry was dried, removed the zirconia
grinding media and the dried powders were calcined in a
furnace at 1100°C for 4 h. The cacined powders were again
wet milled for 72 h and dried. The dried powders were
sieved to separate out the grinding media.10 grams of the
dried powders were taken in a pestle mortar, mixed with
1.5 cc of 2% Polyvinyl Alcohol (PVA) solution and slowly
grounded to form granules. 1.5 grams of granules were
taken and pellets (12 mm in diameter) were prepared using
a die and punch by applying pressure of 45kN for 10
minutes with the help of a hydraulic press. The above
procedure is followed for preparation of pellets for all the
four compositions. The pellets of al four compositions
were sintered at 1450°C for 2h in a high-temperature
furnace. The sintered pellets were levelled, polished and
their top and bottom surfaces were coated with high
temperature curing silver-paladium (Ag-Pd) aloy paste for
electroding and cured at 1000°C for 1 h. Finaly, the pellets
were poled at 2kV/mm DC electric field, and their electrical
properties were measured.

Characterization

X-ray diffraction patterns of the prepared samples
were measured using D8 Focus, Bruker XRD machine. The
electron micrographs of the sintered, polished and thermal
etched samples were done using an electron microscope
(Zeiss, UK). The d,; and d,, of the poled samples were
measured using a piezo-meter (Model PM-35, M/s. Take
control, UK). The dielectric properties of the pellets were

measured with an impedance analyzer (6500B, Wayne-Kerr
Electronics, UK), ferroelectric and strain properties were
measured using a ferroelectric hysteresis loop tester
(Radiant technology, USA).

Results and Discussion

Density Analysis: Densities of levelled, polished,
ultrasonically cleaned sintered samples were measured by
dimensional method. The relative densities of the undoped
and Yb,0,-doped BZT samples with respect to theoretical
density of BZT (5.85 g/cc) is depicted in Fig. 1. The graph
shows addition of 0.02 wt. % of Yb,O, to BZT resulted in
a higher sintered density of 96.21%. The density further
decreased with addition of higher wt.% of Yb,O, doping.
It could be due to larger grain size of 0.02 wt. % of Yb,0,
to BZT with less grain boundaries which contributed
higher density of sample as observed from the SEM
micrographs. Theoretical density of BZT is considered as
5.85 glcc as reported elsewhere?®. The increase in density
for 0.02 wt. % of Yb,0O, to BZT also attributed to the
higher density of Yb,O, (9.17 g/cc) compared to ZrO, (5.68
g/cc) and BaO (density: 5.72 g/cc), but the density
decreased further with increase in Yb,O, doping could be
due to smaller grain size with more grain boundaries.
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Fig. 1. Relative density of Yhb,O, doped BZT pellets.

XRD and Microstructural Characterization: The X-
ray diffraction lines of the pellets with various wt. % Yb,0,
doped BZT samples are depicted in Fig. 2. A single-phase
perovskite structure with no secondary phases were
detected for all the compositions. XRD data obtained were
compared with reported data of perovskite structure of
tetragonal phase (JCPDS File N0.89-1428 and perovskite
cubic phase (JCPDS File N0.89-2475) of base composition
barium titanate®. In all these four compositions, cubic
phase was dominated and hence tetragonal splitting could
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not be observed. XRD plot aso show shifting of peak
position towards lower 2 theta angle with increase in Yb,0,
concentration which reflects an increase in lattice
parameters with addition of the dopant. This reveas that
Y% ions were diffused into the Ba(Zry 5, Tig,49)O; Structure
and formed a homogenous solid solution. Similar
observations were made by Li et al.?s.

— .06 wt. % YbrO3
— (.04 wi. % YboO3
(.02 wi. % YbrO3

<=0.06 (101) — ) wt. % YbyO3
5 [(100) L(llll)(ooz)(m) (211 (220)
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2 Theta / Degrees

Fig. 2. XRD patterns of pure and Yb,O, doped BZT pellets.

SEM micrographs of sintered BZT samples are
presented in Fig. 3. The growth of grains appears to be
constrained, leading to a reduction in grain size when more

amount of rare-earth ion was introduced. The results
showed that average grain size increased up to 0.02 wt. %
Yb,0,, thereafter it decreased (Fig. 4). This reduction could
be due to the dissolution of Yb3* ions as dopants in the
perovskite lattice, which may increase oxygen vacancies
and contribute to overall cationic transport, thus reducing
the grain size?’. A similar decrease in grain size due to the
incorporation of rare earth elements has been reported in
the literature?®®.
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Fig. 4. Plot of average grain size of Yb,0, doped BZT samples

Dielectric Properties: Dielectric constant vs.
temperature graph of pure and Yb,O, doped BZT at
different frequencies are presented

