; ope3ecc<6r TQU30 Decenber 2002 NOVEL MECHANOCHEM CAL FABRI CATI ON OF
'ELE‘CTROCERAM I ELD OF THE I NVENTI ON The i nvention rﬁhgé%s t t{tﬁ)
fabric m nol ogi cal | y demandi ng el ectroceranic it F%’P“E‘?f éh as
PbO- ba 3&\ r ferroelectrics with the general fornmula of Pb(B $")03,
wher e i s val ence cations such as My2+, Fez+, Zn2+, Niz+, Co2+, M2+,

Sc3+, Al'+ and In'+, and B" is high val ence cations such as Nbs+, Tas+and
W6+, and piezoel ectrics. The required elgectroceranic phases of perovskite

structure are farmed by nm xing . and reacting the constituent oxides in a
mechanocheni cal N@a‘éEﬁoMEﬁ%ﬁgﬁ HM BABRMoATHEONOF as pyrochl ore
phases, may or may not be inv n_t chem cal synthesis The
| oss of volatile conponents, ﬁtﬁ@@ﬁ%&m&y be avoi ded as the
reaction trlay be activated by nmechanical energy or a conbij natl ““\
mechani cal and thermal energies at roomtenperature or a tegnper m “ “\\“
considerably |l ower than the calcination tenperature in the|conv on(% o6
ceram c processing routes. Sintered el ectroceranics are fadrl cated b
di r ect | yFEHEPi QF BHE INVENTION t he resulting el ectroceram ¢ powders, while
all the phease-formng and powder gilling steps prior to sintering are
preferably omtted. The mechanochem cal processing techni que of the
inventio onet er
%?ﬁ&eﬁ?&ﬂeﬁ?e@% g fzﬂg{ﬂ%ﬁﬁxeoft& olGgiEAly i %%&F%gleaf\ggﬁﬁﬁc b eﬂ &\

to mcro In sitze, W avi ng re-reac ng oxi es or

nonoxi desudhtasdPbO-bised m&ldxcatfmdm&rsawr«he\gbmﬂ fbﬁmﬁil SDBH(BAR WsY.,s whereasved i n
synthesi zing the ceram c powders via other fabrication routes (e.g.

Col unbi t@lﬁﬁtme catigng speh) assMgt eF&d Zax e BT deer. A osSCatAHﬁé-‘ltFllfb\A/@ﬂd B”

t at h 5 ll, t.h
hduct r i 5y D ShRAM SRtk R R AR R P, BP el T ey e
| ead oxi @%c@éﬁﬂnfcei(ﬂ?d&% of §¥er SRk RE tstrh&tbire( BreTforMN, bpr}‘kl axﬁnftaaM\gL R\ PT)

and piezoelectrics (e.g. PZT and PLZT) are functional materials
i ndi spensaimtituent Gitdés mxaomcbmocm)ﬂ@alzeaqmoaIcmlnerdmtlmnd:rhate cempowds,cuenas

m croel ectropj c devices. The ex i bit a perovskite struc

dermonat r VOCTIore e, Gt 1A, 7ob Pl Ry GRS HE b Bl uORea o p PRt | s,
dependi ng¢ QE'Ia{iﬁ%oI-r%)Bﬁerﬁ‘@ qu&oameaﬁl Phon ny u%h%%dra@&@ Beoh thay 1R iith&d ed
ceramic form For éxanpl'e, PVNbased rel axor ferroelectrics are

char act eibyzmdchapical eeergy hirgin cdivbiretibniaf mecishial ad tAGmA0Ghergivd dir wach
maxi ma, together with a high electrostriction coefficient. PZT exhi b| ts

some of (§TBPGTRYTe ploditeraBsalus; eonsidesably dQwes than the calcination; ewperapire g the

appl i cat or
2B 1 ot R ARyl PARAAS P IoEHRAOELEEH FL 6Pl SEURRRABRS, SRR O S
prbcessi rbapigghebsin@tihf thegbsuling cedttoabiai¢ yovaders, hetle allekdplisgerésmangatde

m crostructure and propeirties of resulting el ectroceramc vary

consi der &QW% T HHNgN epo PHAL LM Sintering A mvﬁwﬁdxefumﬁtéqi aXbe m@hamh@@tqal cs as
exanpl e, (prS er en a{e%H?itgue Pt?l% u];v%lrjl{loﬁ ¥R F2e used%? éccﬁi'ufcé Ee) erf%%ro br ' at ' Wibrs

rout es: céram c proce53| ng i nv vVes

m xi ng ofofthbforfiétes ol ARtrERsétSEin] sﬁmaﬁﬂhbmqmvﬁlgaaq;ré-@sa@ﬁ the gtabthproieaedriph- by a
calcination treatment at internediate tenperatures in the range of 700 to
1000 C, foxideswedn byemnddiatmgnmeratuhre which rseaémoﬁdﬂwayrsamcdvqshmwst siziog tho

M Lej eurfBrandpoydets 3 qiBit Bbrifhuin d0uRR e GO BtLe Meid): #hd (ghSneied T ©
pp. 99- 10%1ec(ﬂobéraﬁ@s‘éf'ﬁfu&ﬁ IR Qﬁ%r%'t drffes MRMidhdse %du%dg afllﬂ?e currentl

conventional m xed oxi de net hod eby the cons~|tuent 0 and NbzO05 are
first m xsed andstriebparbeehs¢soget her to formthe col unbite phase prig to m xing
and reacting with PbO See, for exanple, S.L. Swartz and T.R Shrout,
M~tterials Research Bulletin, Vol. 17 (1982) pp.1245-1250. Simlarly, the
perovskite PMN pl xase may al so be synthesized by pre-reacting PbO and Nb205
before MO is m xed and re~.cted in. See, for exanple, J.P. Guha and H U.
Ander son, BAQWGROUND ADE THEINUCENTION Soci ety, Vol. 69, 1986, pp.c-287-288.
Both of the two processes inevitably involves nultiple calc¢in~tion and
mlling steps, before a PMN ceram c can be made by consol i dating the

resul ti ngg gl éeFa?x?‘é{}\gp&ﬁ ﬁP%@%Ecld%fbaE‘%f Ve V\k%e?ro%fecml('ég PRSI Gk N

t enper at ur e; Str sor i's first
synt hesi ZBOINPZNANG a8fl pleh6elsomiyg (&\@tpz:h&m Mmﬂb@-ﬁlﬁéhdn@%ﬁém:ﬂy fidispénsable
co-precipitation, sol-gel routes, citrate, oxalate and partial oxalate

nmet hods. P~rovsk|te ceramc phase is then formed by calcining the resulting
chemi cal precursor atan internedi ate tenperature, prior to shape formng
and sintering at a high enough tenperature. See, for exanples, F. Chaput,
J. P BOI I ot M Lejeune, R Papiernik and L. Hubert-I|~fal zgraf, Journal

~ N 1 o NN NN



3 " of American Ceramc Society, Vol. 72, 1989, pp.1355-1357; Y.

