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Abstract

(1—x—y)Big sNag sTiO3—xBij sK¢ sTiO3—yBiFeO; (BNKFT-x/y with 0.12<x<0.24, 0 <y <0.07) lead-free piezoelectric ceramics
have been prepared by the combustion technique. The effects of amounts of x and y on structures and electrical properties were
examined. Powders and ceramics can be well calcined and sintered at 750 °C for 2h and 1025-1050 °C, respectively. The results
indicated that the crystalline structure and microstructure changed with the increase of x and y concentrations. XRD results of BNKFT-
x/0.03 and BNKFT-0.18/y ceramics with 0.12 <x <0.24 and 0 <y <0.07 showed the rhombohedral-tetragonal morphotropic phase
boundary (MPB). The addition of y caused a promoted grain growth while the addition of x suppressed the grain growth. The highest
density (p=>5.85 g/em?®), superior dielectric properties at T, (¢,=7846 and tan §=0.02), remnant polarization measured at 40 kV/cm
(P, = 20.1 pC/em?) and piezoelectric coefficient (d33=213 pC/N) were obtained for x=0.18 and y=0.03.
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1. Introduction

Big sNay sTiO; (BNT), discovered by Smolenskii et al.
[1] in 1960, is an ABOj; type ferroelectric with perovskite
phase. BNT is considered to be a promising candidate of
lead-free piezoelectric ceramics with a relatively large
remnant polarization (P,=38 pC/cm?) and a high Curie
temperature (7.=320 °C) [1]. However, pure BNT ceramic
has high coercive field (E.=73 kV/cm), making the poling
of the ceramics extremely difficult. In addition, pure BNT
ceramic usually exhibits very poor piezoelectricity (d33 =258
pC/N). To decrease the coercive field and improve the
piezoelectric properties, a number of solid solutions of
BNT with ABOs-type ferroelectrics perovskite materials
such as BNT*BiOASK()AsTiO:; [2], BNTfBaTiOrBin
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Ky 5TiO3 [3] and BNT-Big 5K sTiOs—BiFeOj; [4] have been
studied extensively. Among the solid solutions that have
been developed so far, (1—x—y)BiysNaysTiOs—xBig s
Ko.5TiO3—yBiFeO; (BNKFT-x/y) system near rhom-
bohedral-tetragonal morphotropic phase boundary
(MPB) has attracted considerable attention. The MPB
compositions that showed remarkably superior electrical
properties existed in the range of 0.18 <x<0.21 and
0<y<0.05. Zhou et al. [5] reported that the optimum
values of ds3 and kj, are 170 pC/N and 36.6%, obtained
from 079B105N305T103*018B105K05T103*OO3B1F603
ceramics, respectively. Nevertheless, little is known about
the dielectric and piezoelectric properties and there is no
study on the ferroelectric properties.

Recently, in previous works we successfully fabrica-
ted high quality oxide ceramics such as (Ba;_,Sr,)
(Zr, Ti; _ )O3 [6] by the combustion technique. The advan-
tages of this technique include inexpensive precursors and
simple preparation process, and result in good electrical
properties with low firing temperature and short dwelling
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time [7]. Thus, in this work, BNKFT-x/y (0.12 <x <0.24
and 0 <y <0.07) ceramics were prepared by the combus-
tion method. The effects of sintering temperature and the
change of the x and y content on the phase formation,
microstructure, and electrical properties of ceramics were
investigated.

2. Experimental

BNKFT x/0.03 and BNKFT y/0.18 were prepared by
the combustion technique. The starting materials used in
this study were Bi»O3;, Na,CO3, K,CO3, TiO, and Fe,Os.
Stoichiometric amounts of starting powders were weighed
and ball-milled using zirconia milling media for 24 h in
ethanol. The raw materials were well-mixed with the fuel
(glycine) in an agate mortar before calcination. The
powders were calcined at 750 °C for 2 h and were mixed
with polyvinyl alcohol; then it was pressed into discs with a
diameter of 15 mm under 80 MPa. These pellets were
subsequently sintered at 1000-1050 °C for 2 h.