Fig. 3: SEM micrographs of (a) pure BZT (b) 0.02 (c) 0.04 (d) 0.06 wt. % Yb,0, doped BZT.

in Fig. 5. Highest dielectric
constant of 14051.2 was obtained
for 0.02 wt. % Yb,0O, doped BZT
at Curie temperature (T ) and at 100
Hz. As the Yb,0; content
increased, the maxima in K
gradually decreased. The decline in
K value at higher Yb,0O,
concentration ;s attributed to
decrease in grain size of the
samples as the dielectric constant
generally increased with increase in
grain size?® %, T_ of the pure BZT
sample was found to be 125°C. It
decreases to 123°C for 0.02 wt. %
Yb,0, doped BZT and declined
further to 119°C for 0.06 wt. %
Yb,O, doped BZT. The effects are
most likely due to the substitution
of Yb® ions of different size in
place of the host cations in the
perovskite lattice which created B-
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16000

was decreased with increase in
Yb,0O, content. d;, (Fig. 6) and
electromechanical coupling factor
(ky) (Fig. 7) of the samples were
followed a trend similar to dg,.
Maximum value of d,; and kp were
found to be 108 pC/N and 0.542

Temperature ('C)y
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properties of a material solely
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depend on two major effects i.e.
extringic and intrinsic effects. Effect
from grain size, orientation and
morphotropic phase boundary
(MPB) said to be the intrinsic
component of the piezoelectric
constant in a sample®? 32, whereas,

S0 75 100 125 150 175 200 50 75

Temperature ("C)

Fig. 5: Dielectric constant vs. temperature graph of (a) Pure BZT (b) 0.02 Yb,0, wt.% doped
BZT (c) 0.04 Yb,0O; wt.% doped BZT (d) 0.06 Yb,0O, wt.% doped BZT sample at 100 Hz,

1000 Hz, 10000 Hz.

site vacancy defects. It is reported that the ionic radii of
Ba2* in 12 coordinates is 0.161 nm, and Ti** or Zr** in 6
coordinates are 0.0605 nm or 0.072 nm, respectively and
for Yb®* , the ionic radii are 0.107 nm in 12 coordinates
and 0.086 nm in 6 coordinates!>. The variation in ionic
radius of the doping ion Yb3 probably induce the
distortion of crystal lattice, thereby, increases the short-
range harmonic force to compensate the long-range
electrostatic force overall resulted a decrease in T, values®.
Table 1 shows the different electrical properties observed
for Yb,O, doped BZT. The highest dielectric constant value
of 2148.7 among the four compositions was measured for
0.02 Yb,0O, wt. % doped BZT at room temperature (RT)
are tabulated in Table 1.

Piezoelectric Properties: The piezoelectric charge
coefficient (dy;) of Yb,0O, doped BZT sintered and poled
pellets are shown in Fig. 6. Maximum d; of 345 pC/N was
obtained for 0.02 wt. % Y b,O,-doped BZT, then the value

Table 1. Properties of Yb,O, doped BZT pellets

100

Temperature {'C)

125 150 175 200

180 degree and 90-degree domain
wall motion in the sample
contributed the  extrinsic
component 33, The improvement

-8—d33
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Piezoelectric charge coefficient (pC/N)

2
2
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100 p——B—u_ R "
50‘ - T T
0.00 0.02 0.04 0.06

Conc. cnf‘jr'bz()3 (wt. %)
Fig. 6. Piezoelectric charge coefficients of Yh,O, doped BZT pellets.

in piezoelectric properties (d;; and dj,) and
electromechanical coupling factor (kp) at 0.02 wt. % Yb,0,
can be attributed to the collaborative
and combined effects arising from

Yb,0, | Relative Dielectric | Dissipation these extrinsic and intrinsic factors.

(wt. %) density | dis(pC/N) | dg(PC/N) constant factor (tan d) kp The Iarge grain size for this sample
0, . . .

(%) (K) at RT at RT with less grain boundaries helped

0.00 94.46 316 102 1389.21 0.017 | 0.541 | in effective poling vis-avis better

0.02 96.21 345 108 2148.70 0013 | 0.542 | alignment of dipolesin the direction

0.04 95.18 330 91 1888.80 0.026 | 0.502 of applled'elect.nc ﬂelgl which W?S

reflected in higher piezoelectric

0.06 94.23 304 79 1046.50 0.048 | 0.489 properties.  The decrease in the
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Table 2. Hysteresis properties of Yb,O, doped BZT pellets.

