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(57) ABSTRACT

Provided is a lead-free piezoelectric ceramics having
enhanced mechanical quality factor (Qm) and mechanical
strength. The piezoelectric ceramics, includes at least a first
crystal grain and a second crystal grain. The first crystal
grain has an average equivalent circle diameter of 2 um or
more and 30 pm or less. The first crystal grain includes a
perovskite-type metal oxide represented by the following
general formula (1) as a main component, and the second
crystal grain includes a perovskite-type metal oxide repre-
sented by the following general formula (2) as a main
component: (1) xBaTiO;-yCaTiO;-zCaZrO;; and (2) x'Ba-
TiO;-y'CaTiO;-7'CaZrO;, provided that x, v, z, X', y', and 7'
satisty x+y+z=1, x'+y'+z=1, 0=x'=0.15, 0.85=y'<1, 0=7'<0.
05, x>x', O<y<y', and 7>0.
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PIEZOELECTRIC CERAMICS, AND
PIEZOELECTRIC ELEMENT, AND
ELECTRONIC EQUIPMENT CONTAINING
PIEZOELECTRIC CERAMICS

TECHNICAL FIELD

[0001] The present invention relates to a piezoelectric
ceramics. Further, the present invention relates to a piezo-
electric element, a multilayered piezoelectric element, a
liquid ejection head, a liquid ejection apparatus, an ultra-
sonic motor, an optical equipment, a vibration device, a dust
removing device, an imaging apparatus, and an electronic
equipment, which each use the piezoelectric ceramics. In
particular, the present invention relates to a lead-free piezo-
electric ceramics having enhanced mechanical quality factor
(Qm) and mechanical strength by causing a second crystal
grain to coexist.

BACKGROUND ART

[0002] As a piezoelectric material, a lead-based piezoelec-
tric ceramics such as lead titanate zirconate (hereinafter
referred to as “PZT”) having a perovskite structure is
generally used.

[0003] However, the PZT contains lead in the A site of the
perovskite structure. Therefore, influence of lead on envi-
ronment is a matter of concern. In order to address this
problem, there has been proposed a piezoelectric material
which uses a perovskite-type metal oxide containing no
lead.

[0004] As a representative lead-free perovskite-type
piezoelectric material, there is known barium titanate rep-
resented by general formula BaTiO; (hereinafter referred to
as “BTO”).

[0005] However, BTO has a phase transition temperature
(orthorhombic-to-tetragonal phase transition temperature) in
the vicinity of 0° C. to 10° C. Therefore, there has been a
disadvantage that, depending on the use temperature, the
piezoelectric property significantly varies. Various attempts
have been made to eliminate this disadvantage.

[0006] For example, PTL 1 discloses a BTO ceramics in
which the phase transition influence is reduced by doping Ca
to BTO to shift the phase transition temperature to the lower
temperature side. However, the piezoelectric property is
degraded and the mechanical quality factor (Qm) is reduced
as compared to those of BTO.

[0007] Further, PTL 2 discloses a BTO ceramics in which
piezoelectricity is enhanced by doping Ca and Zr to BTO.
However, the Curie temperature is 80° C. or less, and hence
there has been a problem in that depolarization easily occurs
under high-temperature environment. Further, the mechani-
cal quality factor (Qm) is low.

[0008] Further, in general, pores are liable to be formed in
the BTO ceramics, and hence there has been a problem in
that the mechanical strength is not sufficient.

[0009] As described above, the BTO ceramics has had a
problem in that the Qm and the mechanical strength are not
sufficient.

Apr. 13,2017

CITATION LIST

Patent Literature

[0010] PTL 1: Japanese Patent No. 4039029
[0011] PTL 2: Japanese Patent Application Laid-Open No.
2009-215111

SUMMARY OF INVENTION
Technical Problem

[0012] The present invention has been accomplished to
solve such problems, and provides a lead-free piezoelectric
ceramics having enhanced Qm and mechanical strength.
Further, the present invention provides a piezoelectric ele-
ment and a multilayered piezoelectric element, which each
use the piezoelectric ceramics. Still further, the present
invention provides a liquid ejection head, a liquid ejection
apparatus, an ultrasonic motor, an optical equipment, a
vibration device, a dust removing device, an imaging appa-
ratus, and an electronic equipment, which each use the
piezoelectric element or the multilayered piezoelectric ele-
ment.

Solution to Problem

[0013] A piezoelectric ceramics for solving the above-
mentioned problems includes at least a first crystal grain and
a second crystal grain, in which the first crystal grain has an
average equivalent circle diameter of 2 um or more and 30
um or less, and in which the first crystal grain includes a
perovskite-type metal oxide represented by the following
general formula (1) as a main component, and the second
crystal grain includes a perovskite-type metal oxide repre-
sented by the following general formula (2) as a main
component:

xBaTiO;-yCaTiO;3-zCaZrO3; and (€8]

x'BaTiO;-y'CaTiO;3-z'CaZrO;, 2)

provided that x, y, z, X', ¥', and 7' satisfy x+y+z=1, X'+y'+
7=1, 0=x'=0.15, 0.85=y'<], 0=7'<0.05, x>%', O<y<y', and
z>0.

[0014] A piezoelectric element for solving the above-
mentioned problems includes at least: a first electrode; a
piezoelectric ceramics; and a second electrode, in which the
piezoelectric ceramics includes the above-mentioned piezo-
electric ceramics.

[0015] A multilayered piezoelectric element for solving
the above-mentioned problems includes a piezoelectric
ceramic layer and an electrode layer including an internal
electrode, which are alternately stacked, in which the piezo-
electric ceramic layer is formed of the above-mentioned
piezoelectric ceramics.

[0016] A liquid ejection head includes at least: a liquid
chamber including a vibration portion including one of the
above-mentioned piezoelectric element and the above-men-
tioned multilayered piezoelectric element; and an ejection
orifice communicating to the liquid chamber.

[0017] A liquid ejection apparatus for solving the above-
mentioned problems includes: a conveying unit for a record-
ing medium; and the above-mentioned liquid ejection head.
[0018] An ultrasonic motor for solving the above-men-
tioned problems includes at least: a vibration body including
one of the above-mentioned piezoelectric element and the
above-mentioned multilayered piezoelectric element; and a
moving body to be brought into contact with the vibration
body.



US 2017/0101345 Al

[0019] An optical equipment for solving the above-men-
tioned problems includes a drive unit including the above-
mentioned ultrasonic motor.

[0020] A vibration device for solving the above-men-
tioned problems includes a vibration body including one of
the above-mentioned piezoelectric element and the above-
mentioned multilayered piezoelectric element.

[0021] A dust removing device for solving the above-
mentioned problems includes the above-mentioned vibra-
tion device.

[0022] An electronic equipment for solving the above-
mentioned problems includes a piezoelectric acoustic com-
ponent including one of the above-mentioned piezoelectric
element and the above-mentioned multilayered piezoelectric
element.

Advantageous Effects of Invention

[0023] The present invention can provide the lead-free
piezoelectric ceramics having enhanced Qm and mechanical
strength by causing a second crystal grain to coexist in
pores.

[0024] Further, the present invention can provide the
piezoelectric element and the multilayered piezoelectric
element, which each use the piezoelectric ceramics.

[0025] Still further, the present invention can provide the
liquid ejection head, the liquid ejection apparatus, the ultra-
sonic motor, the optical equipment, the vibration device, the
dust removing device, the imaging apparatus, and the elec-
tronic equipment, which each use the piezoelectric element
or the multilayered piezoelectric element.

[0026] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0027] FIG. 1 is a schematic diagram illustrating a con-
figuration of a piezoelectric element according to an
embodiment of the present invention.

[0028] FIGS. 2A and 2B are schematic sectional diagrams
illustrating a configuration of a multilayered piezoelectric
element according to an embodiment of the present inven-
tion.

[0029] FIGS. 3A and 3B are schematic diagrams illustrat-
ing a configuration of a liquid ejection head according to an
embodiment of the present invention.

[0030] FIG. 4 is a schematic diagram illustrating a liquid
ejection apparatus according to an embodiment of the pres-
ent invention.

[0031] FIG. 5 is a schematic diagram illustrating the liquid
ejection apparatus according to the embodiment of the
present invention.

[0032] FIGS. 6A and 6B are schematic diagrams illustrat-
ing a configuration of an ultrasonic motor according to an
embodiment of the present invention.

[0033] FIGS. 7A and 7B are schematic diagrams illustrat-
ing an optical equipment according to an embodiment of the
present invention.

[0034] FIG. 8 is a schematic diagram illustrating the
optical equipment according to the embodiment of the
present invention.
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[0035] FIGS. 9A and 9B are schematic diagrams illustrat-
ing a case where a vibration device is used as a dust
removing device according to an embodiment of the present
invention.

[0036] FIGS. 10A, 10B and 10C are schematic diagrams
illustrating a configuration of a piezoelectric element in the
dust removing device of the present invention.

[0037] FIGS. 11A and 11B are schematic diagrams illus-
trating the vibration principle of the dust removing device of
the present invention.

[0038] FIG. 12 is a schematic diagram illustrating an
imaging apparatus according to an embodiment of the
present invention.

[0039] FIG. 13 is a schematic diagram illustrating the
imaging apparatus according to the embodiment of the
present invention.

[0040] FIG. 14 is a schematic diagram illustrating an
electronic equipment according to an embodiment of the
present invention.

[0041] FIG. 15 shows a scanning electron microscope
image of a piezoelectric ceramics of Example 1.

[0042] FIG. 16 shows a scanning electron microscope
image of a piezoelectric ceramics of Comparative Example
1.

DESCRIPTION OF EMBODIMENTS

[0043] In the following, embodiments of the present
invention are described in detail.

[0044] A piezoelectric ceramics for solving the above-
mentioned problems includes at least a first crystal grain and
a second crystal grain, in which the first crystal grain has an
average equivalent circle diameter of 2 um or more and 30
um or less, and in which the first crystal grain includes a
perovskite-type metal oxide represented by the following
general formula (1) as a main component, and the second
crystal grain includes a perovskite-type metal oxide repre-
sented by the following general formula (2) as a main
component:

xBaTiO;-yCaTiO;3-zCaZr0O;; and (€8]
x'BaTiO;-y'CaTiO;3-z'CaZrO;, 2)

provided that x, y, z, X', ¥', and 7' satisfy x+y+z=1, X'+y'+
7=1, 0=x'=0.15, 0.85=y'<], 0=7'<0.05, x>%', O<y<y', and
z>0.

[0045] The term “ceramics” herein employed refers to an
aggregate (also referred to as bulk) of crystal grains sintered
by thermal treatment, or the so-called polycrystal, in which
the main component thereof is a metal oxide. The term also
includes one processed after sintering. However, the term
does not include any powder, powder-dispersed slurry, or a
compact before thermal treatment.

