DESCRI PT ON 0- LEAD- FREE PI EZOELECTRI C CERAM C COVPCSI Tl ON,

Pl EZCELECTRI C ELEMENT COWMPRI SI NG SAME, KNOCK SENSOR, AND PROCESS FOR
PRODUCTI ON OF LEAD- FREE PI EZOELECTRI C CERAM C COWPCSI TI ON Techni cal
Field [0001] The present invention relat ds to a ad-free pi ezoel ectric
ceram c conposition for a piezoelectric device and the like and to a
process for production of the |lead-free piezoelectric ceramc

conposi tion. Background [0002] The mgjSURIXIION conventional |y

mass- produced pi ezoel ectri ceram c conpositions are PZT (I ead.
zirconate titanate) materials and thus contain | ead, recent years, the
devel opnent.of l8ad:filge Pi ezoel ectric ceramc materials has been
desired in order to elimnate the adverse influence of |ead on the
envi r onmehtEADASREHFREY 0&d HITed Col BR AMIECC OMP @EITAONG P @ELalCSRIC

been” b opbSEHohoC6  EGRas bt et by N e KCORROBts FONAI Mt RORANDG i

(where A progy@tkal DFELADIFREC PIRsSOReERIRI ' hehab
(DKI', Na) 1*Th03) . However, the lead-free , AN1?(%EIS‘?§§?e ectri s?’:ITcKe)}\Ian”i C

conposi t i bisknichidrigldl ves have the probl em of poor 20sinterahility and

noi sture [stance. [0003 a asure. agai nst this problem Patent
Docunent [rf%g%]scl g@%gre%e qé%%eﬁﬁwagte%#) %{f&?%bee@ﬂ?zotﬁ]]ief’trgefe@fmfr‘f@n’ERé‘“P’é
a | ead- f rigea pNzbEBctHE @2oiet e6d heQike@hamb & pERBROSE biRNcSth &Stht GeQbEAI N
S ngr ovenents in sinterability and in piezoelectric properties.

[ 00

@] Furipgselecig @rmDeempention. di scl oses a | ead-free piezoel ectric
ceram c ¢ Shbhl represented hy the general formula:
(Li x(Kyy!\ﬁé%g‘rlT,’}%%\lh.:Slmw (where 0< x- 0.2; 0 <y <1.0; and O f:a
0.2 excep06dr t like eafeitobf xorfvendendlly ramd-peapabll @icobelshiBwicBGmic
relativel ood. si nt ility and piezoelectric properties. Prior Art
Docunent séloﬁgfloéﬁﬁon%‘@?r@g@e FO0US P e Rt and thys pemeigdead.  In recent
Lai d- - OpepaRatienfeyEUPhk&al 10N 1i29Q0: 31 3684mic materiali&sgﬁ%&ﬁg%egged in

Docunment "2: Japanese Lai d- Open Patent Publication No.
Sunmh@ary ofrdtrtie elipymaate theradverse influence of lead on the environment. As such lead-free

piezoelectric ceramic materials (called “lead-free piezoelectric ceramic compositions”,

there have been proposed those represented by the compositional formula: ANbO; (where
A is an alkali metal) such as potassium sodium niobate (K,Na)NbOs). However, the
lead-free ANbO; piezoelectric ceramic compositions themselves have the problem of poor
20 sinterability and moisture resistance.
[0003]  As ameasure against this problem, Patent Document 1 discloses a technique of
adding Cu, Li, Ta or the like to a lead-free ANbO; piezoelectric ceramic composition so as
to obtain improvements in sinterability and in piezoelectric properties.
[0004]  Further, Patent Document 2 discloses a lead-free piezoelectric ceramic
25 composition represented by the general formula: {Li(K;-,Na,);—}(Nb;—.Sb.)O3 (where 0 <
x<0.2;0<y<1.0;and 0 <z <0.2 except for the case of x = z = 0) and capable of showing
relatively good sinterability and piezoelectric properties.

Prior Art Documents

Patent Document
30 [0005]  Patent Document 1: Japanese Laid-Open Patent Publication No. 2000-313664
Patent Document 2: Japanese Laid-Open Patent Publication No.2003-342069

Summary of the Invention




Problens to be Solved by the invention [00061The piezoel ectric
ceram c conposition of Patent Docunent | shows inproved
sinterahility: but has inferior piezoel %ctri Cc properties to those of
t he conventional | ead-containing piezoel®ectric ceram c conpositions
and tine does not attain sufficient practicably. On the other hand,
t he piezoelectric ceram c conposition of Patent Docunent 2 attains a
rel ati vel Jrabiagis fpiteXodleddtyrthe [lo@enss@ant , but has a. phase transition

poi nt bet -50C. and +150C. and thus _ sho abrupt property changes
above and@@&ow e PHHESIECHF SRS 69 POV AR ‘\’A%?F?‘:’E}ti[?chméﬁ bbi@ty inetroyed
present | gyepiHiay k0 hp¢ Qi de ggeizlo@l@gt_'rifc IeSheRli&4Beh RELEFHE HAG rtﬁ(g}[af:

conposi ti on havi hg good pi ezoel ectric properties wthout a
pr oper t y- leetrangesingpiazacinge afamBeb@pbeitisdSMdhut odssoabhsananffatirect

of the present.inventjon to.provide a piezoelecti-le e]enent using
the, °| eadPPFEEIHT e {hg@fl?efé‘g%‘gﬁwlﬁz@ SsTEBH %‘?%Potsﬁloﬁrog\g‘)la&eé‘ta
process fpbcRh@AUGHGLER 2QElatidgy heathitiRR IR ' ' ition poi
conposi ti on(.:. | vi eans faor asl,c' %b%looogﬁc%e p?tagféfrl])?’c lﬁar?\%:él@ig%%aﬁségon point

been madebatyeepiSPeC and Héa$iC pakthupshomserbals weenreivtdhomged apoobhehiselandhe
can be e ' .h the follow ng aspects or application exanpl es.
[.0009] [ %glé gg?smon nt,

I on I§3<arrpl e 1] Alead-free piezoelectric ceramc
conposi ti [@)7conpyrik sh BBject2fahd pieSdnt Ciyestiah tPhasRicOf le@l-kad piezoelectric

ni obatel tantal ate type %er_ovskl t e, oxi de havi ng pi ezoel ectric:

prop@rt i eranfggomposition havigg gaedrgzeqigEtiapropagiss vothont ayrup-operty changes
conposi t i Rgs, e i i . Lhe el enent
55 at | aaer e G PR A fig'af sBRe M AL prd B el f pF(TR =

t he el ememtzdBleant lemantersingtthe Brmd)free piezoelectric detanhis cp@$ssitibe and to provide
according to thifs asgect tﬂl} t he Iead_—frege )czoel e. ctnc ceramc
conposi t i DA O IAReUHEeR %f:ﬁléi%gle%@’ce?? CHHE eI e OPRH hose of a
conposi t i PR GoRskskiRaneptabighs the first crystal phase and shows no
abrupt property changes between --50"C and +150C. [0010][ Application
Exahpl e 2AP008] = The preTérd invkeaitibn bes pice zomlede solive at Brstrpact of oinp

Applicaiign Exanpl e erein the second,cryst hase cont ai ns. at
| east one of a4 eélrlﬁrs“?d;?m\éﬁénsseangéﬁ? E%SW?%‘%&“ %f-fgg?‘lel.nlg@@?%a?lroapé’ 1cation
crystal phasgldsepresented by Al Ti 3B L09.

[0009] [Application Example 1]

A lead-free piezoelectric ceramic composition, comprising:

20 a first crystal phase of alkali niobate/tantalate type perovskite oxide having

piezoelectric properties; and

a second crystal phase of A-Ti-B-O composite oxide (where the element A is an
alkali metal; the element B is at least one of Nb and Ta; and the contents of the element A,
the element B and Ti are not zero).

25 It is possible according to this aspect that the lead-free piezoelectric ceramic
composition can have better piezoelectric properties than those of a composition consisting
only of the first crystal phase and shows no abrupt property changes between -50°C and
+150°C.

[0010] [Application Example 2]

30 The lead-free piezoelectric ceramic composition according to Application

Example 1, wherein the second crystal phase contains at least one of a crystal phase

represented by A, T1;-B1+xOs and a crystal phase represented by A TizB;Oo.



It is possible according to this aspect that the | eae piezoelectric
ceram ¢ COWOS111 0 t3 can have good piezoel ectric properties and
shows no abrupt property changes between -50'C and -3-150"C as the
second crystal phase exhibits good piezdel ectric properties,

[ 0011] Appl i cation Exanple The | ead-free piezoelectric ceramc
conposition according Exaropie 2, wherein the second crystal phase is
a crystal phase fieppesgrit eccobying t@his 4p5&.tAAitHgYlehd-ficbiptezaslpetic dehatic
the | ead-free piezoelectric ceramc, 10COM OCSitj 011 can have better

pi ezoel ecffqmw&wth?é%g?%mew 1P OB hHSTOME I OGHREI S PRIGLyGHIRYZES
of the fi pal canad I .

bet weon - 50155 Tad- 4 0000 CTOBE A RaS ERPHES RZRE DY FRAIdES i

| ead- t heepppetiosl ectric. ceramic_.()c ding to Application Exanple 2.
wherein x isfies 0 <x-< 0,15, it is possible according to
thisgaSpJQP?imat[-W@“ngﬁﬁﬁﬁgggﬁﬁezoelectric ceram c conposition as a
whol e can have gqad 1dUEZR8l&&ICGidULREILEDosilibn hecAdiag tcm?)?li@altﬁmt 0,
as the second crystal phase beconmes stable, ensure the Stabifity of

t he | ead-Frasenlpiewberbcthe second enpts iphissns asryatahhbise reprdsentr love t he
insulatiqg -0 rthes of the | ead-free piezoelectric. 20ceramc

conposi ti‘oh* [00T$]T Appl i cati on Exanple 51 The lead-fre. e
pi ezoel ectric cclilis pbdstbl€ aRESh & tOMhiPLHOF dhNGhd RadPRE pRabiecEx RIS
4, wherein the elenment Ais K It is possible according to

t hi 80 aspe@MROAEONHE hpwabr!fer BEZpilectoe Pegktissitroshpsrr fcaniie sprooviodeiding
\IIEVIX tagp Ig g 0 gojfﬂﬂf GEQE lfﬁ&t&§§al$'hg&eefntd' s%ﬁw@tnolam%p? BPotpertgl Qﬂé!n‘geg ﬁ‘gtmeleﬁ% 6% Mand
+150°C.
[0012] [Application Example 4]
The lead-free piezoelectric ceramic composition according to Application
15 Example 2, wherein x satisfies 0 <x <0.15.

It is possible according to this aspect that the lead-free piezoelectric ceramic
composition as a whole can have good piezoelectric properties. It is also possible to, as
the second crystal phase becomes stable, ensure the stability of the lead-free piezoelectric
composition as a whole and improve the insulating properties of the lead-free piezoelectric

20 ceramic composition.
[0013] [Application Example 5]

The lead-free piezoelectric ceramic composition according to Application
Example 4, wherein the element A is K.

It is possible according to this aspect that the lead-free piezoelectric ceramic

25 composition can be provided with good piezoelectric properties at low cost.
[0014] [Application Example 6]

The lead-free piezoelectric ceramic composition according to Application
Example 4, wherein the element A is Cs; and wherein x satisfies 0 <x <0.1.

It is possible according to this aspect that the lead-free piezoelectric ceramic

30 composition as a whole can have good piezoelectric properties as the second crystal phase
becomes more stable. It is also possible to increase the stability of the lead-free

piezoelectric ceramic composition as a whole and improve the insulating properties of the



The | ead-free piezoelec,trio ceram c conposition according Appli
Exampl e 4, wherein the element Ais Cs; and wherein X satisfies O
cE X It is possible according to this aspect that the

| ead-free piezoelectric ceram c conposition as a whole can have good
pi ezoei ectsic properties as the second crystal phase beconmes nore
stable. it is also possible to increase the stability of the |ead-
free pi ezbell-dictpiczoclectaiviceracnapaspedition.as a whol e and i nprove the

i nsul atin perties of e ead- | i cepi ezoel ectric ceram c conpos n
[ 00151] Ap&oﬁgﬁt &%P@kcé’ﬁﬁpg’]‘?ﬂnple The | ead-free piezoelectric
ceram c conxposi : i i+ %@, Se |
to 6, wherein thgq.i g%e%eﬁ%%g%%l%g%maﬂﬁ%ogpﬁﬁﬁ% ag%tsrgl?lglte gg%erec?ﬁ ng
to this adpploetativhdixampeeslleads vheeimpthe zreleae Bris Nbcer ami ¢ conposi ti on

can be provided with high. heat resistance, at. | ow cost . and can al so
raveds hioher - oultis PomilEncdithe B HaRindne Ro gt piadanar sttme
el ement. Bmsositan @8 bbekdARR] WRRLIAMEXRRI8c 8kt lg%okteﬁlq]:cfaﬁ @%so have a

pi ezoel ectric ceramc conposition according to any one of
10App! i cakigbit Exanpmesrature ¢1c) thagtibrteifrihe prse odwteiit ehmanh8 isdeond

crystal pﬁ%?ﬁ]a: Fl/éfgﬂgc#igg%i%fﬁﬁﬁe 8§i ezoel ectric ceram c conposition is

nor e t han €ss r equal to I'S nio0l% It is

possi bl e accor di Nge l@dtdespiagpRetrictdadmicRenpeadoh he@rPheZO8hL6id b€
ceram c conposition can have a high piezoelectric constant.

15[ 6817] [ ABPiGaEar Feamplespp &> wjerein the contentr the sagond ewsisi ehaseliether i ¢
: cdl arp _ D oo
o nher e IPASE bleBIBAALLELA, tAnAINURNS e HBR GB1L 2 B TRNGE <yl o

first crybstabl’phase contains an al kaline-earth netal.

It is also possibl.e accqordin.g to ilas aspect that the | ead-free
pi ezoel ectric 110¢@Pamite e j8¢ f‘?%‘hs%SHﬁCtﬁ%}éheggé‘arﬁﬁFé’ﬁ@?lé?:tflﬁicéfamlc

proper ti egmiRRLE]LARRIE £8loh O BRIk 0 Qdnt. _The lead-free

pi ezoel ectric ceram c conposition according to Application Exanple 9,
wheid&i n tWE1Al kalApmiceipatstnpiet?dl at e t ype perovskite oxide of the
East crystal pha IS .represented. b KaNabLECADOT(where t he el enent
Cis at |east onzﬁgﬁ%gif?%@l%zgﬁeﬁgﬁe%ﬁ(mlg§Pg’@9§80‘?la (fﬂr‘%ﬁg "SSPSR Ha:
the el emenpplRatisn Bkahprst t08ewbéreNIhaBlkal ndsWhtddan®ddtd §ip¥ pdrovskitd oxide of

c4.dzr 1; and e and are each an arbitrary val ue).
the first crystal phase contains an alkaline-earth metal.