Phase identifications of sintered ceramics were investi-
gated using an XRD. The microstructures of all ceramics
were observed using SEM. Dielectric properties were
measured at a temperature in the range of 25450 °C with
a measured frequency of 1 kHz using a 4263B LCR-meter.
Ferroelectric hysteresis loop was obtained using a ferro-
electric test system. To obtain piezoelectric coefficient
(ds3), the sintered pellets were polled under a DC field of
4 kV/mm at 120 °C in silicone oil for 30 min and measured
using a quasistatic dz3 meter.

3. Results and discussion

The XRD patterns of BNKFT-x/0.03 ceramics are
shown in Fig. 1(a)-(c). All the samples exhibit a pure
perovsktite structure, indicating that K has diffused into
the lattice to form a solid solution. In general, the
rhombohedral structure is characterized by (003)/(021)
peaks splitting between 39° and 41° and a single peak of
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Fig. 1. X-ray diffraction patterns of BN KFT-x/0.03 sintered ceramics in

the 260 range of (a) 10°-60°, (b) 39°-41° and (c) 45°—48°.

(202) between 45° and 48°. Whereas a pure tetragonal
structure is characterized by a single peak of (111) between
39° and 41° and (002)/(200) peaks splitting between 45°
and 48°. For x=0.12, the (003)/(021) peaks’ splitting
occurs in the 26 range of 39-41° (Fig. 1(b)) and the (202)
peak is asymmetric in the range of 45-48° (Fig. 1(c)).
When x content is increased, the (003)/(021) peak begins to
merge into a single (111) peak and the (202) peak starts to
split into two peaks of (002)/(200), which reveal that the
crystalline structure has two phases between rhombohedral
and tetragonal coexisting. Furthermore, the increasing x
content is affected by the increase of the tetragonal and
decrease of the rhombohedral phases.

The SEM micrographs of BNKFT-x/0.03 ceramics are
shown in Fig. 2(a)—(c). All ceramics show a quasi-cubic
morphology with clear grain boundaries. The average
grain size decreases from 2.67 um to 0.98 um when the x
content is increased from 0.12 to 0.24, as listed in Table 1.
The grains become evidently smaller with increasing x
content, which can be explained by the fact that the K™
ion which concentrates near the grain boundaries has
substantially reduced mobility as densification occurred [5].
The decrease in the mobility of the grain boundary weakens
the mass transport. As a result, grain growth is obviously
inhibited and smaller grains are formed in the ceramic
samples at a high concentration of x [5]. The measured
density and relative density of the BNKFT-x/0.03 ceramics
with different x contents are listed in Table 1. The density
increases and reaches a maximum value of 5.85g/cm’
or ~96.6% of the theoretical density obtained from the
sample with x=0.18, and it slightly decreases with x > 0.18
(Table 1).

Fig. 3(a) shows the temperature dependences of the
dielectric constant (&) of BNKFT-x/0.03 ceramics which
were measured at 1 kHz. The dielectric constant showed
two peaks (74 at low temperature and 7, at high
temperature) in all samples. Ty is the temperature at which
the phase transition from ferroelectric (rhombohedral) to
anti-ferroelectric (tetragonal) occurred. T, is the tempera-
ture at which the transition from anti-ferroelectric (tetra-
gonal) to paraelectric (cubic) occurred. When there was an
increase of x, T4 of the sample shifted to the lower
temperature from 185 °C to 94 °C whereas T, shifts to
higher temperature regions from 282 °C to 321 °C, as listed
in Table 1. At Curie temperature, the maximum dielectric
constant was observed in all samples. It tends to increase
from 5890 to 7850 when the x content increases from 0.12
to 0.18. On further increasing x content to 0.24, ¢,
decreases to 3750, as listed in Table 1. The dielectric loss
at T, tends to decrease from 0.04 to 0.02 when the x
content increases from 0.12 to 0.24, as shown in Table 1.

