VO 98/ 35930

PCT/ US98/ RS
DI SPERS| BB@%E@?&E OX| DE- COATED, BARI UM TI TANATE MATERI ALS rCTSshizss -
BACKGROUND OF THE | NVENTI ON : The high dielectric constant of

bariumtitanate-based materials nmake them suitable 5 materials for
mul ttl ayer ceram c capacitors, conmmonly referred to as "M.C s". M.C s
conprise alternating | ayers of dielectric and el ectrical conductor
mat eri al s. Exanpl es of M.C s are disclosed in US. Patent Nos.

ﬁl, Sjk-gi ggl’Beagg %ﬁééﬁ &1@ con UCt OI’ ma erra useﬁmﬂtmﬂmﬁ% and

dielectric layers of an M.C are usually prepared froma high solids 10
di spersion, known in the art as_a sI | p". Such sI | DSt pi cal |y conprise
powder ed barr um tit anat eRAdE0 . i AN | ¢ binder in an

by casting 2?”02&%;&%@?«%%#&9%?%»@%55 Yrobhtd aseﬂfra%r L Gdpshpee
of ceramc xﬂét@ﬁ%ﬁtf& tﬁr?eg eeﬂaﬁﬁ%@aertsrsce@&emy TeferfQNRUEEMLCs”. NpLErsal s

in a pattern and are t tacked to provide a I'amnate of alternating . .
| ayers of Xongrisealtesnating tayersaifali¢lectricand eleptricat tanducidranaterialk s Examplés of d

Cch bs bi ML ake dnciorerdnbtS Smsenchin. 5ioteaodgnd 4415, PaleRparibn s of
am nat co, AORGURERRE LG L aiblel st Min Al cBuduiide el hoodin

t enper at ur @€ The dieldetriclaydrsiof ah ML Caie asully Poéfaré Dfrd rsbfids Dur i ng

sintering increased ceram c dielectric 20 densr ty is achieved as a resutt
of the f@sidispersion.dmesa indhe abas af skime %mhslwswleeélyrmnsepogr@m@ar@nen

with the u rai,n _gra |nh|b|tor etamc grain size in

G el ectri o Hagpty Speipment s 4 Dbt Bindef P Sk 8%Pr%?n-§q‘r=8“§801t"ﬁ§n the
si ze of thepjphd &ﬁ%ﬂer—sﬁbxﬁbéd‘ﬁéﬁd&%éd%ﬁ&sﬁﬂ@b?@é‘&fn With a dlip aROd@sd foy | S
removed during the sintering process. Typr-cal |y, 2 to 10% porosity

remai ns i n prodddiadigesent’ layer af esramicTdieleotrino r@rsen dayersoare cogted aviticcanductor t he
dielectric | atgnalsngg?:gttér% bg alrgtrh nstacﬂed?o rovide a Ia.mman Sltéce)fglterrgangirfgslay%ro

15 green ceramic dielectric and conductor. The stacks are diced into MLC-sized cubes whlqh

are heated to burn off organic materials such as binder and dispersant and then fired to
sinter the particles of barium titanate-based material to form a capacitor structure with
laminated, dense ceramic dielectric and conductor layers. Sintering temperatures are
typically in the range of 1000 to 1500°C. During sintering increased eeratnic dielebtric

20 density is achieved as a result of the fusion and consolidation of the particles to form
grains. Even with the use of grain growth inhibiiors, ceramic grain size in an MLC
dielectric layer is typically larger, e.g. by a factor of 3 to 5, than the size of the original
primary particles. Moreover, not all porosity is removed during the sintering process.
Typically, 2 'to 10% porosity remains in ML.C dielectric layers. These pores, or hole

25 defects, in the dielectric layer, tend to be larger in larger grain size ceramics. Certain
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critical CWPSIseM0 properties such as break down voltage anmwaﬂuﬁumh&ge are
i nfl uenced by - dielectric thickness, grain size and pore defects. For -
-instance, it is believed that effectlve di,el ectric layers need to be

several, e.g. at least 3 to 5, grains thi€e. Because a defect in any -
one of the layers of an M.C can be fatal to its perfornmance, M.C s are
manuf actured with 5 a sufficient thickness of dielectric layer to

effectively reduce the inpact of ceramc defects whi ch can be caused by'

r an dom | ar gesitipahtapaciser propesties au:h@sémay demmevnitage andPElenkage ared

of el ect rorfiglegtig icknesk, i nge wie AR Betropn FohiSates s ERpyrR @Eefﬁﬁg -

materials thg ﬁﬁ?‘ eh,ak heauofue@aeémﬁb@ ACehdt S 46, bAuR thicki Beeiseiadefic | iﬂ‘ihy

the catastrop ects of large grain and pore size relative to
dielectric éf Memers ofanMLCcanth‘atalMxtspemeenqmoWsammanuﬁdmmdwnhor