[0046] The term “main component” herein employed
means that the major component of the first crystal grain to
exert the piezoelectric property is the perovskite-type metal
oxide represented by the general formula (1), and that the
major component of the second crystal grain is the per-
ovskite-type metal oxide represented by the general formula
2.

[0047] As components other than the main component, for
example, a property adjuster such as manganese or an
impurity component, which is inevitably incorporated dur-
ing production, may be incorporated in small amount.
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[0048] Specifically, the content of the main component
incorporated in the crystal grain is 95% by mass or more,
preferably 97% by mass or more, more preferably 99% by
mass or more and 99.96% by mass or less. It is desired that
the components other than the main component incorporated
in the crystal grain be kept less than 5% by mass. When the
component that does not contribute to the piezoelectric
property exceeds 5% by mass, the piezoelectricity of the
entire piezoelectric ceramics may become insufficient.

[0049] In the general formula (1), the molar ratio between
a metal element and oxygen is represented by a stoichio-
metric composition of 2:3, but may be represented by a
non-stoichiometric composition and include an oxygen
vacancy. That is, it is only required that, when O represent-
ing oxygen in the general formula (1) is substituted with
054, 0 is less than 0.5. § is preferably less than 0.2, more
preferably less than 0.1.

[0050] Similarly, in the general formula (2), the molar
ratio between a metal element and oxygen is represented by
a stoichiometric composition of 2:3, but may be represented
by a non-stoichiometric composition and include an oxygen
vacancy. That is, it is only required that, when O represent-
ing oxygen in the general formula (2) is substituted with
054, 0 is less than 0.5. § is preferably less than 0.2, more
preferably less than 0.1.

[0051] The term “equivalent circle diameter” herein
employed refers to a “projected area equivalent circle diam-
eter” that is generally mentioned in a microscopic observa-
tion method and indicates a diameter of a perfect circle
having the same area as a projected area of the crystal grain.
In the present invention, the method of measuring the
equivalent circle diameter is not limited particularly. For
example, the equivalent circle diameter can be determined
by photographing a surface of the piezoelectric ceramics
using a scanning electron microscope (SEM), and by per-
forming image processing on the obtained photographic
image. The first crystal grain and the second crystal grain
have different compositions. Therefore, the intensity of the
secondary electron or backscattered electron is different
therebetween, and hence the first crystal grain and the
second crystal grain can be discriminated from each other.
Further, the equivalent circle diameter may be determined
from an image of a polished surface or a cross section
instead of the surface of the ceramics.

[0052] When the average equivalent circle diameter of the
first crystal grain is smaller than 2 pm, the piezoelectric
property may not be sufficient. On the other hand, when the
average equivalent circle diameter thereof is larger than 30
um, the mechanical strength may be reduced.

[0053] If the piezoelectric ceramics includes merely the
first crystal grain, many pores are formed inside the grain, at
the grain boundary, and at the triple junction. Therefore, the
mechanical strength is not sufficient. When the second
crystal grain coexists, the pore is filled with the second
crystal grain. With this, the mechanical strength is enhanced.
In general, it is considered that the fracture phenomenon of
the ceramics is mainly caused by concentration of stress to
the internal crack.

[0054] When a crack exits inside the material, stress
locally concentrates at the peripheral portion of the crack.
Fracture occurs at the stress-concentrated position, and the
crack develops. Stress locally concentrates similarly at the
peripheral portion of the developed crack, and hence the
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crack further develops. The crack development progresses in
this way, and the entire material is finally fractured.
[0055] Similarly to the crack, the pore also becomes a
position at which stress locally concentrates, and hence a
ceramics having pores is not sufficient in mechanical
strength. Therefore, by producing a ceramics without pores,
no local stress concentration occurs, and the mechanical
strength is enhanced. The pore is liable to be formed
between large crystal grains. That is, when merely crystal
grains having the same composition exist, the crystal growth
rate of the individual crystal grains is uniform, and hence the
pore is liable to be formed. It has been found that, when
crystal grains having different crystal growth rates coexist,
pores can be filled, and thus the present invention has been
completed. Further, in a ceramics, there is a case where a
crack develops along the grain boundary (grain boundary
fracture). When the second crystal grain exists at the grain
boundary, the crack development can be prevented to pre-
vent the grain boundary fracture. Therefore, it is considered
that the mechanical strength is enhanced.

[0056] As described above, it is considered that the pore is
filled with the second crystal grain, and thus the mechanical
strength is enhanced.

[0057] In the piezoelectric ceramics of the present inven-
tion, the composition of the second crystal grain satisfies
0=x'=0.15, 0.85<y'<1, and 0=7'=0.05. When the composition
satisfies the above-mentioned ranges, that is, when the
composition is CaTiO, rich, the second crystal grain is likely
to coexist at a pore portion which is generated when merely
the first crystal grain is used. With this, the density of the
ceramics body is enhanced, and the Qm and the mechanical
strength of the piezoelectric ceramics are enhanced.

[0058] Further, the compositions of the first crystal grain
and the second crystal grain have relationships represented
by x>%', O<y<y', and z>0. When those relationships are not
satisfied, the piezoelectric property of the first crystal grain
is degraded. Along therewith, the piezoelectric ceramics
does not exert a sufficient piezoelectric property. It is more
desired that the composition of the first crystal grain be set
so that X, y, and z satisfy 0.80=x=0.90, 0.04<y=<0.12, and
0.04=7<0.10, respectively.

[0059] There is no particular limit to a method of mea-
suring the compositions of the first crystal grain and the
second crystal grain. For example, an electron probe micro-
analyzer (EPMA) can be used for measurement.

[0060] It is desired that, in the piezoelectric ceramics of
the present invention, the proportion of the second crystal
grain in the case of observing the surface or the cross section
satisty 0.5% by area or more and 5% by area or less.
[0061] When the proportion is less than 0.5% by area, the
second crystal grain cannot sufficiently fill the pore, and
hence the mechanical strength cannot be sufficiently
enhanced. When the compositions satisfy the above-men-
tioned ranges, the first crystal grain is superior in piezoelec-
tric property to the second crystal grain. When the propor-
tion is more than 5% by area, the first crystal grain with
excellent piezoelectricity is reduced too much, and hence the
piezoelectric ceramics does not exert a sufficient piezoelec-
tric property.

[0062] In the piezoelectric ceramics of the present inven-
tion, it is desired that the average equivalent circle diameter
of'the first crystal grain be larger than the average equivalent
circle diameter of the second crystal grain. The pore is often
formed at a gap between the crystal grains (grain boundary
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and triple junction). As a matter of course, the pore is often
smaller than the crystal grain around the pore. Therefore, in
order to fill such a pore, the second crystal grain needs to be
a small crystal grain.

[0063] In the piezoelectric ceramics of the present inven-
tion, it is desired that the average equivalent circle diameter
of the second crystal grain be 200 nm or more and 2 um or
less. When the average equivalent circle diameter is smaller
than 200 nm, the second crystal grain cannot sufficiently fill
the pore, and hence the mechanical strength is not enhanced.
When the average equivalent circle diameter is larger than 2
um, the second crystal grain becomes larger than an average
pore, which is not preferred because strain may be generated
at the peripheral portion.

[0064] In the piezoelectric ceramics of the present inven-
tion, it is desired that the first crystal grain contains Mn in
an amount of 0.05% by weight or more and 0.40% by weight
or less.

[0065] When the first crystal grain contains Mn within the
above-mentioned range, the insulation property is enhanced.
Further, deterioration due to depolarization is also pre-
vented. When the content of Mn is less than 0.05% by
weight, the effect to be obtained through manganese doping
becomes small, and when the content exceeds 0.40% by
weight, hexagonal barium titanate having a deteriorated
piezoelectricity coexists, and hence the piezoelectricity of
the entire piezoelectric ceramics may become insufficient.

[0066] Mn is preferred to occupy the B site. In a case
where Mn is dissolved in the B site, a preferred range of A/B
15 0.993<A/B=0.998, where A/B is a ratio between the molar
quantity of Ba and Ca in the A site and the molar quantity
of Ti, Zr, and Mn in the B site. A piezoelectric ceramics
having A/B in this range is particularly excellent in piezo-
electric constant and mechanical quality factor, and hence a
device excellent in durability can be manufactured through
the use of the piezoelectric ceramics of the present inven-
tion.

[0067] Further, the valence of Mn is preferred to be 4+.
The reason is as follows. In general, the valence of Mn may
be 4+, 2+, or 3+. When a conduction electron exists in the
crystal (for example, when an oxygen vacancy exists in the
crystal, or when a donor element occupies the A site), the
valence of Mn may be reduced from 4+ to 3+ or 2+ to trap
the conduction electron. Thus, it is possible to increase the
insulation resistance. The valence of Mn is preferred to be
4+ in view of the ion radius as well because Ti as the main
component of the B site can be easily substituted.

[0068] On the other hand, when the valence of Mn is lower
than 4+, for example, 2+, Mn becomes an acceptor. When
Mn exists in the perovskite structure crystal as an acceptor,
a hole is generated in the crystal, or an oxygen vacancy is
formed in the crystal.

[0069] When a large number of doped Mn have a valence
of 2+ or 3+, the holes cannot be sufficiently compensated for
only by oxygen vacancy introduction, and thus the insula-
tion resistance is reduced. Therefore, most Mn is preferred
to have a valence of 4+. Note that, a small number of Mn
may have a valence lower than 4+ so that the Mn occupies
the B site of the perovskite structure as an acceptor to form
the oxygen vacancy. This is because Mn having the valence
of 2+ or 3+ and the oxygen vacancy form defect dipoles, and
thus the mechanical quality factor of the piezoelectric mate-
rial can be enhanced.
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[0070] A manufacturing method for the piezoelectric
ceramics of the present invention is not particularly limited.
[0071] When manufacturing the piezoelectric ceramics of
the present invention, it is possible to adopt a general
method of sintering solid powder of an oxide, a carbonate,
a nitrate, an oxalate, and the like containing a constituent
element at a normal pressure. Raw materials for the piezo-
electric ceramics of the present invention are, for example,
metal compounds such as a Ba compound, a Ca compound,
a Ti compound, a Zr compound, and a Mn compound.
[0072] Examples of the Ba compound which may be used
include barium oxide, barium carbonate, barium oxalate,
barium acetate, barium nitrate, barium titanate, barium zir-
conate, and barium titanate zirconate.

[0073] Examples of the Ca compound which may be used
include calcium oxide, calcium carbonate, calcium oxalate,
calcium acetate, calcium titanate, and calcium zirconate.
[0074] Examples of the Ti compound which may be used
include titanium oxide, barium titanate, barium titanate
zirconate, and calcium titanate.

