Description

Title of the Invention: LEAD-FREE PIEZOELECTRIC CERAMIC
COMPOSITION, METHOD FOR PRODUCING SAME, PIEZOELECTRIC
ELEMENT USING LEAD-FREE PIEZOELECTRIC CERAMIC
COMPOSITION, ULTRASONIC PROCESSING MACHINE, ULTRASONIC

DRIVE DEVICE, AND SENSING DEVICE

Technical Field

[0001]

The present invention relates to lead-free piezoelectric ceramic compositions
used for piezoelectric elements and the like, and to ultrasonic processing machines,

ultrasonic drive devices, and sensing devices using piezoelectric elements.

Background Art

[0002]

Many of the conventional piezoelectric ceramic (piezoceramics) in mass
production are configured from PZT (lead zirconate titanate) materials, and contain
lead. In this connection, there is a need for the development of lead-free
piezoceramics to eliminate the adverse effects of lead on the environment. For
example, compositions represented by composition formula ANbO; (A is an alkali
metal), for example, potassium sodium niobate ((K,Na)NbO3), have been proposed as
the materials of such lead-free piezoceramics (referred to as “lead-free piezoelectric
ceramic composition”). However, the ANbO; lead-free piezoelectric ceramic

compositions themselves are problematic, because of poor sinterability and poor



humidity resistance.

[0003]

As a countermeasure against such problems, Patent Reference 1 discloses a
method whereby copper (Cu), lithium (Li), tantalum (Ta), and the like are added to
ANDLO; lead-free piezoelectric ceramic compositions to improve sinterability, and
eventually, piezoelectric characteristics.

[0004]

Patent Reference 2 discloses lead-free piezoelectric ceramic compositions of
the general formula {Li(K.yNay)1.x}(Nb;..Sb,)0; (0<x<0.2,0<y<1.0,0<z<0.2,
excluding x = z = 0) to achieve relatively desirable sinterability and piezoelectric

characteristics.

Prior Art Reference
Patent Reference
[0005]
Patent Reference 1: JP-A-2000-313664

Patent Reference 2: JP-A-2003-342069

Summary of the Invention
Problems that the Invention is to Solve

[0006]

However, while the piezoelectric ceramic compositions described in Patent
Reference 1 improve sinterability, the compositions are inferior to conventional
lead-containing piezoelectric ceramic compositions from the standpoint of

piezoelectric characteristics, and are insufficient for practical applications. The



piezoelectric ceramic compositions described in Patent Reference 2 have a relatively
high piezoelectric constant. A problem, however, is that, since the phase transition
point falls between -50°C to +150°C, the characteristics abruptly fluctuate in the
vicinity of the phase transition point.

[0007]

Accordingly, there is a need for a technique that can be used to improve the
piezoelectric characteristics of lead-free piezoelectric ceramic compositions. Other
improvements are also needed for lead-free piezoelectric ceramic compositions,

including cost reduction, resource saving, ease of production, utility, and durability.

Means for Solving the Problems

[0008]

The present invention has been carried out to solve the foregoing problems,
and can be realized in the form of the following aspects or application examples.

[0009]

(1) According to an aspect of the present invention, there is provided a
lead-free piezoelectric ceramic composition. The lead-free piezoelectric ceramic
composition mainly includes: a first crystal phase in which a plurality of crystal grains
formed of an alkali niobate/tantalate perovskite oxide having piezoelectric
characteristics is bound to each other in a deposited state; and a second crystal phase
formed of a compound containing titanium (Ti) and filling spaces between the plurality
of crystal grains of the first crystal phase. With the lead-free piezoelectric ceramic
composition configured as above, the piezoelectric characteristics can be improved
more than in other lead-free piezoelectric ceramic compositions that do not include the

second crystal phase.



[0010]

(2) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, it is preferable that the second crystal phase is contained in a
content of 2 to 10 mol%. With the lead-free piezoelectric ceramic composition
according to this aspect, insulation characteristics and piezoelectric characteristics can
be further improved.

[0011]

(3) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the lead-free piezoelectric ceramic composition may further
include at least one metal element selected from copper (Cu), iron (Fe), and zinc (Zn),
which is contained by being localized more in the second crystal phase than in the first
crystal phase With the lead-free piezoelectric ceramic composition according to this
aspect, piezoelectric characteristics can be further improved.

[0012]

(4) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the lead-free piezoelectric ceramic composition may further
include at least one metal element selected from cobalt (Co), copper (Cu), iron (Fe),
and zinc (Zn), which is contained by being localized more in the second crystal phase
than in the first crystal phase. With the lead-free piezoelectric ceramic composition
according to this aspect, piezoelectric characteristics can be further improved.

[0013]

(5) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the lead-free piezoelectric ceramic composition may further
include at least one metal element selected from zirconium (Zr) and calcium (Ca),

which is contained by being localized more in the first crystal phase than in the second



crystal phase. With the lead-free piezoelectric ceramic composition according to this
aspect, piezoelectric characteristics can be further improved.

[0014]

(6) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the compound forming the second crystal phase may be an
A-Ti-B-O composite compound (wherein the element A is an alkali metal, the element
B is at least one of niobium (Nb) and tantalum (Ta), and each of the contents of the
element A, the element B, and titanium (Ti) is not zero). With the lead-free
piezoelectric ceramic composition according to this aspect, the second crystal phase
can easily be formed.

[0015]

(7) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the element A may be potassium (K). With the lead-free
piezoelectric ceramic composition according to this aspect, the second crystal phase
can easily be formed.

[0016]

(8) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the element B may be niobium (Nb). With the lead-free
piezoelectric ceramic composition according to this aspect, the Curie temperature (Tc)
can be made higher than when the element B is tantalum (Ta).

[0017]

(9) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, it is preferable that the compound forming the second crystal
phase has a lower melting point than the alkali niobate/tantalate perovskite oxide

forming the first crystal phase. With the lead-free piezoelectric ceramic composition



according to this aspect, the second crystal phase can easily be formed between the
crystal grains of the first crystal phase.

[0018]

(10) A lead-free piezoelectric ceramic composition according to another
aspect of the present invention is produced by mixing, molding, and firing a crystal
powder formed of an alkali niobate/tantalate perovskite oxide having piezoelectric
characteristics and a crystal powder formed of a compound that contains titanium (Ti).
With the lead-free piezoelectric ceramic composition according to this aspect, it is
possible to form the first crystal phase in which a plurality of crystal grains formed of
an alkali niobate/tantalate perovskite oxide is bound to each other in a deposited state,
and the second crystal phase formed of a compound that contains titanium (Ti) and
filling the spaces between the crystal grains in the first crystal phase. In this way, the
piezoelectric characteristics can be improved more than in other lead-free piezoelectric
ceramic compositions that do not include the second crystal phase.

[0019]

(11) A piezoelectric element according to an aspect of the present invention
includes a piezoceramic formed from the lead-free piezoelectric ceramic composition
according to the above-described aspects; and an electrode mounted on the
piezoceramic. With the piezoelectric element according to this aspect, piezoelectric
characteristics can be improved.

[0020]

(12) An ultrasonic processing machine according to an aspect of the present
invention includes the piezoelectric element according to the above-described aspect.
With the ultrasonic processing machine according to this aspect, process performance

and heat durability can be improved.



[0021]

(13) An ultrasonic drive device according to an aspect of the present invention
includes the piezoelectric element according to the above-described aspect. With the
ultrasonic drive device according to this aspect, drive performance and heat durability
can be improved.

[0022]

(14) A sensing device according to an aspect of the present invention includes
the piezoelectric element according to the above-described aspect. With the sensing
device configured according to this aspect, detection performance and heat durability
can be improved.

[0023]

(15) According to an aspect of the present invention, a method for producing a
lead-free piezoelectric ceramic composition is provided. The method includes:
producing a molded product by mixing and molding a first crystal powder formed of
an alkali niobate/tantalate perovskite oxide having piezoelectric characteristics with a
second crystal powder formed of a compound that contains titanium (Ti); and
producing a lead-free piezoelectric ceramic composition, in which a first crystal phase
is formed by binding a plurality of crystal grains of the first crystal powder in a
deposited state and a second crystal phase is formed by melting the second crystal
powder to fill spaces between the plurality of crystal grains of the first crystal phase,
by firing the molded product. With the producing method according to this aspect, it
is possible to obtain a lead-free piezoelectric ceramic composition of improved
piezoelectric characteristics over the piezoelectric characteristics of other lead-free
piezoelectric ceramic compositions that do not include the second crystal phase.

[0024]



(16) A method for producing a lead-free piezoelectric ceramic composition
according to another aspect of the present invention includes: calcining a mixed
powder of a first crystal powder and a second crystal powder at a first temperature, the
first crystal powder being formed of an alkali niobate/tantalate perovskite oxide having
piezoelectric characteristics and the second crystal powder being formed of a
compound that contains titanium (Ti); producing a molded product by mixing and
molding the mixed powder calcined at the first temperature; and producing a lead-free
piezoelectric ceramic composition, in which a first crystal phase is formed by binding
a plurality of crystal grains of the first crystal powder in a deposited state and a second
crystal phase is formed by melting the second crystal powder to fill spaces between the
plurality of crystal grains of the first crystal phase, by firing the molded product at a
second temperature higher than the first temperature. With the producing method
according to this aspect, it is possible to obtain a lead-free piezoelectric ceramic
composition of further improved piezoelectric characteristics over the piezoelectric
characteristics of other lead-free piezoelectric ceramic compositions that do not
include the second crystal phase.

[0025]

The aspects of the present invention are not limited to the aspects of the
lead-free piezoelectric ceramic composition, the piezoelectric element, the ultrasonic
processing machine, the ultrasonic drive device, the sensing device, and the lead-free
piezoelectric ceramic composition producing method, and are also applicable to, for
example, various types of devices that use lead-free piezoelectric ceramic
compositions, and to various methods for producing such devices. Further, the
present invention is in no way limited to the foregoing aspects, and can be

implemented in a wide range of aspects within the gist of the present invention.