Yoshi kawa~and K. Uchi no, Journal of Anerican Ceramc Soc'?g‘t‘échoéér 26%
1996, pp.2417-2421; A Watai 7abe, H Haneda, Y. Moriyoshi; S P§;Pnrasal%i
Kuranoto and H. Yanmanura, Journal of Materials Science, Vol.. 27, 1992,
pp. 1245-1249; J.C. Ho, K S. Liu and LN. Lin, Journal of Materials science,
Vol . 30, 1995, pp.3936-3943; and (iv) nolten salt nethod, in which the
required perovskite PWN phase is synthesized by reacting the constituent
oxides in a nolten nediumof Iow nelting point, such as KCI', NaCl and PbO

See, f or ine3l@epl alkthe gleckanig padrmicrneleppmiadeyices. Wieytsxhib@er parcskite structure

I nt ernat | . Vol. 15 989. . pp.289-295: H M, Jan S. H. and J. H.
| V~oon, o({]u(?er% ns'gr?te,&ﬁ%lruf élaeﬁecgecr g‘ﬁ?o(??egﬁg’l a@fi??“ b?&‘cg%?pefﬁéz?%ﬁﬁﬁ£§%9%§?e These
four typegpethdRbRPESELNGS pRistErctafiedRNMhSiftefA kst Ty, I bkansie! PMN-TaNY

aspects, ‘including the types of starting nmaterial requirediand the ability
to del i vbased repxarderroplecirecs @rd aherapeNzegsnteverp highaliadeatiid cansiphtcd 5200) and
therefore in the mcrastructuyr nd el.ectrical. rties of siniered PWN.
Vbst of - DR et oetier yitf atish SREeSulionsorBisicBl PATe Bl some ot MR gani o
or or gangaglald ipieZbRBdHkie2hRopetids Nre@irdt tih 2l8S apfith@6dsd8icANd ahkomLdes. as
the starting materials. They are rriany tinmes nore expensive than the

i ndust r i alecharoalactricakiedsorpandlatsatamd many of these cherinicals are highly

sensitive to noisture and therefore are difficult to handle in a |arge
production scale for industrial applications. Furthernore, ral nost all these

wet chem k es. a [ i 0 I i.el.d and
st of CANORADSE HPAEERTT et Rur b hilolicl W SR MITIHELAR s,
convent i afthdughah@siiabiitpefhedenechhiubeand the fidibstasture hriepropsiievfiresudtingri xed
oxi de route involves m xing and cal ci ning oxi de powders at an internedi ate
t enper at Glestragesrnaiq yaw fQB¥Egrgbly{rom ang te #o éJsfl%lgMéHbaéﬁfb@i%e@rra?#@n% ase,
al t hough i nexpensive oxi.des, are, used- as Lhe s {0 terials.

2ppl | 0SS PBRABIe iR pfe e RLERIRE B bt BB LGB bratni or e
phases ( %e&miEB%%%gwecmwpw&h itlvd3diNREQ thd gtar&ilaﬁ oRIR PoRARLEHs BN
powders and it is inpossible to elimnate themfromthe sintered

el ect r oceeating thefhiogethersbyed ¢abaindtips ingatmenibattifferneasiie reriperaglresindbelrapge dé

te i | le in f i i PbO- b d I f llectrics. .Th
SRR R AR S R o - e R R N
PM\- basecﬁnﬁ%hﬁé&ﬂ{g\,\%%}{igﬁkﬁ 'Fgelﬁg&x&&ema foRstanipte Y0IaE Sjefhd s | PSBEisICOVeEry

in 1982 by S. L. rtz and hrol ut, see Materials Research Bulletin,
Vol . 17 (CaBjcs pintet2ationdl500l. i% EISRe ppd®9edl3; (@) Golfkbiteanetbod ofhiph edoari nant

perovskite phase. However, it is associate ith such fetal disadvantages
e The . mefihcpRaias conistionalansPede At teR o e Forarit YD and
required, j ] i Jo G3i¢ ixi d
o 11 bl GRLRS AU AARB R0 Lo & B pRETribE R miving and,
Moul son assktihg Mvitldd®bioe See( fdr extmplze S SwartLhamd el Stirdut iV teridlo Rbsearci 990) |
contanmination in the level of 0.1 to 2 w%is commpn under -normal mlling

condi t i oridulletin; ¥ol.d 7{dP8Anpelitani2a0s Simileplyt themerayekitn BN phiase anaycalso be

material s, a ul t . 1 I .1 St 1 CS [ [
terer at VA2 B Picistuste YhaB R ABMCH oS b Bl dfiSepded I S26. 20

Col unbi t eexdfipley 88, GMM RAVIET Andésor) dsurfeg N ABRABASCErahRISIcREE ML Y69 Y988, M
Wan, J. Wang, L. M Gan and S.C. Ng (acc;gt ed for publication in Journal of

Al | oys arpp-€38Ha8hdnth obihe twe progessesipevitpltiavolves multiplerval¢ination and millipgbl e
for produci ng, high-purity PMN, ~s a result of .the contam nation by ei.ther
the Flux Srpsekeiotea BN b esan o, mpd By e HAd fer BF AR HEG it o
the pri nvﬁaw&%?gérbv&ﬁe kudsréat ARisigriRMEARda B RRRR ciRnadiy RfuBisaWhére
material s over the last two or three décades are: (i) lowering their

si nt er i nga Phiippreatrsoss firsinyhtiiésized ela anerndithengaryswenebémisyry desddopetep buchasas
possible in both pre-reacted powder te and.sintered ceramc... .

Unf or t unafEPiFCIPHING: It-BEHRUERS 15 8{:3['\{‘%9 @%‘? ﬁ’f‘é‘éﬁ gEdpte g&?&‘l?%‘?#ﬂ?‘i%‘ma?ﬁ% ed,
al t hough ef - dexat i i )W gener al
ppr oachclr et J5 tha FnBe 1 ERERECURL el WBhA pREws, ot M sHeyae

per ovski t empeaswreapribie shhpe farmingraddesingling at afhidlr emafgh demgpéragiraitSeee brPVN

at a lowered sintering tenperature; .and (h) jncorporating an effective
dopant or Al Fnihapydi i -Roilop bﬂo‘%ﬂe%aéiﬁap“fé‘“k ﬁ%‘? beHB&ék‘%faéZ%?@ tle and
at the same tinme to inprove the sinterability. The first approach has been
practiced by adopting various wet chem stry-based processing routes as
mentioned earlier and has not. led to anything practically useful for the
el ectroceram c industry. The second approach | ooks attractive, and however,
it has not materialized anything significant to the two priimary objectives.

o b1 n 1 I r
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6 tenperature or a tenperature above or bel ow roomtenperature in a
mechano~heni cal reaction chanmber, instead of conventi ona& gal ci nat i at an
el evated tenperature. According to the present invention ?h@?‘éeml%erng)@@i ded
a nmethod for producing ~n electroceramc material fromits.constituent
oxi des, the nethod conprising the steps of m xing the constituent oxides in
an appropriate ratio as required by the electroceramc material; formng an
el ectroceram c powder of perovskite strucfure by rrechani cal activation or a
conmbi nati on of nmechanical and thermal activations of the m xed oxides;
shapi ng phémsriea Coamicapedepoieler2 1988, pp. b}SéeWSBoXyYWm]@WﬁS‘dﬁe‘ﬁ@th%ape;
and sint S e I 3V, n al so
% of Rﬁleg&ﬁle@er% )Sog{ ?t?g6 -ZE?E lg be! i1\ lglgrtl(fd

provi des ectroceram c materl a ’proda estri t he

i mredi at Q’l Mopivested. SmrmkﬁgrmmomIHWUMMfﬂite% elHENTIPIN The
present invention details a nmechanochenical fabrication technique fpr

el ect r oc@7.dfP2, pmh%ﬁﬂ%% JSQJ(HQ KsS .o andEN dLingloysel ofiMateials §@§mqec¥0hv39h t he