[0075] Examples of the Zr compound which may be used
include zirconium oxide, barium zirconate, barium titanate
zirconate, and calcium zirconate.

[0076] Examples of the Mn compound which may be used
include manganese carbonate, manganese oxide, manganese
dioxide, manganese trioxide, trimanganese tetraoxide, and
manganese acetate.

[0077] For example, barium titanate raw material par-
ticles, calcium titanate raw material particles, and calcium
zirconate raw material particles are subjected to sintering to
obtain the piezoelectric ceramics of the present invention.
[0078] The raw material particles may contain a property
adjuster other than manganese or an impurity component
incorporated during synthesis. Examples of the impurity
component include a component derived from a metal such
as aluminum, niobium, iron, and lead, a glass component,
and a hydrocarbon-based organic component. The content of
the impurity component is preferably 5% by mass or less,
more preferable 1% by mass or less.

[0079] There is no particular limit to the particle diameter
of the raw material particle as a primary particle.

[0080] Note that, in order to form the second crystal grain
that can efficiently fill the pore, it is desired that the raw
material particle containing the Zr component be smaller
than the raw material particle containing the Ca component.
In this case, the primary particle refers to the minimum
individual unit of the particles forming the powder, which
can definitely be separated from others. For example, when
the barium titanate raw material particle, the calcium titanate
raw material particle, and the calcium zirconate raw material
particle are used, it is desired that the average particle
diameter of the primary particle of the calcium zirconate raw
material particle be smaller than the average particle diam-
eter of the primary particle of the calcium titanate raw
material particle.

[0081] The recommended average particle diameter of the
primary particle of the barium titanate raw material particle
is 70 nm or more and 200 nm or less. Further, the recom-
mended average particle diameter of the primary particle of
the calcium titanate raw material particle is 90 nm or more
and 350 nm or less. Further, the recommended average
particle diameter of the primary particle of the calcium
zirconate raw material particle is 20 nm or more and 150 nm
or less.
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[0082] In calcium zirconate, the average particle diameter
of the primary particle of the raw material particle is small,
and hence the sintering reaction progresses in advance of
others, and the Ca component and the Zr component incor-
porated in the raw material particle are dissolved. In this
case, the solubility limits of the Zr component and the Ca
component with respect to barium titanate are affected by
their dissolved amounts. That is, when the dissolved amount
of the Zr component increases, the solubility limit of the Ca
component tends to decrease.

[0083] On the other hand, in calcium titanate, the average
particle diameter of the primary particle of the raw material
particle is large, and hence the sintering reaction is less liable
to progress. The Zr component is dissolved and the solubil-
ity limit of the Ca component is decreased, and hence a
second crystal grain containing a large amount of calcium
titanate which has not been dissolved is liable to be formed.

[0084] There is no particular limit to a method of produc-
ing particles to be used as raw materials of the present
invention.

[0085] The raw material particle can be obtained by a
manufacturing method such as a sol-gel method, a solid-
phase method, a coprecipitation method, a hydrothermal
synthesis method, an alkoxide method, and an oxalate
method. Alternatively, the raw material particle may be
manufactured through the use of, for example, barium
titanate, barium zirconate, calcium titanate, or calcium zir-
conate commercially available for industrial use.

[0086] There is no particular limit to a method of granu-
lating raw material powder of the piezoelectric ceramics of
the present invention.

[0087] The method may involve granulating mixed pow-
der obtained by mechanically mixing a Ba compound, a Ca
compound, a Ti compound, a Zr compound, and a Mn
compound. Alternatively, the method may involve calcining
these compounds at about 800 to 1,300° C., followed by
granulation. Alternatively, the method may involve calcin-
ing a Ba compound, a Ca compound, a Ti compound, and a
Zr compound and adding a manganese compound to these
compounds together with a binder. From the viewpoint that
a grain diameter of granulated powder can be made more
uniform, a most preferred granulation method is a spray dry
method.

[0088] Examples of the binder which may be used for
granulation include polyvinyl alcohol (PVA), polyvinyl
butyral (PVB), and an acrylic resin. The amount of the
binder to be added is preferably 1% by mass to 10% by
mass, more preferably 2% by mass to 5% by mass from the
viewpoint of increasing the density of a compact.

[0089] There is no particular limit to a method of sintering
the piezoelectric ceramics of the present invention.
Examples of the sintering method include sintering using an
electric furnace, a conduction heating method, a microwave
sintering method, a millimeter-wave sintering method, and
hot isostatic pressing (HIP).

[0090] Although there is no particular limit to a sintering
temperature of the piezoelectric ceramics of the present
invention, it is desired that the sintering be performed at a
temperature T1 at which the crystal sufficiently grows and
the Ca component sufficiently dissolves, and then the sin-
tering be performed at a temperature T2 at which precipi-
tation is promoted. The sintering temperature T1 is prefer-
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ably 1,200° C. or more and 1,340° C. or less, and the
sintering temperature T2 is preferably 1,000° C. or more and
(T1—100° C.) or less.

[0091] When the sintering temperature T1 exceeds 1,340°
C. and liquid phase sintering starts, crystal grain coarsening
occurs, which is not preferred.

[0092] In order to stabilize the property of the piezoelec-
tric material obtained by sintering with good reproducibility,
and further, in order to sufficiently generate a precipitate, the
piezoelectric material may be sintered for 1 hour or more
and 12 hours or less with the sintering temperature set
constant in the above-mentioned range.

[0093] By keeping the temperature to T1, the crystal grain
sufficiently grows, and further, a sufficient amount of Ca
component dissolves in the crystal grain. After that, by
decreasing the temperature and keeping the temperature to
T2, the solubility limit of the Ca component decreases, and
the surplus Ca component is precipitated to generate the
second crystal grain.

[0094] In the following, a piezoelectric element using the
piezoelectric ceramics of the present invention is described.
[0095] FIG. 1 is a schematic diagram illustrating a con-
figuration of a piezoelectric element according to an
embodiment of the present invention. The piezoelectric
element according to the present invention is a piezoelectric
element including at least a first electrode 1, a piezoelectric
ceramics 2, and a second electrode 3, and the piezoelectric
ceramic 2 is the piezoelectric ceramics of the present inven-
tion.

[0096] The piezoelectric property of the piezoelectric
ceramics of the present invention can be evaluated by
forming the piezoelectric element including at least the first
electrode and the second electrode. The first electrode and
the second electrode are each formed of a conductive layer
having a thickness of about 5 nm to 2,000 nm. A material
therefor is not particularly limited and has only to be one to
be generally used for a piezoelectric element. Examples
thereof may include metals such as Ti, Pt, Ta, Ir, Sr, In, Sn,
Au, Al, Fe, Cr, Ni, Pd, Ag, and Cu, and compounds thereof.
[0097] Each of the first electrode and the second electrode
may be formed of one kind of those materials, or may be
obtained by stacking two or more kinds thereof. The first
electrode and the second electrode may be formed of dif-
ferent materials, respectively.

[0098] A manufacturing method for the first electrode and
the second electrode is not limited. The first electrode and
the second electrode may be formed by baking a metal paste
or by sputtering, vapor deposition, or the like. In addition,
both the first electrode and the second electrode may be
patterned in desired shapes for use.

[0099] It is more preferred that the piezoelectric element
have spontaneous polarization axes aligned in a certain
direction. When the spontaneous polarization axes are
aligned in a certain direction, the piezoelectric constant of
the piezoelectric element increases.

[0100] A polarization method for the piezoelectric element
is not particularly limited. The polarization treatment may be
performed in the air or may be performed in a silicone oil.
A temperature at which the polarization is performed is
preferably a temperature of 60° C. to 150° C. However, an
optimum condition slightly varies depending on the com-
position of a piezoelectric material constituting the element.
An electric field to be applied for performing the polariza-
tion treatment is preferably from 800 V/mm to 2.0 kV/mm.
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[0101] The piezoelectric constant and mechanical quality
factor of the piezoelectric element may be determined by
calculation, from the measurement results of a resonance
frequency and an antiresonance frequency, which are
obtained using a commercially available impedance ana-
lyzer, based on the standard of Japan Electronics and Infor-
mation Technology Industries Association (JEITA
EM-4501). This method is hereinafter referred to as reso-
nance-antiresonance method.

[0102] Next, a multilayered piezoelectric element of the
present invention is described.

[0103] The multilayered piezoelectric element according
to the present invention is a multilayered piezoelectric
element including piezoelectric ceramic layers and elec-
trodes including an internal electrode stacked alternately, in
which the piezoelectric ceramic layers are formed of the
piezoelectric ceramics of the present invention.

[0104] FIGS. 2A and 2B are each a schematic sectional
diagram illustrating a configuration of a multilayered piezo-
electric element according to an embodiment of the present
invention. The multilayered piezoelectric element according
to the present invention is a multilayered piezoelectric
element including piezoelectric ceramic layers 54 and elec-
trodes including an internal electrode 55, the piezoelectric
ceramic layers and the electrodes being stacked alternately,
in which the piezoelectric ceramic layers 54 are formed of
the above-mentioned piezoelectric ceramics. The electrode
layers may include external electrodes such as a first elec-
trode 51 and a second electrode 53 in addition to the internal
electrode 55.

[0105] FIG. 2A illustrates the configuration of the multi-
layered piezoelectric element of the present invention in
which the piezoelectric ceramic layers 54 of two layers and
the internal electrode 55 of one layer are stacked alternately,
and the multilayered structure is sandwiched between the
first electrode 51 and the second electrode 53. However, as
illustrated in FIG. 2B, the number of piezoelectric ceramic
layers and internal electrodes may be increased, and the
number of the layers is not limited. The multilayered piezo-
electric element of FIG. 2B has such a configuration that
piezoelectric ceramic layers 504 of nine layers and internal
electrodes 505 of eight layers are stacked alternately, and the
multilayered structure is sandwiched between a first elec-
trode 501 and a second electrode 503, and has an external
electrode 506a and an external electrode 5065 for short-
circuiting the alternately formed internal electrodes.

[0106] The internal electrodes 55, 505 and the external
electrodes 5064, 5065 do not need to be identical in size and
shape to the piezoelectric ceramic layer 504, and may be
divided into multiple portions.