Brief Description of the Drawings

[0026]

Fig. 1 is an explanatory view showing a structure of a typical lead-free
piezoelectric ceramic composition;

Fig. 2 is an explanatory view representing a piezoelectric element producing
method;

Fig. 3 is a perspective view showing a piezoelectric element of an
embodiment of the present invention;

Fig. 4 is an exploded perspective view showing a sensing device of an
embodiment of the present invention;

Fig. 5 is a longitudinal sectional view of an ultrasonic drive device of an
embodiment of the present invention;

Fig. 6 is a perspective view showing an ultrasonic processing machine of an
embodiment of the present invention;

Fig. 7 is an explanatory view representing the results of experiments for the
effects of subphase content and component element on piezoelectric ceramic
composition characteristics;

Fig. 8 is a graph representing the result of an experiment for the effect of
subphase content on the voltage constant of the piezoelectric ceramic composition;

Fig. 9 is an explanatory view representing the results of experiments for the
effect of subphase content and other variables on transition temperature;

Fig. 10 is an explanatory view representing the results of experiments for the
effect of the coefficient of the mother phase composition formula on the characteristics

of the piezoelectric ceramic composition;



Fig. 11 is a graph representing the result of an experiment for the effect of the
coefficient of the mother phase composition formula on the piezoelectric constant of
the piezoelectric ceramic composition;

Fig. 12 is an explanatory view representing the results of experiments for the
effect of additional metals on the characteristics of the piezoelectric ceramic
composition;

Fig. 13 is an explanatory view representing the results of experiments for the
effect of the presence or absence of subphase on the insulation of the piezoelectric
ceramic composition;

Fig. 14 is an explanatory view representing the results of the qualitative
analyses of the second crystal phase in the piezoelectric ceramic composition;

Fig. 15 is an explanatory view representing the results of the qualitative
analysis of the second crystal phase in the piezoelectric ceramic composition;

Fig. 16 is an explanatory view representing the results of experiments for the
effect of additional metals on the characteristics of the piezoelectric ceramic
composition;

Fig. 17 is an explanatory view representing the results of the thermal cycle
evaluation test for the piezoelectric ceramic composition;

Fig. 18 is an explanatory view representing the results of experiments for the
effect of subphase content on the characteristics of the piezoelectric ceramic
composition;

Fig. 19 is a graph representing the resuit of an experiment for the effect of
subphase content on the porosity of the piezoelectric ceramic composition;

Fig. 20 is a graph representing the result of an experiment for the effect of

subphase content on the voltage constant of the piezoelectric ceramic composition;
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Fig. 21 is a graph representing the result of an experiment for the effect of
subphase content on the dielectric breakdown voltage of the piezoelectric ceramic
composition;

Fig. 22 is an explanatory view representing the effects of subphase content
and producing method on the structure of the lead-free piezoelectric ceramic
composition;

Fig. 23 is an explanatory view showing distributions of trace elements in the
piezoelectric ceramic composition;

Fig. 24 is an explanatory view representing a piezoelectric element producing
method;

Fig. 25 is an explanatory view representing the results of experiments for the
characteristics of the piezoelectric ceramic composition;

Fig. 26 is an explanatory view representing the result of an experiment for the
characteristics of the piezoelectric ceramic composition;

Fig. 27 is an explanatory view representing the result of an experiment for the
dynamic characteristics of a transducer; and

Fig. 28 is an explanatory view representing the result of an experiment for the

static characteristic of a transducer.

Mode for Carrying Out the Invention

[0027]
A. Configuration of Lead-Free Piezoelectric Ceramic Composition

The piezoelectric ceramic composition as an embodiment of the present
invention is a lead-free piezoelectric ceramic composition that mainly includes a first

crystal phase formed of a compound having piezoelectric characteristics, and a second

11



crystal phase formed of a compound that does not have piezoelectric characteristics.
The lead-free piezoelectric ceramic composition as an embodiment of the present
invention typically includes the second crystal phase in a proportion of more than 0
mol% and less than 20 mol%, and the first crystal phase accounting for the reminder.
In the following, the first crystal phase will also be referred to as a “mother phase” or
“KNN phase”, and the second crystal phase as a “subphase” or “NTK phase™.

[0028]

Fig. 1 is an explanatory view showing a structure of a typical lead-free
piezoelectric ceramic composition. The structure shown in Fig. 1 is of a sample
prepared as a thin section of a lead-free piezoelectric ceramic composition after
dimpling and ion milling, as observed under a transmission electron microscope
(TEM-EDS). In Fig. 1, the black portion indicates a first crystal phase (mother
phase) 10 and the white portion indicates a second crystal phase (subphase) 20. As
shown in Fig. 1, the first crystal phase 10 is preferably a crystal phase in which a
plurality of crystal grains is bound to each other in a deposited state, and the second
crystal phase 20 is preferably a crystal phase that fills the spaces between the crystal
grains of the first crystal phase 10.

[0029]

In the lead-free piezoelectric ceramic composition of the structure as shown in
Fig. 1, the second crystal phase 20 forming the three-dimensional mesh structure
restrains the first crystal phase 10 and creates a distortion in the first crystal phase 10,
and thus improves the piezoelectric characteristics. Further, the second crystal phase
20, having a lower melting point than the first crystal phase 10, assumes a liquid phase
while the lead-free piezoelectric ceramic composition is being sintered, and fills the

spaces in the first crystal phase 10 to suppress formation of pores, thereby improving
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sinterability and insulation. Further, because of the difference in insulation between
the first crystal phase 10 and the second crystal phase 20, the domain structure is
segmented at the time of the polarization, and the piezoelectric characteristics improve.
Further, because the thermal behaviors of the first crystal phase 10 and the second
crystal phase 20 are different, the temperature characteristics are more stabilized
compared with using the first crystal phase 10 alone.

[0030]

Preferably, an alkali niobate/tantalate perovskite oxide is used as the
compound forming the first crystal phase 10. As used herein, “alkali
niobate/tantalate perovskite oxide” is a collective term used to refer to two types of
perovskite oxides, specifically an alkali niobate perovskite oxide and an alkali tantalate
perovskite oxide.

[0031]

The alkaline component of the alkali niobate/tantalate perovskite oxide
forming the first crystal phase 10 contains at least alkali metals (such as K (potassium),
Na (sodium), and Li (lithium)), and may contain alkali earth metals (such as Ca
(calcium), Sr (strontium), and Ba (barium)). The alkali niobate/tantalate perovskite
oxide preferably represents those represented by the following composition formula.

[0032]
<Preferred Composition Formula of First Crystal Phase>

(KaNapLicEq).DO¢

[0033]

Here, the element E is at least one alkali earth metal selected from Ca
(calcium), Sr (strontium), and Ba (barium). The element D is at least one of Nb

(niobium) and Ta (tantalum). The symbols a, b, ¢, and d satisfya+b+c+d=1, and
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e and f are any values.

[0034]

In the foregoing composition formula, K (potassium), Na (sodium), Li
(lithium), and element E (Ca, Sr, Ba) are located at the so-called A site of the
perovskite structure, whereas element D (Nb, Ta) is located at the so-called B site of
the perovskite structure. Specifically, the alkali niobate/tantalate perovskite oxide is a
perovskite oxide that may contain one or more alkali metals (K, Na, Li), and alkali
earth metals (Ca, Sr, Ba) at the A site, and that contains at least one of Nb (niobium)
and Ta (tantalum) at the B site.

[0035]

The values of coefficients a to f in the composition formula are selected in
combinations that establish the perovskite structure, and that are preferred from the
standpoint of the electrical characteristics or piezoelectric characteristics (particularly,
piezoelectric constant dj;;) of the lead-free piezoelectric ceramic composition.
Specifically, coefficients a to d satisfy 0 <a<1,0<b<1,0<c<1l,and0<d <1,
excluding a = b = ¢ = 0 (namely, excluding compositions that do not contain any of K
(potassium), Na (sodium), and Li (lithium)). The coefficients a and b of K
(potassium) and Na (sodium) are typically 0 < a < 0.6, and 0 < b < 0.6. The
coefficient ¢ of Li (lithium) may be zero, and is preferably 0 < ¢ < 0.2, further
preferably 0 < ¢ £0.1. The coefficient d of the element E (Ca, Sr, Ba) may be zero,
and is preferably 0 <d < 0.1, further preferably 0 <d <0.05. The coefficient e for the
A site as a whole may have any value, and is typically 0.9 < e < 1.1, preferably 0.97 <
e < 1.08, and further preferably 1.00 <e < 1.08.

[0036]

In the foregoing composition formula, K, Na, and Li have a valency of +1,
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element E (Ca, Sr, Ba) has a valency of +2, element D (Nb, Ta) has a valency of +5,
and O (oxygen) has a valency of +2. The coefficient f takes any value that allows the
first crystal phase 10 to form the perovskite oxide, and typically has a value of
approximately 3. From the electrical neutralization conditions of the composition,
the coefficients a to f can be represented by the following equation (1).

[0037]

(at+tb+c+2d)ye+5~2f (1)

[0038]

A typical composition of the first crystal phase 10 is (K, Na, Li, Ca}; ¢7NbO; g6
(coefficients a to d are omitted). The first crystal phase 10 of the composition above
contains K (potassium), Na (sodium), and Nb (niobium) as the main metallic
components, and as such the material is also referred to as “KNN material”, and the
first crystal phase 10 as “KNN phase”. As exemplified above, a piezoelectric
ceramic composition having excellent characteristics can be obtained at low cost upon
selecting Ca (calcium) and Nb (niobium) as elements E and D, respectively.

[0039]

Preferably, a compound containing titanium (Ti) is used as the compound
forming the second crystal phase 20, and those represented by, for example, the
following composition formula are preferably used.

[0040]
<Preferred Composition Formula of Second Crystal Phase>

A1 xTi1xB14x0s

[0041]

Here, the element A is at least one alkali metal (such as K (potassium), Rb

(rubidium), and Cs (cesium)). The element B is at least one of Nb (niobium) and Ta
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(tantalum). The symbol x is any value. Preferably, the coefficient x satisfies 0 <x <
0.15. In this range of coefficient x, the second crystal phase 20 can have a stable
structure, and a uniform crystal phase can be obtained.

[0042]

Specific examples of the second crystal phase 20 in accordance with the
foregoing composition formula  include KTiNbOs, Ko.90Tip.90Nby 1605,
Ko.85Tip.ssNb1.1505, RbTINDOs, Rbp 9oTio.90Nb1.100s, RbossTio.s5Nby.150s5, CsTiNbOs,
Cs0.90Tig.9oNb; 1005, KTiTaOs, and CsTiTaOs. From the standpoint of the structural
stability of the second crystal phase 20, the coefficient x preferably satisfies 0 < x <
0.15 when element A is K (potassium) or Rb (rubidium), and 0 < x < 0.10 when
element A is Cs (cesium). A piezoelectric ceramic composition having excellent
characteristics can be obtained at low cost upon selecting K (potassium) and Nb
(niobium) as elements A and B, respectively.

[0043]

The second crystal phase 20 does not have piezoelectric characteristics;
however, the second crystal phase 20 can improve both sinterability and insulation by
being used with the first crystal phase 10. Further, the second crystal phase 20 is
believed to have contribution in the effect of preventing the occurrence of a phase
transition point between -50°C and +150°C. The second crystal phase 20 is a laminar
structure compound {or a laminar compound), and it is believed that, by being a
laminar structure compound, the second crystal phase 20 improves the insulation of the
piezoelectric ceramic composition and contributes to the effect of preventing the
occurrence of a phase transition point. Note that the second crystal phase 20 as
having a stable structure is disclosed in H. Rebbah et al., Journal of Solid State

Chemistry, Vol.31, p.321-328, 1980, the entire disclosure of which is herein
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incorporated by reference.

[0044]

The content of the second crystal phase 20 may be more than 0 mol% and less
than 20 mol%, and is preferably from 2 mol% to 15 mol%, further preferably from 2
mol% to 10 mol%. A composition that does not contain the second crystal phase 20
(a composition containing only the first crystal phase 10) tends to undergo abrupt
characteristics fluctuations between -50°C and +150°C. A content of the second
crystal phase 20 in excess of 10 mol% has the risk of lowering the piezoelectric
characteristics (particularly, piezoelectric constant ds3).

[0045]

A typical composition of the second crystal phase 20 is KggsTip 3sNbj.150s.
The second crystal phase 20 of the composition above contains Nb (niobium), Ti
(titanium), and K (potassium) as the main metallic components, and as such the
material is also referred to as “NTK material”, and the second crystal phase 20 as
“NTK phase”.

