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Abstract Lead-free MHOz-dOpCd K0_5N30.5Nb0_928b0_0803
ceramics have been fabricated by a conventional ceramic
technique and their dielectric and piezoelectric properties have
been studied. Our results show that a small amount of MnO,
(0.5-1.0 mol%) is enough to improve the densification of the
ceramics and decrease the sintering temperature of the
ceramics. The co-effects of MnO, doping and Sb-substitu-
tion lead to significant improvements in the ferroelectric
and piezoelectric properties. The KqsNag sNbg 92Sbg 0503
ceramic with 0.5 mol%MnO, doping possesses optimum
propeties: d3z = 187 pC/N, kp = 47.2%, ¢, = 980, tand =
2.71% and T. = 287 °C. Due to high tetragonal-ortho-
rhombic phase transition temperature (To.r ~ 150 °C), the
K()A5NaOA5Nb()_9zsb()A()gog, ceramic with 0.5 mol%MnOz
doping exhibits a good thermal stability of piezoelectric
properties.

1 Introduction

Lead-containing piezoelectric materials with perovskite struc-
ture, such as Pb(Zr,Ti)O3 and Pb(Mg;,;Nb,/3)-PbTiO3, have
been widely used in electronic and microelectronic devices
because of their excellent piezoelectric and ferroelectric
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properties. However, the strong toxicity and high evaporation
of lead oxide during sintering have caused a crucial environ-
mental pollution. Therefore, it is necessary to develop lead-free
piezoelectric ceramics with good piezoelectric properties for
replacing the lead-containing ceramics in various applications.

Alkali niobate K sNag sNbO3 (KNN), a solid solution of
ferroelectric KNbOj3 and antiferroelectric NaNbQs, is con-
sidered as a promising candidate for lead-free piezoelectric
ceramics because of its high Curie temperature (about
420 °C), good ferroelectric properties (P, = 33 pC/cm?)
and large electromechanical coupling factors [1, 2]. How-
ever, it is very difficult to obtain dense and well-sintered
KNN ceramics using an ordinary sintering process because
of the volatility of alkaline elements at high temperature. For
a well-sintered KNN ceramic (e.g. prepared by hot-pressing
technique), it possesses good piezoelectric properties (d3; =
160 pC/N, k, = 45%) and high density (p = 4.46 g/em?).
[2] However, there is severe degradation in piezoelectric
properties (dsz3 = 80 pC/N, k, = 36%) and density (p =
4.25 g/cm3) for an air-fired KNN ceramics. [1, 3] A number
of studies have been carried out to improve the sinterability
and electrical properties of KNN ceramics, including the
formation of solid solutions such as Li- and Ta-modified
KNN [4], KNN-LiSbO; [5, 6], KNN-BaTiO3 [7], Kg.47s
Nay 475Li0 0sNbO3-Big 48Nag 48Bag 04TiO3 [8], KNN-LiN-
bO; [9], KNN-BipsNagsTiO; [10] and KNN-Li(Nb,Ta,
Sb)O; [11], and the use of sintering aids, e.g. Ks4Cu, 3
Ta; 9059 [12] and CuO [13]. It has been known that Sb has a
much larger Pauling electronegativity than Nb (2.05 vs. 1.5).
Therefore, the partial substitution of Sb>* for Nb>* induces a
strong covalency in the KNN perovskite, which favors the
ferroelectricity and piezoelectricity. [11, 14] It is also noted
that MnO, is an effective dopant in the Pb-containing pie-
zoelectric ceramics to enhance densification and reduce loss
tangent tand. [15, 16] In the present work, MnO,-doped
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Ko.sNag sNbg 9:Sb 0303 ceramics, Ko sNag sNbg 92Sbg 0303 +
xmol%MnO,, were prepared by ordinary solid-state sintering,
and the effects of MnO, doping on the microstructures, dielec-
tric and piezoelectric properties of Ky sNagsNbggrSbg osO3
ceramics were investigated.

