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[ 0001] The present invention relates to | ead-free

pi ezoel ectric ceram c conpositions used for piezoelectric elenents
and the like, and to ultrasonic processi ng machines, ultrasonic drive
devi ces, and sensing devi ces usi ngPgicEiP$®Rect ric el enents. Background
Art [0002] Many of the conventional piezoelectric ceramc

(pi ezoceram cs) in mass production are configured fromPZT (| ead
zirconate titanate) materials, and contain lead. In this connection,
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an alkali nmetal), for exanple, potassium sodi um niobate ((K, Na)Nb03),

have beeEIEMENE] avSING NMatEEAB-FRIE SUCPIRZGELPEERNT €20 CHRAMIE
(referred to as "l ead-free piezoelectric ceram c conposition").

However, ddmerphagoneadifirmessonNgeoHegrEsSING MACHNBDOULTIRASONIC
t hensel ves are problematic, because of poor sinterability and poor

DRIVE DEVICE, AND SENSING DEVICE

Technical Field

[0001]

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

ultrasonic drive devices, and sensing devices using piezoelectric elements.

Background Art

[0002]

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

compositions themselves are problematic, because of poor sinterability and poor



hum dity resistance. [0003] As a count ernmeasure agai nst such
probl ens, Patent Reference 1 discloses a nethod whereby copper (Cu),
lithium (Li), tantalum (Ta), and the |like are added to ANb0O3

| ead-free piezoelectric ceramc conpositions to inprove
sinterability, and eventually, piezoelectric characteristics. [0004]
Pat ent Reference 2 discloses |ead-free piezoelectric ceramc
conpositions _of the general fornula {Lix(K4.yNay):-x}(Nbi-zSbz)03 (0
x 0.2, ohpmidity registange.2  excluding x = z = 0) to achieve relatively
desirable sinterability and piezoel ectric characteristics. Prior Art
Ref erence Pat eff00REf er ence [0005] Patent Reference 1:

JP- A- 2000- 313664
As a countermeasure against such problems, Patent Reference 1 discloses a

method whereby copper (Cu), lithium (Li), tantalum (Ta), and the like are added to
ANDLO; lead-free piezoelectric ceramic compositions to improve sinterability, and
eventually, piezoelectric characteristics.

[0004]

Patent Reference 2 discloses lead-free piezoelectric ceramic compositions of
the general formula {Liy(K.yNay);x}(Nb1.Sb)0; (0 £x<0.2,0<y<1.0,0<2<0.2,
excluding x = z = 0) to achieve relatively desirable sinterability and piezoelectric

characteristics.

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

Patent Reference 2: JP-A-2003-342069

Summary of the Invention
Problems that the Invention is to Solve

[0006]

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

piezoelectric characteristics, and are insufficient for practical applications. The



Pat ent Reference 2: JP-A-2003-342069 Summary of the Invention
Probl ens that the Invention is to Solve [0006] However, while
the piezoelectric ceramc conpositions described in Patent Reference
1 inprove sinterability, the conpositions are inferior to
conventional |ead-containing piezoelectric ceram c conpositions from
t he standpoint of piezoelectric characteristics, and are insufficient
for practlcal applications. The piezoelectric ceram c conpositions
descr i bediGZaclpeifis perapic coppesitions, Q@%ﬂéec} & RatepeReferangm 2phave qeredativelye
constant. A problem however, is that, since the phase transition
poi nt f ahigh Piereesiric SoGtans. +Agycblenndopisserads thet, sinesthaphagst irgnsition
fluctuate in the vicinity of the phase transition point. [0007]
Accor di ngbint falie betwesna-508@ diof ©I5MCt ¢bthchapaetetistids atampthe flusedtet o the
i mprove the piezoelectric characteristics of |ead-free piezoelectric
ceranm ¢ eooiposef the phase@aneition ppinbvenment s are al so needed for
| ead-free piezoelectric ceram c conpositions, including cost
reduction, resfoogg saving, ease of production, utility, and
durability.
Accordingly, there is a need for a technique that can be used to improve the
piezoelectric characteristics of lead-free piezoelectric ceramic compositions. Other
improvements are also needed for lead-free piezoelectric ceramic compositions,

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

Means for Solving the Problems

[0008]

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

[0009]

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

second crystal phase.



Means for Solving the Problens [0008] The present invention has
been carried out to solve the foregoing problens, and can be realized
in the formof the follow ng aspects or application exanples. [0009]
(1) According to an aspect of the present invention, there is

provi ded a | ead-free piezoelectric ceram c conposition. The | ead-free
pi ezoel ectric ceram c conposition mainly includes: a first crystal
phase in which &B% urality of crystal grains fornmed of an al kal

ni obat e/ t ant al & ierovskite oxi de havi ng piezoel ectric
characteristics_is bound to each other in a deposited state; and a
second cryst al (Phakehe depdsdres s Pigzacliehifufarasyift BMPISHION easrding (tp yhe
and filling spaces between the Iuralitﬁ of crystal grains of the
first crypbewl-desaebed aspeety ittip groferabler thatethp secapd| cexstali phaseisaentained in a
conposition configured as above, the piezoelectric characteristics
can be i npnteviedf Fote 10hewel%n JYiberhd dewd-free pigabedzcek exramic cenposition
conpositions that do not include the second crystal phase. [0010]
(2) 1n thecdréiad-tb tlee ageet; dedubationi chameteaisiics aulnpiasictdctit dacatatistigs tam
t he above-descri bed aspect, it is preferable that the second crystal
phase i s bedudier iggroveda content of 2 to 10 nmol % Wth the | ead-free
pi ezoel ectric ceram c conposition according to this aspect,

i nsul ation chaj@aipristics and pi ezoel ectric characteristics can be
further inproved. [0011] (3) I'n the |l ead-free piezoelectric
ceram ¢ conposti)i @n tﬁ;@qeﬁdirreg_}si@zdeté%trﬁb%ﬁn%swnhlhﬁﬁio%s@&%din%h@ the
| ead-free piezoelectric ceramc conposition may further include at

| east ongpiRtdds %mcéﬁ@%gqrgerﬁa&&ggﬁ pérgglc c&ﬁﬁ&itﬁfrﬁ)enaggfglgﬁg

zinc (Zn), which 1s contained by being ized nore Int

crystal SR 4180 b WG Lk SAASLehoBIBRG 40, A gL S e,

pi ezoel e%&hriéhcis %Qf’i‘t%l%%& Sfibsegr{gcl%ca 4 tr)r?org il %h%%%cén crr}gs}fae‘\ldphase than in the first
crystal phase With the lead-free piezoelectric ceramic composition according to this
aspect, piezoelectric characteristics can be further improved.

[0012]

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

[0013]

(5) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, the lead-free piezoelectric ceramic composition may further

include at least one metal element selected from zirconium (Zr) and calcium (Ca),

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



[ 0012] (4) I'n the |l ead-free piezoelectric ceram c conposition
according to the above-descri bed aspect, the | ead-free piezoelectric
ceram c conposition may further include at | east one netal el enent
sel ected fromcobalt (Co), copper (Cu), iron (Fe), and zinc (Zn),
which is contained by being |ocalized nore in the second crystal
phase than in the first crystal phase. Wth the | ead-free

pi ezoel ectri eram._¢. conposition_according tqQ this aspect, .
D1 o706l oCTIT PR act il 1 et TEA R HETFCPEREA EPBRRRLOY espaing to this
(5) In the lead-free piezoelectric ceranjc conposition according to

t he abov@sRfEsdYsaselsclissaracterisicy @aderfugberimpseysiectric ceranic
conposition ma)f further include at | east one netal elenent selected
from zi rconi umQ¥%¥ and cal cium (Ca), which is contai ned by being

| ocalized nore in the first crystal phase than in the second crystal
phase Wt h the($)efu-the cleapiftee opikrwslecinic ceraamic ccanpprsiiint aorording otoditley
to this aspect, piezoelectric characteristics can be further

i mpr oved.abp@Ndetkribed aspect, Ghe compbend fadkidg de micerdetystd mhesecmagrbiecan
conposition according to the above-described aspect, the conpound

form ng h&i-BeOanthpokiystahpamdsevheryn the eldimdht A isBnGillcdinipeti, ttke element
conpound (wherein the elenent Ais an alkali netal, the elenent B is

at | east Bofieatqbashioabiodmidpmh BIBY ahanirdblum (Thi)andadadh @Rcke B8ntéhte of the
contents of the element A the elenent B, and titanium (Ti) is not

o thi s Sopect i ie S oyt a phace Lo e PR oe  or e 00T5]
piezoelectric ceramic composition according to this aspect, the second crystal phase
can easily be formed.

[0015]

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

[0016]

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

[0017]

(9) In the lead-free piezoelectric ceramic composition according to the
above-described aspect, it is preferable that the compound forming the second crystal

phase has a lower melting point than the alkali niobate/tantalate perovskite oxide

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



(7) I'n the |l ead-free piezoelectric ceram c conposition according to
t he above-descri bed aspect, the elenent A may be potassium (K). Wth
the | ead-free piezoelectric ceram c conposition according to this
aspect, the second crystal phase can easily be formed. [0016]

(8) Inthe lead-free piezoelectric ceram c conposition according to
t he above-descri bed aspect, the elenent B nmay be niobium (No). Wth
the |l ead-free piezoelectric ceranmic conposition accordlng to this
aspect , taﬁ%oréﬂgﬁe tb@rﬁf@?%k theesecard crysial phaseatid srodhde foraed hptawen the
elenment Bis tantalun1% 0017 (9) I'n the lead-free

pi ezoel e€tysiad Sranypd the Jéﬁﬁéi@latllpbhseaccor ding to the above-descri bed
aspect, it is preferable that the conpound form ng the second crystal
phase has a | oW 8helti ng point than the alkali niobate/tantal ate
perovskite oxide formng the first crystal phase. Wth the | ead-free
pi ezoel ectric ¢Hhan caddmpopiczodectriacaoamicngorhpoditiors aasqrdui, td heother
second crystal phase can easily be forned between the crystal grains
of the fiagmict of yisd plesquitdseentipQd Bfoduced by mikidy) nfolbidgdaid €ing a crystal
pi ezoel ectric ceram c conposition according to another aspect of the
present ipBwasit F@thedSoPa® AUGEdnidYalItbitiigie pERbLOKNG, 0:a08 hhlingNEevelectric
crystal powder fornmed of an al kali niobate/tantal ate perovskite oxide

havi ng picgaaskA&tdsiand GhayagtRvdet f&ﬁlearui aaeoﬁmbaﬁ@kha@QM%nsfu%ﬁlﬁﬂ (o). a
conmpound that contains titanium (Ti). | ead- f

pi ezoel eglifl the RadTtée fie QRIS fid e@raﬁﬁﬁ%mpeau afc Iam%sur s aé Off, St is

possible to formthe first crystal ase’in .
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I ncl ude %tl]lmg t%g Cs)Bzgceg li)gt%\}eglll t ehg§§a1 grains in the first crystal phase. In this way, the
piezoelectric characteristics can be improved more than in other lead-free piezoelectric
ceramic compositions that do not include the second crystal phase.

[0019}

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

[0020]

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

With the ultrasonic processing machine according to this aspect, process performance

and heat durability can be improved.



[ 0019] (11) A piezoelectric element according to an aspect of
the present invention includes a piezoceramc formed fromthe

| ead-free piezoelectric ceramc conposition according to the
above-descri bed aspects; and an el ectrode nounted on the

pi ezoceram c. Wth the piezoelectric elenent according to this
aspect, piezoelectric characteristics can be inproved. [0020]

(12) An ultrasonic processing nmachi ne according to an aspect of the
present inventiYRlincl udes the piezoelectric el enent according to the
above-descri bed aspect. Wth the ultrasonic processing machi ne
accordi ng to thi® Aaspl@asonipddvedeyipresdcordehivenasdedi @atheduresepi inventiann
be i nproved. [0021] (13) An ultrasonic drive device

accor di ngndladearthapiseetledfic tleeept eending hy éretdbore-desskibdd aspiehe With the
pi ezoel ectric el enent according to the above-described aspect. Wth

t he ul t r altensbicdirive elediew iaceprdingao dhis@gspant,tdrive prafoatincedint\heat durability
performance and heat durability can be inproved. [0022] (14)
A sensi ngadbyimgroaedording to an aspect of the present invention

i ncludes the piezoelectric elenent according to the above-descri bed
aspect. Wth tgmoggnsing device configured according to this aspect,
detecti on performance and heat durability can be inproved.

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

[0023]

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

[0024]



[ 0023] (15) According to an aspect of the present invention,
a nethod for producing a | ead-free piezoelectric ceram c conposition
is provided. The nethod includes: producing a nolded product by

m xing and nolding a first crystal powder fornmed of an alkali

ni obat e/ tant al at e perovskite oxi de having piezoelectric
characteristics with a second crystal powder fornmed of a conpound
that contains titanium (Ti); and producing a _|ead-free piezoelectric
cerani c conposit®oh m?tHOM‘?chOQU‘PP% & legdise Jriezogles %er?IBFCn‘é‘HnB‘iﬁltlon
binding a plurality of crystal grains of the first crystal powder in
a deposi eeeprdingt© apiher aweenal ghwf%mpﬁa@éﬂ% ingdrdasy cplpinigg 1 AYxecthe
second crystal powder to fill spaces between the plurality of crystal
grai ns ofpowder ¢ a S1st epyyiel nowttasd a sggorfd eriystgl Rdvedemret & bidst prropriatvre, Wie h
t he produci ng method according to this aspect, it is possible to

obt ai n afirgadystal pewdeebort futed of aneaﬁqaiimi(quﬁtastaﬂat@peroffsldiwmxmﬂdmving
pi ezoel ectric characteristics over the piezoelectric characteristics
of ot her piezaeleétrieeclprazaddtiest aridc tieersacom coyspds pdwders btingt fatmedobf a

i nclude the second crystal phase. [0024] (16) A nethod for
pr oduci ngompb@attifat @enfiszeehret (Tiy; pedating £ afdesl piodictabE afidingJarido
anot her aspect of the present invention includes: calcining a m xed

powder OfnAdih (5 mefeisiodldePexEiRed anthe FirSCeAPeragiry Sirdll pro@YSRY a daddfree
first tenperature, the first crystal powder being forned of an al kal i

ni obat e/ &:ﬁ‘:’%é‘l:&h@ c@ﬁhﬁt’ ehinb6sif¥h, 48 vﬂﬁé’ﬂ 29ir8i Sy08! et isFormed by bmdmg
characteristics and t he second Cryst al pomder being fornmed of

conpound,, ym‘ ot ng g&alhéaﬂﬁ \ng:['c)ryst } B2 W@k&?&a@ aéq%csm

m xi ng an m xed po ne at Irst

tenper at E%@tal gﬂ%e% P(ﬁllﬁ%hgg rn‘??l nggﬁlefsgzi?o% p&rgéglﬁis def lcocféﬁ géaacgli Bf—c:ltween the

conposi ti orne

pluralit & stal ai ns cry

Cepost t ol Gty ot 3hibta LBl 6 B, HOF ob'sfsh ey BY el Bl Brodget i
second cry omder o.fil] spac bet ween th u aI|t of crystal
orains oPDHE tRPERC Ly TBHADE. By PABIhoVADI HecustE feliod
second tenperature_ higher than the flrst tenp Wth the

pr oduci n@C%@lﬁg&Oa@@omeﬁ@ if ¢ PRFLDIGSPeRRIAIN; Piret %6% HBPEEHCHIANE a
| ead-free piezgelectric ceram c conpqgsition of further inproved

pi ezoel ee@mp@me%Pﬁéﬂléh@rsmmqusbewzw%@ctﬁ? ébé@#@&lﬁwcotqﬁathad:vwwr@s
of other |ead-free piezoelectric ceram c conpositions that do not

i ncl ude thuagedyisd efr pdieal leghfise . pippBks]ric ceramic TypapEsPwes sthaf dphaot
present invention are not limted to the aspects of the |ead-free

pi ezoel evtchids theseaond cgetappkisei on, the piezoelectric el enment, the

ul trasoni c processing machine, the ultrasonic drive device, the
sensi ng devi ce[00dAH the | ead-free piezoelectric ceram c conposition
produci ng net hod, and are al so applicable to, for exanple, various
types of devi cThe tabgdctsuse thee pebséritci@v@itaosk endtrlimiteet@nhe aspects of the
conpositions, and to various nmethods for producing such devices.

Fur t her, |dabigrder FisRilect ity Esthin@N cdBpdsitidt) tH@Wiekbdlkdtad elddndnieht All@@ohiRg
aspects, and can be inplenented in a w de range of aspects wi thin the

gi st of bhReRIRSAAELihOMBELItRRonic BrivefdePRECIeREhGRs Qbvik&) QInBFRMdAE Sfree
piezoelectric ceramic composition producing method, and are also applicable to, for
example, various types of devices that use lead-free piezoelectric ceramic
compositions, and to various methods for producing such devices. Further, the
present invention is in no way limited to the foregoing aspects, and can be

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



[ 0026] Fig. 1 is an explanatory view showing a structure of a
typi cal |ead-free piezoelectric ceramc conposition; Fig. 2 is an
expl anatory view representing a piezoelectric elenent producing

met hod,; Fig. 3 is a perspective view showi ng a piezoelectric

el ement of an enbodi nent of the present invention; Fig. 4is

an expl oded perspective view show ng a sensing device of an

enbodi nent of the present invention; Fig. 5 1is a |ongitudinal
sectional view of an ultrasonic drive device of an enbodi nent of the
present invention; Fig. 6 is a perspective view showi ng an

ul t r asoniBrigfidesexiption ofthenPrawiats an enbodi ment of the present

I nventi on; Fig. 7 is an explanatory view representing the

results of exp&di2egnts for the effects of subphase content and
conponent el enment on piezoelectric ceram c conposition
characteristic#jg. 1 is an explanatory view showing a structure of a typical lead-free

piezoelectric ceramic composition;

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

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

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

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

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

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

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

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

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

of the piezoelectric ceramic composition;



Fig. 8 is a graph representing the result of an experinent for the
effect of subphase content on the voltage constant of the

pi ezoel ectric ceram c conposition; Fig. 9 is an explanatory
view representing the results of experinents for the effect of
subphase content and other variables on transition tenperature;

Fig. 10 is an explanatory view representing the results of
experinents for_the effect of the coefficient of the mother phase
conposi tion fofiiIld ida efape repgsatingtheFgsels oban experigey den téesffpfé of the
ceram c conposition; Fig. 11 is a graph representing the
resul t ofcogfficisnpef theempties pPhessecomprosiiiondprmple oide friegosleetriss canglant of
not her phase conposition formula on the piezoelectric constant of the
pi ezoel edhe piezapdactnd eerawippindsgion; Fig. 12 is an explanatory
view representing the results of experiments for the effect of

addi ti onal net &lg 18ns thexphasztagt ekeivstepresemdingtthe rgzukg of bamrinantcor alm c
conposition; Fig. 13 is an explanatory view representing the
resul ts effeexpér adiiiidisl f metalh enefilie athatktetibcsp o€ st picabelatisie ne&amic
subphase on the insulation of the piezoelectric ceram c conposition;
Fig. 14 icsmpbsig¥mw anatory view representing the results of the
qualitative anal yses of the second crystal phase in the piezoelectric

ceram ¢ COnNPOSFEid QBjs an explandtb viéw ﬂe?re@éhtﬁéﬁh@%h&é’ Wi ¥xR¥ments for the
representing the results of the qualitative analysis of the second

crystal pEe&Cof fhelf}BseBbEPPRLETIE 10T HFPIBIE GnCBERAKIAANof the piezoelectric
ceramic composition;

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

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

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

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

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

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

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

subphase content on the voltage constant of the piezoelectric ceramic composition;

10



Fig. 16 is an explanatory view representing the results of
experinments for the effect of additional netals on the
characteristics of the piezoelectric ceram c conposition; Fig.
17 is an explanatory view representing the results of the thernal
cycle evaluation test for the piezoelectric ceram c conposition;

Fig. 18 is an explanatory view representing the results of
experinents for_the effect of subphase content on the characterjstics
of the piezoel &8 rAlciscermphdepisapbiaetthe sesult of an expegiment forsthy effeghpf
representing the result of an experinment for the effect of subphase
cont ent GWbRIGEe senRigai Y the diglectif dxendidewnr yadtage radnthe nierpstesiria eeramic
Fig. 20 is a graph representing the result of an experinment for the
ef fect ofompbphese content on the voltage constant of the

pi ezoel ectric ceram c comnposition; Fig. 21 is a graph
representing tRe.r@suldn efplamt@ypeewmeptesdioingtthe efeéteatl sobplsasbpbateat
content on the dielectric breakdown voltage of the piezoelectric
ceram c aadpp@dieiof; method onFilg. s@dcti®e aff dxplcaddidar piezbelectric ceramic

representing the effects of subphase content and produci ng nmethod on
t he struebmpesifbn;t he | ead-free piezoelectric ceram c conposition
Fig. 23 is an explanatory view show ng distributions of trace
el enments in theiDingz9ehtplahftoBeiRN hohenPaRtrtu@BAs of trace elements in the
piezoelectric ceramic composition;
Fig. 24 is an explanatory view representing a piezoelectric element producing
method;
Fig. 25 is an explanatory view representing the results of experiments for the
characteristics of the piezoelectric ceramic composition;
Fig. 26 is an explanatory view representing the result of an experiment for the
characteristics of the piezoelectric ceramic composition;
Fig. 27 is an explanatory view representing the result of an experiment for the
dynamic characteristics of a transducer; and

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

static characteristic of a transducer.