Pow val et Bhdo Bl i waybs s aslfa g Wich e i PRioviite PR BsE ) 5,
and In' +is QRtheBzed §y FEagtrhg/ ﬁ&l&z%ﬂﬁﬁltﬁéﬂ oQfA8s £ Moftén Megitim Jﬂéﬁ/ ﬁ@l@ng\b&mand/ or

pi ezoel ectrics with e general fornula of Pb(Zr, XTiX)03 (x varres fromoO
to 1.0) wdhhs&ClyNa(Blcanﬂ PbiOn See, forrexamplag I%ldl@tayma,d\d Abe @l i, Coramiigs ng of

e Rl &a@m R AAE O R R

for a i YapueheebaResal vslrrps»svgbzg&qb 2-6f apabl guiypdid hrd&ési ule'Tor

et hanol or any ot aque s or ’non- ueous soO g:zZir n| a or any
ot her PMN are considerably different in many aspects, including the types of starting material

required and the ability to deliver a sintering-reactive PMN powder of perovskite phase and
therefore in the microstructure and electrical properties of sintered PMN. Most of the wet
chemistry-based processing routes use high purity inorganic or organometalli¢ chemicals, such
as nitrates, chlorides and alkoxides, as the starting materials. They are many times more
expensive than the industrial ceramic oxide powders and many of these chemicals are highly
sensitive to moisture and therefore are difficult to handle in a large production scale for
industrial applications. Furthermore, almost all these wet chemistry-based processing routes
are very low in production yield and most of them have yet demonstrated any significant

advantages than the conventional ceramic processing route.

In contrast, the conventional mixed oxide route involves mixing and calcining oxide powders
at an intermediate temperature and subsequently milling the pre-reacted electroceramic phase,
although inexpensive oxides are used as the starting materials. Its application is, however,
limited by the inevitable occurrence of pyrochlore phases (e.g. Pb3Nb401$, Pb,Nb,O;, and
Pb,Nb,0,) in the pre-reacted PMN powders and it is impossible to elimina,lte them from the
sintered electroceramic. This has effectively made the conventional mixed oxide route
inapplicable in fabricating PbO-based relaxor ferroelectrics. The Columbite method, which
has been dominating the fabrication of PMN and PMN-based relaxor ferroglectrics over the
last 15 years since its discovery in 1982 by S.L. Swartz and T.R. Shroht, see Materials
Research Bulletin, Vol. 17 (1982) pp.1245-1250, is able to deliver a PMN powder of

predominant perovskite phase. However, it is associated with such fetal disadvantages as the



30" h Decenber 2002 7 balls as the mlling nedia. To achieve mxing, the

wei ght ratio of oxide powdersaolvent:balls is controlled ferabply.

1:1;2 and milling time is adjusted preferably in the ranagﬁg?cﬁﬁéé%%ga§o
hours. The ball mlled slurry is preferably then dried at ~80 C for a few
hours to drive off the solvent and the as-dried powder m xture is then.
ready for mechanochem cal reaction preferably in a high energy
mechanochem cal reaction chanber. The reagction chanber preferably consists
of a mear-re?ist nt cylindrical vial having one or nore solid balls inside.

The requittiiplce|caloinagiorr aif dniting &taps fsauied, awhifhs Gatsp eqnaaingtion dnhe

t enper at afdicd B I . a . r, hel ow
room t en%é‘?qgotcgrra@cf or e @ﬁ%&gyﬁé gléﬁlag@ﬁag%@%%ﬁg\gél&gg&%@tbglr'%‘tji S
subj ect eMoulzoh hendrelckanHerbertaElieviaddetamios, Chaprnaatdndn Hull, "Beddon, Cc B9ognd
thermal activations. The mechani cal activation or conbinatipn of mechanical

and t her sRtapigatiqmin; thilevelof Ook tor Wi is coyarnen wedeg noymal grillingtopditiens. ibéss 4f

i npact, ear, f t A i I r d,temperatydre at _or near the
cor 11 51 of TbpeicBs Hediosbsiths idicPafic Ml AnE SEHEPLRE ke PonaEE

bet ween giQikbedrisaas, tal Shfn@MnpdrgufRin Me RaldeSof 1200\tb B sovatli§ nedddidSforae be
performed by shaking the oxi de powder m xture together with the one or nore

sol i d baCblnibitetdaaveddlYIN posidetsans hed been demonstrated revently i PGt Wensl. ¥ang,
frequenc p.to 50 | es per ,second. .The mechan em cal .synt hesi an be
corp! ot el Moa st e ar e Sy bR s FOAPALDL LGS £ GONEoBESHATFe.
dependi ng, GBssh MoltehR8lt HettRIdGS hQRRARE P ik Migh-pilrit§ BRMDSsGdeduldoriké! ed
up to kg batch or nore for industry applications by varying the type and
di mensi onentahinatcin by el the fix oeactssdtb(legnived foafiatnsnd ihd peadvskite flese.
resulting el ectroceram c powders preferably consist of nanoneter to

m cronmeter sized particles and are rounded in particle norphol ogy, and
exhi bi t 1 [ . r it nQ | R t he
part i ol ot " i Eg Rl bl in @ BC AR P\ Phuspd B OB SR ST

di anet er o@dr the piseIwUIR thitetdeeadeannge (©f lok@rihg tROOsiMAing te&dpérhitués; iaRd iiYr een
density in the range of 50 to 60%theoretical. O her conponent shapes of

el ect r ocgliminatingresymechsyyrgchinse phase pepessibledy betreieeted poweder dtatrrmdypingsred | abl e
Cor f‘ﬁmng ‘%é;{%{{l};cr.‘ UG han 1, B §#‘&Q @3 H%:ct?]\éel)s ?a'as B n'sﬁé’cfegs%&ﬁy‘(:asﬁegv%@;ag@%gﬂ, astic

_ usron and i’nj’ection mo and casting _ and
tape cashufd)kffofts hav@B¥edaddvaftdOin tdkase thel Polfowibdawol g@fefaleaﬁpb&lchesgrﬁgn
30t h Decenber 2002 8 densities, the powder pellets or conponents may be

subj ect edyntbesiging & n¢ and sinfsrings¢agtjvapovdes oé peravskite phagg as thesativg matering