[0107] The internal electrodes 55, 505 and the external
electrodes 506a, 5065 are formed of a conductive layer
having a thickness of about 5 nm to 2,000 nm. A material
therefor is not particularly limited and has only to be one to
be generally used for a piezoelectric element. Examples
thereof may include metals such as Ti, Pt, Ta, Ir, Sr, In, Sn,
Au, Al, Fe, Cr, Ni, Pd, Ag, and Cu and compounds thereof.
The internal electrodes 55, 505 and the external electrodes
506a, 5066 may be formed of one kind thereof, may be
formed of a mixture or alloy of two or more kinds thereof,
or may be formed of a multilayered body of two or more
kinds thereof. Further, multiple electrodes may be respec-
tively formed of materials different from each other.
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[0108] The internal electrodes 55, 505 each contain Ag
and Pd, and a weight ratio M1/M2 between the content
weight M1 of Ag and the content weight M2 of Pd is
preferably 0.25<M1/M2<4.0. A case where the weight ratio
M1/M2 is less than 0.25 is not desired because the sintering
temperature of the internal electrode increases. On the other
hand, a case where the weight ratio M1/M2 is more than 4.0
is not desired because the internal electrode becomes island-
shaped, resulting in in-plane non-uniformity. The weight
ratio M1/M2 is more preferably 0.3=M1/M2<3.0.

[0109] From the viewpoint that an electrode material is
inexpensive, it is preferred that the internal electrodes 55,
505 contain at least any one kind of Ni and Cu. When at least
any one kind of Ni and Cu is used for the internal electrodes
55, 505, the multilayered piezoelectric element of the pres-
ent invention is preferably calcinated in a reducing atmo-
sphere.

[0110] As illustrated in FIG. 2B, multiple electrodes
including the internal electrodes 505 may be short-circuited
to each other for the purpose of making the phase of a
driving voltage uniform. For example, there is a given such
a configuration that the internal electrodes 505, the first
electrode 501, and the second electrode 503 are short-
circuited alternately. Further, a mode in which the electrodes
are short-circuited to each other is not limited. An electrode
or wiring for short-circuit may be provided on a side surface
of the multilayered piezoelectric element. Alternatively, the
electrodes may be short-circuited to each other by providing
a through-hole passing through the piezoelectric ceramic
layers 504 and providing a conductive material inside the
through hole.

[0111] In the following, a liquid ejection head which uses
the piezoelectric element of the present invention is
described.

[0112] The liquid ejection head according to the present
invention includes at least a liquid chamber including a
vibration portion including the piezoelectric element or the
multilayered piezoelectric element, and an ejection orifice
communicating to the liquid chamber.

[0113] FIGS. 3A and 3B are schematic diagrams illustrat-
ing a configuration of a liquid ejection head according to an
embodiment of the present invention. As illustrated in FIGS.
3A and 3B, the liquid ejection head of the present invention
is a liquid ejection head including a piezoelectric element
101 of the present invention. The piezoelectric element 101
is a piezoelectric element including at least a first electrode
1011, a piezoelectric ceramics 1012, and a second electrode
1013. The piezoelectric ceramics 1012 is patterned as
required as illustrated in FIG. 3B.

[0114] FIG. 3B is a schematic diagram of the liquid
ejection head. The liquid ejection head includes ejection
orifices 105, individual liquid chambers 102, communicat-
ing holes 106 for connecting the individual liquid chambers
102 and the ejection orifices 105, liquid chamber partition
walls 104, a common liquid chamber 107, a diaphragm 103,
and the piezoelectric elements 101. Each of the piezoelectric
elements 101, which is of a rectangular shape in FIG. 3B,
may be of a shape besides the rectangular shape such as an
elliptical shape, a circular shape, or a parallelogram shape.
In general, the piezoelectric ceramics 1012 are each of a
shape in conformity with the shape of the individual liquid
chamber 102.

[0115] The vicinity of the piezoelectric element 101
included in the liquid ejection head of the present invention
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is described in detail with reference to FIG. 3A. FIG. 3Ais
a sectional diagram of the piezoelectric element illustrated in
FIG. 3B in the width direction thereof.

[0116] The sectional shape of the piezoelectric element
101, which is illustrated in a rectangular shape, may be a
trapezoidal shape or a reverse trapezoidal shape.

[0117] In FIG. 3A, the first electrode 1011 is used as the
lower electrode, and the second electrode 1013 is used as the
upper electrode. However, the arrangement of the first
electrode 1011 and the second electrode 1013 is not limited
to the foregoing. For example, the first electrode 1011 may
be used as the lower electrode, or may be used as the upper
electrode. Similarly, the second electrode 1013 may be used
as the upper electrode, or may be used as the lower elec-
trode. In addition, a buffer layer 108 may be present between
the diaphragm 103 and the lower electrode. Note that, those
differences in name are caused by a manufacturing method
for the device and an advantageous effect of the present
invention can be obtained in any case.

[0118] In the liquid ejection head, the diaphragm 103
vertically fluctuates owing to the expansion and contraction
of the piezoelectric ceramics 1012 to apply a pressure to
liquid in the individual liquid chamber 102. As a result, the
liquid is ejected from the ejection orifice 105. The liquid
ejection head of the present invention can be used in a
printer application or the manufacture of an electronic
equipment.

[0119] The diaphragm 103 has a thickness of 1.0 um or
more to 15 um or less, preferably 1.5 um or more to 8 pm
or less. A material for the diaphragm, which is not limited,
is preferably Si. Si for the diaphragm may be doped with
boron or phosphorus. In addition, the buffer layer and the
electrode layer on the diaphragm may serve as part of the
diaphragm. The buffer layer 108 has a thickness of 5 nm or
more to 300 nm or less, preferably 10 nm or more to 200 nm
or less. The size of the ejection orifice 105 is 5 um or more
to 40 um or less in terms of an equivalent circle diameter.
The shape of the ejection orifice 105 may be a circular shape,
or may be a star shape, a square shape, or a triangular shape.
[0120] Next, a liquid ejection apparatus of the present
invention is described. The liquid ejection apparatus of the
present invention includes a conveying unit for a recording
medium and the liquid ejection head.

[0121] As an example of the liquid ejection apparatus of
the present invention, there is an ink jet recording apparatus
illustrated in FIGS. 4 and 5. FIG. 5 illustrates a liquid
ejection apparatus (ink jet recording apparatus) 881 illus-
trated in FIG. 4 in a state in which sheathings 882 to 885 and
887 thereof are removed. The ink jet recording apparatus
881 includes an automatic feeding unit 897 for automatically
feeding recording sheets as recording media into a device
main body 896. Further, the ink jet recording apparatus 881
includes a conveying unit 899 for guiding the recording
sheet fed from the automatic feeding unit 897 to a prede-
termined recording position and from the recording position
to an ejection orifice 898, a recording unit 891 for perform-
ing recording on the recording sheet conveyed to the record-
ing position, and a recovery unit 890 for performing a
recovery process on the recording unit 891. The recording
unit 891 includes a carriage 892 which contains the liquid
ejection head of the present invention and is reciprocated on
a rail.

[0122] In this ink jet recording apparatus, the carriage 892
is moved on the rail based on an electric signal sent from a
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computer, and a drive voltage is applied to electrodes
sandwiching a piezoelectric ceramics so that the piezoelec-
tric ceramics is displaced. This displacement of the piezo-
electric ceramics pressurizes each individual liquid chamber
102 via the diaphragm 103 illustrated in FIG. 3B, and hence
ink is ejected from the ejection orifice 105 so as to perform
printing.

[0123] The liquid ejection apparatus of the present inven-
tion can eject liquid uniformly at high speed, and the device
can be downsized.

[0124] In the example described above, the printer is
exemplified. However, the liquid ejection apparatus of the
present invention can be used as an industrial liquid ejection
apparatus in addition to an ink jet recording apparatus
including a facsimile, a multifunction peripheral, a copying
machine, and the like.

[0125] Next, an ultrasonic motor using the piezoelectric
element of the present invention is described. The ultrasonic
motor of the present invention includes at least a vibration
body including the piezoelectric element or the multilayered
piezoelectric element, and a moving body to be brought into
contact with the vibration body.

[0126] FIGS. 6A and 6B are schematic diagrams illustrat-
ing a configuration of an ultrasonic motor according to an
embodiment of the present invention. FIG. 6A illustrates the
ultrasonic motor in which the piezoelectric element of the
present invention is formed of a single plate. The ultrasonic
motor includes an oscillator 201, a rotor 202 brought into
contact with the sliding surface of the oscillator 201 with a
pressure applied from a pressurizing spring (not shown), and
an output shaft 203 provided so as to be integral with the
rotor 202. The oscillator 201 is formed of a metal elastic ring
2011, a piezoelectric element 2012 of the present invention,
and an organic adhesive 2013 for bonding the piezoelectric
element 2012 to the elastic ring 2011 (such as an epoxy- or
cyanoacrylate-based adhesive). The piezoelectric element
2012 of the present invention is formed of a piezoelectric
ceramics sandwiched between a first electrode (not shown)
and a second electrode (not shown).

[0127] The application of two alternating voltages differ-
ent from each other in phase by an odd multiple of 7/4 to the
piezoelectric element of the present invention results in the
generation of a flexural traveling wave in the oscillator 201,
and hence each point on the sliding surface of the oscillator
201 undergoes an elliptical motion. When the rotor 202 is
brought into press contact with the sliding surface of the
oscillator 201, the rotor 202 receives a frictional force from
the oscillator 201 to rotate in the direction opposite to the
flexural traveling wave. A body to be driven (not shown) is
joined to the output shaft 203, and is driven by the rotary
force of the rotor 202.

[0128] The application of a voltage to the piezoelectric
ceramics results in the expansion and contraction of the
piezoelectric ceramics due to a transverse piezoelectric
effect. When an elastic body such as a metal is joined to the
piezoelectric element, the elastic body is bent by the expan-
sion and contraction of the piezoelectric ceramics. The
ultrasonic motor of the kind described here utilizes this
principle.

[0129] Next, an ultrasonic motor including a piezoelectric
element having a multilayered structure is illustrated in FIG.
6B. An oscillator 204 is formed of a multilayered piezoelec-
tric element 2042 sandwiched between tubular metal elastic
bodies 2041. The multilayered piezoelectric element 2042 is
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an element formed of multiple stacked piezoelectric mate-
rials (not shown), and includes a first electrode and a second
electrode on its outer surfaces of the stack, and internal
electrodes on its inner surface of the stack. The metal elastic
bodies 2041 are fastened with bolts so that the multilayered
piezoelectric element 2042 may be sandwiched between and
fixed by the bodies. Thus, the oscillator 204 is formed.

[0130] The application of alternating voltages different
from each other in phase to the multilayered piezoelectric
element 2042 causes the oscillator 204 to excite two vibra-
tions orthogonal to each other. The two vibrations are
synthesized to form a circular vibration for driving the tip
portion of the oscillator 204. Note that, a constricted annular
groove is formed in the upper portion of the oscillator 204
to enlarge the displacement of the vibration for driving.

