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Electroceranlc Materials from Hydroxi de and Oxal ate Pre THE
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invention relates to the fabrication of electroceramic materials, such as
| ead zirconate titanate and barium strontiumtitanate, of high sintered
density at a lowered sintering tenperaIure. More particularly, the
i nventi on advant ageously provides a nethod for the production of
el ect r ocer anitethidd HfioghPpedsicing 'SintesedcElad trocetramit Matmdabed oxal ates
wi thout the use of any sintering aidsladditives. The direct processing

techni que al so advanfegapib)droxide arrd Oxalatea@recuprgersn mninizing the
| evel of contam nation in the sintered el ectroceram cs, due to the

elimnation of certain internedi ate processing steps, such as IBIIINIIIIIIIIIIIIII“IIIIIIIIIIIIIII
cal ci na \hse Il mlling of precursor powders.
THE II\I\/EIiI%II'gIB%E M@h@g such as lead zirconate titanate (PZT)s0d€ad
| ant hanum zi rconate titanate (PLZT) and bariumstrontiumtitanate (BST),

are technologically inportant materials in electronics and m croel ectronics
due to tTheé presendireeptien oelatast toithe fdlmicatieh et telectravedamiznyatetrialy, such as

el ect rorrec ani cal Pé@oel ectric_and optoelectrical properties. On the one

hand, hil§ sq‘rﬁPBPE% alg apd badiugh strentiHmitianater elchighsinteeed AsAgity Abanost
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electroceramc nmaterials via conventional ceramc processi ng rout es usi ng
m xed oxfeRFecikiatase Rydpxideg mnderaxa@lates TMithout oiet Hise \@ft rANYarginteringhe
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materials. For exanple) as a result of the high volatility of PbO at

el evat edduenipethi& wliownatidrerad ¢ertain sintprivfeidiatat plosessing $tepd, sxicdeas rthehe
producti o 11 B~Bl 9] ~d~ ot " cenper 2002 2 | ead-contai ni ng

Bl ect r ocERBRLEn Atk ukseRyent BRLTERIOL Sies e HEWdER ni obate PV at i gh
sintering tenperatures of >1200 C, leading to the formation of one or nore
pyrochl ore phases and therefore a reduction in sintered density. On the

ot her haBACKGRQIINDOFTHEINVENTION: naterials in co-firable nulitlayer

el ectronic and m croel ectroni c devices for nany el ectromechani cal
applications requires that the el ectroceram c conpositions be sinterable at
t enper at 0 AP t j ntly
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sintering tenperature. is envisaged that a reduction in the sintering

t enper at (1aderAls e'ﬂe@I?ﬁH@EIcﬁn@%d FRICEQSIQEtEONIFS (dugy ton their IW'Q%@'QZ@QI%”C _
Subst ! ! uidiiSligkirik oo FRRP NG, BlEROEE R By BRI AL T oBRSBA LA U

by much cheapér ones as Sil'ver per and

Ther ef or progétties Of tis®daedeired high Siaterat Yensity ahdt@%ﬂﬁlrﬁw@eﬁuo@un@ &eononi c
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powder prepared nainly via various chem stry-based processing routes; and
(ii) usi ngatarlalsmlarqqmgeailmih&ldmmmepcnfcelsewgmmlutemgsmgl mixedsowdeaasvmﬁ
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Unfortunately, many of the c emstry- ase powder preparation routes or

el ect r oceniamistraciare, @redoai latgedextentdut didaded uje preusshingsoutsycHusgh for
manuf act e cost and | ow production yield, which make them unsuitable for
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sinteri ng npera m¢c nmateri a S over onven

el ectrocer am c processing routes. The approach of enployi ng sintering
aids/additives is attractive in terms of being able to I OMIIIIIIIImIIIIIIIIIIIIIIIIIIIIII ng
tenperature of electroceramics by formng a |liquid phase at
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. 3 grain boundaries and grain junctions, as has been denonstrated for PZT to
bel ow 1000C. However, the sintering aids/additives are qfothﬁ_.pecd% Eri?&ﬁal to
the electrical properties of the el ectroceramcs, due to'the FOPRati on of a
secondary nonel ectroceram ¢ phase concentrated at the grain boundaries and
grain junction of sintered electroceranics. In addition to this, the
majority of the sintering aidsladditi vés suggested are extrenely toxic and
therefore are very difficult to handle in any |arge scal e production of

el ect r ocleadriantaiomgpelestrecerasiog shchylasRET t RLZ handdead nmagrasgaminiolsatet s as

the start] erials, precursorcalci LQn-ml | ing-pelleting-sintering is
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cal ci nat hand athd baé | ofnéletiroceratrdp snaterialsdiar co-firdbde malitayee @lectexhic and
el ectroceram ¢ phase and to adjust the powder characteristics. The

cal ci nat MigfostecHPBiqARYWEES RNIBRBY Aledrpmeghanical applicationseauires that the
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chem st ryfeg)ase _ reparation tec ues, rnc ing-very high specific
surface Riwsted Yiringakhperaguré wil aPpamtlywemw,Qﬂhmaddmmé@lys eHiminate, the
distribution. This is a result of particle aggloneration in the calcined
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Lange, see J. Aner. Ceram Soc., 66, pp.396-398 (1983) and WH. Rhodes, See
J. Aner. ekpensive Slectrodes, sysh. asiglaficumiageiipgliadam diyt muah cheapéroenes $udhng
process is ner al required jn arder to. di f he powder .
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parti cl esig@limgrmpeatiregifratecttaeramios witHouteaefifichog theedlgcieicahpropieetiey
conventional mlting such as ball mlling. Furthernore, a nechani cal
milling fhereprt a9 gredllyr oduces contanination into the el ectroceranic
materials. Contam nation in the range of 0.1 to 2 wt% is conmon under
normal mlling conditions as pointed out by Mul son and Herbert

(El ect r oqwoagensral 4pmrpacinesihave bdd takBr dreotier t@ R shd-einteringtechperatligo) .