[0046]

Also preferred as the second crystal phase 20 other than the crystal phase
represented by A.4Ti;.xB1+xOs is a crystal phase represented by A Ti3B;Oy. Though
typically omitted, the coefficient 1 is inteﬁtionally recited in some cases to clearly
distinguish the formula from the crystal phase represented by A Ti;.xB1+xOs. In the
following, the crystal phase represented by A;..Ti;.xB1+xOs is also referred to as
“NTKI1115 phase” or simply “1115 phase”, and the crystal phase represented by
A, Ti3B 10y as “NTK 1319 phase”, or simply “1319 phase™.

[0047]

In the crystal phase represented by A;Ti3B 0y, the element A is at least one
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alkali metal (such as K (potassium), Rb (rubidium), and Cs (cesium)), and the element
B is at least one of Nb (niobium) and Ta (tantalum). The second crystal phase 20
represented by A;Ti;B;09 does not have piezoelectric characteristics; however, the
second crystal phase 20 of this composition also can improve both sinterability and
insulation by being used with the first crystal phase 10. The second crystal phase 20
of the composition above is also believed to have contribution in the effect of
preventing the occurrence of a phase transition point between -50°C and +150°C.

[0048]

The content of the second crystal phase 20 represented by A;Ti;B;0¢ may be
more than 0 mol% and less than 20 mol%, and is preferably from 2 mol% to 15 mol%,
further preferably from 2 mol% to 10 mol%. A composition that does not contain the
second crystal phase 20 (a composition containing only the first crystal phase 10) tends
to undergo abrupt characteristics fluctuations between -50°C to +150°C. Further, a
content of the second crystal phase 20 in excess of 10 mol% has the risk of lowering
the piezoelectric characteristics (particularly, piezoelectric constant ds3).

[0049]

The crystal phase represented by A;4T11,B1+xOs, and the crystal phase
represented by A;Ti3B;Og are common in that both are compound oxides of element A
(alkali metal), Ti (titanium), and element B (at least one of Nb and Ta). Such
compound oxides of element A, Ti (titanium), and element B are called “A-Ti-B-O
compound oxides”. In the present invention, an A-Ti-B-O compound oxide (element
A is an alkali metal; element B is at least one of Nb and Ta; and the contents of
element A, element B, and Ti are not zero) may be used as the second crystal phase 20.
Particularly preferred is an A-Ti-B-O compound oxide that does not have piezoelectric

characteristics itself, and that can improve both sinterability and insulation by being
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used with the first crystal phase 10, and can prevent the occurrence of a phase
transition point between -50°C and -+150°C.

[0050]

The lead-free piezoelectric ceramic composition as an embodiment of the
present invention may contain at least one metal element selected from Cu (copper), Ni
(nickel), Co (cobalt), Fe (iron), Mn (manganese), Cr (chromium), Zr (zirconium), Ag
(silver), Zn (zinc), Sc (scandium), and Bi (bismuth). Adding these metal elements
can improve the characteristics (particularly, piezoelectric constant dj3) of the lead-free
piezoelectric ceramic composition. The total content of the additional metals is
preferably 5 mol% or less, further preferably 1 mol% or less. A total additional metal
content in excess of 5 mol% has the risk of lowering the piezoelectric characteristics.
When adding two or more metals, each additional metal is preferably added in less
than 1 mol%. A content of each additional metal exceeding 1 mol% has the risk of
lowering the piezoelectric characteristics.

[0051]

B. Piezoelectric Element Producing Method
B1. First Producing Method

Fig. 2 is an explanatory view representing a piezoelectric element producing
method. The piezoelectric element produced by using the method of Fig. 2 is a
device equipped with a piezoceramic formed of the lead-free piezoelectric ceramic
composition.

[0052]

As represented in Fig. 2, in process T110, the required raw material of the
mother phase (KNN phase) is selected from materials such as a K,CO; powder, a

Na,CO; powder, a Li,CO; powder, a CaCO; powder, a SrCO; powder, a BaCO;
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powder, a Nb,Os powder, and a Ta,Os powder, and is weighed according to the values
of the coefficients a to e in the mother phase composition formula. Then, ethanol is
added to the raw material powders, and the whole is wet mixed with a ball mill for
preferably at least 15 hours to obtain a slurry. In process T120, a mixed powder
obtained by drying the slurry is calcined, for example, under an air atmosphere at 600
to 1,000°C for I to 10 hours to produce a mother phase calcined product.

[0053]

In process T130, the required raw material of the subphase (NTK phase) is
selected from materials such as a K,CO3 powder, a Rb,CO3 powder, a Cs;CO3 powder,
a TiO, powder, a Nb,Os powder, and a Ta,Os powder, and is weighed according to the
value of the coefficient x in the subphase composition formula. Then, ethanol is
added to the raw material powders, and the whole is wet mixed with a ball mill for
preferably at least 15 hours to obtain a slurry. In process T140, a mixed powder
obtained by drying the slurry is calcined, for example, under the air atmosphere at 600
to 1,000°C for 1 to 10 hours to produce a subphase calcined product.

[0054]

In process T150, the mother phase calcined product and the subphase calcined
product are separately weighed, and pulverized and mixed with a ball mill after adding
a dispersant, a binder, and ethanol to obtain a slurry. When additional metals are
added, the required material is selected from materials such as a CuO powder, an
Fe,03 powder, a NiO powder, a Ag,O powder, a ZrO, powder, a ZnO powder, a MgO
powder, a Sc;O; powder, a Bi»O; powder, a Cr,O3 powder, a MnO; powder, and a CoO
powder, weighed, and mixed into a slurry. The slurry may be calcined again, and
pulverized and mixed.

[0055]
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Note that the additional metals added in process T150 are metal oxides, and
the content of each additional metal is preferably given in terms of the mol% of a
simple substance metal. Instead of being added as metal oxides containing only the
additional metals, the additional metals added to the first crystal phase (mother phase)
and the second crystal phase (subphase) in process T150 may be in the form of oxide
EMO; (where element E is at least one of Ca, Sr, and Ba, and element M is the
additional metal) that contains an alkali earth metal and the additional metal. The
element E (alkali earth metal element) contained as a third component in the oxide
EMO3 is used as the element E in the first crystal phase of the piezoceramic after the
firing.

[0056]

In process T150, the slurry obtained from the mother phase calcined product
and the subphase calcined product is dried, granulated, and uniaxially pressed to be
molded into a desired shape (for example, disk shape or cylindrical shape), for
example, under 20 MPa pressure. Subsequently, for example, the product is
subjected to a CIP process (cold isostatic pressing) under 150 MPa pressure to obtain a
CIP pressed body.

[0057]

In process T160, the CIP pressed body obtained in process T150 is held and
fired, for example, under the air atmosphere at 900 to 1,300°C for 1 to 10 hours to
obtain a piezoceramic of the lead-free piezoelectric ceramic composition. The firing
may be performed under a reduction atmosphere or O, atmosphere. The subphase
NTK material has a lower melting point than the mother phase KNN material, and thus
the plurality of crystal grains of KNN material in the mother phase melts in the

maintained particle state during the firing performed in process T160, and the adjacent
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crystal grains bind to each other in the deposited state. Meanwhile, the subphase
NTK material melts into a liquid phase, and flows into and fills the spaces formed
between the crystal grains of the KNN material.

[0058]

In process T170, the piezoceramic obtained in process T160 is processed at
the dimensional accuracy required of the piezoelectric element. In process T180,
electrodes are mounted on the piezoceramic, and a polarization process is performed in
process T190.

[0059]

With the producing method described above, the lead-free piezoelectric
ceramic composition can be obtained that has improved piezoelectric characteristics
over other lead-free piezoelectric ceramic compositions that do not have the second
crystal phase. It should be noted that the producing method described above is
merely an example, and other processes and process conditions used for piezoelectric
element production can be appropriately used. The method that involves the mixing
and firing of the mother phase calcined product and the subphase calcined product as
in the producing method of Fig. 2 is also called a “two-phase control method”.

[0060]

B2. Second Producing Method

Fig. 24 is an explanatory view representing a piezoelectric element producing
method. The piezoelectric element produced by using the producing method of Fig.
24 is a device equipped with a piezoceramic of the lead-free piezoelectric ceramic
composition.

[0061]

As represented in Fig. 24, in process T210, the required raw material of the
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mother phase (KNN phase) is selected from materials such as a K,COj; powder, a
Na,CO; powder, a Li,CO; powder, a CaCO; powder, a SrCO; powder, a BaCO;
powder, a Nb,Os powder, and a Ta,Os powder, and weighed according to the values of
the coefficients a to e in the mother phase composition formula. Then, ethanol is
added to the raw material powders, and the whole is wet mixed with a ball mill for
preferably at least 15 hours to obtain a slurry. In process T220, a mixed powder
obtained by drying the slurry is calcined, for example, under the air atmosphere at 600
to 1,000°C for 1 to 10 hours to produce a mother phase calcined product.

[0062]

In process T230, the required raw material of the subphase (NTK phase) is
selected from materials such as a K,CO;3; powder, a Rb,CO3 powder, a Cs,COj3; powder,
a TiO, powder, a Nb,Os powder, and a Ta;Os powder, and weighed according to the
value of the coefficient x in the subphase composition formula. Then, ethanol is
added to the raw material powders, and the whole is wet mixed with a ball mill for
preferably at least 15 hours to obtain a slurry. In process T240, a mixed powder
obtained by drying the slurry is calcined, for example, under the air atmosphere at 600
to 1,000°C for 1 to 10 hours to obtain a calcined product and produce a subphase
calcined product.

[0063]

In process T252, the mother phase calcined product and the subphase calcined
product are separately weighed, and pulverized and mixed with a ball mill after adding
ethanol to obtain a slurry. In process T254, a mixed powder obtained by drying the
slurry is calcined under the air atmosphere at a first temperature (for example, 600 to
1,000°C) for 1 to 10 hours to obtain a calcined product and produce a mixed calcined

product. The first temperature used for the calcining (process T254) is lower than the
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temperature at which the powder derived from the subphase calcined product is
sintered.

[0064]

In process 1258, the mixed calcined product is weighed, and pulverized and
mixed after adding a dispersant, a binder, and ethanol, to obtain a slurry. When
additional metals are added, the required material is selected from materials such as a
CuO powder, an Fe, O3 powder, a NiO powder, a Ag,O powder, a ZrO, powder, a ZnO
powder, a MgO powder, a Sc,03; powder, a Bi,O3; powder, a Cr,0O3 powder, a MnO,
powder, and a CoO powder, weighed, and mixed into a slurry.

[0065]

Note that the additional metals added in process T258 are metal oxides, and
the content of each additional metal is preferably given in terms of the mol% of a
simple substance metal. Instead of being added as metal oxides containing only the
additional metals, the additional metals mixed with the first crystal phase (mother
phase) and the second crystal phase (subphase) in process T258 may be in the form of
oxide EMO; (where the element E is at least one of Ca, Sr, and Ba, and the element M
is the additional metal) that contains an alkali earth metal and the additional metal.
The element E (alkali earth metal element) contained as a third component in the oxide
EMO; is used as the element E in the first crystal phase of the piezoceramic after the
firing.

[0066]

In process T258, the slurry obtained from the mother phase calcined product
and the subphase calcined product is dried, granulated, and uniaxially pressed to be
molded into a desired shape (for example, disk-shaped or cylindrical), for example,

under 20 MPa pressure. Subsequently, for example, the product is subjected to a CIP
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process (cold isostatic pressing) under 150 MPa pressure to obtain a CIP pressed body.

