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bstract

RD and Raman scattering experiments revealed an interesting finding that phase structure changed from orthorhombic to tetragonal symmetry
hen pulverizing (Li,Ta)-doped (K,Na)NbO3 lead-free piezoelectric ceramics (sintered body) to powder. Both orthorhombic and tetragonal phases

oexist in the Li0.05(Na0.51K0.49)0.95Nb0.80Ta0.20O3.00 (LKNNT) sintered bulk sample at room temperature, but almost only the tetragonal phase

s observed in the ground powder. In addition, annealing experiment enhanced the formation of tetragonal phase and improved the temperature
tability of piezoelectricity. It is revealed that the internal stress existing in the LKNNT ceramics favors the formation of orthorhombic phase,
hich transfers to tetragonal phase when the stress was released.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT)-based piezoceramics have been
idely used in actuators, sensors, ultrasonic transducers and
ther important fields for many years due to its excellent piezo-
lectric and ferroelectric properties. Because of the toxicity
f lead and the increasing concern on environment, lead-free
iezoceramics are gaining more and more attention in recent
ears.1,2 Among several lead-free piezoceramics, (K,Na)NbO3
KNN)-based ceramics are considered as the promising substi-
utes for PZT-based piezoceramics since a breakthrough made
y Saito et al.3–5 Because of the poor piezoelectric properties
f pure KNN ceramics, recently much effort have been taken to
mprove the piezoelectric properties of KNN ceramics by doping
i and/or Ta.6–12 The mechanism of the improvement of piezo-
lectric properties is that doping Li and/or Ta in KNN ceramics
an greatly decrease the tetragonal to orthorhombic transition
oint (TT–O) from about 200 ◦C to room temperature, so the

oped ceramics show higher piezoelectric properties at room
emperature due to the coexistence of two phases.13 However, for
uch a modified KNN composition with the TT–O close to room
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emperature, the state of two-phase coexistence will disappear
ven for a slight temperature increasing and the dominate phase
ill be tetragonal, at the same time the piezoelectric property
ecreasing obviously.

In addition to the temperature effect, this study revealed an
nteresting phenomenon related to stress effect on the phase
tructure of (Li,Ta)-doped KNN ceramics. It was found that
rthorhombic to tetragonal phase transition occurred when the
ulk material was pulverized to powder. Similarly, the same phe-
omenon was confirmed even in the bulk material after being
nnealed at sufficiently high temperatures for a long time.

. Experimental

KNN-based lead-free ceramics with a nominal composi-
ion of Li0.05(Na0.51K0.49)0.95Nb0.80Ta0.20O3.00 (abbreviated as
KNNT) were prepared by a conventional method. Com-
ercially available oxides and carbonate powders, Nb2O5

99.95 wt%), Ta2O5 (99.0 wt%), Li2CO3 (97.0 wt%), K2CO3
99.0 wt%), Na2CO3 (99.8 wt%), were used as raw materi-
ls. According to the above composition, these powders were

eighted after correcting their purity and mixed by ball milling

n ethanol using ZrO2 balls for 24 h, and then the slurry was dried
nd calcined at 850 ◦C for 5 h. The synthesized powder was ball
illed again for 24 h also in ethanol and dried, after that the

http://www.sciencedirect.com/science/journal/09552219
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owders were pressed into small disks of 10 mm in diameter,
ollowed by cold isostatic pressing at 200 MPa. Finally, these
ellets were sintered in air at 1120 ◦C for 2 h.

The crystal structure of sintered bulk and ground pow-
er samples was determined by X-ray diffraction (XRD) with
onochromatic Cu K�1 radiation (Rigaku, D/Max 2500, Tokyo,

apan). The Raman spectrum was measured by the LabRAM
R800 (France). The electric-field-induced strains were mea-

ured by using an attachment onto the TF ANALYZER 1000
erroelectric measuring system (aixACCT Systems GmbH,
ermany).

