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Abstract Incorporation of LiSbO; into the lead-free
piezoceramic composition 0.95Naj 5K sNbO3—0.05LiTaO3
produced a change from an orthorhombic to tetragonal crystal
system in samples produced by reaction-sintering. The
inferred limit of solid solution along the compositional join,
(0.95 — x)Nag sKy sNbO3—0.05LiTaO3—xLiSbO;, occurred
at x ~ 0.06. Differential scanning calorimetry indicated
broad peaks at temperatures associated with ferroelectric—
paraelectric transitions. The transition temperatures decreased
with increasing values of x, up to x = 0.06. Microstructures
showed secondary grain growth; a slight decrease in grain-size
with increasing LiSbO5; modification was identified.

Introduction

Environmental concerns are stimulating research into the
development of lead-free alternative piezoelectric ceramics
[1, 2]. Mixed alkali niobate-tantalates are leading candi-
dates as replacements for lead zirconate titanate, PZT.
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Guo et al. [3] investigated the alkali niobate solid
solution system [NagsKgsNbOj];_,—[LiTaOs], (abbrevi-
ated, NKN-LT) and reported a morphotropic phase
boundary (MPB), at 0.05 < x < 0.06, between ortho-
rhombic and tetragonal phase fields. Compositions close to
this MPB gave the highest values of d3; piezoelectric
charge coefficients in the system, reaching a value of
~200 pC/N at x = 0.05 with a corresponding Curie tem-
perature (T;,) of ~420 °C.

Saito et al. [4, 5] studied a wider range of related solid
solutions, corresponding to the general formula (Ko sNag s);_
Li,Nb;_,Ta,O3. For a composition x = 0.03 and y = 0.2,
close to the MPB of this system, d3; = 230 pC/N, with a T, of
323 °C. Reactive template grain growth resulted in enhanced
piezoelectric properties, giving values of d33 = 373 pC/N and
T.=323°C for (001) grain-oriented ceramics. Slightly
improved values of ds; coefficients were obtained using Sb ion
doping on the pentavalent sites of the perovskite lattice. These
values approach those of some PZT ceramics and consequently
have aroused keen interest in developing this compositional
system further as a viable Pb-free piezoceramic [6—11].

Although the highest piezoelectric coefficients were dem-
onstrated for textured ceramics fabricated using reactive
template grain growth, these fabrication procedures are rather
complicated and would be costly for commercial production.
Hence it is important to optimize properties in conventional,
randomly orientated ceramic samples. For example, Marcos
et al. [12] have used conventional ceramic processing tech-
niques to fabricate ceramics of (Kg44Nag sl 04)(Nbg g6
Tag.10Sbp.04)03, and also a ‘non-stoichiometric’ composition
(Ko.38Nag 52Li0.04)(Nbo 86 T20.10Sb0,04)02.97 [4]. A higher
piezoelectric coefficient was obtained for the latter, with
ds3 ~ 200 pC/N.

There are still uncertainties regarding the precise
compositional range of solid-solution formation in
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Fig. 1 Schematic showing location of compositional system,
(0.95 — x)Nag 5Ky sNbO3—0.05LiTaO3—xLiSbO5 (solid line marked
by squares) in the NKN-LT-LS ternary system. For comparison,
the binary join studied previously, 1 — x[0.95Na, sKqsNbO3-0.05
LiTaO5]-xLiSbO; is shown by a dashed line [12]

Sb-modified alkali niobates. The present paper reports the
findings of a study of phase formation and microstructures of
ceramic compositions along the unreported compositional
join, (0.95 — x)Nag 5K sNbO3—0.05LiTaO3—xLiSbOj3, cor-
responding to the elemental formula Nag 475 . Ko475_x
Lig.054x(Nbgos5_,Sb,Tag 05)Sb,O5. The position of this series
in the NKN-LT-LS ternary system is shown in Fig. 1. To
minimize losses of volatile components during ceramic
fabrication, a reaction-sintering method was employed.

Experimental procedure

Samples were prepared by the conventional mixed-oxide
process using K,COs3, Ta,0O5 (Aldrich Chemical Company,
Inc., >99.0% purity), Na,CO3, Nb,Os (Aldrich Chemical
Company, Inc., 99.9+% purity), Li,CO5 (Fluka, >99.0%
purity), and Sb,Os (Aldrich Chemical Company, Inc.,
99.995% purity), as starting powders. Firstly the
Nay sKosNbO; powder was prepared. The two carbonate
powders are moisture sensitive; thermogravimetric analysis
indicates that dehydration is completed at ~200 °C.
Therefore to avoid compositional errors when weighing out
the Nay 5Ky sNbO5 precursor mixture, the starting reagents
were dried in an oven for 24 h prior to use. Dried powders
were allowed to cool to room temperature under reduced
pressure in a desiccator, and all powders were stored in the
desiccator until immediately prior to weighing in the cor-
rect proportions. The starting materials were transferred to
a 100 mm diameter cylindrical plastic jar, partially filled
with 10 mm diameter alumina grinding balls. Sufficient
ethanol was added to just cover the powder and grinding
media. Ball milling was carried out for 24 h, followed by
drying at 120 °C, prior to grinding with an alumina mortar
and pestle to break up large agglomerates formed during
drying. The mixtures were calcined in alumina crucibles,