2 Experimental

Ky sNag sNbg 92Sbg 0503 + xmol%MnO, ceramics (0 < x <
3.0) were prepared by an ordinary sintering technique using
analytical-grade metal oxides or carbonate powders: Na,CO5
(99.8%), K,CO3 (99.9%), Nb,Os (99.5%), SbyO3 (99%) and
MH02 (99%) The stoichiometric K0_5N30.5Nb0_9zsb0.0803
powder was first synthesized at 880 °C for 6 h by a solid
state reaction. After the calcination, K sNag sNbg 92Sbg 0303
and MnO, powders were weighed according to the formula
of K()_5Na()A5Nb()Agzsb().()303 + XmOl%Mn02 and then ball-
milled for 8 h. The resulting powders were mixed thoroughly
with a PVA binder solution and then pressed into disk
samples with the diameter of 15.0 mm and thickness of
1.20 mm. The disk samples were finally sintered at 1,080-
1,120 °C for 4 h in air. Silver electrodes were fired on the top
and bottom surfaces of the sintered samples. The ceramics
were poled under a dc field of 5-6 kV/mm at room tem-
perature in a silicon oil bath for 30 min.

The crystalline structure of the sintered samples was
examined using X-ray diffraction (XRD) analysis with
CuK,, radiation (DX-1000). The bulk density p was mea-
sured by the Archimedes’ method. The microstructures
were observed using scanning electron microscopy (JEOL
JSM-5900LV). The relative permittivity &, and loss tangent
tano of the ceramics at 1, 10 and 100 kHz were measured
as functions of temperature using an impedance analyzer
(Agilent 4192A). A conventional Sawyer—Tower circuit
was used to measure the polarization hysteresis (P-E) loop
at 100 Hz. The electromechanical coupling factor k, and
electromechanical quality factor Q, were determined by
the resonance method according to the IEEE Standard
using an impedance analyzer (Agilent 4294A). The pie-
zoelectric coefficient d3; was measured using a piezo-ds3
meter (ZJ-3A, China).

3 Results and discussions

Figure 1 shows the XRD patterns of KgsNagsNbg oo
Sby.0s03 + xmol%MnO, ceramics. From Fig. 1, all the
Ko.sNag sNbg 025bg.0803 + xmol%MnO, ceramics possess
a pure perovskite structure with orthorhombic symmetry
and no second phase can be detected. The XRD patterns of
the ceramics have been indexed by JCPDF card 71-2171.
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Fig. 1 XRD pattern of Ko_SNaO.sNbO'gzsb()logO:; + Xmol%MnOz
ceramics

The addition of MnO, to K, sNagy sNbg 9,Sbg 93Oz does not
cause any significant change to the crystalline structure.
The SEM micrographs of the K sNag sNbg 92Sbg 0sO035 +
xmol%MnQ, ceramics with x = 0, 1.0, 2.0 and 3.0 are
shown in Fig. 2, while Fig. 3 shows the variations of the bulk
density p and optimum sintering temperature 7 with x. As
shown in Fig. 2a, although the sintering temperature is high
(1,120 OC), the K0_5N30‘5Nb0_9zsb0.0803 + Xmol%Mn02
ceramic with x = 0 (i.e., without MnO, doping) has a very
loose structure and a large amount of pores can be found. For
the K sNag sNbg 95Sbg 003 ceramic (i.e. x = 0), the grains
have a diameter of about 1.2 pm. However,after the doping
of a small amount of MnO, (>0.5 mol%), the grain size
increases significantly to about 2.5 pum, the ceramics can be
well sintered at 1,080—-1,110 °C and become considerably
dense, and there is almost no pore on the surface of the
ceramics (Fig. 2b—d). As shown in Fig. 3, the KqsNags
Nbg.92Sbg 0305 ceramic without MnO,-doping has a low
bulk density of 4.12 g/cm>. On the basis of the XRD results,
the relatively density of the ceramic withx = 01is about 90%.
However, after the doping of 0.5-1.0 mol%MnO,, the
ceramics give a high density of 4.44-4.48 g/cm® (relative
density > 97%). As x further increase to 3.0, the bulk density
decreases slightly to 4.37 g/cm® (relative density ~ 95%).
For each composition, the ceramics were sintered at different
temperatures and their density was measured. The optimum
sintering temperature was determined as the sintering
temperature by which the ceramic has the largest density.
From Fig. 3, as x increases, the optimum sintering
temperature for the KqsNagsNbgg:Sbg g0z + xmol%MnO,
ceramics decreases. It can be clearly seen that the addition of a
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Fig. 2 SEM micrographs of the Kg sNag sNbg 92Sbg.0s03 + xmol%MnO, ceramics: a x = 0, sintered at 1,120 °C for 4 h; b x = 1.00, sintered at
1,110 °C for 4 h; ¢ x = 2.00, sintered at 1,090 °C for 4 h; and d x = 3.00, sintered at 1,080 °C for 4 h
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Fig. 3 Variations of the bulk density p and optimum sintering
temperatures 7 with x for the K¢ sNag sNbg 2Sbg 0503 + xmol%MnO,
ceramics