The ferroelectric polarization—electric field (P—FE) loop of
BNKFT-x/0.03 ceramics measured at 40 kV/cm is shown
in Fig. 4(a). For the compositions with x=0.12 and
x=0.15, the P—FE loops were not fully saturated. As x
increased, the loops became relatively saturated. The
measured remnant polarization (P;) of BNKFT-x/0.03
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Fig. 2. SEM images of BNKFT-x/y sintered ceramics with (a) x=0.12, (b) x=0.18, (c) x=0.21, (d) y=0, (¢) y=0.03 and (f) y=0.07.
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Fig. 3. The temperature dependences of dielectric constant (¢,) of the (a) BNKFT-x/0.03 and (b) BNKFT-0.18/y ceramics.
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Fig. 4. Ferroelectric hysteresis loops of (a) BNKFT-x/0.03 and (b) BNKFT-0.18/y ceramics.

ceramics increases from 2.7 pC/em? to the maximum value
(20.1 puC/cm?) at x=0.18, and then drops to 13.3 pC/cm?
with a further increase of x to 0.24. The decrease in P, as x
content increases suggests that the high substitutions of
K™ ions for Na™ ions would cause the decrease in relative
displacement of unit cells. The coercive field (E.)

continuously increases from 13.2kV/cm to 23.2 kV/cm
when the content of x increases from 0.12 to 0.18. This
result may be due to the possible index of domain
reorientation and rotation is gradually hindered as x content
increases [8]. With a further increase in the x content to 0.24,
E_ tends to decrease to 21.3 kV/cm, as listed in Table 1. The
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Fig. 5. X-ray diffraction patterns of BNKFT-0.18/y sintered ceramics.

piezoelectric coefficients of BNKFT-x/0.03 ceramics are
illustrated in Table 1. The piezoelectric coefficients d33 of
all ceramics first increases and then decreases with increas-
ing x content. The maximum d53 is obtained at x=0.18,
which is 213 pC/N. The decrease of di3 is due to the
clamping effect associated with oxygen vacancies hindering
sufficient reorientation of ferroelectric domains during
electrical poling [8]. The ds3 at x=0.18 is higher than that
of the previous work [9].

The optimum value of x content was fixed at 0.18, and
then y was varied from 0 to 0.07. The XRD patterns of
BNKFT-0.18/y ceramics are shown in Fig. 5(a)—(c). All
samples show the pure perovskite structure (Fig. 5(a)). For
y=0, in the 20 range of 39-41°, the (003)/(021) peaks’
splitting is slight (Fig. 5(b)). The peak splitting diminishes
and begins to merge into a single (111) peak with increas-
ing y content from 0 to 0.07. Moreover, in the 20 range of
45-48° for y=0, the peak is asymmetric (Fig. 5(c)). When
there is an increase of y content, the peak becomes more
asymmetric and skews to the left side. These results
indicate a coexistence between tetragonal and rhombohe-
dral phases in the ceramics. The structures are in good
agreement with the previous work [5].

The SEM photomicrograph of BNKFT-0.18/y sintered
pellets are shown in Fig. 2(d)—(f). It can be seen that the
grain exhibits an almost quasi-cubic morphology. The
average grain size increased from 2.15 um to 2.81 pm with
increasing y content (Table 1). The increased grain size of
the ceramics is due to the Fe’ ' entering into the sixfold
coordinated B-site to substitute for Ti** because of radius
matching [8]. The densities of BNKFT-0.18/y ceramics
with different y contents are listed in Table 1. The density
increases from 5.57 g/em® to 5.85 g/em® (93.1-96.4% of
theoretical density) when concentration of x increases from
0 to 0.03, and then drops to 5.77 g/em® (93.9% of
theoretical one) with further increasing of y to 0.07.