with loosely fitting lids, at 800 °C for 2 h. For reaction-
sintering, the NKN powders were ground, weighed, and
ball-milled again for 24 h with Ta,Os and the volatile
Li,COj3; and Sb,05 components to obtain the compositions
(0.95 — x)Nag 5K sNbO3;—0.05LiTaO3;—xLiSbO; (abbrevi-
ated as NKN-LT-LS) for x = 0.0, 0.02, 0.04, 0.06, and
0.10. No second powder calcination stage was employed
prior to sintering. The mixed powders were dried, ground,
and pressed at 100 MPa into 1.5 cm diameter discs and
sintered in air at temperatures of 1050 °C and 1075 °C for
2 h in closed crucibles.

Ceramic samples were examined at room temperature
using X-ray powder diffraction (XRD; Philips X’ Pert
MPD, Ni-filtered CuK,, radiation) to identify the phase(s)
formed. No mechanical grinding or polishing was carried
out prior to XRD. Sintered pellet densities were obtained
by the Archimedes method. The density of ground pellets
was determined by liquid displacement pycnometry using
dry toluene; this enabled sintered pellet density to be
expressed as a percentage value. The microstructures of the
as-sintered surfaces of the samples were imaged directly,
using scanning electron microscopy (SEM; Jeol: JSM-
5800LV). The average grain size was calculated by the
mean linear intercept method. Differential scanning calo-
rimetry (PerkinElmer, DSC7) was carried out in a N,
atmosphere at a heating rate of 10 °C/min.

Results and discussion

XRD patterns of ceramics of (0.95 — x)Nag 5Ky sNbO3—
0.05LiTaO3—xLiSbO3; compositions x = 0-0.1 are pre-
sented in Fig. 2. The intensity ratio of the pair of peaks at
45-46.5°20 in each pattern was used as an indication of the
tetragonal/orthorhombic phase content [13]. The lower angle
peak in the pair corresponds to the 022 peak of an ortho-
rhombic NKN-LT phase, or the 002 peak for tetragonal-
phase NKN-LT [14, 15]. The neighbouring higher angle
peak corresponds to the orthorhombic 002 peak, or the 200
peak of tetragonal NKN-LT. For orthorhombic NKN-LT,
the peak intensity ratio, Ip/Ingy is ~1.5-1.8; the precise
value in this range depends on fabrication conditions, and
possibly the level of volatilization losses [13, 16]. For a
tetragonal, single phase NKN-LT pattern the corresponding
ratio, Ipgo/lroo is ~0.5 [13]. The reported phase boundary
between orthorhombic and tetragonal phases on the NKN—
LT binary occurs around 6 mol% LT [3]. Hence the ortho-
rhombic phase is the expected phase for the x =0
composition, NKN-5 mol% LT, studied here [3]. The peak
intensity ratios for all the (0.95 — x)NajsKysNbO;—
0.05LiTaO3—xLiSbO3; samples are shown in Table 1. The
x = 0 composition had a peak intensity ratio of ~ 1.7 for the
1075 °C sample, Table 1, confirming it to be orthorhombic

@ Springer
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Fig. 2 XRD patterns of samples (0.95 — x)[NagsKqsNbO3-0.05
LiTaO5]-xLiSbO; sintered at 1050 °C for 2 h (* = KgLisNb;gO3¢
[18]; ¥ = LiSbOs [17])

Table 1 XRD data showing d-spacings and intensity ratios as a
function of x (the mole fraction of LiSbO;) and reaction-sintering
temperatures

LiSbO; Sintering d-spacings A Tooolloor Tooa/Ioo
content, x temperature —
°C) 022/ 002/
002 200
0.00 1050 1.994 1.966 1.38 -
1075 2.003 1971 1.69 -
0.02 1050 2010 1972 - 0.62
1075 2.014 1975 - 0.56
0.04 1050 2.006 1972 - 0.78
1075 2011 1974 - 0.58
0.06 1050 2.002 1969 - 0.71
1075 2.005 1973 - 0.56
0.10 1050 2.004 1972 - 0.72
1075 2.004 1973 - 0.48

NKN-LT [13]. However, the values of peak intensity ratio of
all the Sb-modified samples, reaction-sintered at 1075 °C,
were around 0.5, close to the value expected for a tetragonal
NKN-LT perovskite solid solution. This change in crystal
system, from orthorhombic to tetragonal, infers that solid
solution formation has occurred as a result of reaction with
the LiSbO3; component. However there was no significant
change in d-spacing over this range of compositions x,
Table 1. Second-phase LiSbO; was detected in the x = 0.1
samples, Fig. 2, inferring a limit of LKN-LT-LS tetragonal
solid solution around x = 0.06 [17].