Mode for Carrying Out the Invention

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

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

crystal phase formed of a compound having piezoelectric characteristics, and a second
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Fig. 24 is an explanatory view representing a piezoelectric el enent
produci ng mnet hod; Fig. 25 is an explanatory view representing
the results of experinments for the characteristics of the

pi ezoel ectric cerani c comnposition; Fig. 26 is an explanatory
view representing the result of an experinment for the characteristics
of the piezoelectric ceram c conposition; Fig. 27 is an
explanatory view representing the result of an experinment for the.
dynam c éhatadhess frmed offa eomepaind dhefedoes Q8 have piezoglpgiric gharagteggtics.
expl anatory view representing the result of an experinent for the
static cHaeaeadfiestniezogiectic eeramducempontoe asom Sabedimegt OQftthe pgesent
I nvention [0027] A Configuration of Lead-Free Piezoelectric Ceramc
Conposi t imwention typically includes the second crystal phase in a proportion of more than 0

mol% and less than 20 mol%, and the first crystal phase accounting for the reminder.
In the following, the first crystal phase will also be referred to as a “mother phase™ or
“KNN phase”, and the second crystal phase as a “subphase™ or “NTK phase™.

[0028]

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

[0029]

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

spaces in the first crystal phase 10 to suppress formation of pores, thereby improving
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The pi ezoel ectric ceram c conposition as an enbodi nent of the present
invention is a |l ead-free piezoelectric ceram c conposition that
mai nly includes a first crystal phase fornmed of a conpound havi ng
pi ezoel ectric characteristics, and a second crystal phase fornmed of
a conmpound that does not have piezoelectric characteristics. The
| ead-free piezoelectric ceram c conposition as an enbodi nent of the
present invention typically includes the second crystal phase in a
proopor t | GHteIabiliy and msHlatiohy| Byrthes besauser¢fdhe siffergnas, indpgplatipn hetyveen
crystal phase accounting for the remnder. In the followng, the
first crybe drstphzdel phase 18 awl He sespred cevstal phase 30, st dranaip Hargeturg is
"KNN phase", and the second crystal phase as a "subphase" or "NTK
phase". [se@@8]jted at the tinfEj of thel plarizatioaxgldahapseyelodtawchiradiensfica improve.
structure of a typical |ead-free piezoelectric ceram c conposition.
The st r uducther, dacanse ithe Eiegmall belmvafrs af slanfire pyepaplede 49 andt thersecond
section of a lead-free piezoelectric ceram c conposition after
di mpl i ng cayehlighasendol argdifRsernpser whtheitaier cltarddiaisdios S8¢ anore| aatilig
m croscope (TEMEDS). In Fig. 1, the black portion indicates a first
crystal pbmperelMath@inPMTRI cl%tﬂgﬁaééwm ¥bhé.e portion indicates a
second crystal phase (subphase) 20. As shown in Fig. 1, the first
crystal phase PﬂBhf preferably a crystal phase in which a plurality
of crystal grains is bound to each other in a deposited state, and
the second crystdlraBhassh 2dis mSlShRlNe Sabytie! oRlESE Wia &' s
t he spaces between the crystél grains of the first crystal phase 10.
[ 0029] . -fr pi I i Gacerag c i:1 1 ok 0k:
the ot rusPiiperdd IR TR ES PLFRE! BEAE Q00T 3N DB PRGN
the three-di pensipnal nesh structure restrains the first crystal
phase. 10 it a 4 BEE per TR HE L e BHFF 1 bR bR ¥8 Bes.oy
t hus i nproves .t he.pi ezoel ectric characteristics. Further he second
cryst al | BRASSAE iy Ao A1 A8 ATAE IR ROPHIGE Riiecrd o Pl gaLa)
phase 10, assunes.a |iquid phase while the |ead-free piezoelectric
cerani c CHPFYLIAEHFi s being sintered, and fills the spaces in the
first crystal phase 10 to suppress formation of pores, thereby
i npr ovi ng sinﬁgpébility and insulation. Further, because of the
difference in insul ation between the first crystal phase 10 and the
second cryst al Thhaalkalng, cemponsafedfnthet alketiupiobpis/tartaleton tperpvakite paide
time of the polarization, and the piezoelectric characteristics
i mpr ove. f@Emmng e firvleaasiglerhabe] @ pentans abedsialkehisnatils ($vehfab Kspotassivmal
phase 10 and the second crystal phase 20 are different, the
t enper at Mae(soimngctaed i [sit (lekiuank amolr ;magt @initdin zékhlic emnplamedale (sichuss i
the first crystal phase 10 al one.

(calcium), Sr (strontium), and Ba (barium)). The alkali niobate/tantalate perovskite

oxide preferably represents those represented by the following composition formula.
[0032]
<Preferred Composition Formula of First Crystal Phase>
(KaNapLi Eg).DO¢
[0033]
Here, the element E is at least one alkali earth metal selected from Ca
(calcium), Sr (strontium), and Ba (barium). The clement D is at least one of Nb

(niobium) and Ta (tantalum). The symbols a, b, ¢, and d satisfya+b+c+d=1, and

13



[ 0030] Preferably, an alkali niobate/tantal ate perovskite
oxide is used as the conpound formng the first crystal phase 10. As
used herein, "alkali niobate/tantal ate perovskite oxide" is a
collective termused to refer to two types of perovskite oxides,
specifically an al kali niobate perovskite oxide and an al kal i
tant al ate perovskite oxide. [0031] The al kal i ne conponent of
the al kali niobate/tantal ate perovskite oxide formng the first
crystal priRdd ADIWOYAYEShs at | east alkali netals (such as K
(potassiunm), Na (sodium), and Li (lithiunm)), and nay contain al kali
earth netals ($¥las Ca (calcium), Sr (strontium, and Ba (barium).
The al kali niobate/tantal ate perovskite oxide preferably represents
t hose repr esenfedhpyfordgeinmoicomposition olepouia i n(potassiying. Nao@@rjum), Li
<Preferred Conposition Formula of First Crystal Phase>
( KaNabLi ¢kdhjem)fandoeidtient E (Ca, $ieridg) adeeloehtedeatt thE joscallied| Aasite ofiche
al kali earth nmetal selected fromCa (calcium, Sr (strontiunm), and Ba
(bari um perdvekied etrmmnire Dvheread elemast DaiNb, dh) Nolocmed i the)soadatled B site of
(tantalum . The synbols a, b, ¢, and d satisfy a+b+c+d= 1, and
the perovskite structure. Specifically, the alkali niobate/tantalate perovskite oxide is a
perovskite oxide that may contain one or more alkali metals (K, Na, Li), and alkali
earth metals (Ca, Sr, Ba) at the A site, and that contains at least one of Nb (niobium)
and Ta (tantalum) at the B site.

[0035]

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

[0036]

In the foregoing composition formula, K, Na, and Li have a valency of +1,
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e and f are any values. [0034] In the foregoing conposition
formula, K (potassium, Na (sodium, Li (lithium, and elenment E (Ca,
Sr, Ba) are located at the so-called A site of the perovskite
structure, whereas elenment D (Nb, Ta) is located at the so-called B
site of the perovskite structure. Specifically, the alkal

ni obate/tantal ate perovskite oxide is a perovskite oxide that may
contain one or _nore alkali netals (K, Na Li% and al kali earth

metal s (clemest E (&8 SxBahes & wlensy ofid. eleaent Dhdh i) Aas poalepchpE +6+
Nb (niobium and Ta (tantalum at the B site.f[0035] The

val ues ofiné Gbforiyasrahes ayalegey of w2t hEheeneflarientifdpkes gnimyplredhat allews heed

in conbinations that establish the perovskite structure, and that are
pr ef er r edirstr gwsteh phasea bl joi formothe t preoeskie taxideal andhypieatly rhiast a o/glugr of
pi ezoel ectric characteristics (particularly, piezoelectric constant
d33) of thprokmaatelfre Posrdel dettrical wertmbzationormdgians arf. the composition,
Specifically, coefficients ato d satisfy 0 al, 0b1 0c <1, and
0 < d < 1he @xlidightsng taf earbberepreseiled bathel fyllowingl dgdatign @Qnposi ti ons
that do not contain any of K (potassium, Na (sodium, and Li
(lithium). Theposgefficients a and b of K (potassium and Na (sodium
are typically <aa0.6, and 0 < b 0.6. The coefficient ¢ of Li

(Fithium may he-pero+2and +spreferably 0 < cO. 2,..(is)urther preferably
0 <c 0.1. The coefficient d of the elenent E (Ca, Sr, Ba) may be

zero, and is p{@@glably 0 <d 0.1, further preferably 0 <d 0.05. The
coefficient e for the A site as a whole nay have any value, and is

a}’giocg' '1y og: 9 & tpital RfloSHRRIof tft it Sydtalfhas@Did &, NIELi REST £8P, Y,
(coefficients a to d are omitted). The first crystal phase 10 of the composition above
contains K (potassium), Na (sodium), and Nb (niobium) as the main metallic
components, and as such the material is also referred to as “KNN material”, and the
first crystal phase 10 as “KNN phase”. As exemplified above, a piezoelectric
ceramic composition having excellent characteristics can be obtained at low cost upon
selecting Ca (calcium) and Nb (niobium) as elements E and D, respectively.

[0039]

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

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

A1xT11xB14xOs

[0041]

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

(rubidium), and Cs (cesium)). The element B is at least one of Nb (niobium) and Ta
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[0036] In the foregoing conposition formula, K, Na, and Li h
val ency of +1, elenent E (Ca, Sr, Ba) has a valency of +2,

ave a
el ement D

(Nb, Ta) has a valency of +5, and O (oxygen) has a val ency of +2. The

coefficient f takes any value that allows the first crystal
to formthe perovskite oxide, and typically has a val ue of

phase 10

approximately 3. Fromthe electrical neutralization conditions of the

conposition, the coefficients a to f can_be represented by t

he

f ol | owi nétapglie)- onfhesymbpby ssany(wlue. p Lreferably thp casicigntx qatisfigs) <x <

[ 0038]

A typical conposition of the first crystal phase 10 is

(K, Na, Bil5. cdy thigzpeeelaf oeeffieisat ki ticeseendhciystali phass Hhican baye a Fipdle
first crystal phase 10 of the conposition above contains K

(pot assi amjctuidaaidadnifonm crysidl Nies¢ niobt obipingd. t he main netal lic
conponents, and as such the material is also referred to as "KNN
material ", and[@@]first crystal phase 10 as "KNN phase". As
exenplified above, a piezoelectric ceram c conposition having

excel I ent char 8pt¢@fic sSkhmplesadt e shobad rRegtatpHassv2008it actoedansevad! ilrg
Ca (calcium and Nb (niobiun) as elenents E and D, respectively.

[ 0039]

foregoing composition formula  include KTiNbOs, Ko.90Tip.9gNby 1005,
Ko.85Tip.g5Nb1,1505, RBTINbOs, RbogoTio.s0Nb1.100s, RbpssTiossNby 1505, CsTiNDOs,
Cs0.00Tip.9oNb1.100s, KTiTaOs, and CsTiTaOs. From the standpoint of the structural
stability of the second crystal phase 20, the coefficient x preferably satisfies 0 < x <
0.15 when element A is K (potassium) or Rb (rubidium), and 0 £ x < 0.10 when
element A is Cs (cesium). A piezoelectric ceramic composition having excellent
characteristics can be obtained at low cost upon selecting K (potassium) and Nb
(niobium) as elements A and B, respectively.

[0043]

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

Chemistry, Vol.31, p.321-328, 1980, the entire disclosure of which is herein
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Preferably, a conpound containing titanium (Ti) is used as the
conpound form ng the second crystal phase 20, and those represented
by, for exanple, the follow ng conposition fornula are preferably
used. [0040] <Preferred Composition Fornula of Second Crystal Phase>
[ 0041] Here, the elenent Ais at |east one alkali netal (such
as K (potassiun), Ro (rubidium, and Cs (cesium). The elenent Bis
at | east one of Nb (niobium and Ta (tantalun). The synbol x is any
val ue. Pregoshpted bytrefgreasef fici ent x satisfies 0 x 0.15. In this
range of coefficient x, the second crystal phase 20 can have a stable
structure, and[@4hi form crystal phase can be obtained. [0042]

Speci fic exanples of the second crystal phase 20 in accordance with
t he foregoi ng Tbepostent aithd second arvistad pbate 2RFnAHBSMoiq ha® O Thel20andbless
L1005, KO.85Ti 0.85Nb .15 05, RbTi Nb0O5, Rbo ooTi 0. 00Nb ; o00s, Rbo
85Ti 0. 85MNimni 20 M08/, &isdlisNferabls Grof0Tintol90MDIS A, kel pterablydfrom 2
CsTi Ta05. Fromthe standpoint of the structural stability of the

second ciy¥%ado HhasEs20A doeposiifthet del nst &ilﬁiiﬁﬁl@&ké&oﬁ@bia@fdl @Bade 20
0.15 when elenent Ais K (potassiun) or Ro (rubidiunm, and O x 5 0.10

when el ep@rRbmPodifiokTob@ihd!Bhly thePtift QeYRAL fHaGe QOF HIS 16OMRIREID hRpt
havi ng excell ent characteristics can be obtained at | ow cost upon

sel ecti ngnKaliBQLRS S hatRAY BRwéd MU hndS1ShRITBM ol GrBihe second
respectively.
crystal phase 20 in excess of 10 mol% has the risk of lowering the piezoelectric
characteristics (particularly, piezoelectric constant dj3).

[0045]

A typical composition of the second crystal phase 20 is Kgs5Tip ssINbj 150s.
The second crystal phase 20 of the composition above contains Nb (niobium), Ti
(titanium), and K (potassium) as the main metallic components, and as such the
material is also referred to as “NTK material”, and the second crystal phase 20 as
“NTK phase™.

[0046]

Also preferred as the second crystal phase 20 other than the crystal phase
represented by A, Ti;«B1:xOs is a crystal phase represented by A Ti3B10y. Though
typically omitted, the coefficient 1 is inteﬁtionally recited in some cases to clearly
distinguish the formula from the crystal phase represented by A Ti;.xB1+xOs. In the
following, the crystal phase represented by A;..Ti;.«B1+xOs is also referred to as
“NTKI1115 phase” or simply “1115 phase”, and the crystal phase represented by
A Ti3B(0g as “NTK 1319 phase™, or simply “1319 phase”.

[0047]

In the crystal phase represented by A;Ti;B;0s, the element A is at least one

17



[ 0043] The second crystal phase 20 does not have piezoel ectric
characteristics; however, the second crystal phase 20 can i nprove
both sinterability and insulation by being used with the first

crystal phase 10. Further, the second crystal phase 20 is believed to
have contribution in the effect of preventing the occurrence of a
phase transition point between -50C and +150C The second crystal
phase 20 is a | am nar structure conmpound (or a | am nar conpound), and
it is beklelicgetahuch pyKyepiagsiam).dh aubidim)yerdike (esigolmnd the ement
second crystal phase 20 inproves the insulation of the piezoelectric
ceranm c EompysleastamearfodNe dntobiusyt @l To (lantalum ) e&iheo@fecwgo@ﬁtai phasend
occurrence of a phase transition point. Note that the second crystal
phase 20 rgmedeatednly a\31:800¢ doty not bae pezdilsdtiosbaraceribicsRélobaherptthe
al., Journal of Solid State Chem stry, Vol.31, p.321-328, 1980, the
entire diss@ndsuysalofhaski20hofi thishemepasitiannges pert anprbvbybotle tmteeaksibty and

[ 0044] The content of the second crystal phase 20 may be nore

than 0 mpAsiiatiod byassnd fised vith thel fist @nstal phofee efer aht Yedoh® MR tarphiect X0
15 mol % further preferably from2 nol%to 10 nol % A conposition

that doegfnpt @aipoditidnt MveeroRdo st t®NRse cdtdutioAMOsd bfct of
containing only the first crystal phase 10) tends to undergo abrupt

charact e?)i‘é/fehﬁ% frle et WRlnceRs a ﬁ&é@ﬁ%sﬁ%ﬁ oﬁﬂ%eﬁzﬂe’éﬁcsoqﬁ &N pRecof the

second crystal phase 20 in excess of | % has the risk of |owering
t he piezoel ect i) ghar acteristics (part| cularly, piezoelectric
constant d33). (t 8 A typical conposition of the second

crystal phase 2{.i &Jé?@éf hOBEl At #&3&9@9&%@@ %gtﬁgﬁ“éggmﬁ%

t he COITpOSI tion abové con
S o a0 PoefRad Fehen RhiTin o Pt Bhmd Yo G TRl
20 as * N?lﬁt}{%rr]%?e%fab{yofggrgb mol% to 10 mol%. A composition that does not contain the
second crystal phase 20 (a composition containing only the first crystal phase 10) tends
to undergo abrupt characteristics fluctuations between -50°C to +150°C. Further, a
content of the second crystal phase 20 in excess of 10 mol% has the risk of lowering
the piezoelectric characteristics (particularly, piezoelectric constant ds3).
[0049]
The crystal phase represented by A;,T11,B14xOs, and the crystal phase
represented by A;Ti;BOg are commeon in that both are compound oxides of element A
(alkali metal), Ti (titanium), and element B (at least one of Nb and Ta). Such
compound oxides of element A, Ti (titanium), and element B are called “A-Ti-B-O
compound oxides”. In the present invention, an A-Ti-B-O compound oxide (element
A is an alkali metal; element B is at least one of Nb and Ta; and the contents of
element A, element B, and Ti are not zero) may be used as the second crystal phase 20.
Particularly preferred is an A-Ti-B-O compound oxide that does not have piezoelectric

characteristics itself, and that can improve both sinterability and insulation by being
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Al so preferred as the second crystal phase 20 other than the crystal
phase represented by Al _xTil_xI3Hx05 is a crystal phase represented
by AlTi 3B109. Though typically omtted, the coefficient 1 is
intentionally recited in sone cases to clearly distinguish the
formula fromthe crystal phase represented by AlTi 1B1+,05. In the
foll owi ng, the crystal phase represented by Al.xTi 1. xth+x05 is al so
referred to _as "NTKLl115 phase" or _sinp "1115 phase”, and the
crystal predavithe b it %rastaly phasti kfmaleb Ca prwgéhe operEce ofr a2 SR y
"1319 phase". [0047L In the crystal Ehase represented by Al Ti 313, 09,
t he el eméransifion ot betavesn -PKE andl HAOTCnet al (such as K (potassium,
Ro (rubidium, and Cs (cesium), and the elenent B is at | east one of
Nb (ni obi um aﬂﬂﬁﬂé (tantalum. The second crystal phase 20
represented by AlTi 3B109 does not have piezoel ectric characteristics;
however, the s@heridad:frgstpidzopheaisie &Ramfc tdimposithorpasiani anbalimenic afi the

i nprove both sinterability and insulation by being used with the
first crysdsaht ipb@senifay doneais eciend oe yadidllelqhas eele@ed frofmh@u (copper), Ni
conposition above is also believed to have contribution in the effect
of prevephick@) IS (QBeH), FTRNESnRMA (RBASR etd) A0S (dHremiRe), 7k (Aedonaa), A0C
and +150g [0%48 ¢ ¥ $ he gonténta%?'fﬂe sgcondlg€§stél phase 5%9

represengﬁﬂzew 7R 5&9 scARYiuRS, amiel t(&@&uﬁl)nvhdaﬁ@dthbeseeiam%ﬁ&ts

nmol % is preferably from2 nol%to 15 nol'% further preferably

from2 ”‘Bbrﬁhﬁﬁ%@vﬁt}{@h Qac{'érﬁﬁ%ohfch%lgt @g%?egﬁlﬁngﬁigmﬁ%?ﬁbﬂ Ehé‘ad free

secondl crysta ase sitro I r st

t

fl oot ‘3lat %%?‘98&? &e“e‘*ﬁﬁﬂ@ow&&%ﬁ%ﬂc AR méﬁﬁéﬁ?“e@fﬁ%@% Jmgls s,
oS oal Dol B IR, f@gthffp%?férﬂém et Ils%Oe?%tcOfa?“@dlefgﬁ%%%fﬂ

d33). [004 e resen 31.0,.05,
o i he EPyERL eﬁ‘ﬁ%{?eoi}‘r%e’ﬁf’ "B5°of B5e5R d@ B’reé SbA A PHes
bot h are_conpound oxi des of eIe nt A alka (t ,
and el endhfenpaqding fue OF Mg pgta e%ﬁ#da t)‘on r%%faﬁ%lyo%lifif@ 31223
elenment A, Ti (titanium, and elenent B are caIIed "A-Ti -B-0 conpound

oxi des” . tHag } F®1%r eLepputsnies rﬁafﬂb addigiangl mytalsenseeding dunel Yo kpgithe risk of
(element Ais an alkali netal; element Bis at | east one of Nb and

