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PIEZOELECTRIC CERAMIC COMPOSITION
AND PIEZOELECTRIC CERAMIC
ELECTRONIC COMPONENT

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

This 1s a continuation of application Serial No. PCT/
TP2009/058486, filed Aug. 30, 2009, the entire contents of
which are mcorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a piezoelectric ceramic
composition and a piezoelectric ceramic electronic compo-
nent, and more particularly, relates to a lead-free piezoelectric
ceramic composition, and a piezoelectric ceramic electronic
component using the piezoelectric ceramic composition,
such as a laminated piezoelectric actuator.

BACKGROUND ART

In recent years, demand has been increased for laminated
piezoelectric ceramic electronic components such as lami-
nated piezoelectric actuators, which are able to acquire a large
amount of displacement even at low voltages.

This type ol piezoelectric ceramic electronic component 1s
typically manufactured in such a way that ceramic green
sheets to serve as piezoelectric ceramic layers and conductive
layers to serve as internal electrodes are stacked alternately
and subjected to co-firing. Furthermore, N1 which 1s relatively
casily available at a low price 1s preferably used as an internal
clectrode material.

Also, lead-free piezoelectric ceramic compositions con-
taining no Pb have been attracting attention for environmental
care, etc. 1n recent years. In particular, KNbO, based piezo-
clectric ceramic compositions with K located as a main con-
stituent at the A site of a perovskite structure (general for-
mula: ABO,) and Nb located as a main constituent at the B
site thereol have been researched and developed actively,
because the KnbO, based piezoelectric ceramic compositions
provide relatively high piezoelectric d constants (piezoelec-
tric strain constants).

For example, Patent Document 1 discloses a piezoelectric

ceramic composition which has a main constituent repre-
sented by the general formula {(1-x)(K,_, ,Na_Li,) (Nb, .

Ta_Sb_)O,-xM2, M40, }. In this formula, M2 represents at
least one bivalent metal element selected from among Ca, Sr,
and Ba, and M4 represents at least one tetravalent metal
clement selected from among 11, Zr, and Sn, X, a, b, ¢, d, m,
and n respectively fall within the ranges of 0.005=x<0.1,
0<a<0.9, O0=<b=<0.3, O=a+b=<0.9, O0=c=0.5, 0=d=<0.1,
0.9=m=1.1, and 0.9=n=<1.1, and at least one specific element
selected from among In, Sc, Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Yb, and Lu 1s contained 1n an amount of 0.1 to 10 mol in
total with respect to 100 mol of the main constituent.

In Patent Document 1, the piezoelectric ceramic composi-
tion has compositional constituents as described above, and
thus can be sintered stably 1n the atmosphere, thereby allow-
ing for the achievement of piezoelectric ceramic electronic
components which have a high relative dielectric constant
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2

and electromechanical coupling coeflicient, and also have a
high Curie point of Tc and a high piezoelectric d constant.
Patent Document 1: Japanese Patent No. 3945536

DISCLOSURE OF THE INVENTION

Problem to be Solved by the Invention

However, the piezoelectric ceramic composition 1n Patent
Document 1 has the problems of defective polarization and a

degraded piezoelectric property in the case of using Ni as the
internal electrode material.

More specifically, when conductive layers containing N1 as
their main constituent and the ceramic green sheets which
have the compositional constituents described in Patent
Document 1 are stacked alternately and subjected to co-firing,
the N1 which constitutes the internal electrode material wall
diffuse to the ceramic green sheets during the firing, resulting

in the segregation of the M4 element and the formation of a
segregated phase such as Ni or Nb, and thereby leading to
problems of defective polarization and degradation of the
piezoelectric properties.

The present invention has been achieved 1n view of these
circumstances, and an object of the present invention 1s to
provide a piezoelectric ceramic composition which can pro-
vide a favorable piezoelectric property without causing
defective polarization even 1n the case of using N1 for an
internal electrode material and co-firing, and a piezoelectric
ceramic electronic component using the piezoelectric
ceramic composition, such as a laminated piezoelectric
actuator.

Means for Solving the Problem

The present inventors have carried out earnest studies on
monovalent and pentavalent—bivalent and tetravalent com-
positions represented by the general formula {(1-x)KnbO,-
xM2M40,}, in order to achieve the object mentioned above.
Then, 1t has been found that when the same species of a
tetravalent M4' element as the M4 present as an accessory
constituent together with monovalent Na 1n the composition
s0 as to be equivalent to the stoichiometric composition or
more 1n terms of mol, 1t 1s possible to prevent the M4 element
from being segregated and prevent a segregated phase such as
N1 or Nb from being formed. In addition, 1t has been also
found that the addition of a predetermined range of Mn to the
composition can improve the sinterability 1n a reducing atmo-
sphere without forming a segregated phase of Mn. These
clements allow for the achievement of a piezoelectric ceramic
composition which has a favorable piezoelectric property
without causing defective polarization even in the case of
co-1iring with Ni.

The present mvention has been achieved based on these
findings, and a piezoelectric ceramic composition according
to the present invention characteristically includes a main
constituent represented by the general formula {(1-x)(K,__,
Na Li, )(Nb,_ Ta )O,}-xM2M40,}, M2 is atleast one of Ca,
Ba, and Sr, M4 1s at least one of Zr, Sn, and Hf, and x, a, b, and
¢ are respectively 0=x=0.06, 0=a=<0.9, 0=b=0.1, and
0=c=0.3), and as accessory constituents, 2a mol of Na, (ca.+{3)
mol of an M4' element (M4' represents at least one element of
Zr, Sn, and HI'), andy mol of Mn with respect to 100mol of the
main constituent, wherein «, {3, and vy respectively satisiy
0.1=a=p, 1=a+p10, and O=y=<10.

In addition, further earnest studies carried out by the
present inventors have found that the ranges of 2=y=10 for vy
and 0.001=x=0.06 for x can give a more favorable product
yield.
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More specifically, a feature of the piezoelectric ceramic
composition according to the present invention 1s that v 1s
2=y=]0.

Furthermore, a feature of the piezoelectric ceramic com-
position according to the present ivention 1s that x 1s

0.001=x=<0.06.

In addition, the study results of the present inventors have
found that the substitution of part of Nb with Sb 1n the range
of 0.05 mol or less can ensure a favorable piezoelectric prop-
erty, thereby providing a desired piezoelectric ceramic com-
position depending on the mntended use.

More specifically, another feature of the piezoelectric
ceramic composition according to the present invention 1s
that part ol Nb contained 1n the main constituent 1s substituted
with Sb 1n the range of 0.05 mol or less.

Furthermore, further earnest studies of the present mnven-
tors have found that a predetermined amount of specific rare
carth element M3 contained can make a further improvement
in sinterability, and thus provide a piezoelectric ceramic com-
position which can prevent a piezoelectric ceramic electronic
component from being strained.

More specifically, another feature of the piezoelectric
ceramic composition according to the present mvention 1s
that at least one specific rare earth element selected from the
group of Sc, In, Yb, Y, Nd, Eu, Gd, Dy, Sm, Ho, Er, Tb, Lu, La,
and Pr 1s contained 1n the range of 5.0 mol or less with respect
to 100 mol of the main constituent.

Furthermore, another feature of the piezoelectric ceramic
composition according to the present mvention 1s that at least
0.1 mol of the specific rare earth element 1s contained with
respect to 100 mol of the main constituent.

In addition, a piezoelectric ceramic electronic component
according to the present mvention include a piezoelectric
ceramic body with internal electrodes and piezoelectric
ceramic layers stacked alternately and sintered; and external
clectrodes formed on the surface of the piezoelectric ceramic
body, wherein the piezoelectric ceramic layers are formed
from the piezoelectric ceramic composition.

In addition, another feature of the piezoelectric ceramic
clectronic component according to the present invention 1s

that the 1internal electrodes contain N1 as their main constitu-
ent.

Advantages of the Invention

The piezoelectric ceramic composition according to the
present imvention can prevent the M4 element from being
segregated, and prevent a segregated phase such as Ni or Nb
from being formed, even 1n the case of co-firing with the
internal electrode material containing N1 as 1ts main constitu-
ent. Furthermore, the presence of Mn even allows for the
achievement of a piezoelectric ceramic composition which
has a favorable piezoelectric property without forming a seg-
regated phase of Mn, and thus, without causing defective
polarization.