Such high | evels of contam nation are unacceptable for many el ectroceranic
mat er i al ©f elrstiecergmics. preferaly ta thetangs of RE00QEJer BAT mstancrareRias Thesnt
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| east two advantages over the conventional ceram c processing routes: (i)
no i nt er maelting @oint| suely aandQir Bi.Rg, and gnesuteslin Bixturiohoyr aad bagusbApounds
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Lee, T.R Shrout and S. Venktanari, see J: MVat er . ., .4411- 4415
(1991 ), Wifedurnatly, haamheofdénsi lhiemaisirgroasedPpowdes prepanatian bputese for

ti f tit t ides in.a partiall t ed t. Si t h
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of substantially lower than those normally required by the traditional
pr ecur sorderaprstiaie; @ ignificagt gavaeages-i8ilaverng dhe sinteringitemperatyse obs  any

sinterin l.ds it : ' : i ' i.d a
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at | east one hydroxide and/or oxal ate precursor to forma preform

t her nal | yoweethe sigterng ianeperpidratof glentwgetamios hyfotminger kguid ohase at the



. 10t Decenber 2002 5 re-conpacting the preform and sintering the
re-conpacted preformto formsaid electroceramc materi al, Jhe | jon

al so provides an el ectroceram c material produced by thgoﬁéiﬁ%aﬂgyggée

I medi ately precedi ng paragraph. In a preferred enbodi nent, the invention

I nvol ves the use of fine and reactive hydroxi de and oxal ate precursors,

preferably prepared via coprecipitatiod from aqueous sol utions contai ni ng

desirabl e cations. The precursors are not calcined at an internedi ate

t enper at grainibouekideies tamdayrairdjunbtions] ey isgs béée demapistrated fof IRZRggbeiswy at i on

on densification of electroceramcs at _the sinterin teng;rature. | nst ead,

n

t hey ar e 180P&etHowenandae sinteringaidsfasiditives e oftgadedinpnat te hgelectigal

hent hePraayies LI SRuSEAtiaR e e Yolfellonalf  BoB ENL BAT ure”
in the ramgraebrABRCphase @BRcertfatb@VcthBYgrain’ BomsdarRet amdh graihgheétd b by
I sostatic pressing to further increase their green densities. Sintering of

t he i sosskiereselgctimcssamiescingddiion fodhisathe ragiosityt ofdke sintesingeaids/additivies ch

may advan eQusly be. 2 | ower hat_r | red | radi tional

ot scur SoPUOAFRRRAre TRy JUE Bnd 8RB ark SR AR eudrta BBl R ares
convent i @agle HoBEEfiSH Of BRICEoBEfdNMBcBMddratdel | eting-sintering route, the
intermediate calcination and mlling steps of precursor powders are
advant ageously elimnated and a | ower sintering tenperature nmay

advant ageously be used.in the present rreéshod. Usi.ng. t he present nethod,
hydr oxi defSed i‘\&@b‘PPSB’d'%@%’E}ﬁ reOnganic saks apAng iﬂﬁ&'"ﬂem@ PP cRracHrePr-
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bar i um stelesttdcerarhicsamhé rédiftsor ismprinallys preparedivin@ wetiemesrnisyry sbuted 8bich
t heoretical densi t%lgdat a tenperature of 1200C for 1 hqur. These sintering
t enper at @Se§ohoel, ralysisysBYroissmnal s’lﬁ’@%%t‘i’rappwqc&ﬁé‘ﬁ'of‘hefﬁ"Q‘M%‘% eby
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intermediate temperature unfortunately removes almost all the advantages offered

by most of the chemistry-based powder preparation techniques, including very high
specific surface area, ultrafine particle size and narrow patrticle size distribution. This
is a result of particle agglomeration in the calcined electroceramic powders. The
presence of hard particle agglomerates adversely affects subsequent compaction
and sintering behaviour of ceramic powders and results in a reduced density and the
occurrence of microstructural defects in sintered electroceramics, as observed by
F.F. Lange, see J. Amer. Ceram. Soc., 66, pp.396-398 (1983) and W.H. Rhodes, See
J. Amer. Ceram. Soc., 64, pp. 19-22 (1981). A post-calcination milling process is
generally required in order to modify the powder characteristics, e.g., the
particle/agglomerate size and particle morphology, before the powder is shaped to
a powder compact or a component shape and then densified at high sintering
temperatures. However, some hard particle aggiomerates (aggregates) can not be
effectively eliminated by conventional milling such as ball milling. Furthermore, a
mechanical milling inevitably introduces contamination into the electroceramic
materials. Contamination in the range of 0.1 to 2 wt% is common under normal milling

conditions as pointed out by Moulson and Herbert (Electroceramics, Chapman and



. Wth reference to the acconpanying drawings, in which: Figure 1 is a flow
di agram sunmari zi ng the various steps involved in the di{g(ﬂecerrn%grefédfg

t echni que of el ectroceram cs from hydroxi de and oxal ate precursors-

I nternedi ate steps, such as the calcination of precursor powders and
subsequent mlling of the calcined el ectroceram c phases, are omtted)

|l eading to a lowering in the sinteri ng4terrperatures of, for exanple, PZT
and BST. Figure 2 is an XRD pattern of a Pb(Zro 52Tio 4e)03 sintered at
1050C f drali, Lendon; 19PEepSiwsh bighdeis of contaminatioreats wmacdéptable f@&r inangn XRD
pattern gf a Bro 65Srq 3sTi 03 sintered at 1200C for 1.0 hour prepared

accor di e?%och{@"l'%%g?iﬂ'%'ﬁ: DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS A
di rect processing nethod for producing el ectroceramic materials, such as
PZT and BST of various conpositions and PLZT, from hydroxi de and oxal ate

pr ecur sdReactorpsimteritey] intvwiibh dble aeactimobstwestnednistitudritecanatonarttphasesf

hi ghly sintered electroceramcs at a sintering tenperature of 200 C | ower

t han t hRGEURS pﬁﬁq:tprg;emtgqmth dhe g9n§|ﬁg%tpqq presess at the sintering temperature, has

pr ecur s Ghedal LA A LdAOrREA R 8n 16 G5y AideUhES of Tl RS

processi ng tenperatures for electroceramc any

si nt eri ngxide dsrachds. ilv effemnet 1dxt alvor fivantagdseovér trl comnantiohakserfmiche
el ectroceram cs are not adversely affected thereby. The starting materials

used i n RPIesessingooutRdBIW injemnerdiategindling angdrdiyiep 0/ Bredeastaccaad [ppst-
avai l abl e _iporganic chem cals. such lead nitrate, zirconi oxynitrate)
£ tan; uriceelLeRagw i At Bofived 4 @t 3 ehasd bEsachted Hit e rédtioh.
solid Héps fdraesnsiitation. Ror S@hpbie ONRE Shidut, BT PapdthS SKinh, MHIBNLEe,
chem cal s an aqueous sol ution contai ning
see J. Amer. Ceram. Soc., 73, pp.1862-1867 (1990), and S. Kim, G. Lee, T.R. Shrout
and S.Venktanari, see J. Mater. Soc., 26, pp.4411-4415 (1991), observed that the
densification of PZT was enhanced by the reaction of constituent oxides in a partially
reacted system. Since the precursors exhibit a higher degree of mixing homogeneity,

the reaction may be completed at a lower temperature than those for mixed oxides.
SUMMARY OF THE INVENTION