To; and {ewertngthepiezogjecter sharaeteristics] enent B, and Ti are not zero)
may be used as the second crystal phase 20. Particularly preferred is
an A-Ti-B-0 cofdlhd oxi de that does not have piezoelectric
characteristics itself, and that can inprove both sinterability and
i nsul at i 8nPizobdiectnig Element Producing Method
B1. First Producing Method
Fig. 2 is an explanatory view representing a piezoelectric element producing
method. The piezoelectric element produced by using the method of Fig. 2 is a
device equipped with a piezoceramic formed of the lead-free piczoelectric ceramic
composition.
[0052]
As represented in Fig. 2, in process T110, the required raw material of the

mother phase (KNN phase) is selected from materials such as a K,CO; powder, a

Na,CO; powder, a LiCO; powder, a CaCO; powder, a SrCO; powder, a BaCO;
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used with the first crystal phase 10, and can prevent the occurrence
of a phase transition point between -50C and +150C. [ 0050] The
| ead-free piezoelectric ceramc conposition as an enbodi nent of the
present invention nay contain at |east one netal el enent sel ected
fromCu (copper), N (nickel), Co (cobalt), Fe (iron), M
(rmanganese), C (chromum, Zr (zirconium, Ag (silver), Zn (zinc),
Sc (scandium), and Bi (bisnuth). Adding these netal elenents can

i npr ove PRYIERAMEROs Modtdet n¢ gake Ve npdgryandyis ayaghed aceprdingotadhe Helues

d33) of the |ead-free piezoelectric ceram c conposition. The total .

cont ent &f theheoedeirats grigle wethameothey phags eerapasjtion fasmedaor Thessethanol is
further preferably 1 nmol% or less. A total additional netal content

in excesgdddd B thglevhasterinkpewddks.ofnd iaervhaley it wet pilxedowitbax balb mill for
characteristics. Wien adding two or nore netals, each additional

met al i s ppefefablyait leastdtiedioinrs foeslgainhaslutrynolfopracesodil @it a ofixedpbwder
additional netal exceeding 1 nol% has the risk of |owering the

pi ezoel eobriiddhad@gbtgethe Sturnsis chRiHel] fdB.exBingleo ahdetani air hreepirre at 600
Produci ng Met hod Bl . First Producing Method Fig. 2 is an

expl anat @5 ¥,000@QVfdrePlosiDeitiuk e ;ﬂo@i&é@ﬁbtﬁ@%ﬁﬂa@e eAlemed brgaueduci ng
nmet hod. The piezoel ectric el ement produced by using the nethod of

Fig. 2 is a deyazs)equi pped with a piezoceranic formed of the
| ead-free piezoelectric ceram c conposition. [0052]

In process T130, the required raw material of the subphase (NTK phase) is
selected from materials such as a K;CO; powder, a Rb,COj3; powder, a Cs;CO; powder,
a TiO, powder, a Nb,Os powder, and a Ta,Os powder, and is weighed according to the
value of the coefficient x in the subphase composition formula. Then, ethanol is
added to the raw material powders, and the whole is wet mixed with a ball mill for
preferably at least 15 hours to obtain a slurry. In process T140, a mixed powder
obtained by drying the slurry is calcined, for example, under the air atmosphere at 600
to 1,000°C for 1 to 10 hours to produce a subphase calcined product.

[0054]

In process T150, the mother phase calcined product and the subphase calcined
product are separately weighed, and pulverized and mixed with a ball mill after adding
a dispersant, a binder, and ethanol to obtain a slurry. When additional metals are
added, the required material is selected from materials such as a CuO powder, an
FeO; powder, a NiO powder, a Ag,O powder, a ZrO; powder, a ZnO powder, a MgO
powder, a Sc;O3 powder, a Bi;O3 powder, a CrO3 powder, a MnO, powder, and a CoO
powder, weighed, and mixed into a slurry. The slurry may be calcined again, and
pulverized and mixed.

[0055]
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As represented in Fig. 2, in process T110, the required raw materi al
of the nother phase (KNN phase) is selected frommaterials such as a
K2CO3 powder, a Na2CO3 powder, a Li2CO3 powder, a CaCO3 powder, a
SrC3 powder, a BaCO3 powder, a Nb205 powder, and a Ta205 powder,
and is wei ghed according to the values of the coefficients a to e in
t he not her phase conposition fonnula. Then, ethanol is added to the
raw materi al powders, and the whole is wet mxed with a ball mll for
preferably at MNoigthai thaggditional metals pdded i ig Rreegps TlnOproeedd OM% argl
m xed powder obtained by drying the slurry is calcined, for exarrpl e,
under anthf pomiertoriptrsheadditicmebmetnl 1is poefer bt given dn termmogk et Holge eduic e
a not her phase cal ci ned product. [0053] In process T130, the
requi r ed siaple supstaricalmeshl. t Hast bieg addud gshaste) oxides edrdainag dnlyp e
materials such as a K2CO3 powder, a Rb2CO3 powder, a Cs2CO3 powder, a
Ti 2 powdéditiomalb@8ls, thevadditionalndetalsTaided tpthedest, crastdl plmsevangthedphase)
according to the value of the coefficient x in the subphase

conposi t and tHeodegtdicry$tak phaset(hibphhse) $n peidtest TS ey hawin med formadf oxide
powders, and the whole is wet mxed with a ball mll for preferably
at | east EMOhQWhEret @e@bitaE Mis aut Sbabt fiie dMCHr O e9d Bd,ddhd alefilexeN] poister
obt ai ned by drylng the slurry is calcined, for exanple, under the air

at nvspheaedlﬁbneﬁq{aeﬁag timOQcQ{Ealh%n Tk AQuDaKES 4ha (BE GuEBna SuARhaRe
cal ci ned product In process T150, the nother phase

cal ci ned RiRdY¢ a@i{h‘i‘l Eel"r& HPR ARt PLGHRRE EE %dtlﬁﬁﬂ nfpoRBRAMAhE | okide

wei ghed, and pul ver| zed and m xed wth a ball aft'er adding a

di Sper sagho iDL 1 ABURhIRNR kN BrsPPiAL gﬁ?s%lc}frﬂéé'})le%&?arﬁ‘fédiffer qpal

netal s are ad ereqwre mat eri a ecte rommaterials
such as %.n%o powder, an Fe203 powder, a N O powder, a Ag20 powder, a
Zr 02 po a ZnO povvder, a MgO powder, a Sc203 powder, a Bi 203
powder, a QZO&L?S%H a M02 powder, and a CoO powder, weighed, and
m xed into a s The sl urry may be cal ci ned again, and pul verized

and m xed. | Oo?n })rocess T150, the slurry obtained from the mother phase calcined product

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

[0057]

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

maintained particle state during the firing performed in process T160, and the adjacent
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Note that the additional netals added in process T150 are netal

oxi des, and the content of each additional netal is preferably given
internms of the nol % of a sinple substance netal. |nstead of being
added as netal oxides containing only the additional netals, the
additional netals added to the first crystal phase (nother phase) and
t he second crystal phase (subphase) in process T150 may be in the

f or m of OXId EMD3 ere |s at ast one of , .Sr, and
B, and ETH @R .bénvg[] aﬁup{ﬁ% %é?%ﬂsﬁe{f ﬁaaﬁe-c&ﬁl@%lm@c?eaﬁh%rsm?ﬁase
earth netal and the additional net aI The_el enent E (Ial kali earth
metal el SNdhimatediaslFemtias Liquishinhases sRe sy it and dillsythe speags Formed
used as the element E in the first crystal phase of the piezoceranc
af ter t hé&etween e crygiabgpins of the KNN magsieks T150, the slurry obtai ned
fromthe nother phase cal ci ned product and the subphase cal ci ned
product is dri f#58yranul ated, and uniaxially pressed to be nol ded
into a desired shape (for exanple, disk shape or cylindrical shape),
for exanpl e, uhderoc2& VPH, phepraoeraibithstgained in proceoy Tedhixpprecessért at
product is subjected to a CIP process (cold isostatic pressing) under
150 MPa peegmbnSionhal atdu@ddy fqGirl piraks gieAdoldyiric] 86méht. In procesf T180,
process T160, the CIP pressed body obtained in process T150 is held
and fir edjecfrédesex@nubted WRdRE pleh6ceddrhicahiiDs pHIgF gatidh fp‘?@&smpbrﬁ%é‘d fror
1 to 10 hours to obtain a pi ezoceramc of the | ead-free piezoelectric
ceram ¢ e@ERQSTigoon. The firing may be performed under a reduction

at nosphere or 02 atnosphere. The subphase NTK material has a | ower
mel ti ng point t gyt he not her phase KNN material, and thus the
plurality of c yst]a grains of KNN material in the not her phase nelts
in the maintai i e

process T160, gﬁ% '?lﬁ{atprg &1@1%&%%5 eg‘%l%pa?%svr eblq %%I {(l)J gagﬁﬂo;toﬁlemw
the depOSI te(ljc %t a'tel Ne?férl]n o%tale Fﬁgshaserovecg EZO Ct rﬂ% C? 1PCS
a |iqui d“PAASE, O‘EH%F?‘?% Pricbraina PREroYEh eloriss F%écf SrWEEH
the crystal f the Nmaterlal

T170, { ne'Hi BDT BRdiee RERISRUE FHoBios gmﬂ%@ that g gebbbieatia serond

O e o TSty B S no ot Do b, P T b ove
pol arl ZaHe?erIy El{lcl):?{ael?llsjlel ?m g‘glfe?%lr'rofcgssleg agcrl Cl)o(l;c?csegs (;E)]fl%?tlons used for piezoelectric
element production can be appropriately used. The method that involves the mixing
and firing of the mother phase calcined product and the subphase calcined product as
in the producing method of Fig. 2 is also called a “two-phase control method”.
[00607]
B2. Second Producing Method
Fig. 24 is an explanatory view representing a piezoelectric element producing
method. The piezoelectric element produced by using the producing method of Fig.
24 is a device equipped with a piezoceramic of the lead-free piezoelectric ceramic
composition.

[0061]

As represented in Fig. 24, in process T210, the required raw material of the
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[ 0059] Wth the produci ng net hod descri bed above, the

| ead-free piezoelectric ceram c conposition can be obtained that has
i nproved piezoel ectric characteristics over other |ead-free

pi ezoel ectric ceram c conpositions that do not have the second
crystal phase. It should be noted that the produci ng nmethod descri bed
above is nerely an exanple, and other processes and process

condi tions used for_piezoelectric el epent production can bhe

appr opr i dR¥NSF plase. (K%?S Rhatsida selsgted; o Wé@ﬂf‘]ﬁesuﬁhﬂsrf"g Kah@:rpidey of
t he not her hase cal cined product and the subphase cal ci ned product
as in t héNpreduavrigr n%tIH&BDﬂJOFVi 1, 2 GagQOy) B‘G’V‘E%I R et C4)s pawsdgshasBaCos
contr ol nethod [0060] B2. Second Produci ng Met hod Fig. 24 is
an expl arawgey alteWs pepides end iarlg:@s piedausednscveicheddasnuting for b yeluag of
met hod. The piezoel ectric el ement produced by using the producing

met hod ofthdcoeffigénissa & dewithe megfbepplede wiontpoaitiph deonelranilbenfethdiel is

| ead-free piezoelectric ceramc conposition. [0061] As represented in
Fi g. 24, addedrtoothesawTdadrial pewdasuardettherneiwlead et alixaf withen batbntiBrfor
phase (KNN phase) is selected frommaterials such as a K2CO3 powder,

a Na2CGCB ppsefibly, atlekst2(XBopev@eshbtaia £3cs:. poGescesa TSLEOB migedl @iowdar
BaCO3 powder, a Nb205 powder, and a Ta205 powder, and wei ghed

accor di N@btathdds d(r?lrlgetﬁe Qhurth ecsl@ﬁi‘eﬁl folr @RAAPIR, &Rlice theif MerdIPhdr€hat 600
phase conposition formula. Then, ethanol is added to the raw materi al

powder s, (@n@obue b o ourelo ﬂ}bdﬁ.ﬁ:@ a"i‘néﬂﬂe ll?l%é Eal@?nHi dezﬁlcpr ef erably

at least 15 hours to obtain a slurry. ocess m xed powder
obt ai ned by drg the slurry is caIC|ned for exanple under the air
at nosphere at 00 o 1,000C for 1 to 10 hours to produce a not her

phase cal ci nedlrp 590%8% 1230, the required raw material of the subphase (NTK phase) is
selected from materials such as a K;COj; powder, a Rb,CO3 powder, a Cs,CO; powder,
a TiO, powder, a Nb,Os powder, and a Ta,Os powder, and weighed according to the
value of the coefficient x in the subphase composition formula. Then, ethanol is
added to the raw material powders, and the whole is wet mixed with a ball mill for
preferably at least 15 hours to obtain a slurry. In process T240, a mixed powder
obtained by drying the slurry is calcined, for example, under the air atmosphere at 600
to 1,000°C for 1 to 10 hours to obtain a calcined product and produce a subphase
calcined product.

[0063]

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

product. The first temperature used for the calcining (process T254) is lower than the

23



[ 0062] In process T230, the required raw material of the
subphase (NTK phase) is selected frommaterials such as a K2CO3
powder, a Rb2CO3 powder, a Cs2CO3 powder, a Ti Q2 powder, a Nb205
powder, and a Ta205 powder, and wei ghed according to the value of the
coefficient x in the subphase conposition fornula. Then, ethanol is
added to the raw materi al powders, and the whole is wet mxed with a

oo | kBBl B ASSES ASaLE e R e Yo i

cal cined, ,for exanple, under the air atnosphere at 600 to 1, 000C for
1 to 10 BY$%€dt o obtain a cal cined product and produce a subphase
cal ci ned product. 5‘0063] In process T252, the nother phase
cal ci ned produc?0éhd t he subphase cal ci ned product are separately
wei ghed, and pul verized and mxed with a ball m |l after adding

et hanol to obt & precesd 1258 the miygdowdeined peluciaismveigledy endi prlvebired amdl
by drying the slurry is calcined under the air atnosphere at a first
t enper at uriged fadter eddinp| 2 dispOBanto albiBGOCand athdhot,otol6bthioua shitrry. 0BV hém
a cal cined product and produce a m xed cal ci ned product. The first

t enper at adéitiossldnétals drdeddsml] dieneqgirddomaeeiabisTs2ieé)edi fSorh oneridld surcht dsea
tenperature at which the powder derived fromthe subphase cal ci ned

product iChGhéw&sresh FE0Q09blvder, a NiO ﬂdetﬂHrpaC A$s0 gaﬁﬁer, b IROMp¥&eer, a ZnO
cal cined product 1s weighed, and pul verized and m xed after adding a

di sper sapbwdar, Bi ger povddd, £1B owd®, #BiadNpSwdrUs 18,0 V%S'@ﬁder, a MnO
addi ti ong’l nmet alﬂsﬁar% added, %gi)reqw red n%ggeri al is:Z sae ected fl’0n’2|

mat eri al go%waﬁéa@o@@\ﬁ%\ﬂﬂ%igh&ﬂ aE@%Q@ed%W@Elur@. Ni O powder, a Ag20
powder , Zr02 powder,” a ZnO poéwdér, a MyO powder; a Sc203 powder, a

Bi 203 powder, nfoo(gg?OS powder, a M02 powder, and a CoO powder,
wei ghed, and xed into a slurry. [0065]

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

[0066]

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

under 20 MPa pressure. Subsequently, for example, the product is subjected to a CIP
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Note that the additional netals added in process T258 are netal

oxi des, and the content of each additional netal is preferably given
internms of the nol % of a sinple substance netal. |nstead of being
added as netal oxides containing only the additional netals, the
additional nmetals mxed with the first crystal phase (nother phase)
and the second crystal phase (subphase) in process T258 may be in the
form of oxide EMD3 (where the elenent E is at | east one of Ca, Sr,
and Ba, @HeFesheold ispsatic wessing) paderdfioMBa arespee 49 pbiained CHopressed dodh

al kali earth netal and the additional netal. The elenent E (alkal
earth metal el &fdl) contained as a third conponent in the oxi de EMD3
is used as the elenent Ein the first crystal phase of the

pi ezocer ami ¢ afn eroceseT260; ithegy CIR 0683d body obtained pr press T2B8is hehikand
slurry obtained fromthe nother phase cal ci ned product and the
subphase foad, donedmpiaducitr ihe aflr atewsplgtrafiarl latoel) haursl aumsaond tdrgperature
pressed to be nolded into a desired shape (for exanpl e, disk-shaped
or cyli ngfor@ahmplefl 000 @xXAIPHET) hiplke rthADthYRasPleBHetitee uSedSRGHE Bhlkiing
for exanple, the product is subjected to a CIP process (cold

i sostatign gfr@@eﬁk nEps54uRA@btal® @ WRARIBERUGE th® 10RL fbA éﬁeszBc@rcegéﬁﬁic
body. [0067] In process T260, the CI P pressed body obtained

in proce%émﬁgsﬁgoﬁ.s TR ¢ ARdmhl N8d perlfOimX 8ARCa rEAREbn tARoGIHere or O,
at nosphere for 1 to 10 hours at a second tenperature (for exanple,

900 to 1a§9<9391@1}éi. ohRE f%@%ﬂsé REK Iafrial GRPE ALY I‘ﬁellt'iﬁggaog Zchzfrgglg_l?other

cal cining I nprocess to obtain a piezoceramc ree
pi ezoel e Ke ] G i1 L r
B P educt Pored HELAHEANABhE Ikl bt L3R, BB B RN SiERE e
has a | ower., nel,tin int than the nothe ase KN erial,.. and .
hus ¢ no P aiast Fodtl B b gl B € e R R R e Besfffi in
phase nelts i e i.ntaj.ned particle state duri the firin

Por f or el et el Wbl ub e Gafstun Suialfor i Bre dnsPike o
each other in.the deposite ate. Meanwhil e, the subphase NTK

mat eri al plile.fhg sybpliage Fedgial Jedisapgsligpd %f'dafl5 fﬁ(’?’stlﬁ@ and
spaces farned between the crystal grains of the KNN material. [0068]
I n procedds fierpacesfarmedbeiwapmiiecristal graagof the AN daaderigbeo | s
processed at the dinmensional accuracy required of the piezoelectric

el ement. In prB¥e8E T280, el ectrodes are nounted on the piezoceranic,

and a pol arization process is perforned in process T290. [0069]
In process 1270, the piezoceramic obtained in process T260 1s processed at

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

[0069]

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

piezoelectric element production can be appropriately used. The method that

25



Wth the produci ng nethod descri bed above, the | ead-free

pi ezoel ectric ceram c conposition can be obtai ned that has further

i nproved piezoel ectric characteristics over other |ead-free

pi ezoel ectric ceram c conpositions that do not have the second
crystal phase. It should be noted that the produci ng nmethod descri bed
above is nerely an exanple, and other processes and process
conditions used for piezoelectric elenment production can

appr opri ap¥ yesagéanxrﬂs@nﬁeﬁmwdoft qhaﬂmthrrﬁ}@ﬁ%@cmﬁ% pmdklphgldaﬁha spbphasg
of the nother phase cal ci ned product and the subphase cal ci ned

pr oduct aglcmedtmedwc?éuﬁuth predusi BEthedpefl Dig. 24 igjabe c@dled ad ‘tavo-phase
"t wo- phase control nethod". [0070] C. Device Using the Lead-Free

Pi ezoel ecpnirel methadi.c Cowposition d . Piezoelectric El ement

Fig. 3 is a perspective view show ng a piezoelectric elenent 100 of
an enbodi nrent §07he present invention. The piezoelectric el enment 100
of Fig. 3 is produced by using the producing nethod of Fig. 2, and

i ncl udes G Driviceddsin@tiied chd FreaPidzéelgutic Cofantit €whippdeionl20 and 130.
The pi ezoceram ¢ 110 of the piezoelectric element 100 is formed from
t he | ead-JIr eeezptlezidieBehéntC ceram ¢ conposition, and has a di sk shape
in the exanple of Fig. 3. The el ectrodes 120 and 130 of the

pi ezoelectric g Ogen?ns alggrsﬁécﬁlv@o&i@{veﬁl&ﬂn%hﬁ he%ae&h@eaeﬁ%mt 6o of 0
pi ezoceram c 11 In the exanple of Fig ? he el ectrodes 120 and

130 are dj3kanhaRed @s Oﬂr@sehh%\l%hﬁgﬁ’cef]@?&z&élgctn@r@elﬁ&ﬁ TRUBE ?ﬂg O s

the both end surfaces he piezoceram ¢ 110 0071

pi ezoel e%}&duﬁeflb?%fﬁg tilxg%t gfgﬁﬂé@é& o&"lﬁg P %ﬁ?%sﬂﬁ&ﬁrs'ac iez cere}mm 110,

characteristics conf i guration o e pi ezoel ec

el ement |, O}Jal o'%]etltfc rol®s tlE@ a%aelﬁhoﬂalpr}ez%cgramlc 1,?6 oft fig piezoelectric

plezoelec rlc I ément"Can® be inpl eméent’e varre

configur afelmoerr]l§100 is formed from the lead-free piezoelectric ceramic composition, and has a

disk shape in the example of Fig. 3. The electrodes 120 and 130 of the piezoelectric
element 100 are mounted on the both sides of the piezoceramic 110. In the example
of Fig. 3, the electrodes 120 and 130 are disk-shaped as is the piezoceramic 110, and
are mounted on the both end surfaces of the piezoceramic 110.