It is also possible according to this aspect that the lead-free piezoelectric
20 ceramic composition can have good piezoelectric properties.
[0018] [Application Example 10]
The lead-free piezoelectric ceramic composition according to Application
Example 9, wherein the alkali niobate/tantalate type perovskite oxide of the first crystal

phase is represented by (K NaLi.C;).DO/(where the element C is at least one

(]
o

alkaline-earth metal selected from Ca, Sr and Ba; the element D is at least one of Nb and
Ta; a, b, c and d satisfy a+ b + ¢ + d = 1; and e and f'are each an arbitrary value).

It is possible that the lead-free piezoelectric ceramic composition with these
first and second crystal phases can have good insulating properties and piezoelectric
properties.

30 [0019] [Application Example 11]
The lead-free piezoelectric ceramic composition according to Application

Example 10, wherein e satisfies 0.97 < e < 1.08.



It is possible that the | ead-free piezoelectric ceram c conposition
with these first and second. crystal phases can have good insul ating
properties and piezoelectric properties. [00191] Application Exanpl e
li] The | ead-free piezoelectric ceramc 5corrposi tionto Application
Exanpl e 10, wherein a satisfies 0.97 a 1.08. Tt is possible
according to this aspect that the | ead-free piezoelectric. ceramc
conposi tion can hak@obsilt eccapiiezoetiecispee thitapelehil Ge R0k irR tecbamM
e 121 .The lead-free piezoelectric_ceram c conposition

accor di ngCBPAFNPITE IgTe MBI PEAPFI6HIERERSTES 1to ii, further

conprisin Il e nt selected fromcCu, N, Co, Fe,

wvh. Cr, ZE)O%B] Iigb%[g&gﬁ %?anﬁﬁ%jg al so possible according to this
aspect that thepilézdeldette piezeticain @ranposipbsionn aadoriiayeo gepdne of

pi ezoel ectric. praopertjes. [00 plication Exanple 13] 10A

pi ezgel ec P]écaé‘%%gﬁ’?l?ieégﬁﬁﬂgsﬁg’%‘éé’@ompﬂsmg atgeaﬁf %%@F%F%Wn&@%%ﬁom
body thritled; el Fhevheadstreae A 2964 ggt nc ceram ¢ conposition
according to any one of Application Exanples | to 12; and el ectrodes
fixed to the pietioekkeprischle eerading thddyasppéphhti tbatdadiirdexydeulet:clrit]

popl i ¢ B SHPEGRsaTE Aot PR G o o An
ul t rasoni ok I pns dugRica6OMBRELSI 3 he piezoel ect.ric clenment according
to %pl cation Eﬁxag{gzloeele%:?ric element, comprising:
a piezoelectric ceramic body formed of the lead-free piezoelectric ceramic
composition according to any one of Application Examples 1 to 12; and
electrodes fixed to the piezoelectric ceramic body.
[0022] [Application Example 14]
15 A knock sensor comprising the piezoelectric element according to Application
Example 13.
[0023] [Application Example 15]
An ultrasonic transducer comprising the piezoelectric element according to
Application Example 13.
20 [0024]  [Application Example 16]
A cutting tool comprising the piezoelectric element according to Application
Example 13.
[0025] [Application Example 17]
A process for production of the lead-free piezoelectric ceramic composition
25 according to any one of Application Examples 1 to 12, comprising:
preparing a first powder by mixing and calcinating raw materials of the first
crystal phase;
preparing a second powder by mixing and calcinating raw materials of the
second crystal phase; and
30 forming the lead-free piezoelectric ceramic composition by mixing the first and

second powders into a mixed power material, and then, molding and baking the mixed

powder material.



[ 0024] [ Appl i cation. Exanple 16] A cutting tool conprising
the piezoelectric elenent according to Application Exanple 13.
[0025] [ Application Exanple IT] A pr ocess, for production of the

| ead-free piezoelectric ceram c conposition 2 5according to any one
of A pplication Exanples |I to 12, conprising: preparing a
first powder by m xing and cal ci nat i ng raw materials of the first
crystal phase; In this produpi@pantesg, the Siestand smmderystn] phasct ag f@adeCA

hin,iti t s of th st al X d
Form ng LR 1ot Botai rEoLlr ST B RIRRoe I GIB AroAgrishd
first and,pecoRd:POMOES $d i &9%\23 mﬂ&é&% prﬁrledaeﬁ@er@@&oe@é&%é@&mc

nmol di ng and baki ng the m xe Mat eri al , tins
product i oporppaetess, the first and second crystal phases are to

separ.at elﬁ i S .hus 035| ble to control the conpositions of the
first and " s nore strictly and inprove the yield
of the | egbT ee MGEZRE RSl dHaa sﬁ%ﬁ@ LpreLER IS frb@ibtioBldrafpiddes iRt i on
of f rav4ugls [00261FIG | is a flowchart show ng a process

f or product P@ﬁmoafccardmget@cs@ﬁ@mbpﬂnnenépéth@mresantmmtx@ to one enbodi nent
of the present i ct| ve vi ew of

pi -foelectric el g\r@% Soagjers the 8w8rflgpl?’rz‘8 f:trrﬁgnee taﬁcorgpgst%ﬁ{le

i nvent i onembodiment of thé ﬁres&ﬁum‘&nﬁoﬂer spective view of a knock sensor
according to one_enbodi nent of the present invention, FIG 3B is a
vertiPcal seetioi FFOBhISHPRASOEAYE Miawsed depck 8s91 #rcpilitme e crdidiveant

of the Pr &S0 dsBVERtd 8Bn. FIG 3C is a perspective
view ol "1 cut fng to éln according to one enbodi nent of 15the present
i nvention, FIG. 3B is a vertical section view of an ultrasonic transducer according to one

embodiment of the present invention.

FIG. 3C is a perspective view of a cutting tool according to one embodiment of

15 the present invention.

FIG. 4 is a diagram showing experimental results about the influence of the
content of the secondary phase and the like on the properties of the piezoelectric ceramic
composition.

FIG. 5 is a graph showing experimental results about the influence of the

20 content of the secondary phase on the piezoelectric constant of the piezoelectric ceramic
composition.

FIG. 6 is a diagram showing experimental results about the influence of the
content of the secondary phase and the like on the phase transition temperature of the
piezoelectric ceramic composition.

25 FIG. 7 is a diagram showing experimental results about the influence of the
factor e of the compositional formula of the main phase on the properties of the
piezoelectric ceramic composition.

FIG. 8 is a graph showing experimental results about the influence of the factor
e of the compositional formula of the main phase on the properties of the piezoelectric

30 ceramic composition.

FIG. 9 is a diagram showing experimental results about the influence of the

additive metal on the properties of the piezoelectric ceramic composition.



FIG 4 is a diagramshow ng experinental results ahoi.t the influence
of the content of the secondary phase and the |like on the properties
of the ezoelectric ceramc conposition. FIG5 is a graph show ng
experinmental results about the influencée of the 20content of the
secondary phase on the piezoel ectric constant of piezoelectric ceramc
conposi tion. FIG 6 is a diagramshow ng experinental resuhs
about the influ-&I6f1tike dartrenhoeingtdrecseenndarytspihasethandlvdiee bi ke
on the phase transjtion fIcﬁle.zlrrperature of the piezoelectri¢c ceramc )
conposi t i Biysence or absencerpicthe yeqoadayy dhatrUnhe W g S BXFEFHGTER (A piezoelectric
results ag@%-ctg&lljogﬂoﬁence of factor eofth,e conpositional fermata

of the main phase on the properties of the piezoelectric ceramc
conposi tion. FIG. 11 iFh@i®riars shogmaphalykhiowtsnds ex er ienent alystabshist 8f the
about the .influence of.the factor of the conpositional fornula of
e Frai n BRESICCGH TS GREIe 198 1B HE® B w508 6RIENEO: DhF el bmegondary
conposi ti e. FIG9 is a diagram showi ng experinental results
about the influenc.e of the additive nmetal on the properties of the

pi ezoel ectri c cef&dm 1@ is empagsamisbpvinganalysis results Bh Gel@cosd erydiahghamof the
show ng ex.gerbe ntal results about .the in{ﬂlnuence]@.%{%s F}iagsenﬁf or
absence of CfHe L AHRIY BHESE OO e F hUPETMhE ot t PESCS5F "he

pi ezoel ecicbbidagepi@¥eC conmposi tion. FIGII is a diagram

showi ng anal ysis _results on the Second crystal phase of the

pi e2Bel ectric ceFHm 1S ieaspasimisbrving athfe cepgemeftalesilisgboat ke iinflucnt @l
phase as . . - .di .showi ng
anal ysi s 1&12218 1tﬁ g’@%ﬁ%@“@%ﬁ%ﬁ?ﬂm&? %Ehglp légpugseéglgfcg{a%’elgﬁl e%gée’qlé%t ric
ceram c conposit FO@ li4ns tliégeas eholingirxdulg o tHekh3NBRS: phrasehapidzbeectric
secondary phase. 10FI G 13 is a di agram show ng ot her experi nent al

resul ts aBoUPICtREPCHfPlence of the additive netal on the properties

of the pigzeelREt FiCC£B8iRANDG BRTROSH HLON. FIG14 1s a

di agram show ng results of thermal cycle test on the piezoelectric

cer am c clofpdisi t Adnad-Bes pickbedesrit oera@antarop@ition dveoldmvent dnerembodiment of

the present invention includes a first crystal phase of alkali niobate/tantalate type

perovskite oxide having piezoelectric properties and a second crystal phase having no
piezoelectric properties. In the present embodiment, the lead-free piezoelectric ceramic
composition typically contains more than 0 mol% to less than 20 mol% of the second

20 crystal phase and the balance being the first crystal phase. The first crystal phase and the
second crystal phase are hereinafter sometimes referred to as “main phase” and “secondary
phase”, respectively. Typical examples of the lead-free piezoelectric ceramic composition
are those in which the second crystal phase is formed of a layered-structure compound (a
layered compound). In these examples, the second crystal phase can be mixed with the

25 first crystal phase so as to improve the sinterability and insulating properties of the
piezoelectric ceramic composition. Further, the crystal structure of the first crystal phase
can be stabilized so as not to cause abrupt property changes due to a phase transition
between -50°C and +150°C.
[0028]  The perovskite oxide of the first crystal phase is preferably either an alkali

30 niobate perovskite oxide or an alkali tantalate perovskite oxide. The term “alkali
niobate/tantalate type perovskite oxide” is a generic name for these two kinds of perovskite

oxides. The alkali niobate/tantalate type perovskite oxide contains, as an alkali element,



15[ 00271A | ead-free piezoelectric ceram c conposition according 1:0
one enbodi nment of the present invention includes a first crystal

phase of al kali niobateltantal ate, type perovskite oxi de haying

pi ezoel ectric properties and a second cr@stal phase havi ng DO

pi ezoel ectric properties. In the present enbodi ment, the | ead-free

pi ezoel ectric ceram c conposition typically contains nore than O

rnol % to kessstthalkalOneral (3badfasttheNs encd Ry a2 optystadily aphisénasarth hestal (such

bal bei t first st al . .The first tal ph and
Phe secont Lryt i enanl Mabiaim Sonde e dkiionebrBlaelogype
n H h n n n - .

main p a?@rovﬁﬁ'ﬁ ox3RC BRAATY RbaRse rep?@s%ﬁt%mb?';fgénﬂ%lpgbfrﬁ]%?épcﬁm g(ﬁm%ia.

the |l ead-free piezoelectric ceram c cOMposi
t he secontP@pPYyst aCophpasisonsd Foonilaed Poffemed Bygr@gstst Phestjur e conpound

(a |l ayered conpo . @ e exanpl es, the second crystal phase can
be m%xed wth thzﬂfdlil!?‘%fcr&dﬁe g}sfal phase so as to inprove the

si nt er - abHetdiy, (RNEeinBSUE & dtMehsPERPAEAIIRS:a0h h&8l R1LZAGHE Thl(CalERHANGL
conposition. Further, the crystal structure of the first crystal

phase can(sengembind Bebasiomasthastemant Baig sieleapramgtof pibdpabiyn chahtes

due to a t.ransi tion, be en, 50C and, +150C. .[,0028] The perovskite
oxi de of ﬁ%ggﬁfnr) ’s(?’rbc d fg?zﬁsggéﬁg?g {;3 GoF fe}"aaﬁ’gf a&d{%&,ea}gh aﬁlaaﬂirﬁry value.
ni obat e pgOYsKi e tiexdbdec osmpsiddedfdmivantial Atsge peRUYBKIkRItOX @ ure The
term "al kal i ni obatekantal ate type perovskite oxide" is a %eneri C
nameOf i x PHEBEONIS KPHsIUsD): Pa (it &1 Oxingen), anvrike alergni C (Ca, Sr, Ba); and
nioliatei 3 i te oxi i al

ol erent . VS P NG KRR RIS s LT O Mg T A Bl Namely, he
andi onal | yikalnnabeartttialpiesypd péravskitaox e Has ahe btimore Skal( stetad (iU, Ianshd

or of o1 r oc BB DS EU R SeEh PR B) 2 NP oM o r CCogBE P HsFap! b
f or mul a. @) a&ppg)?%tglhg{)% iHeasoml a of Preferred First Crystal
Phase] (K'NabLic(134,IDOF Herein, the element Cis at |east one

ai kabi neeBYBhl netlar facses edp ddrefnrolerabdy ¢adedted, imyiewSyf ths tleomichluon ) and

Ba (barium., .element | s | east, one orNb (niohiu d Ta .
Crant at uny o i RS [y, sf 084008 R o) ke Ehr Pivaclestei
an ar bi t r @rymitalotgositidl30dhmvatibes ghole: eanpasidisoTahlubomatia,petdhi kite
A-site of the perovskite structure,_ is 10 occupied by K (potassium,

Na (sodi ufuctirs e g Firmsyl- af@re srecdicaliBribe Bofarag, e angehptistyy<wirel, 0 <b
13-site of {the i t i i e el enent. D.(Nb
Ty Namely: Ere BOLAPT Tart Saparely R Iy oL e o E Ol oHt e
mor @0 al kawhemetapso(kKite Najdelcoptaanzchoopbf En@btagsitung, Md (ativne-aedrti kilithium)).

rELal (o Bl (oo S 0 5l ol SRl 10
sel ect ed; o.5Rn¥ 0eW, @fp. 4. heri@l @ebf k &3 LiQlithium) may be zero but preferably satisfies 0 <
¢ <0.2, more preferably 0 <c¢ <0.1. The factor d for the element C (Ca, Sr, Ba) may also
be zero but preferably satisfies 0 < d < 0.1, more preferably 0 < ¢ <0.05. Further, the
25 factor e for the entire A-site takes any arbitrary value but typically satisfies 0.9 <e < 1.1,
preferably 0.97 < e <1.08, more preferably 1.00 <e < 1.08.
[0032]  Inthe above compositional formula, the valence of K, Na and Li are each +1;
the valence of the element C (Ca, Sr, Ba) is +2; the valence of the element D (Nb, Ta) is
+5; and the valence of O (oxygen) is +2. The factor f'takes any arbitrary value that the
30 perovskite oxide can be constituted by the first crystal phase. Typically, the factor fis
about 3. The factors a to fcan be expressed by the following formula (1) based on the

electrical neutralization conditions of the composition.



pi ezoel ectric properties (notably, piezoelectric constant dit) of the
| ead-free piezoelectric ceram c conposition, fromvarious possible
conbi nati ons of values that the perovskite structure can be forned.
More specifically, the factors a, b, e and (.1 satisfy 0 5a 51, 0
-,y b i1, Odll c-i; I and O 2;ci S 1, respectively, except for
the case of a b -c =0 (\i,o, the case 20where the perovskite oxide
cont ai ns h¥HE] of (KH(potcasidumy;5 Na;/ (sodium) and Li (lithium). The

factor a as he factor 6 _.for ical |
Lot oty ol (BRbARa PR e Bt ot o o B i Ferk BB it D A sy
be zero b%)ﬁﬂ%@{g?%b[ereﬂ% fasfok €8 tPd FrednP@ed). MK %@E@sfeeﬂh@%é‘t Q §al§>hase
0.1. The factor d for the element C (Ca, Sr,” BO may al so be ze¥

pr ef er abl yorsaink & (petasgusn).gia God ), andovte(prtefis) abitym@inactBc@Bponents.