. Results and discussion

Fig. 1 compares the XRD patterns of sintered bulk and ground
owders. It is clear that the XRD pattern of LKNNT ground
owders is quite different from that of LKNNT as-sintered
ulk sample. The (0 0 1) and (0 0 2) peaks became significantly
eak when the as-sintered sample were pulverized to powder.

n KNN-based ceramics, the analysis of the relative intensity
f two peaks around 2θ = 45◦ in XRD patterns is an effective
ethod to distinguish the phase structure of ceramics that usu-

lly show orthorhombic and/or tetragonal symmetry at room
emperature.14 It is well known that when the KNN-based

eramics is of orthorhombic phase, a = c > b, I(0 0 2)/I(0 2 0) equals
and the (0 0 2) line has a smaller Bragg angle. But a = b < c,

he I(0 0 2)/I(0 2 0) equals 0.5 and the (0 0 2) line is located at
smaller Bragg angle for KNN-based ceramics of tetragonal

t
n
s
o

ig. 2. The analyzing procedure of phase structure of Li0.05(Na0.51K0.49)0.95Nb0.80

ulk sample and its ground powder at room temperature, (b) fitted Raman spectrum
emperature and that of bulk sample at different temperatures, and (d) Eg peak positi
emperatures.
ig. 1. XRD patterns of Li0.05(Na0.51K0.49)0.95Nb0.80Ta0.20O3.00 ceramic sam-
les.

hase.14,15 When the sintered bulk sample are ground into pow-
er, the I(0 0 2)/I(0 2 0) as included in Fig. 1 becomes smaller, which
ndicates that a phase transition occurs. In addition, it was con-
rmed that the peak position of (0 0 2) also changed. It is clear

hat phase transformation occurs from orthorhombic to tetrago-
al symmetry when grinding the LKNNT ceramic bulk sample
o powder. It seems that tetragonal phase becomes thermody-

amically stable in the powder form at a state free of internal
tress existing in polycrystalline materials. In other words, the
rthorhombic phase can remain in the ceramic pellets due to

Ta0.20O3.00 ceramics by Raman spectroscopy: (a) Raman spectra of LKNNT
between 450 and 700 cm−1, (c) A1g peak position of ground powder at room
on of ground powder at room temperature and that of bulk sample at different
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Fig. 3. Sketch of thermodynamic analysis of the phase transition caused by the
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dG = −SdT + VdP (2)
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n additional effect. It was reported that the phase structure is
ffected by the existence of internal stress in PZT films and
ulk samples.16,17 Recently, Kakimoto et al. investigated the
ressure-dependent Raman scattering spectra of Li-doped KNN
LKNN) ceramics and found that hydrostatic compressive favors
he orthorhombic phase rather than tetragonal phase.18 As shown
n Fig. 1, after being annealed at 900 ◦C for 24 h, the tetragonal
hase became dominant even in the ceramic bulk sample whose
(0 0 2)/I(0 2 0) ratio is close to that obtained in the ground powders,
hich again confirmed the orthorhombic to tetragonal phase

ransition when the internal stress is weaken. Such a phase tran-
ition was further proved by the following Raman spectroscopy
xperiments.

Raman spectroscopy is used as a powerful tool to analyze the
hase structure of KNN-based ceramics.13,19,20 Fig. 2(a) shows
he different Raman spectra of LKNNT bulk sample and ground
owder of the sintered sample. Fig. 2(b) shows the sketch of
nalysis of Raman spectrum in which the part between 450 and
00 cm−1 can be fitted using a sum of Gaussian lines. The fitted
ine corresponds well to the original data with R2 > 0.99. The
eak positions of Gaussian lines at ∼550 cm−1 and ∼610 cm−1

re ascribed to Eg (ν2) and A1g (ν1), respectively. Eg (ν2) and
1g (ν1) are stretching modes of the vibrations of the BO6 octa-
edron and are sensitive to the change of phase structure.13,20