small amount of MnO, to the K sNag sNbg 9-Sbg 0303 ceramics
results in the significant improvement in densification and a
decrease in sintering temperature.

The temperature dependences of ¢, and tand for Kq sNag 5
Nbg.92Sbg 0303 + xmol%MnQO, ceramics at 1 kHz are
shown in Fig. 4. Similar to the pure KNN [1, 2], two tran-
sition peaks are observed: one is associated with the para-
electric cubic-ferroelectric tetragonal phase transition at T,
and the other is the ferroelectric tetragonal-ferroelectric
orthorhombic phase transition at 7g_t. As shown in Fig. 4a,
the observed TO—T for K0.5Nao_5Nb0_928b0.0803 + xmol%
MnO, ceramics is insensitive to the doping level x of MnO,.

For the ceramics with x = 0.5-3.0, the observed To.t is
about 150 °C. Unlike To_t, the observed T, increases from
287 t0298 °C with x increasing from 0.5 to 3.0. It can be also
seen that as x increases, the value of the dielectric peak at T,
increases significantly. From Fig. 4b, for the ceramics with
x = 0.5, 1.0, 2.0 and 3.0, the observed tané has a very weak
dependence on temperature below 7. and retain almost
unchangeable with temperature increasing. However, as
temperature increases above T, a sharp increase in tano is
observed in the ceramics with x = 0.5, 1.0, 2.0 and 3.0,
which should be attributed to a decrease in electrical resis-
tivity of the ceramics at higher temperatures, at which the
ceramics become electrically conductive.

Figure 5 shows the temperature dependences of ¢, and tand
for the KgsNagsNbOz + 0.5 mol%MnO, and KgsNags
Nbg.92Sbg 0s03 + 0.5 mol%MnO, ceramics at 1, 10 and
100 kHz. It can be seen that the K;sNagsNbOs; + 0.5
mol%MnQO, ceramic (i.e., Sb-free KNN ceramic with
0.5 mol%MnO, doping) retains the classic ferroelectric
characteristic, and undergoes the cubic-tetragonal phase
transition at 421 °C (T.) and the tetragonal-orthorhombic
phase transition at 210 °C (To_1) (Fig. 5a). After the substi-
tution of 8% Sb>* for Nb>*, the ceramic (i.e., KosNags
Nby.92Sbg 0503 + 0.5 mol%MnO,) undergoes the same two
phase transitions, with both 7. and Tt shifted to lower
temperatures (287 and 151 °C, respectively) (Fig. 5b).

The KgsNagsNbO3 + 0.5 mol%MnO, ceramic is a
normal ferroelectric, thus exhibiting a sharp transition peak
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Fig. 4 Relative permittivity ¢ and loss tangent tand of the
Ko 5Nag sNbg 9oSbg 0303 + xmol%MnO, ceramics with x = 0.5,
1.0, 2.0 and 3.0 at 1 kHz as a function of temperature

at T, in the plot of ¢, versus temperature as shown in Fig. 5a.
However, the substitution of 8% Sb>* for Nb°" in the
Ko.sNag sNbO3 4+ 0.5 mol%MnQO, ceramic leads to a
broadening of the transition peak at T, suggesting the
appearance of a diffuse phase transition. A diffuse phase
transition has been observed in many ABOs-type perovsk-
ites and Bi-layered structure compounds, e.g. Bag sNag 5 TiO3-
based ceramics [17], KgsLagsBi,Nb,Og [18], Pb(Mg;,3 Nb,y,
3)O5 [19], KNN-SrTiO5 [20]. The diffuseness in the phase
transition can be determined from the modified Curie-Weiss
law 1/e, — /ey, = Cfl(T— T.)" [19], where ¢, is the
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Fig. 5 Temperature dependences of relative permittivity ¢, and loss

tangent tand of a KqsNagsNbOs; + 0.5 mol%MnO, ceramics and b
Ko.sNag sNbg 92Sbg 0503 + xmol%MnO, ceramics
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maximum value of relative permittivity at the phase transition
temperature T,,,, v is the degree of diffuseness and C is the
Curie-like constant. The y can have a value ranging from 1 for
a normal ferroelectric to 2 for an ideal relaxor ferroelectric.