Furt her e for. t |te take n r.bi t‘( val ue
bt oy c AP gl sk ¥ sbh BB Gl sk & AR s 0k SR MatstEr
pref er abl Yhd pR05electsic te@Bhic {QRSRIHdh éaﬂ%e%@@%@e&ﬂﬁﬁ%@b& b&ﬂ@éleétﬁ%%&rtles
the valence of K, N a and Li are each , the val ence of the elenent

C (Ca, Sratlp#)cosikbysepectiopef {al(ereianofes theeelenemdnendNb KpiobiPa)) dsghelement
and the v ygen) is -t2. The factorf takes any arbitrary
val ue thatﬂétgﬁg&f)&e}%%\%ﬁ%?e oxi de can be constituted by the first

crystal phaseé] |\Amthalsd:opndtck‘5&ta‘l@hﬁ@r pieseradaoué thdse fdpeeskaetl O shafdlRivin
can he exgresse the followng fornula (1) based on the el ectrlc%
neut'fal i z ?IPBWI%‘B}%@(WWS of the conposition. [00331(CGr [0034]A

typi cal exanpl e hase is (K,
R S e R R D T e g

this case, the flAlsiTICans,l()sl phase cont ai ns K (pot assi um), Na

tor med bt PEliih 1 PrPrt eyt Sl 605 Eieda FoR Kidge=gimn NN

mat eri al " gudideinp) £408 @Reditiing; tEBEERMcEt BQIRASAk bﬁ)@omﬁ (ﬁ%bﬁhg;dn@% Wi th
good piezoelectric properties at |ow cost by sel ection of

( calléi um (tagalupe; et abiaey valie. ( irefsrabhy, thesfaptos x shigrfsa Ox a9.15.
i ndi cat edmﬁ\fﬁe fa%{%gg l’féfswftﬁlg Vaﬁgl(f 92%1&) tlheg %?18 stqﬁ é)%glsrelec%n%ttam a stable and

t hoser epresent ed hp03| on
[ Conposi t iudfain sl%nrctméa of Preferred Second Crystal Phase]
jli [ is, Herein, the el errent. Ais at |least one al kali netal

Al-ajli- r Lrydi

sel ected f L K%PB‘Hﬁ&%?rﬁﬁlfs ORPE CRUBIddI LY PARSE 1eBresersd bYrI ¢ gbge

el ement ; [ L

% s an E?dé‘s‘li"?%%“y‘ﬁ@%?ﬁé‘@e“é? ST Ao ORI EDRIAO Ra ST B GOT R0
0. 1830 WheRbdda&io bt aiOsxRbg aUs. 85\Mtt1h5015 €5 CitNt& st EngeTio. §oh§>1&@30ﬁalm$ha|

phase Caanf itIglbsr! aInSvtiéav? lo? the S rugtrllllrglg{albqlt§ torf Cetslécond crystal phase, it is preferable

that the factor x satisfies 0 <x < 0.15 in the case where the element A is K (potassium) or
Rb (rubidium) and satisfies 0 < x < 0.10 in the case where the element A is Cs (cesium).
The piezoelectric ceramic composition can be provided with good properties at low cost by
25 selection of K (potassium) as the element A and Nb (niobium) as the element B.
[0037]  Although the second crystal phase does not exhibit piezoelectric properties, the
coexistence of the second crystal phase with the first crystal phase leads to improvements
in the sinterability and, in addition, insulating properties of the piezoelectric ceramic
composition and contributes to the effect that the piezoelectric ceramic composition does
30 not show a phase transition point between -50°C and +150°C. The reason for the effect
that the piezoelectric ceramic composition can attain improved insulating properties and

shows no phase transition point in the above range are assumed that second crystal phase is



[ 0036] Speci fic exanpl es of the second crystal phase represented. by

t he above conposhional fornmula are KTINo05, KO ;0 90N1)1, 1c(s,

KOgsTi O, g5Nbi . ; 505, RbTi Nb05, Rbo, 90Ti 0.,9011511)]. 1005,

Rbes5Ti rrgsNhl. i 505, CsTi Nb05, Cs09eTi a96Nbi . ; 005., KTi TaGs and

CsTi Ta05. In view of the structural stability of the second crystal
phase, it is preferable that the factor x satisfies ( 0.15 in the

case wher ef tayeredtsemeinte formsoukd (jogtrad sbupbyndr HRordin, lbhaihem) repadted that the

satisfies 0 ..x < 0.10 in the case where e element A i )

cesi un) - SRB EPSIA BMae s & CEBEa e Comp Bs REP B L 8T 60 DaBASe h
good propemti@sryatiol oW €ast-3by, 28sekeehiiORerohy %h&gghﬁ%ﬁao%fld Bf {BRnce.
element A and NI'j (niobiunm as the element B.” [0037] Al t hough ﬁe

second cr Y38l pheseodtras ohibt sesohil loitstadipbzweh ot eangpopitopes trices thahfemol %

coexi.stence, of the.secqopd crystal phase with the first crystal phas

eadd t o bRV EHBADS TR PHACED GrRRAR T | frolidnd 115 St o 13 Haolve.
i nsul at i NghPeaPgdndescyohat the c&h?@@@d@ﬂfoﬁ:&s@bﬁﬁft@?@ﬁéﬂ?%ﬁ'ﬂ%& biQikeansoec
contributes to the effect that the piezoel ectric ceram c conposition

does not 8kbi W phade qopmesitiondas pobevond etyad nhass (G- dheicamnGaIEn Theists

reason fop,he &l feeltlipt e Bl R2ash gl 6. ceLAfLa oupasiLLan, san

attain, i oved | nsura pertires an OWs no p

poi nt in tdécalhers s nangebiditethasts pedotibatic gecantksqhysbal piphesectiis conkbint
of stri ct:o ognd (layered conpound), Herein, it has been reported
t hat'%t he dméebiig cempesitpn prade deisioriet abl e structure by |f Rebbah et

al,, Jour [@39 f %h@%aﬂ:ﬁ&ﬁpl%ﬁfﬁieﬁ)%osiggh of %cl?ggﬁhl&?ﬁal r{;}l%?epts whi ch

is hereby wholly incorporated by reference, e’ content of the
second cr ¥stsdlosphlageOi.n Ihhleis campdsisticmd drgstatgrhese dvaifls Wol(Aoaieh) €5

t han20 no, 1%. ef ly nore than O nol % and | ess an or.equal to

15 o1, altakEh &0k gotTiEne ' Rath THel CORRUEHE or "eREIeL g of such
property ghangesrRel wasR is BR; CaldadNEs0sCatkihgegarpPosi ti on has no
second Cri’{i)tétal phase (i.e. the mposition consists only of the first
crysbal pH®48) , i4s thheecoparemtal phaschdesenonbio prsgistred thohaspregoiedds 15

nmol % theneri . i.bil] at _the. piezoelegiri€ properties
(ot abl y. oreSich BaRsH Rhb st RBtsbifa B Hindt S PHERS Ry %R
det er i or atedifichO63 WpAladcypi“Canagrarpitemeaticdlfancionpo Sirtth©pu@bsd Hclarifyin
second crﬁ%té@f phase is K 0,0lio0.a5Nbi_, 1505. I n this case, the secon
crystal p EEMtcAN§8YSKE POATEISTFAR, A i B ead Aumf lafd-Rs eperugsst ¥m

as its maj - « i f a
rystal phasdeh o FRTROaTLE RN Tor SNk haP ER TR (SHE R0 JARRE g, e
,SA (19 _(I:_ @én g BC r1 %rgm_a] p}mha@xesteh?d @yﬁ’nexTaLﬁhﬂmseﬁ?r h()jeetgfetrft'aa@\lste?s éNngg 1by Fhaste’r’] or

i c3B. n. ition to, those represente A | - e
present sfiglé}:lf’f i @gg ipﬁﬁﬁs,ea't?%itﬁjﬁﬁ’fyé'faﬁ P aseﬁ%}gfeff‘é“@@tféﬁéﬁ@lmv li’erf&&é@fiéﬁ as
for the pqmpﬁe;gpgplgsg’rbﬁgin?g{'=t1r3§9§hgg‘eer ence in crystal pbase between
A iTi31,33109 and A.,,,,Til."13:1",..05 although it is conmon

practice K§4bhi t In He doagtositiongl"fofmelm AhdsRéhptisiclinmalA i of lvattane alkali
rerel et i LESRRSLHL T PURRGnS SEETEILEE Pk B MY Sl S o
r epeesent @by hB0Pa (ratalyen)r efrehbech the sasond crystal phase represented by
A, Ti3B1 Oy does not also exhibit piezoelectric properties, the coexistence of such a second
crystal phase with the first crystal phase leads to improvements in the sinterability and, in
addition, insulating properties of the piezoelectric ceramic composition and contributes to
the effect that the piezoelectric ceramic composition does not show a phase transition point
30 between -50°C and +150°C.
[0042] When the second crystal phase is represented by A;Ti3B,Os, the content of the

second crystal phase in the composition is also more than 0 mol% and less than 20 mol%,



"NTK1319 phase" or sinply "1319 phase", [0041] TB t he conpositi onal
formula: .AlTi3B 09, the elenent Ais at |east one alkali nmetal (X
(potassium; Rh (rubidium or Cs (cesium; the elenent B is at |east
one of Nb (niobium and Ta (tantal um. t hough the second crystal
phase represented by A Tili3i 09 does not also exhibit piezoelectric
properties, the coexistence of such a second crystal phase with the
first crystdéraplyasercl|teadsmptianpiov ermnirsqhal to he nsil#it erlhvtd kya tandbncy tat

ddi t | at f ot | ect ic. .
composi 1| Gif SHPCSBIEARBUE BEUPoeRu L rBE TRREe HE G AaS GoTbat Hitke
ceranic cemggglﬁbxoﬂas%es%c&mcr?mwms@h%s%etcb?fﬁ)%hlhbﬁeomt%nlwﬂfeﬁeeﬁrst

-50"C andl-1 [ 0042] When t he second crystal phase is
r epr esent edsEhpease). ofIftMantoﬁ@eﬁcwdarysm}@bﬁel eprceele 16 onplbsithdéroms 4 s

al so shor e and | t han r abl re t

oha Pogs PRARMR Gy b PRaedatit Pberits RS RochisiRiaphiat: Cehd the®
conposi ti e@mpmla@yg@ae@ﬁ@ﬁ@g&y changes: between 50C and +150C if
the conposition has no second crystal phase (i,e, the corrp03| tion

consi sts GHI4Y] of TE}WeAHHTrllstBlextQpﬁhﬂta phasrend the AyHeB Corresitl pbsq #re similar in
second cryzf gle ﬁthﬁéécl‘é‘ 9§?rﬁ§?§8' %det&?lfa?m{’lg 1 e?grﬁg {aﬁlﬁﬂxg@?t%@}ﬁhe

pl ezoel ectric properti es | ezoe I C COﬂS

t he conpogithhiom) ray theeldede @ @k &Ia@tﬂbne[df@ﬂﬁéln'ﬁh&)A The Cdfhposi’thN&Qﬁ: containing
and the All.i 3BL hase are simlar in that the

t al t al
Cryatal pRBSTEdr I GRS a NI BGHBI R A Hs TELAREHIOSHE OBl des | In
metal ), Tlhe(ﬁrésteﬂf‘fn\}mtlcﬁnﬁletmQ”1 B enBitpo Eté évfld!rarg\@ﬁére %%l%eﬂ\tkA isH lkali. |

Ta.). The conposite oxi de contai ning R titaniu
t he el enmenetdd ths elcateh\BT§ atBd)st oonpOSbtaed dxj ahel'the bmnteﬂteoﬁmes:dmnentA the

i nvention, the ite oxide he el ement A is an al kal

rotal: nEeBRERATROE 4 i oiExsISEh & B SR G o Pht the PEGHMDS
of the el siedthbléo tiftaheheTERIO Bodpssith ox@dthR0loeZ 86 Oksel fSexURH Q;?:@@oeq&?rlc
second crystal phase. it is particularly preferable to use t

A- - TP- B- QPOBATIES Pl Wi decxtifibng didle Sherfost iy gel ithags mmmqvepnretbe elneoebility

15
oo 2 RO IR AR A S e

of the pi mzphﬁsemtansmonpmanbaweenirpiﬂ?ﬂandnﬂanebshows no ; phase
transiti ot’qoag et wee -5,0C&$nd -1-150C. [0044] The Iead free
pi ezoel ec c er @il BRIy T SHIGEE BN H RS IORECEHHBEI tAdRE cobodinent

present 'Wﬁ@?ké&@nﬂﬁb’enfnbﬂ Iﬂdgmp @\gﬁ'taﬁn at 1(ehﬁ%§té Ia?’cﬂﬁv@ﬂm%'tatl ke %E?E%eéted

el ement sel ected 20from Cu nic oba
(irén), Mrofnananpse)Ni @cképhColiaajt), F2 ({rzi), dbmirvangandg), (i (cen)iymZiyr

coram ¢ COMBOULENE AR BB ST A o bh Epl GBI G (5 BPaRr,

pi ezoel echier el tanhid dd3dpdadidnnenaddirdiion efih %H&JP ﬁ;pehi%@%ﬁotgm
metal elenent. The total content of the additive rre?a element in the

conposi t | BAZGEeqiE@e@Ebl §3Bby thel Ghlgion essch mdeest prefetzableynent.noles iofal
less. 11 g fatle sanentoglate addidie il ol omen, exceed 598 ..

