
DESCRIPT ON 0- LEAD-FREE PIEZOELECTRIC CERAMIC COMPOSITION,
PIEZOELECTRIC ELEMENT COMPRISING SAME, KNOCK SENSOR, AND PROCESS FOR
PRODUCTION OF LEAD-FREE PIEZOELECTRIC CERAMIC COMPOSITION Technical
Field [0001]The present invention relates to a ad-free piezoelectric
ceramic composition for a piezoelectric device and the like and to a
process for production of the lead-free piezoelectric ceramic
composition. Background [0002]The majority of conventionally
mass-produced piezoelectri ceramic compositions are PZT (lead.
zirconate titanate) materials and thus contain lead,recent years, the
development of lead-free piezoelectric ceramic materials has been
desired in order to eliminate the adverse influence of lead on the
environment. As such lead-free piezoelectric ceramic materials
(called "lead-free piezoelectric ceramic compositions", there have
been proposed those represented by the compositional formula: ANbOi-i
(where A is an alkali metal) such as potassium sodium niobate
(DKI,Na)1*Th03). However, the lead-free ,AN1,01 piezoelectric ceramic
compositions themselves have the problem of poor 20sinterahility and
moisture resistance. [0003]As a measure against this problem, Patent
Document 1 discloses a teolmicitte of adding Cu, Li, Ta or the Eke to
a lead-free ANtiD3 piezoelectric ceramic composition so as to obtain
:improvements in sinterability and in piezoelectric properties.
[0004]Further, Patent Document 2 discloses a lead-free piezoelectric
ceramic composition represented hy the general formula:
(Lix(KyyNtiOiii,;}(Nh.:512403 (where 0< x- 0.2; 0 <y <1.0; and 0 f:a
0.2 except for the ease of x fl a= 0) and capable of showing
relatively good sinterability and piezoelectric properties. Prior Art
Documents Patent Document 100051Patent Document 1: Japanese
Laid--Open Patent Publication No. 2000-313664           Patent
Document 2: Japanese Laid-Open Patent Publication No.2003-342069
Summary of the Invention 



Problems to be Solved by the invention [00061The piezoelectric
ceramic composition of Patent Document I shows improved
sinterahility: but has inferior piezoelectric properties to those of
the conventional lead-containing piezoelectric ceramic compositions
and time does not attain sufficient practicably. On the other hand,
the piezoelectric ceramic composition of Patent Document 2 attains a
relatively high piezoelectric constant, but has a. phase transition
point between -50C. and +150C. and thus shows abrupt property changes
above and below the phase transition point. 0071Ii is an object of /e
present invention to provide a lead-fiee piezoelectric 10ceramic
composition having good piezoelectric properties without abrupt
property- changes in a range of -50"C to +150"C. It is also an object
of the present invention to provide a piezoelecti-le element using
the, lead-free piezoelectric ceramic composition and to provide a
process for production of the lead-free piezoelectric ceramic
composition.. Ivieans for Sc'obit [0008]The present invention has
been made to solve at least part of the above-mentioned problems and
can be embodied in the following aspects or application examples.
[.0009][Application Example 1] A lead-free piezoelectric ceramic
composition, comprising: 20a first crystal phase of alkali
niobateltantalate type perovskite oxide having piezoelectric:
properties; and           a second crystal phase of A-Ti-B-0
composite oxide (where the element A is an alkali metal; the element
B is at least one of Elb and fa j and the contents of the element A.
the element B and Ti are not zero).           it is possible
according to this aspect that he lead-free pczoele.ctnc ceramic
composition can have better piezoelectric properties than those of a
composition consisting only of the first crystal phase and shows no
abrupt property changes between --50"C and +150C. [0010][Application
Example 21           The Mad-free piezoelectric ceramic comp
Applicaiion Example 1, wherein the second crystal phase contains at
least one of a crystal phase represented by A1--Jij.rByOc and a
crystal phase represented by AlTi3B L09. 



It is possible according to this aspect that the leae piezoelectric
ceramic COMpOS111 0 t3 can have good piezoelectric properties and
shows no abrupt property changes between -50'C and -3-150"C as the
second crystal phase exhibits good piezoelectric properties,
[0011[Application Example The lead-free piezoelectric ceramic
composition according Exaropie 2, wherein the second crystal phase is
a crystal phase represented by t.05. 1355.10i"g to this aspect that
the lead-free piezoelectric ceramic 10COM OSiti 011 can have better
piezoelectric properties than those of a composition consisting only
of the first crystal phase and shows no abrupt property changes
between -50112 tnd 4-150C., [0012][Application Example 4] The
lead-thee piezoelectric. ceramic_.()c ding to Application Example 2.
wherein x satisfies 0 <x-< 0,15,          it is possible according to
this aspect that the lead-free piezoelectric ceramic composition as a
whole can have good piezoelectric properties. It is also possible to,
as the second crystal phase becomes stable, ensure the stability of
the lead-free piezoelectric: composition as a whole and improve the
insulating properties of the lead-free piezoelectric. 20ceramic
composition. [001$][Application Example 51          The lead-fre.e
piezoelectric cc L. tic composition according to Appiieatio Example
4, wherein the element A is K.          It is possible according to
this aspect that the lead-free piezoelech flipOS ion can be provided,
with good piezoelectric properties at low cost. [0014][Application
Example 61 



The lead-free piezoelec,trio ceramic composition according Appli
Example 4, wherein the element A is Cs; and wherein X satisfies 0
:E::x          It is possible according to this aspect that the
lead-free piezoelectric ceramic composition as a whole can have good
piezoeiectsic properties as the second crystal phase becomes more
stable. it is also possible to increase the stability of the lead-
free piezoelectric ceramic composition as a whole and improve the
insulating properties of the  lead-licepiezoelectric ceramic compos n
[00151[Application Example 7]          The lead-free piezoelectric
ceramic conxposi aon accordtng to any one Of Application Examples I
to 6, wherein the element B is Nb.          It is possible according
to this aspect that the lead-free piezoelectric ceramic composition
can be provided with high. heat resistance at low cost and can also
have a higher Curie temperature (TO than that of the case where the
element. B is Ta. 00 16][Application Example 8] The lead-free
piezoelectric ceramic composition according to any one of
10Application Examples 1 to 1, wherein the content at the second
crystal phase in. the lead-free piezoelectric ceramic composition is
more than 0 nail% and less than or equal to IS nio1%.          It is
possible according to this aspect that the lead-free piezoelectric
ceramic composition can have a high piezoelectric constant.
15[0017][Application Example 9]          The lead-free piezoelectric
ceramic composition according to any one of Application Examples I to
8, wherein the alkali niobateltantalate type perovskite oxide of the
first crystal phase contains an alkaline-earth metal.
It is also possible accordin.g to ilas aspect that the lead-free
piezoelectric 110ceramic composition can have good piezoelectric
properties. [0018][Application Example 101          The lead-free
piezoelectric ceramic composition according to Application Example 9,
wherein the alkali nitibatettantalate type perovskite oxide of the
East crystal phase is represented by (KaNabLECADOT(where the element
C is at least one alkaline-earth metal selected from Ca, Sr and Ba;
the element D is at least one of Nb and c and a' satisfy a + h t-
c4.dZr 1; and e and are each an arbitrary value). 



It is possible that the lead-free piezoelectric ceramic composition
with these first and second. crystal phases can have good insulating
properties and piezoelectric properties. [00191[Application Example
Ii] The lead-free piezoelectric ceramic compositionto Application
Example 10, wherein a satisfies 0.97 a 1.08.           Tt is possible
according to this aspect that the lead-free piezoelectric. ceramic
composition can have better piezoelectric propertics [0020]tien Exam
e 121          The lead-free piezoelectric ceramic composition
according to any one of Application Examples Ito ii, further
comprising at least one metal element selected from Cu, Ni, Co, Fe,
Mn. Cr, Zr,Ag; In, Sc and Bi. It is also possible according to this
aspect that thepiezoelectric ceramic composition can have good
piezoelectric. properties. [002]1[Application Example 13] 10A
piezoelectric element, comprising:          a piezoelectric ceramic
body thrilled of the lead-free p:ezociectnc ceramic composition
according to any one of Application Examples I to 12; and electrodes
fixed to the piezoelectric: ceramic body, [Application Example 14]
A knock sensor comprising the piezoelectric element according to
Applic Example 13. [0023][Application Example 15]          An
ultrasonic transducer conuprismg the piezoelect.ric clement according
to Application Example 13. 