Based on the temperature plots of ¢ at 10 kHz, the graphs
of In(1/e, — 1/ey) versus In(T — T,,) for the KgsNags
Nb03 + 0.5 mOl%Mn02 and Ko'SNao_sNbo'gzsb0'0803 +
0.5 mol%MnO, ceramics were plotted, giving the results
shown in Fig. 6. Both the samples exhibit a linear relation-
ship. By least-squared fitting the experimental data to the
modified Curie-Weiss law, y was determined. The calcu-
lated y for the Ky sNag sNbO3z + 0.5 mol%MnO, ceramic is
1.17, revealing the normal ferroelectric characteristic. After
the substitution of 8 mol%Sb™, 7 increases significantly to
1.63, suggesting that the substitution of Sb>* makes the Ky s
Nag 5Nbg 92Sbg 0g03 + 0.5 mol%MnO, ceramic become
more relaxor, thus exhibiting a broadened transition peak as
shown in Fig. 5b. The appearance of the diffuse phase
transition may be ascribed to the increase in the disorder
degree of B-site ions, resulting from the substitution of Sb>"
for Nb> ™.

Except for the Ky sNagsNbgogrSbgogO3 ceramic (i.e.,
without MnO, doping), all the ceramics can be well sintered
at 1,080-1,110 °C and have a dense structure, giving a high
relative density (>95%), and so exhibit a well-saturated P-E
hysteresis loop under an electric field of 5 kV/mm.
Figure 7a shows the P-E hysteresis loops of the KqsNag s
Nbg 95Sbg 0503 + xmol%MnO, ceramics with x = 0.5, 1.5
and 2.5, while the variations of the remanent polarization P,
and coercive field E, with x are shown in Fig. 7b. For the
Ko .sNag 5sNbg 95Sbg 0503 + xmol%MnO, ceramics, P,
increases slightly and then decreases as x increases from 0.5

o K, Na NbO_+0.5mol% y=1.17
© K,Na,Nb,,Sb,,0,+0.5mol% y=1.

00873
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Fig. 6 Plot of In (l/e — 1/e,) versus In (1/T — 1/T,,) for the
Ko sNagsNbO3z + 0.5 mol%MnO, ceramics and K sNagsNbg oS-
b.0s03 + xmol%MnO, ceramics. The symbols denote experimental
data while the solid lines denote the least-squared fitting line to the
modified Curie-Weiss law
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to 3.0, giving a maximum value of 26.8 pC/cm? atx = 1.5,
while E. increases considerably from 0.65 to 0.97 kV/mm
with x increasing from 0.5 to 2.0 and then decreases slightly
to 0.94 kV/mm with x further increasing to 3.0.

Figure 8 shows the variations of ds3, kp, Om, & and tand
with x for the K0'5Nao_5Nb0'925b0_0803 + XmOl%MH02
ceramics. After the use of the sintering aid, the density of
the ceramics increases significantly from 4.12 to 4.48
(Fig. 3), thus yielding considerable enhancement in ds3, kp,
and Q,, and reduction in tand. The optimum content of
MnO, is 0.5 mol%. It can be seen that because of the poor
densification, the ceramic without MnO, doping exhibits
the very high tand (65.2%) and relatively poor piezoelec-
tricity (ds3 = 95 pC/N, k, = 22.6%, Oy, = 6). After the
addition of 0.5 mol%MnO,, the tand decrease significantly
and reaches a minimum value of 2.71%. The great decrease
in tand should be ascribed to the great enhancement in
densification. For the ceramic with x = 0.5, the good
piezoelectric and dielectric properties are obtained: d;; =
187 pC/N, k, = 47.2%, and Q,, = 123 (Fig. 8a), while
& = 980 and tand = 2.71% (Fig. 8b).