[0067]

In process T260, the CIP pressed body obtained in process T258 is held and
fired, for example, under the air atmosphere for 1 to 10 hours at a second temperature
(for example, 900 to 1,300°C) higher than the first temperature used for the calcining
in process T254 to obtain a piezoceramic of the lead-free piezoelectric ceramic
composition. The firing may be performed under a reduction atmosphere or O,
atmosphere. The subphase NTK material has a lower melting point than the mother
phase KNN material, and thus the plurality of crystal grains of KINN material in the
mother phase melts in the maintained particle state during the firing performed in
process T260, and the adjacent crystal grains bind to each other in the deposited state.
Meanwhile, the subphase NTK material melts into a liquid phase, and flows into and
fills the spaces formed between the crystal grains of the KNN material.

[0068]

In process T270, the piezoceramic obtained in process T260 is processed at
the dimensional accuracy required of the piezoelectric element. In process T280,
electrodes are mounted on the piezoceramic, and a polarization process is performed in
process T290.

[0069]

With the producing method described above, the lead-free piezoelectric
ceramic composition can be obtained that has further improved piezoelectric
characteristics over other lead-free piezoelectric ceramic compositions that do not have
the second crystal phase. It should be noted that the producing method described
above is merely an example, and other processes and process conditions used for

piezoelectric element production can be appropriately used. The method that

25



involves the mixing and firing of the mother phase calcined product and the subphase
calcined product as in the producing method of Fig. 24 is also called a “two-phase
control method”.

[0070]
C. Device Using the Lead-Free Piezoelectric Ceramic Composition
C1. Piezoelectric Element

Fig. 3 is a perspective view showing a piezoelectric element 100 of an
embodiment of the present invention. The piezoelectric element 100 of Fig. 3 is
produced by using the producing method of Fig. 2, and includes a piezoceramic 110,
and a pair of electrodes 120 and 130. The piezoceramic 110 of the piezoelectric
element 100 is formed from the lead-free piezoelectric ceramic composition, and has a
disk shape in the example of Fig. 3. The electrodes 120 and 130 of the piezoelectric
element 100 are mounted on the both sides of the piezoceramic 110. In the example
of Fig. 3, the electrodes 120 and 130 are disk-shaped as is the piezoceramic 110, and
are mounted on the both end surfaces of the piezoceramic 110.

[0071]

The piezoelectric element 100 can improve the piezoelectric characteristics.
Note that the configuration of the piezoelectric element is not limited to the one shown
in Fig. 3, and the piezoelectric element can be implemented in a variety of
configurations.

[0072]
C2. Sensing Device

Fig. 4 is an exploded perspective view showing a sensing device 200 of an
embodiment of the present invention. The sensing device 200 is a detector that uses

the piezoelectric element produced by using the producing method of Fig. 2, and is a
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so-called non-resonant type knock sensor in the example of Fig. 4. The sensing
device 200 includes a metal shell 210, an insulating sleeve 220, an insulating plate 230,
a piezoelectric element 240, an insulating plate 250, a characteristic adjusting weight
260, a washer 270, a nut 280, and a housing 290.

[0073]

The metal shell 210 of the sensing device 200 is configured from a cylindrical
tube 212 having formed therein a through hole 210a, and a flange-like seating portion
214 extending out at one end portion of the tube 212. The circumference at the end
portion of the tube 212 opposite from the seating portion 214 is engraved with screw
threads 210b. The circumferential portions of the tube 212 and the seating portion
214 are engraved with grooves 210c and 210d, respectively, for improved contact with
the housing 290. The metal shell 210 is an integral unit formed by using appropriate
producing methods (such as casting, forging, and machining). The surface of the
metal shell 210 is plated (e.g., zinc chromate plating) to improve corrosion resistance.

[0074]

The insulating sleeve 220 of the sensing device 200 is a hollow cylindrical
member, and is formed of insulating material (e.g., plastic materials such as PET and
PBT, and rubber materials). The insulating plates 230 and 250 of the sensing device
200 are hollow disk-shaped members, and are formed of insulating material (e.g.,
plastic materials such as PET and PBT, and rubber materials).

[0075]

The piezoelectric element 240 of the sensing device 200 is produced by using
the producing method of Fig. 2, and serves as a vibration detecting means for detecting
vibration. The piezoelectric element 240 is configured as a laminate of thin plate

electrodes 242 and 246, and a piezoceramic 244 disposed therebetween, and forms a
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hollow disk-shaped member as a whole.

[0076]

The characteristic adjusting weight 260 of the sensing device 200 is a hollow
disk-shaped member, and is formed of various metallic materials such as brass. The
washer 270 and the nut 280 of the sensing device 200 are formed of various metallic
materials.

[0077]

In the sensing device 200, the insulating sleeve 220 is fitted to the tube 212 of
the metal shell 210. The insulating plate 230, the piezoelectric element 240, the
insulating plate 250, and the characteristic adjusting weight 260 are fitted to the
insulating sleeve 220, in order. In this state, the nut 280 is threadably mounted on the
screw threads 210b on the tube 212 of the metal shell 210 via the washer 270. In this
way, the insulating plate 230, the piezoelectric element 240, the insulating plate 250,
the characteristic adjusting weight 260, and the washer 270 are fixed by being held
between the seating portion 214 of the metal shell 210 and the nut 280. The housing
290 formed of injection molded insulating material (various plastic materials such as
PA) is provided for the metal shell 210 fixing its components, and the components
fixed to the metal shell 210 are covered with the housing 290.

[0078]

The piezoelectric element 240 in the sensing device 200 is surrounded by the -
insulating sleeve 220, the insulating plates 230 and 250, and the housing 290, and are
electrically insulated from the metal shell 210 and the characteristic adjusting weight
260. Lead wires (not illustrated) leading out of the housing 290 are electrically
connected to the thin plate electrodes 242 and 246 of the piezoelectric element 240.

[0079]
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The sensing device 200 uses the piezoelectric element 240 of excellent
piezoelectric characteristics, and can thus improve the detection performance and heat
durability. It is therefore possible to suppress detection errors and inaccurate
detection. It should be noted that the configuration of the sensing device is not
limited to the one shown in Fig. 4, and the sensing device can be implemented not only
as a knock sensor but in a variety of other configurations, including ultrasonic sensors,
and vibration sensors.

[0080]

C3. Ultrasonic Drive Device

Fig. 5 is a longitudinal sectional view of an ultrasonic drive device 300 of an
embodiment of the present invention. The ultrasonic drive device 300 is a drive
device that uses the piezoelectric element produced by using the producing method of
Fig. 2. In the example of Fig. 5, the ultrasonic drive device 300 is a so-called
Langevin-type ultrasonic transducer. The ultrasonic drive device 300 includes a
piezoelectric element pair 310, a front panel 320, a backing panel 330, and a center
bolt 340.

[0081]

The piezoelectric element pair 310 of the ultrasonic drive device 300 is
disposed between the front panel 320 and the backing panel 330, and these are
attached to each other in one piece with the center bolt 340. The piezoelectric
element pair 310 includes a pair of hollow disk-shaped piezoelectric elements 312 and
314, and a pair of electrode plates 313 and 315. The components of the piezoelectric
element pair 310 are arranged in order from the piezoelectric element 312, the
electrode plate 313, the piezoelectric element 314, and to the electrode plate 315,

relative to the direction from the front panel 320 side toward the backing panel 330.
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The piezoelectric elements 312 and 314 are produced by using the producing method
of Fig. 2, and serve as a driving means for causing vibrations.

[0082]

The front panel 320 and the backing panel 330 of the ultrasonic drive device
300 are formed of cylindrical metal blocks (for example, iron or aluminum). The
front panel 320 has a larger diameter than the piezoelectric element 312, and the
portion in contact with the piezoelectric element 312 is a conical portion 322 of
decreasing diameters that match the diameter of the piezoelectric element 312 on the
side of the piezoelectric element 312. The backing panel 330 has a larger diameter
than the piezoelectric element 314, and the portion in contact with the piezoelectric
element 314 via the electrode plate 315 is a conical portion 332 of decreasing
diameters that match the diameter of the piezoelectric element 314 on the side of the
piezoelectric element 314. The diameters of the front panel 320 and the backing
panel 330 are substantially the same.

[0083]

The end portion of the front panel 320 opposite from the piezoelectric element
pair 310 forms an ultrasonic radiation surface 328 where ultrasonic radiates. The end
portion of the backing panel 330 opposite from the piezoelectric element pair 310 side
has a blind end hole 338 that extends along the axis line of the ultrasonic drive device
300. The total length along the axis line of the ultrasonic drive device 300
substantially coincides with the resonant length of the 3/2 wavelength of resonant
frequency.

[0084]

The ultrasonic drive device 300 uses the piezoelectric elements 312 and 314

of excellent piezoelectric characteristics, and can thus improve the drive performance
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and heat durability. It is therefore possible to produce ultrasonic at stable frequencies.
It should be noted that the configuration of the ultrasonic drive device is not limited to
the one shown in Fig. 5, and the ultrasonic drive device can be implemented not only
as an ultrasonic transducer but in a variety of other configurations, including ultrasonic
actuators, and ultrasonic motors.

[0085]

C4. Ultrasonic Processing Machine

Fig. 6 is a perspective view showing an ultrasonic processing machine 400 of
an embodiment of the present invention. The ultrasonic processing machine 400 is a
processing device that uses the piezoelectric element produced by using the producing
method of Fig. 2. In the example of Fig. 6, the ultrasonic processing machine 400 is
a cutting tool for cutting a target object. The ultrasonic processing machine 400
includes a base 410, a piezoelectric element 420, a grinding stone portion 430, a
spindle 440, and a mounting jig 450.

[0086]

The base 410 of the ultrasonic processing machine 400 is a disk-shaped
member, and has the grinding stone portion 430 formed around its circumference.
The center of the base 410 is fixed to the spindle 440 with the mounting jig 450.

[0087]

The piezoelectric element 420 of the ultrasonic processing machine 400 is
produced by using the producing method of Fig. 2. The piezoelectric element 420,
circular in shape, is embedded in the both surfaces of the base 410, and serves as a
driving means for producing vibration. The drive direction of the piezoelectric
element 420 is the radial direction from the center to the circumference of the base 410.

For cutting a target object, the grinding stone portion 430 formed on the circumference
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of the base 410 is pressed against the target object while rotating the spindle 440 about
the axis line under the vibration produced by the piezoelectric element 420.

[0088]

The ultrasonic processing machine 400 uses the piezoelectric element 420 of
excellent piezoelectric characteristics, and can thus improve the process performance
and heat durability. It should be noted that the configuration of the ultrasonic
processing machine is not limited to the one shown in Fig. 6, and the ultrasonic
processing machine can be implemented not only as a cutting tool but in a variety of
other configurations, including bonding devices (bonders), ultrasonic sealing devices,
and ultrasonic cleaning machines.

[0089]

The piezoelectric ceramic composition and the piezoelectric element of the
embodiment of the present invention have a wide range of potential applications,
including vibration detection, pressure detection, oscillation, and piezoelectric devices.
Examples include piezoelectric devices, such as sensors, transducers, actuators, and
filters, high voltage generating devices, micro power sources, batteries, various drive
devices, position control devices, vibration suppressing devices, fluid ejecting devices
(such as coating ejection devices, and fuel ejection devices). Further, the
piezoelectric ceramic composition and the piezoelectric element of the embodiment of
the present invention are particularly preferable in applications where excellent heat

durability is needed (for example, knock sensors, and combustion pressure sensors).

