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Abstract

The electric field-induced strain of Bi;,(Nag Ko 15)12TiO3 (BNKT) ceramics modified with BaZrO; (BZ) was investigated as a
function of composition and temperature. Unmodified BNKT ceramics revealed a typical ferroelectric butterfly-shaped bipolar S—E
loop at room temperature, whose normalized strain (Sy,.x/Emax) Showed a significant temperature coefficient of 0.38 pm/V/K. As the BZ
content increased in the solid solution up to 5 mol%, the ferroelectric BNKT gradually transformed to a relaxor. Finally, 5 mol% BZ-
modified BNK T ceramics showed a typical electrostrictive behavior with a thermally stable electrostrictive coefficient (Qs3) of 0.025 m*/C2,
which is comparable to that of Pb(Mg;;;Nb,/3)O3 (PMN) ceramics that have been primarily used as Pb-based electrostrictive materials.
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1. Introduction

Relaxor ferroelectrics (RFEs) are a special class of
ferroelectrics (FE) that have peculiar properties: frequency-
dependent dielectric permittivity maxima; Curie-Weiss
dependence of the permittivity versus temperature at tem-
perature fairly higher than the maximum dielectric constant
temperature (7,,) [1-4]. Relaxors have been widely studied
not only due to their behaviors and properties but also due
to various applications such as electromechanical sensors
and actuators [5]. RFE behaviors were found in many Pb-
based materials: Pb(Mg;5Tay3)0;5 [1], PbsFe,WO;—
PleO3 [3], Pb(F€2/3W|/3)O3—Pb(Mg1/3T32/3)O3 [6], Pb
(MgW)1/203 — Pb(FeTa)1/203 [6], Pb3Mng209 — PleO3
[7], Pb_.Lay(Zr,_ yTiy)l —x403 8],  Pb(Fey3Wy;3)03—
PleO3 [9], Pb(Zn1/3Nb2/3)O3—Pb(ZrO55T1045)O3 [10], and
PbsMgNb,Og — PbZr 47Tiy 5303 [11]. Recently, RFE phe-
nomena were reported on lead-free materials including (Bi »
N'd]/z)l ,xBaXZryTil ,yo_g [12], Ba(Tll ,erx)O_g [13], (K,Na)
(Nb,Sb)O3 — LlTaO3 — BaZrO3 [14], and Bil/zNal/zTiO3 —
Bil/zKl/zTiO:;— Bi(an/zTi1/2)03 [15]
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Increasing demand for environmentally friendly materi-
als in electronic industry leads researchers to exploit new
lead-free materials which can replace Pb-based ceramics.
Among various lead-free systems, solid solutions between
Bil/zNal/zTiO3 (BNT) and Bil/zKl/zTiO3 (BKT), hereafter
abbreviated as BNKT, are considered as potential candi-
dates due to their excellent electromechanical properties
near the rhombohedral-tetragonal phase boundary [16,17].
In particular, recent studies on BNKT ceramics have
reported large electric field-induced strains over 500 pm/
V when modified with Sn [18,19], Nb [20], Ta [21], or co-
doping with both Li and Ta [22].

On the other hand, the thermal stability of electric field-
induced strain in a wide temperature range is important in
highly reliable precision mechatronic systems. Seifert et al.
[23] reported temperature-insensitive strains in BNKT-
(K,Na)NbO; (KNN) ceramics by suppressing their converse
piezoelectric effect via substitution of KNN for BNT. This
work investigated temperature dependent electric field-
induced strain properties of BNKT ceramics modified with
BaZrO; (BZ) that is known to induce relaxor behaviors in
BNT [12] as well as in BaTiO; [13]. Here we report a new
lead-free RFE showing a temperature stable electrostrictive
coefficient in the BZ-modified BNKT system.
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2. Experiments

Ceramic powders with compositions of (1—x)Bij;
(Na0_82K0A18)1/2Ti03—xBaZrO3 (BZ]OOX XZO, 001, 002,
0.03, 0.04, and 0.05) were synthesized using a conventional
solid state reaction route. Reagent grade Bi,Os3, Na,COs,
K,CO;, TiO; (99.9%, High Purity Chemicals, Japan),
BaCOj;, and ZrO, (99.9%, Cerac Specialty Inorganics,
WI) powders were used as raw materials. The reagents
were put in the oven at 100 °C for 24 h to remove moisture
and then weighed according to the formula. The powders
were mixed in ethanol with zirconia balls by ball milling
for 24 h, dried at 80 °C for 24 h, and calcined at 850 °C for
2 h in an alumina crucible. After calcination, the powder
was mixed with polyvinyl alcohol as a binder and then
pressed into green discs with a diameter of 12 mm under a
uniaxial pressure of 98 MPa. The green pellets were sintered
at 1200 °C in covered alumina crucibles for 2 h in air.