the piezo iC properties o e Cco

det epi or a}bxeﬂ:ralilyﬂ héles cielsss. ofIf addbRgcdment I thidlitkiendstabélemBhddceed 5%,
el ements, the content of each of the additive netal elenents in the

conposi t i i 55 pi‘%zoﬁlieétflérpa‘kﬂeyﬂqségéh% HRIAPSTIHEY Bay e sthygisiasiorated tindhe eve of
P ol cEky PRSI Bl G, TRORLLLPD, T 38 e 0ok g1 g
i nol % elements in the composmon is preferably less than 1 mol%. There 1s a possibility that the
piezoelectric properties of the composition may also be deteriorated if the content of each
30 of the additive metal elements exceeds 1 mol%.
[0045]  FIG. 1 is a flowchart showing one example of a process for production of a

piezoelectric element according to one embodiment of the present invention. In step



[0045;FIG 1 is a flowhart show ng one exanple of a process for
production ot ezoelectric el enent according; to one enbodi nent of the
present invention, in step 1110, any regguired ones of K2CO3powder,
Na2CO3 powder, LA2CC3 powder, Cat-powder, SrCO3 powder, BaC. 03
powder, Nb205 powder and Ta205 powder are selected as raw materials
of the main &hase (LCNIN) and wei ghed out according to the factors a

to e of tHeleoHpeINIcewars PlolfthlPaPTderHbakblsmoptigs a-2GOsrrdey, Ga0;

pr epar ed [ e I t r i e

D s A AR LD oL R TS P PR Ay et o
pr ef er abl yavl matwiaissof theymaireghatd ZONNY hed skiphey ousaddbidath foahafqpeenderte ¢ of
and then, the resulti ng m xeg powder is funned into a nain-

hase
cal ci nat i 81 SSFBESECNBOFRYIR 0§16 TBHD Phae. exXaHpITE is Prﬁp%rﬁ‘éb&?iiglag cBpookte

(S00F mov e AR 5 46yt T SRS bt i
powder, T&2QBcfomhtiets hnus.t hie stpkBl 24 thesireciseticdnd aweivghe dndtien, the
according to the factor .x.of the.conmpositional formula of the |
secondary piASE .mlz&eim\ﬁf i %‘?‘B’Fé AL ol ‘f?té“%%t}?té‘d’&?é)‘i%h_if RSy o
material  powslgE Snandais Mg 08Ghi1000 xture to wet mxing by a
ball mll for prgf erz;bly 15 hours.ﬁ)lrgqstgglo{lﬁﬂo, the slurry is dried

to a powdE3i6hnd In ken TIBAcanyasatitddngendkBaCPonedder, Re,¢0r pedddrntoCas

the 0t 28BS PR EBUBE: POROF PPE S TR OB s R TR, Spgiehed
mai n- phaseutcatihatt e PLes oo fdaloypoRitiasel ©ahtlandthoRcPidey phasar €A

wei ghed out, adm xed with a dispersant. a binder and ethanol, and

t hem subj BEEEH PEPHFE Py agdiag gthengl tadghasy ra meateriakipppvdersipad spijecting the

obt ai ni ng : : i htive .
required %ﬁgééélrfﬁ%ﬁg% {JSWE%?%?%%SSQE mé@%%‘%ﬁ%&%’éﬁ%? \é'pO\I\ﬂ/(fj‘{'et%,L Th\g%dhe
powder, 75102y podviket to adrovdiepowd elten, Mg Qe pottiem|x SR8 dpoisdermedBn20:3
powder, Cr203. powder, Ni.n02 powder 0. powder and tlhe i ke are

SO I LR R e o R o - L A Ry
agai n subj@gredot o1& ghkrati on, and then, mlling and m xi ng. After
that, the slurry is dried, subjected to granulation and 25nol ded into
a desiredl09RApe By step drl Sextherplae-poase axicalatipn essiutband thg setondarprgssur e

of 20 M's, .According.to one, e di ment .of ,th resent..i nventign, the
ot ezoel ect i EREE HaME b SRR ETN 1ORE Pt T BT REE Y HodtrRyegRnol 88
shape or w@egyubjdicdeamilokwin nshapey alhel mes dhdrithgoBmin foedy. 18 the

pressed by G P treatnment (cold isostatie press treatnent), for

exarpl e, @se af pdag ppeadhtivepeRpa rpiigdgnerreoes eheu@rPwire s todier,
i s baked, |8, i i

houre. By pPFIRTARIS pobdle! BRoMdwd AR rplale N0 phlfier sti®: Howaer,

Al t er nat i BeDy potvlier, Baki;ngvniay, MeO pesidrn@dOipovwalar O3] @ik mibs pheetctddn

step 1170, the, piezaqelectric ceram 0 is processed according to
th epdi man\é/i:lgﬂed g an8 adgecI to tﬁe slurry. %hg s?u%ry ma}e be again subjecteg to calgnation,

and then, milling and mixing. After that, the slurry is dried, subjected to granulation and

(o

25 molded into a desired shape by, for example, uniaxial press forming at a pressure of 20
MPa. According to one embodiment of the present invention, the piezoelectric ceramic
composition is suitably formed into a disk shape or a cylindrical column shape. The
resulting molded body is pressed by CIP treatment (cold isostatic press treatment), for
example, at a pressure of 150 MPa. In step T160, the CIP-pressed body is baked, for

30 example, in the air at 900 to 1300°C for 1 to 10 hours. By this, the piezoelectric ceramic
body is completed.  Alternatively, the baking may be performed in an O, atmosphere. In

step T170, the piezoelectric ceramic body is processed according to the dimension



accuracy required of the piezoelectric elenent. In step f180,

el ectrodes are fix:.d to the piezoelectric ceramc body. In step
T190, the thus-obtained piezoelectric ehgnment is subjected to

pol ari zati on. [0048] Although the additive netal is added in netal
oxide formin step Ti 50, the above-nentioned preferable content of
the additive netal is by mol'14 in terns of the netal elenent. The

addi tive ﬁ%}ﬂl&}cyw@ﬂt@ﬁbﬁa@mm@tw qaEd insend | Bdralcardanarexixge to the
Fopr esont SR SyRpd e, BRLLOTTR e ANE.LRGAIN AN B AT,

and ill; artgledtétbtoqio@mﬁoriim IS the additive nmetal), rather than the
met al oxi ng only the additive nmetal as.its netal el enent,

to the fi E@f‘% ?rlgl %%@déﬁafeﬁnﬁﬁldéési&&ﬂa il cxiediREm ap 9@95 15frhse
(secgndardeQJaQﬁ&)tdn

(al kal i ne-earth rrlet gd ;egégﬁgialcﬁﬁgn#ﬁt%ﬁgédéﬁ?%@e%\ﬂg%ﬁgg% b Ogthe metal
conponent elegient | IThzeddlaJszemaealehanﬁmmeﬁiver Heheldd irsthe cfasryrsbﬁdm p;hdse in

t he piezoel ectri cera bod ing. [,0049 The v
product i of’ ’g?’ 8’6’@3’9 @’ r?g%agf’?/ %%*é }?zﬁﬁ‘ﬁﬂ‘ a%ﬁ&w&%%& Hécra ‘%gb &@’103
ot her var jyause Sle@fsnand ﬁs@e@hmte ogendst i éuﬁln}§a aga Y Qe ans afe atdaﬁwe
pi ezoel ectric el ement. For exa feasi bl e to produce the

pi ezoel eceiad), t?éh%rﬂl@ Tb@ﬁﬁ@ﬁlloﬁ{@rﬁobsﬂlmg ghliyrﬂge odditiyameimheeits aietal element,

compbai 15ne SAG byl b TRAR AhED kS st PP BEEFIGRA i BT

of form ngep The0.f iInshisansd, &emﬂexﬁ@@nmlln%aﬁnmewp@tmélﬁwm th ¥kidg CMO;
t he powder of these crystal %ases t oget her and baki ng the m xed

powder natserf NGO MERR 1 Htipad gs the ?ICF?nhG\%\‘#@rﬁréfa@V@?I Phese Hethe
producti olgegge@&% o) e b%dkghgr&l%rﬂ)tak t he conpositions of the first
n

and seco crysta ases re st rlc - and is thus possible to

i nprove te49j el d hefabweeprpdmmﬁlpf:@@ss G merehzrﬂrre exampiesi tlihere. canQR5QAbpieb
2 is.a per tive view of i ezoel ectric_ el enent, according to one
eb 38 et GREHET Bl S N BT S G ORPHPES i @sbrtes Pl e SIEREiET300
has a di skesbapetopbesgat, QFfsrfbé%l‘tQQ 1o, ﬁ%ﬂﬁ&@th@%@éoé@@trl@Qgraﬁh@@&ﬁlﬁgﬁﬁon by
301 and 302 fixed to upper and |ower surfaces of the piezoelectric
ceram c bugighmgout n@ven@teelzb@lce@rimgctoéhﬁeﬁeaitcorrsooal@pn Iritrd ¢fetie pezodiegric

confi gura | e vi ded. | n vat ous

confi gurati %ﬁls %%%6%%%]0% t Ao A %rear Blggfﬁalfell\/?lgw ffoyming
knock sensgeffirstsihdgedohe c@s@i PRhRE &épa@at@l@[ @Mlﬁg bedyyvaiee of theftdert SabfRises

enbodi rent of the present invention. This knock sensor 1 is designed

as &0 so- cARFiaer HEhakegdhamixadnnordes srdsial ahshawieinddes la Hdt Bpwevssepsier
2, an | nSM'tHé big RAuSt FE%Eceds o’f:lpf(ﬁ;llatt)'cggtrﬁll L %gmﬁos%‘(%s ot gfe H%s‘?ﬁx‘?ﬁLe%SM' ¢
rt , a wasne.r ,a.nut an a

el enent y-adi'g wei ght ousi n
10. cyli miystalaihapmsrmme sekylyfandiethuaipbbsible thonglvhdles/i@d odniek @ezoelectric
doughnut C. . shell. 2 has a taped seat 13onion 2c protruding; in a

f I ange- | | L HEHRBIPOFEBM a | ower end of the cylindrical portion 2b.
Thr eads 2dosge CFIG'2qs§rbel=bBE’&fveR§éJv O(Pfapﬁ&%el@yﬂrlcr&@érh&ﬁlac&ﬂﬁég(?? gf

and grooves Ze are formed circunferentially in an upper en
cyl Pndr i cahbqslomeitod tixbpraseht arveotuomer This pwzbde@nb iclimeatige0 bis 4 tiek-skated

Phe. housi 6y H - THERtn PR aedPD vaT i P oheaant 247G ¢ HePSrabdiotte |

2 can be dukfab&sst thopiesseddidc By a@NYb@RPIOPT ITak§idbPRUET MM IRENAY limited
(casting, forgin shaving etc.). Further, plating treatnment (zinc

chr omat e tpithisica guremamda et beorevided free Giiothethretalfigshgions.102 f or
| mpr Ovema[labs ﬂ' CRfd %%x 8%%%8108 P& perspectlve view of a knock sensor using the

30 piezoelectric ceramic body according to one embodiment of the present invention. This
knock sensor 1 is designed as a so-called non-resonant knock sensor and includes a metal

shell 2, an insulating sleeve 3, insulating plates 4 and 5, a piezoelectric element 6, a



[ 00521The insulating sleeve 3 is formed into a thin cylindrical shape
and made of an insulating material (such as a plastic nmaterial e.qg.

PET or PBT, a rubber nmaterial or the likg). Each of the insulating,
plates 4 and 5 is formed into a thin doughnut plate shape and nade of
an insulating material (such as a plastic material e.g. PET or PBT, a
rubber material or the Iike%. The piezoelectric el ement 6 serves as a
vi br at i onPHPEEE NG RS wirent /shdaihee Budes Saandwchauking 181 edihe oekssl Ball ards a

6b and a pi 3 i:¢. -ho 6 m-nat ed between, th

ol ot r ode B EbT G REABIIBER holEh AR ARAE BEIREBaS ensd on
doughnut  pbaioe 28 hageudihORS Bingepli@peirnyr AdmUsToRE cieb Ot cylindida0poeidn
into a doughnut plate shape and 20nade oi. = material having a
gi ven dengPt ylsaésidae &uﬁwal uppet Rar§ ¢l the cyjindsicakrortiomRl dndsaipeites 7 are
sl eeve 3 | ' : ' [ 3 - Of t I
ehel I i nst ate?tr?ér@‘g’f‘%?%“%?y?ﬁgn 8&% gg{i gEftecR Hé{lﬂé‘?r“g R?R‘é’,g ztbhagaia?s%h’l Ating
pl at e 5 andcunhferqariepeipt yi ddj wst pargom@d fhtimpraemehi éfttae adiediohhifshe metal
order, on t%g i nsul ati.ng sl eeve 3. Further, the nu is screwed onto
the threat¥ O&f‘e Lﬂ‘é“ l(?'nd EAFESPERttVE GATIIRS of 19 ﬁé Og@?é]l‘etélh%‘lell 2ocan be
25vi a t heg ' i 4 ' A g t
5. the I ne e B R O (e h RN sfi R P
washer 8 Bwiharmistigirehtinentgi caronugipelatisgr it apeliaf totarerfeeasf thomidtdnhell
2e g@ the2 t.al shell 2 and the nut 9. The housing 10 is formed by

i nj ecti on” MBI HIPRY BITAR SRR FHY Mt eri al (such as a plastic

mat eriat pog2] PATheinsUghoalRas id Sreey alfio bese yshiua Wik JHBMREES4n
to 8 with only a |lower surface of the seat 30portion 2.e of the

net al shelsulptibematgriekosieds ¢+ pleptieamalcones. e il poP Bl ontudbet hetetiousithy
10 and onj:y.\th cyli ical rtign 2h aof th ta
shei T 2. Tkoh g BastbBthe Bfhe bRV EIE 6o PRI L B Allufingl By anc

The pi ezoshécof ircinellefi|@ninateriab(such acupbetenticahl o/g SRET ouPBEh hypbéhe
i nsulLati ng, sleev the insulating plates 4 and the housing 10 and
ther'8by k (TR e 1 S PdrE I EAE LAY 63¢7RE 2t halbration deicHing cloment

ty- adi usti ! . _ .
property-adi dsthag, Wel fgllti)ﬁ %1]9&{%&%9 aid Bﬁﬁn(( Q?icezéflgc\fn@%tc Ga?mg 80aeEL BthihQed

the el ectrodes 6a and e plezoelectr ,

respect i viedtyeen tngldceddouia afl dbhe The psizngledific ef@@54 b Ha@ whole has a doughnut
above-strqc{%ﬁed knock sensor | can achi eve high knocking detection
accur acy RAT “R&8t resistance by the use of the piezoelectric el enent