Fenper ot A8 PR OF SGELEBLE A Mt P R R SR e (g fngen '
conposi t iefBctRe d%loﬁ%f gﬁ@ﬁﬁg?a@diah@@%tﬂ slivedle pdrd skt 8GhdREAnAR the RBLET 1 al S
produced may include both fine electrocera~ic powders and sintered rel axor

f er r oel ecinrd todmandedhe gnerabalitgcThé fist afpréded-Has besh acted by thdoptingrcarione, t he
fine electroceram ¢ pasticles being produced, by the m xing and i
mechanoc HshCRSTISTY bA6E BRRCETnenouis S PeRHaRed SRiligEand Barinoh dstoranuiae

el ectroc ' ' i : t ' i yng of
t he pomdZﬁ%ﬁkgﬁggﬁgg%%ﬁgg%Eﬁ?%%ﬁ?@mé@ﬂgﬁggﬁgggagﬁggﬁgggg?gﬁ?ggﬁ%gg%%éhare
advant agdnuelet, dhapnstenaieriglized anythaptsigieficmns i the twhpemaryldtjecivas.e

advant ageously not calcined at! an internedi ate tenperature prior to shape
form ng and sintering and therefore the cotwentional postcalcination
milling of hniis AiiRagtNAMAIROMINY o6 b1 RAE fur R SLBRNEAPSE PF ErRRATEr S
prepared using the nechanochem cal techni que exhibit a high specifrc
surface gi€decletthibd Gk the 1ash twdity 60MBE yehrsdlt isdifflRuled Bbricdtcla BEE coRRfE dlithy
nanoneter to mcroneter in size and are al nost aggl oneration-free. As such
t hey nay dsesiti deserte thetheoretigat Malup,iaa thewapesnsiongl enixerhexide puty, exjthonedsemf t he

Phe. Cor uithf RaeR Ay I58 o1 U s Phohe RRICHLATCS ofCRGARS B0 &ribfas®”
ferroel eclifiined b Mhchhhn ARY WARneARN US phefk @is@zz%: (MEN aRG SHEARRABHAIR #- | oW

as 800 C. The present invention is advantageously applicable to the entire
rel axor eCmspindZPBhtent 7.#33,9 Bh{1I9P&) respsctivaly. hbe mardewatisnpatvia weochenustrge

PMN, PMNEPZN- PT and PZT havi excel lent e|lectrical properties._ lLevel of
Cont an nAEFSHIOFSHE RIHELEAITE gy Pt 5o e Boameyt ia s phEFon
sel ection and conbi nati on of the types and di nensions of mechano~hem cal
reacti on chanber and activation medium Property-degradi ng phases, such as
t he pyrochl ores, are advantageously absent fromthe resulting

el ectroceram ¢ powders alt hough~they may or may not be involved in the
nmechanochem cal synthesis process. Using the newy invented



f 30t" Decenber 2002 9 nechanochenical technique, sintered electroceranc
mat eri als and conponenets can be manufactured directly f W

avai | abl e oxi de powders by follow ng the.nuch sinplifi edEBH?IDEK:&%%LXr 2002

"m xi ng/ reacting-shape form ng-sintering” route. DESCRIPTION OF THE

DRAW NGS A nore detail ed description of the invention will :now be descri bed
with.reference to the acconpanying drawings in which: Figure 1 is the XRD
pattern for the PMN powder mechanochem cadly reacted for 15 hours,

indicting.that it i.s a high purity perovskite coppound. Figqure 2 is the XRD
pattern 8%?1e<fwewﬂw%%mna°s§ PheEPete f_[atlefi@@sesm encad; by the Tagh St Agne Aht

pyr ochl OfiRsPRASRisky ARREMayk" T bR HoBlA! 6 (Y SHKBEELAR frduSrPULE e ShOVS
the dielectric properties as a function of tenperature at varl ous

f r equencimeaufacturdIMMPNNFHassdishsed relXdB@nH PZ Tibdsedipiezoblee trivs ghhiohivéntionally

clearly shown ! blé t he excellent dielectric properties. Figures 4 is the XRD
pattern Pucesspdelgctigegranps/roydgpexlyibip a veryhigibsiperingieapgrbianowhish has failedict ed

Lﬁ; s éO h ﬂl%rpsrimalr{/] gf)]%awqu lgvpeat‘ftng e gﬁtel%léqegﬁet%u[ré Fof uB& iRV Lllg)?er AMPYeds y._gl.DT
MLCs). N

In the newly invented mechanochemical fabrication technique, widely availdble and low cost
oxide powders may be employed as the starting materials. Electroceramic powders of
perovskite structure, such as PMN, PMN-PZN-PT and PZT, may be synthesized at room
temperature by mechanical activation, instead of one or more calcination treatments at
intermediate temperatures. Pyrochlore phases, which occur in the PMN and PMN-based
relaxors synthesized via almost all other processing routes, may adyantageously be
completely eliminated from the mechanochemically synthesized powdets. The resulting
electroceramic powders are nanometer in size and almost agglomeration-free and sintered
electroceramics may be fabricated at a much lower sintering temperature than that required in
currently used industry processes. This will lead to a revolutionized change in the entire
electroceramic industry, while all the intermediate calcination and milling steps are omitted.
Accordingly, the uses of electroceramic materials in co-firable mulitlay¢r electronic and
microelectronic devices will advantageously be widened by substantiai}ly reducing the
production cost when the very expensive electrodes, such as platinum and palladium, are

replaced by much cheaper ones, as a result of the lowered sintering temperature.

SUMMARY OF THE INVENTION

A fabrication technique is provided for the manufacture of electroceramic materials, including
for example PbO-based relaxor ferroelectrics (e.g. PMN, PMN-PZN-PT) and PbO-based
piezoelectrics (PZT). The techniques advantageously use low-cost oxide powders as the
starting materials, and designed electroceramic phases of perovskite structure are synthesized

by mechanical activation or a combination of mechanical and thermal activations at room



Figure 5 is the XRD pattern for the 0.9(0.4PWN-0.6PZN)-0.1 PT ceram c
sintered at 1000C for 1 hour, show ng that pyrochlore phg@eDggerg@e?%bzfrom
the sintered el ect~oceram c. Figure 6 shows the dielectric:properties as a
function of tenperature at varia,~s frequencies for PMN-PZN-PT sintered at
| 000 C for 1 hour. The excellent dielectric properties indicate that the
materials is of high purity. 30t h Decenber 2002 10 Figurée 7 is the XRD
pattern for the PZT powder nmechanochem cably reacted for 15 hours, show ng

that it i [ ' P wder, Fiqure 8 is t.he X ttern for. the
PZT cer alrtﬁgtn §a|mr111tg g r gg‘{ rﬁa‘%eyaﬂ%gt&?eoof %fto%rﬁ gm CTRBTRE R G “FEE?‘B?]?C‘?@Q % Pgh
purity PZRamb¥reinees®of @nRestishRDéAcifhtidn e afRicadd ¥mpdigutenvention further
denonstrated ~y the foll ow ng exanples, which are not intended to limt the

scope of this invention. EXAMPLE 1 Pb(M"3Nbz") O- POADER AND SI NTERED PWN
The startjng yaterials were co rciall vai | ab PbQ .My0O d Nbz0§5 of

r eagent QAPC;S%S‘ 16 thegpe B‘i’li“f'ffﬁlo%eéj%lsé’&)/%‘éﬁ%sa r&ﬁ‘ﬁf’%ﬁ’f péiﬁh‘éf{}wg F’&g@cmeFe
size in tifed ARG B coishifichl SddsOthe SRthad céﬂlﬁ{s@f{%the-g@ §gke a batch of 30
grans of Pb(M"3Nb2, 3) 03 powder, 20.58 granms of PbQ, E 24 grans of MyO and
8.18 grans of NbzO05 were wei ghed out and placed in~a | aboratory ball mll,
together with 30, grans of ethapol  and 60 grans .of zirconia balls of 5.0 .mMm
in diameter. THINERRLLONSYRER! GFKiREEL &N ARRIEPTIAL Talig 28 Bgirerhy the pleaigocsrmmi