[0071]

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

[0072]
C2. Sensing Device

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

the piezoelectric element produced by using the producing method of Fig. 2, and is a
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[0072] C2. Sensing Device Fig. 4 is an expl oded perspective
vi ew showi ng a sensing device 200 of an enbodi ment of the present

i nvention. The sensing device 200 is a detector that uses the

pi ezoel ectric el ement produced by using the produci ng nmethod of Fig.
2, and is a so-called non-resonant type knock sensor in the exanple
of Fig. 4. The sensing device 200 includes a netal shell 210, an

i nsul ati ng sl eeve 220, an insulating plate 230, a piezoelectric

el enent 34@alleth npngedoasiintyppl letogk 280soraincthar exempld of iligadj ushé wensing
wei ght 260, a washer 270, a nut 280, and a housing 290. [0073]

The net aldesice2D0 2icludef atrhefalsdhel 20, demsdeti®Ddedve 220nin gunkdng pbite 250,
cylindrical tube 212 having fornmed therein a through hole 210a, and a
f 1 ange- | iakemekictrivgelpoent D40, 2h4netitadslag 250t aahaorrietd adjastirigoweight
the tube 212. The circunference at the end portion of the tube 212
opposi t e 260 MvhdiRr SBALA Mg 280 dnderhotdthgi29oengr aved with screw t hreads
210b. The circunferential portions of the tube 212 and the seating
portion 214 aregnyraved with grooves 210c and 210d, respectively,
for inmproved contact with the housing 290. The netal shell 210 is an

integral unit foL gReiRK1¥51MEr ﬁ‘BQEﬁI’_&?ﬁé @év@c@f@ﬂi‘é%hﬂﬂ%ﬁ@ﬁ AQHSa eﬁlﬂ‘lﬁﬁﬁfﬁg

casting, forging, and nachining). The surface of the netal she

as ! st ansde Gyyfie okl AEEGR PHERIS 2o BAY 558 P s EMing porion

i meul ot 1 Av saBeRg o Bt G LT bliBh oFEOE s A%, The sBEBRR-des e endg
Canber oSy e e B LR R G RN

i, EEEL?t Inag'gzﬁ%;f@al g'c?fchm%rggttlzil Cporrrt?(gnesr(i)fatll‘lg t&gecglfznf ItEl;I;, ?era]lgnlga I?3-!0-i’ti06111nd

214 are engraved with grooves 210c and 210d, respectively, for improved contact with
the housing 290. The metal shell 210 is an integral unit formed by using appropriate
producing methods (such as casting, forging, and machining). The surface of the
metal shell 210 is plated (e.g., zinc chromate plating) to improve corrosion resistance.

[0074]

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

{0075]

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

electrodes 242 and 246, and a piezoceramic 244 disposed therebetween, and forms a
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[ 0075] The piezoel ectric el enent 240 of the sensing device 200
i s produced by using the producing nethod of Fig. 2, and serves as a
vi bration detecting neans for detecting vibration. The piezoelectric
el enent 240 is configured as a lamnate of thin plate el ectrodes 242
and 246, and a piezoceram c 244 di sposed therebetween, and forns a
hol | ow di sk-shaped nmenber as a whole. [0076] The
characteristic adjusting weight 260 of the sensing device 200 is a
hol | ow dihglowthgrethapedrinembenasa wWhokeor med of various metallic
materials such as brass. The washer 270 and the nut 280 of the
sensi ng devi ce{®®]are fornmed of various netallic materials. [0077]
In the sensing device 200, the insulating sleeve 220 is fitted to the
tube 212 of th&heehahctshigid adiQingMaght 00l eft the gensieg dev2&020Q isex hollow
pi ezoel ectric el enment 240, the insulating plate 250, and the

char act edisktdhapatimefibef)Gnies Grined@F varieud mktafitt natckinB Judk ak dtdsng The
sleeve 220, in order. In this state, the nut 280 is threadably

nount ed Qhshdie2 BCAIRAVWhE Mu€ a8k of Hse@kink RevicH 260 22 fi¥metiNg vaBbad mehglid
210 via the washer 270. In this way, the insulating plate 230, the

pi ezoel eglfidf1€! ement 240, the insulating plate 250, the
characteristic adjusting weight 260, and the washer 270 are fixed by
bei ng held betnﬁﬁﬁ the seating portion 214 of the nmetal shell 210 and
t he nut 280. The h%using 290 formed of injection nolded insulating

e 2 0 RS BoTBL o0 She s Be RO s P ko

the met althes pn%kall s%:tlz'ﬁ’ A® GRLERES at\{\filé[ r1])121t’[eh 338,0%% Blgzc?e%)dtrié % eﬁl3 nt 240, the
insulating plate 250, and the characteristic adjusting weight 260 are fitted to the
insulating sleeve 220, in order. In this state, the nut 280 is threadably mounted on the
screw threads 210b on the tube 212 of the metal shell 210 via the washer 270. In this
way, the insulating plate 230, the piezoelectric element 240, the insulating plate 250,
the characteristic adjusting weight 260, and the washer 270 are fixed by being held
between the seating portion 214 of the metal shell 210 and the nut 280. The housing
290 formed of injection molded insulating material (various plastic materials such as
PA) is provided for the metal shell 210 fixing its components, and the components
fixed to the metal shell 210 are covered with the housing 290.

[0078]

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

connected to the thin plate electrodes 242 and 246 of the piezoelectric element 240,

[0079]
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The piezoelectric elenment 240 in the sensing device 200 is surrounded
by the insulating sleeve 220, the insulating plates 230 and 250, and
the housing 290, and are electrically insulated fromthe netal shel
210 and the characteristic adjusting weight 260. Lead wires (not
illustrated) |eading out of the housing 290 are electrically
connected to the thin plate el ectrodes 242 and 246 of the

pi ezoel ectric el ement 240. [0079] ~ The sensing device 200 uses
t he pi ezoel ect rlibe wneinendevies0 280 wsge dhe anezoglesiiseplesiant 240 of excellent
characteristics, and can thus inprove the detection performance and
heat dur @bdzotleytricicharasteribiéesefind eapthsis iilnprwve dhe dgprtawspedrmendeoimd heat
errors and i naccurate detection. It should be noted that the

conf i gur autabilitgf tThes staersfarg plessibte to ssupptest i datdotidnt errdleeammh ansdeorsne
in Fig. 4, and the sensing device can be inplenmented not only as a
knock semgretibut It shaulabd @biedothaptie cogfiifratginr af it Sensinyc Hexdedrds not
ul trasoni c sensors, and vibration sensors. [0080] C3. Utrasonic

Drive DeVinfifd to the onefdh@wndn Fsg. a, hDHetsHiinale s @CéanaRan pYdredMt&f n@fonly
ultrasonic drive device 300 of an enbodi nent of the present

i nventi oRg 5 KRStk &SORIf a Fati¥e HFVMEoRRBurhoi, Heludndvheshié Sdkors,
uses the piezoelectric el enment "produced by using the produci ng net hod

of Fig. Znglibeidi £xaifpl e of Fig. 5 the ultrasonic drive device 300
is a so-ca Ieé Langevi n-type ultrasonic transducer. The ultrasonic
drive device ngﬁbﬂC|Udes a piezoelectric elenent pair 310, a front
panel 320, a backinhg panel 330, and a center bolt 340. [0081]

The pi ezoel gric.ﬁﬁeneBt. air 310 of the ultrasonic drive device 300
is dispos dE@é?V%% YHe TY'6ht panel 320 and the backi ng panel 330,
and these are g%tgche ta each other in o i

piece wth the.center
bol t 340. The pifezderdePsidnal spipnahyiey o R %gﬂfre oot an
hol | ow di sk-shaped .pj ezoel ectric el ements. 312 and. 314, .an .pair . of
el ect r od&MsP Dt 9f h RlessRE INVERHOR: o b BHIASOWE 4Tive %@Vé%gP@df @j drive
el ement pair 310 are arranqed_in order fromthe piezoelectric el enent
312, t hedeYige thapgeesgheapiszadlgctrie plempang persuged py usiap dhgpiodgaing meipd of

the electrode plate 315, relative to the direction fromthe front
panel 328isiHe Inothsr ekantpds 9dKENG. emalirasguic drive device 300 is a so-called

Langevin-type ultrasonic transducer. The ultrasonic drive device 300 includes a
piczoelectric element pair 310, a front panel 320, a backing panel 330, and a center
bolt 340.

[0081]

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

relative to the direction from the front panel 320 side toward the backing panel 330.
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The piezoelectric elenments 312 and 314 are produced by using the
produci ng nethod of Fig. 2, and serve as a driving neans for causing
vi brations. [0082] The front panel 320 and the backi ng panel
330 of the ultrasonic drive device 300 are formed of cylindrical

metal bl ocks (for exanple, iron or alum nun). The front panel 320 has
a larger dianeter than the piezoelectric elenent 312, and the portion

in contact with the piezoelectric elenent 312 is a conical portion
322 of dddedugdonlgcticastements 3l Rand Pdd dtie prastugeche paing dhe pragducing method
pi ezoel ectric element 312 on the side of the piezoelectric el enent
312. The ofFiki2ngndsamed a3Bdriviag meahafagerudigwibtaions.han t he

pi ezoel ectric elenment 314, and the portion in contact with the

pi ezoel ectric ¢0Ent 314 via the electrode plate 315 is a conical
portion 332 of decreasing dianeters that match the dianeter of the

pi ezoel ectric ghememt padd 300 ahtiehs balkind pirfee 3p0 o7 o wahsdnic efieddetice
314. The dianeters of the front panel 320 and the backi ng panel 330

are substaptir@lfbimddner sAMRIrichkORBE blocks ﬁfoﬂb&nﬁﬂ@l P& bi @ningthub)e The
front panel 320 opposite fromthe piezoel ectric elenent pair 310

forms an gyt rpﬁﬁél”ﬁt} hadi 'aalfafgéﬂ cﬁMﬁét@F %a%zﬁlemﬁiﬁlé&ﬁd %I%?fﬂ:'nﬁ 31adhad e
The end portion of the backing panel 330 opposite fromt

pi ezoel e Bftio(fl ﬁL@GﬁQét hrtllg(l)[?eﬁiefe%trrbagleﬁleg '3ng i§Ndc %9\“ Cé@g%@%hgf

ext ends Iong e aX|s I ne he ultrasonic drive

total | e’&QHQ s"i‘ﬁ%ﬂ&ﬁe@e@s el %At%lﬁﬁqe%m&%r W ttl{efg%ﬂe‘fe%cﬂ{ulhkéﬁgl%g%’ 5PLoR Mk

subst anti a I NCI resonant
| t t f. d
Hovt con SReie e BRRORELE SIERS Y512l PaRE hacking panct Mg £ RERY Gicthite

Ble(rafz g?ln,: L %ecpqurogft ‘[erlrcI SlEerlngﬁt’ BPZ{] anﬁ He HIOHI P cgo% a%‘[t hﬁl qu piezoelectric

element 314 via the electrode plate 315 is a conical portion 332 of decreasing
diameters that match the diameter of the piezoelectric element 314 on the side of the
piezoelectric element 314. The diameters of the front panel 320 and the backing
panel 330 are substantially the same.

[0083]

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

[0084]

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

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

i ncluding ultrasonic actuators, and ultrasonic notors. [0085] C4.

U trasoni c Processing Machi ne Fig. 6 is a perspective view
showi ng and licetrdusaniliey. plios dkeselnes mn’@ien@ producsfultgasoaieird diahlenreqykeneipe
present invention. The ultrasonic processing machine 400 is a
processi dgsldeld benothdthat slescanfigupiien of Hecultrasongd dnrendevpredd motldmityd to
using the producing nethod of Fig. 2. In the exanple of Fig. 6, the
ul t r asonitke proogessi ingFigashimlethd Olrdssnia dtivetdengeteanbe fimpletneritdédugptanly
target object. The ultrasonic processing nachi ne 400 includes a base
410, a piaeanealtesbhictra@b@renbut4r @ vafde@rdfRther@osfliQuetiael nclidink3iliragonic
spi ndl e 440, and a nmounting jig 450. [0086] The base 410 of

the ul tr as@Rices, AR GRESbAIE MBR6RI ne 400 is a di sk-shaped nenber, and
has the grindi ng stone portion 430 formed around its ci rcunf er ence.

The center of (ﬁg5Fase 410 is fixed to the spindle 440 with the
nmounting jig 450 0087] The piezoelectric elenment 420 of the

UltrasonkﬁlQﬂﬁ&%ﬁﬁ%ﬂ%c&@ﬁ M&HARO i's produced by using the producing

met hod of Fi preZoelectric elenment 420, circular in shape,

5, erbedded Tngl g BOULSUILACHS, Shollf AARELAG. pANCL AR MESIASY of

driving neans ucrng Vi ratlon e
P 208! e B D gt G RRSPrst e DRy BRTA6 jre”
grinding p%c%gls?né) 8£\}1éeotrl]1af1 gsoes ftl?f:r lgrlggoe?er!:trtlche eﬁqleBtC gr%fdgée%%y using the producing
method of Fig. 2. In the example of Fig. 6, the ultrasonic processing machine 400 is
a cutting tool for cutting a target object. The ultrasonic processing machine 400
includes a base 410, a piezoelectric element 420, a grinding stone portion 430, a
spindle 440, and a mounting jig 450.
[0086]
The base 410 of the ultrasonic processing machine 400 is a disk-shaped
member, and has the grinding stone portion 430 formed around its circumference.
The center of the base 410 is fixed to the spindle 440 with the mounting jig 450.
[0087]
The piezoelectric element 420 of the ultrasonic processing machine 400 is
produced by using the producing method of Fig. 2. The piezoelectric element 420,
circular in shape, is embedded in the both surfaces of the base 410, and serves as a
driving means for producing vibration. The drive direction of the piezoelectric

element 420 is the radial direction from the center to the circumference of the base 410.

For cutting a target object, the grinding stone portion 430 formed on the circumference
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of the base 410 is pressed against the target object while rotating
t he spindle 440 about the axis line under the vibration produced by
the piezoelectric elenment 420. [0088] The ultrasonic
processi ng machi ne 400 uses the piezoelectric el enent 420 of
excel I ent piezoelectric characteristics, and can thus inprove the
process performance and heat durability. It should be noted that the
configuration of the ultrasonic ﬁroce35|n machine is not limted to
the one $hdunbash 4 i pressed parintidhe farged obitct While caiatingige spierlentt cbeube
inpl enmented not only as a cutting tool but in a variety of other
conf i gur &ltd onsling wedendiengbistind ipraiuded by dhs fitrontteiri)elementd@8oni ¢
seal i ng devices, and ultrasonic cleaning machi nes. [0089] The
pi ezoel ectric ﬁHBéhic conposition and the piezoelectric el enent of

t he enbodi nent of the present invention have a w de range of
potential appl Thatitemsnici pretassihganachineatloones eieegiticzicctiy esmoned20 of
detection, oscillation, and piezoelectric devices. Exanples include

pi ezoel e@mdu@ndpl\émeeécms JBdra@tErigRBS MBS carl AP SEPRAE The pEIcUa! Surformanet
filters, high voltage generating deV|ces m cro power sources,

bat t eri egapd ki Ql%?abﬂit?veltdgl‘{dtﬁ&%e RO e tIEORbARSureet ©€Sthe thlﬁéﬁ)tnicon
suppressi ng devi ces luid ejecting devices (such as coating ejection

devi ces, g?d'&gsgnlr? Irna%hﬁl%t i5OfbtHEM HHEL 3G thd b r'E,‘ﬁf)wnt i}ﬁeF%' Zoghe@mb Nilfrasonic
ceranmi c conposition and the piezoelectric elenent of the embodi ment

of the p@ﬁfclﬁ%trl]?g ﬁl\éaﬁhé Qb BE l??l?%ﬁl%egl%ﬁilee eogll)péseg SLAR ‘%Pbl%LERR'a' aiehyPOS

wher e ex at dur abl exa
Fi .
S et ARG 80 PR B RLORIE o EHAL SR RS b Fe r

and ultrasonic cleaning machines.

[0089]

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

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

Examples
[0090]

Fig. 7 is an explanatory view representing the results of experiments for the
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effects of subphase content and conponent el enent on piezoelectric
ceram c conposition characteristics. The experinent results presented
in Fig. 7 represent the characteristics of a plurality of sanple
conpositions, including Exanples of the present invention. These
experinment results can be used to evaluate the effect of subphase
content on the characteristics of the piezoelectric ceramc
conpositions. The results also can be used to evaluate the effects_ of
t he type e8ctguppHabphasenpoeift agd epenporBn( Nbemamy) ogngiegprleetiipeceypmic
mai n phase conponent element E (Ca, Sr, Ba) on the characteristics of
t he pi ezeempositibe charnetaiisticsonibbe cxpesheent fGOYY presented in Bignyd|reprsemt ths
S in Fig. 7 were prepared as sanples of a Conparative Exanple. The
sanpl es Shiraetadst®SPofvar plucalny i cfusandplé roammponritipns,himchelimn Exampsisabf the
phase. The sanples SOL and SO2 were prepared by wei ghing a K2CO3
powder, ardseROmvpmisder Thamd eRpetinidht posuiercanobarakel thevaoest fthe et &f
in the conposition fornula of the second crystal phase as presented

in Fig. dubphaedcomtehbnl thvashafdeieidtidésoof i pRMBEESTric adtghrhidecodisds@ionss
wet mxed with a ball mlIl for 15 hours to obtain a slurry.