6 that hamogopd pihezaf)aGtdd;GtiRE REI 78S AR $NOWSINGhARTURE sfeREHt Y
changes bet ween -SOEgng_+1%O§Lé[Og%%1BIG: 3Bis a vgrtiggﬁ segtion

vi ek of amadf ¢lrawetsiiel havarseeiven darcor@iohgstionenemeaisholts aenesspf The
present i - j r i ansducer..2. 0, i s.designed.as a
angevi n Tyl flee S e AARRN G, CARPHIR UG M BT TLRCEEY Poaft e

el enent pasula2?; plag 4 tpapieza@iecwty dlegaht 6y tlappesednd plants plathe - 25 and
backi ng plate 26 _holding therebetweeti the plezoeltiictric el enent
pair 22. HRBSIHI-@XBEINECYFIRR! CRErERE: Hdhis opderhers theipsuddimg sigeve 3. Further,

and | ami nat B4 bt o e B afo R o R R QPR BLAZE 95 HDSPLLEY
and2an el eetlreodeshpt &t eTR4hsllating phaged thapianoelectric element 5, the insulating plate 5,
the property-adjusting weight 7 and the washer 8 are thus held between an upper surface of
the seat portion 2¢ of the metal shell 2 and the nut 9.  The housing 10 is formed by
injection molding of an insulating material (such as a plastic material e.g. PA) in such a
manner as to cover these structural members 4 to 8, with only a lower surface of the seat
30 portion 2¢ of the metal shell 2 being exposed from an lower end portion of the housing 10

and only the upper end of the cylindrical portion 2b of the metal shell 2 being exposed

from an upper end portion of the housing 10. The piezoelectric element 6 is



isfront side of the front annul ar piezoelectric el enent 23h. Each of
the front plate 25 and the backing plate 26 is forned into a
cylindrical columar netal block using Hgon or alum numas a raw

mat erial. The piezoelectric elenent pair 22 is arranged between and
fixed to the front plate 25 and the backing plate 26 by a center bolt
2.7. [0056] The front plate 25 and the backing plate 26 are nade

| ar ger i ncigivamisteatiatlhanraundepbe heahadeitigsledve de hesn2duingdatesth andh the

have coni cal _.en ortions, 28 .and 29 _.brought in ontact with the .
b o306 eciisuin LN bLR0EKE B0 rRRT ek Wil AR RS wile D Raine
t he di anetweighof. t headc@irtL@bt &ehPard émsctedtme cRr8daadaantsb of the
decreases and becones substantially equal to the dianeter of the

pi ezoel ecPierecledienelateno@ semaetv2h andilegratt f thethopsingflOt he backi ng
| ate 2.6 b i i ) ! of f t
Dot 55 1054E ) T RRARb & b RHRLnS & SeiSord SRRy Chisn Fhole 1 GMen

end face efcutdee ahd hedt rpdiatce2y, thwvher &aie dichbdladribeletehay taghas good
di aneter R3 i? fiirmed axially in the center of an outer end nee

f
the backi PGP &éC DIgPeriig 2ihtlome NosthgtiF repPeehpness dsivecnr e C and +150°C.
t d i i al: l. - - Li t

of o predilarhi nkd rasonanan 1 raadendy” o R FEss T hos R el

ul t r asoni enbodnsducehe parergenentdbe ulhis asosboicwavesicst Hbiselefigeeliency
and .achi eve hi gh he resi stance by .th se of the piezoelectrjc .
ol edfint s DaESRY BB ERIRC AR UGHoHe ISt et R G PR g 2 pair
show no abiruplicalyR8bi FARGRS2S Bel Wty $a@6 RNns drelebrBfecn the

[00581FI G 38 is a perspective view of a culling tool according to one
enmbodi menpiegicladiec geeseimain Ay enthieanezotlrckiccaltmemgair@dlhag 0w aohuwldes a

circul ar base rtion 4 n ri ndin orti 45 fornmed,on. a ut er
i r cunt or BEEGIBREG BRG] 3T Bn o, B B Rl s o B T 1Ry e
t he cent ethetbheuleopici@latspilagbes 42 aby 2ab hh& b glepfr@deddtate AABULRANged on an
pi ezoel ectric elenments 43 are enbedded in both surfaces of the base

por P on 4BontAIdE e [TERt AEBE Picspelstirie klemsng 20| édchiod the Bpmimlaie 23 apd

a radial g %ﬁa&hgg%f’ez%é fsz%\ﬁné@ﬁnﬁ)ee[‘éﬁ{ndt&%ogh&ﬂﬁ n?éf&le[{lo%lés(f (&5 §Nce,

of the base port pirece Is cut by pressing t I ndi ng
portion 48ymwhinths & savf oratred!. dfteur dzdelhetdademportairdl? 4 Grraogddobethiesn and

Kpi i th Ost at f tati t i, ndl 42 | tati
Gt oot ontHa! Gae BOT BrGen gl Mk Beurechine erinbalelas 0050] The
above- st rueter ed TeUtHhNGlate00 areidhe E%Hi@g’?la{éi Tharbedlde 188 LShanaBetBYmbN e

use of the piezoelectric elements 43 that have good piezoel ectric"

proper t i esczwcsovemontaBruprd pitopet hayeshargesndgmrivee’8 S0t 29 dght into

+150C. 15[ 00601T iezoel ectric ceramc osi-tion.and.the

pi ezoei ec%qngacglwétﬁglﬁg pigzoclecteic, %lemen S AT5d 930BRE Forhi2d 12 0%ch 2 anner that the
diameter of the conical end portions 28 and 29 gradually decreases and becomes

substantially equal to the diameter of the piezoelectric elements 23a and 23b. The

diameter R2 of the backing plate 26 is substantially equal to the diameter R1 of the front

]
o

plate 25.  An ultrasonic radiation surface 30 is formed on an outer end face of the front
plate 25, whereas a blind hole having a diameter R3 is formed axially in the center of an
outer end face of the backing plate 26. The entire length of the piezoelectric transducer
20 is substantially equal to three-halves the wavelength of a predetermined resonance
frequency.

30 [0057] The above-structured ultrasonic transducer can generate ultrasonic waves with a
stable frequency and achieve high heat resistance by the use of the piezoelectric elements

23a and 23b that have good piezoelectric properties and show no abrupt property changes



to the enbodi nents of the present invention are w dely applicable for
vi bration detection, pressure detection., oscillation, piezoelectric
devi ce use etc. Specific exanples of the,applications of the

pi ezoel ectric ceram c conposition and the piezoelectric elenment are
various vibration detection sensors (e.g. a knock sensor and a
conbustion pressure sensor), 20pezoeiectric devices such as

t r ansducepstweaetY8tomd, +1aAACT i [ ters, hi gh-vol tage generation systens,

e DO g £ B DR Rl 65 Byiment of
ej ecti _0][1_ &mobr&dgat iﬁemﬁgid. orﬁw&&@r@t _ t)olol J(blﬁltcmcieg Qelé_&gmt)a@e ﬁft@'ﬁ'é% and a
conpositl on an € prezoeleciric e QI‘TEH accordi n (0] _e

enbodi nae#tisdigg PeRENFOLeEREd Py pEEorrarEesare PTUE drseyposiion 461 eThobase
uses -wher j r.esi is desired . 0.~.a kno sensqr and
S oo itust Pt Rele R R RELH ARG RIS AT A By Rl TORE, SERE

show ng exjpesdlemnit alemeasulltse ombediRd P BPGIsuifasesff tie PisthaRion 4 A
sanpl e cogggiitions,including exanpl es of the present invention. The

i nf | uenceVoFaitoRelEohtent thePizAecsse shawny Phaseadnl dirrstipn Gpdram g cter
the piezogleel EHe%u@&rcﬁ_?_hxglﬁ?}%Qﬁ'tﬁé BHie ?g{t:bﬁ)gl% : Xgﬂl g@f@ﬁeecferiéjgﬂttb@ﬁﬁ‘gss%ng the

experinmental results. uences o constrtuen
el ement BgiiMbng Pationf45t eickee tmdad yrquhdsie: Band poheonki@dnoftht k@rkpiece in the

or opor | e8P Fgl SGBTALTY i Tialin dreCimtpbL Moy TedtP e picpaelectric
eval uat edebpenistzhese experinmental results. [0062; Herein, sanples 501

to 504 of FIG 4 were prepared as conparative exanples. Sanples 501
and 302 cBWsPkt edhenbyvestfuctred seitionthbad cyis belieysHagle heal hesiprepdryabé om of

o205 poutiit ERECTTES RSP (B T daRgHE Becrh FEOiek 4 FAIAREP "acryt

adj ust t hgrobacy cliangeobetivien conposiitiiegat. formul a of the second
crystal. phase as shown in FIG 4. A slurry was prepared by adding
et hdnol t PVPRbse ThemeEpPelcalrg ceiap)ie eomags tbreasoid rczarire e laeenheecording

fluxing by @ | f - liati.on: : n..
for med by Cdrs I agoR ity AThd Arelitifionfof Bechugly BRIOIIHEN BTy d8fkier
to cal cul mebsore datedtive, adcillaton500zdetecidO@Cideorseletd 0 Shacifiouwksmple/bhits

cal cul ati on, product. was adm xed with a di spersant, a binder and
et hanol a?’Pd’h%tb‘i“é@%&f R G HRG %ma(’ﬁglown UhEapIPZaRqcfric ¢l papaye

obt ai ni NGyAiosk Bid¥iorMdi&@tiohRatsord (&, ShUbEW RSy Hidl £ '
granulatiqnland énraed iﬁfo afﬁfs %%hape (%ianeter:a§%§%§$§?ﬁggﬁ%§§§?ﬂ’

2 nén) bypigrieseiad dgiees sucthisimmducats, acpriess aneé fikrs20ighivodiageTpaeration
resul ting | ded.body was pressed by OP treat nent at ressure of
150" NLPa TR it PEe e RS TG et o e RE S g6 ool
1300C f orsybtehs ah@ fhovesctidD868)Sann! Q;ﬁnBQ@ctﬁﬂﬁarﬂ%elc@éﬁiloﬁts?ﬂexﬁ?. y 10k
the first crystal phase. The preparation process of sanples S03 and
504 was adeFGlqcHifscerapicsiommre o8 2pe el czaezanse powaietccoldingio 13

povae anc NGRS, RO M LA gk BUET POINET i e
ol dee fi ristisenysisalksiplia@g;. aknstlomwnsérind a combustion pressure sensor).
Examples
[0061]  FIG. 4 is a diagram showing experimental results on the properties of a plurality
of sample compositions including examples of the present invention. The influence of the
content of the secondary phase on the properties of the piezoelectric ceramic composition
30 can be evaluated from these experimental results. The influences of the kind of the

constituent element B (Nb, Ta) of the secondary phase and the kind of the constituent

element C (Ca, Sr, Ba) of the main phase on the properties of the piezoelectric ceramic



20FI G 4"4, slurry was prepared by addi ng ethanol to these powders and
subj ecting the powder m xture to wet mxing by a ball mll for 15
hours. . A cal cul ation product was thenl)}orrred by drying the slurry
and subjecting the resulting m xed powder to calculation in the ar at
600 to 1000C ha 1 to 10 hours. This cal cul ation product was adm xed
with a dispersant, a binder and ethanol and subjected to mlling and
m xi ng bycempedtion ¢an alsohes eloiuajesiniobn dhast axpainsdnialrgsultAf t er that, the

slurry wa i ed,;;subj ect ed ranulatji.on._and nol ded into a.di sk
shape” (o DRl AR AR B T SRR S (PBe Rl les
at a pressuhplesiSh1 20d NP2 cordiged @8YbF tHaGebmldde gkthqahyisenast lﬁrﬁgﬁeﬁ‘ﬁhcﬂb’process
CEP treatnent at a pressure of 150 MPit. The Cl P-pressed body was

t hen bake6f samnlereS Qi anda102099® asdoiaeDC Fisyt. KoG@ novdssuY e Os rovsisn arl Tikk
t her h 505 .t i ] i nch _h
O 1S5, D2t SATRLES 84101 A3 AT R SEIRYR L0 BREL AL M DA Do

sanpl es SObmit: &lbe vasnpropal phhst Ak ougm stE0s4. 1A0irtowlds fpafed By Gdding
1, Herein, the nol ded body was 18 di sk-shapt, d(di aneter; 20 rum )
t hi ckness®thangnty thege E?%gerfr%b?ubpms hapaipics snighire ieweinaixing laee palé mill

Lo SIS t hrougn crope Fo Y fyRhRUGaE R Rheeas bty BESRATIP B8 it
el ect ri cathepeoperg mesdoeidat iowelaiaioadt theaicar®Dantl 06@°C fos ) tthé 0 hours.

i | i i ¢ body 100, andut . | ect.r i ti .
(bt doer obbisialElEAER GFturt 4as SR et SobGIERan eI o Rt PRgne qie gpbjected
kr) of thg Iﬁim@ﬁi@ﬁmhgbpsrblag?ﬁg%ﬂaeﬁeb%%tanﬁﬁgafsﬁﬁy. r @ﬁ’eélrrtl%é,]?thtgﬁlgm%s

in FIG 4. [00661Both of sanp and 502 consisted only .
second cr§&tdabulppedseétoagrantlpien diddnaloied show dpikeshopt Bdaméter: gPoper thideess:

h I ff ' | at | di el [ )
pet veon SHRTELLHE- B evaRh R { R e BT oD NP Er Ta ki ar s bty

fonnul a ofvai hessaegriParepah@lt aphpsssird o8 AAPMPaSOThe WS- iedst @ @B thehr om
that sanple SOT It is thus assuned that, when the piezoelectric

cerdfi ¢ conpesinitearag0®E BOORE fei | & IGhelsecond crystal phases, the
f act i | t | .
actor a @1‘06gpe “Sﬁﬁir‘;}%ﬁ:'stob%ﬂ Sol %ﬁ%&tgii gfcﬂlyrc{fghefﬁx%f’ sl gﬁésﬁ.ec?g&?él%paratlon

woul d have a smal ' uence on t al and’pl ezoe
pr operti esroofss bhsheplps 82behd8t4 ivas eefadlioine. ¢BirpipELE€Dgpowder, NapGOspmnsésr,

Lgief ](c)?(r:nt glélééf?g %Q}Ngggri( %d%gé)_%i\z\/tdgra \r&fgrevv%el:ilél?ecf (Eluattin fsgcrhrgsmtarrl]r?er Sats %obllcﬁ ust the

factors a, b, ¢, d and e of the compositional formula of the first crystal phase as shown in

20 FIG. 4. A slurry was prepared by adding ethanol to these powders and subjecting the
powder mixture to wet mixing by a ball mill for 15 hours. A calculation product was then
formed by drying the slurry and subjecting the resulting mixed powder to calculation in the
air at 600 to 1000°C for 1 to 10 hours. This calculation product was admixed with a
dispersant, a binder and ethanol and subjected to milling and mixing by a ball mill, thereby

25 obtaining a slurry.  After that, the slurry was dried, subjected to granulation and molded
into a disk shape (diameter: 20 mm, thickness: 2 mm) by uniaxial press forming at a
pressure of 20 MPa. The resulting molded body was pressed by CIP treatment at a
pressure of 150 MPa. The CIP-pressed body was then baked in the air at 900 to 1300°C
for 1 to 10 hours.