In addition, the substitution of part of Nb contained in the
main constituent with Sb in the range of 0.05 mol or less thus
allows for the achievement of a piezoelectric ceramic com-
position which has favorable piezoelectric properties for its
intended uses.

Further, the presence of the specific rare earth element
contained in the range of 0.1 mol to 5.0 mol with respect to
100 mol of the main constituent thus causes no warpage even
alter sintering, thereby allowing for the achievement of a
piezoelectric ceramic composition with favorable sinterabil-
ity, 1n addition to the advantageous etlect described above.

10

15

20

25

30

35

40

45

50

55

60

65

4

In addition, the piezoelectric ceramic electronic compo-
nent according to the present mnvention includes a piezoelec-
tric ceramic body with iternal electrodes and piezoelectric
ceramic layers stacked alternately and sintered; and external
clectrodes formed on the surface of the piezoelectric ceramic
body, where the piezoelectric ceramic layers are formed from
the piezoelectric ceramic composition in the piezoelectric
ceramic electronic component. Thus, sintering can be com-
pleted even 1n the case of using a material containing N1 as its
main constituent as an internal electrode material, and a low-
cost and highly-practical piezoelectric ceramic electronic
component can be obtained which has an excellent piezoelec-
tric property, without causing defective polarization.

BRIEF EXPLANATION OF DRAWINGS

FIG. 1 1s a cross-sectional view 1llustrating an embodiment
of a laminated piezoelectric actuator as a piezoelectric
ceramic electronic component according to the present mven-
tion.

FIG. 2 1s a perspective view ol a ceramic green sheet
obtained 1n the process of manufacturing the piezoelectric
actuator.

FIG. 3 1s a perspective view of the piezoelectric actuator.

FIG. 4 1s a mapping image for sample number 2.

FIG. 5 1s a mapping image for sample number 1.

FIG. 6 1s a mapping image for sample number 7.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Next, embodiments of the present mmvention will be
described in detail.

A piezoelectric ceramic composition as an embodiment of
the present invention 1s represented by the following general

formula (A).

100{(1-x)(K ,_, yNa,Li,)(Nb, . Ta_)O;~xM2M40;}+

2aNa+(o+p)M4'+yMn (A)

In the formula, M2 represents at least one element selected
from Ca, Ba, and Sr with a valence of 2, and M4 and M4' each
represent at least one element selected from Zr, Sn, and Hf
with a valence of 4.

In addition, x, a, b, ¢, a, 3, and v satisty the following
mathematical formulas (1) to (7):

0=x=0.06 (1)

0=a=<0.9 (2)

O=b=0.1 (3)

O<c=<0.3 (4)

O.l=a=p (5)

l=o+P=10 (6)

O=y=10 (7)

More specifically, the piezoelectric ceramic composition
contains Na, an M4' element and Mn so as to satisly the
mathematical formulas (5) to (7) with respect to 100 mol of a
main constituent represented by the following general for-
mula (B). This composition does not exhibit defective polar-
1zation even 1n the case of using, as the iternal electrodes, a
conductive material containing N1 as its main constituent,
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thus allowing a piezoelectric ceramic composition which has
a favorable piezoelectric property.

(1-x)(K,_,_;Na_Li,)(Nb,_Ta )O;-xM2M40, (B)

When conductive layers containing Ni as their main con-
stituent and ceramic green sheets which have the composition
represented by the general formula (B) are stacked alternately
and subjected to co-firing, N1 1n the conductive layers will
diffuse to the ceramic green sheets, resulting 1n the segrega- |,
tion of the M4 element and the formation of a segregated
phase such as Ni or Nb 1n the ceramic sintered body after
firing, which thereby leads to defective polarization and deg-
radation of the piezoelectric properties.

However, study results of the present inventors have found 15
that when Na and the same species of the specitied M4’
clement as the M4 element are blended so that the perovskite
structure has an excessive amount ol B site relative to the
stoichiometric composition as a whole, the formation of the
segregated phase can be reduced, thereby preventing defec- 29
tive polarization and degradation of piezoelectric properties.

More specifically, when the main constituent raw materials
mixed with Na and the M4' element are subjected to firing,
Na,M4'O, 1s generated 1n the process of the firing. Then, this
Na,M4'O, reacts with the M4' element, N1, etc. which are
present 1n excess, to produce a perovskite-type composite
oxide, 2NaM4'O, . as a solid solution 1n the main constituent.
This solid solution of 2NaM4'O, . 1n the main constituent
allows the formation of a segregated phase to be reduced. ;5

In addition, when the molar quantity p of the M4' element
1s greater than the molar quantity a consumed 1n the reaction
with Na with respect to the total content molar quantity (c.+3)
of the M4' element, K can be prevented from being segregated
at crystal grain boundaries. 35

More specifically, Na and the M4' element react during the

process of the firing to produce Na,M4'0O, as a solid solution
in the main constituent as described above, and 1n this case, 1t
1s supposed that most of Na 1s present as a solid solution at the
A site, whereas most of M4' 1s present as a solid solution at the 40
B site. Thus, the part o of the molar quantity of the M4
clement 1s greater than the part p of the molar quantity thereof
and results in considerable Na,M4'0O, be generated, and
causes an excessive amount of Na 1ons to be present as a solid
solution at the A site. For this reason, there 1s a possibility that 45
K 10ns, which have a larger 1n 10n radius than Na 10ns, will be
segregated as a segregated phase at the crystal grain bound-
aries, and thereby cause defective polarization and degrada-
tion of the piezoelectric properties.

From the viewpoint of prevention of segregation of K at 50
crystal grain boundaries, the partial content molar quantity 3
of the M4' element 1s therefore required to be at least equiva-
lent to the partial content molar quantity .

It 1s to be noted that the crystalline microstructure of the
piezoelectric ceramic composition 1s not particularly limited 55
as long as the general formula (A) satisfies the mathematical
formulas (1) to (7). For example, part of Na or the M4
clement added as an accessory constituent may be present as
a solid solution at the A site, whereas the rest may be present
as a solid solution at the B site. Furthermore, part of the 60
accessory constituent may be present as a solid solution 1n the
main constituent, whereas the rest may be present at crystal
grain boundaries or crystal triple points.

The M4 element and the M4' element may be any of Zr, Sn,
and HI. The M4 element and the M4' element may be com- 65
posed of the same element, or may be formed from different
species of these elements. For example, the M4 element and

25
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the M4' element may be respectively composed of Zr and Sn,
or the M4 element and the M4' element may be both com-
posed of Zr.

Next, the reasons why the x, a, b, ¢, &, and 3 are limited as
in the mathematical formulas (1) to (7) will be described.
(1) x

The KNbO; based composition may have M2M40,
present therein as a solid solution to thereby allow for the
achievement of a favorable piezoelectric property based on
the intended use. However, if the M2M40, 1n the main con-
stituent has a solid solubility molar ratio x of greater than
0.06, there 1s a possibility that the excessive solid solubility
amount of M2M40, will degrade the piezoelectric property,
and lead to a decrease 1n Curie point Tc.

Thus, the amounts of the KNbO, based compound and
M2M40; 1n the present embodiment are adjusted so that the
solid solution molar ratio x 1s 0=x=<0.06.

It 1s to be noted that 1t the solid solution molar ratio x of

M2M4Q0, 1s less than 0.001, there 1s a possibility that defec-
tives without a desired piezoelectric property can be easily
formed and lead to a decrease 1n product yield.

Theretfore, the solid solution molar ratio x of M2M40O, 1n
the main constituent 1s preferably 0.001=x=0.06 1n view of
product yield considerations.

(2)a, b

Part of K 1n the KNbO; based composition 1s also prefer-
ably substituted with other alkali metals such as Na and L1, 1f
necessary. However, when the substitution molar amount a of
Na greater than 0.9 or the substitution molar amount b of L1
greater than 0.1, there 1s possibility that degradation of the
piezoelectric properties will be caused.