[0024][Application. Example 16]           A cutting tool comprising
the piezoelectric element according to Application Example 13.
[0025][Application Example IT] A process for production of the
lead-free piezoelectric ceramic composition 2 5according to any one
of A.pplication Examples I to 12, comprising:           preparing a
first powder by mixing and calcinating raw materials of the first
crystal phase;           preparing a second powder by mixing and CA
hin,iting raw materials of the second. crystal phase; and
forming the lead-free piezoelectric ceramic composition by mixing the
first and second powders into a mixed power material and then;
molding and baking the mixed powdeE Material,           in tins
production process, the first and second crystal phases are to
separately. It is thus possible to control the compositions of the
first and second crystal phases more strictly and improve the yield
of the lead-free piezoelectric ceramic composition. Brief Description
off rav4ugs [00261FIG I is a flowchart showing a process
forproduction of a piezoelectric, element according to one embodiment
of the present invention.           FIG 2 is a perspective view of a
pi-foelectric element according to one embodiment of the present
invention.          FIG: 3A is a perspective view of a knock sensor
according to one embodiment of the present invention, FIG. 3B is a
vertical seetioi 7;Ern dtTaS013i 14 xsducr ceo Jin to one cml odiment
of the present invention.                 FIG 3C is a perspective
view ol'1 cutting tool according to one embodiment of 15the present
invention, 



FIG 4 is a diagram showing experimental results ahoi.t the influence
of the content of the secondary phase and the like on the properties
of the ezoelectric ceramic composition. FIG 5 is a graph showing
experimental results about the influence of the 20content of the
secondary phase on the piezoelectric constant ofpiezoelectric ceramic
composition.          FIG 6 is a diagram showing experimental resuhs
about the influ-e of the content of the secondary phase and the like
on the phase transition temperature of the piezoelectric ceramic
composition.          FIG. 7 is a diagram showing experimental
results about the influence of factor eofth,e compositional fermata
of the main phase on the properties of the piezoelectric ceramic
composition.          FIG 8 is a graph showing experimental results
about the influence of the factor e of the compositional formula of
the main phase on the properties of the piezoelectric ;:triceramic
composition.          FIG 9 is a diagram showing experimental results
about the influenc.e of the additive metal on the properties of the
piezoelectric ceramic composition.  7          FIG 10 is a diagram
showing experimental results about the influence of the presence or
absence of the secondary phase on the insulating properties of the
piezoelectric ceramic composition.          FIG II is a diagram
showing analysis results on the Second crystal phase of the
piezoelectric ceramic composition in the case of mixing; a Klitilii05
phase as the secondary phase.          FIG 12 is a diagram showing
analysis results on the second crystal phase of the piezoelectric
ceramic composition in the case of mixing a KII3NB09 phase as the
secondary phase. 10FIG 13 is a diagram showing other experimental
results about the influence of the additive metal on the properties
of the piezoelectric ceramic composition.          FIG 14 is a
diagram showing results of thermal cycle test on the piezoelectric
ceramic composition. Best Modes for Camino Out the Invention 



15[00271A lead-free piezoelectric ceramic composition according 1:0
one embodiment of the present invention includes a first crystal
phase of alkali niobateltantalate, type perovskite oxide haying
piezoelectric properties and a second crystal phase having DO
piezoelectric properties. In the present embodiment, the lead-free
piezoelectric ceramic composition typically contains more than 0
rnol% to less than 20 mol% of the second 20crystal phase and the
balance being the first crystal phase. The first crystal phase and
the second crystal phase are hereinafter sometimes referred to as
"main phase" and "secondary phase", respectively. Typical examples of
the lead-free piezoelectric ceramic composition are those in which
the second crystal phase is fotined of a layered-structure compound
(a layered compound). in these examples, the second crystal phase can
be mixed with the first crystal phase so as to improve the
sinter-ability and insulating properties of the piezoelectric ceramic
composition. Further, the crystal structure of the first crystal
phase can be stabilized so as not to cause abrupt property changes
due to a phase transition between 50C and +150C. [0028]The perovskite
oxide of the first crystal phase is preferably either an alkali
niobate peroyskite oxide or an alkali tantalate perovskite oxide. The
term "alkali niobatekantalate type perovskite oxide" is a generic
name fix these two kinds of percwskite oxides. The alkali
nioliateitantalate type perovskite oxide contains, as an alkali
element,  at least an a., "di metal (such as Li, Na. and K.)
andionally an a-earth:tie:al (s.  as Ca (calcium), Sr (strontium) and
Lia (barium)). As the alkali niohatehantalate type perovskite oxide,
preferred are those represented by the following compositional
formula. [009.9][Compositional Formula of Preferred First Crystal
Phase] (K"NabLic(134,IDOf Herein, the element C is at least one
aikaiineearth metal. selected from Ca (calcium;. Sr (strontium.) and
Ba (barium); the element is at least one orNb (niobium) and Ta
(tantalum); a, b, c and al satisfy a -1- b + c i; and e andf are each
an arbitrary value. [0030]In the above compositional formula, the
A-site of the perovskite structure. is 10 occupied by K (potassium),
Na (sodium), Li (lithium) and the element C (Ca, Sr; Bea); and the
13-site of the perovskite structure is occupied by the element D (Nb,
Ta), Namely, the alkali te/tantalate type perovskite oxide has one or
more alkali metals (K, Na, Li) and optionally the alkaline-earth
metal (Ca,.Ba) at the A-site and one or more of Nb (niobium) and Tn.
(tantalum) at the B--site. 15[0031]The factors a to/are preferably
selected; in view of the electrical or 



piezoelectric properties (notably, piezoelectric constant dit) of the
lead-free piezoelectric ceramic composition, from various possible
combinations of values that the perovskite structure can be formed.
More specifically, the factors a, b, e and (.1 satisfy 0 5 a 5 1, 0
-,;:b :ill I, 0 ill c-i; I and 0 2;ci S 1, respectively, except for
the case of a b -c = 0 (\i,o, the case 20where the perovskite oxide
contains none of K (potassium); Na. (sodium) and Li (lithium)). The
factor a for K (potassium) and the factor 6 for Na (sodium) typically
satisfy 0 < a . 0.0 and 0 <6 S 0,6. The factor a fin Li (lithium) may
be zero but preferably- satisfies 0 < o 502, more preferably 0 < e
0.1. The factor d for the element C (Ca, Sr, BO may also be zero but
preferably satisfies 0 < ci 2; 0.1, more preferably 0 <a 50.05.
Further, the factor e for the entire A-site takes any arbitrary value
but typically satisfies 0.9 Se < 1.1, preferably 0.975/c S 1.08" more
preferably 1.005 e < 1.08. [0032]In the above compositional thmaula,
the valence of K, N a and Li are each 4-1, the valence of the element
C (Ca, Sr, Ba) is 1-2; the valence of the element D (Nb, Ta) is +5;
and the valence of 0 (oxygen) is -t2. The factorf takes any arbitrary
value that the perovskite oxide can be constituted by the first
crystal phase. i\pically, the factorfis about 3. The factors a to/
can be expressed by the following formula (1) based on the electrical
neutralization conditions of the composition.  [00331(Cir [0034]A
typical example of the composition of the first crystal phase is (K,
Na, Li,  Ca): 07Nb03.06 (Where the factors ato d are omitted). In
this case, the first crystal phase contains K (potassium), Na
(sodium) and Nb (niobium) as its main inetal components. The material
formed of such a first crystal phase is also called "KNN" or "KINN
material", The piezoelectric ceramic composition can be provided with
good piezoelectric properties at low cost by selection of Ca
(calcium) as the (dement (land  Nb (niobium) as the element 0 as
indicated above. [0035]As the secondta.! phase, preferred are
thoserepresented by the following 10compositional formula.
[Compositional Formula of Preferred Second Crystal Phase]
Al-ajli-r.Birtdis Herein, the element. A is at least one alkali metal
selected froin K (potassium), Rb (rubidium) and Cs (cesium); the.
element B is at /east one of Nb (niobium) and 'La 15(tantalum.); and.
x is an arbitrary value. Preferably, the factor x satisfies 0 x <
0.15. When the factor x: thUs within such a range, the second crystal
phase can attain a stable and uniforin structure. 