The present invention relates to the fabrication of electroceramic materials of high
sintered density at sintering temperatures of substantially lower than those normally
required by the traditional precursor-calcination-milling-pelleting-sintering route,

without use of any sintering aids/additives.

Accordingly, the present invention provides a method for producing an electroceramic

material from hydroxide and/or oxalate precursors, said method comprising:

compacting a mixture containing at least one hydroxide and/or oxalate

precursor to form a preform;

thermally treating the preform at a predetermined temperature;



. required cations such as Pb2+, Zr4+, Ti4+ Ba2+ and Srz+) at a designed
nolar ratio is prepared. Sintering of the re-conpacted preformis i ed
out at a tenperature, generally determ ned as a functioﬂoo#ﬂFﬁ@berfggi
el ectroceramic material being produced. Preferably, the sintering
tenperature is in the range of from90C to 1400C. As already discussed, the
el ectroceramic material may include, for exanple PZT or BST. In a preferred
enbodi nent, the electroceram c material conprises PZT having the formul a
Pb(Zr Ti ) 03 wi fencempacting the prefers;iand angi ng from 80: 20 to 20: 80, nore
preferably 65:35 to 35:65. According to one enbodi nent the coprecipitation
of Pb(ZrTi)03 hydroxides is carried out by slowy adding an aqueous
sol ution contghtdring thB3&-coffiduted ipfefofiiith f6ten Efiddledtrotramicplaterign of
~pH9. The resulting coprecipitates are then preferably aged for 1.0 hour in
t he supernatant |iquid before being recovered by filtration and dried at a

it or oa i ERRGRAcO Biivioes o8 elesiage HmienRtaRl pBeloat b Jpe reehiler ™ °

conpact egleUriragdiately orébedindips pteel die at a pressure in the range of
20 to 100 MPa. TherY‘rgl treﬁa?lpreﬁdt@?%? the precursor pellets is preferably

then carried out for 4 hours at a tenperature in the range from400C to

700C, using a heating rate of 2C/ mnute. The thermally treated powder
conpact s'"ageorﬁﬁrf%re?\'@ mantcig (NVghHQR davolysethe éﬁPyOfa{‘n%l e ERantNe| n t he

range of S| i i hcal! r
pellets ﬁ‘g&%ﬁ@% ?ﬁgaél}fﬁ%e Q@@r&%ﬂ?‘a?’ E‘?ﬁghlﬁ)r%y ﬁéﬁ%’ggg%&b@%@%ﬁ? ﬁo'ﬁ%ﬁﬁ for a
dur at i onagliedud soldtibsicentainind desirdible eationg Hielpeeatdong ar@hescaieined 4t xed
,at 5C/ m nute. The hydroxi de-derived |ead zirconate titanate

Pb( Zr 52 TARgNtEEMadiate; taraperatyrs W o&del: fo, @vaish e yadyerse glfectse of artigle at

o anot redo B, oI BRobEAaT of <i@Btartaifts. AR nfH, STHBERY, eiPRradfie ) 6 M
Decenber 308k, &hegesre airéatly ishaped Shidt pemsts B, asPlokTér08empiix shages &Y

aqueous sol ution containing Ba2+, Sr~+ and Ti 4+ cations at a designed nol ar
rati o i scepmppeatien. The pefieisopr prafernasiof hydwixideyae oxalate pradussorsareatheinng 30
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are filtered and washed repeatedly using de-ionized water. They aré then
aged f or furtheoingease their grepodeasitins. Sintarind didiieisestadically pressedt cempbygts

filtrati d tly dried at 70C to 120C f i )
To. | abr | BETE AL Baerbiife WitliaypdypBisbratsy e iaveiaRdha
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The pellets were t arate o m nut enperature in
the range of 500C to 700C, where they are kept for 10 hours, followed by an

isostatic pressing at a pressure in the range of 200 to 500 MPa. Sintering
of the iQ@é‘iﬁsﬁrﬁ@éﬂ'ﬂyCEFV&%’H&H‘abqucé'tr%orrféa"i'H@@P%Hﬂ'kﬁ‘%‘@eﬁ%ﬂn%ﬁ'“W{ﬂ%[wt&

t enper at yres. | a 0f . 100 ta..1.400 r I C

12500 il arisriefae” e Phuctndd  BiAY et Gomhrftogh o 3 e, 11
thi s enbadiamabeoas§lclinfinged atfila swégneringnémpetdtiteamal @dvantageously
(Bao.ssSro.ssTi03) may be sintered to a density of >99% theoretical at

1200C f obeusedun thepsesentanethedo Wisinghthe presenlempthese ydioxiderdedyedvaad be

further deponstrate e foll own X . Jh I i1l u ate
the. fabr FESOTR e 2] Simthe SPaIRREATRIASe JESREof 5 86% HRalssckilm oo,
Wi thout  tdifipagfures Hlow I00DET Withoat Bhe/ edbfidnyesinteling aRisPARITIIERS SHhlarfPt
intended to limt the scope of this invention. EXAMPLE 1 DI RECT P SSI NG
OF Pb( Zr $rToxalptsdercyd bRORDSIDBtRREHEREERBST) may be sintered to a density of
>99% theoretical density at a temperature of 1200°C for 1 hour. These sintering
temperatures are, as discussed above substantially lower than those required by

conventional precursor-calcination-milling-pelleting-sintering routes.