Subsequentk Yesufis Als% dn BOWIES toPBaftiafethe RYre 66 Woif Rigk g@ o$ wahﬁsé’\%?nponent
cal ci ned under the air atnobsphere at 600 to 1,00 for to 10 hours

to obtai @1eﬁ1eﬁabc(;mfh¢tlafaﬁdiﬂfetty d BEnfafl FhRELoRLBAUA el @Jdrdé?ﬁhzlﬁﬁ fnd

m xed with a bal after “addi ng a di spersant, a binder, and

et hanol LN : . . rry was dried,

gr anul at Tg% &%%a%'teﬁg?g%t‘;tﬁ él%%lgégggglﬁ Iér/r%?rgg‘%n?dr# o a di sk shape

(di ameter 20 ngk)ﬁgickness 2 mm) under 20 MPa pressure. Subsequently,
t he product waS Subjected to a CIP process under 150 MPa pressure,

and the resulting Cl re d body - was held and fired under.the air
A ospher o at | SHOPECSAT HoSeTarFIE 7oves Weed FouBRlesTles Samedios
and SO4 re confjgured fr on he first crystal phase. The
sanpl es é%%mﬁ d %l W@Spé)@p%c{aéo%y"%l: F%’rﬁe‘ﬁrfiﬁt:@glyp‘gmé‘%",“gacrysml
Na2CO3 powder, Li 2CO3 powder, a Nb205 powder tq make the

coef fici BpEss: a,Tﬁﬁ,Sﬂ@Plea,Sp%{nan% 887 waie rEGAss by ivriehiag fuKaCls powder, a
first crystal phase as presented in Fig. 7. Then, ethanol was added
to the p s owslaE andea WHGR eawmr\ﬁetm%wéw apafficignb | in el gompasitipon
hours to obtain a slurry. Subsequently, a m xed powder obtained b
dryi ng t Femgila,pf thewsgeorsladristalephase de pres¢rsediin Figt ffos phen.etkanobpes added
1,000C for 1 to 10 hours to obtain a cal cined product. The cal ci ned
product wathepowwders, aedl themndhoelt wed wet thixed tithla all milhfardld teadd togobdain a
di spersant, a binder, and ethanol to obtain a slurry. Subsequently,
t he sl ur slvrrwas Sdbdeqdentlyr anmixedeshwden b binak baldryingrihs s&dryamas roaloiiesd
into a disk shape (dianmeter 20 nm thickness 2 mm) under 20 MPa

pr essur eundtife et ogphdrb et BOOAYCE 00RE fbj ectiochduss & GbRiPa GaRHEd
under 150 MPa pressure, and the resulting CIP pressed body was held
and firegrgdiger TheQaRidedHroMaRRRSE ?u@%ri%ﬁ%&e@@@ﬁi 4 B4l Aill 8ftdiQidding
hours. [0093] Sanpl es 505 to S15 represent conpositions that

contai n bofidhet R, fal BigllerC aX S eflanBNRSEHtaMG ERErySeEaRLqaEMBL Rl ROATSvas
The sanples "SOS to S15 were prepared according to the processes T110

to T160 Gfied! Gamdat thﬁldsgﬂiEJ(Eﬁ ds€Ld LA nc#%%i e h Uik GRES Tdilirlr Pad

a di sk sﬁé%éggg?aﬁgtbr 2 nﬁj ¥ﬁ$gEne§s %%? | : pe i !
mm; thickness 2 mm) under 20 MPa pressure. Subsequently, the product was
subjected to a CIP process under 150 MPa pressure, and the resulting CIP pressed body
was held and fired under the air atmosphere at 900 to 1,300°C for 1 to 10 hours.

[0092]

The samples S03 and S04 were configured from only the first crystal phase.
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[ 0094] The sanples SOL to SI5 were each subjected to the
processes of processes T170 to T190 of Fig. 2 to prepare the

pi ezoel ectric elenment 100 (Fig. 3). The piezoelectric el enment 100 of
each sanpl e was then neasured for electrical characteristics
(relative permttivity 8331780), and piezoelectric characteristics
(pi ezoel ectric constant d33 and el ectronechani cal coupling
coefficient kr). The results are presented in Fig. 7. [0095]

The sanpllds Bowlend0Sapd SHAF Wefermapareddy ontighinger Ke€OndomidpstaNagfase
did not have piezoelectric characteristics. These sanples SOL and SO2
had di f f gosder, adlixe@s pewdarhe Nbe@f powiarie make the ¢refitdapesi b.iwd, aut erof a
of the second crystal phase, and there was no difference in the

rel ati ve tie composition \foB3H4 7@0thel first srystalsplast iagviedsenteat int Rig. 7. Then,
coefficient x in the conposition fornula of the second crystal phase
has onl y egambl wed dkietl so 0z goveles, @nd thecaliole has aet Aiixerlt witls a 38l mill for 15
pi ezoel ectric characteristics of the piezoelectric ceramc

conposi t ihgfirsay @Btdim a BlueE0elSebidquentBe haliked POWRGSIHIAIARBbY BAnL MRIsRIrfy
both the first crystal phase and the second crystal phase. In this

respect, wRQakARialdfdeMe 6 MBOsPRME aBBY0 MA1 BB BRI 1CRN (PRANE BFoBtain a
stable, uniformcrystal phase as the second crystal phase. [0096]

The sanplegRinel 3 rsh: SOt E eatingd Cp‘?gdljc'i %qu;mh)’erfz@& ahll rn’%ifxe& W@H 2lbaRhAREe
had pi ezoel ectric characteristi hese "'sanpl es 503 and are

conmon i g ﬁhgadl adiersGhe. LRMGEOMIPLASRAE BB, F ol % e%g&sagg?ayg%

dlfference I'es Fch1's tontaine

ol e AR s
i ezoel eCifREE el Jino hEkiaE 1 b oiaier 25 Mra,hisbinte. 345 ﬁ%ﬂn”l , the
cont ai i REPGR V8S e é?aeﬁﬁﬁfa%'c%s'éﬁ%géf TAMERFrerS s gt iy 7

pi ezoel ectric constant d33 than the sanple 503 containin

Consi der PH§sehasly was hedd grcfiredamnder brair attlﬁésﬁheff‘s%t 9%9Pyed &) %O&M@'el to 10

contain Li even in piezoelectric ceram c conpositions that contain
bot h t hehpysst crystal phase and the second crystal phase. [0097] The
sanple SOS is a conposition that contains 5 nol % of the second
crystal [0093]

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

[0094]

The samples S01 to S15 were each subjected to the processes of processes
T170 to T190 of Fig. 2 to prepare the piezoelectric element 100 (Fig. 3). The
piezoelectric element 100 of each sample was then measured for electrical
characteristics (relative permittivity €33'/g0), and piezoelectric characteristics
(piezoelectric constant di;; and electromechanical coupling coefficient kr). The

results are presented in Fig. 7.
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phase with the first crystal phase. The first crystal phase did not
contain element E (Ca, Sr, Ba), and the coefficient x in the
conposition fornula of the second crystal phase was zero. The sanple
SO5 is equivalent to a conbination of the sanples 501 and SO4.
Conpared to the characteristics of the sanple SO4 containing only the
first crystal phase, the sanple SO5 had nmuch greater val ues of
relative permttivity s331760 and pi ezoel ectric constant d33, and its
characteristi cé0488te preferable as a piezoelectric ceramc
conposition. The sanple 505 was al so superior to the sanple SO in
terms of el ect Tbasemnales SAIl and 2 engfiguetifran onty te sep@uogystal phase dithe
sanples S06 to S12 are conpositions containing varyi ng subphase

cont ent s nof hiivopioaistWict cha2dctendti®s. Theese csappddst S0h anfl $0ik hfd rdifferent
crystal phase was ((0.421Na0.518Li 0.022Ca0. 039) 1. 07Nb03. 06 for the
sanpl es S@kes for$iL coefaentaninothe compogifion fremsitcalitie s¢opat alyspih phasenarsd
KO. 85Ti 0. 85131. 1505 for the sanples S06 to S12. The sanples 506 to

512 wer e ¢ vapheideffébhe hatavdstitehgymiaditg ul,feqi anid thub selgaed Vialt ves
of relative permttivity s33T/EO than the sanple SO4 of the

Conpar at ye&fiExam! i thEompbiigos tfansinioftth®kedofll *ky¥A REThhS bl tésfnall
t he subphase content preferably ranges from3 to 10 nol % furt

preferablbyedst g GthQDlaloé%trich%%hracterlstlcs Eh@ ﬁﬁ%l&ﬁrléo@a}&t§ishc¥‘%fe the
al so nore preferable for their sufrf ICI ently |arger val ues of

| |
Compar at Py BaRS) & aihise apaflbr §5in B phoReR Qe fadtt Shebiiory %
o1 %15 L 65SPLR) BPRLE B0 pHAE SR SoS Ol dy1BaCORRTA e, the

Exanple 107 its I‘IC cons

coefficient x may have any value that can provide a stable, uniform crystal phase as the
second crystal phase.

[0096]

The samples S03 and S04 configured from only the first crystal phase had
piezoelectric characteristics. These samples S03 and S04 are common in that neither
of them contains element E (Ca, Sr, Ba). The difference lies in Li, which is contained
in the sample S04 but not in the sample S03. The element D of the first crystal phase
is Nb (niobium). The samples S03 and S04 do not differ greatly with regard to
electrical characteristics (relative permittivity &;3'/e) and piezoelectric characteristics
(piezoelectric constant d;; and electromechanical coupling coefficient kr). However,
the sample S04 containing Li is more preferable because it has a slightly larger
piezoelectric constant ds; than the sample S03 containing no Li. Considering this, it
is preferable that the first crystal phase contain Li even in piezoelectric ceramic
compositions that contain both the first crystal phase and the second crystal phase.

[0097]

The sample SO5 is a composition that contains 5 mol% of the second crystal
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Fig. 8 is a graph representing the result of an experinent for the
effect of subphase content on the voltage constant d33 of the

pi ezoel ectric ceram c conposition. Fig. 8 represents changes in

pi ezoel ectric constant d33 for the sanples 506 to 512. The hori zont al
axi s represents subphase content, and the vertical axis represents
pi ezoel ectric constant d33. As can be understood fromthe graph, the
subphase content preferably ranges from3 to 15 nol % further

pr ef er ablppags wish tlee vt ogysta shags: ef ldeafiisy cystab peasaolidmpt epnteiReelement E
st andpoi nt of piezoelectric constant d33. [0101] The

el ect r onéChabi, &), awlipiei agllcoefify o et gonpositikinglormplaodl thhesesentdotrystal
S06 to S 1 1 are conparable to or better than that of the sanple SO4
of the Cohpsrwid weroExdhpkanplartDsais|eqarvalept &f ecaimbmatidhef senyrngl&s1801
wi th a subphase content of 20 nmol %is |ess preferable than that of

t he sanplaad S®4. oCoparedaoniy eltarvteristiaspl ehefsampld S04 enahidRioadily the first
smal | er el ectronmechani cal coupling coefficient kr. Fromthe

st andpoi Riysedl phB&:, BAE SNt NEBOL AL GRlchCaeRkt RHUEOES fdll £ivePermItheity £3:'/g,
subphase cont ent preferably ranges from3 to 10 nol % furt her

pref er ablzyg 1etzQel§ctFi'@| c&hsthitH2land its charazﬁﬁst%%r@%eqf@ﬁbw a P8z Rtric
common in that the subphase content is 5 nol % A’significant

di f ferenggy, nﬁ@\é@ﬁ‘lglésr%tlgr?e satnﬂ? e Kios %as(ﬁrls)bsg'@krlé’l{‘@stﬁe %nEQGS(ﬁalmlFﬁns

SOS does not cont whereas the first

t al Ca I I t E
%Lgss:nplggﬁggﬁk I%Bg%g&ﬂJ ng§?¢g¥%ﬁ pialuegcgfctgg¥f?§|2n$n§nln t he

conposition fog ﬂ of the second crystal phase. However, as
di scussed in conjunction with the sanples 501 and S02, the effect of

the diff th ff t the charact '
of the pi exoel BT RS SO Céﬁr%ﬁ%re't?ﬁqsﬁ‘%@ﬁoapaﬁw%i%%mﬁék@%b@% y

smal | . By conpar.i.n d S08,
cont ai ni HGNERs CE Lo %rﬁ lia%totjr?emf’ﬁﬁst ‘?9@?3‘?31 %fztﬁf’ r%&ﬁ’é?ﬁld%haw Y
respect to all of relatlve pernltt|V|ty 833T180, piezoelectric

const ant (&@aNagnlloaréarnonedbihicar theoupnlssd Wdertlitci dhe crmposition of

therefore preferable that the first crystal phase contain Ca as the
conponentheepecppdtcrptalsphyse avasy Kosdld ssBmeOeffpe e samplse SO¢pecbbd 1bhe

other alkali earth elenents (such as Sr and Ba) contai ned as
conponentamples8A6 tES12 were more preferable because they had sufficiently larger values

of relative permittivity €33'/go than the sample S04 of the Comparative Example.
From the standpoint of relative permittivity, the subphase content preferably ranges
from 3 to 10 mol%, further preferably 3 to 6 mol%.

[0099]

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

[0100]

Fig. 8 is a graph representing the result of an experiment for the effect of
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[ 0103] Note that the inportance of relative permttivity

633T/ 0, piezoelectric constant d33, and el ectromechani cal coupling
coefficient kr differs for different applications of the

pi ezoel ectric ceram c conposition. For exanple, a conposition with a
| arge relative permttivity a3311s0 is suited for capacitors. A
conposition with a large piezoelectric constant d33 is suited for
actuators and sensors. A conposition with a | arge el ectronmechani cal
coupl i ng subifas¢ eontent durthe yokaget eonistant dypiof theepiezackactyia eearmfcoromaositignd
actuators. Wiether to use which piezoelectric ceramc conposition is
sui t abl y Figt & repressdtsacvopel ngpicgodlémric kansantedss o1 e sappés 806 o Sdach
different application. [0104] The sanples S13 and S14 in Fig.
7 wer e pilhpan@tzohtl neinlrypreseatsi aebphhe ebitent aofl thhevatiertemtis Bejrboents
Ta) of the second crystal phase. These sanples are not nuch different
Wi th regaidiotiectiiel edrste@t piRY. M A icdht be 33ddrsBAd Poze| gabh] eheC oulgihasy
d33, and el ectronechani cal coupling coefficient kr. It can thus be

under st 0@@ntehidy reNl@atﬂpdanTg%s FFotn Babhi spimefoer fpiher pRfdriifly & ®MENIoB%, most
[ 0105] he sanpl e S14 has a conposition sinilar to that of the

sanpl € SQf.feNBRRY % 6 FE,GRIP AR sttdrfaﬂém%f blagsfe 2@ BRRnepg. essentially

the sane, the main difference being the anount Ca contalned as the
conmponent el errﬁjc} NE of the first crystal phase, and accordingly the
anounts of K a By conparing the characteristics of these

oo TP RSP ORI ST E ST S AP,
S0 cont 87919 LGaSef: Y2 TIRB-EIBCHIELE B TS R Sl
kr. [01 %?(]ample, and all are preferable. The sample S12 with a subphase content of 20
mol% is less preferable than that of the sample S04 of the Comparative Example for its
considerably smaller electromechanical coupling coefficient kr. From the standpoint
of the electromechanical coupling coefficient, the subphase content preferably ranges
from 3 to 10 mol%, further preferably 4 to 6 mol%.

[0102]

The samples SO5 and S08 are common in that the subphase content is 5 mol%.
A significant difference, however, is that the first crystal phase of the sample S05 does
not contain element E (Ca, Sr, Ba) at all, whereas the first crystal phase of the sample
S08 contains Ca (calcium) as element E. The samples S05 and S08 have different
values of coefficient x in the composition formula of the second crystal phase.
However, as discussed in conjunction with the samples S01 and S02, the effect of the
difference in the value of coefficient x on the characteristics of the piezoelectric
ceramic composition is believed to be relatively small. By comparing the samples

S05 and S08, the sample SO8 containing Ca (calcium) in the first crystal phase is

superior with respect to all of relative permittivity £33 /%0, piezoelectric constant di;,
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The sanple S15 contains Ca and Sr in the sane anbunts (the sane at%
as the component elenent E of the first crystal phase. The
conposition is otherwise simlar to that of the sanple S08. The
sanple 515 is not as desirable as the sanple S08 in all of relative
permttivity 83317so0, piezoelectric constant d33, and

el ectromechani cal coupling coefficient kr. However, the sanple S15 is
nore preferable than the sanple SO of the Conparative Exanple for
its suffiasf elpctromeshanicat epuplingecoglicignt tiryi ¥ ys desefommraigepble that the first
pi ezoel ectric constant d33. As denonstrated above, a preferable
conposi t icoystal phassecopiriniCacs the gempéness elgmennBt h&imildrly, dicksaiie effact han
nmetal Ca or Sr is used as the conponent elenent E of the first
crystal phaspectdd for sthichakab epelr tlethentsdsuahss SyfanBda) natteiadd ef cc@aparnSr
(or in addition to Ca and Sr) would also provide simlar

char act erlesidntE. Note, however, that a piezoelectric ceramc
conposition of excellent characteristics can be provided at | ow cost
when Ca is usegpi@s]the conponent element E. [01 07] Fig. 9is
an explanatory view representing the results of experinments for the

effect of subpRpaeihaPibeehboAftcIrhaatvapdalthS ity @0 1ef 3820kl fic constant
tenperature. Fig. 9 presents the results for t%e sanpl es 501 to S15

as in Fig.. 7ndeRdirbRREEHEA So oS BN kr Aerk B8 HigRiEnt § I?Icaﬂgns of
eval uation test for the presence or absence of phase transP ion at
roomte -he I 5: 1.0 i i: Li e
of 300 t SoEpLoAemlC Al Bniliidt Fb? CKRICHL bEnBILELE wih 3 g
ceramc ¢ osition.i.s sufficien en it i.s 30QC or more. Therefore,
carp es R phrBRE Fle T §Phed M empelifghn QuePlrRBifl e orke
Curie point i.s mainly determn ccording to the characteristics, of
the 11 PRy el Brtied aif i B aofelogdadstiSenan FBP ML bt
of the whol e piezoelectrjc ceram c..conposition does not fluctuate

o eat Ty Gy eRrEERE Rl RueTHE CLETERIT Rhinyded i Reeelsgpisrasgiomers
conposition or subphase content. The sanples SOS to S12 and the,
sanpl es 829 aglyaigrs u\é’%slﬁf&ew 4% PhIEhCRIRFASIRSEHC BFTaMEnL FOIBPRLQHE YHRElY
crystal phase have higher Curie points than the sanple S13 that uses
Ta. Thus detggningd ageording telhe) chargsienstigssregwimdeerragh differgry application.
preferable to use Nb, rather than Ta, as the conponent elenent B of

t he second cryEt&#] phase [0108] In the evaluation test for the
presence or absence of phase transition at roomtenperature, the

rel ative perm Theé sample833L/ 801 Whé indag.u¥ ederatpiremiret &dwaditly axamymen ghe
the anmbi ent tenperature over a tenperature range of -50C to +150C.
Typi cal | gffe@ gfithe eleleat Bi @Ntc dapot thecseomabkeystahphidsat Thakersgmek s plhanet
transition in a certain tenperature range experiences abrupt changes
in rel at nehpreffeieht wthtnggf3AdirsRtivapernsinoms &0 pidzetlepeiakcoasan @i ng
to tenperature changes in this tenperature range. On the other hand,

no such gh$tleBémBERAKicAF €Sk RoéfBlertht K€ [FEE4N thbb Vb Lid&S34d St Ny hd
changes are nore gradual in a piezoelectric ceram c conposition that

does not THAEEKAR nRIGSBlclE FSHELOM g N such a tenperature range. Thus,
t he sanples 503 Po S15 of Fig. 7 were neasured to determ ne whet her
di stinct phase(j??gsition coul d be observed fromchanges in relative
permttivity s%é 0O while gradually varying the tenperature over a
tenperature r ange sglin 165%@4t Has+115 (%1%&%901} gﬁ?lﬁ){re?oe ri'lgaef ﬁf; tl?eb%%gﬁﬁ ng
phase transition at room tenperature was determ ned. used nherern,
"roomtegperature" neans.a te rature range w der..than the common.
 oom t enDEFShr B (SEo s 4 RS L HIBPET 4 FIORIeTE otttk TEp B0,
[0109] difference being the amount Ca contained as the component element E of the first
crystal phase, and accordingly the amounts of K and Na. By comparing the

characteristics of these samples, the sample S14 containing more Ca is more preferable
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Phase transition at roomtenperature was observed in the sanples S03
and SO4 of the Conparative Exanple. On the other hand, phase
transition at roomtenperature was not observed in any of the sanples
SOS to 515. Phase transition at roomtenperature is not preferable,
because it greatly changes the electrical characteristics and

pi ezoel ectric characteristics of the piezoelectric ceramc
conposi ti on before and after the transition. Fromthis standpoint,

the sanplfsn Sk stendpemntcohelptive gepaithivibhesf feost Haweyen| thehsaseplans0s
the second crystal phase are nore preferable than the sanples 503 and
SO4 of t lken@mnvimleas Cads Boagrptederfile frame thebdtemipeintof pleasdcdtriansnstardnl;at
roomtenperature. [0110] Fig. 10 is an explanatory view

r epr esentndglectremedsnidabcaiplieg pecfficent kr. f or t he ef fect of coefficient
e of the nother phase conposition fornmula on the characteristics of

t he piezoel ect [0i®6¢eram ¢ conposition. Fig. 10 al so presents the
characteristics of the sanple S04 as the Conparative Exanple. Sanples