fol | oned py.drying the slurry at ~80 C using a heating |anp. The as-dried
powder mi xture was ground using an agate nortar and pestle in order to
elimnate | arge powder |unps and was then passed through 40 nesh sieves.
Phase anal ysis using X-ray diffraction indicated that no reacti on anong the
constituent oXPHeag g glecEResHRNyE RewderPiprOVEdER UEHEE BygRerbanigpbactivation®rgr ans
of the p I, . I ¢yl i-ndri vial, of 40 mMmin

di anet er Oa‘é%?ﬁ%ﬁ?t%‘ﬁfﬁnq‘@ﬁ%%tap %g}grﬁgl?a%%v?th&é Ogo%l%&%gpf“dgé’ 12.7 mmin

di anet er. Mechanochem cal synthesis was carried out by shaking the
cylindrical vial using a shaker-m || operated at 900 rpmfor various tine
peri bds rangi rshaping theQeleotr@Branpigpewdthimtesa iedn bodit er a @aponént shaps gnd
constituent oxides was activated by the nmechanical interactions between
powder particle and powder particle anti those between powder particles and
solid balls orgyb@he W& dreen By drtvalpvRehtishspe mpact, shear, fracture, and
pressure or tenperature-assisted reaction processes at the collision
points. formation of the desired perovskite phase was conpleted via a

nucl eat i and suhsequent growth. of crystallites fromthe highl ctivated
powder i Wi PESSTFHBVSEOR) 415t §royadRtes Ec tRepBmin paigal o e g’ B Befiod'as
Decenber 7Q0%ed3n BRASESed4iES S ceHS 4 ay dif&actonmeter, particle size
and speci%i C seur?acE ar%a a?iﬁyczeerg%ér?hovm in Figure 1, the powder
mechanochem cal ly reacted for 15 hours~consists of fine perovskite PW
crystallites. No any other phases are observed, indicating:that the
formati on of perovskite phase is conpleted and | evel of inpurities is

m ni mal i %%Lﬁ an 15 hours, up to 25 hours,
dem)nstra]I)]eﬁ‘am%‘llzyﬁ(lji:rIg bpéhgé%ﬁﬁsﬁ;)feﬁ:‘l] |E:ﬁ(s)tl}}r1f ace area of 12.0, 18.9 and
20.1 ne/ g~ corresponding to an average particle size of 61, 39 and 37 nm

was neasured for the powders nmechanochem cally reacted for 15, 20 and 25
hour s, r ebheepresans igventipe detaly a maggbangehewial fabeicationatechuriquenips glecoaeyamisd

0.18 . ti | i | tteri 't i
't or ot BEETRS AUET b0 Bheed TP e e B b PRt EBRIR SERREH 10 ¢
the for matel QPN POINCPEKPRAN-PRRSET), where B’ is low valence cations Sl.?,ch as Mg*, Fe*',

Zn™, Ni**, Co*, Mn*', S¢**, AI*" and In**, and B”’ is high valence cations such as Nb**, Ta®"

and W%, and/or piezoelectrics with the general formula of Pb(Zr,  Ti,)O, (fx varies from 0 to
1.0) with or without minor sintering additives. It starts with mixing of the donstituent oxides,
preferably in the form of a powder having particles of nanometers to tens fof micrometers in
size, at the required molar ratio for a given electroceramic composition preferably by ball

milling in ethanol or any other aqueous or non-aqueous solvents using zir¢onia or any other



:The nmechanochem cally synthesi zed PWMN powder at 20 hours was uniaxi~l1ly
pressed into pellets in a hardened steel die of 10 nmin '@gg%r%erazto
pressure of 50 MPa, resulting in a green density of 58%i3 eoreti cal 13
g/cnB was taken as the theoretical density). They were subsequently

subj ected to an isostatic pressing at 350 MPa and then sintered in a
covered alumna crucible at various tenperatures in the range of 900 to 1

| 00C for 1.0 hour, with both heating and gooling rates being fixed at 5.0
Cmnute, Thig resulted.in_ a pne di.nensjonal  shrinkage in {he ran f 10
Co 150 Prlsdnerailine mrdecToadbisveixo PN salyanybals 721,
7.66, 7. 8800800t Ot P 91 9B WRRinRREA 26 SRH pldd | 950,
| 000, 1050 gn% 1 l?’%OOIC}?or 1.0 hourfn%r espfegcﬂ veP>l/). %ﬁ@ 1cgireﬁg§ipfonﬁ$gj a

rel ati ve5@lbowasty of 88.68, 94.22, 98.15, 99.02 and 98.52% t heoretical,
respectively. Mcrostructural characterization using scanning el ectron

m croscope supported the fact that the sintered density increases with

i ncreasi : - o : G

surf ace oy pACUBIALHES & pRE ol dHRt -4 COREFLAIIL UAIOMBACONGES o
~MN si nt gricthe ab-d1i8d gowdérahixture ik readip €ortiidhafiochbrnithl tesctionhefetablyFinir e 2.
It clearly denonstrates that the sintered ceramc is a high purity PWN and

no any i Rglienesgyphecharochemicabreactienichambgrr Eharepetionschambersprefesably eonsists i ¢
const ant Oflnd di el ecttri ¢ . ass as a fvuncti on _of ' terorg%agur.e.(?v t he range
from - 60°1 8 WEBTESIERA Y ngTigals Vit ey 9oe ©of MR SOBRntatt iRk o' i *ABEE C  or
1. 0 hour eleaodBRanid! Sithse! Sk NHeRrddfy 478féSiddRatTRIOR! temSerfURE W€ tnay ABo be

di el ectric properties of nechanochem cally synthesized PWN ar e dependent on
t he si nt eynshesited s 2 tpmpesaturdiatiaye or Bélow rodbe teomswture, foexampledrom 61C od065C t he

sintering,tenperature.. The matgrials sintered at, 900, .950, 100Q, .1050.and
1100 C f iheh S RIS SUKIES 15 SRS RSk In, WP SPETERIcAl ATHEHGN O (@MY iheion; s

13301, 14reRanidB8BieRAalhéR¢Rions. AR GEch Bt actBlatibiP8 ddobindtdn TREREARiSI
sintered at 950, 100Q 1050 and 1 100 C for 1.0 hour exhibit a room
t enper at ane tiirmak edtivationo et @aferabdy 't¥nevdted 9R0oneldr2B0re typsldf amghct, Xh84r,

together with a roomterrperatgre dielectric |oss {éhanS% of 0.8, t~.9, 1.4

) ) 0
and 1.1, firelipabigh/ers] pregsuregd tpmperpiyiseat of Bpat b sallisionpeintsihebvesamander at e
t he fact - ' j | ' [ ctly
i t abl & PRS2 ol b FERTAR R Hefien BRI B Tl B BELLET
t he hi gh wiille] Bii§ hia® be @egbAndESbiaRIngahe oxidghpoywddd alixfuketopRBdanac thervne ak | y
synt hesi zed PMNs are of high purity and the |evel of contami nation is
m ni mal . EXAREiEbdlsgnghowambesgtasyal i9)as.op eregireioagta FgpEneoup hHTP O