30 [0064]  On the other hand, samples S05 to S15 were compositions each of which had
both the first crystal phase and the second crystal phase. Each of samples S05 to S15 was

prepared through steps T110 to T160 of FIG. 1. Herein, the molded body was



[ 0067] Bot h of sanples 803 and 804 consisted only of the first crystal
phase and showed pi ezoel ectric properties. These sanples S0$ and 504
were simlar in that no elenent C (Ca, % Ba) \vas contained, but
were different in that Li was not contaihed in 20sanple 803 but was
contained in sanple 504. The elenent D of the first crystal phase was
Ni (niobium. There was not a large difference in electrical

properti egis ﬁb&@di(d&ametﬁrel(em ithiChmﬂsstbmtn)éalsﬁeﬁ/Tdéo) and

i ezoel ec i ezo ct ric tant
P eoer onalies) P R BE st b p Rt S Bt oD AR 2L Bh T rasres by,
However, ﬁx’o@é&@ﬁigﬁﬁ&fe'sﬁ %w@sm% sqbemo@gs aéﬁﬁphezoﬁgﬁnmemlel1%dtéacwe%ted
slightly higher than -that of' sanple S03 not containing Li in view

of this phirnle elpetripd pporefiessalbtietivehiitlectne chnststt SQ;II)SZIS)I(EﬂthGpDJaSGElwﬂt aérasic
Li eyen i h e where the piezoelectric ceram c conpo i on has
bot hot ne. PidfOORE L BEreF ey Piapeiiva dasrodrsbeni et Ra Blsatomeahanical
nicil % of¢ dﬂ)ﬁng @%ﬂqf%ﬁ’t%%%hez@@l@@tﬁc%ﬁnﬁgg@&jy ®0. 1 henefibdi $EsuBt YRt @bwn in

phase. The el enent Sal was riot contained in the first
cryst al pﬁifsé The fact or x of the conpositional fannula of t he

conbinat1 Khoot Saan sk Ruiel Ry BT hori SRR ba R ® e T RGN BpisPerde

of sanpl etha@4idc@nshel iphgoelattyic @fopehgesf | mére%aé&{oadlﬁmasem @eﬁpb Biekric
had a nuch higher_relative dielectric constant s33ii and

pi eZBel ec‘tqiis@nb@métmwmwss‘-’dﬁv@e’d S‘Qimﬁaﬁloelgblthﬂo@ﬂor aof d@ t he

pi ezoel ectric: .cer sitio rior.
Pt hat ot AR ERTRAS Seb i prvatdl PRSF 5p SR S0 s e R 1 in
hi gher t hamdlfao2.of It sampt essQdhed (RO, 69H¢rfthe BRbEs:tH0Gelatib &&np@sheon has both
content of the secondary phase was varied fromnmol %to 2.0 triol% in

each sanpé firgitiad SERAPEST YT Whatest e faqierst ofthg serapositienss fosilaogioha second
Na, 0 5¢l

crystal  phise e Rt R BN at bR SRIRESLAHER 100 A B REEE DPnerss of

t hatlst he nhe Ipatzbwlectdic ebmatic cemporistantInalis 38@epthe tiieosacgl telse SQSirbidrary

512 ffici tI hi th that of c arative exanple sanple

504. m?ﬁes%%ﬁelt @‘h? gflf?:egqggéd\%‘g?‘?s ‘%’é‘él?é‘wséﬁg’ﬁ‘ﬂ%e pref er ablrrg in tg
range of Rotg] 10wl 86 sl & 3efarall %ndsta ofl dn@ﬂtt?(% ik ch%f h%fe ahfie

relative d| electric constant. [0070] Sanpl es Si were al so
f avor abl eshopvet pazotlaetrigipegmreticsct rli hcsmnmlesrﬁoﬁm SQﬁwean;ph@ nsmt no

511 was syffici her thntht of arati example s

Sor, "ToreeveitC Dt 4058 o e BeinBo e SRTRRE b he B RbTaRgheln”

phage m3saa@1mb%umamfneamdahlsemgﬁa d0ue PiHezeeh&E D bICthe GG aftal Phide

of sanple 812 was |ower_ than that of contpar ative exanpl e sanpl e 504.
was Ni (niobium). There was not a large difference in electrical properties (relative
dielectric constant €33 /80) and piezoelectric properties (piezoelectric constant di; and
electromechanical coupling factor kr) between samples SO3 and S04. However,
piezoelectric constant ds3 of sample S04 containing Li was slightly higher than that of

25 sample SO3 not containing Li. In view of this point, it is preferable that the first crystal

phase contains Li even in the case where the piezoelectric ceramic composition has both
the first and second crystal phases.
[0068] In sample SO5, 5 mol% of the second crystal phase was added to the first crystal
phase. The element C (Ca, Sr, Ba) was not contained in the first crystal phase. The

30 factor x of the compositional formula of the second crystal phase was zero. Namely,

sample SO5 corresponded to the combination of samples SO1 and S04.  As compared to



HO 5 is a graph show ng vanations of the piezoelectric constant do
sanples 1306 to Si2. in FIG 5, the horizontal axis indicates the
content: of the secondary phase; 20and e verticai axis indicates

t he piezoelectric constant d:33. As is seen fromthis graph” the
content of the secondary phase is preferably in the range of 3 to 15
nmol % nore prefer.ablfy 3 to 10 rnol % nost preferably 4 to 6 raol% in
terms of theeprppetieedicempieSGorssating 083.of [ip072] Hysttheraversempinpl ebad a
806 to 811 re favorable in.that the ¢ ectyonechanical couplin
factor kr nﬁlﬁﬁ§¥?ﬁf at%’(%ﬁ‘?l?)"t%? consipd 8@(#6@%‘5{ %‘ﬁ%oeﬁ]‘??tr&frcoﬁlﬁjﬁb 33taﬁgﬁhowed
that of COMBRILA h¥BeEXAHPIE PRABPLEPO4rabfE EoBoddion HONRMEE .

812 in which thef)cg?]t ent anount o?nt heraseco(r)lllg!g(r)s %'ase was S%Igﬁlrﬁ?f(@owas
was unf aveubbeirabat the eekectnedrmechhmiupihg Catgpl kirng séraple &0 5 krasdfiglsanipine
512 was cgnsiderably |ower than that of conparative exanple sanple
804. "The g@if’gﬁﬁnp‘?&t"he secondary phase is thus preferably in the
:range of [(@ebp 1Qn BLEH% SUBEESTEIR! @Rkoht ff 1R Bedtdbhy Hasé Wak Q5B Rbm 3
the el ectronechani cal coupling factor. 20 [0073] Sanples SOS and SOS
wer e si n Hoké toAf eml”of Inkvechswouieddng/cphizseionas the il 96y stdbpleaservwas

t hese sa es . SCS as. 808 re largely different i.n that: the elenment
CCon, S arm e R B b e S ey e Firhpeittot e 1e3b bt Phfiaams
of sanpl eK$ESi)WhEE@AS Tanplass Bt e &5y ddiBe & @ABRE r&ative diBRcicr St
crystal phase of sanple 508. Al though the factor x of the

conp@si t i eerslant e ed @f the sarhiddes 8eoindS Gr yat aiffighaibehighershapihet SO myasative

different that, of le 508, it | d that the infl
of ' such a“ti ey ands 0™ RB- Fumrtione SR pPhbes s POTeeRl i T fange

pi ezoel ecbf} & DEm3IMCmEAReRIAHI PR tWeWd hen feehabf Melrylati@dikledgic constant.
consi dered above by conparison of sanples 801 and SO2, ttpon

conpar i so%6P] sampim@tessSEs tard! wsowalse s@vpradlswghptihamicepeleyripgenstant dss of
cont ai ned_| i rsit r i t .

cont oL ned LN 41 B B AR T8 Aol B s 05
el edbr onethanivaatangoe Sl 2 hgwhabttier cdutertt béthet Roselaof pleaaplae 280551% tvad S

thus preferable to contain Ca.as the elegent Cin the first crystal
phase. aneu’é"%Y(érE‘}t’lg a3 W e asiestis Sas Akt PhearerlAen 2 aTa ?W?fet-ﬁ%‘h#’ta Ohret al

(Sr, Ba) ismgMwi dathpdSsadniie Shement C. [007441t is reiri noted that
What is inportant anong the three properties: relative dielectric

const ant EB31] sc FIGpi szagehedcthoivang vomsican vt t8diendlecetreconstaeichanf catples

coupl 110 RELSLIY £ E3R0E%, SERETELIS, ST 15, MRS Sl B SESELEFLILE

rel avive gidehectiticel sonstaates BielsicsobldctidcdrStadtiil; abhe if Qen gt tHis &aph,
condenser. The conposition having a high piezoelectric constant dit

i s suit abihg copigpt ¢fdbe perondersebergtid preagiably 18 drsignee The te bhpediot inere
havi ng a hi ¢ ani i f actor: i.S e or
use in an&I S%E%kggésgétlr@;ﬁg&?’r’ r%ogd rgge?é{gkéqgg Ig@t tia E%ﬁﬂsfﬁzﬁgc%%%%c&won
can be detestmnéd. according to the properties required of the use of
th.e conmpgositjon 075] Sanpl esad 814 of FIG were prepao mainly )
exani ne tﬁ)%hﬁ‘l ugH%geI?ﬁor?ﬁém@ eéé@ﬁt“’@% Nicre &y oBPlq Reha'debrigeierathanical
phase. Th&fu%li}éig?i_acﬂﬁtkr%fkﬁﬁglgs dbd [£S ENGEs Ll fbald .\S?h%ﬁ&' BGh tHaf of

constant s.. /it.0, piezoelectric constant ciri a

el ect r omechaprrgale ccoupld agflastbseh FlGet) wetlhvvsanpkasplb 532 iamdidhlife it
is thus und r§tood tf}% et her ofL\th and Ta s preferr% as the

el errent geOntent amount o e secondary phase was 20 mol% was unfavorable as the

electromechanical coupling factor kr of sample S12 was considerably lower than that of

comparative example sample S04. The content of the secondary phase is thus preferably
30 in the range of 3 to 10 mol%, more preferably 4 to 6 mol%, in terms of the

electromechanical coupling factor.



0O6l1lSanpl e 814 was simlar in conposition to sanple 508. Mre
specifically, the conpositions of Sanples 808 and 814 were
substantially the sane as each ot her, eégept for the content of Ca.
as the elenent C of the first crystal phase and resultantly the
contents of K and Na. Upon conparison of the properties of these
sanples, sanple 814 in. which the 21 Ca content was hi gher was

f avor abl e [04Y3{ er isngtlest $(& and| SB8i were dingileg ¢t that theansteanof thh ereadaiyariple

308 in which.the, t ent | bje in.; .
o1 2061 SCPA S TGS TG iia SHPELT SORaEh R SETC LON FHETLEL Brt-kpe
Sanpl e 318ewst Si(0h) S BhywaOIMQShiaiRA af 91 SAMBRs:20B5tal SREQRIT shidle §&6%:

{
and Sr were contained in egual proportions (equal atomc% as the
el ement CWbFrepheapyas spnieingd pathephesent Gimdhh ddst arystal ghaseyflsownele S08.

relative dielectri onstant e33. 1M i ezoelectric constant 413 and
el ect’r orre%#glﬁll?%l a{he g%cg%rl)i ?@H‘F SUPBPSTRY £ U?%%@ eé?copﬁgrgﬁﬁf‘%s%%ﬁ.amﬂe
However, B0®waeldstme fdinelReT aenIORSE, aNnis a633ehaBat tBOthiluh@ZOReEhI i C
constant 433 of sanple 515 was sufficiently higher than those of

conpar at i YeleEssap dedagipl eom b, praprsti¢sericdhabieaodewsiip eerpmioeprergsitm would
t hus obt aj i1t he f L ne- ear | r 4.S
used as. t Rory BeBR Il IFlon e HRR R LAHEREL St AL SR80S, fon
that the canpasohioframpeins 803 aidSE8)ahgReUR)8ih eReth Cesvaevemtalyd iltheFse:
of Ba in place of Ca and_ Sr go_r in combination of Ca and Sr).

Howeler , ¢tHalabpinsesnd 7 Biehenislatiye difleninigeensiint b gbo digsPelpeiicicenstant duowd
cost by t - . | IS, . j.agr

show ng e!\;/lg t@ﬁ?@%nl%scﬁ’ﬁpfé}gfa? J(so(?gg(%fl Q?%%%g(@éﬂl}g lre e%nog'e gtrlg tﬂls ;get%rrgble to
non- - occucarexio € aofs the amest P oi thie fanctrastilqbasd. etThepamateafiicetsphase expected
transition in.the sa es %g%%?fag SI5 as . those of FIG 4. The

sanpl
Curie poi WRchHethmgpE@lispgatyms aj 1§ CAnRiRges dre dopcridC350C. In

general ., g uf fi{ - i ] bLd. g
R i A L g

suf flbci endiklectrioglongatt Gilvd,epipmiehictridsortshiet Gymhé cpoirnmedepantsogiing fe:tor
properti f the first crystal ase, it is assuned that the Curie
poi nt V\D(Slfs“'oc BeesHsR n%Bn?@rﬁ@logﬂm%ﬁ?éﬁmt%éarﬁ’ﬁﬁﬁmﬂ%ﬂ- oFor example,
content ofe LhEHSEEONHAY; W ; nc) s
SOs to Sl 2.e ang 514 to 1)5{%@ I erglaﬁglﬁl’kg% liéthélcgggr{ﬁgan\g\é% /nggghig%ﬂl%/ﬁog%@'ﬂlf
el ement Bafletdre sEwondnmsitehdlavplasidghattzaclbitgheonduttide; ik etipeilaiourige in
than that of the s |l e S14_jn which Ta was use s the el emrent 25B

of the SEUUHAL R Seaﬁfgse.Therﬁ%fgposrﬁl?r?h%vgr}%ﬁ@iﬁi@ﬁr&%ga&lfﬁéﬁow%s
thesel ementioBiPfs shlieols 8GARE i€ hY pledbelBNAS GahMub&r 1B AfachBeorUThe
tenperature. [0079] For eval uation of the occurrence or non-occurren

of the roompasHpwicaphasetermandiaci@ingtthéhe mbatiiverauebéof thecise ohigtant
F.3 FO was, neasur ed by gradual ly changing the anbient tenperature in

a range of "BOC 190 t - 150C i n genCrai, when the 30pi ezoel ectric ceranic
conposi ti[0078as SaRPASS 18LanSillic@RIE0I Werel fleghr&Eiol @hiRlyt SHREASHEN fluence

range, the relative dielectric constant E-fl'iso of the piezoelectric
ceram ¢ qur{;b%gliemeghB (XD, Ta) of the second crystal phase. There was not a large difference in