Thus, the amounts of the compositional constituents 1n the

present embodiment are adjusted so that the molar amounts a
and b are 0=a<0.9 and 0=<b=0.1.

(3)c

Part of Nb 1n the KNbO; based compound is also prefer-
ably substituted with Ta, 1f necessary. However, there 1s a
possibility that a substitution molar amount a of Ta greater
than 0.3 will lead to degradation of the piezoelectric property,
and lead to a decrease 1n Curie point Tc.

Thus, the amounts of the compositional constituents in the

present embodiment are adjusted so that the molar amount ¢
1s O=c=0.3.
(4) ., b

As described above, the combined Na and M4' amount 1s
such that the perovskite structure has a somewhat excessive
amount of B site relative to the stoichiometric composition as
a whole, which can reduce the formation of a segregated
phase, and 1t 1s thereby possible to suppress defective polar-
ization and piezoelectric property degradation.

However, if the molar quantity o of the M4' element totally
consumed 1n the reaction with Na 1s less than 0.1 mol with
respect to 100 mol of the main constituent, the amount of
Na,M4'0, produced in the process of the firing will be
reduced, thereby failing to fully produce the desired effect,
and failing to fully reduce the segregated phase described
above.

I1 the total content molar quantity (o.+3) ol the M4' element
1s less than 1 mol with respect to 100 mol of the main con-
stituent, the small total content molar quantity (a+f) fails to
tully produce the desired effect, and thus fails to fully reduce
the segregated phase described above.

On the other hand, there 1s a possibility of degradation of a
piezoelectric property if the total content molar quantity
(a+[3) of the M4' element 1s excessively greater than 10 mol
with respect to 100 mol of the main constituent.
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In addition, 1f the unreacted molar quantity 3 of the M4’
clement 1s less than the reacted molar quantity o as described
above, a segregated phase of K 1s unfavorably formed.

Thus, Na and the M4' element are present in the present
embodiment so that the content molar quantity 2c. of Na, the
partial content molar quantities a, 3 of the M4' element, and
the total content molar quantity (a.+p) of M4' satisty 0.1 =a=<p
and 1=a+p=10 with respect to 100 mol of the main constitu-
ent.

(3)y

Mn can be contained 1n the piezoelectric ceramic compo-
sition to allow the sinterability 1n a reducing atmosphere to be
improved. However, if the content molar quantity v of Mn 1s
excessively greater than 10 mol with respect to 100 mol of the
main constituent, there 1s a possibility that a segregated phase
of Mn will be formed and lead to detfective polarization and
piezoelectric property degradation.

In the present embodiment, therefore the additive amount
of Mn 1s adjusted so that the content molar quantity v 1s
O=v=10 with respect to 100 mol of the main constituent.

It 1s to be noted that when the content molar quantity v of
Mn 1s less than 2 mol with respect to 100 mol of the main
constituent, there 1s a possibility that defectives without the
desired piezoelectric property will be easily formed and lead
to a decrease 1n product yield.

In view of product yvield, therefore, the content molar quan-
tity v of Mn with respect to 100 mol of the main constituent 1s
preferably 2=y=<10.

In the present embodiment, the compositional constituents
were prepared so that the general formula (A) satisfies the
mathematical formulas (1) to (7), as described above. Thus,
even when a conductive material containing N1 as 1ts main
constituent 1s used for the internal electrode material and
subjected to co-firing, segregation ol the M4 element 1s so
reduced that the formation of a segregated phase such as N1 or
Nb 1s reduced. Furthermore, no segregated phase of Mn will
be formed, and accordingly, a desired piezoelectric ceramic
composition can be obtained which suppresses defective
polarization or piezoelectric property degradation.

It 1s also preferable 1n the present invention to add at least
one trivalent specific rare earth element M3 (M3 element)
selected from the group of Sc, In, Yb, Y, Nd, Eu, Gd, Dy, Sm,
Ho, Er, Tb, Lu, La, and Pr, 1f necessary.

In this case, the piezoelectric ceramic composition 1s rep-
resented by the following general formula (C).

100{(1-x)(K 4-»Na,Liz)(Nb,  Ta,)O3-xM2M4O; }+

20Na+(o+p)M4'+yMn+0M3 (C)

These M3 elements are present as donors 1n a solid solution
at the A site of the perovskite structure, and thus believed to
have the function of promoting the solid solubility of Mn and
the M4 element and the M4' element acting as acceptors at the
B site into crystal grains and keeping Mn and the M4 element
and the M4' element 1n the crystal grains stably. Therefore, the
sinterability 1n a reducing atmosphere 1s further stabilized to
allow the ceramic sintered body to resist warpage, and make
it possible to contribute to the improvement in piezoelectric
property.

When adding the M3 element, the content molar quantity o
thereol1s preferably 5.0 mol or less with respect to 100 mol of
the main constituent. This 1s because 11 the content of the M3
clement 1s greater than 5.0 mol with respect to 100 mol of the
main constituent, there 1s a possibility of causing defective
sintering to decrease the msulation resistance and thus lead to
defective polarization.

In order to fully produce the effect of preventing the
ceramic sintered body from warpage, the content molar quan-
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tity o of the M3 element 1s preferably made at least 0.1 mol
with respect to 100 mol of the main constituent.

It1s to be noted that of the M3 elements, Sc, In, and L.a have
a tendency to be slightly inferior 1n sinterability, and it 1s thus
more preferable to use at least one selected from the group of
Yb,Y, Nd, Eu, Gd, Dy, Sm, Ho, Er, Tb, Lu, and Pr, excluding
Sc, In, and La.

Furthermore, part of Nb 1n the present invention in the main
constituent 1s preferably substituted with Sb, if necessary, and
this substitution can provide a piezoelectric ceramic compo-
sition with a desired piezoelectric property.

In this case, the piezoelectric ceramic composition 1s rep-
resented by the following general formula (D).

1004 (1-x)(K_,5Na,Liz)(Nb, . ;Ta Sb )O3~

XM2M40, H+2aNa+(a+p) MA'+yMn+OM3 (D)

In general formula (D), x represents the molar amount of

M2MA40,, and a and b are the amount of Na and Li, vespec-

tively, in the alkali metal content in (K,._,Na Li,). The num-
ber of mols of (K,  ,Nali,) in (K, _,Na Li, )(Nb, .,
1a_Sb ) isthe same asthat of (Nb,_._da Sb ), and the number
of mols of M2M4O is the same as that of M4.

Since Na and M4 (having the same elements as M4') are
present in the accessory constituents, the content of these
should not be included in x. The substitutions described in the
preceding paragraph vesults in {(1-x)(K,_, ,Na _Li,)(Nb,___,
Ta_Sb O, }—xM2M40,} to (I-x)(Nb,___da Sbh )-xM2.
Accordingly, x=M2/(Nb, .., 1a_Sb ;). Rewriting this equation
using 2( . .. ) to indicate the total of the moles of the elements
within the brackets vesults in x=2(Ca,Ba,Sr)/(Z(Nb,1a,Sb,
Ca,Ba,Sr).

The amount of K and the amount of Li (i.e., b) in the alkali
metal content of (K,_ _,Na Li,)(Nb, . .dIa Sb,)) would be
theiv individual amounts divided by the total amount of Nb, 1a
and Sb as in the last paragraph (in ovder to avoid including
the accessory content of Na). Rewriting busing 2( . . . ) results
in b=2(Li)/2(Nb,1a,5b).

The molar amount of Na in the alkali metal content (i.e., a)
is determined by subtracting the amounts of K and Li from [
in order to avoid including the amount of Na in the accessory
material. Rewriting [-(K+Li) using 2( . . . ) results in a=1-
ZLHZ(Nb,1a,5b)-(Z(K)(Z(Nb,1a,5b)).

In general formula (D), c is the amount of 1a and d is the
amount of Sb in (Nb,__._,/1a_Sb ;). Therefore c=1a/Nb+1a+S5b
and d=Sb/Nb+1a+S5b. Rewriting using 2( . . . ) to indicate the
total moles of the elements within the brackets vesults in
c=2(1ay2(Nb,1a,5b), and d=2(Sb)/2(Nb,1a,5b).