PONDER AND . SI NTERED .0..9( 0, 4PWVN- Q. 6PZN) -.0. .1 PT. The arting. materjals were
commer o AVTS® RUSHRRG DepBe T NsBs b SR 1 REB R At Gen
grade or fhingh fdw hdidtes Y t&istd hotirs! depeRdifX bel the lefectrbeedini@ Rkt Bican ol ar
ratio as required for 0.9(0.4PWMN\-0.6PZN)-0.1 conposition in ball mll

and the dglzasityussrlednem Frak batehior anore yort indestey applieatioas by a@rdog theytypelandwi ng
the pFocedure.detagiled in.exanple 1. Figure 4 i RD trace for the powder
nechanocﬁg'ﬁf’&%?qsyp%l ﬁ‘é%opﬁ@bcggfeaitﬁp% F‘%‘}‘mﬁﬂga fhat it consists of fine
perovskite PMN-PZN-PT crystallites. Perovskite phase is the only phase

detected by X-ray diffraction, indicating that the powder'is of high
purity. |Theaehilting electrageeamitipowslarsf meferablyeconsist dflndhometeay to puconespaimtidng t o
an average particle size of 65 n together with_an average aggl omer.at e

si ze of OP&Hclss ﬁ%@reﬁe‘gsdfﬂéap&w%ﬂw glogy.andieshivHga FURIY 5%96 %arﬁgl&der

i s conpa i p t.S 4 Iy J AR [ at a
or esaur o SERGGH PR i fer A BRHCE RS thorlofipled SRR AR B 1L
resul ti ngofilo ramgh dimetk@nsh piesaire rGth§adnige of 20 10D M) easultivg én & lpeden demdigr ed

at various tenperatures ion t he _rangghof 930 to 1100 C for 1.0 hour in a
covered aRthg ragepliel 19 @0% thegrgiical Bthey spmipereng shapepof eleptiggeramiqmay gasily and

8.01 g/c or. | hd L0 Lve i , . .38,

09, 75 and SEDBGHET Roarisnvng 1 b ARt bl Rty oy, SRR o5
950, 1000unidQ8Qbragdtatit PPessinkOpladticColtBink (extRBRAGINH Vg bdtion Theing), inBichstihg

maxi mum  30t"~ Decenber 2002 13 diel ectric constant (E nax) of 8515,
11270, 166B0D castingeand taps gastmgdl on arcevsrhinasiop exf dhese e Teliferthes timprovedhsir gmeen s, m
of 2305, 2507, 2535, 2692 and 2851, together with a roomtenperature
dielectric loss (tan8% of 4.3, 4.7, 5.6, 5.4 and 4.5, respectively, at 100
| ~Iz. Their Cuire tenperatures decrease slightly (from117 to 113 C) wth
increasing sintering tenperature from930 to 1100 C. An average grain size
in the range of 3 to 5 p. mwas observed using scanning el ectron m croscope
for the PMN-PZN~-PT sintered at 1000 C for 1.0 hour and XRD phase anal ysis
indicates that it consists of perovskite phase of high purilty, as shown in

. o o e



-30t", Decenber 2002 14 CLAIM5S 1. A nethod of producing an eiectroceramnc
material fromits constituent oxides, said nmethod Cpnpr'§@ﬁ§eEQ§%§EﬁE@ of :
m xi ng the constituent oxides in an appropriate ratio as required by the

el ectroceramic material; formng an el ectroceran c powder of perovskite
structure by nechani cal activation or a conbination of nechanical and
thermal activations of the m xed oxi des; shaping the el ectroceram c powder
into a green body or a conponent shape; and sintering the powder green body

or conponent, shape. 2. A pethod according to claim1l, wherein the

el ect r oc&naiies. tﬁﬁtper*%aw PelleEy GreRummOEs FRaNeb ot biected de a HOstabs e
sintered r trics and/ or piezoel ectr~cs of PbO-based
perovskiPlréegég?er(gf;%%@ef{damggei n the fine electroceranm c powders are produced

by mi xi ng and nechanochenically reacting the constituent oxides, and
wherein the sintered rel axor ferroelectrics and/ or piezoelectrics are

f abri cat &€he siptering of thsshaprdplectmegamiy paviles isireleiahly condydied Az fempseaiarg cal | y
produced. el ect r oc ! r . h ordi . | gl erein
the el ect? %’ger%ma%% (gﬂsﬁa@rt(eé %%gfi?aégpcf%ﬁigéaéﬁgéheg re?%(eal %’ﬁp;a?iélégvﬁ?teﬂécpﬂ%er%@r}er al
formul a phasEPinBoRed03 (e.g. PWN, PWMN-PT; PMN-PZN-PT), where B' is |ow

val ence cations such as Myz+, Fez+, Zn2+, N z+, Coz+, M2+, Sc3+, Al3+ and
In3+, and B" is high val ence cations such as Nb5+, Tas+ and W+, and/or

i i ith th |, f I f, P L XTI X)03 ( j f 0
Poc1o0) “The fegStaranimatiing pradsed Fingndie Bi6 e Setthéctubit pieBord g co
clai m 1, Guhel BlelixbRrBOkiMaS Afbr PlezbdlEctiit s PLOXIEEBpdrSvskité §thREhir ke fifk @

mechanochem cal reacti on chanber "consisting of a wear-resistant vial with
one or neleetremrdmicipatticiesibegigdeoduwad bytisanog wwdinahamehehegl wagiontdi¢he

o el O POUST 52 LYALE B one ok ML LRSS laehanicel,
¢ 2 Ak Bl 1o ool oLon po s belveen poer partle
vial walls. a
The mechanochemically synthesized electroceramic powders are advantaggously of pure or
predominant perovskite phase. These are advantageously not calcined atian intermediate
temperature prior to shape forming and sintering and therefore the conventional post-
calcination milling step is also advantageously eliminated. The electroceramic powders
prepared using the mechanochemical technique exhibit a high specific surfage area (typically
in the range of 5 to 50 m%/g) and are generally nanometer to micrometeﬁ; in size and are
almost agglomeration-free. As such they may be sintered at a much lower temperature than
that required by the powders prepared via either the conventional ceramic processing route or
the Columbite route. In particular, PMN, PMN-based relaxor ferroelectrics:and PZT may be

fabricated at a sintering temperature as low as 800 °C.

The present invention i\s advantageously applicable to the entire relaxor timd piezoelectric
families, as has been demonstrated to provide PMN, PMN-PZN-PT and PZT having excellent
electrical properties. Level of contamination of the materials may be further minimized by a
proper selection and combination of the types and dimensions of mechano¢hemical reaction
chamber and activation medium. Property-degrading phases, such as the} pyrochlores, are
advantageously absent from the resulting electroceramic powders although; they may or may

not be involved in the mechanochemical synthesis process. Using the newly invented



.30t h. Decenber 2002 15 5. A nethod according to claim11, wherein the
activation of the m xed oxides is carried out at a te@e%&hﬁre 0 L%O%[,IZ}]OC
to 500C. 6. A method according to claimi1, wherein the a &CFQR e
m xed oxides is carried out at roomtenperature. 7. A method according to
claim1l1, wherein the oxide powders are pov~dered materials with particle
sizes in the range of fromnanoneters to tens of mcroneters. 8. A nethod
according to claim2, wherein the particle size of said electroceramc
powder is in the range of from nanorreters to mcroneters. 9. A nethod
accor di ngrechanochsmical teﬁh’@ﬂ‘é‘? reiptpred flecttoceramia materipbinand corppanesets @n Bhe or

nore per ﬂﬁpﬂ; 10.
A et hod?lga(?:%%l% I ngﬂ{e a| m ?Ely %Lelﬁ%ﬁlo%ﬂée‘y d"ﬂ% I H\SW@E lﬁgécht %?%@gﬁ%dm C
powder cdn@xlngle@cﬁﬁ@slmpeGomnh@-stnte:mfgﬂlrdsmag or cast| ng the el ectroceranc
powder or ~ conbination of any of these. ' 11. A nethod according to 1,
wherein sintering is carried out at a tenper2~ture in the range of from 800

to 1400 C. 12. An electroceramc material or conponent formed by the method
accprding to any one of the preceding clains.