S;it ol c8_anmiBpis 3 ickgess Gsiriowoe Joenta ¢ %& &mr?@rcsg%fn?ﬁasc?g ot s
e not 15 PhichTf B chid rrr%f&rurrrgrgﬁr% HePufRhel Ay B apaT ghe

ultrathin dm_l(ectrlc | ayers, | ess than 4-5 [err]m Thus, it vvoul_d
represent an advance in the art to provr de a_ bari um titanate-based

materi al that woWith the marketdemanddor miniatatjzation in thy designpfelestropicadevicesi ¢

cloctri cal Py Aeed 1§ 8% VPR nuo for Boplio Mp@HERRE bl b RRL %%%% .

wi t hout yphejapeadyififiut SicuRfciethe Tataktréiihic &fects of large grain and pore size relativeto .~~~

SUMVARY OF THE | NVENTI ON This invention provides barium . ..

titanate- badletbcpwﬁnckhe&s haV| ng a coating conprising a nmet al oxide, _
met al hydrous oxjde, rret aI droxr de or ani c_aci d sal tal ot her
than barium or t WHgFs produges %BYEE%JQTEW“S? esgacﬁlc PR es have

a particl eb?‘ﬁgﬂ% éﬂrﬁée%sésh%eﬂa&e Wor%@ﬁhl?%gfbﬂ?érﬁgd ﬁﬁé&)hﬁicfé o‘fr e |

di sper sed m Xi ng. As used herei he“term "bari um
titanat e- baseidé suhs‘tmtmllydargelrﬂlmﬂ tpim amhthat sttchrpantmlesr andragglomerates ag\rioh g

anot her rret aI oxi de cqati ot he des sed on,bari nate.
- havi ng E?%jF f%ﬁr% ong eegrglch,p ‘i‘r‘ﬂ &ngﬁg‘%ﬁ
di val ent neg gl I%séﬂﬁﬂ 4% um. mﬁaﬁ Wiid {éﬁlre%éﬁt% AdFatbe iR HeuH i&i&?bvﬁﬁ&%ﬁhﬂ{“
and zinc and®B represents one or nore _
titanate-based material that would be suitable for making MLC’s with thinner dlelectnc Lo
ceramic layers, e.g. less than 4 pm, with acceptable or exceptional electrical properties

including DC leakage and breakdown voltage without the need for extended milling.

20
This invention provides barium titanate-based particles having a coating comprising-'

a metal oxide, metal hydrous oxide, metal hydroxide or organic acid salt of a metal othef -
than barium or titanium, wherein at least 90 percent of said particles have a particle size
less than 0.9 micrometer when the coated particles are dispersed by high shear mixing. As

25 used herein the term “barium titanate—based” refers to barium titana’re, barium titanate
having another metal oxide coaﬁng and other okides based on barium and titanate having
the ge_ﬁeral structure ABO;, wheré A represents one or more divalent metals such as

barium, calcium, lead, strontium, magnesium and zinc and B represents one or more
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tetraval en 3920 such as titanium tin, zirconium and haf nPGRUSI$P2849 -

i nvention al so provi des conpositions conprising such barium _
titanate-based particles of this inventio . e.g. in a variety of forns
such.as slurry, wet cake, powder, dispersitn and slip. _ Such
particles are easily dispersible without the need for mlling into

submicron 5 dispersions which are advantageous in the manufacture of _
M.Cs wth thin,di.electri . s_.having.s L O rain size and high
br eakdown Yfé%qt ri'—f%‘ﬁ %‘ﬁ%ﬁr"‘ﬁ?&‘ﬁ% ghf gxrcomlfnq 8‘?# Bgnﬁ;ﬁ%kﬂs ﬁg’gﬂé?rh als? he size
of aggl onergbeRIed tompbsitiénsontrisiny such Bufih tREnA Baded \pattictss ofthis invention,

aggl oneration or separation of agglonerates into smaller coated particles
wi t hout i le.grig a variety of fgrms syshaasishyry, et pake, powder, dispersionrand slipl | i ng nedi a
such as rods, ballg or.zirconia,l articles tc. ,Since,.mlling can split
particles into s#r‘é‘fi Eﬂméﬁéﬁeteﬁ@%&ﬂ’%@ep‘ﬁﬁ?‘gl@ gqeil?or mﬁlmgé%tﬂlsgp'ﬁb“?‘ﬁ
non- equi ax 3 SshWMrd sl aHRGORKE °§ A%@ thinditleliiel € 1 ed
enbodi rr_\::?\ltet%i e p%#f%?%?o?dﬁl ?%vlgr?tlfgln are ungnf]]\@gfag@& dc}ﬁglr acterized
by parti cl dayers havig\subxictonprain sipeadd high biedkdewawoitagee Highasheat rhixidghis
coating. In another aspect of the -invention unmilled particles are