[0036]Specific examples of the second crystal phase represented. by
the above composhional formula are KTINb05, KO, ;0 9oN1)1,1cQs,
K0gsTi0,g5Nbi.;505, RbTiNb05, Rbo,90Ti0.9011511)].1005,
Rbes5TirrgsNh1.i505, CsTiNb05, Cs09eTia9oNbi.;005., KTiTaOs and
CsTiTa05. In view of the structural stability of the second crystal
phase, it is preferable that the factor x satisfies ( 0.15 in the
case where the element A is K (potassium') or Rb (rubidium) and
satisfies 0 ..x < 0.10 in the case where the element A is Cs
(cesium), The piezoelectric ceramic composition can be provided with
good properties at low cost by 25selection of K (potassium) as the
element A and NI) (niobium) as the element B. [0037]Although the
second crystal phase does not exhibit piezoelectric properties, the
coexistence of the second crystal phase with the first crystal phase
leads to improvements in the siererability and., in addition,
insulating properties of the piezoelectric ceramic composition and
contributes to the effect that the piezoelectric ceramic composition
does not show a phase transition point between -50C and 4-150C. The
reason for the effect that the piezoelectric ceramic composition can.
attain, improved insulating properties and shows no phase transition
point in the above range are assumed that second crystal phase is  10
ofstri ct:o ound (layered compound), Herein, it has been reported
that the  second crystal phase bas a stable structure by If Rebbah et
al,, Journal of Solid State Chemistry, Vol. 3 P. 321128, 1980, which
is hereby wholly incorporated by reference, [0038]The content of the
second crystal phase in the composition is more than 0 mol% and less
than20 mo.1%, preferably more than 0 mol% and less than or equal to
15 mo18.4:, There is a tendency that the composition shows abrupt
property changes between -50"C and +150"C if the composition has no
second crystal phase (i.e. the m position consists only of the first
crystal phase), if the content of the second crystal phase exceeds 15
mol%, there is a possibility that the piezoelectric properties
(notably; piezoelectric constant tin) of the composition may he
deteriorated, [0039]A typical example of the composition of the
second crystal phase is K.0,0lio.a5Nbi.1505. In this case, the second
crystal phase contains Nb (niobium), Ti (titanium) and K (potassium)
as its main metal components. The material formed of such a second
crystal phase is also called "NTK" or "NTK material". 1510040]As the
second crystal phase, there are also preferred thoseesented by
A1Tic3B.109 in addition to those represented by .A.1",Bi"05.. In the
present specification; the factor "1" may be systematically indicated
for the pmpose of clarifying the difference in crystal pbase between
A iTi31,33109 and A.,,,,Til."13:1",..05 although it is common
practice to omit the factor "1" from the compositional formula.
Hereinarier" the 20crystal phase represented by A.,"may be referred.
to as "NI K1115 phase" or simply "1115 phase"; and the crystal.e
represented hyAJiBO9 may be referred to as 



"NTK1319 phase" or simply "1319 phase", [0041]TB the compositional
formula: .A1Ti3B 09, the element A is at least one alkali metal (X
(potassium); Rh (rubidium) or Cs (cesium); the element B is at least
one of Nb (niobium) and Ta (tantalum). Although the second crystal
phase represented by AlTili3i09 does not also exhibit piezoelectric
properties, the coexistence of such a second crystal phase with the
first crystal phase leads to improvements In the sinter:Milky and, in
addition; insulating properties of the piezoelectric ceramic
composition and contributes to the effect that the piezoelectric
ceramic composition does not show a phase transition point between
-50"C and1-150'C. [0042]When the second crystal phase is
representedcontent of the- second crystal phase in the composition is
also more than 0 el% and less than 20  preferably more than 0 inol%
and less than or equal to 15 mo 4t. There is a tendency that the
composition shows abrupt property changes: between 50C and +150C if
the composition has no second crystal phase (i,e, the composition
consists only of the first crystal phase). If the content of the
second crystal phase exceeds 15 moi%, there is a possibility that the
piezoelectric properties (notably, piezoelectric constant 4133) of
the composition may be deteriorated. [00431The A;.,,,Tii,JINx05
crystal phase and the Alli3BLO9 crystal phase are similar in that the
crystal phase is of composite oxide containing, the element A (alkali
metal), Ti (titanium) and the element B (at least one of Nti and
Ta.). The composite oxide containing the element A, Ti (titanium) and
the element B is cat"A-Ti-B4) composite oxide". In the present
invention, thecomposite oxide (where the element A is an alkali
metal; the element B is at least one of Nb and Tic and the contents
of the element A, the element B and Ti ate not zero) is used as the
second crystal phase. it is particularly preferable to use the
A--Ti-B-O composite oxide that does not itself exhibit piezoelectric
15properties but, when coexisting with the first crystal phase,
improves in the sinterability and, in addition; insulating properties
of the piezoelectric ceramic composition and shows no ;phase
transition point between -50C and -1-150C. [0044]The lead-free
piezoelectric ceramic composition according to one embodiment of the
present invention may fin-ther contain at least one additive meta.i
element selected 20from Cu (copper), Ni. (nickel), Co (cobalt), Fe
(iron), Mn (manganese), Cr (chromium), Z (zirconiunu, Ag (silver), Zn
(zinc), Sc (scandium) and 131 (bismuth). The lead-free piezoelectric
ceramic composition can be provided. with good properties (notably,
piezoelectric constant th3) by the addition of such at least one
metal element. The total content of the additive metal element in the
composition is preferably 5 null% or less, more preferably 1 mol% or
less. If the total content of the additive metal element exceed 5%,
the piezoelectric properties of the composition may be rather
deteriorated. lin the case of adding two or more kinds of metal
elements, the content of each of the additive metal elements in the
composition is preferably less than IThere is a possibility that the
piezoelectric properties of the composition may also be deteriorated
if the content of each of the additive metal elements exceeds 1
inol%, 



[0045;FIG I is a flowchart showing one example of a process for
production ot ezoelectric element according; to one embodiment of the
present invention, in step  1110, any required ones of K2CO3powder,
Na2CO3 powder, LA2CO3 powder, Cat-powder, SrCO3 powder, BaC.03
powder, Nb205 powder and Ta205 powder are selected as raw materials
of the main phase (ICNIN) and weighed out according to the factors a
to e of the compositional formula of the main phase. A slurry is
prepared by adding ethanol to these raw material powders and
subjecting the powder mixture to wet mixing by a. ball mill for
preferably 15 hours. In step 1120, the slurry is dried to a powder,
and then, the resulting mixed powder is funned into a main-phase
calcination product by calcination, for example, in the air at 600 to
1000C Thr 1 to 10 hours, [0046]In. step T130, any required ones of
K2CO3 powder, Rb2CO3 powder, Cs3(7.03 powder, Ili02 powder, Nt203
powder, Ta203 powder and the like are selected and weighed out
according to the factor x of the compositional formula of the
secondary phase. A slurry is prepared by adding ethanol to these raw
material powders and subjecting the powder mixture to wet mixing by a
ball mill for preferably 15 hours. In step 1140, the slurry is dried
to a powder, and then, the resulting mixed poweder is formed into a
secondary-phase calcination product by calcination, for example, in
the air at 600 to 1000C for I ro 10 hours. [0047]In step T150, the
main-phase calcination prosecondary--phase calcination product are
weighed out, admixed with a dispersant. a binder and ethanol, and
them subjected to milling and mixing by a ball mill, thereby
obtaining a slurry. In the 29case of adding any additive metal, a
required one or ones of Cut) powder, Fe203 powder, NiO powder, Ag20
powder, 7r02 powder, Zn.0 powder, MgO powder, Se203 powder. Bi203
powder, Cr203 powder, Nin02 powder, Co0 powder and the like are
selected, weighed out and added to the slurry. This slurry may be
again subjected to calcination, and then, milling and mixing. After
that, the slurry is dried, subjected to granulation and 25molded into
a desired shape by, for example, uniaxial press forming at a pressure
of 20 MI's. According to one embodiment of the present invention, the
piezoelectric ceramic composition is suitably formed into a disk
shape or a cylindrical column shape. The resulting molded body is
pressed by GIP treatment (cold isostatie press treatment), for
example, at a pressure of 150 MPa in step 1160, the CIP-pressed body
is baked, for exam.ple, in the air at 900 to 1300T, for 1 to 10
hours, By this, the piezoelectric ceramic body is completed.
Alternatively, the baking may be performed in an 03 atmosphere. in
step 1170, the piezoelectric ceramic body is processed according to
the dimension  13 