. A @. ALDESERITICROPTHETRAWINGRSS. Ah. A{y. A9Uy. AhE. A&U9. A&{ 6FG*_;
*=Ng' *. %, 14123f 33

A more detailed description of the invention will now be described withireference to the

accompanying drawings in which:

Figure 1 is the XRD pattern for the PMN powder mechanochemically reacted for 15 hours,

indicting that it is a high purity perovskite compound.

Figure 2 is the XRD pattern for the PMN ceramic sintered at 1050°C for 1 hour, showing that

pyrochlore phase is absent from the sintered electroceramic.

Figure 3 shows the dielectric properties as a function of temperature at various frequencies for
PMN sintered at 1050°C for 1 hour. The high purity is clearly shown by the excellent

dielectric properties.

Figures 4 is the XRD pattern for the 0.9(0.4PMN-0.6PZN)-0.1PT powder mechanochemically
reacted for 10 hours, indicating that it is a high purity perovskite PMN-PZN-PT phase.

Figure § is the XRD pattern for the 0.9(0.4PMN-0.6PZN)-0.1PT ceramic sintered at 1000°C

for 1 hour, showing that pyrochlore phase is absent from the sintered electroceramic.

Figure 6 shows the dielectric properties as a function of temperature at various frequencies for
PMN-PZN-PT sintered at 1000 C for 1 hour. The excellent dielectric propérties indicate that

the materials is of high purity.
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igure 8 1s the XRD pattern for the PZT ceramic sintered at 1100°C for 1 houy, indicating that
it is a high purity PZT.
Preferred embodiments of the method of the invention further demonstrated by the following

examples, which are not intended to limit the scope of this invention.

EXAMPLE 1
Pb(Mg, ;Nb,;)O, POWDER AND SINTERED PMN

The starting materials were commercially available PbO, MgO and Nb,O; ofireagent grade or
high purity. These powders exhibit an average particle size in the range of sﬁbmicron to tens
of microns. To make a batch of 30 grams of Pb(Mg, ,Nb,;)O, powder, 20.58 grams of PbO,
1.24 grams of MgO and 8.18 grams of Nb,O; were weighed out and placed in'a laboratory ball
mill, together with 30 grams of ethanol and 60 grams of zirconia balls of 5.0 mm in diameter.
The three oxide powders were milled together for 48 hours, followed by drying the slurry at
~80 °C using a heating lamp. The as-dried powder mixture was ground usiné an agate mortar
and pestle in order to eliminate large powder lumps and was then passed through 40 mesh
sieves. Phase analysis using X-ray diffraction indicated that no reaction among the constituent
oxides had taken place in the resulting powder mixture. 6 grams of the po“:rder mixture was
then loaded a cylindrical vial of 40 mm in diameter and 40 mm in length togéther with a solid
ball of 12.7 mm in diameter. Mechanochemical synthesis was carried ouft by shaking the
cylindrical vial using a shaker-mill operated at ~900 rpm for various time perifbds ranging from
0 to 25 hours. The solid state reaction among constituent oxides was activated by the
mechanical interactions between powder particle and powder particle and those between
powder particles and solid balls or vial wall. This involved the impact, shcar, fracture, and
pressure or temperature-assisted reaction processes at the collision points. Formation of the
desired perovskite phase was completed via a nucleation and subsequent grow of crystallites

from the highly activated powder mixture. The resuiting powders were characterized for
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phases present using a X-ray diffractometer, particle size and specific surface area analyzers.
As shown in Figure 1, the powder mechanochemically reacted for 15 hours consists of fine
perovskite PMN crystallites. No any other phases are observed, indicating that the formation
of perovskite phase is completed and level of impurities is minimal if an}". The powders
reacted for more than 15 hours, up to 25 hours, demonstrate a similar XRD trace. A specific
surface area of 12.0, 18.9 and 20.1 m%g, corresponding to an average particle size of 61, 39
and 37 nm, was measured for the powders mechanochemically reacted for 15, 20 and 25 hours,
respectively. Their average agglomerate sizes are 0.19, 0.19 and 0.18 um, respectively, as
measured using laser scattering technique. Intermediate pyrochlore phases were not observed

in these powders prior to the formation of perovskite phase.

The mechanochemically synthesized PMN powder at 20 hours was uniaxially pressed into
pellets in a hardened steel die of 10 mm in diameter at a pressure of 50 MPa, resulting in a
green density of 58% theoretical (8.13 g/cm® was taken as the theoretical density). They were
subsequently subjected to an isostatic pressing at 350 MPa and then sinteted in a covered
alumina crucible at various temperatures in the range of 900 to 1100°C for 1.0 hour, with both
heating and cooling rates being fixed at 5.0 °C/minute. This resulted in a one dimensional
shrinkage in the range of 10 to 15%, depending on the sintering temperature. A sintered
density of 7.21, 7.66, 7.98, 8.05 and 8.01 g/cm® was obtained for the PMN sintered 900, 950,
1000, 1050 and 1100 °C for 1.0 hour, respectively. They correspond to a relative density of
88.68, 94.22, 98.15, 99.02 and 98.52% theoretical, respectively. Microstructural
characterization using scanning electron microscope supported the fact that the sintered
density increases with increasing temperature from 900 to 1050. A dense and:uniform fracture
surface with average grain size in the range of 6 to 8§ um was observed for PMN sintered at
1050 °C for 1.0 hour, the XRD of which is shown in Figure 2. It clearly demonstrates that the

sintered ceramic is a high purity PMN and no any impurity phases are observed.

Figure 3 illustrates the dielectric constant and dielectric loss as a function of temperature over
the range from -60 to 160 °C at various frequencies for the PMN sintered at 1050 °C for 1.0
hour, as measured using a HP 4284A LCR meter. As expected, the dielectric properties of

mechanochemically synthesized PMN are dependent on the sintered density, which is



' 109%&' ()-!93"10%& ()-S4 5V555&6X6dE] @1 >% % 10%& ()-sf#"10%& ()-L

gLO%! () - 910% ()-Z YL0%&' () - 910%: () - X6~67899999xmbCT| >% &1 109BE. ()50,10 10
1099" 109& ()- 4"109%& ()-Y-"109& ()- & : 109%& ()-9-::: @Cb i%d&?%%@%&% 105
105 105s-"1096& ()- "1096& () - &s1096& ()- |

"10068& ()-!Y"10%& () - SdOWCy COCKDDIEVK@ >% 10&snt 109%6& () -pl " 109%B& () - m
"109&' ()-nt 109%6& ()-Y 109%6& ()- & y10%& ()- DDFFIL

12
controlled by the sintering temperature. The materials sintered at 900, 950, 1000, 1050 and

1100 °C for 1.0 hour exhibit a maximum dielectric constant (g, ) of 3331, 13301, 14550,
18083 and 17540, respectively, at 100 Hz. The materials sintered at 950, 1000, 1050 and 1100
°C for 1.0 hour exhibit a room temperature dielectric constant (g,,) of 9920, 11230, 12714 and
12185, together with a room temperature dielectric loss (tand%) of 0.8, 0.9, 1.4 and 1.1,
respectively, at 100 Hz. These dielectric properties demonstrate the fact that the novel
mechanochemical fabrication technique is perfectly suitable for the manufacture of PbO-based
relaxor ferroelectrics. Again, the high dielectric constants observed : show that the

mechanochemically synthesized PMNs are of high purity and the level of contamination is

minimal.