General formula (D) shows that the accessory constituents
contain 2a. mols of Na, o+3 mols of M4’ v mols of Mn and o
mols of M3 with respect to 100 moles of the main constituent.

As discussed above, the main constituent can be simplified
to (I1-x)(Nb,_._da Sb)-xM2, so that 100 mols of the main

constituent is the same as the total moles of Nb, 1a, Sb and

M2, or stated alternatively, 2(Nb,1a,5b,Ca,Ba,Sr). There-

fore, using 2( . . . ), yv=100x(Z(Mny2Z(Nb,1a,5b,Ca,Ba,Sr)),

and O0=100x(Z(Sc,In, Yb, Y Nd Fu, Gd, Dy,Sm, Ho Ev,Tb,Lu,
La Pry/2(Nb,1a,5b,Ca,Ba,Sr)).

Since therve is Na in both the main and accessory constitu-
ents, the Na amount in the accessory constituents in propor-
tion to the main component can be determined from the

amount of total alkali metals, 2(K,Na,Li))/2(Nb,1a,5b,Ca,
Ba,Sr), and subtracting the amount of Nb, 1a, and Sb, 2(Nb,
1a,SbY2(N,1a,5b,Ca,Ba,Sr). Conseguently 20. can be repre-
sented by 100x(X(K Na, Li)y2(Nb,1a,5b,Ca,Ba,Sv)-2(Nb,
1a,5bY2(N,1a,5b,Ca,Ba,Sr)), and o=50x(Z(K,Na,Li))/X
(Nb,1a,5b,Ca,Ba,Sr)-2(Nb,1a,5b)/2(N,1a,5b,Ca,Ba,Sr)).
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As noted above, a+p mols of M4 with vespect to 100 moles
of the main constituent can be obtained by subtvacting the
amount of M2 (Ca, Ba, Sv) from that of M4 (Zr, Sn, Hf), and
thus, using the 2( . .. ) system, is written as a+p=100x(Z(Zr,
Sn, Hf)/2(Nb, 1a,5b,Ca,Ba,Sr)-2(Ca,Ba,SrV2(Nb, 1a,5b,Ca,
Ba,Sr)).

In the case of substituting part of Nb with Sb 1n place of Ta,
the amount 1s preferably adjusted so that the substitution
molar quantity of Sb 1s 0.05 mol or less, that 1s, 0=d=<0.05.
This 1s because there 1s a possibility that a substitution molar
quantity d of Sb greater than 0.05 will be excessive and lead
to degradation of sinterability.

Next, a piezoelectric ceramic electronic component will be
described which 1s manufactured with the use of the piezo-
clectric ceramic composition.

FIG. 1 1s a cross-sectional view illustrating an embodiment
of a laminated piezoelectric actuator as an example of piezo-
clectric ceramic electronic component according to the
present 1nvention. The laminated piezoelectric actuator
includes a piezoelectric ceramic body 1, and external elec-
trodes 2 (2a, 2b) composed of a conductive material such as
Ag formed on both ends of the piezoelectric ceramic body 1.
The ceramic body 1 1s composed of piezoelectric ceramic
layers composed of the piezoelectric ceramic composition
according to the present invention and internal electrodes 3
(3ato 3g) formed from a conductive material contaiming Ni as
its main constituent, which are stacked alternately and sin-
tered.

In the laminated piezoelectric actuator, the internal elec-
trodes 3a, 3c, 3e, and 3g each have one end electrically con-
nected to one external electrode 2a, whereas the internal
clectrodes 3b, 3d, and 31 each have one end electrically con-
nected to the other external electrode 2b. Thus, the laminated
piezoelectric actuator 1s displaced by the longitudinal piezo-
clectric effect 1n the stack direction indicated by an arrow X,
when a voltage 1s applied between the external electrode 2a
and the external electrode 2b.

Next, a method for manufacturing the laminated piezoelec-
tric actuator will be described 1n detail.

First, a compound containing K, a compound containing,
Nb, a compound containing an M4 element, and compound
containing an M4' element are prepared as ceramic raw mate-
rials, and further, a compound containing an M2 element 1s
prepared. In addition, a compound containing Na, a com-
pound containing L1, and a compound containing Ta, a com-
pound containing Sb, a compound containing Mn and a com-
pound containing an M3 element are prepared. It 1s to be
noted that the forms of the compounds may be any of oxides,
carbonates, and hydroxides.

Next, the ceramic raw materials mentioned above are
welghed in predetermined amounts so that the final product
satisiies the general formula (A), and these weighed materials
are then put 1into a grinding mill, such as a ball mill or a pot
mill, with a grinding medium such as PSZ (partially-stabi-
lized zirconia) balls therein, and wet ground sufficiently with
a solvent such as ethanol, thereby providing a mixture.

Then, the mixture 1s dried, and subjected to synthesis cal-
cination at a predetermined temperature (for example, 850°
C. to 1000° C.) to obtain a calcined material.

Next, the calcined material thus obtained 1s disintegrated
(ground), provided with an organic binder and a dispersant,
and wet mixed 1n a ball mill with pure water or the like as a
solvent to obtain a ceramic slurry. Then, a forming process 1s
carried out with the use of a doctor blade method or the like to
produce ceramic green sheets.

A conductive paste for internal electrodes, which contains
N1 as 1ts main constituent, 1s used to carry out screen printing,
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onto the ceramic green sheets 4 (4a to 4g) as shown in FIG. 2,
thereby forming conductive layers 5 (5a to 5g) in a predeter-

mined shape.

Next, the ceramic green sheets 4a to 4g with the conductive
layers 5a to 5g formed thereon are stacked, sandwiched by
ceramic green sheets 6a, 6b which have no conductive layers
5a to 5g on them, and pressure bonded, thereby producing a
ceramic laminate of the conductive layers Sa to Sg and the
ceramic green sheets 4a to 4g stacked alternately. This
ceramic laminated 1s then cut into a predetermined size,
housed 1n an alumina sheath and subjected to a binder
removal treatment at a predetermined temperature (for
example, 250° C. to 500° C.), and then fired at a predeter-
mined temperature (for example, 1000° C. to 1160° C.) under
a reducing atmosphere to form a dielectric ceramic body
(ceramic sintered body) 1 with the internal electrodes 3ato 3g
buried therein.

A conductive paste for external electrodes, which 1s com-
posed of Ag, etc., 1s applied to both ends of the piezoelectric
ceramic body 1, and subjected to a baking treatment at a
predetermined temperature (for example, 750° C. to 850° C.)
to form external electrodes 2a and 2b as shown 1n FIG. 3. A
predetermined polarization treatment 1s then carried out
thereby to produce a laminated piezoelectric actuator. It 1s to
be noted that the external electrodes 2a and 2b may have
tavorable adhesion, and the external electrodes 2a and 2b may
be formed, for example, by a thin film forming method such
as a sputtering method or a vacuum deposition method.

As described above, the laminated dielectric actuator has
the ceramic green sheets (ceramic layers) 4 formed from the
piezoelectric ceramic composition and the internal electrodes
containing N1 as their main constituent, and thus, a low-cost
and highly-practical piezoelectric ceramic electronic compo-
nent can be obtained which has a favorable piezoelectric
properties, without causing defective polarization.

It 1s to be noted that the present invention 1s not limited to
the embodiment described above. For example, the M2 ele-
ment may include at least any one of Ca, Sr, and Ba, and the
M2 element may include other bivalent elements, for
example, Mg. More specifically, Mg 1s likely to be present as
a solid solution 1n Ca, Sr, or Ba 1n crystal grains, but will not
aifect the property.

Next, examples of the present invention will be described
specifically.

EXAMPLE 1

In Example 1, various types of samples which are different
in the content molar quantity 2¢. of Na, the total content molar
quantity (o.+3) of the M4' element, and the content molar
quantity v of Mn were manufactured, and piezoelectric prop-
erties and Curie point Tc evaluated.

First, K,CO;, Na,CO;, L1,CO;, Nb,O., CaCO,, SrCOs;,
BaCO,, ZrO,, SnO,, HIO,, MnCO,, and Yb,O, were pre-
pared as ceramic raw materials.