accuracy required of the piezoelectric element. In step f180,
electrodes are fix:.d to the piezoelectric ceramic body. In step
T190, the thus-obtained piezoelectric element is subjected to
polarization. [0048]Although the additive metal is added in metal
oxide form in step Ti 50, the above-mentioned preferable content of
the additive metal is by mol'14 in terms of the metal element. The
additive metal may alternatively be added in the form of an oxide
containing both the alkaline-earth metal and the additive metal as
represented by CNI03 (when) the element C is at least one of Ca, Sr
and ill; and the element iit4 is the additive metal), rather than the
metal oxide containing only the additive metal as its metal element,
to the first crystal phase (main phase) and the second crystal phase
(secondary phase) in step TI 50. In this ease, the element C
(alkaline-earth metal) contained in the oxide CM.03 as the third
component is utilized as the element C of the first crystal phase in
the piezoelectric. ceramic body after the baking. [0049]The above
production process is merely one example. There can be adopted any
other various steps and treatment conditions for production of the
piezoelectric element. For example, it is feasible to produce the
piezoelectric ceramic composition by weighing out raw materials
according to the final composition ratio of the piezoelectric ceramic
composition, and then, mixing and baking the raw materials, in place
of forming, the first and second crystal phases separately, mixing
the powder of these crystal phases together and baking the mixed
powder material as shown in FIG I. it is however easier in the
production process of FIG I to control the compositions of the first
and second crystal phases more strictly- and is thus possible to
improve the yield of the piezoelectric ceramic composition. [0050]FIG
2 is a perspective view of a piezoelectric element according to one
embodiment of the present invention. This piezoelectric element 200
has a disk-shaped piezoelectric cc:Tan-tic body 100 and electrodes
301 and 302 fixed to upper and lower surfaces of the piezoelectric
ceramic body 100. The piezoelectric element is not limited to this
configuration and can be provided in any vatious other
configurations. [0051]FIG :IA is an exploded perspective view of a
knock sensor using the piezoelectric ceramic body according to one
embodiment of the present invention. This knock sensor 1 is designed
as a so-called non-resonant knock sensor and includes a metal shell
2, an insulating sleeve 3, insulating plates 4 and 5, a piezoelectric
element  p - erty-adig weight 7, a washe.r 8, a .nut 9 and a housing
10. cylindrical porton 21) formed with J though hole 2a and a
doughnut C.    shell 2 has a taped seat  13onion 2c protruding; in a
flange-like manner from a lower end of the cylindrical portion 2b.
Threads 2d are cut in an upper part of the cylindrical portion 2b,
and grooves 2e are formed circumferentially in an upper end of the
cylindrical portion 2b and an outer circumferential edge of the seat
portion 2c for improvement of the adhesion of the metal shell 2 to
the housing 10, These respective portions 2a to 2d of the metal shell
2 can be flirmed integrally by any appropriate production method
(casting, forging, shaving etc.). Further, plating treatment (zinc
chromate plating) is applied to a surface of the metal shell 102 for
Improvement hi corrosion resistance. 



[00521The insulating sleeve 3 is formed into a thin cylindrical shape
and made of an insulating material (such as a plastic material e.g.
PET or PBT, a rubber material or the like). Each of the insulating,
plates 4 and 5 is formed into a thin doughnut plate shape and made of
an insulating material (such as a plastic material e.g. PET or PBT, a
rubber material or the like). The piezoelectric element 6 serves as a
vibration detecting element and includes a two thin electrodes 6a and
6b and a piezoelectric ceramic body 6c laminated between the
electrodes 6a and 61d. The piezoelectric element 6 as a whole has a
doughnut plate shape. [005'3], property-adjusting weight 7 is formed
into a doughnut plate shape and 20made oi.          material having a
given density (such as a metal material e.g. brass). The insulating
sleeve 3 is fitted around the cylindrical portion 2b of the metal
shell insulating plate 4, the piezoelectric element 6, the insulating
plate 5 and the property-adjusting weight 7 are fitted, in this
order, on the insulating sleeve 3. Further, the nut 9 is screwed onto
the threads 2d of the cylindrical portion 2b of the metal shell 2
25via the washer 8. The insulating plate 4, the piezoelectric element
5, the insulating plate S the property-adjusting weight 7 and the
washer 8 are thus held between an upper surface of the seat portion
2e of the metal shell 2 and the nut 9. The housing 10 is formed by
injection molding of an insulating material (such as a plastic
materiat e.g. PA) in such a maas to cover these structural members 4
to 8, with only a lower surface of the seat 30portion 2.e of the
metal shell 2 being exposed limn an lower end portion of the housing
10 and only the upper end of the cylindrical portion 2h of the metal,
shell 2. being exposed, from an upper end portion of the housing 10,
The piezoelectric element 6 is  circumferentially surrounded by the
insulating, sleeve 3, the insulating plates 4 and the housing 10 and
thereby kept insulated from the mead shell 2 and the
property-adjusting weight '7. Lead wires (not shown) are connected to
the electrodes 6a and 6b of the piezoelectric element 6,
respectively., and led out of the housing 10. [0054]The
above-structured knock sensor I can achieve high knocking detection
accuracy and heat resistance by the use of the piezoelectric element
6 that has good piczoelectn.c properties and shows no abrupt property
changes between -50C and +150C. [00551BIG: 3B is a vertical section
view of an ultrasonic transducer according to one embodiment of the
present invention. This ultrasonic transducer 2.0 is designed as a
Langevin type ultrasonic transducer and includes a piezoelectric
element pair 22 and a pair of vertically opposed front plate :25 and
backing plate 26 holding therebetweeti the plezoeltiictric element
pair 22. The piezoelectric element pair 22 has two annular
1DIezoclectric elements 23a and 23h, an electrode plate 24a inserted
and laminated between the annular piezoelectric elements 23 and 231)
and an electrode plate 241.1 arranged on an 