For electrical measurements, a silver paste was screen-
printed on both sides of a specimen and subsequently fired
at 700 °C for 30 min. Temperature dependent dielectric
properties were characterized using an impedance analyzer
(HP4192A, Agilent, CA) attached with a computer pro-
grammable electric furnace at different frequencies
(0.1-10 MHz) in a temperature range of 30550 °C at heating
and cooling rate of 2 °C/min. Their electrical polarization (P)
and electromechanical strain (S) as a function of external
electric field (E) were measured at 0.1 Hz with a 15puF
measurement capacitance using a Sawyer-Tower circuit
equipped with an optical sensor (Philtec, MD). Temperature
dependent P(E) and S(E) were measured by using a com-
mercial aixPES setup (aixACCT Systems GmbH, Germany).

3. Results and discussion

Fig. 1 shows the temperature dependent dielectric constant
of BNKT modified with BZ measured at different frequen-
cies. The dielectric maxima (e,,) and peak temperature (7},)
decreased with increasing frequency for all samples, indicating
that they are typical RFEs. The degree of frequency disper-
sion is more clearly explained by introducing a parameter
AT« that has been applied to investigate the relaxation
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degree of ferroelectric ceramics [24,25].
ATax = Ti(1 kHz)— T,,,(100 kHz) (1)

Based on the experimental data, the value of AT.x Was
calculated to be about 2 K for BZ0, 4 K for BZ3 and 5 K
for BZS, respectively. This result indicates that the fre-
quency dispersion increases with BZ-modification.

The inverse dielectric constant at 100 kHz as a function
of temperature was plotted in Fig. 2. From the curves, it is
seen that the dielectric permittivity deviates from the
Curie-Weiss law which can be represented by AT, that is
given by the following equation [3].

AT = Tow— Tim ()

where T, is defined as the temperature at which the
dielectric permittivity starts to deviate from the Curie-
Weiss law. When T < T, the paraelectric phase trans-
forms into an ergodic relaxor state and thus starts to
form polar nanoregions [3,4,24]. The AT,, was found to be
201 K for BZ0, 144 K for BZ3, and about 166 K for BZ5,
respectively.

For a ferroelectric with broad dielectric maxima, it is
known that the diffuseness can be described by a modified
Curie-Weiss law [3] as follows.

1 1 (T Ty

£ &m

o 1<y<2 (3)
where C is the Curie constant and 7y the indicator of
diffuseness: if y is near 1, the material is a normal ferro-
electric; if 7 is 2, the material can be considered as a perfect
relaxor [3,14,24]. From the slope in the logarithmic plot of
(1/e—1/em) vs. (T-Ty,), as shown in insets of Fig. 2, y can be
determined. The y was estimated to be 1.77 for BZ0, 1.87 for
BZ3 and 2.00 for BZ5, suggesting that there happened a FE-
RFE transition with increasing BZ content. Such a
composition-induced FE-RFE crossover was also reported
in other lead-free piezoelectric ceramics [13-15].

Fig. 3 presents the P—E hysteresis loops of BNKT-BZ
ceramics as a function of BZ concentration and tempera-
ture. At room temperature (RT), both undoped and
1 mol% BZ-doped BNKT specimens revealed saturated
P—FE hysteresis loops with significant P, and E, values that
were distinctive in normal ferroelectrics. On the other
hand, specimens with higher BZ content (BZ4 and BZ5)
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Fig. 1. Dielectric constant of BZ-modified BNKT ceramics as a function of temperature and frequency for: (a) BZ0, (b) BZ3, and (c) BZS.
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Fig. 2. Indicator of the diffuseness (y) and inverse dielectric constant at 100 kHz as a function of temperature for: (a) BZ0, (b) BZ3, and (c) BZ5.

showed those of ‘nonpolar’ materials with low P, and E..
The P-E hysteresis loop of unmodified BNKT exhibited
significant changes with temperature. However, the P-E
hysteresis loops of modified BNKT demonstrated a small
change with temperature, whose behavior was in good
agreement with that of RFE [§,10,25-27].

Fig. 4 displays the bipolar electric field-induced strain
(EFIS) loop of BNKT-BZ ceramics as a function of
composition and temperature. At RT, both unmodified
and 1 mol% BZ-modified specimens also showed a butter-
fly shaped loop that has been typically observed in normal
ferroelectrics. However, further modification of BZ led to
disappearance of negative strains (Speg) that are symme-
trically observed at both + FE, and — E, for normal ferro-
electrics. This result also supports the gradual transition
from FE to RFE with BZ-modification.