char act er i Z&fective iyraduciag thy sizg,plagelomerates of particles of this ventomand isvolves de-

i nvention pLOYi ) £ ar i 0. C ' . s ' sed
particles v##tgg%%&égp%%g%g oggg Sﬂgf)ainép% ' %gé]‘“%g&t%?%%‘rc ggﬁﬁg@M’
submi‘cron, é)gl.ri'm_pibﬁﬁdg ﬂiégiaﬂndl@ﬁﬁﬂh hadd] ifiag nhétliRsichGidireds)yBalls 68 zirconia( b)
adding to the Iiquid mediumone or nore soluble netal salts to provide
submi cr d, particlgsiete. c Sincewmillingcapsalit pastielesinto smalierthanthepeimary padiele size de, -
hydr oxi de or_qr.gani c acid salt of ..sai d tal . : . Still. anpther
napect of CRPQLR LA BATFR Ao eevirh BrBreh S RpRgec SRS L8 BTN
submi cron, dabddifeht the pakRIBHTs AdVehtibh 8% nfnifled, ! icHardBiétizédd by phificEt hod
conpri sing de- aggl onerating a dispersion of bariumtitanate-based
particl es ibavinga fiajpripertieniefithe sunfade comered by theenating! &n anotherdispestioféhe on i s

less than Q.9 m cronet.er. h de-.aqgql oner,ati ng i s, pref erabl 25 effected
by high shd@¥e} ‘-‘{%‘Hﬁ‘f“tlled pax%%fes awy%g’feas equiaxed c?rsp{m_enca?. y -

PCT/ US9§502849  Another aspect of this invention provides a method for making submicron, barium

titanate-based particles with a metal oxide coating comprising:

(2) providing submicron, barium titanate-based particles in a liquid medium,

(b) adding to the liquid medium one or more soluble metal salts to provide submicron,

particles with a coating comprising an oxide, hydrous oxide, hydroxide or organic acid salt
20 of said metal. _

Still another aspect of this invention pm\;idcs a method of making a disj)ersion of
submicron, barium titanate-based particles ina liquid mei_lium, said method comprising de-
agglomerating a dispersion of barium titanate-based particles in the liquid medium until the

- particle size distribution is less than 0.9 micrometer. Such de-aéglomerating is pi:eferably
25 effected by high shear mixing.
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Figures 1A and 1B are photom crographs illustrating an enbodi nent of barium
titanate-wpaooshgagticles of this invention; the illustratedpanidoghssaehave
a netal oxide coating and primary particle size in the range of 0.1 to
0.2 [erflm 5 Figure 2 is an illustration of a titration curve
showi ng the effect of dispersing agent 4-on the viscosity of an

enbodi ment of a dispersion in accordance with this invention.

Figures 3A and 3B are histogranms showi ng particle size distribution of an
enbodi mrent of bariumtitanate particles according to this invention, where
3Ais the particl es sBRIEF BESCRIPTION OF EHEIDRAMWINGS as nade from wet.
cake and 3B is the particle size 10 _distrjbution of the sanme dispersion-
after hi gh sheafFigires hiy and 1B are photomigrographs illustratinganserabedimentolbariym he

particle si.ze distribution bar] d i i Ng {0~
Phe. pri or  SFmafeised Bitncted of byip Ryl HEMTo Gaped pliflep bV nftil e WbaliBly'
Fi gur es 5A,a0 griaBrypatiblesiR0h WHranBodl 00 19 hsl € size distribution of an
enbodi ment of "bari'umtitanate particles according to this invention, where
5Ais the 15 pddigireRds asilinstratien of dtitration avrveshbivapg the effectiof dispersing agemtet
cake and 5B is the particle, size Lstribution qf the sane. di spersion
after high ogﬁé%‘ylsmsgy,qg an embodiment of a dispersjgan, aee Wi Heverti®r - ERRED

EMBCDI MENTS : g 4 %&9 s &Vi'hggﬁrt#%éik% iriRasherkased
particl es havi ngf1 ‘8%%‘??%83?0&%%*?2‘? g o a fheta OX|de{,%Hﬁb§t al h%rous
oxi de or nembodiiyeht of baltum titanaid particdles feroedifig whthissinverstitng whére 340 i the
particles have a particle_ size |less than 0.9 mcroneter.