EXAMPLE 2

0.9[0.4Pb(Mg, sNb,,)0,-0.6 Pb(Zn, ;Nb,;)0,]-0.1PbTiO, POWDER
AND SINTERED 0.9(0.4PMN-0.6PZN)-0.1PT

The starting materials were commercially available PbO, MgO and Nb,Q;,, ZnO and TiO,
powders of reagent grade or high purity. Mixing of these oxide powders at an appropriate
molar ratig as required for 0.9(0.4PMN-0.6PZN)-0.1PT composition in ball mill and the
subsequent mechanochemical synthesis were carried out by following the plrocedure detailed
in example 1. Figure 4 is a XRD trace for the powder mechanochemically synthesized at 10
hours, showing that it consists of fine perovskite PMN-PZN-PT crystallites. Perovskite phase
is the only phase detected by X-ray diffraction, indicating that the powder'is of high purity.
It exhibits a specific surface area of 11.3 m%g., corresponding to an average particle size of
65 nm, together with an average agglomerate size of 0.33 pum as meas;ured using laser
scattering technique. The powder is compacted into pellets in a hardened steel die of 10 mm
in diameter at a pressure of 50 MPa, prior to be compacted in an isostatic press at 350 MPa,
resulting in a green density of ~65% theoretical. They were then sintered at various
temperatures in the range of 930 to 1100 °C for 1.0 hour in a covered alymina crucible. A
sintered density of 7.82, 8.01, 8.05, 8.08 and 8.01 g/cm’, corresponding toia relative density
0f 96.54, 98.89, 99.38, 99.75 and 98.89% theoretical, was obtained for the ceramic sintered
at 930, 950, 1000, 1050 and 1100 °C for 1.0 hour, respectively. They exhibit a maximum
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dielectric constant (g,,,) of 2305, 2507, 2535, 2692 and 2851, together with a room temperature
dielectric loss (tand%) of 4.3, 4.7, 5.6, 5.4 and 4.5, respectively, at 100 Hz Their Cuire
temperatures decrease slightly (from 117 to 113 °C) with increasing sintering t¢mperature from
930 to 1100 °C. An average grain size in the range of 3 to 5 pum was observed using scanning
electron microscope for the PMN-PZN-PT sintered at 1000 °C for 1.0 hour and XRD phase
analysis indicates that it consists of perovskite phase of high purity, as shown in Figure 5. Its
dielectric properties (dielectric constant and dielectric loss) as a function oftemperature are

plotted in Figure 6.

EXAMPLE 3
Pb(Zr, ;Tiy 4s)O; POWDER AND SINTERED PZT

The starting materials were commercially available PbO, ZrO, and TiO, powders of reagent
grade or high purity. Mixing and subsequent mechanochemical reaction of the three powders
for Pb(Zr, 5, T, 3)O; were carried out by following the procedures detailed in sample 1. Figure
7 is a XRD pattern for the powder reacted for 15 hours, indicating that it consists of fine
perovskite PZT crystallites. Perovskite phase is the only phase detectable by X-ray diffraction.
It exhibits a specific surface area of 14.6 m*/g, in comparison to 13.3 and 12.5 m%g for the

powders reacted for 20 and 25 hours, respectively. Their average agglomerate sizes are 0.20,

0.24 and 0.28 pm, respectively.

The PZT derived from the powder synthesized at 20 hours shows a sintered density of 7.44,
7.58, 7.73, 7.92 and 7.85 g/cm’, corresponding to a relative density of 93.00, 94.75, 96.63,
99.00 and 98.13% theoretical (8.00 g/cm’) when sintered at 950, 1000, 105(), 1100 and 1150
°C, respectively. Their room temperature dielectric constant (g,,) and dielegtric loss (tan%o)
are 1090, 1129, 1196, 1340 and 1205, and 3.4, 2.1, 1.4, 0.6 and 0.7, respectively, when
measured at 1.0 kHz. An average grain size in the range of 7 to § um was, observed for the
PZT sintered at 1100 °C for 1.0 hour, the XRD trace of which is shown in Figure 8. It

demonstrates that the sintered ceramic is a high purity PZT of perovskite structure.
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1. A method of producing an electroceramic material from its constituent oxides, said
method comprising the steps of:
mixing the constituent oxides in an appropriate ratio as required by the electroceramic
material; N
forming an electroceramic powder of perovskite structure by mechanical activation or
a combination of mechanical and thermal activations of the mixed oxides; .
shaping the electroceramic powder into a green body or a componerit shape; and

sintering the powder green body or component shape.

2. A method according to claim 1, wherein the electroceramic material includes both fine
electroceramic powders and sintered relaxor ferroelectrics and/or piezoelectrics of PbO-based
perovskite structure, wherein the fine electroceramic powders are produced by mixing and
mechanochemically reacting the constituent oxides, and wherein the sintered relaxor
ferroelectrics and/or piezoelectrics are fabricated by the subsequent shaping and sintering of

the mechanochemically produced electroceramic powders.

3. A method according to claim 1, wherein the electroceramics are PhO-based relaxor
ferroelectrics with the general formula of Pb(B’B’")O, (e.g. PMN, PMN-PT, PMN-PZN-PT),
where B’ is low valence cations such as Mg, Fe*", Zn**, Ni**, Co®", Mn?", Sc¢**, AI** and In*',
and B”’ is high valence cations such as Nb**, Ta’* and W*, and/or piezoglectrics with the

general formula of Pb(Zr, Ti,)O; (x varies from 0 to 1.0) with or without minor sintering

additives.

4, A method according to claim 1, wherein the activation of the mixed oxides is carried
out in a mechanochemical reaction chamber consisting of a wear-resistant vial with one or
more solid balls inside, and mechanochemical synthesis of the electroc¢ramic powder is
activated by one or more types of mechanical and/or thermal interactions including impact,
shear, fracture, pressure or a high local temperature at the collision points between powder

particle and powder particle and those between powder particles and solid balls or vial walls.
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out at a temperature of from 0°C to 500°C.

6. A method according to claim 1, wherein the activation of the mixed oxides is carried
out at room temperature. N
7. A method according to claim 1, wherein the oxide powders are powdered materials

with particle sizes in the range of from nanometers to tens of micrometers.

8. A method according to claim 2, wherein the particle size of said electroceramic powder

is in the range of from nanometers to micrometers.

9. A method according to claim 2, wherein the electroceramic powder consists of one or

more perovskite phases with or without varying amount of other phases.

10. A method according to claim 1, wherein the shaping of the electroceramic powder
comprises pressing, plastic forming or casting the electroceramic powder or # combination of

any of these.

11. A method according to 1, wherein sintering is carried out at a temperature in the range

of from 800 to 1400 °C.

12.  An electroceramic material or component formed by the method accc}rding to any one

of the preceding claims.