Compositions P, E,
(uC/cm?) | (kV/cm)

Conc. of Yb,0, (wt. %)
Fig. 7: Electromechanical coupling factor (kp)
BZT pellets.
piezoelectric coefficient with increase in
dopant concentration after 0.02 wt.% is
attributed to the decrease in the grain size
and hence reduced the domain wall
motion, thereby, decreased the piezoelectric
properties®”: 38,

Hysteresis Loop Characterization:
The P-E hysteresis loop of pellets is
presented in Fig. 8. Maximum value of
remnant polarization (P,) was found to be
13.06 uC /em? for 0.02 wt. % Y b,O, doped
BZT and decreased with increase in Yb,O,
concentration as shown in Table 2. With
an increase in grain size, there was a
corresponding increase in domain size,
leading to a decrease in domain
boundary3?4%. This, in turn, results an
increased contribution to polarization
switching from extrinsic effects such as
domain wall motion, consequently affecting
the observed remnant polarization®!. The
decrease in P, and increase in coercive
field (E,) can be attributed to the increase
in hysteresis loss indicated by the increase
in size of the hysteresis loop with
increment in  dopant  (Yb,O,)
concentration. Lower concentration (0.02
wt. %) of Yb,O, exhibit low coercive fields,
indicating that these materials are “soft”
ferroelectrics that can be readily polarized
by a weak €electric field, and later tend to
be “hard” due to increase in E_ with
increase in Yb,O, concentration.

;n

8 .

E 0.52 4

2 0.501 -\ Ba(Zr 5 5,Tip 06)Os 12.80 2.60

5" 0484 ! Ba(Zr, 0, Tiy 4)05-0.02 Wt% Yb,0, | 13.06 6.30

2

B 046 Ba(Zry 4, Tip05)05-0.04 Wt.% Yb,0, 12.98 6.60

g .

2 oual Ba(Zr, ,Ti05)05-0.06 Wt.% Yb,0, 12.14 8.39

o

=

g 0.42 Strain Characterization: Fig. 9 illustrates the graph

2 040 . ' of electric field versus strain (%), for varying weight
0.00 0.02 0.04

0.06 percentages (0, 0.02 wt.%, 0.04 wt.%, 0.06 wt.%) of Yb,0,-

doped BZT. The graph shows a maximum strain of 0.46%

of Yb,0, doped for 0.02 wt.% Yb,O, doped BZT at an electric field strength
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Fig. 8: Hysteresis loops of various wt. % Yb,O, added BZT pellets.
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Fig. 9: Bipolar strain responses of Yb,O, doped BZT pellets.
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of 20.94 kV/cm. Strain in lead-free piezo materias induced
by the asymmetric nature of crystal lattice which was
further enhanced by addition of dopants*“3. The bipolar
loop depicted in the graph illustrates that high
displacement achieved when the sample was subjected to
positive electric field compared to the displacement
obtained by applying negative electric field. The
asymmetric nature of strain curve would arise due to the
development of internal bias field (E,,) induced by charge
carrier agglomeration at grain boundaries as modeled and
reported by Yao et a.**.  As per their model, at grain
boundaries, the polarization vectors of domains in
neighboring grains cannot compensate each other due to
crystallographic mismatch. This leads to the occurrence of
strong, locally varying depolarization fields (s+ and s-) at
grain boundaries. So, free charge carriers in the vicinity
shall be re-distributed to compensate the local
depolarization fields. This agglomeration of free charges
forms alocal bias field (E,;,) in each grain, which has the
same orientation as the applied electric field. The
superposition of al these local bias fields leads to the
macroscopically observable shift of the strain loop and
can be seen as the source for the asymmetry nature in the
strain curve.

Conclusions

The effect of Yb,O, on the dielectric, piezoelectric,
ferroelectric, and strain characteristics of Ba(Ti ggZr 1,)O;5
was investigated. X-ray diffraction (XRD) patterns of the
samples confirmed formation of phase-pure perovskite
structure. Surface morphology of thermally etched samples
reflected an increase in grain size up to 0.02 wt. % Yb,0,
doping and thereafter decreased. The highest density (96.21
%) of the sample was achieved for 0.02 wt. % Yb,O,
doping ascribed to a uniform microstructure with large
grain size. Maximum d,, of 345 pC/N was obtained for
0.02 wt. % Yb,0O,-doped BZT, then the value decreased
with increase in Yb,O, content. d;, and electromechanical
coupling factor (kp) of the samples were followed a trend
similar to d;;. Maximum value of d,, and lﬁj were found to
be 108 pC/N and 0.542 for 0.02 wt. % Yb,0O, doped BZT
respectively. A maximum strain of 0.46% was observed for
Ba(Ti g £ 0,)O5 Ceramics doped with 0.02 wt.% Yb,O,
at a relatively lower electric field of 20.94 kV/cm.
Considering its high piezo and strain properties the sample
is suitable for sensing and actuation application.
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