. The starting materials were commercially available Pb(N03)2, Tid 4 and
ZrO(N®)z (e.g. in the formof an aqueous sol ution contagigi 2 % .Zr02)
of high.purity. To prepare an aqueous sol ution containiﬁ&ﬁﬁ%%fﬁ%ﬁﬁﬂgénd
Ti 4+ cations in the nolar ratio of 1:0.52:0.48, an appropriate anmount of
chilled (~4C) de-ionized water was slowy added into a cool TiCd 4 solution
whil e being stirred (Tid 4: water ratio® 1:14.25). A pre 10" " Decenber
2002 ' 9 weighted ZrO(N03)2 solution (as required for the Zr:Ti ratio in
PZT) was DESCRIPEHQNOF fHE DRAWINGS wat er mi xture, before a desirable
anount of cold ammonia solution (12 wt% was added into the m xed sol ution
to obtain a pH level of ~10 for the m xed solution. The addition of amonia
sol ution i D Rkt at AN ' i e the
& ong PrERH LS mb O RASBPEETrBLe R hheBh Al nCh BRI 88 in HreRERuP
r epeat edmwithueferendeto tine aecomparying rirawingbginpihioh: filtrate was close to 7.0
and no trace of Cl- could be detected using AgNO3. An aqueous oxynitrate
sol ution containing Zr4+ and Ti 4+ cations equivalent to 7 wt% ZT was

b 1 by _di | Vi .1. i . i Ri i :
2poronr 1 Ligureb T fiow Magl iSRG Y MeficBENiEEs RNl e ot
requi r ed prededsitey Bthfiique of alddrdcBrardits Wasm fiydsdxide sl seslatenpetscursdyszed

wat er and was then conbined into the Zr-Ti-oxynitrate solution, for the
f or mat i ohntermeadiate stepsaisuchtas thel eal¢inatioyoat piesurprmewdergand suyhisenugnt

copr eci prid 15 CReBH Ao cRFE pHsE et onufe Berepiftas Pyesalh Bk g
the m xeg; éﬁﬁ@i&nﬁemw&%ﬂ f&%xamrgaﬁpmrﬁpbsfﬂ on of pHY, which was

checked and nai ntal ned by addi ng an appropriate anobunt of concentrated
ammoni a sol ution during the coprecipitation process. The coprecipitates
were then.aged_for 1 ur |n supernatant_|iguid befor ' recovered by
Flra: GiOWRR & o BD babSropl s R s Timetth sered b 1B8BC dat d W Fbter o
PZT cerary iflG it iReniisgr powders were conpacted uniaxially in a
hardenedEt%@%thﬁéﬁ@?qézsgh%n1inldﬁaneter at a pressure of 50 MPa. Ther mal
treatnent of the precursor pellets was carried out for 4 hours at a
tenperature in_the range from400 to 7Q0C__ using a heatin te of

2C/ i nut $194T61 3 1P LK RAHEAN 18812 oDl T SIReTedngl 189050 Tolg Tk hpur
dependin e nal tenperature. The total weight loss with
respect 58‘?#3%5%%‘::6?(?'&9 tﬁ%‘ﬁ%ﬁ@gb%s in the range of 40 to 45% The
thermally treated powder conpacts were further isostatically pressed at a

pressure in the range of 200 to 500 MPa, resulting in _a green density in
the rang®BTAHERD WRE@M@EBREWBREWEM&Q@&ENT%ri nkage in the
range of 8 to 10% was observed for the powder pellets when they were
subjected to an isostatic pressing at 350 MPa. The resulting green density
was 5. 60,A Hirdétprobsksng et sd) prstilicitd) gBbtrécerdMidmatidials, a06h 63 F25 BEd
theoretical density, for the pellets 10t" Decenber 2002 10 thermally
treat ed HSTEEHvasoos gamBHONsrakhRELITY P hydroxidesandaxalate peedossqrs ivf

| | et J di i L Sinteri t i t at.i cal d
Bonpact o YRR MR o PRVaRtagePLsiye Adelies itfe: FbTatigs ot 6BHEE FashBe 1 or
dur at | _ . : . : ti xed
2t 50, m R aockraics JPY e of FROPe [t Ben oS refBly G
hour s andethieed ibyo dtadtitioral pyeq@ursssealciaatiGb-illiRg-pedbting-sederng rautes ehe

density of 7.37, 7.70, 7.93, 7.81 and 7.74 g/cnB8 as neasured usin

i mrer si orOWeEthPERFESSINAdEMRSiRtERS freirctragelamiss doctdnyalye ﬂ*%?ﬁ B anyso,
1000, 10 ; : - i j RS I j Eﬂﬁﬁ wer e
in the rﬁ%tgg‘ég%@?%&ﬁg%%%gﬁ%ﬁ%@n%?g@' h{ogre i ng (%fce{*rqr%g#ezj‘t?@f: g . |§s
suggest s dreaiottdivesdaly affedtedetheidhy. i ncreases with rising tenperature over

the range from 950 to 1050C, where it maxim zes. Further increasing the
sintering tenperature above 1050C results in a slight fall in sintered

ocour oncl G gy BN pof, Rer vt ProBenffia’ @2RhERE, Hd, hrblefrol

bel i eved ddiaineréialigvaniladld drokfanicathemitale, aluchhass igade rithgte! eXiminr e
w Il be significantly reduced by enbedding the PZT pellets in an

appr opr i ade/nitpateptitamiym tatrechipride istiegtivenpliate andbatwpodyateain eithestsalid

maxi mum sintered density of 99.2% theoretical density is achieved, is
considerably |Iower than those (in the range of 1300C) generally required by
powders prepared via the conventional solid state reaction and many

chem stry-based processing routes. At the sanme tine, the sintered density
of PZT via the direct processing technique is anong the hi ghest ever

achi eved by pressureless sintering. An average grain size of ~10 m was

o e o o - g — —



. 10t™ Decenber 2002 11 1000, 1050, 1100 and 1150C, respectively. They were

| ower than those of Pb(Zr 52Tl 4s)03 Pellets treated at 13@,%3’: at beagébé)f t he
sintering tenperatures. For those thermally treated at 400 UWRET00C“ t he
resultant sintered densities are poorer. To further investigate the effect
of sintering tinme at tenperatures bel ow 1000C, the pellets thermally
treated at 500C were sintered for 4 hodrs at various tenperatures ranging
from900 to 990C. The Pb(Zr SzTl 48)(3 sintered at 950C exhibited a
si nt er edodsakitioy fofmg.. Fronythes® inoramiciclemivale aerpeacats selutioal caritainihg

constant of 956 and a dielectric Josg, of 2. 6% a frequency of 1.0 kHz.
The speclgRires cRtaNSSYEh 3R bl Ef-%rfj 4Tﬁ § g @ehﬁ%?-t%t@ desigped meelafsatig tsy of