isfront side of the front annular piezoelectric element 23h. Each of
the front plate 25 and the backing plate 26 is formed into a
cylindrical columnar metal block using iron or aluminum as a raw
material. The piezoelectric element pair 22 is arranged between and
fixed to the front plate 25 and the backing plate 26 by a center bolt
2.7. [0056]The front plate 25 and the backing plate 26 are made
larger in diameter than the piezoelectric elements 23a and 23b and
have conical end portions 28 and 29 brought into contact with the
piezoelectric elements 2$a and 23b and formed in such a manner that
the diameter of the conical end portions 28 and 29 gradually
decreases and becomes substantially equal to the diameter of the
piezoelectric elements 23a and 23b. diameter 11:2. of the backing
plate 2.6 is substantially equal to the diameter RI' of the front
plate 25. An ultrasonic radiation surface 30 is formed on an outer
end face of the front plate 25, whereas a blind hole having a.
diameter R3 is firmed axially in the center of an outer end nee of
the backing plate 26. The entire length of the piezoelectric
transducer 20 is substantially equal to three-lialyes the wavelength
of a predetermined resonance frequency. 110[00571The above-structured
ultrasonic transducer can generate ultrasonic waves stable frequency
and achieve high heat resistance by the use of the piezoelectric
elements 23a and 23b that have good piezoelectric:. properties and
show no abrupt property changes  between -s,0"C and -1-1 50C.
[00581FIG 38 is a perspective view of a culling tool according to one
embodiment of the present invention. This cutting tool 40 includes a
circular base portion 46 and a grinding portion 45 formed on an outer
circumference of the base portion 46, The base portion 46 is fixed at
the center thereof to a spindle 42 by a fixing jig 44. Annular
piezoelectric elements 43 are embedded in both surfaces of the base
portion 46. A vibration direction of the piezoelectric elements 43 is
a radial direction 47 from the center toward the outer circumference,
of the base portion 46. A workpiece is cut by pressing the grinding
portion 45, which is formed. around the base portion 46, onto the
workpiece in the 10state of rotating the spindle 42 in a rotation
direction 42 while vibrating the piezoelectric elements 43. 0059]The
above-structured cutting tool can achieve high heat resistance by the
use of the piezoelectric elements 43 that have good piezoelectric"
properties and show no abrupt properly changes between -50'C and
+150C. 15[00601The piezoelectric ceramic composition and the
piezoeiecrie element according 



to the embodiments of the present invention are widely applicable for
vibration detection, pressure detection., oscillation, piezoelectric
device use etc. Specific examples of the applications of the
piezoelectric ceramic composition and the piezoelectric element are
various vibration detection sensors (e.g. a knock sensor and a
combustion pressure sensor), 20pezoeiectric devices such as
transducers, actuators, and filters, high-voltage generation systems,
iniero power sources, drive systems, position control systems,
vibration control systems and fluid ejection systems (e.g. paint
ejection and thel ejection systems). The piezoelectric ceramic
composition and the piezoelectric element according to the
embodinaents of the present invention are particularly suitable for
uses where high heat 25resistance is desired (e.g. a knocK sensor and
a combustion pressure sensor), bxanknies [0061FIG 4 is a diagram
showing experimental results on the properties of a plurah,_ of
sample compositions including examples of the present invention. The
influence of the content of the secondary phase on the properties of
the piezoelectric ceramic composition can be evaluated from these
experimental results. The influences of the kind of the constituent
element B (Nb, Ta) of the secondary phase and the kind of the
constituent element C (Ca, Sr, Ba.) of the main phase on the
properties of the piezoelectric ceramic  composition can also be
evaluated from these experimental results. [0062;Herein, samples 501
to 504 of FIG 4 were prepared as comparative examples. Samples 501
and 302 consisted only cif the second crystal phase. The preparaticm
process of samples 501 and 502 was as follows. First. K2CO3 powder,
Nb205 powder and TiG2 powder were weighed out in such a manner as to
adjust the factor x of the compositional formula of the second
crystal. phase as shown in FIG 4. A slurry was prepared by adding
ethanol to these powders and subjecting the powder mixture to wet
fluxing by a bad mill for 15 hours. A calculation product was then
formed by drying the slurry and subjecting the resulting mixed powder
to calculation in the air at 600 to 1000C for I to 10 hours. LUThis
calculation product was admixed with a dispersant, a binder and
ethanol and subjected to milling and mixing by a ball mill, thereby
obtaining a slurry. After that, the slurry was dried, subjected to
granulation and molded into a disk shape (diameter: 20 mm, thickness:
2 nun) by uniaxial press thinning at a pressure of 20 Nina. The
resulting molded body was pressed by OP treatment at a pressure of
150 N1Pa. The CIP-pressed was then tribacked in the air at 900 to
1300C for 1 to 10 hours. [0063]Samples 303 and 504 consisted only of
the first crystal phase. The preparation process of samples S03 and
504 was as follows. First, K2CO3 powder, Na2CO3 powder, L.12(103
powder and Nb205 powder were weighed out in such a manner a.s to
adjust the factors a; b, e" a' and e of the compositional formula
oldie first crystal phase as shown in 



20FIG 4"4, slurry was prepared by adding ethanol to these powders and
subjecting the powder mixture to wet mixing by a ball mill for 15
hours. .A. calculation product was then formed by drying  the slurry
and subjecting the resulting mixed powder to calculation in the ar at
600 to 1000C ha 1 to 10 hours. This calculation product was admixed
with a dispersant, a binder and ethanol and subjected to milling and
mixing by a bad mill" thereby jahobtaining a slurry. After that, the
slurry was dried, subjected to granulation and molded into a disk
shape (diameter: 20 mm, thickness: 2 ram) by uniaxial press forming
at a pressure cif 20 MPa. The resulting molded body was pressed by
CEP treatment at a pressure of 150 MPit. The CIP-pressed body was
then baked in the air at 900 to 1300C for 1 to 10 hours. 100641On the
other hand, samples 505 to 515 were compositions each at winch had
both the first crystal phase and the second crystal phase, Each of
samples 505 to 515 was prepared through steps '1110 to T 60 of EIG.
1, Herein, the molded body was  18 disk-shapt,d(diameter: 20 rum,
thickness: 2 mm) in step T150, [0065_1Samples of the piezoelectric
element 200 (see FIG 2) were produced by processing these samples 801
to SIS through steps Ti 70 to TI 90 of FIG 1 and each tested for the
electrical properties (relative dielectric constant cc' /s)the
piezoelectric ceramic body 100 andute. piezoelectric properties
(piezoelectric constant ti33 and electromechanical coupling factor
kr) of the piezoelectric ceramic body 100. The test results are shown
in FIG 4. [00661Both of samples SOI and 502 consisted only of the
second crystal phase and thus did not show piezoelectric properties.
There was no difference in relative dielectric constant E3:ISo
between samplesand 807 even ftinithe flictor x of the compositional
fonnula of the second crystal phase in sample SO I was different from
that sample SOT It is thus assumed that, when the piezoelectric
ceramic composition has both the first and second crystal phases, the
factor a of the compositional formula of the second crystal phase
would have a small influence on the electrical and piezoelectric
properties of 15the piezoelectric ceramic composition. in this sense,
the factor x can take any arbitrary value that forms the stable,
uniform second crystal phase. 



[0067]Both of samples 803 and 804 consisted only of the first crystal
phase and showed piezoelectric properties. These samples S0$ and 504
were similar in that no element C (Ca, Sr, Ba) \vas contained, but
were different in that Li was not contained in 20sample 803 but was
contained in sample 504. The element D of the first crystal phase was
Ni (niobium). There was not a large difference in electrical
properties (relatiVt; dielectric constant saliT/cc.) and
piezoelectric properties (piezoelectric constant it:, and
electromechanical coupling factor kr) between samples 503 and 504.
However, piezoelectric constant ths; of sample 504 containing Li was
slightly higher than -that of' sample S03 not containing Li in view
of this point, it is preferable that the first crystal phase contains
Li even in the case where the piezoelectric ceramic composition has
both the first and second crystal phases, [0068]in sample 505, 5
nicil% of the second crystal phase was added to the first crystal
phase. The element C (Ca, Sr; Sal was riot contained in the first
crystal phase. The factor x of the compositional fannula of the
second crystal phase was zero. Namely, sample 505 corresponded to the
combination of samples 801 and 804. As compared to  19 the properties
of sample 504 consisting only of the first crystal phase, sample 505
had a much higher relative dielectric constant s33ii and
piezoelectric constant d33 and showed favorable properties as the
piezoelectric: ceramic composition. Further, sample 305 wa.s superior
in that the electromechanical coupling factor kr of sample SOS was
higher than that of sample 04, [00691in samples S06 to 512, the
content of the secondary phase was varied from mol% to 2.0 triol%, in
each sample, the composition of the first crystal phase was OCO 42
iNa,0 5gli..ieo2Ca0 039).06; and. the composition of the second
crystal phase was K0.838s'C.)5. Samples 506 to 512 were favorable in
that the relative dielectric constant a3 180 of the samples SOS to
512 was sufficiently higher than that of comparative example sample
504. The content of the secondary phase is thus preferably in the
range of 3 to 10 mol%, more preferably 3 to S moi%, in terms of the
relative dielectric constant. [0070]Samples 306 to Si I were also
favorable in that the piezoelectric constant ricilof samples SOS to
511 was sufficiently higher than that of comparative example sant:pie
SO4, 15However, sample S12 in which the content of the secondary
phase was 20 mol% was unfavorable as the piezoelectric constant d.Ki
of sample 812 was lower than that of comparative example sample 504. 