Then, the materials were weighed so that the M2 element,
the M4 element, the M4' element, ., 3, and yprovided com-

positions as shown in Table 1 in the general formula
[100{0.98(K,, ,sNa, s;3Li, 5, )NbO;-0.02M2M40, }+2aNa+

(o+[)M4'+vyMn+0.5 Yb].

Then, these weighed materials were put into a pot mill with
PSZ balls therein, and wet mixed while rotating the pot mill
with ethanol as a solvent for about 90 hours. The obtained
mixtures were dried, and then subjected to calcination at a
temperature of 900° C. to obtain calcined matenials.

After disintegrating these calcined matenals, the calcined
material was put in a pot mill along with a binder, a dispersant,
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and pure water, as well as PSZ balls, wet mixed while rotating
the pot mill, and then subjected to a forming process with the
use of a doctor blade method to obtain ceramic green sheets
cach having a thickness of 120 um.

A conductive paste for internal electrodes was prepared
using N1 as a conductive maternial. This conductive paste for
internal electrodes was used to form conductive layers 1n a
predetermined pattern on the ceramic green sheets 1n accor-
dance with a screen printing method. Then, a predetermined
number of the ceramic green sheets with the conductive lay-
ers formed were stacked, sandwiched on the top and bottom
by ceramic green sheets with no conductive layers formed
thereon, and pressurized at a pressure of about 2.45x10’ Pa
for pressure bonding to produce a ceramic laminated com-
pact.

The ceramic laminated compact was fired at a temperature
of about 1100° C. for 2 hours 1n a reducing atmosphere with
the equilibrium oxygen partial pressure for N1/N10O adjusted
to the reducing side by 0.5, thereby manufacturing a piezo-
clectric ceramic body (ceramic sintered body).

External electrodes composed of a N1—Cu alloy were then
formed by sputtering onto both principal surfaces of the
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Next, the longitudinal electromechanical coupling coetti-
cient k, ,, piezoelectric constant d, ,, and Curie point Tc were

measured for these respective samples of sample numbers 1
to 22.

The longitudinal electromechanical coupling coetficient
k., was obtained by a resonance-antiresonance method with
the use of an impedance analyzer.

The piezoelectric constant d,, was obtained trom the

amount of charge generated and the number of layers stacked
when a d,, meter was used to apply aforce o1 0.25 N .

The Curie point T¢ was obtained by measuring temperature
characteristics of relative dielectric constant with the use of
an 1mpedance analyzer and calculating the maximum tem-
perature for the relative dielectric constant.

Table 1 shows the constituent compositions and the mea-
surement results for sample numbers 1 to 22. It 1s to be noted
that the samples were considered non-defective products in
the case of having a longitudinal electromechanical coupling
coellicient k;, of 10% or more, piezoelectric constant d;, of
30 pC/N or more, and Curie point Tc of 150° C. or more.

TABL.

1

(L]

10040.98(K, 4 Nag <zlin 5 )NbO; = 0.02M2M40;1 + 2aNa + (a + M4’ + yMn + 0.5Yb

Sample
No. M2 M4 M4 L

1* Ca Zr Zr 0
2 Ca Zr Zr 1
3 Ca Zr Zr 2.5
4 Ca Zr Zr 0.5
5 Ca Zr Zr 0.1
6* Ca Zr Zr 0.05
7%  Ca Zr Zr 3
8 Ca Zr Zr 1
9 Ca Zr Zr 0.5

10* Ca Zr Zr 0.5

11 Ca Zr Zr

12% Ca Zr Zr

13 Ca Zr Zr

14%* (Ca Zr Zr

15%% Ca Zr Zr 1

16 Ca Zr Zr

17% Ca Zr Zr

18 S Zr Zr

19 Ba Zr Zr

20 Ca Sn Zr

21 Ca Hf Zr

22 Ca Zr Sn

p
5

4
2.5
4.5
4.9
4.9

NI NI NI NI NS N N

*outside the scope of the present invention

Electromechanical Piezoelectric Curie
Coupling Constantdy;  point
a+p vy Coelflicient ky; (%) (pC/N) Tc (° C.) Remarks
5 5 — — —  Detective
Polarization
5 5 24.1 183 230
5 5 20 134 230 —
5 5 22.1 143 230 —
5 5 15.2 62 230 —
5 5 5 — — —  Detective
Polarization
5 5 7.2 23 230 —
3 5 18.4 124 300 —
1 5 18.4 124 300 —
0.6 5 — — —  Detective
Polarization
10 5 13.2 81 170 —
15 5 7.2 25 100 —
5 2 16.3 65 250 —
5 1 15.2 33 270  Low Rate of
Non-Detective
Products
5 0 11.1 30 280 Low Rate of
Non-Detective
Products
5 10 13.2 50 210 —
5 15 6.8 16 200 —
3 5 18.9 136 280 —
3 5 20.7 143 280 —
3 5 15.6 55 280 —
3 5 19 Ok 280 —
3 5 14.3 50 280 —

F*outside preferred scope of the present invention

piezoelectric ceramic body, and then, an electric field of 3.0
kV/mm was applied to the piezoelectric ceramic body in
insulating o1l at 80° C. for 30 minutes to carry out a polariza-

tion treatment.

After that, the piezoelectric ceramic bodies were cut 1nto
rectangular shapes of 15 mm 1n length, 3 mm in width, and 0.7
mm 1n thickness so that the external electrodes were located
on the end surfaces, thereby manufacturing samples of
sample number 1 to 22.

60

65

Sample numbers 1 to 17 are samples manufactured with Ca
for the M2 element and Zr for the both M4 element and M4

element.

In sample number 1, a sample containing no Na therein (a
1s 0), exhibited defective polarization. This 1s supposed to be
because no Na,ZrO, was able to be formed 1n the process of
the firing, and N1 1n the conductive layers thus diffused to the

ceramic green sheets during the firing, resulting 1n the segre-
gation of Zr as the M4 element and 1n the formation of a
segregated phase such as N1, Mn, or Nb.
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In the case of sample number 6, a sample containing Na but
with a small content molar quantity 2a of 0.10 mol with
respect to 100 mol of the main constituent (0.05 mol with
respect to 50 mol of the main constituent), the formed
Na,ZrO; was not suilicient to reduce the segregated phase in
the process of the firing, and as 1n the case of sample number
1, exhibited defective polarization.

The partial content molar quantity a of Zr in the case of
sample number 7 was greater than the partial content molar
quantity {3 thereolf, causing a segregated phase of K, and
resulting 1n the degraded piezoelectric properties of an elec-
tromechanical coupling coetlicient k,, of 7.2%, which 1s less
than the desired 10%, and a piezoelectric constant d,, of 23
pC/N, which 1s less than 30 pC/N.

In the case of sample number 10, there was defective polar-
1zation, because of the small total content molar quantity
(a+[3) of Zr of 0.6 mol with respect to 100 mol of the main
constituent.

The excessive total content molar quantity (o+f3) of Zr of
15 mol with respect to 100 mol of the main constituent 1n the
case of sample number 12, caused the degraded piezoelectric
property of an electromechanical coupling coellicient k5, of
7.2%, which 1s less than 10%, and a piezoelectric constant d, ,
of 25 pC/N, which i1s less than 30 pC/N.

In the case of sample number 17, a segregated phase of Mn
was present, because of the excessive content molar quantity
v of Mn of 15 mol with respect to 100 mol of the main
constituent. Thus, such a degraded piezoelectric properties
were realized, namely an electromechanical coupling coetii-
cient k,, of 6.8%, which 1s less than 10%, and a piezoelectric
constant d,; of 16 pC/N, which 1s less than 30 pC/N.

In contrast to these samples, the partial content molar quan-
tity o of Zr consumed 1n the reaction with Na 1s 0.1 mol or
more, and the partial content molar quantity 3 of Zr 1s equiva-
lent to the partial content molar quantity o or more, and the
total content molar quantity (o+f3) falls within the range of 1
to 10 mol in the case of sample numbers 2to 5,810 9, 11, and
13 to 16. In addition, the content molar quantity v of Mn falls
within the range of O to 10 mol, and these quantities all fill
within the scope of the present invention. As a result, the use
of N1 for the internal electrode material and the co-firing did
not cause defective polarization, thereby providing favorable
piezoelectric properties, namely an electromechanical cou-
pling coetlicient k,, of 10% or more and a piezoelectric
constant d,, of 30 pC/N or more, and a Curie point Tc of 150°
C. or more.