The peak intensity ratios were slightly higher (~0.6—
0.8) for samples sintered at the lower temperature of
1050 °C, which probably indicates that some orthorhombic
phase was present, along with the main tetragonal phase.
All samples showed faint XRD peaks due to a tungsten
bronze phase [18] which has also been reported for various
compositions along the binary NKN-LT join [3].

@ Springer
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Fig. 3 DSC results of samples (0.95 — x)NagsKysNbO3-0.05

LiTaO3—xLiSbO;5 sintered at 1075 °C for 2 h. Asterisks indicate
peaks thought to relate closely to the 0.95Nag 5K sNbO3;—0.05LiTaO3
end member—see text for details

DSC experiments revealed an endothermic peak for the
x =0 sample at a temperature of 425 °C, Fig. 3. This
temperature is consistent with the reported value for the
ferroelectric—paraelectric phase transition for binary NKN—
LT compositions [3]. The DSC peak temperatures as a
function of composition are summarized in Table 2. For
the x = 0.02 sample an endotherm, made up of a distinct
peak at 403 °C and an overlapping, much more diffuse
peak centered around 385 °C (onset ~365 °C) was
observed, Fig. 3. For sample x = 0.04, the DSC profile had
similarities to the x = 0.02 sample, but the broader endo-
therm was relatively more intense and occurred at a lower
temperature ~ 360 °C (onset 340 °C): a decrease in the
temperature of the sharper peak, from 403 °C to 378 °C,
also occurred. For the x = 0.06 and 0.1 compositions, only
one broad endotherm was observed, centered at 346 °C
(onset 328 °C).

The DSC data infer that two distinct types of solid
solution exist in the x = 0.02 and 0.04 samples; peak
broadening suggests the phases are each compositionally
non-uniform. The sharper DSC peak in the x = 0.02 and
x = 0.04 Sb-modified samples (marked by an asterisk on
Fig. 3) appears to correlate to the ferroelectric—paraelectric
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Table 2 Peak temperature from

DSC analysis with various LiSbO, Estimated peik
. content, temperature (°C)

LiSbO; contents, x: two peaks x (mole)

could be distinguished in

x = 0.02 and 0.04 0.0 425 _
0.02 403 385(broad)
0.04 378 360 (broad)
0.06 — 346 (broad)
0.10 — 346 (broad)

(tetragonal—cubic) peak of the unmodified NKN-LT phase.
The change in peak temperatures in x = 0—x = 0.06 is
consistent with modification of the crystal lattice by sub-
stitution of Li and Sb ions. The similarity in DSC data
between x = 0.06 and 0.01 suggests that the limit of Li
SbO; solid solution occurs at x ~ 0.06, which is in
agreement with the limit inferred from XRD data.
Reasons for the existence of two phases in the x = 0.02
and 0.04 samples are not fully understood. Based on the
experimental XRD and DSC data it seems plausible that
two distinct tetragonal solid solution phases, differing in
average composition and transition temperature, are
formed for x = 0.02 and 0.04. The phase giving rise to the
broadest DSC peaks is presumed to approximate most
closely to the desired product composition. Broadening
points to local variations in ion ratio within each phase.
The question arises as to why only a single, but very broad,
peak exists for x = 0.06 (and 0.1). Liquid formation is very
likely in this system given the low melting point of the
Sb,O5 component (380 °C), and the lack of full powder
calcination prior to sintering. An increase in the Sb,Os
content (in x = 0.06 and 0.1) would be expected to give an
increase in the volume of liquid present, and contribute to
higher reactivity, resulting in only one product phase.
Support for the premise of inhomogeneity in the samples
is found in literature reports of related binary NKN-LT
ceramics made by conventional processing (i.e. not involv-
ing reaction-sintering) in which SEM-EDX revealed the
presence of severe compositional fluctuations [19]. The
inhomogeneity could not be eliminated by prolonged high-
temperature annealing [19]. Thus it seems that the broad, and
in some cases double DSC peaks in the present samples are a
consequence of compositional variability within the sample.
XRD showed little evidence of peak broadening (Fig. 2), but
our previous study into phase development during conven-
tional powder calcination of NKN-LT indicated that
d-spacings in such systems were insensitive to small changes
in phase composition [13]. Here it is demonstrated that DSC
is more sensitive than XRD in probing compositional
homogeneity in lead-free alkali niobate piezoceramics.
Marcos et al. [12] reported that the formation of a solid
solution along the more commonly studied join,
1 — x[0.95(Na,K)NbO3-0.05LiTaO3]-xLiSbOj3, (indicated