[0131] A rotor 205 is brought into contact with the oscil-
lator 204 under a pressure from a spring 206 for pressur-
ization to obtain a frictional force for driving. The rotor 205
is rotatably supported by a bearing.

[0132] Next, an optical equipment of the present invention
is described. The optical equipment of the present invention
includes a drive unit including the ultrasonic motor.

[0133] FIGS. 7A and 7B are sectional diagrams of main
parts of an interchangeable lens barrel for a single-lens
reflex camera as an example of an imaging apparatus
according to an exemplary embodiment of the present
invention. In addition, FIG. 8 is an exploded perspective
diagram of the interchangeable lens barrel for the single-lens
reflex camera as the example of the imaging apparatus
according to the exemplary embodiment of the present
invention. A fixed barrel 712, a linear guide barrel 713, and
a front unit barrel 714 are fixed to an attachable/detachable
mount 711 for a camera. These are fixed members of the
interchangeable lens barrel.

[0134] A linear guide groove 713a in an optical axis
direction for a focus lens 702 is formed on the linear guide
barrel 713. Cam rollers 7174 and 7175 protruding outward
in a radial direction are fixed to a rear unit barrel 716
supporting the focus lens 702 via axial screws 718, and the
cam roller 717aq is fitted in the linear guide groove 713a.

[0135] A cam ring 715 is fitted on the inner periphery of
the linear guide barrel 713 in a rotatable manner. Relative
movement between the linear guide barrel 713 and the cam
ring 715 in the optical axis direction is restricted because a
roller 719 fixed to the cam ring 715 is fitted in an annular
groove 7134 of the linear guide barrel 713. A cam groove
715a for the focus lens 702 is formed on the cam ring 715,
and the above-mentioned cam roller 7175 is simultaneously
fitted in the cam groove 715a.

[0136] On the outer peripheral side of the fixed barrel 712,
there is disposed a rotation transmission ring 720 supported
by aball race 727 in a rotatable manner at a constant position
with respect to the fixed barrel 712. The rotation transmis-
sion ring 720 has shafts 720f extending radially from the
rotation transmission ring 720, and rollers 722 are supported
by the shafts 720/ in a rotatable manner. A large diameter
part 722a of the roller 722 contacts with a mount side end
surface 724b of a manual focus ring 724. In addition, a small
diameter part 7225 of the roller 722 contacts with a joining
member 729. Six rollers 722 are disposed on the outer
periphery of the rotation transmission ring 720 at uniform
intervals, and each roller is provided in the relationship as
described above.
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[0137] A low friction sheet (washer member) 733 is dis-
posed on an inner diameter part of the manual focus ring
724, and this low friction sheet is sandwiched between a
mount side end surface 712a of the fixed barrel 712 and a
front side end surface 7244 of the manual focus ring 724. In
addition, an outer diameter surface of the low friction sheet
733 is formed in a ring shape so as to be circumferentially
fitted on an inner diameter part 724¢ of the manual focus
ring 724. Further, the inner diameter part 724¢ of the manual
focus ring 724 is circumferentially fitted on an outer diam-
eter part 7125 of the fixed barrel 712. The low friction sheet
733 has a role of reducing friction in a rotation ring
mechanism in which the manual focus ring 724 rotates
relatively to the fixed barrel 712 about the optical axis.
[0138] Note that, the large diameter part 722a of the roller
722 contacts with the mount side end surface 7244 of the
manual focus ring in a state in which a pressure is applied
by a pressing force of a wave washer 726 pressing an
ultrasonic motor 725 to the front of the lens. In addition,
similarly, the small diameter part 7225 of the roller 722
contacts with the joining member 729 in a state in which an
appropriate pressure is applied by a pressing force of the
wave washer 726 pressing the ultrasonic motor 725 to the
front of the lens. Movement of the wave washer 726 in the
mount direction is restricted by a washer 732 connected to
the fixed barrel 712 by bayonet joint. A spring force (biasing
force) generated by the wave washer 726 is transmitted to
the ultrasonic motor 725, and further to the roller 722, to be
a force for the manual focus ring 724 to press the mount side
end surface 7124 of the fixed barrel 712. In other words, the
manual focus ring 724 is integrated in a state in which the
manual focus ring 724 is pressed to the mount side end
surface 712a of the fixed barrel 712 via the low friction sheet
733.

[0139] Therefore, when a control unit (not shown) drives
the ultrasonic motor 725 to rotate with respect to the fixed
barrel 712, the rollers 722 rotate about the shafts 720/
because the joining member 729 is brought into contact by
friction to the small diameter parts 72256 of the rollers 722.
As a result of the rotation of the rollers 722 about the shafts
720f, the rotation transmission ring 720 rotates about the
optical axis (automatic focus operation).

[0140] Inaddition, when a manual operation input portion
(not shown) gives a rotation force about the optical axis to
the manual focus ring 724, the rollers 722 rotate about the
shafts 720f by friction force because the mount side end
surface 7245 of the manual focus ring 724 is brought into
contact by pressure to the large diameter parts 722a of the
rollers 722. When the large diameter parts 722a of the rollers
722 rotate about the shafts 720f, the rotation transmission
ring 720 rotates about the optical axis. In this case, the
ultrasonic motor 725 does not rotate because of a friction
retaining force between a rotor 725¢ and a stator 725b
(manual focus operation).

[0141] Two focus keys 728 are mounted to the rotation
transmission ring 720 at opposing positions, and the focus
key 728 is fitted to a notch portion 7155 disposed on the tip
of the cam ring 715. Therefore, when the automatic focus
operation or the manual focus operation is performed so that
the rotation transmission ring 720 is rotated about the optical
axis, the rotation force is transmitted to the cam ring 715 via
the focus key 728. When the cam ring is rotated about the
optical axis, the rear unit barrel 716 whose rotation is
restricted by the cam roller 7174 and the linear guide groove
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713a is moved forward and backward along the cam groove
715a of the cam ring 715 by the cam roller 7175. Thus, the
focus lens 702 is driven, and the focus operation is per-
formed.

[0142] In this case, the interchangeable lens barrel for the
single-lens reflex camera is described above as the optical
equipment of the present invention, but the present invention
can be applied to any optical equipment including the
ultrasonic motor in the drive unit, regardless of a type of the
camera, including a compact camera, an electronic still
camera, and the like.

[0143] A vibration device used for conveying or removing
particles, powder, or liquid droplets is used widely for an
electronic equipment or the like. In the following, as an
example of the vibration device of the present invention, a
dust removing device using the piezoelectric element of the
present invention is described.

[0144] The dust removing device according to the present
invention includes at least a vibration body including the
piezoelectric element or the multilayered piezoelectric ele-
ment.

[0145] FIGS. 9A and 9B are schematic diagrams illustrat-
ing a dust removing device according to an embodiment of
the present invention. A dust removing device 310 is formed
of a plate-like piezoelectric element 330 and a diaphragm
320. The piezoelectric element 30 may be a multilayered
piezoelectric element of the present invention. The material
of the diaphragm 320 is not limited. In the case where the
dust removing device 310 is used for an optical equipment,
a transparent material or a reflective material can be used as
the material of the diaphragm 320.

[0146] FIGS. 10A to 10C are schematic diagrams illus-
trating a configuration of the piezoelectric element 330
illustrated in FIGS. 9A and 9B. FIGS. 10A and 10C illustrate
a front surface configuration and a rear surface configuration
of the piezoelectric element 330, respectively. FIG. 10B
illustrates a side surface configuration. As illustrated in
FIGS. 9A and 9B, the piezoelectric element 330 includes a
piezoelectric ceramics 331, a first electrode 332, and a
second electrode 333. The first electrode 332 and the second
electrode 333 are disposed so as to be opposed to each other
on the plate planes of the piezoelectric ceramics 331. Simi-
larly to FIGS. 9A and 9B, the piezoelectric element 330 may
be the multilayered piezoelectric element of the present
invention. In this case, the piezoelectric ceramics 331 has an
alternate structure of the piezoelectric material layer and the
internal electrode. The internal electrode is alternately short-
circuited to the first electrode 332 or the second electrode
333. Thus, drive waveforms having different phases can be
applied to respective layers of the piezoelectric material. The
front plane of the piezoelectric element 330 illustrated in
FIG. 10C, on which the first electrode 332 is disposed, is
referred to as a first electrode plane 336. The front plane of
the piezoelectric element 330 illustrated in FIG. 10A, on
which the second electrode 333 is disposed, is referred to as
a second electrode plane 337.

[0147] In this case, the electrode plane in the present
invention means a plane of the piezoelectric element on
which the electrode is disposed. For example, as illustrated
in FIGS. 10A to 10C, the first electrode 332 may extend
around to the second electrode plane 337. As illustrated in
FIGS. 9A and 9B, as for the piezoelectric element 330 and
the diaphragm 320, the plate surface of the diaphragm 320
is fixed to the first electrode plane 336 of the piezoelectric
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element 330. When the piezoelectric element 330 is driven,
a stress is generated between the piezoelectric element 330
and the diaphragm 320 so that out-of-plane oscillation is
generated in the diaphragm. The dust removing device 310
of the present invention is a device that removes foreign
matters such as dust sticking to the surface of the diaphragm
320 by the out-of-plane oscillation of the diaphragm 320.
The out-of-plane oscillation means elastic oscillation in
which the diaphragm is displaced in the optical axis direc-
tion, namely in the thickness direction of the diaphragm.

[0148] FIGS. 11A and 11B are schematic diagrams illus-
trating a vibration principle of the dust removing device 310
of'the present invention. FIG. 11A illustrates a state in which
alternating electric fields having the same phase are applied
to a pair of left and right piezoelectric elements 330 so that
the out-of-plane oscillation is generated in the diaphragm
320. The polarization direction of the piezoelectric ceramics
forming the pair of left and right piezoelectric elements 330
is the same as the thickness direction of the piezoelectric
elements 330, and the dust removing device 310 is driven by
the seventh oscillation mode. FIG. 11B illustrates a state in
which alternating voltages having reverse phases by 180
degrees are applied to the pair of left and right piezoelectric
elements 330 so that the out-of-plane oscillation is generated
in the diaphragm 320. The dust removing device 310 is
driven by the sixth oscillation mode. The dust removing
device 310 of the present invention is a device that can
effectively remove dust sticking to the surface of the dia-
phragm by using at least two oscillation modes selectively.

[0149] Next, an imaging apparatus of the present inven-
tion is described. The imaging apparatus of the present
invention is an imaging apparatus including at least the dust
removing device and an imaging element unit. The vibration
member of the dust removing device is disposed on a light
receiving plane of the imaging element unit. FIGS. 12 and
13 are diagrams illustrating a digital single-lens reflex
camera as an example of an imaging apparatus according to
an exemplary embodiment of the present invention.