25 relative dielectric constant 833T/80, piezoelectric constant ds3 and electromechanical
coupling factor kr between samples S13 and S14. It is thus understood that either of Nb
and Ta is preferred as the element B.
[0076] Sample S14 was similar in composition to sample S08. More specifically, the
compositions of Samples S08 and S14 were substantially the same as each other, except for
30 the content of Ca as the element C of the first crystal phase and resultantly the contents of

K and Na. Upon comparison of the properties of these samples, sample S14 in which the



sharply changes to show a clear peak in response to tenperature
changes in the .3.3 till tenperature range. By contrast, when the
phase transition point O the piezoelecéﬁic Cerarille conposition is
not ma certain tenperature range, the rélfative dielectric constant
of the piezoelectric ceram c conposition does not show a cl ear peak
and changes gently in the certain tenperature range. It was thus

j udged whétahenteat phabightmamsiatdrablepotdtins Washcob By aitl@h@acdngtadr s NOE,:
by Mxlitoring changes of the relative dielectric constant /co of
the pi ezod(hEERs pRIE SRR Whérphs Criconterhpelogicadaafavpratmmgeigs ehée
tenperatu f‘ezf)élgéfhc ggns%]rft 9?3+é|r1dae'iegtro}n%cltxﬁl%a‘fgﬁ ﬁﬁltg%éﬂ)pﬁr the occurrence
or non-oc urrence 0 oomtenperature p transition. Herein,

t he term TeWG] n- tSangyée 8t birned sinefaeiiscdmp@itidrtersamarg®) 80 Exdeptar ahuhe Sr
than the ordinar om t enperature (25T), [0080] The roomtenperature
phasé traf&ft i mﬁ selWrapeiAnTstin &FOIE’Gr@éHS § @}@n@a@a%f Gedupiryal

gggefcgd S nasg‘r’]‘%{%ig n_l‘%ﬁtlg ?@%%‘r@%{ﬂé@@reﬁe#ﬁfec cg@%tgﬁtregé%%%n%%%e?&t%éorﬁ?am ds3

roomt enpanétlacteomds@amchlrmphhg Oitdr &r Unhavesealftiee asplhs0®! edbwked] the
and pi ezoel ectric properties t he piezoelectric ceramc corrp03| tion

of
change | afg@lys deedrie Camarﬁﬁse/rso @mfbplﬁmﬁé@tltw ganstan 8n of sanpless SSTs t o
515, each ta
wer e t hus ﬁn%ﬁ?gﬂ#lggcgrﬂgg e %ﬁ%ggmja t{’l Ve e %9 1§§¥5{E| eghﬁg%ora%&e 504
in vioew otomp@itﬁ(amtantlj‘eahui Mame@mhéﬁanlm’rﬁM@lbhﬁ&&a%malk iCandi St is

not occur in a f sa 505 to 815, [0081]FIG?|sad|a ram
show ng ekﬁg‘r%S%%%&Pe?@eﬁ@ fgﬁ(ﬁﬁi’“@ﬁ@a?%f Itsrreaedsd thakth Q@P%PWIOBWH
t he conpo f

pi o200l eor e st o R e B DI R S P omfefcion
properti esf Cabed St)orrb@nmvcwélee)oarmmlsmosa;apbe pEfAdegreith poiCaeettieAnpiog
the factors §E tfl&e c?ﬁ%qsmlo formula of the first crystal
phase, t he™¥ 8¢¢5¢ ‘ésea? 6 % et EPfWesane out tue factor e (the nunber
of abkal i [®I7eentrSGad isth@adrasi $hevinBsyallikibe i@ntestifs mk@%&ﬁ&eﬁ& or

527. 2.5Further, Ca (calcium was contained as the alkaline-earth
metal (t héOIEP‘éWEWflC@%? Ciitie peibhprokd tdoansimpesrtiis Bpss mansheorf llnrtbQ same

crystal f e n each
of ~ sanpl es @gis %r@leté)?';ﬁta%%o |Oaf%?§r4s Cfﬂéd?%%e Olg?(gfa é)e%aﬁtds réorlrulvéasd?a
t he secondinge y83@0 toptt@SE. Wasgaerh, it bufSiasgihet t&E:j;le&Bde&nif&eﬂaﬁusa@fﬂ 6§t10n

822 to 527. The.influence of the factor x on the properties_of t
pi ezoel ech# 3(:8%‘? HWEo&}%ggrﬁ%ﬁrl s Howepate Shalq S hshientyibreatly hlgh

abovg. Herglid poanPAeul2nuanithe
0 065] Sammioe 2T o, B5s mnipeeptiiorithe PRI Gs ool bheatinhase. itis
const ant @symeo thof tkse(&meelsoﬁmomld nBQGhamgc eo sufdli eventvhyn thieghamotinan or

t hat of conparat.i.ve e S factor e of t

compost t | LT PbAEC BRE RESETPLD Dhly-al MpHagk 1< mites Sibap sasng 14
in the rapge 5015 eQelDdf hich Nb wapﬁ@draé q{eeéléx%ﬁ{t ﬁ-o@tﬂe%eéonh cridtal &fﬁ‘éﬁ@ha‘af
the relative dielectric constant % |l es 321 an

wer e al sohighsidra fémpﬁrattmratthqnﬁbatmfélzmﬂmd@ ilg llmwﬂimhaﬁtwmedfas Sambiresnt
321 t t |
2o’ or R L ReO UL OR: £ s 5o FOMRR Bkt BE: SR8 PRaRpiB it he

I ar ger th@moﬂd O swepieaseif avias abie (aﬁ‘letthﬁipﬁllaﬁﬁ-@el ectric const ant (int
of sanples 826 and 327 was | ower than that of conparative exanple

sanpl e 500071 0@88]‘3‘F41®t8’n|(§ ﬂ@@ @qcapﬁnwmngoqcn@expﬁe&fém wen-feperature
const ant a the hori nt al

St eat esﬁ%aﬁe SR B PR i Gme ot g Forimnsigked R bRepdl ©
crystal phasging theahBehOenefestonatasetdtessat ioo- Betueem fhe ) U\ml&f the
t he nunber of atons of alkali netal elenment (K. + Na Li) and. t he
nunBer of PIatsHstiaT catirl omenas Hiontagetpabse( rdnsitsingeritin @ cednid tethperature

range, the relative dielectric constant £33 /80 of the piezoelectric ceramic composition




[0084] In FIG 7, sanples 826 and 827 were unfavorable as the

el ectromechani cal coupling factor hr of sanples 826 and 32.7 were

| ower than that of conparative exanple ? nple 804. In terns of the

el ectromechani cal coupling factor, the factor e of the

20conposi tional formula of the first crystal phase is also preferably
in the range of 0.97 to 1,08, nore preferably 1.00 to 1,07,

[ 0085] FI Gshagply shangtis ag plzom s hisak prpkéx peppmerio mmpeestutet cshaag@un théeertain

i nfluence, of the additi roperties

pi ezoel ectFiRE r%erreéf‘ﬁl%e cgser?{p%oéll&rfif’t Wﬂerl\ﬁl tpﬁlu"é1 téﬁls%)@tﬂobrﬁ E&qﬂ@z@b“frﬁe
properti eserhicOmPassaldnie nexianlegasasPherafldrabe, thotiisateael ekl €bRstant
sanpl e 831 S a conparative exanple consisting ‘onl y of the first

crystal pﬁaad & efribe p@mﬁleﬂtm agamiq erohPossfonCloeasot shewarddiar peek red alha,nges

. This sa a lower relative dlel ctrlc ant ji; : 0

t han thaFB%Pf%y 183% ?eﬁafl\/tgmé’fmf?é%nplle %ffWFf;"ﬁ?‘érraphase Sdition

el ectr Oﬁeﬁdﬁﬁm}vﬁﬁbbs@ﬁ%ﬂbﬂd&ﬂyfo@(ﬁbp by Kﬁorﬁﬁﬁ’ﬂg Tcﬂﬁ%e@f)f ﬁl@rfplﬁfl% e carARL SNt
sanpl e SCA. [0086]01 t he ot her hand, sanple 32 to wer e

conposi ti ondeeedhe n@m%whmmgerammdrﬁmsntdmevls&cgmdhaﬂryy:hmglng Hastemperature
Armngthe formula of the fir

t |
AR SRR R Sl o SRRL T TR RS SLUUS ST

sanpl e tOro‘é) eratdid pRask t*rahﬁltﬂ)tnheﬂ-lerrélﬁltﬂé %erﬁlolr&@rﬁe& Gﬁlallaﬁlrémf'effé}ﬁ Ba
Herein, sanple 832 wa.s the same as sanple SOS of 4 and d not

cont'8i n avideaadice iof Eemmpsraiite thaogrzjoadinpry rge@rtempcmmrh e5€es uI ts of
corplc=, AP, o435 BREPRLEBHL FeBROOTLE vy RIRPRI S BrPRDe
| east Ti onenmes @dm}ﬂhemindsgb@wmfbafs HeMoGth- (6 @RRGI: philic tfdiisﬁi@ﬂl Was rfo@
(cobalt), ( exgvrg:Zi in any of samples S05 to S15.  The occurrence of a room-temperature phase
transition is unfavorable as the electrical and piezoelectric properties of the piezoelectric
15 ceramic composition change largely before and after the phase transition. Samples S05 to
S15, each of which had both the first and second crystal phases, were thus more favorable
than comparative example samples S03 and S04 in view of the fact that the
room-temperature phase transition did not occur in any of samples S05 to S15.
[0081] FIG. 7 is a diagram showing experimental results about the influence of the
20 factor e of the compositional formula of the main phase on the properties of the
piezoelectric ceramic composition. In the top section of FIG. 7, the properties of the
comparative example sample S04 are indicated. Among the factors a to fof the
compositional formula of the first crystal phase, the factors a to d were the same but the
factor e (the number of alkali elements at the A site) was different in samples S21 to S27.
25 Further, Ca (calcium) was contained as the alkaline-earth metal (the element C of the
compositional formula) in the first crystal phase. The content of the secondary phase was
5 mol% in each of samples S21 to S27. The factor x of the compositional formula of the
second crystal phase was zero in sample S21 and 0.15 in samples S22 to S27. The

influence of the factor x on the properties of the piezoelectric ceramic composition is

30 however small as mentioned above. Herein, sample S25 was the same as sample S14 of
FIG. 4.



(manganese), Zr (zirconium, AoZn (zinc), Sc (scandiun) and .. 13i
(bismuth) as the additive nmetal. It is expected that, even by the
addition of & (chromum, the piezoel eg%ri C ceram c cornposition can
be provided with the sane properties as those by The addition of Mh
(rmanganese). As is seen fromthe conparison of three sanples 532 to
10534, the content of each additive netal elenent is preferably |ess
than | not@)82] FarSaheies $HgotS@ avere avoerie ofthattibe sdidivieididearet abndtant 55 ' /g,

preferably_.5 | %.0r. less. Wien th ontent of the additive netal
exceeds t ﬁf §ar‘i1r%i?ﬁ $ﬁvt8I S??,W?r hat ‘éleé}ﬁ?’\%égqm glaB gt iorg CUBRY AR Semplg sargplg

pi ezoel eckpiie TRNSERAL of Iie copf FERASk b r

deteriorated. 0088] ma fO i .Cs0 gogﬂiﬁgaglam shg\t/?n!f%g ﬁe%%(g ?#e‘%{agtle{srtggsuﬁegembly

about t heln teraenee 087 to e, praes erdeably labsehtendémishe tsectmdardyelphds e
on the insulatin ropertie ft i ezoel ectric ceramc . i
con‘pgsi ti 8?1‘35?%838{1@% %?ﬁﬁzqr?ﬁgﬁﬁgﬁereﬁ 5§ %Voé‘l‘bﬁ? Héthﬁg%le iPLegpplgctric

vol t age szorﬁm_@hrﬁ%f 283p1e89% %MS%&&‘C higﬁ&ithé}l tﬁ?fej(l)'%%t a&t@ééx%ﬁfels%n%le

are indicat ed. e term ' applicable voltage” re a maxi mu
appl i cabl 8040l Pade wherdaoh, sempidsS26amp|Ses infvhidiethpifezael weat lniger than 1.08

| t 200 at which there. . h in th
20pi ozoel S5 1Y RSB Gl oTB0r AR A GS LY CHEING P G210+ Ridpger than

conduct edt}iaooie@@@ma&givkr@gaﬁgrétgmm@@f any breakage such as crack-
in the piezoelectric ceramc body 100 by the application of a given

vol tldge fB1083D nifkdtdeis o saptnshemiig BrmisrocistirgoanstThied: aphiamded $21 to S27.
It i i : f i | ati . ti
Uhe prezon) SeF i BEbEH AR IRATHEE, Be HOBLLBSH RaRd R R 8 e G lpgeis
E{/ , each Wﬁérystahpﬂiaﬁs 8IlB:I _ﬁatdé IBGésigliimésaﬂha ir?ga MWisﬁﬁtﬁggglh)bfgﬁbé\%lgnW%f&oms
e .the ic vol t age of sanpl es and !
con':rg} ni n@frgﬁqﬁrb’?‘%abglg gt @%ﬁiﬂ?dﬁ?i/) ﬁ%ﬁé@%ﬂ‘&@g’éﬁf!@wfﬁ@@et@?ﬁhmﬁﬂ (the
respecti VekMend d) 4rd (HOFEHELQR  Jh O LD g@?bﬁ eri\nental, 59 {‘Hi% grla%)F,gtir}e

the insubstirtg properties of the piez ectric ceramc conp
canlal so Betor npf theednippsitivealdosnilstod tieefinf crybel gtaseictprefatdbyy st tblege of

rooso1r (01T F Ot IRar G SHFTh O o Sy e Bl ur T costtnd
crystal pjiase] of Id hes.pi ez@akesia ikl SBT ableurSOmRAsE bi 0R elddiroRlebBuridal
first four sanples S05, 508, 510 and 512. 25 were the sane

pi ezoel ectquipking Exckiike oe orpiss PR omyl 337 whwsewendias shasdf bymparetive example

respectiv, S d X ther. fi.ve s |l es 53 535,
536, 540 ang gﬁgﬁv\ewe §Lse0ﬂ§§?r§le%%r§%cg% g@? l?ClO(‘:lp %% gar(r:?oé’ %gg%cg%riet?fgthg as
t hoge i ndiccaicadionyl foheunespiechisverysanjhe urhep s fariblFlikiheSan e 0.97 to

secondary ase ( NT as of these nine sanples was anal yzed by XRD
anal ysi s ](.ﬁg,rrgg,remrquéaglgyﬂ.g%o bA4 TEM EDS anal ysis (ener gy- di spersi ve