Figure 9 shows the temperature dependence of k;, for the
Ko.sNag sNbg 9oSbg 0503 + 0.5 mol%MnO, ceramic. It can
be seen that for the Ky sNagsNbg 9oSbg 003 + 0.5 mol%
MnO, ceramic, there has no depolarization below 120 °C.
Because the T is relatively high (151 °C), the Ky sNag s
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Fig. 7 a P-E hysteresis loops of the Ky sNagsNbgg:Sbg 0503 + x-
mol%MnO, ceramics with x = 0.5, 1.5 and 2.5; b Variations of P,
and Ec with x for the K0_5Nao‘5Nb0A92Sb0A0803 + Xmol%Mn02
ceramics

Nbg.925bg 0803 + 0.5 mol%MnO, ceramic exhibits a very
good thermal characteristic. It can be seen that as temperature
increases above To., the piezoelectricity of the ceramic
become weak gradually.

Table 1 shows the electrical properties of Ky sNag sNbg 9o
Sb0_0803 + 0.5 mOl%MH02, K0'5N30V5Nb03 4+ 0.5 mol%
MHOQ and K0,5Na0,5Nb0,925b0,0803 (i.e., without MH02
doping) ceramics. It can be seen that compared with the
K0A5N80A5Nb0_925b()‘0803 + 0.5 mol%MnOz ceramic, the
Ko.sNap sNbO3; + 0.5 mol%MnO, ceramic exhibits typical
“hardened” electrical characteristics (low da3, kp, &, tand
and P,; high Q,,, and E,). After the substitution of 8% Sb>* for
Nb>*, the observed dz3, kp, &, tand and P, increase by about
68, 8,200, 145 and 13%, respectively, while the observed Q,,
and E, decrease by about 63 and 13%, respectively. This
suggests that after the substitution of 8% Sb>" for Nb>", the
ceramics become “softened”, thus giving rise to significant
improvements in d33, kp and &,.. The improvement of piezo-
electric properties of the ceramics should be attributed to the
strong covalency of Sb. For the K, sNaysNbgg,Sbg0gO3
+ 0.5 mol%MnO, ceramic, the partial substitution of Sb>*
for Nb>* induces a much stronger covalency in the KNN-
based perovskite, which favors the ferroelectricity and pie-
zoelectricity. It can be also noted that because of the poor
densification, the MnO,-undoped K sN,o.5Nbg 92Sbg 0sO3
ceramic possesses the very poor piezoelectricity, indicating
the effectiveness of MnO, as a sintering aid for improving
the sintering performance and electrical properties.

4 Conclusions

Ky.sNag 5sNbg 95Sbg 0503 + xmol%MnO, lead-free ceram-
ics have been fabricated by an ordinary sintering technique.
Our results show that MnO, is an excellent sintering aid for
improving the sintering performance. A small amount of
MnO, (0.5-1.0 mol%) improves effectively the densifica-
tion. The high densification and strong covalence of Sb
lead to the significant improvement in the ferroelectricity
and piezoelectricity of the ceramics. The ceramic with
x = 0.5 exhibits excellent ferroelectric and piezoelectric
properties: d3; = 187 pC/N, kp = 47.2%, ¢, = 980, tano =
271%, P, =24.7 uC/cmz, E.=0.65kV/mm and Tc =
287 °C. Because of high To.1, the ceramic with x = 0.5
exhibits a very good temperature stability of piezoelectric
properties. Our results also show that the KgsNagsNbgos
Sbg 0303 + xmol%MnO, ceramics exhibit relaxor charac-
teristic, which may be ascribed to the increase in the dis-
order degree of B-site ions resulting from the partial
substitutions of Sb " for Nb°*. It is suggested that the
Ko5NapsNbyg>SbgsO3 + xmol%MnO, (x = 0.5-1.0) ceram-
ics are an attractive candidate for lead-free ceramics.
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Table 1 Electrical properties of (a) Ky sNagsNbggrSbg osO3; + 0.5
mol%MnOz, (b) K0_5Na0,5NbO3 + 0.5 mol%MnOz and (C) K0,5Na0,5
Nb0,925b0,0303 ceramics

ds3 kp On & tano P, E.
(PCN) (%) (%) (um/cm®)  (kV/mm)
a 187 472 123 980 271 247 0.65
111 438 330 322 1.10 21.8 0.75
c 95 22.6 6 734 652 - -
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