Temperature dependence of the dielectric constant (g;) of
BNKFT-0.18/y ceramics measured at 1 kHz is shown in
Fig. 3(b). Two abnormal temperature peaks exist for all
samples with different compositions. The T4 and T shift to
lower temperature regions from 131°C to 123 °C and
294 °C to 282 °C, respectively, with increasing y content
from 0 to 0.07, as listed in Table 1. The results agree with
the results of Zhou et al. [5]. At T,, the maximum dielectric
constant tends to increase in value from 5630 to 7850 when
the y content increased from 0 to 0.03. After that, the
maximum dielectric constant of ceramics decreases as the
concentration of y increases above 0.03, as listed in Table 1.
The dielectric loss at T, tends to increase from 0.02 to 0.04
when the y content increases from 0 to 0.07, as shown in
Table 1. ¢, and tan J at T, (at 1 kHz) of all compositions are
closely consistent with the results of previous work [5].

The ferroelectric polarization—electric field (P—E) loop of
BNKFT-0.18/y ceramics is shown in Fig. 4(b). When the y
content increases from 0 to 0.07, the P—E loops tend to be
not fully saturated. The value of P, is found to increase from
7.6 pC/em? to 27.5 pC/em? with increasing y content from 0
to 0.05. With a further increase in y content to 0.07, P,
decreases to 15.0 uC/em?, as listed in Table 1. The decreas-
ing trend of E. shows the minimum value at y=0.03.
With a further increase of y content to 0.07, E_ increases to
29.4 kV/cm, as listed in Table 1. The piezoelectric coefficient
of BNKFT-0.18/y ceramics is listed in Table 1. When y=0,
the piezoelectric coefficient ds; is 164 pC/N. With increasing
content of y, ds3 reaches the maximum value of 213 pC/N at
»=0.03, and then drops in value.

4. Conclusion
Lead free BNKFT ceramics were synthesized by the

combustion technique. The variations of x and y contents
directly affect the crystal structure, microstructure, density,



Table 1

Average grain size, density, dielectric constant (e,), dielectric loss (tand), depolarization and Curie temperature (74 and 7.), remnant polarization (P,),
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coercive field (E.), and piezoelectric coefficient (d33) of BNKFT-x/y ceramics.

Composition Average grain Measured Relative gat T, tandatT. Ty (°C) T.(°C) P, (uC/em?) E. (kV/em) ds3 (pC/N)
size (um) density (g/em?)  density (%)
x=0.12 2.67 5.73 94.6 5890 0.04 185 282 2.7 13.2 75
x=0.15 2.41 5.79 95.7 6970 0.03 147 299 4.6 14.2 103
x=0.18 2.39 5.85 96.6 7850 0.02 117 302 20.1 23.2 213
x=0.21 1.33 5.79 94.1 7310 0.02 115 312 19.3 16.3 39
x=0.24 0.98 5.57 92.1 3750 0.02 94 321 13.3 21.3 37
y=0 2.15 5.57 93.1 5630 0.02 131 294 7.6 25.2 164
y=0.01 2.23 5.63 93.8 5640 0.02 129 291 19.9 27.0 195
y=0.03 2.44 5.85 96.4 7850 0.02 110 287 20.1 23.2 213
y=0.05 2.73 5.80 95.1 6330 0.03 125 285 27.5 244 195
y=0.07 2.81 5.77 93.9 6320 0.04 123 282 15.0 29.4 95

dielectric, ferroelectric and piezoelectric properties of the
BNKFT-x/0.03 and BNKFT-0.18/y ceramics. The XRD
indicated that the ceramics possess pure single phase of
perovskite structure, indicating that K™ and Fe™t have
diffused into the lattice. With increasing x and y contents,
grain size decreases and increases, respectively. The opti-
mum electric properties can be obtained at x=0.18 and
y=0.03, as follows: p=5.85 g/cm3, &=7850, tan 6=0.02,
P.=20.1 uC/em? (measured at 40 kV/cm) and dy3;=213
pC/N. With superior electric properties, this work indi-
cates that the BNKFT-x/y ceramics prepared by the
combustion technique are better than the BNKFT-x/y
ceramics prepared by solid state.
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