[0150] FIG. 12 is a front side perspective diagram of a
camera main body 601 viewed from an object side, in which
an imaging lens unit is removed. FIG. 13 is an exploded
perspective diagram illustrating an internal schematic con-
figuration of the camera for describing a peripheral structure
of the dust removing device and an imaging unit 400 of the
present invention.

[0151] A mirror box 1605 for guiding an imaging light
beam that has passed through the imaging lens is disposed
in the camera main body 1601, and a main mirror (quick
return mirror) 1606 is disposed in the mirror box 1605. The
main mirror 1606 can take one of states including a state of
being supported at an angle of 45 degrees with respect to an
imaging optical axis in order to guide the imaging light beam
in the direction to a penta dach mirror (not shown) and a
state of being retreated from the imaging light beam in order
to guide the imaging light beam in the direction to an
imaging element (not shown).

[0152] On the object side of a main body chassis 300 to be
a skeleton of the camera main body, the mirror box 1605 and
a shutter unit 200 are disposed in order from the object side.
In addition, on a photographer side of the main body chassis
300, the imaging unit 400 is disposed. The imaging unit 400
is adjusted and disposed so that the imaging surface of the
imaging element is parallel to a mounting surface of a mount
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part 1602 to be a reference for mounting the imaging lens
unit with a predetermined distance.

[0153] In this case, the digital single-lens reflex camera is
described above as the imaging apparatus of the present
invention, but the device may be a camera with interchange-
able imaging lens unit such as a mirrorless digital single-lens
camera without the mirror box 1605, for example. In addi-
tion, the present invention can be applied to various types of
imaging apparatus or electronic and electric devices includ-
ing the imaging apparatus, such as a video camera with
interchangeable imaging lens unit, a copying machine, a
facsimile, and a scanner, in particular, a device which is
required to remove dust sticking to a surface of an optical
component.

[0154] Next, an electronic equipment of the present inven-
tion is described. The electronic equipment of the present
invention includes a piezoelectric acoustic component
including the piezoelectric element or the multilayered
piezoelectric element. As the piezoelectric acoustic compo-
nent, there are a speaker, a buzzer, a microphone, and a
surface acoustic wave (SAW) element.

[0155] FIG. 14 is a general perspective diagram of a main
body 931 of a digital camera as an example of an electronic
equipment according to an exemplary embodiment of the
present invention, as viewed from the front. On a front
surface of the main body 931, there are disposed an optical
equipment 901, a microphone 914, a stroboscopic light
emission unit 909, and a fill light unit 916. Because the
microphone 914 is installed in the main body, the micro-
phone 914 is illustrated by a broken line. In the front of the
microphone 914, there is a hole shape provided for collect-
ing external sound.

[0156] A power button 933, a speaker 912, a zoom lever
932, and a release button 908 for performing a focus
operation are disposed on the top surface of the main body
931. The speaker 912 is installed in the main body 931 and
is illustrated by a broken line. In the front of the speaker 912,
there is a hole shape provided for transmitting sound to the
outside.

[0157] The piezoelectric acoustic component of the pres-
ent invention is used for at least one of the microphone 914,
the speaker 912, and the surface acoustic wave element.
[0158] In this case, the digital camera is described above
as the electronic equipment of the present invention, but the
present invention can also be applied to various types of the
electronic equipment including the piezoelectric acoustic
component, such as a sound reproduction device, a sound
recording device, a mobile phone, or an information termi-
nal.

[0159] As described above, the piezoelectric element and
the multilayered piezoelectric element of the present inven-
tion are suitably applicable to the liquid ejection head, the
liquid ejection apparatus, the ultrasonic motor, the optical
equipment, the vibration device, the dust removing device,
the imaging apparatus, and the electronic equipment.
[0160] Through the use of the lead-free piezoelectric
ceramics including the second crystal grain of the present
invention, it is possible to provide the liquid ejection head
having the same or higher nozzle density and ejection
velocity than the case where the piezoelectric ceramics
containing lead is used.

[0161] Through the use of the lead-free piezoelectric
ceramics including the second crystal grain of the present
invention, it is possible to provide the liquid ejection appa-
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ratus having the same or higher ejection velocity and ejec-
tion accuracy than the case where the piezoelectric ceramics
containing lead is used.

[0162] Through the use of the lead-free piezoelectric
ceramics including the second crystal grain of the present
invention, it is possible to provide the ultrasonic motor
having the same higher driving power and durability than
the case where the piezoelectric ceramics containing lead is
used.

[0163] Through the use of the lead-free piezoelectric
ceramics including the second crystal grain of the present
invention, it is possible to provide the optical equipment
having the same or higher durability and operation accuracy
than the case where the piezoelectric ceramics containing
lead is used.

[0164] Through the use of the lead-free piezoelectric
ceramics including the second crystal grain of the present
invention, it is possible to provide the vibration device
having the same or higher vibration performance and dura-
bility than the case where a piezoelectric ceramics contain-
ing lead is used.

[0165] Further, through the use of the lead-free piezoelec-
tric ceramics including the second crystal grain of the
present invention, it is possible to provide the dust removing
device having the same or higher dust-removing efficiency
and durability than the case where a piezoelectric ceramics
containing lead is used.

[0166] Through the use of the lead-free piezoelectric
ceramics including the second crystal grain of the present
invention, it is possible to provide the imaging apparatus
having the same or higher dust-removing function than the
case where a piezoelectric ceramics containing lead is used.
[0167] Through the use of the piezoelectric acoustic com-
ponent using the lead-free piezoelectric ceramics including
the second crystal grain of the present invention, it is
possible to provide the electronic equipment having the
same or higher sound producing performance than the case
where a piezoelectric ceramics containing lead is used.
[0168] The piezoelectric ceramics of the present invention
can be used in such a device as an ultrasonic oscillator, a
piezoelectric actuator, a piezoelectric sensor, and a ferro-
electric memory, as well as the liquid ejection head, the
motor, and the like.

[0169] Although the detailed description is given below of
the present invention by way of examples and comparative
examples, the present invention is not limited to those
examples.

Example 1

[0170] An example of the piezoelectric ceramics including
the first crystal grain and the second crystal grain is
described.

[0171] Barium titanate particles each having an average
particle diameter of 100 nm (produced by Sakai Chemical
Industry Co., Ltd., product name: BT-01), calcium titanate
particles each having an average particle diameter of 1,000
nm, and calcium zirconate particles each having an average
particle diameter of 100 nm were mixed at a molar ratio of
81.5:12.5:6. The calcium titanate particles used in this
example were produced by solid state reaction. The calcium
zirconate particles used in this example were produced by a
hydrothermal synthesis method.

[0172] Manganese(Il) acetate was caused to adhere to
surfaces of the mixed particles with use of a spray dryer, to
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thereby obtain granulated powder. In the ICP mass spec-
troscopy, the content of manganese in the power was 0.18%
by mass.

[0173] The content of manganese was controllable by the
raw material charging ratio to the spray dryer. The granu-
lated powder was filled into a mold to be compressed. Thus,
a compact was produced.

[0174] The obtained compact was sintered to obtain a
piezoelectric ceramics. The calcination atmosphere was air.
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x=0.837, y=0.102, and 7=0.061. The composition of the
second crystal grain was x'=0.099, y'=0.881, and z=0.020.
Further, the content of manganese as a ceramics was 0.18%
by mass. The compositions and the average equivalent circle
diameters of the first crystal grain and the second crystal
grain, the percentage by area of the second crystal grain, and
the manganese composition of the entirety are shown in
Table 1.

TABLE 1
First crystal grain Second crystal grain
Average Average

equivalent equivalent Entirety
circle circle Mn

diameter diameter Percentage content

X z (um) x' y' z' (pm) by area  (wt %)
Example 1 0.837 0.102 0.061 7.4 0.099 0.881 0.020 1.6 3.0 0.18
Example 2 0.900 0.040 0.060 5.3 0.000 1.000 0.000 1.8 4.2 0.18
Example 3 0.846 0.055 0.099 3.8 0.033 0.917 0.050 1.1 2.1 0.25
Example 4 0.872 0.051 0.077 12.4 0.150 0.834 0.016 1.8 3.9 0.12
Example 5 0.883 0.062 0.055 30.0 0.105 0.882 0.013 2.0 1.6 0.40
Example 6 0.800 0.120 0.080 2.0 0.026 0.944 0.030 0.2 4.8 0.06
Example 7 0.826 0.122 0.052 14.3 0.009 0.980 0.011 1.5 0.5 0.18
Example 8 0.940 0.030 0.030 20.5 0.144 0.850 0.006 1.7 1.8 0.18
Example 9 0.760 0.130 0.110 3.2 0.083 0.876 0.041 0.3 0.6 0.18
Example 10 0.843 0.116 0.041 4.6 0.000 1.000 0.000 1.5 5.5 0.18
Example 11 0.885 0.042 0.073 7.7 0.008 0.943 0.049 0.4 0.4 0.18
Example 12 0.811 0.118 0.071 2.2 0.003 0.971 0.026 2.5 4.7 0.18
Example 13 0.867 0.073 0.060 28.6 0.096 0.889 0.015 1.8 1.7 0.41
Example 14  0.806 0.115 0.079 4.1 0.029 0.936 0.035 0.5 4.5 0.03
Comparative  0.839 0.101 0.060 9.6 — — — — 0.0 0.18

Example 1

First, the piezoelectric ceramics was kept at 600° C. for 3
hours to perform degreasing. Further, the piezoelectric
ceramics was kept at 1,340° C. for 2 hours to perform
calcination. After that, the piezoelectric ceramics was kept at
1,240° C. for 6 hours to perform calcination. The rate of
temperature increase was set to 10° C./minute, and the
thermocouple of the electric furnace was adjusted so that
overshoot that exceeds the sintering temperature by 10° C.
or more did not occur.

[0175] The surface of the piezoelectric ceramics of
Example 1 was polished, and then SEM observation was
performed.

[0176] As for polishing, a polishing paper with a grain size
of #800 and a polishing paper with a grain size of #2000
were sequentially used, and distilled water was used for
cooling. In a finishing step, buffing using colloidal silica
(grain diameter 60 nm) was performed. FIG. 15 shows an
SEM image of the piezoelectric ceramics of Example 1. The
piezoelectric ceramics includes pores 601, second crystal
grains 602, and first crystal grains. In FIG. 15, parts exclud-
ing the pores 601 and the second crystal grains 602 corre-
spond to the first crystal grains.

[0177] The average equivalent circle diameter of the first
crystal grain was 7.4 pum. The average equivalent circle
diameter of the second crystal grain was 1.6 um. Further, the
proportion of the second crystal grain in the observed plane
was 3.0% by area.