Examples
[0090]

Fig. 7 is an explanatory view representing the results of experiments for the
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effects of subphase content and component element on piezoelectric ceramic
composition characteristics. The experiment results presented in Fig. 7 represent the
characteristics of a plurality of sample compositions, including Examples of the
present invention. These experiment results can be used to evaluate the effect of
subphase content on the characteristics of the piezoelectric ceramic compositions.
The results also can be used to evaluate the effects of the type of subphase component
element B (Nb, Ta) and the type of main phase component element E (Ca, Sr, Ba) on
the characteristics of the piezoelectric ceramic compositions.

[0091]

Sample S01 to S04 in Fig. 7 were prepared as samples of a Comparative
Example. The samples SO01 and S02 were configured from only the second crystal
phase. The samples SO1 and S02 were prepared by weighing a K>CO3; powder, a
Nb,Os powder, and a TiO, powder to make the coefficient x in the composition
formula of the second crystal phase as presented in Fig. 7. Then, ethanol was added
to the powders, and the whole was wet mixed with a ball mill for 15 hours to obtain a
slurry. Subsequently, a mixed powder obtained by drying the slurry was calcined
under the air atmosphere at 600 to 1,000°C for 1 to 10 hours to obtain a calcined
product. The calcined product was pulverized and mixed with a ball mill after adding
a dispersant, a binder, and ethanol to obtain a slurry. Subsequently, the slurry was
dried, granulated, and uniaxially pressed and molded into a disk shape (diameter 20
mm; thickness 2 mm) under 20 MPa pressure. Subsequently, the product was
subjected to a CIP process under 150 MPa pressure, and the resulting CIP pressed body
was held and fired under the air atmosphere at 900 to 1,300°C for 1 to 10 hours.

[0092]

The samples S03 and S04 were configured from only the first crystal phase.
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The samples S03 and S04 were prepared by weighing a K;CO; powder, a Na,CO4
powder, a Li,CO; powder, a Nb,Os powder to make the coefficients a, b, ¢, d, and e of
the composition formula of the first crystal phase as presented in Fig. 7. Then,
ethanol was added to the powders, and the whole was wet mixed with a ball mill for 15
hours to obtain a slurry. Subsequently, a mixed powder obtained by drying the slurry
was calcined under the air atmosphere at 600 to 1,000°C for 1 to 10 hours to obtain a
calcined product. The calcined product was pulverized and mixed with a ball mill
after adding a dispersant, a binder, and ethanol to obtain a slurry. Subsequently, the
slurry was dried, granulated, and uniaxially pressed and molded into a disk shape
(diameter 20 mm; thickness 2 mm) under 20 MPa pressure. Subsequently, the
product was subjected to a CIP process under 150 MPa pressure, and the resulting CIP
pressed body was held and fired under the air atmosphere at 900 to 1,300°C for 1 to 10
hours.

[0093]

Samples SO5 to S15 represent compositions that contain both the first crystal
phase and the second crystal phase. The samples S05 to S15 were prepared
according to the processes T110 to T160 of Fig. 2. The samples after the molding in
process T150 had a disk shape (diameter 20 mm; thickness 2 mm).

[0094]

The samples SO01 to S15 were each subjected to the processes of processes
T170 to T190 of Fig. 2 to prepare the piezoelectric element 100 (Fig. 3). The
piezoelectric element 100 of each sample was then measured for electrical
characteristics (relative permittivity €33'/go), and piezoelectric characteristics
(piezoelectric constant di3; and electromechanical coupling coefficient kr). The

results are presented in Fig. 7.
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[0095]

The samples SO1 and SO2 configured from only the second crystal phase did
not have piezoelectric characteristics. These samples SO1 and S02 had different
values for the coefficient x in the composition formula of the second crystal phase, and
there was no difference in the relative permittivity £33 /g0. It is thus believed that the
coefficient x in the composition formula of the second crystal phase has only small
effects on the electrical characteristics and piezoelectric characteristics of the
piezoelectric ceramic composition even in piezoelectric ceramic compositions that
contain both the first crystal phase and the second crystal phase. In this respect, the
coefficient x may have any value that can provide a stable, uniform crystal phase as the
second crystal phase.

[0096]

The samples S03 and S04 configured from only the first crystal phase had
piezoelectric characteristics. These samples S03 and S04 are common in that neither
of them contains element E (Ca, Sr, Ba). The difference lies in Li, which is contained
in the sample S04 but not in the sample S03. The element D of the first crystal phase
is Nb (niobium). The samples S03 and S04 do not differ greatly with regard to
electrical characteristics (relative permittivity €33'/go) and piezoelectric characteristics
(piezoelectric constant ds; and electromechanical coupling coefficient kr). However,
the sample S04 containing Li is more preferable because it has a slightly larger
piezoelectric constant di3 than the sample S03 containing no Li. Considering this, it
is preferable that the first crystal phase contain Li even in piezoelectric ceramic
compositions that contain both the first crystal phase and the second crystal phase.

[0097]

The sample SO5 is a composition that contains 5 mol% of the second crystal
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phase with the first crystal phase. The first crystal phase did not contain element E
(Ca, Sr, Ba), and the coefficient x in the composition formula of the second crystal
phase was zero. The sample SOS5 is equivalent to a combination of the samples S01
and S04. Compared to the characteristics of the sample S04 containing only the first
crystal phase, the sample SO5 had much greater values of relative permittivity €33'/go
and piezoelectric constant ds3, and its characteristics were preferable as a piezoelectric
ceramic composition. The sample S05 was also superior to the sample S04 in terms
of electromechanical coupling coefficient kr.

[0098]

The samples S06 to S12 are compositions containing varying subphase
contents of from 3 mol% to 20 mol%. The composition of the first crystal phase was
(Ko.421Nap 518L10.022Ca0.039)1.07NbO3 g6 for the samples S06 to S12.  The composition of
the second crystal phase was Ky gsTiggsB;.1505 for the samples S06 to S12. The
samples S06 to S12 were more preferable because they had sufficiently larger values
of relative permittivity s33T/so than the sample S04 of the Comparative Example.
From the standpoint of relative permittivity, the subphase content preferably ranges
from 3 to 10 mol%, further preferably 3 to 6 mol%.

[0099]

The samples S06 to S11 were also more preferable for their sufficiently larger
values of piezoelectric constant ds; than that of the sample S04 of the Comparative
Example. The sample S12 with the subphase content of 20 mol% is less preferable
than the sample S04 of the Comparative Example for its smaller piezoelectric constant
dss.

[0100]

Fig. 8 is a graph representing the result of an experiment for the effect of
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subphase content on the voltage constant ds; of the piezoelectric ceramic composition.
Fig. 8 represents changes in piezoelectric constant ds; for the samples S06 to S12.
The horizontal axis represents subphase content, and the vertical axis represents
piezoelectric constant d;;. As can be understood from the graph, the subphase
content preferably ranges from 3 to 15 mol%, further preferably 3 to 10 mol%, most
preferably 4 to 6 mol% from the standpoint of piezoelectric constant dss.

[0101]

The electromechanical coupling coefficients kr (Fig. 7) of the samples S06 to
S11 are comparable to or better than that of the sample S04 of the Comparative
Example, and all are preferable. The sample S12 with a subphase content of 20
mol% is less preferable than that of the sample S04 of the Comparative Example for its
considerably smaller electromechanical coupling coefficient kr. From the standpoint
of the electromechanical coupling coefficient, the subphase content preferably ranges
from 3 to 10 mol%, further preferably 4 to 6 mol%.

[0102]

The samples SO5 and S08 are common in that the subphase content is 5 mol%.
A significant difference, however, is that the first crystal phase of the sample S05 does
not contain element E (Ca, Sr, Ba) at all, whereas the first crystal phase of the sample
S08 contains Ca (calcium) as element E. The samples S05 and S08 have different
values of coefficient x in the composition formula of the second crystal phase.
However, as discussed in conjunction with the samples SO1 and S02, the effect of the
difference in the value of coefficient x on the characteristics of the piezoelectric
ceramic composition is believed to be relatively small. By comparing the samples
S05 and S08, the sample SO8 containing Ca (calcium) in the first crystal phase is

superior with respect to all of relative permittivity £33 /€0, piezoelectric constant ds;,
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and electromechanical coupling coefficient kr. It is therefore preferable that the first
crystal phase contain Ca as the component element E.  Similarly, the same effect can
be expected for other alkali earth elements (such as Sr and Ba) contained as component
element E.

[0103]

Note that the importance of relative permittivity €33 /g0, piezoelectric constant
ds3, and electromechanical coupling coefficient kr differs for different applications of
the piezoelectric ceramic composition. For example, a composition with a large
relative permittivity €s33'/eo is suited for capacitors. A composition with a large
piezoelectric constant dj3 is suited for actuators and sensors. A composition with a
large electromechanical coupling coefficient kr is suited for piezoelectric transformers
and actuators. Whether to use which piezoelectric ceramic composition is suitably
determined according to the characteristics required of each different application.

[0104]

The samples S13 and S14 in Fig. 7 were prepared to mainly examine the
effect of the element B (Nb, Ta) of the second crystal phase. These samples are not
much different with regard to relative permittivity £33 /50, piezoelectric constant ds;,
and electromechanical coupling coefficient kr. It can thus be understood that Nb and
Ta are both preferable as the element B.

[0105]

The sample S14 has a composition similar to that of the sample SO8.
Namely, the compositions of these samples are essentially the same, the main
difference being the amount Ca contained as the component element E of the first
crystal phase, and accordingly the amounts of K and Na. By comparing the

characteristics of these samples, the sample S14 containing more Ca is more preferable
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from the standpoint of relative permittivity e3;'/ep. However, the sample S08
containing less Ca is more preferable from the standpoint of piezoelectric constant ds;
and electromechanical coupling coefficient kr.

[0106]

The sample S15 contains Ca and Sr in the same amounts (the same at%) as the
component element E of the first crystal phase. The composition is otherwise similar
to that of the sample S08. The sample S15 is not as desirable as the sample S08 in all
of relative permittivity €331/20, piezoelectric constant dj;, and electromechanical
coupling coefficient kr. However, the sample S15 is more preferable than the sample
S04 of the Comparative Example for its sufficiently large relative permittivity €33 /go
and piezoelectric constant d33. As demonstrated above, a preferable composition can
be obtained regardless of whether the alkali earth metal Ca or Sr is used as the
component element E of the first crystal phase. It is thus expected that use of Ba
instead of Ca or Sr (or in addition to Ca and Sr) would also provide similar
characteristics. Note, however, that a piezoelectric ceramic composition of excellent
characteristics can be provided at low cost when Ca is used as the component element
E.

[0107]

Fig. 9 is an explanatory view representing the results of experiments for the
effect of subphase content and other variables on transition temperature. Fig. 9
presents the results for the samples SO1 to S15 as in Fig. 7, and represents Curie points,
and the results of an evaluation test for the presence or absence of phase transition at
room temperature. The samples SO5 to S15 have Curie points in a range of 300 to
350°C. Typically, the Curie point of the piezoelectric ceramic composition is

sufficient when it is 300°C or more. Therefore, samples S05 to S15 all have
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sufficiently high Curie points. The Curie point is mainly determined according to the
characteristics of the first crystal phase, and thus it is believed that the Curie point of
the whole piezoelectric ceramic composition does not fluctuate greatly even in the
presence of slight changes in the subphase composition or subphase content. The
samples SO5 to S12 and the samples S14 to S15 using Nb as the component element B
of the second crystal phase have higher Curie points than the sample S13 that uses Ta.
Thus, as far as the Curie point is concerned, it is more preferable to use Nb, rather than
Ta, as the component element B of the second crystal phase.