HO. 5 is a graph showing vanations of the piezoelectric constant do
samples 1306 to Si2. in FIG. 5, the horizontal axis indicates the
content: of the secondary phase; 20and the verticai axis indicates
the piezoelectric constant d:33. As is seen from this graph" the
content of the secondary phase is preferably in the range of 3 to 15
mol%, more preferably 3 to 10 rnol%, most preferably 4 to 6 raol%, in
terms of the piezoelectric constantc133. [0072]Furthermore samples
806 to 811 were favorable in that the electromechanical coupling
factor kr of samples 506 to SI I was equivalent to or higher than
that of comparative example sample SO4 (see Ha 4). However, sample
812 in which the content amount of the secondary phase was 20 moiVo
was unfavorable as the electromechanical coupling factor kr of sample
512 was considerably lower than that of comparative example sample
804. The content of the secondary phase is thus preferably in the
:range of 3 to 10 misi%, more referably 4 to 6 nicil%, in terms of
the electromechanical coupling factor.  20 [0073jSamples SOS and SOS
were similihe ontent of the secondary phase was 5 mol%. However,
these samples SOS as. 808 were largely different in that: the element
C (Ca, Sr, I:la) was not contained at all in the first crystal phase
of sample SOS; whereas Ca was contained as the element C in the first
crystal phase of sample 508. Although the factor x of the
compositional formula of the second crystal phase of sample SOS was
different from that of sample 508, it is assumed that the influence
of such a difference in the factor x on the properties of the
piezoelectric ceramic composition would be relatively small as
considered above by comparison of samples 801 and SO2, ttpon
comparison of samples SOS and. SOS. sample 808 in which Ca was
contained in the first  crystal phase had a higher relative
dielectric. constant g33 rise, piezoelectric constant tin and
electromechanical coupling factor hr than those of sample 805, it is
thus preferable to contain Ca as the element C in the first crystal
phase.ame effects can be expected when the other alkaline-earth metal
(Sr, Ba) is contained as the element C. [00744It is reiri noted that
What is important among the three properties: relative dielectric
constant s33'isc," piezoelectric; constant d33 and electromechanical
coupling factor hr changes depending on the use of the piezoelectric
ceramic coinpositiotu For example, the composition having a MO,
relative dielectric constant E:1;:sTlit:o is suitable for use in a
condenser. The composition having a high piezoelectric constant dit
is suitable :tor use in an actuator and a sensor. The composition
having a high electromechanical coupling factor kr is suitable for
use in an piezoelectric transducer and an actuator. The composition
can be determined according to the properties required of the use of
th.e composition_ [0075]Samplesad 814 of FIG were prepao mainly
examine th influence of the element B (NI ca) of the second crystal
phase. There was not a large difference in relative dielectric
constant s...33T/it.0, piezoelectric constant ciri and
electromechanical coupling factor hr between samples 513  and 514. it
is thus understood that ether ofl\th and Ta is preferred as the
element B. 



0061Sample 814 was similar in composition to sample 508. More
specifically, the compositions of Samples 808 and 814 were
substantially the same as each other, except for the content of Ca.
as the element C of the first crystal phase and resultantly the
contents of K and Na. Upon comparison of the properties of these
samples, sample 814 in. which the  21  Ca content was higher was
favorable in terms ot the relative dielectric constant whereas sample
308 in which the Ca content was lower was favorable in terms o
piezoelectric constant dtt and electromechanical coupling factor kr.
Sample 315 was similar in composition to sample 508, except that Ca
and Sr were contained in equal proportions (equal atomic%) as the
element C of the first crystal phase, and had a slightly lower
relative dielectric constant e33.1M0, piezoelectric constant 413 and
electromechanical coupling factor kr than those of the sample SOS.
However, the relative dielectric constant 633715c, and. piezoelectric
constant 433 of sample 515 was sufficiently higher than those of
comparative example sample 504. The favorable c,omposition can be
thus obtained when either of the alkaline-earth metals Ca and Sr is
used as the element C of the first crystal phase, it is expected,
that the composition can attain analogous properties even by the use
of Ba in place of Ca and Sr (or in combination of Ca and Sr).
However, the composition can. be provided with good properties at low
cost by the use of Ca as the element C. 15[OM]FIG 6 is a diagram
showing evaluation test results about the occurrence or
non--occurrence of a Curie point and a room-tetriperature phase
transition in the same samples 301 to SI5 as those of FIG. 4. The
Curie point of samples SOS to 515 was in a range of 300 to 350C. In
general., it suffices that the piezoelectric ceramic composition has
a Curie point of 300C or higher Thus, sample 305 to 515 had a
sufficiently high 2:0 Curie point. As the Curie point depends on the
properties of the first crystal phase, it is assumed that the Curie
point would not change so largely even when the composition or
content of the secondary phase varies slightly. Incidentally, samples
SOS to SI2. and 514 to 515 in each of which Nb was used as the
element B of the second crystal phase had a higher Curie temperature
than that of the sample S14 in which Ta was used as the element 25B
of the second crystal phase. Thus, Tit. is more preferred than Ba as
the element B of the second crystal phase in terms of the Curie
temperature. [0079]For evaluation of the occurrence or non-occurren
of the room-tempei phase transition, the relative dielectric constant
F.3 F0 was measured by gradually changing the ambient temperature in
a range of DOC to-t-150C in genCrai, when the 30piezoelectric ceramic
composition has a phase transition point in a certain temperature
range, the relative dielectric constant E-fl'iso of the piezoelectric
ceramic composition  22 