he Raman spectra of LKNNT bulk sample were measured at
ifferent temperatures, whereas its corresponding ground pow-
er was measured at room temperature only. Considering the
ngredient inhomogeneity in KNN-based ceramics, each sam-
le was measured twice at two different regions to gain two
pectra. As shown in Fig. 2(c), the wavenumber A1g of the bulk
ample decreases with increasing temperature due to its intrin-
ic phase transition from orthorhombic to tetragonal symmetry,
nd the wavenumber A1g of the ground powder at room temper-
ture is close to that of the as-sintered bulk sample at elevated
emperature. In addition, as shown in Fig. 2(d), the same result
as obtained as for the case of Eg (ν2) mode. Both results in
ig. 2(c) and (d) showed that the phase structure of the LKNNT
round powder is more similar to that of LKNNT bulk sample
t elevated temperature where the tetragonal phase will become
ominant. Therefore, the Raman experiments also confirmed
hat there existed a phase transition during the process pulver-
zing the LKNNT bulk sample into powder, which is consistent
ith the above XRD results. We observed that the volume of

he annealed bulk sample was a little larger than that prior to
nnealing treatment, suggesting that the internal stress exist-
ng in the bulk sample is compressive stress, which favors the
xistence of orthorhombic phase rather than tetragonal phase in
KNN piezoceramics.18 On the contrary, when pulverizing the
ulk sample into powder, the tetragonal phase appeared with-
ut the effect of internal compressive stress existing in LKNNT
ulk sample. This phenomenon can be explained by the prin-
iple of thermodynamics, as shown schematically in Fig. 3.
or both bulk and powder samples, with decreasing tempera-
ure the orthorhombic phase become more thermodynamically
table than tetragonal one, resulting in an intersection corre-
ponding to TT–O where two phases co-exist. As shown by the
ash lines, the ground powder should have lower Gibbs free

F
t

elease of internal stress, the solid lines and dash lines denote the Gibbs free
nergy of bulk sample and ground powder, respectively.

nergy than the bulk materials with the same composition. The
eason is described in the following. The Gibbs free energy (G)
s defined as the following thermodynamics equation:

= U + PV − TS (1)
ig. 4. Piezoelectric constant d33* of LKNNT ceramics at different tempera-
ures: (a) as-sintered sample and (b) annealed sample.
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here U, P, V, T and S denotes internal energy, pressure, vol-
me, temperature and entropy, respectively. It is clear that Gibbs
ree energy (G) increases when the pressure is increased or the
emperature is reduced. The Gibbs free energy is lowered when
rinding the bulk to powder as a consequence of the release of
he internal compressive stress. Therefore, as shown in Fig. 3,
t room temperature the tetragonal phase has the lowest free
nergy, which can qualitatively explain why the dominate phase
n the ground powder is tetragonal.

Fig. 4 shows curves of electric-field-induced strains at dif-
erent temperatures for LKNNT ceramic bulk sample before
nd after annealing. It is clear that even for the same mate-
ial the piezoelectric responses became different after annealing
t 900 ◦C. Such differences were not related to any possible
omposition change (e.g. the evaporation of alkali oxide Na2O
nd K2O) during annealing at the low temperature (900 ◦C).
ecause the annealing process can eliminate the internal stress
hich leads to the formation of the main tetragonal phase in

he ceramic pellets, the annealed piezoceramics sample shows
igher temperature-stable piezoelectricity than those without
nnealing treatment. At the same time, the annealed ceramic
ample shows a d33* of 166 pm/V at 34 ◦C, which is the same as
he result measured at 150 ◦C in as-sintered sample. This further
roved that the phase structure of the annealed sample is similar
o that of un-annealed samples at a higher temperature where
he tetragonal phase appears.

. Conclusions

We have found an interesting phenomenon in
i0.05(Na0.51K0.49)0.95Nb0.80Ta0.20O3.00 piezoceramics that

he phase structure of the ceramics changes when the sintered
ellets are ground to powder. We confirmed that the release of
nternal stress in ceramics pellets leads to the phase transition
rom orthorhombic to tetragonal phase. Annealing was applied
o the sintered piezoceramics pellets to eliminate the internal
tress and the tetragonal phase becomes dominant, which caused
he improvement of temperature dependence of piezoelectric
roperty of the ceramics. This result reveals that the internal
tress also plays a very important role in the phase transition in
NN-based piezoceramics.
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