98.1 %tBﬁéﬁﬁéécal density and registered a roomtenperature dielectric
constant "o “and a dielectric loss of 2.4% These val ues are conparabl e
to those reported for conventional PZT sintered at tenperatures in the
range of 1200 to 1300C) denonstrating the effectiveness of the direct
processi fiptedoarmfdbe rercorspaeted prefasmsisnearried puteatp tempeeature, ENetaii ved

| summaPore eSS DB she SersRBiataR shouefBoihg bRINERe SRl 1™

Pb( NO3) 2 ¢hd kinkerirbnfpétabitd)ig in Bietrangedf &om Becctanspowc mterial s for the
fabrication of highly densified Pb(Zr 52Ti _48)03 at a tenperature nuch

| ower than that normally required in the traditional

precursor,-cal ci pat.ion-m | ling-pelleting-sintering rpute, The nqv I rect
D ocess: A5 Aty dibeisars, tehdeBFecTnEne AP TA ST lidee Tor e Bz P |+ ng
st eps of c h b i € it VG 2
b1 RECT PR R el e B o A e R PR Wi
copr eci pithefeathld PH(ZdFiiQj dihcodpds nalanrativtranging fRiMm280:20 to@0e80,rmabred  of
1.0:0.65:0.35 was prfgg)ar ed fromPb(N0O3)2, Tid4 and ZrO(NO3)2 (an aqueous

sol ution p&%fﬁf%tp‘mﬁﬁg?’ 3\/@'@5302) by followi ng the procedure detail ed above.

The powder pellet of hydroxide precursor was thermally treated at 500C for
4 hours and then

According to one embodiment the coprecipitation of Pb(ZrTi)O, hydroxides is carried
out by slowly adding an aqueous solution containing Pb*, Zr**, Ti* cations to an
ammonia solution of ~pH9. The resulting coprecipitates are then preferably aged for
1.0 hour in the supernatant liquid before being recovered by filtration and dried at a
temperature ranging from 70°C to 120°C for 2 hours in an oven. To fabricate sintered
PZT ceramics, the as-dried precursor powders are preferably compacted uniaxially
in a hardened steel die at a pressure in the range of 20 to 100 MPa. Thermal
treatment of the precursor pellets is preferably then carried out for 4 hours at a
temperature in the range from 400°C to 700°C, using a heating rate of 2°C/minute.
The thermally treated powder compacts are further isostatically pressed, preferably
at a pressure in the range of 200 to 500 MPa. Sintering of the isostatically pressed
powder pellets is made in air at a temperature in the range of 950°C to 1200°C for a
duration of 1 to 4 hours, with both heating and cooling rates being fixed at
5°C/minute. The hydroxide-derived lead zirconate titanate, Pb(Zr,s,Tig4s)0s, IS
sintered to a relative density of >98% theoretical at 980°C for 4 hours without the use

of any sintering aids/additives.

According to another embodiment the direct processing technique has also been



. 10t" Decenber 2002 12 isostatically pressed at 350 MPa. The thernal
treatnent resulted in a weight |oss of 24.2% The pellet tly
sintered at 1050C for 4 hours) resulting in a sintering1§ﬁﬁﬁﬁégggpgﬁﬁ§6.7@6
and a sintered density of 7.74 g/cnB. The sintered Pb(Zro.s~Tio 35) 3
appeared |light yell ow and exhi bited a roomtenperature dielectric constant
of 603 and a roomtenperature diel ectri®c 1oss 3.6% The conposi tion was

al so sintered for 1 hour at 1050, 1100, 1150 and 1200C, respectively,

r esul ti nysed tafabsicptecsintesed Ba, HreldOgldrarithis, an aquadys Soldin Jort8iningBa* 82

g/ cnB. Tgﬁ“Si tered PZT ?xh'bite% a ieuectric coas ant of 48%, 502, 607
and 643 2hd 3dglle| RLPRS AL ASESIgNedgNelar Eatlp is prapalRg. AN spprontigieamayst ¢t ¢ or

t hese si i f i o Dl 5W§Eﬁ§

Pb( Zr oas%ﬁggg?&?g)%%ﬁg@@m PR@%&%&?‘S%QEoégr eCi pi {té;ﬁengg E’hze'l'ag%err%%ssi tion
wi t h t he sBlutidn: dontaming B, 1S6' @ndsTd 66 anemte pofep anlédiniute nmeR(tiNg3i2theli Cl 4
and ZrO(NO03) 2 {an, aqueous sol utjon containing 20 wt % Zr02) by follow ng the
pr ocedur £ORERGRITALPNR R Srirexalaéesalo eneuethigCladte pxalstegels aeddtered,

nedul 4 OSt _
pogzr ooy idtirerepaitedysla BEAMS faldhl ThAFABAREABHEL T Thours ithe,
t her mal | gupegaitst liqLidbdierd issing résovered By fiitration ané dulb¥dqdentiy Siied abYOE was

heavy yel |l ow i n appearance and showed a sintered density of 7.84 g/cnB8 when
si nt er ed tai120%0 for By haursoitiran oyens Tasiabricalesdntered BSdi theas-drieddsacyraat and

roomte re di [ I . 2. 7% & I

fr equencp bl WpsednBarel up B ahatddndl e A brebfIRRE Y fore B2F o
950, 100@e 1509Panthé Plliets werBeh herltéd at 8adiesF 1°C/Rinuts RS altbirperatiier ed
density of 7.71, 7.77, 7.90 and 7.82 glcnB. Their roomtenperature

di el ect riit the nangsmof 806°C do FOOpWhateutheydarel kapt forc 10 dosirsifoliowed bys@t, 532
and 514, .and 3.9, 3.4 .2 and 2.99% respect,d r.Lhese. sintecin
Fenper al (SBRAIERIGARITE #( 3 PECT ISR PESPRBS & At PE AR oS My Slire
PRECURSCIRGsthffoaiy Brib 6t PBAG iitlfien QUmiEPuYY ParkRETBATRLeSANG A8hGe
bariumnitrate, (NO3) 2, 10" Decenber 2002 13 strontiumnitrate,