However, the content molar quantity v of Mn less than 2
mol withrespectto 100 mol of the main constituent in the case
of sample numbers 14 and 15, resulted in only one to three of
the 10 samples being able to be determined as non-defective
products even though they had the same composition.
Accordingly, 1t was found that the content molar quantity vy of
Mn 1s preferably 2 mol or more with respect to 100 mol of the
main constituent.

Sample numbers 18 to 22 are samples with diflerent spe-
cies of elements as the M2 element, the M4 element, and the
M4' element, where the content molar quantity 2¢. of Na, the
total content molar quantity (a+f) of the M4' element, and the
content molar quantity y of Mn are respectively 2 mol, 3 mol,
and 5 mol with respect to 100 mol of the main constituent.

As 15 clear from sample numbers 18 to 22, no defective
polarization was realized even 1n the case of using Sr or Ba in
place of Ca as the M2 element (sample numbers 18 and 19) or
using Sn or Hi in place of Zr as the M4 element and the M4'
clement (sample numbers 20 to 22). Thus, 1t was found that
laminated piezoelectric ceramic electronic components can
be obtained which have such favorable piezoelectric proper-
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ties as an electromechanical coupling coellicient k5, of 10%
or more and a piezoelectric constant d,, 01 30 pC/N or more,

and a Curie point Tc of 150° C. or more.

Next, WDX (wavelength dispersive X-ray analyzer) was
used to carry out element mapping for each sample of sample
numbers 1, 2, and 7.

FIG. 4 1s a mapping image for sample number 2, FIG. 5 1s
a mapping 1mage for sample number 1, and FIG. 6 1s a
mapping image for sample number 7.

Each of FIGS. 4 to 6 shows mapping images for each of a
secondary electron 1image, Nb and Zr in the order of upper
lett, upper middle, and upper right, shows mapping images
for each of Na, Mn, and K 1n the order of middle left, center,
and middle right, and shows mapping images for each of Ca,
Yb, and N1 1n the order of lower left, lower middle, and lower
right.

No Na,ZrO, was formed 1n the process of the firing 1n the
case of sample number 1, and thus as shown in FIG. 5,
segregated phases are notably found for Nb (upper middle),
Mn (center), and Ni (lower right). Zr (upper right) 1s also
segregated.

Since the partial content molar quantity o of Zr 1s greater
than the partial content molar quantity [3 thereof 1n the case of
sample number 7, a segregated phase of K 1s formed at crystal
grain boundaries, as shown 1n the middle right of FIG. 6.

In contrast to these samples, 1t was confirmed that no
segregated phase 1s formed as shown 1n FIG. 4 1n the case of
sample number 2 which 1s within the scope of the present
invention.

It was confirmed from FIGS. 4 to 6 and Table 1 that the
segregated phases formed in the ceramic layers have influ-
ences on the polarization treatment and the piezoelectric
properties. Furthermore, the compositional constituents
according to the present invention provide a laminated piezo-
clectric ceramic electronic component which has favorable
piezoelectric properties without causing defective polariza-
tion even 1n the case of using N1 for the internal electrode
maternal and carrying out a co-firing.

EXAMPLE 2

In Example 2, various types of samples which differed in
the composition of the main constituent were manufactured
using Ca for the M2 element and Zr for both the M4 element
and the M4' element, and evaluated for piezoelectric proper-
ties and Curie point Tc.

First, K,CO,, Na,CO,, L1,CO,, Nb,O., CaCO,, ZrO.,,
MnCO,, and Yb,O, were prepared as ceramic raw materials.

Then, the matenals were weighed so that a, b, ¢, x, pp, and
v provided the compositions shown in Table 2 of the general
formula [100{(1-x) (K, ,Na Ii,) (Nb, Ta_ )O,—
xCaZrO; H+2Na+(1+p)Zr+yMn+0.5 Yb] where 3 is 5 or 2,
and v 1s 3.0 or 1.0.

Then, samples of sample numbers 31 to 42 were manufac-
tured 1n accordance with the same method and procedure as in
Example 1.

Next, the longitudinal electromechanical coupling coetti-
cient k5, piezoelectric constant d; 5, and Curie point Tc were
measured for the resulting sample numbers 31 to 42, in accor-
dance with the same method as 1n [Example 1].

Table 2 shows the constituent compositions and the mea-
surement results for sample numbers 31 to 42.

It 1s to be noted that the samples were determined as non-
defective products in the case of having a longitudinal elec-
tromechanical coupling coefficient k;, of 10% or more,
piezoelectric constant dy; of 30 pC/N or more, and Curie
point Tc of 150° C. or more, as in the case of Example 1.
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100+55(1 - x) (K,_,_;Na Li,)(Nb, Ta )O; - xCaZrO;} + 2Na + (1 + B)Zr + YMn + 0.5Yb

Electromechanical Piezoelectric  Curle
Sample Coupling Constantd;;  pont

No. a b C X p vy Coellicient k;; (%) (pC/N) Tc (° C.) Remarks

31 0 0.02 O 0.02 2 5 11.3 53 320 —

32 0.9 0.02 0O 0.02 2 5 12.2 50 320 —

33% 0.95 002 0 0.02 2 5 5 24 320 —

34 0.54 0O 0 0.02 2 5 18.5 118 300 —

35 0.54 0.1 0 0.02 2 5 13.4 106 300 —

36% 0.54 0.2 0 0.02 2 5 4.6 21 300 —

37 0.54 0.02 0.3 0.01 2 5 14.4 78 180 —

38* 0.54 002 04 0.01 2 5 5 23 120 —

3g=F® (0,54 0.02 O 0 2 5 14 50 400 Low Rate of

Non-Detective
Products

40 0.54 002 O 0.001 2 5 14.2 68 370 —

41 0.54 002 O 0.06 1 2 11.4 80 160 —

42% 054 002 0 0.1 1 2 5.2 28 100 —

*outside the scope of the present invention
***outside a preferred scope of the present invention
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In the case of sample number 33, the substitution molar
ratio a of Na was 0.95, and this excessive substitution amount
of Na resulted 1n a low electromechanical coupling coetli-
cient k,, of 5%, which 1s less than 10%, and also a piezoelec-
tric constant d,, of 24 pC/N, which 1s less than 30 pC/N, thus
failing to exhibit favorable piezoelectric properties.

It was found 1n the case of sample number 36 where the
substitution molar ratio b of L1 1s 0.20, that the excessive
substitution amount of L1 resulted 1n a low electromechanical
coupling coelficient k,, o1 4.6%, which is less than 10%, and
also apiezoelectric constantd,, of 21 pC/N, which 1s less than
30 pC/N, thus failing to obtain favorable piezoelectric prop-

erties.

In the case of sample number 38 (substitution molar Ta
amount ¢ of 0.4) the excessive substitution amount of Ta
resulted 1n a low electromechanical coupling coetficient k,,
ol 5%, which 1s less than 10%, thus failing to obtain favorable
piezoelectric properties. In addition, 1t was found that the
Curie point Tc of 120° C. 1s too low to use the sample as a
piezoelectric body.

The solid solubility molar ratio x of CaZrO, 1s 0.1 1n the
case of sample number 42. It was found that the excessive
solid solubility amount of CaZrO, resulted 1n a low electro-
mechanical coupling coelficient k,, of 5.2%, which 1s less
than 10%, and also a piezoelectric constant d,; of 28 pC/N,
which 1s less than 30 pC/N, thus failing to obtain favorable
piezoelectric properties. Furthermore, 1t was found that the
low Curie pomt Tc of 100° C. 1s not suitable for use as a
piezoelectric body.