[0108]

In the evaluation test for the presence or absence of phase transition at room
temperature, the relative permittivity £33'/59 was measured while gradually varying the
ambient temperature over a temperature range of -50°C to +150°C. Typically, a
piezoelectric ceramic composition that undergoes phase transition in a certain
temperature range experiences abrupt changes in relative permittivity €33'/go, and
shows a distinct peak according to temperature changes in this temperature range. On
the other hand, no such distinct peak occurs in relative permittivity €33 /80, and
changes are more gradual in a piezoelectric ceramic composition that does not undergo
phase transition in such a temperature range. Thus, the samples S03 to S15 of Fig. 7
were measured to determine whether distinct phase transition could be observed from
changes in relative permittivity €33 /eo while gradually varying the temperature over a
temperature range of -50°C to +150°C, and the presence or absence of phase transition
at room temperature was determined. As used herein, “room temperature” means a
temperature range wider than the common room temperature (25°C), as can be
understood from the context above.

[0109]
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Phase transition at room temperature was observed in the samples S03 and
S04 of the Comparative Example. On the other hand, phase transition at room
temperature was not observed in any of the samples S05 to S15. Phase transition at
room temperature is not preferable, because it greatly changes the electrical
characteristics and piezoelectric characteristics of the piezoelectric ceramic
composition before and after the transition. From this standpoint, the samples S05 to
S15 containing both the first crystal phase and the second crystal phase are more
preferable than the samples S03 and S04 of the Comparative Example for the absence
of phase transition at room temperature.

[0110]

Fig. 10 is an explanatory view representing the results of experiments for the
effect of coefficient e of the mother phase composition formula on the characteristics
of the piezoelectric ceramic composition. Fig. 10 also presents the characteristics of
the sample S04 as the Comparative Example. Samples S21 to S27 have the same
values of coefficients a to d in the coefficients a to f of the composition formula of the
first crystal phase, but have different values of coefficient e (the number of alkaline
elements at A site). The alkali earth metal (element E in the composition formula)
contained in the first crystal phase is Ca (calcium). The subphase contents are all 5
mol% in the samples S21 to S27. In the sample S21, the coefficient x in the
composition formula of the second crystal phase is zero, whereas the coefficient x is
0.15 in other samples S22 to S27. However, as noted above, differences in
coefficient x have only a small effect on characteristics. Note that the sample S25 is
the same as the sample S14 presented in Fig. 7.

[0111]

The samples S21 to S27 are more preferable than the sample S04 of the
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Comparative Example for their sufficiently larger values of relative permittivity €33 /€.
From the standpoint of relative permittivity, the value of coefficient ¢ in the
composition formula of the first crystal phase preferably ranges from 0.97 to 1.1,
further preferably 1.0 to 1.1. The samples S21 to S25 are more preferable than the
sample S04 of the Comparative Example for their larger piezoelectric constants ds;.
However, the samples S26 and S27 having coefficients e greater than 1.08 are less
preferable than the sample S04 of the Comparative Example for their smaller
piezoelectric constants dj;3.

[0112]

Fig. 11 is a graph representing the result of an experiment for the effect of
coefficient e of the mother phase composition formula on the piezoelectric constant ds;
of the piezoelectric ceramic composition. Fig. 11 represents values of piezoelectric
constant dj3 for the samples S21 to S27. The horizontal axis represents values of
coefficient e in the composition formula of the first crystal phase. Note that the
coefficient e represents the ratio of the sum of the number of atoms of the alkali metal
element (K + Na + Li) and the alkali earth metal element (element E in the
composition formula) to the number of Nb (niobium) atoms. As can be understood
from the graph, the value of coefficient e in the composition formula of the first crystal
phase preferably ranges from 0.97 to 1.08, further preferably 1.00 to 1.07 from the
standpoint of piezoelectric constant dj;.

[0113]

Referring to Fig. 10, the samples S26 and S27 are less preferable than the
sample S04 of the Comparative Example for their smaller electromechanical coupling
coefficients kr. The value of coefficient e in the composition formula of the first

crystal phase preferably ranges from 0.97 to 1.08, further preferably 1.00 to 1.07 from
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the standpoint of electromechanical coupling coefficient.

[0114]

Fig. 12 is an explanatory view representing the results of experiments for the
effect of additional metals on the characteristics of the piezoelectric ceramic
composition. Fig. 12 also presents the characteristics of the sample S04 as the
Comparative Example. Sample S31 also represents a Comparative Example
configured from only the first crystal phase, and contains 1 mol% of the additional
metal Cu. The sample S31 has a smaller relative permittivity €33'/€o than the sample
S04, but the electromechanical coupling coefficient kr is greater than that of the
sample S04.

[0115]

Samples S32 to S43 are compositions that contain 5 mol% of the second
crystal phase. The coefficients a and b in the coefficients a to f in the composition
formula of the first crystal phase differ for different samples, whereas the other
coefficients c to f are essentially the same. The sample S32 is the same as the sample
S08 presented in Fig. 7, and does not contain an additional metal.

[0116]

As can be understood from the samples S33 to S43, a piezoelectric ceramic
composition of sufficiently more desirable characteristics over the samples S04 and
S31 of the Comparative Example can be obtained when at least one metal element
selected from Cu (copper), Ni (nickel), Co (cobalt), Fe (iron), Mn (manganese), Zr
(zirconium), Ag (silver), Zn (zinc), Sc (scandium), and Bi (bismuth) is contained as the
additional metal. Note that adding Cr (chromium) is also expected to provide the
same characteristics as with the case of adding Mn (manganese). As can be

understood from the comparison of the three the samples S32 to S34, the content of
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each additional metal is preferably less than 1 mol%. The total additional metal
content is preferably 5 mol% or less. Containing additional metals in excess of these
ranges is not preferable, because it may lower mainly the relative permittivity 33" /go
and the piezoelectric constant ds;.

[0117]

Fig. 13 is an explanatory view representing the results of experiments for the
effect of the presence or absence of subphase on the insulation of the piezoelectric
ceramic composition. Fig. 13 represents the measured values of allowable voltage for
the samples S03, S04, and SO8 described with reference to Fig. 7, and for the sample
S35 described with reference to Fig. 12. The term “allowable voltage” means the
maximum voltage that can be applied to the piezoelectric element 100 of each sample
without causing damage, such as cracking, in the piezoceramic 110. In the
experiment represented in Fig. 13, voltage was applied for 30 min in an 80°C
environment, and the presence or absence of damage such as cracking in the
piezoceramic 110 was examined. The allowable voltage can be regarded as an index
of the insulation of the piezoelectric ceramic composition.

[0118]

The samples S03 and S04 with no subphase had allowable voltages of 3
kV/mm, whereas the samples S08 and S35 containing 5 mol% of subphase had
allowable voltages of 7 kV/mm and 9 kV/mm, respectively. It can be understood
from these experiment results that the insulation of the piezoelectric ceramic
composition can be improved by the presence of the structurally stable subphase
(second crystal phase) contained with the first crystal phase.

[0119]

Fig. 14 is an explanatory view representing the results of the qualitative
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analyses of the second crystal phase in the piezoelectric ceramic composition. The
first four the samples S06, S08, S10, and S12 represent the piezoelectric ceramic
compositions of the same sample numbers presented in Fig. 7. The samples S33, S35,
S36, S40, and S42 represent the piezoelectric ceramic compositions of the same
sample numbers presented in Fig. 12. For the analysis of the subphase (NTK phase),
these nine samples were analyzed by XRD analysis (X-ray diffraction method), and
TEM-EDS analysis (energy dispersive X-ray analysis using a transmission electron
microscope). Note that the subphase composition, which is typically confirmed by
using an X-ray diffraction method, may be confirmed by using techniques such as
TEM-EDS when the amounts added or generated are small.

[0120]

The last two columns at the right end of Fig. 14 represent the results of the
qualitative analyses, in which “1115” means the 1115 phase (KTiNbOs phase), and
“1319” the 1319 phase (KTi;NbOg phase). As can be understood from the qualitative
analysis results that the subphase of the piezoelectric ceramic composition is
configured from the 1115 phase or 1319 phase alone, or from the 1115 phase and the
1319 phase together. It can be understood that the subphase is more likely to form
the 1319 phase in the presence of the additional metal.

[0121]

The samples described with reference to Figs. 7 to 12, including the nine in
Fig. 14 were all produced with a subphase material prepared as the 1115 phase in the
producing process. Specifically, the subphase material was prepared as the 1115
phase in processes T130 and T140 of Fig. 2, and was mixed with the mother phase
material in process T150, and fired in process T160 to produce each sample. It is

thus believed that the 1319 phase in the subphase of each sample shown in Fig. 14 is
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the result of the conversion from the 115 phase during the firing process in process
T160. As described with reference to Figs. 7 and 12, the samples presented in Fig. 14
excelled in all of electrical characteristics (relative permittivity €33'/go) and
piezoelectric characteristics (piezoelectric constant d;; and electromechanical coupling
coefficient kr). It is therefore possible to obtain a piezoelectric ceramic composition
of excellent characteristics, regardless of whether the subphase after the firing is the
1115 phase or the 1319 phase.

[0122]

Fig. 15 is an explanatory view representing the results of the qualitative
analysis of the second crystal phase in the piezoelectric ceramic composition. The
qualitative analysis results presented in Fig. 15 are those of the piezoelectric ceramic
compositions prepared by mixing the mother phase material with the subphase
material prepared as the 1319 phase. The subphase content is 3 mol% for sample S51,
and is 5 mol% for the other samples S52 to S57. The samples S51 and S52 do not
contain additional metals, whereas the other samples S53 to S57 contain additional
metals such as Cu, Fe, Zn, and Mn. For the production of these samples, the
subphase material prepared as the 1319 phase in processes T130 and T140 of Fig. 2
was mixed with the mother phase material in process T150, and fired in process T160.
The qualitative analysis of the samples S51 to S57 revealed that the subphase was the
1319 phase in all samples. Further, the samples S51 to S57 had characteristic similar
to the characteristics (see Fig. 12) of the samples S35 and S36 presented in Fig. 14,
and excelled in all of electrical characteristics (relative permittivity e;;T/so) and
piezoelectric characteristics (piezoelectric constant ds3 and electromechanical coupling
coefficient kr) (not presented in the figure).

[0123]
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Fig. 16 is an explanatory view representing the results of experiments for the
effect of additional metals on the characteristics of the piezoelectric ceramic
composition. Fig. 16 represents the results of the experiments conducted for samples
S6l to S81 different from the samples S32 to S43 of Fig. 12. Fig. 16 also presents
the characteristics of the samples S04 and S31 presented in Fig. 12 as a Comparative
Example. Each sample was produced by using the second crystal phase prepared as
the 1115 phase. Referring to Fig. 16, the samples S61 to S80 all contained the second
crystal phase in 5 mol%, and the sample S81 did not contain the second crystal phase.
All the samples S61 to S81 except for the samples S69, S72, and S76 each contained
two of Ca, Sr, and Ba as the element E of the first crystal phase. These two elements
are presented in the “Elements E1, E2” column under the heading “First Crystal
Phase”. The columns under “d1” and “d2” give coefficients for elements E1 and E2.