Sr ( NO3) Z,oftli00aMT tom 460G ahbrer preéeralily 10020 do AR50, evhdlei ibth Gr-BedtidPand

hi gh ity. T . lutj ¢ aini 2 S d Ti4

cat ons. SPOUNG SIS o 6 BnGe 3B S PrrRaH Dl s ardesed RATNy
_ _ €l & 56 . . ¢

2 Coor | TgoRURt fangle (ol Th vt siirelie ATy o1 -Pepipestifiad, 1t ©

desi r abl extar200nC $oot hBat.N03) 2, and Sr(N03)2 as required for the Ba: Sr:Ti
ratio in BST were first dissolved in de-ionized water and then conbi ned
into the Tid 4-water solution. A pre-weighted amount of C2H2042H20, as
norked ol Blirdd'EnitiStimeis diftfie BREGDM VMR Wil BE Mirthél denonktritdd By s
di ssol ved i e-ronized Wat er prepare an aqueous “sol'ution contarning 30
W % C2H2G4llowitg @xchplesacTifestoéxdmplesilsstiae the Fabrcatibh tof HZAT cerdmict lf
aqueous sol ution_containing Ba2+, Srz+ and Ti4+ at a rate of 5 m/m nute,
resul ti ngifferanieZedi piatios ppndt BST dieramics; - withewtatae edse Tof rammyp\sinteABgCl - |

h | at. .S. fil d, and hed ' <.
inti 1 no 1isEaasHes, ks pBR e RL IR R B te 5ol BHeffyed -
for 2 hours in the supernatant |iquid before being recovered by filtration

and subsequently dried at 100C for 10 hours in an oven. To fabricate
sintered BST, the as-dried precurscEXAMRRIE 1was conpacted uniaxially in a

har dened di . D j.n_di ter r r T ts
wer e thenghggi%&d; épﬁgl%Gﬁﬁﬁéfmﬁim«SOEm@ Md\gg@ﬁﬁéﬁ@%ﬁ&% for
10 hours, followed by an isostatic pressing at a pressure of 350 MPa. A
wei ght | oss of 50.8% was noted when the pellet was subjected to the thermnal
t r eat ment Th&istdréing maatssials Wwere cammierdially tavailableRbgNO ,),e ity ahdrFO(NQ,),he
range of 1100 to 1250C for 1 hour, while both the hga%iqgc?nd cooLing rates
vere fixel@-@tingbedprnicd anaruequssalution containing ¢4 Wik €rQ4 of high BHEW- &P 40

to 45% d ' th [ rd ; At pue i ' 5. 15,
5 50, 5. b SRRl SRl MO (MR PR, 2 Cand TP BARIRIndRT RN oy 1
at 1100, 311$0.5248%8, anthpbidPiateas@ttidf chllied (34°Clalesionizeddvater Wgisi SIBWIYSi on
technique in de-ionized water. The sintered BST ceram c at 1200C for 1
hour) whi atdedintgaesodl AiGippelutiomwhilaheinastirmd diClaweaterdgatioe! :d4.25) +4 peg-
99.4% t heoretical density, denonstrated a dielectric constant of 9000, a
dielectric loss of 0.23%and a curie tenperature of ~20C at a frequency of
1 MHz. As shown by the XRD trace in Figure 3, the directly processed

Ba 65Sr s5Ti03 is of considerably high purity.



. 10"" Decenber 2002 14 CLAIMS 1. A nethod for producing an el ectroceramc

mat eri al from hydroxi de and/ or oxal ate precursors, said thod co |.Si ng:
JREsRene s

conpacting a m xture containing at |east one hydroxide s

precursor to forma preform thermally treating the preformat a

predeterm ned tenperature; re-conpacting the preform and sintering the
re-conpacted preformto formsaid el ectroceranic material. 2. A nethod
according to claim1l, wherein the preformis thernally treated at a

t enper at weightéd Zroha)osdlutiory (3Geqlired\fordhé dd Tarationin PZT) wascthen ibléhdegher ei n
the re-co ction of the preformis carried out in a cold isostatic press.
4. A net H@@ﬁsﬁci@dw%ew rgi befere aesiEable amaut Phgoldranmeniasaligigiidided
preform | ' t 0 0 1 . t hod
accordi ngﬁo@%\g&féa?&r:ﬁjgﬁr\*ﬂetpgiﬁﬁ%%’@@aor%tgé{nagmnpgp %g? fe§f| af’é)g%%% rg@selargb
(Zro 52 3oltidR) TAS addibiceflamnednid wdlutivhdesoead i theS Copradigitafien eF Irithe

sintert nﬂygrfoxides. To remove the CI ions, the gelatinous Zr-Ti-coprecipitate was filtered and
washed repeatedly using de-ionized water until the pH of filtrate was close to 7.0 and
no trace of CI' could be detected using AgNO,. An aqueous oxynitrate solution
containing Zr** and Ti** cations equivalent to 7 wt% ZT was subsequently prepared
by dissolving the white coprecipitate into an appropriate amount of 3.0M HNO,. The
desirable amount of Pb(NQO,), as required for the Pb:Zr:Ti ratio in PZT was first
dissolved in de-ionized water and was then combined into the Zr-Ti-oxynitrate
solution, for the formation of designed nitrate solution containing Pb?*", Zr* and Ti**

cations in the molar ratio of 1:0.52:0.48 (PZT concentration: 12 wt%).