In contrast to these samples, sample numbers 31, 32, 34,
35, 37, and 39 to 41, had a, b, ¢, and x values which were
respectively 0=x=0.06, 0=a=0.9, 0=<b=<0.1, and 0=c=0.3, and
these quantities all {ill within the scope of the present mven-
tion. Thus, the use of N1 for the internal electrode material and
co-liring did not cause defective polarization, and provided
such a favorable piezoelectric property as an electromechani-
cal coupling coellicient k,, of 10% or more and a piezoelec-
tric constant d,, 01 30 pC/N or more, and allowing for a Curie
point Tc of 150° C. or more.

However, the main constituent contained no CaZrQO; 1n the

case ol sample number 39, and only one to three of the 16
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samples were determined as non-defective products. Accord-
ingly, CaZrQ, 1s preferably made present as a solid solution in
the main constituent from the viewpoint of product yield, and
CaZrQ; 1s preferably made present as a solid solution so that
the solid solubility molar ratio X in the main constituent 1s
0.001 or more.

EXAMPLE 3

In Example 3, samples different in the content of a specific
rare earth element M3 (M3 element) and samples different in
the element species of the M3 element were manufactured
with Ca for the M2 element and Zr for both the M4 element

and the M4' element, and evaluated for properties.

First, K,CO,, Na,CO;, L1,CO;, Nb,O., CaCO,;, ZrO,,
MnCO;, Yb,O,;, SC,0O;, In,O;, Y,0,;, Nd,O,, Eu,O;,
Gd,O,, Dy,O,, Sm,O,, HO,O,, Er,O,, Tb,0O,, Lu,O,,
La,O,, and, Pr,O; were prepares as ceramic raw materials.
Then, the materials were weighed so that a, 3, 0, and M3
provided compositions as shown in Table 3 1n the general

formula [100{0.98(K, 4sNa, s5Li5 o,)NbO;-0.02CaZrO; } +
2aNa+(o+3)Zr+5 Mn+oM3].

Samples of sample numbers 51 to 72 were manufactured in
accordance with the same method and procedure as 1n
Example 1.

The longitudinal electromechanical coupling coetlicient
k5, , piezoelectric constant d, 5, and Curie point Tc were mea-
sured for these respective samples of sample numbers 51 to
72, 1n accordance with the same method as in Example 1.

Table 3 shows the constituent compositions and the mea-
surement results for sample numbers 51 to 72.

Here, samples were determined as non-defective products
in the case of the longitudinal electromechanical coupling
coellicient k,, being 10% or more, the piezoelectric constant
d, being 30 pC/N or more, and the Curie point To being 150°
C. or more, as 1n the case of Example 1.
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100{0.98 (K gsNag salin 2)NbO4 0.02CaZrO4} + 2aNa + (a + P)Zr + SMn + dM3

Electromechanical Piezoelectric Curie
Coupling Constantd;;  point
Sample No. o P a+p O M3 Coeflicient ks (%) (pC/N) Tc (° C.) Remarks
51%* 0 3 3 0 Yb — — —  Detective
Polarization
jwEEE ] 2 3 0 Yb 17.1 109 240  Warpage
j3wERE DS 2.5 5 0 Yb 20 66 300  Warpage
54 1 4 5 0.1 Yb 18.1 117 190 —
55 1 4 5 0.5 Yb 18.4 120 190 —
56 ] 4 5 1.0 Yb 17.2 103 190 —
57 4 5 50 Yb 16.2 100 180 —
SQHAEE 4 5 10.0 Yb — — —  Defective
Sintering
59 4 5 0.5 Sc 17.5 100 180  Color Points
60 4 5 0.5 In 18.3 116 180  Color Points
61 4 5 05 Y 18.6 124 190 —
62 1 4 5 0.5 Nd 18.5 121 190 —
63 1 4 5 0.5 Eu 18.3 118 190 —
64 1 4 5 0.5 Gd 17.8 103 190 —
65 1 4 5 0.5 Dy 18.7 122 190 —
66 ] 4 5 0.5 Sm 17.2 102 180 —
67 4 5 0.5 Ho 18.4 115 190 —
68 4 5 0.5 Er 18.2 110 190 —
69 4 5 0.5 Tb 18.3 114 190 —
70 4 5 0.5 Lu 17.8 110 190 —
71 4 5 0.5 La 16.3 105 180  Color Points
72 4 5 0.5 Pr 17.4 108 190 —
*outside the scope of the present invention
FEEFoutside a preferred scope of the present invention
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In the case of sample number 51, a sample containing no
Na therein with o of 0, failed to form Na.,ZrO, 1n the process
of the fining. For this reason, the use of Ni for the internal
clectrode material and co-firing formed a segregated phase
such as N1, Mn, or Nb, thereby causing defective polarization.

In contrast to this sample, the partial content molar quantity
a.of Zr consumed in the reaction with Nais 1 to 2.5, the partial
content molar quantity 3 of Zr 1s greater than the partial
content molar quantity ¢ thereot, and the total content molar
quantity (a+) of Zr 1s 3 to 5 mol 1n the case of sample
numbers 52 to 57 and 59 to 72, further, a M3 element 1s used
which 1s specified 1n the present invention. Thus, it was found
that the use of Ni for the internal electrode material and
co-firing resulted 1n no defective polarization, thereby allow-
ing for the achievement of a laminated piezoelectric ceramic
clectronic component which has such favorable piezoelectric
properties as an electromechanical coupling coetficientk,, of
10% or more, a piezoelectric constant d,, 01 30 pC/N or more,
and has a Curie point Tc of 150° C. or more.

However, when the M3 element (Yb) was excessively
present at 10 mol, greater than 5.0 mol, with respect to 100
mol of the main constituent, and as 1s clear from sample
number 58 suificient sintering was not able to be carried out,
thus resulting 1n a sample with defective sintering. Accord-
ingly, 1t was found that in the case of containing the M3
clement, the M3 element 1s preferably 5.0 mol or less with
respect to 100 mol of the main constituent.

Sample numbers 52 and 53 containing no M3 element, and
the ceramic sintered bodies exhibited warpage. Accordingly,
while a favorable piezoelectric property and a Curie point Tc
of 150° C. or more can be achieved even the M3 element, 1t
was confirmed that it 1s preferable to contain the M3 element
within the range o1 0.1 mol to 5.0 mol with respect to 100 mol
of the main constituent as shown in the case of sample num-
bers 54 to 57, 1 order to prevent the ceramic sintered bodies
from having warpage.
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In the case of using Sc, In, or La among the M3 elements,
the ceramic sintered body had no warpage, but there were
color points. This 1s supposed to be because Sc, In, and La are
slightly inferior 1n sinterability as compared with the other
M3 elements. There 1s a possibility that the color points will
lead to degraded reliability of piezoelectric ceramic elec-

tronic components. Accordingly, it 1s more preferable to use,
as the specific rare earth element M3, Yb, Y, Nd, Eu, Gd, Dy,

Sm, Ho, Er, Tbh, Lu, and Pr excluding Sc, In, and La.

EXAMPLE 4

In Example 4, samples 1n which part of Nb 1s substituted
with Sb rather than Ta were manufactured with Ca for the M2
element, Zr for both the M4 element and the M4' element, and
turther Yb for the M3 element, and evaluated for properties.

First, K,CO;, Na,CO;, L1,CO;, Nb,O., Sb,O., CaCO,,
/r0O,, MnCO,, and Yb,O, were prepared as ceramic raw
materials. Then, the materials were weighed so that d pro-
vided compositions as shown in Table 4 having the general
formula [100{0.98(K,, ,sNa, s5Li, o, )(Nb,_Sb )O;-
0.02CaZrO, }+2Na+37Zr+5 Mn+0.5 Yb].

Then, samples of sample numbers 81 to 83 were manufac-
tured 1 accordance with the same method and procedure as in
Example 1.

Next, the longitudinal electromechanical coupling coetfi-
cient k, ,, piezoelectric constant d, ,, and Curie point Tc were

measured for these respective samples of sample numbers 81
to 83, 1n accordance with the same method as in Example 1.

Table 4 shows the constituent compositions and the mea-
surement results for sample numbers 81 to 83.