It is interesting to examine the temperature coefficient of
EFIS for different compositions. The unmodified BNKT
maintained a typical butterfly shape within the temperature
range investigated. The normalized strain Spax/Fmax
increased from 218 pm/V at RT to 350 pm/V at 373 K,
corresponding to its temperature coefficient of 0.38 pm/V/K.
The S-E curve of 1 mol% BZ also exhibited a typical

butterfly shape at RT, which gradually varied with increas-
ing temperature. The S, in the curve vanished at ~348 K,
indicative of disappearance of ferroelectric domain at a
higher temperature. At the same time, the maximum strain
of 0.3% and Shax/Emax of 500 pm/V at 6 kV/mm were
denoted. A further increase in temperature resulted in a low
hysteresis loop that resembledan electrostrictive (ES) beha-
vior. The temperature dependent EFIS properties of BZ0
and BZ1 indicated that there occurred a FE-RFE transition
on heating, which was consistent with the temperature
dependent polarization observed in Fig. 3. Such a FE-
RFE crossover is responsible for the poor temperature
coefficients of EFIS in BZ1.

On the other hand, both BZ4 and BZ5 samples showed
large temperature-insensitive strains, where the Spyax/Emax
was410 pm/V for BZ4 and 370 pm/V for BZ5 from RT to
373 K, respectively. It is noted that both surpassed that of
ceramic BNKT-KNN (300 pm/V) [28]. With increasing
temperature, the hysteresis loop evolved into a parabolic
shape that was observed in electrostrictive materials such
as Pb(Mg,3Nb;3)Osceramics [29,30]. In the mean time,
this electrostrictive loop was very stable within the mea-
sured temperature range.
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Fig. 3. P-E hysteresis loop of BNKT-BZ ceramics as a function of temperature and composition.
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Fig. 4. Bipolar S-E loops of BNKT-BZ ceramics as a function of temperature and composition.

The electrostrictive effect in RFEs is expressed by the where S; is the strain, P; the polarization in the direc-

following equation [31,32];

Sy = 03 P;

tion of the poling axis, and Qi3 the electrostrictive co-
efficient. As expected in S—E loops, all S—P? plots collected
(4)  at different temperatures coincidently fitted to a single
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Fig. 5. Electrostrictive properties of 5mol% BZ-modified BNKT
ceramic: (a) S—P° loops at different temperatures, and (b) temperature
dependence of the electrostrictive coefficient Qs;.

Table 1
The electrostrictive coefficient of various electromechanical materials.

No. Composition 033 (m*/C? T (K) Ref.
1 PZT 0.033-0.036 RT [33]
2 BNT-BT-18KNN 0.027 RT [31]
3 BNT-BT-20KNN 0.026 RT [34]
4 PMN 0.0252 RT - 373 [29]
5 BNKT-5BZ 0.025 RT - 373 This work
6 PMN 0.023 +0.002 163-373 [30]
7 BNT-BT-25KNN 0.025 RT [34]
8 BNT-BT-15KNN 0.024 RT [31]
9 PZN 0.0238 RT [29]

10 BNKT-KNN 0.023 323-423 [23]

11 BNT-BT-5KNN 0.022 RT 31

12 BNT-BT-30KNN 0.022 RT [34]

13 BNT-7BT 0.021-0.022 373-423 [31]

14 BNT-BT-18KNN 0.021 RT — 423 [31]

15 BNKT-SKN 0.021 RT -373  [27]

16 BNT-BT-15KNN 0.021 RT [34]

17 PT 0.008 RT [29]

temperature-invariable linear line in terms of the polarity
as seen in Fig. 5 (a). From the S vs. P curve, the Q53 was
determined and plotted as a function of temperature in
Fig. 5 (b). The Qs was constant at 0.025 m*/C> for BZ5
within the measured temperature range. A comparison of
this result with other previous reports on Qi3 for various

materials is summarized in Table 1. It is seen that the
currently presented Q53 value is highly competitive to those
of known materials such as PMN ceramics [30], BNKT-—
KNN [23], BNKT-SKN [24], BNT-BT [31] and close to
PMN single crystal [29] that is the most widely used
Pb-based electrostrictive material.

4. Conclusions

The dielectric, ferroelectric, and EFIS properties of
BNKT-BZ solid solutions have been investigated as a
function of composition and temperature. Base on experi-
mental results, it can be concluded that a diffuse transition
from FE to RFE occurred in the BNKT-BZ system when
the BZ content or temperature increased. BNKT modified
with 5 mol% BZ showed electrostrictive S—F loops being
very stable from RT to 373 K, resulting in a temperature-
insensitive electrostrictive coefficient Q33=0.025 m*/C?,
which is superior to other known electrostrictive ceramics.
To obtain thermally stable electric field-induced strain
properties in Bi-based perovskite ceramics, we suggest that
one should select a composition far from FE-RFE phase
boundaries.
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