S21 to S27 haveht banplasa S\wahtaes O arosyihitkd fiMcaolds @hd Sardd8%) as the
coefficients a to f of the conposition fornmula of the first crystal

phase, bubmpanait @lefnfeﬂf B tN@tike %r)@fal Eﬁ&fef | qhe @Bmﬁo:ﬁﬁ&? IsrBiHé}%seosﬁmllar
al kaline elenents at A site) earth netal (el enent in

t he COWQ&tHat Qf‘thfe%ﬂgieaéosco%é's% le' S St@ %o{ ésf cﬁets1r9151¥ %%] e B ?@Sﬁgsmccﬁl

(cal ciunm). The subphase contents are all o|n t e sanples S21 to

527, 1 GhoRRTR! forlivid e, 58S fb Al coHst{nﬂ OTRASL b O i

of the secon cry ero er eas i cien

0.15 in 2 ver no ed

differ engse)lgbq{nﬁ gm ?né%ntﬁgw ae\;ethgg)f{\@p % Sslrrsg? Imor%' f?rtﬁgleeihan the sample
character, Not e the s np he SAme as the .s

S1a presShE @éﬁﬁ%cﬁwm Ve sl e Sssaﬁfﬁ iyt §75s TaruthgRern o
preferabl e than the sanpl e SO of rative le for.their
suffi ci eARd plelza?laférw Sarged By & %%mwtra@gfﬁ%m Vi WFX s pampoRiohTahe
standpoint of relati permttivit . val ue of coefficient e in
the conp88itbiypes &¢ 8350Pf Phsther rtg? aj:‘@;‘s?aﬂ h gl eC a8 ¥y BoPsedy an s
fromO0.97 to 1.1, further preferably 1.0 to 1.1. The sanples 821 to
S25 are RoPBORERlamgnt & ohiie ik cosiabinhasos Ibfs e e@mﬁéQfO that pee of Ba
Exanple for their larger piezoelectric constants d33. However, the
sanpl es 8BGagnal $27ohaVi Y boefiditiohetet Sacagf ) evouldaalsal Posvide simbas
preferable than the sanple SO4 of the Conparative Exanple for their
smal | er phazgeligosr i YotphswavirsthdB3 pidz0dledttic ceramic chingositfidn b excedesiph
representing the result of an experinent for the effect of

coef fi ci eldrageddtics leen bophesidghadewconpwkért Cofs fisetl rltlee compdrent element
pi ezoel ectric constant d33 of the piezoelectric ceram c conposition.
Fig. 11 Eepresents values of piezoelectric constant d33 for the
sanples S21 to S27. The horizontal axis represents val ues of
coefficient e [groype conposition formula of the first crystal phase.
Note that the coefficient e represents the ratio of the sum of the

nunber of at onpjg0%h it Qﬁ e@&bl&%hﬂorﬁ‘ﬂe@x‘ &BRiMg (HE rEsMB of é-)d.p}erlﬁ@gtstfbﬁhe

al kali earth netal elenent (elenment in the conposition forrmula) to

the n“”b ffe&f %@bcoeWn@&?dr%thdqsva‘fﬁBleQGm}’%ﬁ&ﬁ&?qgmfy&ﬁfﬁéé eFltgh

t
graph, e va Icilent e In the conposition e

first Cr ¥Isets§lt68{%f}‘§ﬁliﬁé‘§xf @%%ernﬁ?s %@? flg gléﬂnoFJ%7 a(?ld]r e? nftS!J (t,‘ﬁlh ee 01 1ts

pref erabfy p0| ant

d3s3. and the results of an evaluation test for the presence or absence of phase transition at
room temperature. The samples S05 to S15 have Curie points in a range of 300 to
350°C. Typically, the Curie point of the piezoelectric ceramic composition is

sufficient when it is 300°C or more. Therefore, samples S05 to S15 all have
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[0113] Referring to Fig. 10, the sanples 826 and S27 are |ess
preferable than the sanple SO4 of the Conparative Exanple for their
smal | er el ectronechani cal coupling coefficients kr. The val ue of
coefficient e in the conposition fornula of the first crystal phase
preferably ranges fromO0.97 to 1.08, further preferably 1.00 to 1.07
from the standpoint of el ectronechanical coupling coefficient.

[ 0114] _ Fig. 12 is an explanatory view representing the results
of exper isnﬂ‘meslﬂvgngh Rurigppiggt  ofhefettria Painkis Dbl dstegiinedaccording to the
characteristics of the piezoelectric ceram c conposition. Fig. 12

al so pr eshaagterisitcsciigha irs cirgstdlghasd, anéshusahl eeligozd that theeCurie point of
Conpar ative Exanple. Sanple S31 al so represents a Conparative Exanpl e
conf i gur ¢tk fmhole piekgeltdide feeragtic coygbsitiop wse noaMoictatet gicady Tvem [id/othf
the additional netal Cu. The sanple S31 has a snmaller relative

perm tti prdsgna@30fl figdhttdhangdshia thagqubphf8804cmpakitioheoredubghase neateani CHlie
coupling coefficient kr is greater than that of the sanple SO4.

[0115]  samples S0 832 28@ tHeGadplese¥ 16 16 PTPaSinei R Ss tHrabnponéiiclenteri® %
of the second crystal phase. The coefficients a and b in the

coef fici @piie Rcbf Erybtal piRe MAVOREhET Ofvid Points tRarPihetsBMpld 8§ 53 thaf Week ab.
phase differ for dlgferent sanpl es, whereas the other coefficients c

to f areTessentsalsde Fiife ?@Hﬁ is diRePRTNL & A€ préfetBR BANE NDS rdthS than
sanple SO08 presented in Fig. 7, and does not contain an additi onal
metal. [ qg{,l{%]the component element B of the second crystal phase.
[0108]
In the evaluation test for the presence or absence of phase transition at room
temperature, the relative permittivity €33'/go was measured while gradually varying the
ambient temperature over a temperature range of -50°C to +150°C. Typically, a
piezoelectric ceramic composition that undergoes phase transition in a certain
temperature range experiences abrupt changes in relative permittivity €33'/gg, and
shows a distinct peak according to temperature changes in this temperature range. On
the other hand, no such distinct peak occurs in relative permittivity £33 /g0, and
changes are more gradual in a piezoelectric ceramic composition that does not undergo
phase transition in such a temperature range. Thus, the samples 503 to S15 of Fig. 7
were measured to determine whether distinct phase transition could be observed from
changes in relative permittivity €33 /eo while gradually varying the temperature over a
temperature range of -50°C to +150°C, and the presence or absence of phase transition
at room temperature was determined. As used herein, “room temperature” means a
temperature range wider than the common room temperature (25°C), as can be

understood from the context above.

[0109]
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As can be understood fromthe sanples S33 to S43, a piezoelectric
ceram c conposition of sufficiently nore desirable characteristics
over the sanples SO4 and S31 of the Conparative Exanple can be
obt ai ned when at | east one netal elenent selected from Cu (copper),

Ni (nickel), Co (cobalt), Fe (iron), M (manganese), Zr (zirconium,
Ag (silver), Zn (zinc), Sc (scandium, and Bi (bisnuth) is contained
as the additional netal. Note that adding & (chromum is also
expected to pr 8Pl faMeroo Ry FapeEIE: Vas ORserVRd 1 thgsapipdes $43 and
addi ng Mh (nmanganese). As can be understood fromthe conparison of

t he thr e&0¢hel g@nﬁp@spas@lzet@xasml;- t Q8 denetber hamd, phach tepagition ogfaroom
netal is preferably less than 1 nol% The total additional netal

cont ent itemparaetier whé pobobmeteiidn angof thd smuplenbOY taddd.t i Rirat apsitips af n
excess of these ranges is not preferable, because it may | ower mainly
t he rel atbote perpErdttieviis yndd3 picl€r@blan dodchnesepiite zomiltlgc thanges othst akttritdB.
[0117] Fig. 13 is an explanatory view representing the results
of exper ichgatierifts tdnd gfiteelectic t Harpraitioce odr tabsgeer]giric ubghaie
on the insulation of the piezoelectric ceramc conposition. Fig. 13

I epr esentsmpb§tifE BEFEend/ Akdiqhe BhnsdlidOVWaltb@ MR staBomOthé hanSlasBILH
S03, SO, and SO08 described with reference to Fig. 7, and for the

sanpl e S3%5dg9ehihiRehoth the Eﬁitleér?ﬁﬁﬁpfﬁé%e':zhﬂ- th@Zseca_ﬁlﬁ_cﬁygfa?‘éih?%]éeﬁl\@aﬁb?e

vol tage” means the naximum vol t age at can be appli e
pi ezoel e?&éf&fﬁbﬁ' tﬁﬁ?ﬂ%e. shfpIQ sy SRNDE e ‘(e'hoﬁﬁ]ﬁ%iv%ﬁ}k%h{rb@e ARTRIShseRUEN
e n the ‘experinment represented

as cracking, Int pi ezoceram c 110. |

in Fig. 13 h%ﬁkﬁﬁ ol D Jh1gnﬁ8% 30 min in an 80C environnment, and
Shk % oﬁpga i

the pres e or absence ge such as cracking in the
pi ezoceram ¢ lﬁﬁrg?s exam ned. The all owabl e voltage can be regarded
as an i ndex of H i nsul ation of the piezoelectric ceramc

conposition. [0118] . The sanpl es 803. a S with no su ase
had il | owabi o U5 dhgeen skPlatopRAF R eseR g e S Bt Subg R Ga g
cont ai ning. 5 | % of sub se had al |l owabl e .vol fages of .7 kV/ mm and 9
KV/ nm r é&ﬁ@&?ﬁ?éﬁ?elﬁtﬁ cgtgﬁe Blé’tﬁ‘?fdﬁﬁaé? BYRPIHN %"ﬁ'g'é‘g’ A Hr feristics
results that the insulation of the piezgelectric ceranmi c conpositio
can be i RpHBVRIBZISIECHIfeCHARECFRIBPASItIGM e Fag rfcelsn BIessNLs thepgharas HH&%@D
(second crystal phase) contained with the first crystal phase. [0119]
Fig. 14 ithe sampdg S04nest beyCampajatiep Esgaplei ngamplesreduio §2£ﬂla‘m€w same

qualitative _
values of coefficients a to d in the coefficients a to f of the composition formula of the

first crystal phase, but have different values of coefficient e (the number of alkaline
elements at A site). The alkali earth metal (element E in the composition formula)
contained in the first crystal phase is Ca (calcium). The subphase contents are all 5
mol% in the samples S21 to S27. In the sample S21, the coefficient x in the
composition formula of the second crystal phase is zero, whereas the coefficient x is
0.15 in other samples S22 to S27. However, as noted above, differences in
coefficient x have only a small effect on characteristics. Note that the sample S25 is
the same as the sample S14 presented in Fig. 7.
[0111]

The samples S21 to S27 are more preferable than the sample S04 of the
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anal yses of the second crystal phase in the piezoelectric ceramc
conposition. The first four the sanples S06, 508, S 10, and S12
represent the piezoelectric ceramc conpositions of the sanme sanple
nunbers presented in Fig. 7. The sanples S33, S35, S36, S40, and $S42
represent the piezoelectric ceram c conpositions of the sanme sanple
nunbers presented in Fig. 12. For the analysis of the subphase (NTK
phase), these nine sanples were anal yzed by XRD analysis (X-ray .
di f f r act iComnperativedixa for thaiepdtigigaily dreer vaHies § rdptbsaresmitE vy fay/€o.
anal ysis using a transm ssion el ectron mcroscope). Note that the
subphase Feomptsi siaodpoinhiof hreilativey perasitiwtyc dhe i‘l"dg\ﬁd opycagslidigntan X g
diffraction nethod, may be confirmed by using techni ques such as
TEM EDS whmpositien domauie ofatid efikso crygtah grhasee gredereblynmhges {rom2097 to 1.1,
The |l ast two colums at the right end of Fig. 14 represent the

resul ts dirtidagrefosdbizt &10i toel.analiis eamplesn SAhite 825 1atd nlorepaeferableethad e
phase (KTi NbO5 phase), and "1319" the 1319 phase (KTi 3NbO9phase). As
can be ungaprtS@dof thenTémpargtind Bxamplefoanbdiy Sdrger! Fszdeletridadnstdigs dss.
subphase of the piezoelectric ceramc conposition is configured from

the 1115mRaSEr, Qhe i3dSlePM@geamll 9P hading fdoeficidies 4 Liaahmae 1208 afchRss
1319 phase together. It can be understood that the subphase is nore

likely t grgf&ramet Benldko sﬂﬁﬁl%eSbﬁ' dhendn £ivaf E&E&%pﬁd‘fu’ﬁ elsmaller
metal. [0121] The sanpl es described with reference to Figs. 7

to 12, i L 0ig..in Fig. 14 were all produced with a
subphase%%%PgFggfkgﬁgpageﬁ‘as the 1115 phase in the producing

process. Speci@hqgjly, t he subphase material was prepared as the 1115
phase in processeés T130 and T140 of Fig. 2, and was m xed with the

not her phase terial in process T15 and. fired in.process.T1 0
produce each sngfgpllé.ls % grlaEh RSP, ngg(}%aesPHa%fJ%"h%“PfS*%ﬁ“Eﬁo N eie%%f:f;]%f
subphase of__each s | e sho in Fig..14.is , the result of. the
conver si GACTFH ¢ Rt R0t BERIES EPmPG U ALrorPRIagR bF Bireaderte sPataYds
T160. As gescrjbe? wi.th reference to Figs. 7 and 12hﬁ%he %g | e )
present e@! i Pegoelechrie gpramic QOMROHHPN.of Fig) Lt FSRIESERISCYRARes A epiF2qeicelic
(relative permttivity 8331780) and piezoel ectric characteristics
(pi ezoel éensiand dopfiit Bistsagplesapél & Sevr ofbe haHzaHpl wdy pearpggnts values of
coefficient kr). It is therefore possible to obtain a piezoelectric
ceram c eosffieisht eon b coxmpsisitiont fosmaleaef &g Srstcosystalepiasel elsteothat the

whet her the subphase after the firing is the 1115 phase or the 1319
phase. [ ©@¢BEient e represents the ratio of the sum of the number of atoms of the alkali metal

element (K + Na + Li) and the alkali earth metal element (element E in the
composition formula) to the number of Nb (niobium) atoms. As can be understood
from the graph, the value of coefficient e in the composition formula of the first crystal
phase preferably ranges from 0.97 to 1.08, further preferably 1.00 to 1.07 from the
standpoint of piezoelectric constant djs.

[0113]

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

crystal phase preferably ranges from 0.97 to 1.08, further preferably 1.00 to 1.07 from
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Fig. 15 is an explanatory view representing the results of the
qualitative analysis of the second crystal phase in the piezoelectric
ceram c conposition. The qualitative analysis results presented in
Fig. 15 are those of the piezoelectric ceram c conpositions prepared
by m xi ng the nother phase material with the subphase materi al
prepared as the 1319 phase. The subphase content is 3 nol % for sanple
S51, and is 5 nol % for the other samples S52 to S57. The sanples S51
and S52 d nisrdpebvivéeisctaeaecliapisal conpting soeflipiepeas t he ot her sanpl es
S53 to S57 contain additional netals such as Cu, Fe, Zn, and M. For
t he production[®fl4t hese sanpl es, the subphase material prepared as
the 1319 phase in processes T130 and T140 of Fig. 2 was mxed with

t he not her phafe. Hatienn akplamatpryodewsefitSéhtingrible fasnkdof experiocassior 160.
The qualitative analysis of the sanples S51 to S57 reveal ed that the
subphaseeffa@ bheaddsichaphasilsi pnakie Shnfakesistidsuof hihe, picheclsarpl esabil
to S57 had characteristic simlar to the characteristics (see Fig.

12) of thempasinbes 1835 1anadsSIReRNBSBRL Sthradlerfstids oF4the adachpix @BUl gd thea
all of electrical characteristics (relative permttivity 6331760) and
pi ezoel e@ohip%_ra‘m@r EﬁhﬁFle.St' SempRI &Beehpet ')%é;ﬁ(%es‘éﬁﬂsba@onﬁ?a%t%d Example

el ectronmechani cal coupling coetficient kr not presented in the

figure). c&éﬁ%ﬁ‘ld from only ik %rsﬁ-@ryﬁ%l gﬁ?s@( Rh@RBLQY lyin%‘f“f)r@fpt'h@lsﬁﬂftf-oﬂgl

the result experiments ftor ect of additional netals on the

charact e%l{se?eili&? Olfhet{ﬂglpg% §%ﬁﬁése§ Eﬁliaﬁercrg{aa% @ﬁl@ﬁ@?}i@i E%;%T?sg,thﬁl e Sg{%g%f’

represen he r esul e experinents ¢ sanpl €s

di f h =i g, . .Fl
or esont s SPhe e PR AF BT Eowid, fheeduch Bl pihdiar 8B

Fig. 12 as arative Exanple. Each sanple was produced by using
t he secoﬁﬂﬂgkégggl phase prepared as the 1115 phase. Referring to
Fig. 16, the s qqles S61 to S80 all contained the second crystal
phase in 5 nol ahd the sanple S81 did not contain the second
crystal phase. Al the sanples S61 to $S81 except for the sanples S69,
S72, and S76 ed¥HPEERA 9ed41 e gpmpasitias thehGopaInas PAEe Sl ok recndof
the first crystal phase These two elenents are presented in the

" El enent §tyslal pigse. cdharpachiirais ¢ 8ad heiaidibp goefficients ©fg § im thepppprositiophe
col ums under "d1" and "d2" give coefficients for elenments El and E2.
[0124] formula |ofi thirefirsanpised 1Base tdiffgsior difkeresdrsamplessathesead e 10ther e
defective, as the conmpositions were not sufficiently densified by the
firing i nogficiensss d¥6Re efseliajly the sahé.s Tle welnlefdistthe bandaethesanpk:
excessively large value of coefficient e, 1.12, for the whole A site
in the s80Pbes&ded id Figs iamddiobe ntiadoachin hwwddidonal infeadl. t he sanpl e S79
with the coefficient e of 1.09, and the sanple S78 with the
coefficient e pﬂ16}98 both excelled in electrical characteristics
(relative permttivity 63317s0) and pi ezoel ectric characteristics

(pi ezoel ectri c AgQARHRNInddBRANGR! 186 shAPRS KRNI 63 43¢ QURbidRBctric ceramic
coefficient kr). The results presented In Fig. 16, taken together,

suggest thahositbd Br tsﬁ'ﬁic?éﬁq&;r:h%athesff%lél chardcRis8QE5{dr th€RhmpBlek B ouhshd

conposition forrmula of the first crystal phase preferably ranges from

0.97 to éai]'%’f the! @gﬁ{arﬁgv%;]%ﬁ@éé’ cén G élﬂai?le&) heh O 4245t {%gle GfalP8ement

under st ood from p1r ezoe ectric ceram
selected from Cu (copper), Ni (nickel), Co (cobalt), Fe (iron), Mn {(manganese), Zr