[0178] The composition of the first crystal grain was
measured by an EPMA. As a result, the composition was

Comparative Example 1

[0179] An example of the piezoelectric ceramics including
merely the first crystal grain is described.

[0180] Barium titanate particles each having an average
particle diameter of 100 nm (produced by Sakai Chemical
Industry Co., Ltd., product name: BT-01), calcium titanate
particles each having an average particle diameter of 300 nm
(produced by Sakai Chemical Industry Co., Ltd., product
name: CT-03), and calcium zirconate particles each having
an average particle diameter of 300 nm (produced by Sakai
Chemical Industry Co., Ltd., product name: CZ-03) were
mixed at a molar ratio of 84:10:6. Manganese(1]) acetate was
caused to adhere to surfaces of the mixed particles with use
of a spray dryer, to thereby obtain granulated powder. In the
ICP mass spectroscopy, the content of manganese in the
power was 0.18% by mass.

[0181] The content of manganese was controllable by the
raw material charging ratio to the spray dryer. The granu-
lated powder was filled into a mold to be compressed. Thus,
a compact was produced.

[0182] The obtained compact was sintered to obtain a
piezoelectric ceramics. The calcination atmosphere was air.
First, the piezoelectric ceramics was kept at 600° C. for 3
hours to perform degreasing. Further, the piezoelectric
ceramics was kept at 1,340° C. for 2 hours to perform
calcination. After that, the piezoelectric ceramics was kept at
1,240° C. for 6 hours to perform calcination. The rate of
temperature increase was set to 10° C./minute, and the
thermocouple of the electric furnace was adjusted so that
overshoot that exceeds the sintering temperature by 10° C.
or more did not occur.
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[0183] The surface of the piezoelectric ceramics of Com-
parative Example 1 was polished, and then SEM observation
was performed.

[0184] As for polishing, a polishing paper with a grain size
of #800 and a polishing paper with a grain size of #2000
were sequentially used, and distilled water was used for
cooling. In a finishing step, buffing using colloidal silica
(grain diameter 60 nm) was performed. FIG. 16 shows an
SEM image of the piezoelectric ceramics of Comparative
Example 1. The piezoelectric ceramics includes pores 601
and first crystal grains. In FIG. 16, parts excluding the pore
601 correspond to the first crystal grains. There were no
second crystal grains as observed in Example 1. The average
equivalent circle diameter of the first crystal grain was 9.6
um. The composition of the first crystal grain was measured
similarly to Example 1. As a result, the composition was
x=0.839, y=0.101, and z=0.060. Further, the content of
manganese as a ceramics was 0.18% by mass.

[0185] The results of the composition analysis, and the
average equivalent circle diameter of the first crystal grain
are shown in Table 1.

Examples 2 to 14

[0186] Piezoelectric ceramics were produced similarly to
Example 1 except that the molar ratio of the raw material
particles (barium titanate particle, calcium titanate particle,
and calcium zirconate particle) and the amount of manga-
nese doped were changed.

[0187] The compositions, the average equivalent circle
diameters, and the percentages by area, which were obtained
similarly to Example 1, are shown in Table 1.

[0188] (Measurement of Qm)

[0189] On front and rear surfaces of each piezoelectric
ceramics obtained in Examples 1 to 14 and Comparative
Example 1, gold electrodes were formed by a DC sputtering
method as electrodes. The piezoelectric ceramics with the
electrodes were cut and processed. Thus, a plate-like ceram-
ics of 12 mmx3 mmx1 mm was produced.

[0190] The plate-like ceramics was subjected to polariza-
tion treatment in silicone oil. The oil temperature was 100°
C., the polarization voltage was DC 1 kV, and the voltage
application time was 30 minutes.

[0191] The plate-like ceramics subjected to polarization
treatment was used for piezoelectric constant measurement.
Specifically, an impedance analyzer device (Agilent Tech-
nologies, Inc., product name: 4294A) was used to measure
the frequency dependence of the impedance of the ceramic
sample. Then, the piezoelectric constant d;; (pm/V) was
obtained based on the observed resonance frequency and
antiresonance frequency. The piezoelectric constant d;; is a
negative constant, and a larger absolute value means a
higher piezoelectric performance. Further, simultaneously,
the mechanical quality factor Qm can be calculated. The
results are shown in Table 2.

[0192] (Measurement of Mechanical Strength)

[0193] The strength test was carried out based on the JIS
standards (JIS R 1601, testing method for flexural strength
of fine ceramics at room temperature). The piezoelectric
ceramics obtained in each of Examples 1 to 14 and Com-
parative Example 1 was cut and processed, and thus a test
piece of 36 mmx3 mmx4 mm was produced. The test piece
was subjected to four-point bending test and its fracture load
was measured. Then, the flexural strength was calculated
based on the fracture load. The results are shown in Table 2.
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TABLE 2
Piezoelectric Flexural
d31 constant strength
(pm/'V) Qm (MPa)
Example 1 -80 1,200 140
Example 2 =79 1,300 152
Example 3 -82 1,500 125
Example 4 =78 1,100 136
Example 5 =78 1,200 130
Example 6 -81 1,100 139
Example 7 =79 1,200 123
Example 8 =73 1,200 135
Example 9 -74 1,200 122
Example 10 =76 1,300 161
Example 11 =77 1,200 121
Example 12 =75 1,200 139
Example 13 =76 1,500 134
Example 14 =72 1,000 138
Comparative -69 800 106
Example 1
[0194] As described above, it was confirmed that, because

the second crystal grain coexisted, the Qm and the mechani-
cal strength of the piezoelectric ceramics were enhanced.

[0195] (Production and Evaluation of Multilayered Piezo-
electric Element)

[0196] The multilayered piezoelectric element of the pres-
ent invention was produced.

Example 15

[0197] The barium titanate particles each having an aver-
age particle diameter of 100 nm (produced by Sakai Chemi-
cal Industry Co., Ltd., product name: BT-01), calcium
titanate particles each having an average particle diameter of
1,000 nm, calcium zirconate particles each having an aver-
age particle diameter of 100 nm, and trimanganese tetraox-
ide (Mn;0,) were weighed to obtain the composition of
Table 1 described in Example 1. The weighed raw material
powders were mixed, and mixing was performed by a ball
mill for one night, to thereby obtain mixed powder.

[0198] PVB was added and mixed to the obtained mixed
powder. After that, a sheet was formed by a doctor blade
method to obtain a green sheet having a thickness of 50 um.

[0199] A conductive paste for the internal electrode was
printed on the above-mentioned green sheet. As the conduc-
tive paste, an alloy paste of Ag 60%-Pd 40% was used. Nine
green sheets each having the conductive paste coated
thereon were stacked, to thereby obtain a multilayered body.
The multilayered body was first kept at 600° C. for 3 hours
to perform degreasing. Further, the multilayered body was
kept at 1,320° C. for 2 hours to perform calcination. After
that, the multilayered body was kept at 1,220° C. for 6 hours,
and thus the piezoelectric ceramics was obtained.

[0200] Subsequently, the surface of the piezoelectric
ceramics was polished, and then SEM observation was
performed. As for polishing, a polishing paper with a grain
size of #800 and a polishing paper with a grain size of #2000
were sequentially used, and distilled water was used for
cooling. In a finishing step, buffing using colloidal silica
(grain diameter 60 nm) was performed. The piezoelectric
ceramics included the pores, the first crystal grains, and the
second crystal grains.

[0201] The average equivalent circle diameter of the first
crystal grain was 6.1 pm. The average equivalent circle
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diameter of the second crystal grain was 1.1 um. Further, the
proportion of the second crystal grain in the observed plane
was 4.4% by area.

[0202] The composition of the first crystal grain was
measured by an EPMA. As a result, the composition was
x=0.837, y=0.102, and z=0.061. The composition of the
second crystal grain was x'=0.099, y'=0.881, and z'=0.020.
Further, the content of manganese as a ceramics was 0.18%
by mass.

[0203] The piezoelectric ceramics was cut into a size of 12
mmx3 mm, and then its side surface was polished. After
that, a pair of external electrodes (first electrode and second
electrode, gold electrodes) for causing the internal electrode
to alternately short-circuit was formed by DC sputtering.
Thus, the multilayered piezoelectric element as illustrated in
FIG. 2B was produced.

[0204] The internal electrode of the obtained multilayered
piezoelectric element was observed. As a result, Ag—Pd as
an electrode material was formed alternately to the piezo-
electric material.

[0205] In order to evaluate the piezoelectric constant, the
sample was subjected to polarization treatment. Specifically,
the sample was heated at 100° C. in silicone oil. The
polarization voltage of DC 1 kV/mm was applied for 30
minutes.

[0206] The piezoelectric property of the obtained multi-
layered piezoelectric element was evaluated. As a result, a
sufficient insulation property was obtained, and a sufficient
piezoelectric property equivalent to that of the piezoelectric
ceramics of Example 1 was obtained.

Example 16

[0207] Mixed powder was produced by a method similar
to that of Example 15. The obtained mixed powder was
calcined while being rotated in the atmosphere at 1,000° C.
for 3 hours. Thus, calcined powder was obtained. A ball mill
was used to disintegrate the obtained calcined powder. PVB
was added and mixed to the obtained calcined powder, and
then a doctor blade method was used for sheet formation.
Thus, a green sheet having a thickness of 50 um was
obtained. A conductive paste for the internal electrode was
printed on the above-mentioned green sheet. As the conduc-
tive paste, an Ni paste was used. Nine green sheets each
having the conductive paste coated thereon were stacked,
and the obtained multilayered body was subjected to
thermo-compression bonding.

[0208] The multilayered body subjected to thermo-com-
pression bonding was calcinated in a tubular furnace. The
calcination was performed in the atmosphere until the tem-
perature reached to 300° C. to perform degreasing. After
that, the atmosphere was changed to a reducing atmosphere
(H2:N2=2:98, oxygen level 2x10° Pa), and the multilayered
body was kept in the atmosphere at 1,320° C. for 5 hours.
After that, the multilayered body was kept at 1,220° C. for
6 hours. In the temperature decreasing process, when the
temperature became 1,000° C. or less, the oxygen level was
changed to 30 Pa and the multilayered body was cooled until
room temperature. Thus, the piezoelectric ceramics was
obtained.

[0209] Subsequently, the surface of the piezoelectric
ceramics was polished, and then SEM observation was
performed. As for polishing, a polishing paper with a grain
size of #800 and a polishing paper with a grain size of #2000
were sequentially used, and distilled water was used for
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cooling. In a finishing step, buffing using colloidal silica
(grain diameter 60 nm) was performed. The piezoelectric
ceramics included the pores, the first crystal grains, and the
second crystal grains.