The coprecipitation of Pb(ZrTi)O, hydroxides was carried out by slowly adding the
mixed nitrate solution into an ammonia solution of pH9, which was checked and
maintained by adding an appropriate amount of concentrated ammonia solution
during the coprecipitation process. The coprecipitates were then aged for 1 hour in
supernatant liquid before being recovered by fiitration and dried at 90°C for 2 hours
in an oven. To fabricate sintered PZT ceramics, the as-dried precursor powders were
compacted uniaxially in a hardened steel die of 12.5 mm in diameter at a pressure
of 50 MPa. Thermal treatment of the precursor peliets was carried out for 4 hours at
a temperature in the range from 400 to 700°C, using a heating rate of 2°C/minute.
This resulted in a weight loss in the range of 20 to 25%, depending on the thermal
treatment temperature. The total weight loss with respect to the starting materials was
in the range of 40 to 45%. The thermally treated powder compacts were further
isostatically pressed at a pressure in the range of 200 to 500 MPa, resulting in a
green density in the range of 60 to 70% theoretical. A one-dimensional shrinkage in
the range of 8 to 10% was observed for the powder pellets when they were subjected
to an isostatic pressing at 350 MPa. The resulting green density was 5.60, 5.10, and
5.05 g/cm?®, equivalent to 70.0, 63.8 and 63.2% PZT theoretical density, for the pellets



. the re-conpacted preformis carried out at a tenperature of from900C to

1100C. 6. A nethod according to claim1, wherein the el § tl cer%m' 2

mat eri al. conprises bariumstrontiumtitanate, and wherei g‘) t[ﬁeeceg] Rt g?? ng of
the re-conpacted preformis carried out at a tenperature of from 1000C to
1400C. 10" " Decenber 2002 15 7. A method according to claim6) wherein
the el ectroceramc material conprises ¥y 65 sr 35 Ti03 produced from

oxal ate precursors) and wherein sintering is carried out at about 1200C,

t he rel dheuvalijetreated atf 400h S08a8H60° (3 FeTpartivelyi ag massuredon4he bhsisralt i cal
density. A net hod .accor.di ng..to .clai.m 1. rein the el ectroceramgc
o | 2P ARSI ibrfo B e ot bRl R i paFUE FaRRRS

zi r conat\Qad Watintaif 8t & tRHpERARRSH the Fangd: of A5RL NIRRT ft A iidtioA dt13om 8,
wherein the el ectroceramc material conprises a |lead zirconate titanate
mat er i al 4 haurs)gvithieothoheating did Zodlingd@tes béing fixed Bt SAInsinuteat i o r angi ng
from80:20 to 20:80. 10. A nethod according to claim8, wherein the

el ectroceram c material conprises a | ead | anthanum zirconate titanate

conposi tfﬂQ'Pb(ZroszTiMa)Oa pellets thermally treated at 500°C for 4 hours and then
isostatically pressed at 350 MPa exhibited a sintered density of 7.37, 7.70, 7.93, 7.81
and 7.74 g/cm?® as measured using immersion technique in de-ionized water, when
sintered for 1 hour at 950, 1000, 1050, 1100 and 1150°C, respectively. Their
dimensional shrinkages were in the range of 25 to 30%, depending on the sintering
temperature. This suggests that the sintered density increases with rising
temperature over the range from 950 to 1050°C, where it maximizes. Further
increasing the sintering temperature above 1050°C results in a slight fall in sintered
density, presumably due to the loss of lead oxide together with the occurrence of
exaggerated grain growth at too high a temperature. It is believed that the
evaporation of lead oxide at the sintering temperature will be significantly reduced by
embedding the PZT pellets in an appropriate PZT powder. The sintering temperature
(1050°C), at which a maximum sintered density of 99.2% theoretical density is
achieved, is considerably lower than those (in the range of ~1300°C) generally
required by powders prepared via the conventional solid state reaction and many
chemistry-based processing routes. At the same time, the sintered density of PZT via
the direct processing technique is among the highest ever achieved by pressureless
sintering. An average grain size of ~10 m was measured, using the line interception
technique, for the PZT with a sintered density of 99.2% theoretical density. It was
yellow in appearance and exhibited a room temperature dielectric constant of 1024
and a dielectric loss of 2.1% when measured using a HP 4284A LCR meter at a
frequency of 1.0 kHz. Figure 2 is a XRD trace for Pb(Zr, s, T 45)O; Sintered at 1050°C
for 1 hour, indicating that it is of high purity.

The Pb(Zr, s, Ti, 45)O; composition treated at 600°C for 4 hours exhibited a sintered
density of 7.22, 7.56, 7.78, 7.63 and 7.54 g/cm® when sintered for 1 hour at 950,



. 11" A nethod according to claiml1, additionally conprising formng said

hydr oxi de andl or oxal ate precursors) by coprecipitation af, an_ague
solution of preselected actions. 12. An el ectroceramc r@t e'%cgingﬁrrg%ed by

the nethod of claim 1.
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Tos 1005 T B el B o g RN e b oraturestiy Lo
10 10 10e2nigheg f(9m 9800 10%O0CT- TIEOPBIZr) -, Til QI@; Ejntertdl A0 9BR°C dihibNed a

104" 10%s&|ln{gr_e§‘ density of 7.76 g/fcm® and had a room temperature dielectric constant of 956
and a dielectric loss of 2.6% at a frequency of 1.0 kHz. The specimen sintered at
980°C for 4 hours exhibited a sintered density of 98.1% theoretical density and
registered a room temperature dielectric constant of 975 and a dielectric loss of 2.4%.
These values are comparable to those reported for conventional PZT sintered at
temperatures in the range of 1200 to 1300°C, demonstrating the effectiveness of the
direct processing technique in lowering the sintering temperature of PZT derived from

hydroxide precursors, without the use of any sintering aids/additives.

In summary of the above example, inexpensive inorganic chemicals, such as
Pb(NO,),, TiCl, and ZrO(NQO,), are used as the starting materials for the fabrication
of highly densified Pb(Zr, s, Ti; )0, at a temperature much lower than that normally
) required in the traditional precursor-calcination-milling-pelleting-sintering route. The
novel direct processing route does not involve the intermediate calcination and milling

steps of precursor powders and the use of sintering additives.

EXAMPLE 2
DIRECT PROCESSING OF Pb(Zr, 5 Tiys:)0; FROM HYDROXIDE PRECURSORS

A coprecipitated PZT hydroxide composition with the Pb:Zr.Ti molar ratio of
1.0:0.65:0.35 was prepared from Pb(NQO,),, TiCl, and ZrO(NO,), (an aqueous solution
containing 20 wt% ZrQ,) by following the procedure detailed above. The powder

pellet of hydroxide precursor was thermally treated at 500°C for 4 hours and then
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isostatically pressed at 350 MPa. The thermal treatment resulted in a weight loss of

24.2%. The pellet was subsequently sintered at 1050°C for 4 hours, resulting in a
sintering shrinkage of 26.7% and a sintered density of 7.74 g/cm®. The sintered
Pb(Zr, 5Ty 15)O; appeared light yellow and exhibited a room temperature dielectric
constant of 603 and a room temperature dielectric loss 3.6%. The composition was
also sintered for 1 hour at 1050, 1100, 1150 and 1200°C, respectively, resulting in a
respective sintered density of 7.38, 7.48, 7.78 and 7.82 g/cm®. The sintered PZT
exhibited a dielectric constant of 463, 502, 607 and 643 and a dielectric loss of 6.1,

5.0, 3.4 and 2.5%, respectively, for these sintering temperatures.