§ icle, X ) .. Sich
particles aréiclessizedigribpionoin dispgreienas made foaewet cakeand BB thepagticle size
subm cr . di.sperlsSi ' A ouis:.i.n the manufacture of -
M.C s hdf%ﬁh%%eéﬁégﬁ%%gﬁgfiggl?ﬁ%%ﬁ%?éJB'r'rllgE:ron grain size -and hi-gh
breakdown vol t agigurki4dh a hlstegrani showing the partichyf fifcdisteibution bEBardurn gitdraee Si ze
of agglonerates of particles of this invention_and involves de- 25 -

agg Ihorrer at Fléﬁl‘%ﬁs aseprdingtpdhe B‘ﬁma?_gw(ﬁhﬂ*'i%@&%@%lbbawwedd@ﬁﬁ@e&?ar ticl SS
t t I . k . ) 1. m i i .
Such as rods. | Eiswesfadng SERAS wiskSbrnlS sRBpk afifebit qifikiofiok b 0, S ) 7,

particl es iepibadiidHt of biuhaf tidiRtdpdriicley adtdkdihg tethss iAVention, Whetd SA Rdthen -
non- equi axed particles wi.th exposed, i.e. uncoated, surface, in a preferred
WO 98/ 3602 particles size distribution of a dispersion as made from wet cake and 5B is the particle size

PCT/ US98/ 0 %?sdt'gbution of the same dispersion after high shear mixing.

|

This invention provides barium titanate-based particles having a coating comprising "
a metal oxide, metal hydrous oxide or metal hydroxide or mixtures thereof wherein said |
26 coated particles have a particle size less than 0.9 micrometer. |
Such ﬁarticles are easily dispersible without the need for milling into submicron
dispersions which are advantageous in the manufacture of MLC’s with thin dielectric
layers having submicron grain size and high breakdown voltage. High shear mixing is
effective in reducing the size of agglomerates of particles of this invention and involves de-
25 agglomeration or separation of agglomerates into smaller coated particles without miliing,
e.g. impacting the particles wiﬂ'l-hard, milling media such as rods, balls or zirconia =~
particles, etc. Since milling can split particles into smaller than the primafy particle size |

resulting in non-equiaxed particles with exposed, i.e. uncoated, surface, in a preferred



- 5- ;-! . ér‘rbodi ment the particles of this invention are unmlled, e.g.
characteri o,particles havi ng a naj or portion of the; o
covered bﬁ?%gg%%gti ng. I n another aspect of the i nventi Bﬁ*@ﬁ%sé% i
particles are-characterized as equi axed or spherical. Such
particles are useful in providing nonolithjc capacitors conprising a
‘ceramc 5 body having a grain size of less than 0.3 mcroneters. :
Preferred MLC s exhibit an X7R tenperature coefficient of capacitance
and have a dielectric thickness of |ess than 4 [err]m and a dielectric
strength OlenfHodliéifithe BAiKIk bP thiPinveid & unmilled, e.g. charhbtefiBéd by Phrticks®
size of particles accotding to this invention is conveniently S
det er m ned hayingafmajon pertion of thesurfage ebwered by the aoating afinandthérdspeet of thes
illustrated by 10 reference to Figure 1. Wileg it is understood that
particles @vwgmﬁﬂpgﬁcmmwdas_eqwﬁ%fpgm <l es of varying

sizes, in prefer t [pvant . . Lde- . ad,
bariumtitanat e_gouggé%&gcg%stﬁg ﬁgeesfhiﬁl\#ergglag{rq ‘ﬁg‘?‘%ﬁ%’;@*’c 1@?%{:%?nselp§§ c%ﬁa?ﬁi@_ -
average §r ipgayhaving a %ﬁhtsml(ﬁ'lédsm 0.8 hicidhidterd. Prefefed MLO S ehiibR'an X7R =

preferred aspects of the invention the particles have, a pri marX '-
particl e siteraperaturececffipignt of @pagitanceranchaveqy diclepisic thigknessroflessthan/4 pasand

than 0.4 15 ... mcroneter..- re preferred aspects of this invention
the parti C|aégelﬁ%s§'e5gtgﬁgp§/ﬁa§\ﬁ)ﬁa/ tF(?Fg"‘g’i' ze of less than 0.3 nicroneter
or |ower, and i rprifas P8 siBY BF RsREGIr8MBb Yhis invehBoR i (ileRlieAtly