sharply changes to show a clear peak in response to temperature
changes in the .3.3 till temperature range. By contrast, when the
phase transition point Of the piezoelectric Cerarille composition is
not ma certain temperature range, the relative dielectric constant
of the piezoelectric ceramic composition does not show a clear peak
and changes gently in the certain temperature range. It was thus
judged whether a phase transition point was observed clearly or not,
by MOrlitoring changes of the relative dielectric constant    /co of
the piezoelectric ceramic composition while gradually changing the
temperature from -50"C to +1 arC, to thereby determine the occurrence
or non-occurrence of the room-temperature phase transition. Herein,
the term "roorn-temperature" refers to a wider range of temperature
than the ordinary room temperature (25T), [0080]The room-temperature
phase transition was observed in both of comparative example samples
503 and SO4; whereas the roormterriperature phase transition was not
observed in any of samples 505 to 515. The occurrence of a
room-temperature phase transition is unfavorable as the electrical
and piezoelectric properties of the piezoelectric ceramic composition
change largely before and after the phase transition. Samples SOS to
515, each of which had. both the first and second crystal phases,
were thus more favorable than comparative example samples 503 and 504
in view of the fact that the room-temperature phase transition did
not occur in any of samples 505 to 815, [0081]FIG 7 is a diapram
showing experimental results about the influence of the 20factor of
the compositional Mon-Ma of the main phase on the properties of the
piezoelectric ceramic composition, in the top section of FIG 7, the
properties cube. comparative example sample 504 are indicated. Among
the factors a tofof the compositional formula of the first crystal
phase, the factors a to d were the same out tue factor e (the number
of alkali elements at the A site) was different in samples 821 to
527. 2.5Further, Ca (calcium) was contained as the alkaline-earth
metal (the element C of the compositional formula) in the first
crystal phase. The content of the secondary phase was 5 timi% in each
of samples 521 to 827. The tiactor x of the compositional formula of
the second crystal phase was zero in sample 821 and 0,13 in samples
822 to 527. The influence of the factor x on the properties of the
piezoelectric ceramic composition is however small as mentioned
above. Herein, sample 825 was the same as sample 514 of FIG. 4,
U)082]Samples 521 to 527 were favorable n tha ie relative dielectric
constant Cr, Co of samples 521 to 827 were sufficiently higher than
that of comparative example sample 304. The factor e of the
compositional formula of the first crystal phase is thus preferably
in the range of 0.97 to 1.1, more preferably 1.0 to 1.1, in terms of
the relative dielectric constant ),(3)'.a.(0. Samples 321 and 32.5
were also favorable in that the piezoelectric constant d33 of samples
321 and 825 were higher than that of comparative example sample 804.
On the other hand, samples 326 and 32.7 in which the .factor e wa.s
larger than 1.08 were unfavorable as the piezoelectric constant (int
of samples 826 and 327 was lower than that of comparative example
sample 504. tO[0083]FIG 8 is a graph showing the piezoelectric
constant d:3:3 of samples 821 to 827. In FIGS, the horizontal axis
indicates the factor a of the compositional formula of the first
crystal phase. The factor e designates the ratio between the sum of
the number of atoms of alkali metal element (K.+ Na  Li) and. the
number of atoms of alkaline-earth metal (the element C) and the



[0084]In FIG 7, samples 826 and 827 were unfavorable as the
electromechanical coupling factor hr of samples 826 and 32.7 were
lower than that of comparative example sample 804. In terms of the
electromechanical coupling factor, the factor e of the
20compositional formula of the first crystal phase is also preferably
in the range of 0.97 to 1,08, more preferably 1.00 to 1,07,
[0085]FIG. 9 is a diagram showing experimental results about the
influence of the additive metal on the properties of the
piezoelectric ceramic composition. M. the top section of FIG 9, the
properties of comparative example sample 804 are indicated. Herein,
sample 831 was a comparative example consisting only of the first
crystal phase and. containing I inol% of Cu as the additive metal,
.This sample 831 had a lower relative dielectric constant ii;(37)::0
than that of comparative example sample 504 but a higher
electromechanical coupling factor kr than that of comparative example
sample SCA. [0086]On the other hand, samples 332 to 343 were
compositions each containing 5 mol% of the second crystal phase.
Among the factors a to.lof the compositional formula of the first
crystal phase, the factors a and 6 were slightly different from
sample to sample;  24 and the other thclors to/weretially uniform.
Herein, sample 832 wa.s the same as sample SOS of FIG 4 and did not
contain any additive metal. [0087]As is seen from the results of
samples 53$ to 543, the piezoelectric ceramic       composition can
be provided with sufficiently good properties by the addition of at
least Tione metal element selected from Cu (copper), Ni (nickel), Co
(cobalt),(iron), Mn 



(manganese), Zr (zirconium), AoZn (zinc), Sc (scandium) and ..13i
(bismuth) as the additive metal. It is expected that, even by the
addition of Cr (chromium), the piezoelectric ceramic cornposition can
be provided with the same properties as those by The addition of Mn
(manganese). As is seen from the comparison of three samples 532 to
10534, the content of each additive metal element is preferably less
than I mord,. Farther, the total content of the additive metal is
preferably 5 mol% or less. When the content of the additive metal
exceeds this limit value, the relative dielectric constant F.; 3. and
piezoelectrie constant clyi of the composition may be rather
deteriorated. 0088]ma 10 i.s a diagram showing experimental results
about the influence of the presence or absence of the secondary phase
on the insulating properties of the piezoelectric ceramic
composition, in this diagram, measured values of the applicable
voltage of samples 503, 804 and SOS of FIG. 4 and sample 835 of FIG 9
are indicated. The term 'applicable voltage" refers to a maximum
applicable voltage of each of the samples of the piezoelectric.
element 200 at which there occurs no breakage such as crack in the
20piezoelectric ceramic body 100. The measurements of FIG 10 were
conducted to examine the occurrence of any breakage such as crack-
in the piezoelectric ceramic body 100 by the application of a given
voltage for 30 minutes in an environment of 80C. The applicable
voltage is considered as a measure of the insulating properties of
the piezoelectric ceramic composition.. [0089]The applicable voltage
of each of samples 803 and 804 containing no secondary phase was $
kV/mm; whereas the applicable voltage of samples 808 and 505
containing 5 mot% of the secondary phase was 7 kV/mm and 9 kVintro,
respectively. It is understood from these experimental results that
the insubstirtg properties of the piezoelectric ceramic composition
can also be improved by the coexistence of the structurally stable
secondary phase (second crystal phase) with the first crystal phase.
[00901FIG. 11 is a diagram showing analysis results on the second
crystal phase of the piezoelectric ceramic composition. hi Elia ii,
first four samples S05, 508, 510 and 512.  25 were the same
piezoelectric ceramic compositions as those indicated by the
respective sample numbers in FIG, 4; and other five samples 53$, 535,
536, 540 and 542 were the same piezoelectric ceramic compositions as
those indicated by the respective sample numbers in FIG, 9. The
secondary phase (NTK phase) of these nine samples was analyzed by XRD
analysis (X-ray diffraction) and TEM-EDS analysis (energy-dispersive
x-ray analysis using a transmison electron microscope). Although the
composition of the secondary phase can be generally confirmed by
X--ray diffraction; it is feasible to confirm the composition of the
secondary phase by TEM-EDS technique or the like in the case where
the content of the secondary phase added or generated is low 



JO[00911The analysis results are indicated in two right, columns of
FIG. 11, In these columns; the term "1115" refers to a "1115 phase
(KTiNb05 phase)"; and. the term "1319" refers to a "1319 phase
(RT13Kb()9 phase)""As is seen from the analysis results, either or
both of the 1115 phase and the 1319 are formed as the secondary phase
of the piezoelectric ceramic composition. In particular, the 1.319
phase is often formed as the secondary .15phase with the addition of
the additive metal, [0092]The above-explained samples of FIGS. 3 to
9, including nine samples of FIG 11, were each produced by. using the
secondary-phase material formed of 11.15 phase in the production
process, Namely, each of these samples was produced by, in FIG I,
forming the secondary-phase material of 1115 phase in steps T130 and
TI40, mixing, the 20secondary-phase material with the main-phase
material in step T150 and baking the resulting mixed material in step
TI 60 it is assumed that, in the secondary phases of the some
respective sample of no. Ii, the 1319 phase was converted from the
1115 phase during the baking of step T160. As explained above in
FIGS. 4 and 9, the samples of FIG 11 combined good electrical
properties (relative dielectric constant 5337/u0) with good
25piezoelectric properties (piezoelectric constant cb] and
electromechanical coupling factor kr). The piezoelectric ceramic
composition can be thus provided. with good properties even when the
secondary phase is either of 1115 phase and 1319 phase after the
baking. [0093]FIG 12 is a diagram showing analysis results on samples
of the piezoelectric ceramic composition produced by mixing the
secondary-phase material formed of 1319 phase with the main-phase
material, The content of the secondary phase was 3 mol% in sample 551
and 5 mol?4, in other samples 852 to 857, Further, no additive metal
was added in samples 851 and 852. Each of these samples was produced.
by, in FIG 1,   tonning the second-phase material of 1319 phase in
steps TI 30 and T140, mixing t seeondarypnase material with the
main-phase material in step '1150 and baking the resulting mixed
material in step T160. As seen from the analysis results of samples
551 to 857, the secondary phase was 1319 phase in each sample.
Further, samples S51. to 857 combined good. electrical properties
(relative dielectric constants:Wise) with, good piezoelectric
properties (piezoelectric constant 033 and electromechanical coupling
facto:, kr) (not shown in the diagram) as in the case of samples 83$
and 836 of FIG II [0094]FIG 13 is a diagram showing experimental
results, on different samples 561 to 88,1 from samples 832 to 843 of
FIG. 9, about the influence of the additive metal on the 10properties
of the piezoelectric ceramic composition, in the top section of FIG
13, the 