EXAMPLE 3
DIRECT PROCESSING OF Pb(Zr, 45Ty 45)0; FROM HYDROXIDE PRECURSORS

A coprecipitated PZT composition with the Pb:Zr:Ti ratio of 1.0:0.35:0.65 was
prepared from Pb(NO,),, TiCl, and ZrO(NQO,), (an aqueous solution containing 20
wt% ZrO,) by following the procedure detailed above. The thermal treatment and
isostatic pressing schedules were the same as in example 2 for the composition of
Pb(Zr, 65 Tip 35)O5. A weight loss of 22.7% was observed when the pellet was thermally
treated at 500°C for 4 hours. The sintered Pb(Zr,,sTiye5)0, Was heavy yellow in
appearance and showed a sintered density of 7.84 g/cm®when sintered at 950°C for
4 hours. Its room temperature dielectric constant and room temperature dielectric loss
were 517 and 2.7%, respectively, at a frequency of 1.0 kHz. The PZT composition
was also sintered for 1 hour at 950, 1000, 1050 and 1100°C, respectively, leading to
a respective sintered density of 7.71, 7.77, 7.90 and 7.82 g/cm®. Their room
temperature dielectric constant and room temperature dielectric loss were 480, 491,
532 and 514, and 3.9, 3.4, 2.2 and 2.9%, respectively, for these sintering
temperatures.

EXAMPLE 4
DIRECT PROCESSING OF Ba, ¢5Sr, 55 TiO; FROM OXALATE PRECURSORS

The starting materials for BST were commercially available barium nitrate, Ba(NO,),,
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of high purity. To prepare an aqueous solution containing Ba*, Sr** and Ti** cations
of the molar ratio of 0.65:0.35:1.0 (BST concentration: 10 wt%), an appropriate
amount of chilled (~4 °C) de-ionized water was slowly added into a cool TiCl, solution
while being stirred (TiCl,:water ratio: 1:15). The desirable amounts of Ba(NO,),, and
Sr(NQ,), as required for the Ba:Sr:Ti ratio in BST were first dissolved in de-ionized
water and then combined into the TiCl,-water solution. A pre-weighted amount of
C,H,0,2H,0, as worked out on the basis of the C,H,0,2H,0:BST molar ratio: 3.5:1.0
was dissolved in de-ionized water to prepare an aqueous solution containing 30 wt%
C,H,0,. The oxalic acid solution was then slowly titrated into the aqueous solution
containing Ba*, Sr** and Ti*" at a rate of 5 mi/minute, resulting in the co-precipitation
of Ba-Sr-Ti-oxalates. To remove the CI', the oxalate gels were filtered and washed
repeatedly using de-ionized water until no trace of CI could be detected using
AgNO,. They were then aged for 2 hours in the supernatant liquid before being
recovered by filtration and subsequently dried at 100°C for 10 hours in an oven. To
fabricate sintered BST, the as-dried precursor powder was compacted uniaxially in
a hardened die of 12.5 mm in diameter at a pressure of 30 MPa. The pellets were
then heated at a rate of 1°C/minute to 600°C, where they were kept for 10 hours,
followed by an isostatic pressing at a pressure of 350 MPa. A weight loss of 50.8%
was noted when the pellet was subjected to the thermal treatment. Sintering was then
carried out at various temperatures in the range of 1100 to 1250°C for 1 hour, while
both the heating and cooling rates were fixed at 5°C/minute. The sintering shrinkages
were in the range of 40 to 45%, depending on the sintering temperature. A sintered
density of 5.15, 5.50, 5.70 and 5.61 g/cm® was measured for the pellets sintered for
1 hour at 1100, 1150, 1200 and 1250°C, respecitively, as determined using immersion
technique in de-ionized water. The sintered BST ceramic at 1200°C for 1 hour, which
was grey in appearance and exhibited a relative density of 99.4% theoretical density,
demonstrated a dielectric constant of 9000, a dielectric loss of 0.23% and a curie
temperature of ~20°C at a frequency of 1 MHz. As shown by the XRD trace in Figure
3, the directly processed Ba,;Sr, 35110, is of considerably high purity.
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1. A method for producing an electroceramic material from hydroxide and/or

oxalate precursors, said method comprising:

compacting a mixture containing at least one hydroxide and/or oxalate

precursor to form a preform;

thermally treating the preform at a predetermined temperature;
re-compacting the preform; and

sintering the re-compacted preform to form said electroceramic material.

2. A method according to claim 1, wherein the preform is thermally treated at a
temperature of from 400°C to 700°C.

3. A method according to claim 1, wherein the re-compaction of the preform is
carried out in a cold isostatic press.

4, A method according to claim 1, wherein sintering of the re-compacted preform
is carried out at a temperature of from 900°C to 1400°C.

5. A method according to claim 1, wherein, the electroceramic material comprises
Pb (Zr, 5, Tig 45) 0, produced from hydroxide precursors, and wherein the sintering of

the re-compacted preform is carried out at a temperature of from 900°C to 1100°C.

6. A method according to claim 1, wherein the electroceramic material comprises
barium strontium titanate, and wherein the sintering of the re-compacted preform is

carried out at a temperature of from 1000°C to 1400°C.
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a lead zirconate titanate composition or a lead zirconate titanate-related composition.

9. A method according to claim 8, wherein the electroceramic material comprises
a lead zirconate titanate material having the formula Pb(ZrTi)0, with a Zr:Ti molar

ratio ranging from 80:20 to 20:80.

10. A method according to claim 8, wherein the electroceramic material comprises

a lead lanthanum zirconate titanate composition.
11. A method according to claim 1, additionally comprising forming said hydroxide
and/or oxalate precursor(s) by coprecipitation of an aqueous solution of preselected

actions.

12.  An electroceramic material produced by the method of claim 1.