X-ray anjopsse UrIag i EARSHIAORiE! ELAEN EEARCARE e NALID e

conposition of the secondary phase can be generally confirnmed by

X--ray didddrtactrhgnl on the ipsoffeeasidfitles piozadntiic cartihe @ompoegioni om ofe tbhe
or. the like in t case_where

cecondary phass, b, T SRR Leshul qus, o LR LLke o, g case b
25 Herein, sample S31 was a comparative example consisting only of the first crystal phase
and containing 1 mol% of Cu as the additive metal. This sample S31 had a lower relative
dielectric constant 833T/80 than that of comparative example sample S04 but a higher
electromechanical coupling factor kr than that of comparative example sample S04.
[0086] On the other hand, samples S32 to S43 were compositions each containing 5

30 mol% of the second crystal phase. Among the factors a to f of the compositional formula

of the first crystal phase, the factors a and b were slightly different from sample to sample;



JJ 00911The analysis results are indicated in two right, columms of
FIG 11, In these columms; the term"1115" refers to a "1115 phase
(KTi NbO5 phase)"; and. the term"1319" refers to a "1319 phase
(RT13Kb()9 phase)""As is seen fromthe ﬁzal ysis results, either or
both of the 1115 phase and the 1319 are forned as the secondary phase
of the piezoelectric ceramic conposition. In particular, the 1.319
phase is eofid 8r dilonrfedoas tb Heveseabadatiyly dibfihas e Hurdih, aheladld tiagtheafame

the additive t al 2] The . above- expl ai ned . sanpl es of FIGS. 3 to
9, incl ud?ﬁban?niﬁﬁgog&kg&gé‘]@g qi‘?@tlci’,nt%%y wevepredliced by. using the
secondary e [ r ki~ t 1 .
rocess, Iomaly Teae e Y RER sls el Bo 803 HE pREOE KRl BPramic
f or m ng t henpecondemybephvasidedatitarsifflciaftlylgbbds ppdrastéssity tht edditidd 30atanght

TI 40, M xi 20 i terial with.t i n- ph
mat i | PROSEEDCHEED S BLRTRG & REPRSoON PR Mo REDeF 7 BFOD MR ep
TI 60 it (rﬁarég%ﬁlleﬁé?,czfrt(%fg&orllil?rﬁ),whke(sﬁ@&gWz&cﬁw&nﬁfunﬁ)hﬁld%%ismuﬁ%) as the

respective sanple o 0. the 1319 phase was converted fromt
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13, the applicable voltage is considered as a measure of the insulating properties of the
piezoelectric ceramic composition.

25 [0089] The applicable voltage of each of samples SO3 and S04 containing no secondary
phase was 3 kV/mm; whereas the applicable voltage of samples S08 and S05 containing 5
mol% of the secondary phase was 7 kV/mm and 9 kV/mm, respectively. It is understood
from these experimental results that the insulating properties of the piezoelectric ceramic
composition can also be improved by the coexistence of the structurally stable secondary

30 phase (second crystal phase) with the first crystal phase.

[0090] FIG. 11 is a diagram showing analysis results on the second crystal phase of the

piezoelectric ceramic composition. In FIG. 11, first four samples S06, S08, S10 and S12
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coupking ﬁléﬁeQHctﬂ&}Bropernes (piezoelectric constant ds3 and electromechanical coupling factor
kr). The piezoelectric ceramic composition can be thus provided with good properties
even when the secondary phase is either of 1115 phase and 1319 phase after the baking.
[0093]  FIG. 12 is a diagram showing analysis results on samples of the piezoelectric
ceramic composition produced by mixing the secondary-phase material formed of 1319
30 phase with the main-phase material. The content of the secondary phase was 3 mol% in
sample S51 and 5 mol% in other samples S52 to S57. Further, no additive metal was

added in samples S51 and S52. Each of these samples was produced by, in FIG. 1,



after the thermal cycle showed a | arge decrease rate o :about 70%in
sanpl es 504 and S31 containing no second crystal phase. On the other
hand, the el ectronmechanical coupling factor hr after the thermal
cycle showed a sufficiently snall, favorlbl e decrease rate of about
10% to about 26% Thus, the pi ezoel ectric ceram c conposi tion

contai ning: the 20second crystal phase does not show excessive

property detend oration-guwenmahenl siuls10gihact ihatdphanpBklne YC4@ raRchL@e
he suitably applicable for uses where high heat resistance |s desired

(such as &%A I¥ RoaHsRCHAGV AN EwrBustnberf presslinstepehiofrand baking the
Descri pti %ﬁftﬁ%%’&@d PH RS tepg'P 14P09%; Lep @gfhle%ﬁ 8@ r%&lt%ﬂma@gs S51

Through hole 2 r| ca portion 2c: por
2e: G oovesSF, thmubmiarylghesh eey d 349 phass uh aidhngmpleat eFurt218r saxnples S51 to S57

' nsul at | ngorg!)me(? good electrical properties (relative dielectric constant £33 /g) with good
piezoelectric properties (piezoelectric constant ds3 and electromechanical coupling factor
kr) (not shown in the diagram) as in the case of samples S35 and S36 of FIG. 11.
[0094]  FIG. 13 is a diagram showing experimental results, on different samples S61 to
S81 from samples S32 to S43 of FIG. 9, about the influence of the additive metal on the

10 properties of the piezoelectric ceramic composition. In the top section of FIG. 13, the
properties of the comparative example samples S04 and S31 are indicated. Each of these
samples were produced by preparing and using the 1115 phase as the second crystal phase.
In samples S61 to S80, 5 mol% of the second crystal phase was contained. The second
crystal phase was not contained in sample S81.  Further, two of Ca, Sr and B were

15 contained as the element C of the first crystal phase in any of samples S61 to S81, other
than samples S69, S72 and S76. These two elements are indicated in the column of
“element C1, C2” of the section of “first crystal phase”; and the factors for these two
elements are indicated in the column of “factor d1, d2”.
[0095] Among samples S61 to S81, last two samples S80 and S81 were each a

20 defective piece as the composition was not sufficiently closely packed during the baking of
step T160 of FIG.1. The reason for this is assumed that: the factor e for the entire A site
was 1.12 and was too large in sample S80. However, both of sample S79 in which the
factor e was 1.09 and sample S78 in which the factor e was 0.98 combined good electrical
properties (relative dielectric constant e33' /go) with good piezoelectric properties

26 (piezoelectric constant d33 and electromechanical coupling factor kr). In comprehensive
consideration of the results of FIG. 13, the factor e of the compositional formula of the first
crystal phase is preferably in the range of 0.97 to 1.10, more preferably 1.00 to 1.09, when
the additive metal is added in the composition.
[0096] As is seen from FIG. 11 and FIG. 9, the piezoelectric ceramic composition can

30 be provided with sufficiently good properties by the addition of at least one metal element
selected from Cu (copper), Ni (nickel), Co (cobalt), Fe (iron), Mn (manganese), Zr
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that, even by the addition of Cr (chromium), the piezoelectric ceramic composition can be

compared to the properties of comparative example samples

provided with the same properties as those by the addition of Mn (manganese).
[0097]  FIG. 15 is a diagram showing results of thermal cycle test on samples of the
piezoelectric ceramic composition. Herein, three samples S04, S31 and S32 of FIG. 9 and
eight samples S61 to S65 and S67 to S69 of FIG. 13 were tested. The thermal cycle test
was conducted on each sample as follows. In a state that the sample was placed in a
thermostat, the piezoelectric properties of the sample were evaluated (see the column of
“initial value” of the section of “electromechanical coupling factor kr” in FIG. 14). The
sample was then subjected to repeated thermal cycle of -50°C, 150°C, 20°C, 150°C and
20°C at a temperature increase/decrease rate of 2 °C /min.  The holding time of the
sample at each temperature was 1 hour. After that, the piezoelectric properties of the
sample were evaluated again (see the column of “after thermal cycle”).
[0098]  As seen from the results of FIG. 14, the electromechanical coupling factor kr
after the thermal cycle showed a large decrease rate of about 70% in samples S04 and S31
containing no second crystal phase. On the other hand, the electromechanical coupling
factor kr after the thermal cycle showed a sufficiently small, favorable decrease rate of
about 10% to about 26%. Thus, the piezoelectric ceramic composition containing the
second crystal phase does not show excessive property deterioration even when subjected
to thermal cycle and can be suitably applicable for uses where high heat resistance is
desired (such as a knock sensor and a combustion pressure sensor).
Description of Reference Numerals
[0099] 1:  Knock sensor

2: Metal shell

2a: Through hole

2b:  Cylindrical portion
2¢c:  Seat portion

2d: Threads

2e:  Grooves

3: Insulating sleeve

4: Insulating plate



2,546: Base portion Arrow indicating vibration direction 48: Arrow
indicating spindle rotation direction 100: Piezoelectric ceram c body
200; Piezoelectric element 30301, :302: Electrode CLAIMS 1.A |ead-
;e piezoelec ric ceram c comnpositxon, c%ﬁpri si ng; a first
crystal |iaseef alkali niohatehantal ate type perovskite oxide having
pi ezoel ectiic properties; and a second crystal phase of

A-Ti -13-0 conposist e Iosuldmg(pMrere the elenent Ais an alkali netal;
the element B is at I,easBIt one of iKh and Ta; and the contents of the
elenent A the elfengntZoBleglil§ Sf§Mete not zero). Iliac

| ead-free piezoelggct KiLy68Lam c coinpositien according to claiml,
wherein the second crystal. phase contains at |east one of a crystal
phase represent edbbyEtacyrstlal phase represented by AlTi 3B109. 1. The

| ead-free piezoel e_ct?i C geramc conpo ition according to claim?",
wher 8i n the secofld ¢ SF%?‘QQF“BH&?@W% Yerystal phase represented by A
t.,,, Tii... Ebt. %08 property-adjusting RRidtgad- free piezoel ectric eeratnc
COMpCSi bOti according to'claim % erein satisfies 0:5: 0.15. The

| ead-free pc conpBosiWasber according to clan 4, wherein. the el A iskK
The | ead-fret, ﬂigezgfaltect ric ceram otnposition aecordi to claim4,

wherein the el emént A'is Cs; and wherein x satisfies 0<
10: Housing
10 20: Langevin type ultrasonic transducer

22: Piezoelectric element pair
23a,23b: Piezoelectric element
24a, 24b:  Electrode plate
25: Front plate
15 26: Backing plate
27: Center bolt
28,29: Conical portion
30: Ultrasonic radiation surface
31: Blind hole
20 40: Ultrasonic cutting tool
42: Spindle
43: Piezoelectric element
44: Fixing jig
45: Grinding portion
25 46: Base portion
47: Arrow indicating vibration direction
48: Arrow indicating spindle rotation direction
100: Piezoelectric ceramic body
200: Piezoelectric element

30 301, 302: Electrode



7. The lead-free IliezZOCl Catacresttion ainmor ng to -ny One of clains

| to 6, wherein the element Bis NI). 8. The |ead-free piezoelectric
ceram c conposition according to any one of clains 1 to 6, wherein
the content of the second crystal phase2?n the | ead-free

pi ezoel ectric ceram c conposition is nore than O not% and | ess than

or equal to 15 inol% 30 9. The |lead-free piezoelectric ceramc
conposition according to any one of cCaiamsS 1 to 8,

wher ei nni obatethnital ate type perovskite oxide of the first crystal
phase contains an al kaline-earth nmetal, 10. The | ead4ree

pi ezoel ectric ceram.G. Li. i . | aim.9., wherein the
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c 4- d = 1; and glaﬂﬁ i . .
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one net al L& B Qéj Catr%aot}%%% Cu, Ni, Co, Fe, Mi, Cr, Zr, Ag, Zn,
Sc and Bi, 13.A piezoelectric elenent, o prising: a.

pi ezoel ectric ceram c body formed of the |ead-free ol ezoel ectuc

cerani c cé )pos i leadchedpingdestanyerane wimmpisdionsctortdmgl clamd , wherein
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35 The lead-free piezoelectric ceramic composition according to claim 2, wherein

the second crystal phase is a crystal phase represented by A Ti1—B1+.Os.

4. The lead-free piezoelectric ceramic composition according to claim 3, wherein x

satisfies 0 <x <0.15.

5. The lead-free piezoelectric ceramic composition according to claim 4, wherein

the element A is K.

6. The lead-free piezoelectric ceramic composition according to claim 4, wherein

the element A is Cs; and wherein x satisfies 0 <x <0.1.

7 The lead-free piezoelectric ceramic composition according to any one of claims

1 to 6, wherein the element B is Nb.

8. The lead-free piezoelectric ceramic composition according to any one of claims
1 to 6, wherein the content of the second crystal phase in the lead-free piezoelectric

ceramic composition is more than 0 mol% and less than or equal to 15 mol%.



A process for production of the | ead-free piezoelectric ceramc
conposi don according to any one of clainms Lici 12, conprising:
preparing a first powder by m xMy and caleinatirtg raw naterial s of

the first crystal phase, prepafing a second powder by
m xi ng and cal cinating raw natertai sof the second cry stal. phase;
and formng the | ead-free piezoelectric ceramc conposition,

by nixingothe firsi léitﬂfré@pﬁf&lm@’r&nidﬁd\%@ws{ﬁoﬁ%@ccﬁ@iﬁ@&o HRY 8ht 8f claims
and then, nolding and baking; the m xed powder naterial,
1 to 8, wherein the alkali niobate/tantalate type perovskite oxide of the first crystal phase

contains an alkaline-earth metal.

10. The lead-free piezoelectric ceramic composition according to claim 9, wherein
the alkali niobate/tantalate type perovskite oxide of the first crystal phase is represented by
(KaNapLi Cg).DOy (where the element C is at least one alkaline-earth metal selected from
Ca, Sr and Ba; the element D is at least one of Nb and Ta; a, b, cand dsatisfya+b +c+d

= 1; and e and fare each an arbitrary value).

11. The lead-free piezoelectric ceramic composition according to claim 10, wherein

e satisfies 0.97 <e <1.08.

12. The lead-free piezoelectric ceramic composition according to any one of claims
1 to 11, further comprising at least one metal element selected from Cu, Ni, Co, Fe, Mn, Cr,

Zr, Ag, Zn, Sc and Bi.

13. A piezoelectric element, comprising:
a piezoelectric ceramic body formed of the lead-free piezoelectric ceramic
composition according to any one of claims 1 to 12; and

electrodes fixed to the piezoelectric ceramic body.

14. A knock sensor comprising the piezoelectric element according to claim 13.
15. An ultrasonic transducer comprising the piezoelectric element according to
claim 13.

16. A cutting tool comprising the piezoelectric element according to claim 13.
7. A process for production of the lead-free piezoelectric ceramic composition

according to any one of claims 1.to 12, comprising:

preparing a first powder by mixing and calcinating raw materials of the first
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crystal phase;

preparing a second powder by mixing and calcinating raw materials of the
second crystal phase; and

forming the lead-free piezoelectric ceramic composition by mixing the first and
second powders into a mixed power material, and then, molding and baking the mixed

powder material.