properties of the comparative example samples 804 and 531 are
indicated. Each of these samples were produced by preparing and using
the 1115 phase as the second crystal phase. In samples 861 to 880, 5
mol% of the second crystal phase was contained, The second crystal
phase was not contained in sample 881, Further, two of Ca, Sr and B
were 15contained as the element C of the first crystal phase in any
of samples 861 to 581, other than samples 569, 872. and 876. These
two elements are indicated in the column of "element Cl. CT' of the
section of "first crystal phase"; and the factors for these two
elements axe indicated in the column of "factor d./.; 100951Among
samples 861 to 581, last two samples 880 and 881 were each a
20defective piece as the composition was not sufficiently closely
packed during the baking of step T160 ofFIG.I. The reason for this is
assumed that: the Factor e tar the entire A site was 1.12 and was too
large in sample 880. However, both of sample 579 in which the factor
e was 11)9 and sample 878 in which the factor e was 0.98 combined
good electrical properties (relative dielectric constant enTlco) with
good piezoelectric properties (piezoelectric constant d3 and
electromechanical coupling factor lat, in comprehensive consideration
of the results of FIG 13, the factor e of the compositional fen:Dui
a. of the first crystal phase is preferably in the range of 0.97 to
1.10, more preferably 1.00 to 1.09, when the additive metal is added
in the composition. [0096]As is seen from FIG 11 and FIG 9, the
piezoelectric ce.rannc compix tion can be provided with sufficiently
good properties by the addition of at least one metal element
selected fa) in CU (C0p1.)er),Ni(nickel), Co (cobalt); Fe (iron),
lsAn (manganese), 2'  27 (zirconium); Ag (silver), Zn (zinc), Sc
(scandium) and Bi (bismuth) as the additive metal as compared to the
properties of comparative example samples 504 and 531. It is expected
that, even by the addition of Cr (chromium), the piezoelectric
ceramic composition can. be provided with the same properties as
those by the addition of Mn (manganese). [0097]FIG 15 is a diagram
showing results of thermal cycle test on samples of the piezoelectric
ceramic composition. Herein, three samples 504, 5:31 and 532 of FIG 9
and eight samples 561 to 565 and 567 to 569 of FIG 13 were tested.
The thermal cycle test was conducted on each sample as follows, in a
state that the sample was placed in a thermostat, the piezoelectric;
properties of the sample were evaluated (see the column of LU"initial
value" of the section of "electromechanical coupling factor kr" in
FIG. 14). The sample was then subjected to repeated thermal cycle of
-50C, 150C, 20C, 150"C and 20C at a temperature increase/decrease
rate of 2 'C /min. The holding time of the sample at each temperature
was I hour. After that, the piezoelectric properties of the sample
were evaluated again (see the column of "after thermal cycle").
15[0098]As seen from the results of FIG 14, the electromechanical
coupling factor icr 



after the thermal cycle showed a large decrease rate o :about 70% in
samples 504 and S31 containing no second crystal phase. On the other
hand, the electromechanical coupling factor hr after the thermal
cycle showed a sufficiently small, favorable decrease rate of about
10% to about 26%. Thus, the piezoelectric ceramic composition
containing: the 20second crystal phase does not show excessive
property deterioration even when subjected to thermal cycle and can
he suitably applicable for uses where high heat resistance is desired
(such as a knock sensor and a combustion pressure sensor).
Descriptioneference Numerals  30 [0099 1, Knock sensor 2: Metal 2a:
Through hole 21a: Cylindrical portion 2c: Seat portion 2d: Threads
2e: Grooves 3: Insulating sleeve 4: Insulating plate  28  5:
Insulating plate 



6: Piezoelectric element 6a: Electrode th: Electrode 6c:
Piezoelectric ceramic body 7: Property-adjusting weight 8: Washer 9:
Nut  10: ilou.sing 20: Langevin typo ultrasonic transducer 22:
Piezoelectric element pair 23>23b: Piezoelectric element 24a, 24b:
Electrode plate 25: Front pate 1526: Backing plate 27: Center bolt
:28, 29: Conical portion                 30: Ultrasonic radiation
surface                 31: Blind hole 2040; Ultrasonic cutting tool
42: Spiridie 43: Piezoelectric element 44: Fixing jig Grinding
portion 



2,546: Base portion Arrow indicating vibration direction 48: Arrow
indicating spindle rotation direction 100: Piezoelectric ceramic body
200; Piezoelectric element 30301, :302: Electrode  CLAIMS 1.A lead-
;e piezoelec ric ceramic compositxon, comprising;          a first
crystal liaseef alkali niohatehantalate type perovskite oxide having
piezoelectiic properties; and          a second crystal phase of
A-Ti-13-0 composite oxide (where the element A is an alkali metal;
the element B is at least one of iKh and Ta; and the contents of the
element A. the element B and Ti are not zero).          Iliac
lead-free piezoelectric ceramic coinpositien according to claim 1,
wherein the second crystal. phase contains at least one of a crystal
phase represented by crystal phase represented by A1Ti3B109. 1.The
lead-free piezoelectric ceramic composition according to claim ",
wherein the second crystal phase is a crystal phase represented by A
t.,,,Tii...,Ebt."Os,            be lead-free piezoelectric eeratmc
COMpOSibOti according to claim 3, wherein satisfies 0:5: 0.15. The
lead-free pc composition according to clan 4, wherein. the elA isK
The lead-fret, piezoelectric cerami otnposition aecordi to claim 4,
wherein the element A is Cs; and wherein x satisfies 0< 



7. The lead-free IlieZOCICatacresttion aimor ng to -ny One of claims
I to 6, wherein the element B is NI).  8. The lead-free piezoelectric
ceramic composition according to any one of claims 1 to 6, wherein
the content of the second crystal phase in the lead-free
piezoelectric ceramic composition is more than 0 mot% and less than
or equal to 15 inol%.  30  9. The lead-free piezoelectric ceramic
composition according to any one of claims  1 to 8,
whereinniobatethnitalate type perovskite oxide of the first crystal
phase contains an alkaline-earth metal,  10. The lead4ree
piezoelectric ceramic composition according to claim 9, wherein the
alkali Mobate/tantalate type perovskite oxide of the first crystal
phase is represented by (KalcabLiced),D0f (where the element C is at
least one alkaline-earth metal selected from Ca, Sr and Ba; the
element D is at least one of Ma and Ta; a, b., c and d satisfy a b -b
c 4- d = 1; and e andfare each an arbitrary value),  11. The
ieachfree piezoelectric ceramic composition according to claim 10,
wherein e satisfies 0,97      the lead-free piczodcctric ceramic
COMp031:1011 according to any one of claims rther comprisine at least
one metal element: selected from Cu, Ni, Co, Fe, Mn, Cr, Zr, Ag, Zn,
Sc and Bi, 13.A piezoelectric element, o prising:          a.
piezoelectric ceramic body formed of the lead-free olezoelectuc
ceramic cc )pos ion according to any one of claims I to 12; and
electrodes fixed to the piezoelectric ceramic body. A knock sensor
cornelectric elerneE according to claim 13. sonic tnni -Hier
comp:ezcielectsh claim 13. ingtool ccnp-stne. the pieztielect 



A process for production of the lead-free piezoelectric ceramic
composi don according to any one of claims Lici 12, comprising:
preparing a first powder by mixMg and caleinatirtg raw materials of
the first  crystal phase,          preparing a second powder by
mixing and calcinating raw matertaisof the second cry stal. phase;
and          forming the lead-free piezoelectric ceramic composition,
by mixing the first and second powders into a mixed power material,
and then, molding and baking; the mixed powder material, 