(zirconium), Ag (silver), Zn (zinc), Sc (scandium), and Bi (bismuth) is contained as the
additional metal. Note that adding Cr (chromium) is also expected to provide the
same characteristics as with the case of adding Mn (manganese). As can be

understood from the comparison of the three the samples S32 to S34, the content of
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conposition of sufficiently nore desirable characteristics over the
sanples SO4 and 531 of the Conparative Exanpl e can be obtai ned when
at | east one of Cu (copper), N (nickel), Co (cobalt), Fe (iron), M
(manganese), Zr (zirconiunm), Ag (silver), Zn (zinc), Sc (scandiun,
and Bi (bismuth) is contained as the additional netal. Adding Cr
(chromum is also expected to provide the sane characteristics as
with the case of adding Wn (manganese). [0126 Fig. 17 is an
expl anat eash aididionapmeént ipreferahly lees dhans 1 oholPhe Theetotal addiGomal metal
eval uation test for the piezoelectric ceramc conposition. The
t her mal cyntest is\padfamblyoh ntod¥itorndes. c Godtatiiag afiditiondiendtils éees@apbEtese
S, S31, 532 of Fig. 9, and for the eight sanples S61 to S65, and
S67 to Sefhgef iFig préferatle) Hebsust iemamllowycnaindy tHeurldtion peasiitivieash /s,
sanple was placed in a thernostatic chanber, and the piezoelectric
char act erhg theGsieeldcivadnetaed at ure were eval uated (the "Initial
val ue" col umm under the headi ng "El ectronmechani cal coupling
coefficient krijojipyFig. 17). Subsequently, a thermal cycle was
repeated by increasing and decreasing the tenperature at a rate of
2C/ mn over -5 g,gpg : r
1 hour at eac hﬁt%ér%ggggtl S%@%E}&f ter e?ﬁggﬂe%%?ﬁgﬁﬂfﬁ?lag?bf?}xﬁ bitnfitof! e
pi ezoel e i.C r i sti r t.ed . .
%Hf:&tt %fgt?@ S%eg{:ﬁ §£ afé%ln%\@ of sﬁg@%réé% h&g tﬁgér?ﬁtu}]egﬁﬁ%f BERGEALIL fic

(the "After um un

"Electro hani 0 i 0 L.Cl.ent "o i . 7

a5 can bebdnter SRRERE oIE e Faebile s milaaed s pf vl {flpe for
sanpl es SN an tai nj no .second crystal 1a h | ar ge_drop
;o bs ot TR 7o PP R BRSSP iR ik e 8 o o e Yomble
coefficien r gfter the thermal_.cycle. On the other hand, fhe dr
Cote of SPEcrBedith dSireRengh g Eber Tiecieu b aPe oo lakg Mearae
cycle was sufficiently snmaller,. approximately 10%to approxi pat el
26% and MAEEEYeltags hahpanebs apriicd 1 dhgopisgoeiesiric gemeptl Kol ea&héﬂ@eé
to 569 that contained the second crystal phase. As denonstrated
above, t Hethgpezgutingtdanagee st casc 6FskEIL | o theo Misrresragia Hd0sedBnéhe
crystal phase does not undergo an abrupt characteristic drop after

t he t her msperioyait eeprenenied ipriagerldblveltagn vespanndigdi Bns30vmeneineae e30°€nt
heat durability is required (including, for exanple, knock sensors,
and conbeastiromagnt,essdirtbe sprsorcs)or pBep8d of damageFisgech B8 ¢rscking in the
expl anatory view representing the results of experinents for the

ef f ect obiczodypimarel lO@omisentamomed hd helsdloaablericdtape sarobe tdgerded as an index
pi ezoel ectric cerami c conposition. Fig. 18 represents the experinent
resul ts bothetihslgpmfehsSpi8zatllednigcerdfic @nghdsiifont he seven sanpl es S90
to 596 of different subphase contents fromthe sanple 568. Sanples
S90 to S96 wer F)mgﬁduced by using the sane nethod used for the sanple
568, except that the subphase material was m xed with the nother
phase materi al Tho sghinpleSTat altf KBITHHRNRD LibpRAQCESP alldwblefvoitales &f 3! N
the experinents represented in Fig. 18, the sanples were neasured for
porosity di ri L addd ti ical
char act e}{ ?ZP tafné s‘ﬁker?e a%hl%v%rng@%s?n%\tﬁtgi é\jrlﬂl@t ?/gggcé) f}dg%@ggﬁn é|;:%etzogesl%lg@Pt;;aﬁslE c}?Eﬁl

char act eﬁflc?\]i/%‘tﬁé vfofe)c%lgezsck)(flj) ?W/L& GREY RIS FePodiviSC Ut AP AMEAto0d

coupling coeftici

from these experiment results that the insulation of the piezoelectric ceramic
composition can be improved by the presence of the structurally stable subphase
(second crystal phase) contained with the first crystal phase.

[0119]

Fig. 14 is an explanatory view representing the results of the qualitative
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[0129] In the experinents represented in Fig. 18, the porosity
of the sanples was cal cul ated by nmeasuring the dry weight, the weight
in water, and the wet weight of the sanple. Wight in water and wet
wei ght were nmeasured as follows. After neasuring the dry wei ght of
the sanple, the sanple was conpletely imersed in water, and degassed
in a vacuumto allow the sanple to sufficiently absorb water. The

wei ght of the sanple imersed in water was then neasured by using the
Ar chi medesalyssshafcthe segindecry$tel pleisghn thenpiratdectriGgbsire enmpysitiole The
sanpl e was taken out of water, and, after renoving the excess water,

t he wei gliirstofout hike samplee s SBBasSubeand G 19i reprebdre thetpivwicphtric ddremic
porosity of the sanple was cal culated according to the foll ow ng

equat i on coBpositisns§f thé earfl¢ yanisie @hinbetshreessieghi Fig) watlde sardplds SB8, I35,
wei ght. [0130] Porosity [volunme/0] = (((wet weight) - (dry

wei ght ) ) 536( w8b, Wed FAD) reprdsefd et Rieﬂoé&@&ﬁé )oerandi@ Mot pdsAibdd Jof the same

Fig. 19 is a graph representing the result of an experinment for the

effect of,SpRRRARRICHBIGIN] RIFiENE PARTRE ¥nalfsid @Pth@isﬁ‘gﬂﬁls@ﬁ‘tﬁk%)hase),

ceramc congosition. Fig. 19 represents porosity changes for the

sampl es d i - a4 h
content, eag it aitiled Qi dual A8 HPKRED BhlloiE Kol SRGSAN hcfhoh e
repr esen i i .9, vol une% . .n

ool o BIEMERS By 2 (ehy RRLERHI KBS bl M UM i b,
S91 with t.he subphase content of, 2 nol % had a .l er . osi ty of, ,0.5
vol unevs THESEREEe; Nore Bat B nbadse Eompogign, whidhds,onikalbn, ot &y

t hat cont ai ned toéﬁ&.nnl@bof t he suzghas content, sgg ing that the
por s wel'SNE i KrfaY TIraFHan fPekernah A0 FORGEnEs, by Hising lEoBRkes icg as
ceram c conposition iis believed to |lower the sinterability during the
product i i 'gr]RI)S ‘It"'ﬁ%“h}?s'f‘m%‘lﬂ"?‘(\;%idﬁ O’E&'élebﬁt%é%rélsé’:f‘pri c ciar:am'yc e

conposition. It is therefore preferable fromthe standpoint of
porosity that tH@0kubphase content range from2 to 20 nol % further

preferably 4 to 20 nol % {0132] )
The last two columns at the right end of Fig. 14 represent the results of the

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

[0121]

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

thus believed that the 1319 phase in the subphase of each sample shown in Fig. 14 is
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Fig. 20 is a graph representing the result of an experinment for the
effect of subphase content on the voltage constant d33 of the

pi ezoel ectric ceram c conposition. Fig. 20 represents changes in

pi ezoel ectric constant d33 for the sanples S68, and S90 to S96. The
hori zontal axis represents subphase content, and the vertical axis
represents piezoelectric constant d33. As can be understood fromthe
graph of Fig. 20, the sanples with the subphase contents of 1 to 20
ol % desitheabgsyltinddhgicencrssien tfrone theohkt ahass diBBgdhe dning nrhesss 10 @rorEs.
However, from the standpoint of piezoelectric constant d33, the
subphase Tdé6ft eAs descripeéd fwethateloreiRetto Fig3. rahdd 2 fihe sdhepleppesanabintid. 1dbo
6 nmol % nost preferably 5 nmol % [0133] Fig. 21 is a graph

r epr esentekagdletihén r g ubf eécteibalexpamiedsticst grelithe gefetiviol syliphasel
content on the dielectric breakdown voltage of the piezoelectric

ceram c @¥ypeIstiic @Raratiedisticdl(pieepéleaeponsdinagesmd dlcdi@hRahit4l coupling
breakdown voltage for the sanples S68, and S90 to S96. The hori zont al

axi s repres@icht RHPPNGES @hé‘r@f&fr@%smtﬁ@fb bR8InVEplek 6 ctAX keraSPESRFMNtFon
di el ectric breakdown voltage. As can be understood fromthe graph of

Fig. 21, OE'QQCGQHHPQ}?&?QH%{C?% bl%lleﬁg eF %Jh%ﬁ‘ley tHe &b I%é B cFothd 'ﬁli'ltng% the

preferably 2 to 10 nol % nost pre erab 4to 6 fromthe
st andpoi tia akdown vol tage [ 0134] Fig. 22 is
an expl agg Ll}égé%?v{érlgérgﬁé%tl ng the effects of subphase content and

produci ng neth E the structure of the | ead-free piezoelectric
ceram c conpositio The sanple structures shown in Fig. 22 (a) to

(5) 2re N0 SEeLLANS, 35 SBRSher ANoko 8 AReRoslon. S g5k afyaie
P ceoslech S SHAE STBRLIR: T iodRig! Do Biock BRULLOn e
white porti on i ndi cates the second, crystal phase %?h%bqggo%leectrwé:ramlc
phase) . ngggqlve analysis results presented in Fig. 15 are those o p
compositions prepared by mixing the mother phase material with the subphase
material prepared as the 1319 phase. The subphase content is 3 mol% for sample S51,
and is 5 mol% for the other samples S52 to S57. The samples S51 and S52 do not
contain additional metals, whereas the other samples S53 to S57 contain additional
metals such as Cu, Fe, Zn, and Mn. For the production of these samples, the
subphase material prepared as the 1319 phase in processes T130 and T140 of Fig. 2
was mixed with the mother phase material in process T150, and fired in process T160.
The qualitative analysis of the samples S51 to S57 revealed that the subphase was the
1319 phase in all samples. Further, the samples S51 to S57 had characteristic similar
to the characteristics (see Fig. 12) of the samples S35 and S36 presented in Fig. 14,
and excelled in all of electrical characteristics (relative permittivity €337/go) and
piezoelectric characteristics (piezoelectric constant ds; and electromechanical coupling

coefficient kr) (not presented in the figure).

[0123]
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Fig. 22 (a) shows a structure of the sanple S90 (Fig. 18) having the
subphase content of 1 nol% The sanple S90 was produced by using the
t wo- phase control nethod (Fig. 2), and had a piezoel ectric constant
d33 of 100 pCN. As shown in Fig. 22 (a), the second crystal phase
was finely dispersed in the first crystal phase in the structure with
the 1 nol % subphase content, and no crystal grains were confirnmed in
the first crystal phase. [0136] Fig. 22 (b) shows a structure
of the sanpl e $&B 16 g8 explanataty Yig) ienieseniingtibe swbinas expesimenin fosfthe
nol % The sanple S68 was produced by using the two-phase control

met hod ( Eifget 2f, adddorimhdmataps emodhe athaiactecionsst axfit thd3 pieabeldhic p GrainicAs
shown in Fig. 22 (b), a plurality of crystal grains was bound to each
ot her i ncbompodépesi Figdl&tairesents thhesshits of the rypérahermph aseductedtthesamples
structure with the 5 nol % subphase content, and the second crystal
phase fi lSkedotdse diffaras fioel ileaamphs S32ywt$d3 of Rign32) nFighaefaldoSpresents
crystal phase. [0137] Fig. 22 (c) shows a structure of the
sampl e Sk HarsbterisBls BAMN@AniPhe SMPANRST! pR|&EAT iPFigl 02 B la%ompaative

sanpl e S94 was produced by using the two-phase control method (Fig.

2), and hadmaidi %@Els%bfe' WaCHRah@Al byd3dn @ thel2CoMt Nsta BhaB Pibpardl as
Fig. 22 (c), a plurality of crystal dgrains was bound to each other in

t he depos i fi r
(he SoPoTuPaRe gk v el gEBhplbased Sud St L

spaces | @r)Is&? pghgeqh ChYBE %%Hﬁgl%ﬁg?j%cgrgg S({: Tl ﬁot ‘ﬁﬁnteﬁmhe é'é%\ﬁd’ glrp,ﬁ B{?Ehs

crystal grarn‘surfaces I'nm ase Were snoo

were par iayalt slded St)&%ﬁ% R “?%4 SRatll %i FiEfned
coni ent ¥ 8 a1 9 ArAERAS 1 Bpene s@r%ﬁraéé‘riétﬁ&%%“&rﬁ PeRe ety
EERE e tiv by Rty b
t he not her phase raw material and the subphase raw material _were

mi xed wi PRagachTbe Al tRdtt dherg &al Ernersilares i demcnt] epd &d- t o
produce the | ead-free piezoelectric ceram c conposition. Such a

produci ng met hBH2#E cal | ed a normal solid-phase nethod. The sanple
shown in Fig. 22 (d) had a piezoelectric constant d33 of 160 pC/ N As
shown in Fig. bpthecdrmpdespbelr & 581, theé semples B80gmali Tl varer defedtives s the
crystal phase was surrounded by the second crystal phase as expected
i n st ructanpssifiarsmeckeyot tshfionartiyadensified byptha Seinpeinhpdeesa il 60hef Fig. 2.
structure was different fromthat produced by using the two-phase
control maishiedelitted.todh2 due)td.thd B4cRSively large value of coefficient e, 1.12, for the
whole A site in the sample S80. It should be noted, however, that the sample S79
with the coefficient e of 1.09, and the sample S78 with the coefficient e of 0.98 both
excelled in electrical characteristics (relative permittivity €33 /go) and piezoelectric
characteristics (piezoelectric constant d3; and electromechanical coupling coefficient
kr). The results presented in Fig. 16, taken together, suggest that, with the additional
metals, the coefficient e in the composition formula of the first crystal phase preferably
ranges from 0.97 to 1.10, further preferably 1.00 to 1.09.
[0125]

As can be understood from Figs. 12 and 16, a piezoelectric ceramic
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As can be understood fromFig. 22 (a) to (d), it is preferable from
t he standpoint of piezoelectric constant d33 that the | ead-free

pi ezoel ectric ceram c conposition structure be formed of mainly the
first crystal phase in which a plurality of crystal grains is bound
to each other in the deposited state, and the second crystal phase
that fills the spaces between the crystal grains in the first crystal
phase. Further, fromthe standpoint of obtaining a structure having
excel | encoppesiten of tsufficiartilyr merced¢strablescharagécristian overeldie praples| &4 and
ceram c conposition is preferably produced by using the two-phase
control %81 kéthe CampanativhBrample cao brmbtagwd whepred deastrencholiCu [@pge)), Ni
Fig. 23 is an explanatory view show ng distributions of trace

el ement s (hinkdlheCpicekae)l Ee (iror), Rer(aningamese)p s (AitconiumlhAgi(sihges Znriziacy.
23 (a) to (f) represent distributions of each trace el enent of the
sanpl e S88 (sfdr@sum)l AndrBli H3muthhayvaomainad 3t adbitionals eetdl.onAdding Cr
observed under a transm ssion el ectron m croscope ( TEM EDS) after

di npl i ng (@emiv) ¥ d1kd BEpdchel 1oepdvideeie RhRZ ABhRGterisGesCH MhChe case of
conposition. Fig. 23 (a) to (f) represents distributions of the trace

el ement s ddink Vit ARAdEEheseSU (copper), Zr (zirconium, Fe (iron), Zn
(zinc), and calcium(Ca). In Fig. 23 (a) to (f), brighter portions
contain nore tfgaeg;el ement of interest, and darker portions hardly
contain a trace elenent of interest. The images shown in Fig. 23 (a)

to (f) were obtgj : | 1] I 6

can be understg@dq?%%ﬁ%@ﬁr@%r&g&&?ﬁ?&?g&glntpedpg(sgﬁt%]g{ﬂzenﬁaggg (%rcwa‘s
el ements Ti.. Cu, Fe,.Zn.are.|localized in.the second cr.yst hase
(subphas VAR LAGS e Fo8% RiBERUGE" ralid FOaboRmg, it JaorP Gy
(f), the trace el enents a are localiz in,t fl.rst crystal
bhse. (nBtHB OSSR PREAdy T Toike BOHTT oSl SEb05TTH o a1 S
el enents |localized jn the first crystal as 0 and the secon
crystal pKasié tzéa‘&Pf@S b%ﬁi o 8601 6"‘3{%@% t@ff@c?@%& ﬁw 18i @Eo‘gf’%’&ﬂr‘iy@e
characteristics of the | ead-free piezoelectric ceram c conposition.
[0141] cvaluatign destpmacly sampds pvamatleney W ey thessrastadist chynbdie andsihe s
of experinents for the characteristics of the piezoelectric ceramnc
conposi t PsacelfFityc characiepisidesedit wonhempesafireswere ¢vaduatsdhéhe firtial value”
conducted for the sanple SO4 and sanples S101 to S114. The

exper i nentlsmpenader dhel beadidg ii¢ctiossphatical coupking epefficiest pet m Fig. viAy
c33T/ 60, the conpliance 533E, the piezoelectric constant d33, and the
el ect r onSobaniedly, coupéinmyg cpdé fwad eapeaked bf evcdass@nphd, dascasimgwohe n
Fig. 25. [0142] The sanples S101 to S114 in Fig. 25 contain Ca

as the etammnitue atod rdtbeff2°Cahincowst-ab°QhizsecC, Ber@asiS0PE, eiEneiQ. EPheof
the first crystal phase, and the 1115 phase as the second crystal

phase. Thanplaspias 1D Yol @ Kohikdati éuchi @mpedugent Aifier apkdithdranplcyoel @es,
for which at |east two netal elenents are selected from Cu (copper),
Co (cobabfeyeelb@rit ich&@dteridtics(Wérk GoNalBed #Rodf itE perafié (1h® “After thermal
cycle” column under the heading “Electromechanical coupling coefficient kr” in Fig.
17).
[0127]
As can be understood from the results presented in Fig. 17, the samples S04
and S31 containing no second crystal phase had large drop rates of approximately 70%

in the electromechanical coupling coefficient kr after the thermal cycle. On the other

hand, the drop rate of electromechanical coupling coefficient kr after the thermal cycle
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[ 0143] The sanples SO4 and S101 were produced by using the
first producing nmethod of Fig. 2 after the firing of the m xture of

t he not her phase cal ci ned product and the subphase cal ci ned product,
wi t hout calcining the m xture. The sanples 5102 to S114 were produced
by using the second producing nethod of Fig. 24 after calcining
(process T254) and firing the m xture of the nother phase cal ci ned
product and the subphase cal ci ned product. [0144] From t he
exper i memasradiidientlypswglert epproninFitely D6 dndappheximatehyal b%orndfwashmore
sanpl e SO4 containing no second crystal phase and the sanples S101 to
S114 contdasirdbigirt the sepdesdS3Y, W6t ab §dasnd ST to St0ahiatemedhihdtathet feeond
presence of the second crystal |layer in the piezoelectric ceramc
conposi t icotdl Nplid¥es Atdeivngtrited adbiove, pB¢ Npittdelctrit @3dinie Oc@nposition
el ectromechani cal coupling coefficient kr, but conpliance 533E and,

in turn, cphaaRed Eet §dcond @RSANPhadd3 doeNbuiididdo LRI ZDEHEEHEHE dro
constant d33 can be repre??ntgj by the fol Id(;ésmé ng equgi on (3). [OllFS]

[ Mat hemateAlihdQhdPHa Ak1ed3d= ik PRrd@BR T Br2hppIR38ons Wherd excellent heat

durability is required (including, for example, knock sensors, and combustion pressure
SENSOTS).