[0124]

In the samples S61 to S81, the samples S80 and S81 were defective, as the
compositions were not sufficiently densified by the firing in process T160 of Fig. 2.
This is believed to be due to the excessively large value of coefficient e, 1.12, for the
whole A site in the sample S80. It should be noted, however, that the sample S79
with the coefficient e of 1.09, and the sample S78 with the coefficient e of 0.98 both
excelled in electrical characteristics (relative permittivity €33'/go) and piezoelectric
characteristics (piezoelectric constant ds; and electromechanical coupling coefficient
kr). The results presented in Fig. 16, taken together, suggest that, with the additional
metals, the coefficient e in the composition formula of the first crystal phase preferably
ranges from 0.97 to 1.10, further preferably 1.00 to 1.09.

[0125]

As can be understood from Figs. 12 and 16, a piezoelectric ceramic
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composition of sufficiently more desirable characteristics over the samples S04 and
S31 of the Comparative Example can be obtained when at least one of Cu (copper), Ni
(nickel), Co (cobalt), Fe (iron), Mn (manganese), Zr (zirconium), Ag (silver), Zn (zinc),
Sc (scandium), and Bi (bismuth) is contained as the additional metal. Adding Cr
(chromium) is also expected to provide the same characteristics as with the case of
adding Mn (manganese).

[0126]

Fig. 17 is an explanatory view representing the results of the thermal cycle
evaluation test for the piezoelectric ceramic composition. The thermal cycle
evaluation test was conducted for the three samples S04, S31, S32 of Fig. 9, and for
the eight samples S61 to S65, and S67 to S69 of Fig. 17. In the thermal cycle
evaluation test, each sample was placed in a thermostatic chamber, and the
piezoelectric characteristics at room temperature were evaluated (the “Initial value”
column under the heading “Electromechanical coupling coefficient kr” in Fig. 17).
Subsequently, a thermal cycle was repeated by increasing and decreasing the
temperature at a rate of 2°C/min over -50°C, 150°C, 20°C, 150°C, and 20°C. The
samples were held for 1 hour at each temperature. After the thermal cycle, the
piezoelectric characteristics were reevaluated at room temperature (the “After thermal
cycle” column under the heading “Electromechanical coupling coefficient kr” in Fig.
17).

[0127]

As can be understood from the results presented in Fig. 17, the samples S04
and S31 containing no second crystal phase had large drop rates of approximately 70%
in the electromechanical coupling coefficient kr after the thermal cycle. On the other

hand, the drop rate of electromechanical coupling coefficient kr after the thermal cycle
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was sufficiently smaller, approximately 10% to approximately 26%, and was more
desirable in the samples S32, S61 to S65, and S67 to S69 that contained the second
crystal phase. As demonstrated above, the piezoelectric ceramic composition
containing the second crystal phase does not undergo an abrupt characteristic drop
after the thermal cycle, and is preferable for applications where excellent heat
durability is required (including, for example, knock sensors, and combustion pressure
SENSors).

[0128]

Fig. 18 is an explanatory view representing the results of experiments for the
effect of subphase content on the characteristics of the piezoelectric ceramic
composition. Fig. 18 represents the experiment results for the sample S68 of Fig. 16,
and for the seven samples S90 to S96 of different subphase contents from the sample
S68. Samples S90 to S96 were produced by using the same method used for the
sample S68, except that the subphase material was mixed with the mother phase
material in different proportions in process T150 of Fig. 2. In the experiments
represented in Fig. 18, the samples were measured for porosity and dielectric
breakdown voltage, in addition to electrical characteristics (relative permittivity
€33'/e0) and piezoelectric characteristics  (piezoelectric constant dy;  and
electromechanical coupling coefficient kr).

[0129]

In the experiments represented in Fig. 18, the porosity of the samples was
calculated by measuring the dry weight, the weight in water, and the wet weight of the
sample. ~Weight in water and wet weight were measured as follows. After
measuring the dry weight of the sample, the sample was completely immersed in water,

and degassed in a vacuum to allow the sample to sufficiently absorb water. The
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weight of the sample immersed in water was then measured by using the Archimedes
method to give the weight in water. Subsequently, the sample was taken out of water,
and, after removing the excess water, the weight of the sample was measured to give
the wet weight. The porosity of the sample was calculated according to the following
equation (2), using the dry weight, the weight in water, and the wet weight.

[0130]

Porosity [volume%] = (((wet weight) - (dry weight))/ ((wet weight) - (weight
in water)))-100 - (2)

[0131]

Fig. 19 is a graph representing the result of an experiment for the effect of
subphase content on the porosity of the piezoelectric ceramic composition. Fig. 19
represents porosity changes for the samples S68, and S90 to S96. The horizontal axis
represents subphase content, and the vertical axis represents porosity. As clearly
represented in Fig. 19, the porosity was 1.0 volume% (Vol%) in the sample S90 that
contained 1 mol% of the subphase content. The sample S91 with the subphase
content of 2 mol% had a smaller porosity of 0.5 volume%. The porosity was even
smaller, 0.0 volume%, in the samples that contained 4 to 20 mol% of the subphase
content, showing that the pores were eliminated. The presence of pores in the
piezoelectric ceramic composition is believed to lower the sinterability during the
production, and the insulation of the piezoelectric ceramic composition. It is
therefore preferable from the standpoint of porosity that the subphase content range
from 2 to 20 mol%, further preferably 4 to 20 mol%.

[0132]

Fig. 20 is a graph representing the result of an experiment for the effect of

subphase content on the voltage constant ds; of the piezoelectric ceramic composition.
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Fig. 20 represents changes in piezoelectric constant d;; for the samples S68, and S90
to S96. The horizontal axis represents subphase content, and the vertical axis
represents piezoelectric constant ds;.  As can be understood from the graph of Fig. 20,
the samples with the subphase contents of 1 to 20 mol% desirably had piezoelectric
constants d;; of more than 100 pC/N. However, from the standpoint of piezoelectric
constant ds3, the subphase content is preferably 2 to 10 mol%, further preferably 4 to 6
mol%, most preferably 5 mol%.

[0133]

Fig. 21 is a graph representing the result of an experiment for the effect of
subphase content on the dielectric breakdown voltage of the piezoelectric ceramic
composition. Fig. 21 represents changes in dielectric breakdown voltage for the
samples S68, and S90 to S96. The horizontal axis represents subphase content, and
the vertical axis represents dielectric breakdown voltage. As can be understood from
the graph of Fig. 21, the subphase content is preferably 1 to 15 mol%, further
preferably 2 to 10 mol%, most preferably 4 to 6 mol% from the standpoint of dielectric
breakdown voltage.

[0134]

Fig. 22 is an explanatory view representing the effects of subphase content
and producing method on the structure of the lead-free piezoelectric ceramic
composition. The sample structures shown in Fig. 22 (a) to (b) are thin sections as
observed under a transmission electron microscope (TEM-EDS) after dimpling and ion
milling the lead-free piezoelectric ceramic composition. In Fig. 22, the black portion
indicates the first crystal phase (mother phase, KNN phase), and the white portion
indicates the second crystal phase (subphase, NTK phase).

[0135]
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Fig. 22 (a) shows a structure of the sample S90 (Fig. 18) having the subphase
content of 1 mol%. The sample S90 was produced by using the two-phase control
method (Fig. 2), and had a piezoelectric constant d3; of 100 pC/N. As shown in Fig.
22 (a), the second crystal phase was finely dispersed in the first crystal phase in the
structure with the 1 mol% subphase content, and no crystal grains were confirmed in
the first crystal phase.

[0136]

Fig. 22 (b) shows a structure of the sample S68 (Figs. 17 and 18) having the
subphase content of 5 mol%. The sample S68 was produced by using the two-phase
control method (Fig. 2), and had a piezoelectric constant d;; of 250 pC/N. As shown
in Fig. 22 (b), a plurality of crystal grains was bound to each other in the deposited
state in the first crystal phase in the structure with the 5 mol% subphase content, and
the second crystal phase filled the spaces between the crystal grains in the first crystal
phase.

[0137]

Fig. 22 (c) shows a structure of the sample S94 (Fig. 18) having the subphase
content of 10 mol%. The sample S94 was produced by using the two-phase control
method (Fig. 2), and had a piezoelectric constant d3; of 120 pC/N. As shown in Fig.
22 (c), a plurality of crystal grains was bound to each other in the deposited state in the
first crystal phase in the structure with the 10 mol% subphase content, and the second
crystal phase filled the spaces in the first crystal phase as in Fig. 22 (b). However, the
crystal grain surfaces in the first crystal phase were smoother than in Fig. 22 (b), and
the crystal grains in the first crystal phase were partially surrounded by the second
crystal phase.

[0138]
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Fig. 22 (d) shows a structure of a sample that had the subphase content of 5
mol% and was prepared by using a method different from that used for the sample S68
shown in Fig. 22 (b). In the method used to produce the sample, unlike the two-phase
control method (Fig. 2), the mother phase raw material and the subphase raw material
were mixed with each other without being calcined, and molded and fired to produce
the lead-free piezoelectric ceramic composition. Such a producing method is called a
normal solid-phase method. The sample shown in Fig. 22 (d) had a piezoelectric
constant ds3 of 160 pC/N.  As shown in Fig. 22 (d), a plurality of crystal grains in the
first crystal phase was surrounded by the second crystal phase as expected in structures
formed by the normal solid-phase method, and the structure was different from that
produced by using the two-phase control method (Fig. 22 (b)).

[0139]

As can be understood from Fig. 22 (a) to (d), it is preferable from the
standpoint of piezoelectric constant di; that the lead-free piezoelectric ceramic
composition structure be formed of mainly the first crystal phase in which a plurality
of crystal grains is bound to each other in the deposited state, and the second crystal
phase that fills the spaces between the crystal grains in the first crystal phase. Further,
from the standpoint of obtaining a structure having excellent piezoelectric
characteristics, the lead-free piezoelectric ceramic composition is preferably produced
by using the two-phase control method, rather than the normal solid-phase method.

[0140]

Fig. 23 is an explanatory view showing distributions of trace elements in the
piezoelectric ceramic composition. The images in Fig. 23 (a) to (f) represent
distributions of each trace element of the sample S68 (Figs. 17 and 18), shown as a

sample thin section as observed under a transmission electron microscope (TEM-EDS)
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after dimpling and ion milling the lead-free piezoelectric ceramic composition. Fig.
23 (a) to (f) represents distributions of the trace elements Ti (titanium), Cu (copper), Zr
(zirconium), Fe (iron), Zn (zinc), and calcium (Ca). In Fig. 23 (a) to (f), brighter
portions contain more trace element of interest, and darker portions hardly contain a
trace element of interest. The images shown in Fig. 23 (a) to (f) were obtained by
taking the same portion of the sample S68. As can be understood from Fig. 23 (a),
(b), (d) and (e), the trace elements Ti, Cu, Fe, Zn are localized in the second crystal
phase (subphase, NTK phase) 20. As can be understood from Fig. 23 (c¢) and (f), the
trace elements Zr and Ca are localized in the first crystal phase (mother phase, KNN
phase) 10. As demonstrated above, the trace elements localized in the first crystal
phase 10 and the second crystal phase 20 are believed to have effects on the
piezoelectric characteristics of the lead-free piezoelectric ceramic composition.