[0210] The average equivalent circle diameter of the first
crystal grain was 5.9 pm. The average equivalent circle
diameter of the second crystal grain was 1.6 um. Further, the
proportion of the second crystal grain in the observed plane
was 3.9% by area.

[0211] The composition of the first crystal grain was
measured by an EPMA. As a result, the composition was
x=0.837, y=0.102, and 7=0.061. The composition of the
second crystal grain was x'=0.099, y'=0.881, and z=0.020.
Further, the content of manganese as a ceramics was 0.18%
by mass.

[0212] The piezoelectric ceramics was cut into a size of 12
mmx3 mm, and then its side surface was polished. After
that, a pair of external electrodes (first electrode and second
electrode, gold electrodes) for causing the internal electrode
to alternately short-circuit was formed by DC sputtering.
Thus, the multilayered piezoelectric element as illustrated in
FIG. 2B was produced.

[0213] The internal electrode of the obtained multilayered
piezoelectric element was observed. As a result, Ag—Pd as
an electrode material was formed alternately to the piezo-
electric material.

[0214] In order to evaluate the piezoelectric constant, the
sample was subjected to polarization treatment. Specifically,
the sample was heated at 100° C. in silicone oil. The
polarization voltage of DC 1 kV/mm was applied for 30
minutes.

[0215] The piezoelectric property of the obtained multi-
layered piezoelectric element was evaluated. As a result, a
sufficient insulation property was obtained, and a sufficient
piezoelectric property equivalent to that of the piezoelectric
ceramics of Example 1 was obtained.

Example 17

[0216] Through the use of the same piezoelectric element
as Example 1, the liquid ejection head illustrated in FIGS.
3A and 3B was manufactured. It was confirmed that ink was
ejected in accordance with an input electric signal.

Example 18

[0217] Through the use of the same liquid ejection head as
Example 17, the liquid ejection apparatus illustrated in FIG.
4 was manufactured. It was confirmed that ink was ejected
on a recording medium in accordance with an input electric
signal.

Example 19

[0218] Through the use of the same piezoelectric element
as Example 1, the ultrasonic motor illustrated in FIG. 6A
was manufactured. It was confirmed that the motor rotated
in accordance with an applied alternating voltage.

Example 20

[0219] Through the use of the same ultrasonic motor as
Example 19, the optical equipment illustrated in FIGS. 7A
and 7B was manufactured. It was confirmed that the auto-
matic focus operation was performed in accordance with an
applied alternating voltage.
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Example 21

[0220] Through the use of the same piezoelectric element
as Example 1, the dust removing device illustrated in FIGS.
9A and 9B was manufactured. Plastic beads were scattered,
and an alternating voltage was applied. Then, it was con-
firmed that the dust was removed with sufficient dust remov-
ing efficiency.

Example 22

[0221] Through the use of the same dust removing device
as Example 21, the imaging apparatus illustrated in FIG. 12
was manufactured. During operation, the dust on the surface
of the imaging unit was sufficiently removed, and an image
without a dust defect was obtained.

Example 23

[0222] Through the use of the same multilayered piezo-
electric element as Example 15, the liquid ejection head
illustrated in FIGS. 3A and 3B was manufactured. It was
confirmed that ink was ejected in accordance with an input
electric signal.

Example 24

[0223] Through the use of the same liquid ejection head as
Example 23, the liquid ejection apparatus illustrated in FIG.
4 was manufactured. It was confirmed that ink was ejected
on a recording medium in accordance with an input electric
signal.

Example 25

[0224] Through the use of the same multilayered piezo-
electric element as Example 15, the ultrasonic motor illus-
trated in FIG. 6B was manufactured. It was confirmed that
the motor rotated in accordance with an applied alternating
voltage.

Example 26

[0225] Through the use of the same ultrasonic motor as
Example 25, the optical equipment illustrated in FIGS. 7A
and 7B was manufactured. It was confirmed that the auto-
matic focus operation was performed in accordance with an
applied alternating voltage.

Example 27

[0226] Through the use of the same multilayered piezo-
electric element as Example 15, the dust removing device
illustrated in FIGS. 9A and 9B was manufactured. Plastic
beads were scattered, and an alternating voltage was applied.
Then, it was confirmed that the dust was removed with
sufficient dust removing efficiency.

Example 28

[0227] Through the use of the same dust removing device
as Example 27, the imaging apparatus illustrated in FIG. 12
was manufactured. During operation, the dust on the surface
of the imaging unit was sufficiently removed, and an image
without a dust defect was obtained.
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Example 29

[0228] Through the use of the same multilayered piezo-
electric element as Example 15, the electronic equipment
illustrated in FIG. 14 was manufactured. It was confirmed
that the speaker operated in accordance with an applied
alternating voltage.

INDUSTRIAL APPLICABILITY

[0229] According to the present invention, it is possible to
provide the lead-free piezoelectric ceramics having
enhanced Qm and mechanical strength. The lead-free piezo-
electric ceramics of the present invention is environmentally
clean, and hence can be utilized without problems in a
device which uses a piezoelectric ceramics, such as a liquid
ejection head, an ultrasonic motor, and a dust removing
device.

[0230] While the present invention has been described
with reference to exemplary embodiments, it is to be under-
stood that the invention is not limited to the disclosed
exemplary embodiments. The scope of the following claims
is to be accorded the broadest interpretation so as to encom-
pass all such modifications and equivalent structures and
functions.

[0231] This application claims the benefit of Japanese
Patent Application No. 2012-081216, filed Mar. 30, 2012,
which is hereby incorporated by reference herein in its
entirety.

REFERENCE SIGNS LIST

[0232] 1 first electrode

[0233] 2 piezoelectric ceramics
[0234] 3 second electrode

[0235] 101 piezoelectric element
[0236] 102 individual liquid chamber
[0237] 103 diaphragm

[0238] 104 liquid chamber partition wall
[0239] 105 ejection orifice

[0240] 106 communicating hole
[0241] 107 common liquid chamber
[0242] 108 buffer layer

[0243] 1011 first electrode

[0244] 1012 piezoelectric ceramics
[0245] 1013 second electrode
[0246] 201 oscillator

[0247] 202 rotor

[0248] 203 output shaft

[0249] 204 oscillator

[0250] 205 rotor

[0251] 206 spring

[0252] 2011 elastic ring

[0253] 2012 piezoelectric element
[0254] 2013 organic adhesive
[0255] 2041 metal elastic body
[0256] 2042 multilayered piezoelectric element
[0257] 310 dust removing device
[0258] 330 piezoelectric element
[0259] 320 diaphragm

[0260] 330 piezoelectric element
[0261] 331 piezoelectric ceramics
[0262] 332 first electrode

[0263] 333 second electrode

[0264] 336 first electrode plane
[0265] 337 second electrode plane
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[0266]
[0267]
[0268]
[0269]
[0270]
[0271]
[0272]
[0273]
[0274]
[0275]
[0276]
[0277]
[0278]
[0279]
[0280]
[0281]
[0282]
[0283]
[0284]
[0285]
[0286]
[0287)]
[0288]
[0289]
[0290]
[0291]
[0292]
[0293]
[0294]
[0295]
[0296]
[0297]
[0298]
[0299]
[0300]
[0301]
[0302]
[0303]
[0304]
[0305]
[0306]
[0307]
[0308]
[0309]
[0310]
[0311]
[0312]
[0313]
[0314]
[0315]
[0316]
[0317]
[0318]
[0319]

310 dust removing device
320 diaphragm

330 piezoelectric element

51 first electrode

53 second electrode

54 piezoelectric ceramic layer
55 internal electrode

501 first electrode

503 second electrode

504 piezoelectric ceramic layer
505 internal electrode

506a external electrode
5065 external electrode
1601 camera main body
1602 mount portion

1605 mirror box

1606 main mirror

200 shutter unit

300 main body chassis

400 imaging unit

701 front unit lens

702 rear unit lens (focus lens)
711 attachable/detachable mount
712 fixed barrel

713 linear guide barrel

714 front unit barrel

715 cam ring

716 rear unit barrel

717 cam roller

718 axial screw

719 roller

720 rotation transmission ring
722 roller

724 manual focus ring

725 ultrasonic motor

726 wave washer

727 ball race

728 focus key

729 joining member

732 washer

733 low friction sheet

881 liquid ejection apparatus
882 sheathing

883 sheathing

884 sheathing

885 sheathing

887 sheathing

890 recovery unit

891 recording unit

892 carriage

896 device main body

897 automatic feeding unit
898 cjection orifice

899 conveying unit
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[0320] 901 optical equipment
[0321] 908 release button
[0322] 909 stroboscopic light emission unit
[0323] 912 speaker

[0324] 914 microphone

[0325] 916 fill light unit

[0326] 931 main body

[0327] 932 zoom lever

[0328] 933 power button
[0329] 601 pore

[0330] 602 second crystal grain

1. (canceled)

2. A piezoelectric ceramics, comprising:

a first crystal grain including an oxide containing Ba, Ca,

Ti, and Zr; and

a second crystal grain including an oxide containing Ca

and Ti;

wherein the second crystal grain contain a larger amount

of Ca than the first crystal grain,

wherein an average equivalent circle diameter of the first

crystal grain is larger than an average equivalent circle
diameter of the second crystal grain, and

wherein when the piezoelectric ceramics is polished, a

ratio of an area of the first crystal grain in a polished
surface of the piezoelectric ceramics is larger than a
ratio of an area of the second crystal grain in the
polished surface.

3. The piezoelectric ceramics according to claim 2,
wherein the average equivalent circle diameter of the second
crystal grain is 200 nm to 2 pum.

4. The piezoelectric ceramics according to claim 2,
wherein the average equivalent circle diameter of the first
crystal grain is 2 pm to 30 pm.

5. The piezoelectric ceramics according to claim 2,
wherein the first crystal grain contains Mn in an amount of
0.05% by weight to 0.40% by weight.

6. The piezoelectric ceramics according to claim 2,
wherein 0.85<y'<1.00, where y' is a ratio of a mole number
of Ca to a sum of a mole number of Ba and Ca in the second
crystal grain.

7. A piezoelectric element, comprising:

a first electrode;

the piezoelectric ceramics according to claim 2; and

a second electrode.

8. A multilayered piezoelectric element, comprising a
piezoelectric ceramic layer and an electrode layer, which are
alternately stacked,

wherein the piezoelectric ceramic layer comprises the

piezoelectric ceramics according to claim 2.

9. An electronic equipment, comprising the piezoelectric
element according to claim 7.

10. An electronic equipment, comprising the multilayered
piezoelectric element according to claim 8.

#* #* #* #* #*