[0128]

Fig. 18 is an explanatory view representing the results of experiments for the
effect of subphase content on the characteristics of the piczoelectric ceramic
composition. Fig. 18 represents the experiment results for the sample S68 of Fig. 16,
and for the seven samples S90 to S96 of different subphase contents from the sample
S68. Samples S90 to S96 were produced by using the same method used for the
sample S68, except that the subphase material was mixed with the mother phase
material in different proportions in process T150 of Fig. 2. In the experiments
represented in Fig. 18, the samples were measured for porosity and dielectric
breakdown wvoltage, in addition to electrical characteristics (relative permittivity
€33'/80) and piezoelectric characteristics (piezoelectric constant dy;  and
electromechanical coupling coefficient kr).

[0129]

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

and degassed in a vacuum to allow the sample to sufficiently absorb water. The

45



[ 0146] It was also found fromthe experinment results presented
in Fig. 24 that the piezoelectric ceram c conpositions containing at

| east two of the netal elenents Cu (copper), Co (cobalt), Fe (iron),
Zr (zirconiun), Zn (zinc), and Co (cobalt) as the additional netals
can have nore desirable characteristics than the sanple SO4 of the
Conparative Exanple. [0147] Further, by conparing the

sanpl es S101 and 104 that have essentially the sane conposition but
di ffer irwdgh ofrthsemuoplc ommebsedrio ovapdr wad denimegsyrpd by asingnhe Hrehimedesn
be seen that the sanple S104 produced with calcining (process T254)
was supemiahod to givd theherigittinwasdri c Subsequdmelys tiephmpBhds pkodaded water,
W t hout cal cining (process T254). [0148] Fig. 26 is an

expl anat any, aftee weneping Ientidegs Waerr s wdiglafofahe eamele iwmnhedsoredttheive
characteristics of the piezoelectric ceram c conposition. The

eval uat i @fe ®¥PREiLAENTHAGRD e BIcheshniplE waaehic@hicRecsaing!te shefMflowing
S101, and S104 by neasuring the dissipation sine tan 8, indicative of

a di el eclefhhfiidnQ3$ usiHRan ¢ieRt HRNWAEhahveiaaiddd@e Rk hagscaccor di ng
Co the B e O R o B B0 T e o e esul t

for each sanplﬁngg]plotted in Fig. 26, in which the horizontal axis
represents voltage, and the vertical axis represents dissipation sine

Fro. 26 thar « RSl uPR S RERNAET (0T RO TRI B e,

dielectri.c | ih the.sanples S101 and S104 than in the sanple SO
of the Céwgféiﬁ'bédq&é le in any vol tage range.

[0131]

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

[0132]

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

subphase content on the voltage constant ds; of the piezoelectric ceramic composition.
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[ 0150] Further, by conparing the sanples S101 and 104 that
have essentially the sanme conposition but differ in the presence or
absence of calcining (process T254), it can be seen that the

di ssipation sine tan 8 is snaller (nanely, a smaller dielectric |oss)
in any voltage range in the sanple S104 produced with cal cining
(process T254) than in the sanple S101 produced w thout cal cining
(process T254). It can also be seen that the difference in

di ssi pat iFo% 2 reprasems ghanaes picgpleciimspesa iy fafrihe souplen SpBaywlsS90
with voltage increase. Thus, it can be seen that the piezoelectric
ceranm c teo¥fosi Theo hopredeic exs wieptesends ciuhphage (qmeangs sndr 2B )veirtecal axis
superior to the piezoelectric ceramc conposition produced w thout
cal ci ni ngegrpseatsgsezoERBH)c danstastdys. OAs edrebd wnderdtoal fiomithe gepbof §ig. 28,
and is nore useful particularly in transducer applications that

i nvol ve alppbdnepies omthothe anbptaee contenth iofl 1dtof 20 nobdYovdesdrablly tkd diezoelectric
Fig. 27 is an explanatory view representing the result of an

exper i meRbndtaits UeofdyA@than COBHEN erHewbes, Rbmaht kAAGSHILESE. piBRIcRIctdNg
to Fig. 27, the evaluation experinment was conducted for a transducer

produced cbh @Mt AL fubbhBe 2B8HRheIs PrtterablPd to 8MehoPLOfirthaP FreMtably 4 to 6

nmeasuring the tenperature of the transducer being driven at an

anpl i tude, i, IRsKh Ry MIg5MBLLrS), a vibration rate of 700 nm's, and
an input eleétric power of 10 W(watt). The result of the experiment

for each sanplgnbg plotted as shown in Fig. 27, in which the
hori zont al axi reLresents drive tine, and the vertical axis

the transducer aitigeche e are<aine Mashus . ogBron Run e ey &
oper at i oRURRCS fEMgEneE e s ek HERn R Eer H nf° A oRliiR oSty
The drivERBPOSHER-s( 167 PR 2BAresPiis EOBAs s B O Tt DHPYEVE (\UsEate HEF
part | cul aTBIES Spbcamt 58 TS hlte EEoPBRgRIdEBs T ERBHSE FoRteneind
transducer using the sanple S104 produced with cal cining (process
T254) i stwm@? axiyappresrats diglechic rpailonmowitagsi ngs eaebs ERgsTEo! fiom
Pt Oducedt}\llgi Egpa%gt otp %lig(?iSli,n‘gle(se{bgﬁfsisc;égn? is preferably 1 to 15 mol%, further
preferably 2 to 10 mol%, most preferably 4 to 6 mol% from the standpoint of dielectric
breakdown voltage.

[0134]

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

[0135]
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[0153] Fig. 28 is an explanatory view representing the result of an
experinment for the static characteristic of a transducer. Referring
to Fig. 28, the evaluation experinment was conducted for a transducer
produced from each of the sanples SO4, 5101, S104 as in the

eval uati on experinment of Fig. 27, and by neasuring the nechani cal
qual ity coefficient Qnunder varying transducer tenperatures. Larger
mechani cal quality coefficients Qnnean snaller |osses. The

experi nent resHig 22dp) dwots symstwe of theegnpdefPe Fipn! Hihgvingghe sbplse h
the horizontal axis represents transducer tenperature, and the

verti cal caxtest oepmesént sTheesamme SA0 wasapriotlycedorf hsing ¢l tv@rphdse i®ajrol
As can be seen fromFig. 28 that the | oss becones smaller with

t enper at meghoch@igadeandhdde plezasledric eosstargidagof H sGMD| ebs St mrldg.
S104 than in the transducer using the sanple 504. Particularly, it
can be s@enaj,hh¢ s¢doadlcogsalhtasieas dinely dispdrieal inviht Hirbtesrpasibphise in the
increase in the transducer using the sanple S104 produced wth

cal ci ni ngtri@RCHEE tH2 bAolvhaibphase! diditdnt angdiceds stuls%ﬂ”amst\h@fe&@ﬁﬁhﬁecs&pl
produced wi t hout cal cining (process T254) It I's therefore believed
that, asgeh@Whciytial fiasexperiment results presented in Fig. 27, the
tenperature i ncrease during continuous use can be suppressed in the
transducers us]ng6 he sanpl es S101 and S104, but not in the
transducer usi e sanple SO4. [0155] The present invention

I's not limtedg Eg 216) Iﬁ{zﬁéﬁdé O dre oefxtﬁ‘éTE’A s%@d(lF‘i(;%;'l‘?‘tah@%) ﬂgxﬁﬁ%'ﬂl&e‘j

above, and can I nvarious con gura provided t

SuCh ChageS o d0e Ry d3BAgbinh ! OFhd Uik Ssg fas' IS RLISSN il MEN e,

For exanp chni"ca ures in

ot ?Bhf’gﬁwﬁqﬂ Gt R R es%ﬁéﬁ%%h@%ct%%b%%

B 2P OB L oy PR 0t OT 5 0o SO 2 B g hghl

effects. stlz’lfé:r ltnhtﬁe first crystal phase in the structure with the 5 mol% subphase content, and
the second crystal phase filled the spaces between the crystal grains in the first crystal
phase.

[0137]

Fig. 22 (c) shows a structure of the sample S94 (Fig. 18) having the subphase
content of 10 mol%. The sample S94 was produced by using the two-phase control
method (Fig. 2), and had a piezoelectric constant ds3 of 120 pC/N.  As shown in Fig.
22 (c), a plurality of crystal grains was bound to each other in the deposited state in the
first crystal phase in the structure with the 10 mol% subphase content, and the second
crystal phase filled the spaces in the first crystal phase as in Fig. 22 (b). However, the
crystal grain surfaces in the first crystal phase were smoother than in Fig. 22 (b), and
the crystal grains in the first crystal phase were partially surrounded by the second

crystal phase.

[0138]
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such technical features may be appropriately deleted if not described

as being essential in the description of the present invention.
Description of Reference Nunerals and Signs [0156] 10First crystal
phase (nother phase, KNN phase) 20Second crystal phase (subphase,

phase) 100Pi ezoel ectric el ement 110Pi ezoceram c 120El ectrode
200Sensi ng devi ce 210Met al shel

NTK

Fig. 22 (d) shows a structure of a sample that had the subphase content of 5
mol% and was prepared by using a method different from that used for the sample S68
shown in Fig. 22 (b). In the method used to produce the sample, unlike the two-phase
control method (Fig. 2), the mother phase raw material and the subphase raw material
were mixed with each other without being calcined, and molded and fired to produce
the lead-free piezoelectric ceramic composition. Such a producing method is called a
normal solid-phase method. The sample shown in Fig. 22 (d) had a piezoelectric
constant d3; of 160 pC/N. As shown in Fig. 22 (d), a plurality of crystal grains in the
first crystal phase was surrounded by the second crystal phase as expected in structures
formed by the normal solid-phase method, and the structure was different from that
produced by using the two-phase control method (Fig. 22 (b)).

[0139]

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

[0140]

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

sample thin section as observed under a transmission electron microscope (TEM-EDS)
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210a Through hol e 210bScrew t hreads 210c, 210dgroove 212Tube
214Seating portion 220l nsul ati ng sl eeve 230l nsul ating plate
240Pi ezoel ectric el ement 242Thin plate el ectrode

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

[0141]

Fig. 25 is an explanatory view representing the results of experiments for the
characteristics of the piezoelectric ceramic composition. Fig. 25 represents the
results of the experiments conducted for the sample S04 and samples S101 to S114.
The experiments were conducted with respect to the relative permittivity 33 /g, the
compliance S33E, the piezoelectric constant di;, and the electromechanical coupling
coefficient kr of each sample, as shown in Fig. 25.

[10142]

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

(iron), Zr (zirconium), Zn (zinc), and Co.
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244Pi ezoceram ¢ 246Thin pl ate el ectrode 250l nsul ating plate
260Char acteri stic adjusting weight 270Washer 280Nut 290Housi ng
300Ul trasonic drive device

[0143]

The samples S04 and S101 were produced by using the first producing
method of Fig. 2 after the firing of the mixture of the mother phase calcined product
and the subphase calcined product, without calcining the mixture. The samples S102
to S114 were produced by using the second producing method of Fig. 24 afier
calcining (process 1T254) and firing the mixture of the mother phase calcined product
and the subphase calcined product.

[0144]

From the experiment results presented in Fig. 24 and the comparison of the
sample S04 containing no second crystal phase and the samples S101 to S114
containing the second crystal phase, it is believed that the presence of the second
crystal layer in the piezoelectric ceramic composition improves not only relative
permittivity 833T/80 and electromechanical coupling coefficient kr, but compliance Si3"
and, in turn, piezoelectric constant d;;. Note that the piezoelectric constant d3; can be
represented by the following equation (3).

[0145]

[Mathematical Formula 1]

sy = k33 533T ¢ S33E ...(3)

[0146]

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

Comparative Example.
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310Pi ezoel ectric element pair 312Pi ezoel ectric el ement 313El ectrode
pl ate 314Pi ezoel ectric el ement 315El ectrode pl ate 320Front panel
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[0147]

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

[0148]

Fig. 26 is an explanatory view representing the result of an experiment for the
characteristics of the piezoelectric ceramic composition. The evaluation experiment
was conducted for each of the samples S04, S101, and S104 by measuring the
dissipation sine tan 8, indicative of a dielectric loss, upon application of alternating
voltage according to the European Standard BS EN 50324-3:2002. The experiment
result for each sample is plotted in Fig. 26, in which the horizontal axis represents
voltage, and the vertical axis represents dissipation sine tan 4.

[0149]

It can be seen from the experiment results of Fig. 26 that the dissipation sine
tan 3 is smaller (namely, a smaller dielectric loss) in the samples S101 and S104 than
in the sample S04 of the Comparative Example in any voltage range.

[0150]

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

increases with voltage increase. Thus, it can be seen that the piezoelectric ceramic

56



332Coni cal portion 338Blind end hole 340Center bolt 400U trasonic
processi ng machi ne 410Base 420Pi ezoel ectric el enent 430G i ndi ng stone
portion 440Spi ndl e 450Ji g

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

[0151]

Fig. 27 is an explanatory view representing the result of an experiment for the
dynamic characteristics of a transducer. Referring to Fig. 27, the evaluation
experiment was conducted for a transducer produced from each of the sample S04,
S101, and 8104, and by measuring the temperature of the transducer being driven at an
amplitude of 15 pm (micrometers), a vibration rate of 700 mm/s, and an input electric
power of 10 W (watt). The result of the experiment for each sample is plotted as
shown in Fig. 27, in which the horizontal axis represents drive time, and the vertical
axis represents transducer temperature.

[0152]

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

[0153]

Fig. 28 is an explanatory view representing the result of an experiment for the
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Clains 1. A lead-free piezoelectric ceram c conposition nmainly

conpri si ng: a first crystal phase in which a plurality of
crystal grains fornmed of an al kali niobate/tantal ate perovskite oxide
havi ng pi ezoel ectric characteristics is bound to each other in a
deposited state; and a second crystal phase forned of a
conpound containing titanium (Ti) and filling spaces between the
plurality of crystal grains of the first crystal phase. The | ead-free
pi ezoel eétatic cheracignisiec ebapuwsdicon dderiagrig Hig 28, dherevaluatioer exparimieat
second crystal phase is contained in a content of 2 to 10 nol% 3.
The | eadvfas eengicexoier e dtansduceepmduceddorm eselt oitthe agmplediSAd, 318 1¢k didmsl
or 2, further conprising at | east one netal elenent selected from
copper (@uYhe evainatidne}xpedintknz iofidig.Zn},, anhbyg mé¢asudnntla nedhdnicdbejuality

| ocalized nore in the second crystal phase than in the first crystal

phase.  4oeffibRnt €al-ndee vRlyR7o ehestutéC tedfctdtines.CODREst hicOhariet Qfudiing
to claiml or 2, further conprising at |east one netal el enent

sel ect ed cf)éfﬁﬂi‘e_ﬁ@.bgh{ k) smEARPREsek CUThe 1kPBritaER) resat Koz icA6h (sKﬂ%Jle is
which is contained by being |ocalized nore in the second crysta

phase than,iddn{eAqn Hig Sis, i Ui thPRBRSontal 2xisTRAPrdsERE TIfaﬁé?:ﬁl]ger temperature,

pi ezoel ectric ceram T conposition according to any one of clains 1 to

4, furt hgﬁ% %%;Wgt%cél g)gf %prgﬁgé{?%g iI'E‘?LcﬁJaliﬁJ 'elﬁgﬁlﬁc" ed from

zi rconi um al cirum I's “cont ai ned” by bei ng
| ocal i zed nDre(jg he first crystal phase than in the second crystal
phase (0154

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

[0155]

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

foregoing problems, or to achieve some of or all of the foregoing effects. Further,
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claims 1 to 5, wherein the conpound form ng the second crystal
phase is an A-Ti-B-0 conposite conpound (wherein the elenment Ais an
al kali nmetal, the elenent Bis at |east one of niobium (Nb) and
tantalum (Ta), and each of the contents of the elenent A the el enent
B, and titanium (Ti) is not zero). 7. The |ead-free piezoelectric
ceram c conposition according to claim6, wherein the element Ais
potassiunl(Kz. 8. The lead-free piezoelectric ceram ¢ conposition

accor di n§u¢ibteghnipshfgatgres may hectnprepriatedy dpletrdrif nes descrbedins singngssential
The | ead-free piezoelectric ceram c conposition according to any one
of cl ai min therdgsgiption of the py¢agndinventian.corpound forni ng the second
crystal phase has a |ower nelting point than the alkal
ni obate/tantal ate perovskite oxide formng the first crystal phase.
10. A lead-free piezoelectric ceram c conposition produced by m xing,
nmol di ng, Dencription nfjRefeceytMbmpralsiend Signyed of an al kal i
ni obat e/ tant al at e perovskite oxi de having piezoelectric
characteristicfld6fl a crystal powder fornmed of a conpound that
contains titanium (Ti). 11. A piezoelectric elenment conprising:

10 First crystal phase (mother phase, KNN phase)

20 Second crystal phase (subphase, NTK phase)

100 Piezoelectric element

110 Piezoceramic

120 Electrode

200 Sensing device

210 Metal shell

210a  Through hole

210b  Screw threads

210c, 210d groove

212 Tube

214 Seating portion

220 Insulating sleeve

230 Insulating plate

240 Piezoelectric element

242 Thin plate electrode

244 Piezoceramic

246 Thin plate electrode

250 Insulating plate

260 Characteristic adjusting weight
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a piezoceramic fornmed fromthe | ead-free piezoelectric ceramc
conposition according to any one of clainms 1 to 10; and an el ectrode
nmounted on the piezoceramc 12. An ultrasonic processing machi ne
conprising the piezoelectric elenent of claim1l. 13. An ultrasonic
drive device conprising the piezoelectric elenent of claim1l. 14. A
sensi ng device conprising the piezoelectric elenent of claim11l. 15.
A nethod for producing a | ead-free piezoelectric ceram c conposition,
t he met h@dCconpYasbemg: produci ng a nol ded product by i xing
and nolding a first crystal powder forned of an al kal

ni obat e/ t280t al &wé perovskite oxi de havi ng pi ezoel ectric
characteristics wwth a second crystal powder fornmed of a conpound

t hat cont28Dns Housingum (TO, and producing a | ead-free

pi ezoel ectric ceram c conmposition, in which a first crystal phase is
f or med byobi ndingasankl ditvaeldet/iceof crystal grains of the first crystal
powder in a deposited state and a second crystal phase is forned by

mel ting tshe sepanrdelsfyictiima@paier to fill spaces between the
plurality of crystal grains of the first crystal phase, by firing the
mol ded pr@gduct piezoelectric element

313 Electrode plate

314 Piezoelectric element

315 Electrode plate

320 Front panel

322 Conical portion

328 Ultrasonic radiation surface

330 Backing panel

332 Conical portion

338 Blind end hole

340 Center bolt

400 Ultrasonic processing machine

410 Base

420 Piezoelectric element

430 Grinding stone portion

440 Spindle

450  Jig

60



16. A method for producing a | ead-free piezoelectric ceramc
conposition, the nethod conprising: calcining a m xed powder
of a first crystal powder and a second crystal powder at a first
tenperature, the first crystal powder being fornmed of an al kal

ni obat e/ tant al at e perovskite oxi de having piezoelectric
characteristics and the second crystal powder being forned of a

conpound that contains titanium (Ti); produci ng a nol ded
product by m xing and nol di ng the matmpowder cal cined at the first
tenperature; and producing a | ead-free piezoelectric ceramc

conposi tilon, i r lehd-€iee pidzbelsttric cyshAt cphasetiorsmamiyreanjrysig:ndi ng a
plurality of crystal grains of the first crystal powder in a

deposi ted st at @ fasdergstaeplone i€ mhsdhad pRidlse df cristlesind Yoredtoma dlkali
second crystal powder to fill spaces between the plurality of crystal

grai ns ohidtae/fahfabdte pENSSélale B@RSRaviRY plelédlGrié bRaraRbGRTRs Y BsliHatio *hck
second tenperature higher than the first tenperature.
other in a deposited state; and

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

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

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

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

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

in the first crystal phase.

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

crystal phase than in the first crystal phase.

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

phase than in the second crystal phase.

61



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

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

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

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

wherein the element A is potassium (K).

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

wherein the element B is niobium (Nb).

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

claims 1 to 8,
wherein the compound forming the second crystal phase has a lower melting

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

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

contains titanium (Ti).

11. A piezoelectric element comprising:
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a piezoceramic formed from the lead-free piezoelectric ceramic composition
according to any one of claims 1 to 10; and

an electrode mounted on the piezoceramic.

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

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

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

method comprising:

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

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

phase, by firing the molded product.

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

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

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

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

temperature.
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