[0141]

Fig. 25 is an explanatory view representing the results of experiments for the
characteristics of the piezoelectric ceramic composition. Fig. 25 represents the
results of the experiments conducted for the sample S04 and samples S101 to S114.
The experiments were conducted with respect to the relative permittivity €33 /g0, the
compliance Ss3-, the piezoelectric constant dis, and the electromechanical coupling
coefficient kr of each sample, as shown in Fig. 25.

[0142]

The samples S101 to S114 in Fig. 25 contain Ca as the element E1 of the first
crystal phase, Ba as the element E2 of the first crystal phase, and the 1115 phase as the
second crystal phase. The samples S101 to S114 in Fig. 24 contain additional metals,
for which at least two metal elements are selected from Cu (copper), Co (cobalt), Fe

(iron), Zr (zirconium), Zn (zinc), and Co.
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[0143]

The samples S04 and S101 were produced by using the first producing
method of Fig. 2 after the firing of the mixture of the mother phase calcined product
and the subphase calcined product, without calcining the mixture. The samples S102
to S114 were produced by using the second producing method of Fig. 24 after
calcining (process T254) and firing the mixture of the mother phase calcined product
and the subphase calcined product.

[0144]

From the experiment results presented in Fig. 24 and the comparison of the
sample S04 containing no second crystal phase and the samples S101 to S114
containing the second crystal phase, it is believed that the presence of the second
crystal layer in the piezoelectric ceramic composition improves not only relative
permittivity 833T/80 and electromechanical coupling coefficient kr, but compliance S;3E
and, in turn, piezoelectric constant d;;. Note that the piezoelectric constant d3; can be
represented by the following equation (3).

[0145]

[Mathematical Formula 1]

dy3 = k33 ‘933T ¢ S33E ...(3)

[0146]

It was also found from the experiment results presented in Fig. 24 that the
piezoelectric ceramic compositions containing at least two of the metal elements Cu
(copper), Co (cobalt), Fe (iron), Zr (zirconium), Zn (zinc), and Co (cobalt) as the
additional metals can have more desirable characteristics than the sample S04 of the

Comparative Example.
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[0147]

Further, by comparing the samples S101 and 104 that have essentially the
same composition but differ in the presence or absence of calcining (process T254), it
can be seen that the sample S104 produced with calcining (process T254) was superior
in all characteristics to the sample S101 produced without calcining (process T254).

[0148]

Fig. 26 is an explanatory view representing the result of an experiment for the
characteristics of the piezoelectric ceramic composition. The evaluation experiment
was conducted for each of the samples S04, S101, and S104 by measuring the
dissipation sine tan 8, indicative of a dielectric loss, upon application of alternating
voltage according to the European Standard BS EN 50324-3:2002. The experiment
result for each sample is plotted in Fig. 26, in which the horizontal axis represents
voltage, and the vertical axis represents dissipation sine tan 9.

[0149]

It can be seen from the experiment results of Fig. 26 that the dissipation sine
tan J is smaller (namely, a smaller dielectric loss) in the samples S101 and S104 than
in the sample S04 of the Comparative Example in any voltage range.

[0150]

Further, by comparing the samples S101 and 104 that have essentially the
same composition but differ in the presence or absence of calcining (process T254), it
can be seen that the dissipation sine tan & is smaller (namely, a smaller dielectric loss)
in any voltage range in the sample S104 produced with calcining (process T254) than
in the sample S101 produced without calcining (process T254). It can also be seen
that the difference in dissipation sine tan 6 between the samples S101 and 104

increases with voltage increase. Thus, it can be seen that the piezoelectric ceramic
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composition produced with calcining (process T254) is superior to the piezoelectric
ceramic composition produced without calcining (process T254) in terms of electric
field characteristics, and is more useful particularly in transducer applications that
involve application of an electric field for driving.

[0151]

Fig. 27 is an explanatory view representing the result of an experiment for the
dynamic characteristics of a transducer. Referring to Fig. 27, the evaluation
experiment was conducted for a transducer produced from each of the sample S04,
S101, and S104, and by measuring the temperature of the transducer being driven at an
amplitude of 15 pm (micrometers), a vibration rate of 700 mm/s, and an input electric
power of 10 W (watt). The result of the experiment for each sample is plotted as
shown in Fig. 27, in which the horizontal axis represents drive time, and the vertical
axis represents transducer temperature.

[0152]

As shown in Fig. 27, the transducer using the sample S04 underwent an abrupt
temperature increase after 400 seconds of drive time, and failed to sustain its operation.
On the other hand, the transducers using the samples S101 and S104 underwent a
gradual temperature increase after the start of the driving, and stabilized after 600
seconds of drive time, making it possible to stably sustain the driving of the
transducers. Particularly, it can be seen that the temperature increase
in the transducer using the sample S104 produced with calcining (process T254) is
smaller than that in the transducer using the sample S101 produced without calcining
(process T254).

[0153]

Fig. 28 is an explanatory view representing the result of an experiment for the
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static characteristic of a transducer. Referring to Fig. 28, the evaluation experiment
was conducted for a transducer produced from each of the samples S04, S101, S104 as
in the evaluation experiment of Fig. 27, and by measuring the mechanical quality
coefficient Qm under varying transducer temperatures. Larger mechanical quality
coefficients Qm mean smaller losses. The experiment result for each sample is
represented in Fig. 28, in which the horizontal axis represents transducer temperature,
and the vertical axis represents mechanical quality coefficient Qm.

[0154]

As can be seen from Fig. 28 that the loss becomes smaller with temperature
increase in the transducers using the samples S101 and S104 than in the transducer
using the sample S04. Particularly, it can be seen that the loss becomes even smaller
with temperature increase in the transducer using the sample S104 produced with
calcining (process T254) than in the transducer using the sample S101 produced
without calcining (process T254). It is therefore believed that, as shown in the
experiment results presented in Fig. 27, the temperature increase during continuous use
can be suppressed in the transducers using the samples S101 and S104, but not in the
transducer using the sample S04.

[0155]

The present invention is not limited to the embodiments, examples, and
variations described above, and can be realized in various configurations, provided that
such changes do not depart from the gist of the present invention. For example, the
technical features in the embodiments, examples, and variations corresponding to the
technical features in the configurations described in the Summary of the Invention
section can be appropriately replaced or combined to solve some of or all of the

foregoing problems, or to achieve some of or all of the foregoing effects. Further,
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such technical features may be appropriately deleted if not described as being essential

in the description of the present invention.

Description of Reference Numerals and Signs
[0156]

10 First crystal phase (mother phase, KNN phase)

20 Second crystal phase (subphase, NTK phase)

100 Piezoelectric element

110 Piezoceramic

120 Electrode

200 Sensing device

210 Metal shell

210a  Through hole

210b  Screw threads

210¢, 210d groove

212 Tube

214 Seating portion

220 Insulating sleeve

230 Insulating plate

240 Piezoelectric element

242 Thin plate electrode

244 Piezoceramic

246 Thin plate electrode

250 Insulating plate

260 Characteristic adjusting weight
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270
280
290
300
310
312
313
314
315
320
322
328
330
332
338
340
400
410
420
430
440

450

Washer

Nut

Housing

Ultrasonic drive device
Piezoelectric element pair
Piezoelectric element
Electrode plate
Piezoelectric element
Electrode plate

Front panel

Conical portion
Ultrasonic radiation surface
Backing panel

Conical portion

Blind end hole

Center bolt

Ultrasonic processing machine

Base

Piezoelectric element
Grinding stone portion
Spindle

Jig
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Claims
1. A lead-free piezoelectric ceramic composition mainly comprising:

a first crystal phase in which a plurality of crystal grains formed of an alkali
niobate/tantalate perovskite oxide having piezoelectric characteristics is bound to each
other in a deposited state; and

a second crystal phase formed of a compound containing titanium (Ti) and

filling spaces between the plurality of crystal grains of the first crystal phase.

2. The lead-free piezoelectric ceramic composition according to claim 1,

wherein the second crystal phase is contained in a content of 2 to 10 mol%.

3. The lead-free piezoelectric ceramic composition according to claim 1 or 2,
further comprising at least one metal element selected from copper (Cu), iron (Fe), and
zinc (Zn), which is contained by being localized more in the second crystal phase than

in the first crystal phase.

4. The lead-free piezoelectric ceramic composition according to claim 1 or 2,
further comprising at least one metal element selected from cobalt (Co), copper (Cu),
iron (Fe), and zinc (Zn), which is contained by being localized more in the second

crystal phase than in the first crystal phase.

5. The lead-free piezoelectric ceramic composition according to any one of
claims 1 to 4, further comprising at least one metal element selected from zirconium
(Zr) and calcium (Ca), which is contained by being localized more in the first crystal

phase than in the second crystal phase.

61



6. The lead-free piezoelectric ceramic composition according to any one of
claims 1 to 5,

wherein the compound forming the second crystal phase is an A-Ti-B-O
composite compound (wherein the element A is an alkali metal, the element B is at
least one of niobium (Nb) and tantalum (Ta), and each of the contents of the element A,

the element B, and titanium (Ti) is not zero).

7. The lead-free piezoelectric ceramic composition according to claim 6,

wherein the element A is potassium (K).

8. The lead-free piezoelectric ceramic composition according to claim 6 or 7,

wherein the element B is niobium (Nb).

0. The lead-free piezoelectric ceramic composition according to any one of

claims 1 to 8,

wherein the compound forming the second crystal phase has a lower melting

point than the alkali niobate/tantalate perovskite oxide forming the first crystal phase.

10. A lead-free piezoelectric ceramic composition produced by mixing, molding,
and firing a crystal powder formed of an alkali niobate/tantalate perovskite oxide
having piezoelectric characteristics and a crystal powder formed of a compound that

contains titanium (Ti).

11. A piezoelectric element comprising:

62



a piezoceramic formed from the lead-free piezoelectric ceramic composition
according to any one of claims 1 to 10; and

an electrode mounted on the piezoceramic.

12. An ultrasonic processing machine comprising the piezoelectric element of
claim 11.

13. An ultrasonic drive device comprising the piezoelectric element of claim 11.
14. A sensing device comprising the piezoelectric element of claim 11.

15. A method for producing a lead-free piezoelectric ceramic composition, the

method comprising:

producing a molded product by mixing and molding a first crystal powder
formed of an alkali niobate/tantalate perovskite oxide having piezoelectric
characteristics with a second crystal powder formed of a compound that contains
titanium (Ti); and

producing a lead-free piezoelectric ceramic composition, in which a first
crystal phase is formed by binding a plurality of crystal grains of the first crystal
powder in a deposited state and a second crystal phase is formed by melting the second
crystal powder to fill spaces between the plurality of crystal grains of the first crystal

phase, by firing the molded product.

16. A method for producing a lead-free piezoelectric ceramic composition, the

method comprising:
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calcining a mixed powder of a first crystal powder and a second crystal
powder at a first temperature, the first crystal powder being formed of an alkali
niobate/tantalate perovskite oxide having piezoelectric characteristics and the second
crystal powder being formed of a compound that contains titanium (Ti);

producing a molded product by mixing and molding the mixed powder
calcined at the first temperature; and

producing a lead-free piezoelectric ceramic composition, in which a first
crystal phase is formed by binding a plurality of crystal grains of the first crystal
powder in a deposited state and a second crystal phase is formed by melting the second
crystal powder to fill spaces between the plurality of crystal grains of the first crystal
phase, by firing the molded product at a second temperature higher than the first

temperature.
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