As 1n the case of Example 1, samples were determined as
non-defective products when having a longitudinal electro-
mechanical coupling coetlicient k5, of 10% or more, piezo-
clectric constant d,, of 30 pC/N or more, and Curie point Tc

of 150° C. or more.
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TABLE 4

100{0.98(K.45Nag s3Lig 02)(Nb;_Sb )(O3 — 0.02CaZrO;} +
ONa + 3Zr + 5Mn + 0.5Yb

Electromechanical Piezoelectric Curie
Sample Coupling Constant d; point
No. d Coeflicient ky; (%0) (pC/N) Tc (° C.) Remarks
&1 0.01 15.3 70 240 —
82 0.05 14.3 83 150 —
g3FFEEE (.10 — — — Defective
Sintering

FrREEFoutside preferred scope of the present invention

In the case of sample number 83, having a substitution
molar amount d of Sb 1s 0.10, 1t was found the excessive
substitution amount of Sb caused defective sintering, thus
failing to obtain desired piezoelectric properties.

In contrast to sample 83, the substitution molaramountd of
Sb 15 0.05 or less in the case of sample numbers 81 and 82, and
thus 1t was found that the use of N1 for the internal electrode
material and co-firing caused no defective polarization or
defective sintering, thereby allowing for the achievement of a
laminated piezoelectric ceramic electronic component which
has such favorable piezoelectric properties as an electrome-
chanical coupling coeflicient k,, of 10% or more and a piezo-

clectric constant d,; of 30 pC/N or more, and has a Curie point
Tc o1 150° C. or more.

INDUSTRIAL APPLICABILITY

The use of N1 for the internal electrode material and the
co-1iring cause no defective polarization, thereby allowing for
the achuevement of a lead-1ree piezoelectric ceramic compo-
sition which has a favorable piezoelectric property.

DESCRIPTION OF REFERENCE SYMBOLS

1 piezoelectric ceramic body
2a, 2b external electrode
3a to 3g internal electrode

The mvention claimed 1s:

1. A piezoelectric ceramic composition comprising

a main constituent represented by the compositional for-
mula

{(1 -x)(K;_,,Na,Li,)}(Nb,__;Ta_S bd’)OB}_
XM2M40,}

wherein M2 1s at least one member of the group consisting of
Ca, Ba, and Sr, M4 1s at least one member of the group
consisting of Zr, Sn, and Hi, 0=x=0.06, 0=a<0.9, 0<b=0.1,
0O=c=<0.3, and 0=d=<0.05, and
as accessory constituents, 2. mol of Na, (a.+p) mol of M4,
v mol of Mn and ¢ mol of M3, with respect to 100 mol of
the main constituent, wherein
M4' 1s at least one member of the group consisting of Zr,
Sn, and Hi, M3 1s at least one member selected from the
group ol Sc, In, Yb, Y, Nd, Eu, Gd, Dy, Sin, Ho, Er, Tb,
Lu, La, and Pr, O.1=a=fp, 1=a+p=10, O=y=<10, and
0=0=3.
2. The piezoelectric ceramic composition according to
claim 1, wherein 2<y<10.
3. The piezoelectric ceramic composition according to
claim 2, wherein 0.001<x<0.06.
4. The piezoelectric ceramic composition according to
claim 3, wherein 0<d.
5. The piezoelectric ceramic composition according to
claim 4, wherein 0<9.
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6. The piezoelectric ceramic composition according to
claim 5, wherein 0.1=9.

7. The piezoelectric ceramic composition according to
claim 6, wherein M3 1s at least one member selected from the
group of Yb, Y, Nd, Fu, Gd, Dy, Sm, Ho, Er, Tb, Lu, and Pr.

8. The piezoelectric ceramic composition according to
claim 1, wherein 0.001<x<0.06.

9. The piezoelectric ceramic composition according to
claim 1, wherein 0<d.

10. The piezoelectric ceramic composition according to
claim 1, wherein 0<9.
11. A piezoelectric ceramic electronic component com-
prising
a sintered piezoelectric ceramic body comprising internal
clectrodes and piezoelectric ceramic layers stacked
alternately; and
at least two external electrodes on a surface of the piezo-
clectric ceramic body,
wherein the piezoelectric ceramic layers comprise the
piezoelectric ceramic composition according to claim 9.
12. The piezoelectric ceramic electronic component
according to claim 11, wherein the mternal electrodes com-
prise N1 as their main constituent.
13. A piezoelectric ceramic electronic component com-
prising
a sintered piezoelectric ceramic body comprising internal
clectrodes and piezoelectric ceramic layers stacked
alternately; and
at least two external electrodes on a surface of the piezo-
clectric ceramic body,
wherein the piezoelectric ceramic layers comprise the
piezoelectric ceramic composition according to claim 8.
14. The piezoelectric ceramic electronic component
according to claim 13, wherein the iternal electrodes com-
prise N1 as their main constituent.
15. A piezoelectric ceramic electronic component com-
prising
a sintered piezoelectric ceramic body comprising internal
clectrodes and piezoelectric ceramic layers stacked
alternately; and
at least two external electrodes on a surface of the piezo-
clectric ceramic body,
wherein the piezoelectric ceramic layers comprise the
piezoelectric ceramic composition according to claim 7.
16. The piezoelectric ceramic electronic component
according to claim 15, wherein the mternal electrodes com-
prise N1 as their main constituent.
17. A piezoelectric ceramic electronic component com-
prising
a sintered piezoelectric ceramic body comprising internal
clectrodes and piezoelectric ceramic layers stacked
alternately; and
at least two external electrodes on a surface of the piezo-
clectric ceramic body,
wherein the piezoelectric ceramic layers comprise the
piezoelectric ceramic composition according to claim 2.
18. The piezoelectric ceramic electronic component
according to claim 17, wherein the internal electrodes com-
prise N1 as their main constituent.
19. A piezoelectric ceramic electronic component com-
prising
a sintered piezoelectric ceramic body comprising internal
clectrodes and piezoelectric ceramic layers stacked
alternately; and
at least two external electrodes on a surface of the piezo-
clectric ceramic body,
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wherein the piezoelectric ceramic layers comprise the
piezoelectric ceramic composition according to claim 1.

20. The piezoelectric ceramic electronic component
according to claim 19, wherein the internal electrodes com-
prise N1 as their main constituent.

21. A piezoelectric cevamic electronic component compris-
ing a sintered piezoelectric ceramic body comprising internal
electrodes and piezoelectric ceramic layers stacked alter-
nately; and at least two external electrodes on a surface of the
piezoelectric ceramic body,

whevrein the piezoelectric ceramic layers contain a main

constituent and an accessory constituent, the accessory
constituent contains 2d. mol of Na with respect to 100
mol of the main constituent, and whervein molar content
of respective elements constituting piezoelectric
ceramic layers are vepresented by:

x=2(Ca,Ba,Sr)/(2(Nb,1a,5b,Ca,Ba,Sr),
a=1-(2Z(LiY(Z(Nb,1a,5b)-(Z(K)Y(Z(Nb, 1a,5b)),
b=2(Li)/2(Nb,1a,5b),

c=2(1a)/2(Nb,1a,5b),

d=2(SbY2(Nb,1a,5b),

10
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A=30x(Z(K,Na,L)))/2(Nb,1a,5b,Ca,Ba,Sr)-2(Nb, 1a,Sb)/
2(Nb,1a,5b,Ca,Ba,Sr)),

A+P=100x(Z(ZrSn, Hf YZ(Nb,1a,5b,Ca, Ba,Sr)-2(Ca,Ba,
Sr)/2(Nb, 1a,5b,Ca,Ba,Sr)),

v=100x(Z(Mn)2(Nb,1a,5b,Ca,Ba,Sr)), and

0=100x(Z(Sc,In, Yb, Y Nd F'u,Gd Dy,Sm, Ho Er,1b Lu,La,
Pry/2(Nb,1a,5b,Ca,Ba,Sr)),

inwhich 2( . .. ) indicates the total of moles of the elements

within the brackets (),
0.001 =x=<0.06,

()<a<0.9,
O0<b<0.1,
O<c=0.3,
O<d<0.03,
0.1=0=p,
I=0+P=10
O<v=10, and
()=<0<3.

22. The piezoelectric ceramic electronic component

according to claim 21, wherein the internal electrodes com-
prise Ni as their main constituent.

¥ ¥ H ¥ H
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