by a dashed line in Fig. 1) is extremely difficult to achieve
due to the crystal structural differences between KNbO3 and
NaNbO3;, with perovskite crystal structures, and LiTaO3 with
a hexagonal pseudo-ilmenite crystal structure. However
there are a number of reports into solid solution formation of
related compositional series: for example (1 — x)Kqs
Na()'5(Nb0'925T30'075)O3—XLiSb03 (O <x =< Ol) and also
(Ko.44Nag soLio.04) (NbogeTag.10Sbo.04)O03 [12, 20]. The
results of conventional mixed oxide reactions for these
compositions reveal that Li ™ and Sb* diffuse into the parent
lattices to form a solid solution with a perovskite structure
[20]. It is reported to be an orthorhombic phase at x < 0.02
and tetragonal at x > 0.04. Co-existence of the orthorhom-
bic and tetragonal phases is found at 0.02 < x < 0.04. The
present XRD results for reaction-sintering at 1075 °C infer
only tetragonal phase for the join (0.95 — x)Naj 5K sNbO3—
0.05LiTaO5—xLiSbO;. Although sintering at a lower tem-
perature, 1050 °C leads to co-existence of tetragonal and
orthorhombic phases, based on XRD peak intensity ratios
(Table 1). A comprehensive study of the NKN-LT-LS
section of the phase diagram would be required to determine
the full extent of the compositional area of solid solution
formation in this region.

In terms of the ceramic processing characteristics, there
was little variation in density with increasing values of x,
Fig. 4. A maximum density of 4.4 g/cm® at 1050 °C cor-
responded to ~92% of the value of powder density
(4.78 g/cm®).” The slight decrease in sintered pellet density
between 1050 °C and 1075 °C, Fig. 4, is most probably
due to the effects of loss of volatile oxides. The sintering
temperatures are close to the melting temperature; sintering
at 1150 °C resulted in major changes to phase composition,
with the appearance of a cubic phase inferring that partial
melting and subsequent crystallization had occurred.

All compositions, x = 0.02-0.1, showed secondary
recrystallization (secondary grain growth) after reaction-
sintering at 1075 °C, Fig. 5. With increasing LiSbOj;

5.0
4.5 1 -
~ - t/§
g o= Sen > -
o
3 40 ]
2
k7
=
L
[a)
3.5
—u— 1050 °C
—o0— 1075 °C
3.0 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
LiSbO ; (mole)

Fig. 4 The density values of samples (0.95 — x)[NajsKysNbOz—
0.05LiTa0O3]-xLiSbO3; when reaction-sintered at different temperatures
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Fig. 5 SEM micrographs (0.95 — x)[Nag sKo sNbO3;—0.05LiTaO;]-xLiSbO3 samples where x is: (a) 0; (b) 0.02; (¢) 0.04 and (d) 0.10 reaction-

sintered at 1075 °C for 2 h

modification, there was a reduction in the fraction of sec-
ondary grains. The resulting variation in average grain size
is shown in Fig. 6. In other perovskites such as BaTiOs3,
secondary grain growth is often associated with liquid
phase formation. A similar mechanism leading to bimodal
grain size distributions is probable in the NKN-LT-LS
system. For samples sintered at 1050 °C, secondary grain
growth occurred only in the x = 0.04-0.1 compositions,
inferring that insufficient liquid was present in x < 0.04
samples at this lower temperature to induce secondary
recrystallization (Fig. 6).
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Fig. 6 Average grain size of (0.95 — x)Nag 5K sNbO;—0.05LiTaO3—
xLiSbO; samples reaction-sintered at 1050 °C and 1075 °C for 2 h
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Conclusions

Ceramics were produced by reaction-sintering of pre-cal-
cined powders of Naj sKgsNbO5; with Li,CO;, Ta;O5 and
Sb,05 powders, according to the formula, (0.95 — x)Nag 5
Ko sNbO3-0.05LiTa0O3—xLiSbOs. Solid solution with LiS-
bO; induced a change from orthorhombic to tetragonal
crystal system. Broad phase transition peaks were observed
in DSC plots, suggesting significant levels of chemical
inhomogeneity. The limit of solid solution is estimated to
occur at x ~ 0.06. The maximum sintered pellet densities
were around 92%.
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