m cr onet er. e partTcles of thiS invention can exist. as other
t han pri nardetgpmineddyereferencg.to asanning elecirpmamicregraplis (SEM) eyg. psiiliustdated bynd/ or
aggl oner at es_of aggregates_of, prinmar artjcles. 20 Mis not effective in.
di stingifs Hﬁ%enpﬁgo Eiguee ki él{hlledms\gﬁl _ RarHgles %fi'gﬁ igvention may comprise

aggr egat es IJ%“ i ' ‘;ah' ﬁ-+ : gﬂ @érﬁ:r%{s YTl Lk Ary
particles. ués}?bgmcxesgg;t 1°C %ﬁgléé;gn Istri u?%%%ogir?gl ysP?,gﬁtetﬁégF&%a;%Fﬂi({]%t
scatt eri ng coatet/baaiims titanatesbased paticies hawd & primary particle sideqe.ac e averageplimary
particle size of the bariumtitanate- basedegart icles of this invention. -

pr o?/ijdeﬂ t mﬁqlﬁézgrlwghm ?érﬂq}dp other pyefesr ' Bﬁiﬁcﬁd’tfth%iﬂ"mﬂ ﬂ‘&"ﬁaﬁ%‘ﬂﬁs havg:
600, de- aqd ARy Rariclh Sk pEIE an s RYROBIM. s Bhef Uia BRREAMTARE AN D4

PCT/ US984 OZ8i¢fometer. In even more preferred aspects of this invention the particles have a pnmary _

particle size of less than 0.3 micrometer or lower, and in some cases even more preferébij}
less than 0.2 micrometer. ' | |

The particles of this invention can exist as other than primary particles, e.g. as
aggregates of primary particles and/or agglomerates of aggregates of primary particles.

20 SEM is not effective in distinguishing the size distribution among primary. particlés, )
aggregates of primary particles and agglomérateé of aggregates of primary particles. Thus,
particle size distribution analysis, e.g. by light scattering t.echniques, is a preferred method
for characterizing the particle size of the barium titanate-based particlés of this invention
provided that the pfeparation for analysis does not include treatment that would change the

25 distribution of aggregated or agglomerated particles, e.g. de-agglomeration due to '



ultrasonic treatment, high shear mixing or milling. Thus, as used hérein’
the term"particle size" is used to refer to the size of primry,
particl es,wep§nseat es of primary particles and aggl oner pteAIs$/02849 -
aggregates. A convenient automated |ight scattering technique enploys a
Hori ba LA-900 | aser |ight. scattering particle ,ize analyzer or simlar

devi ce. Such analysis 5 typically presentt the volume fraction, nornalized

for frequency, of discrete sizes of particles including primary
particles, aggregates and agglonerates in ten groupings, i.e. ~ decil es,
as illustrated in the histograms of Figures 3-5. In nore preferred aspects

of this ulfraspgict reatment, hi egOmixing enmilling.t Kbusyas asedarein- th@mdpatmh um.
titanate-base article article, size less t a.nO8 ter
or |ower, cl rtgﬁ?é $°eé§ S{Zﬁéﬁﬂpﬂ%ﬂ!{yp&fﬁl&#&%&gfegf@s eéi“@ ab y

| ess t han estesingf

i nvention gdgg’}d%éétﬁﬁgg?%%rc nt o'?% e partlc es @g a par |t8‘lgl£1li(§l| ze g%ssa
than 0.5 mmmm%mrlaser light seatteringipattiplecsizer amalypet erssimilandevice! Suck amaiyswr
and in some cases even nore _preferably | ess than 0.3 pmicrongeter,

Char act ef i dypigallypresents the volume fragtian, mﬂmlm# for frequeacyy ofidiscrete sizes of ¢ he -

| lest part 1 Qhi’ h.
oot oot S TektbEinttinl Afnbd, oo U6 abbBots b HERlm R if Wi arofb )i ©
particl e sidegiléd)at NRus@eet i thef histoRtan®Sof Higires 815 Sin mére préfehed @dpects of this =
Dlerr]/Derr] is a conveni ent characteristic for identifying the wi dt h

of the par tinvéntiopiat teas Sﬁpermmtw theemetaboxide-coated, wmu@nmﬁme«tparncm bave -

i nvention the rtlcle |s.tr|bt|o IS _narro V|ng
2"t o of Sehelr s b0 aBichamety o lowgr. AR petireBlToSe Ben Y micromaiey
SONE Cases eR¥R ol pfEFeabR l@ésethﬁ‘lbb% ﬁxﬁ:?&n&t@ﬁnlt?ev'én more preferred asp@éts 6F s ;
herein the term' d| spersion” refers to two phase systens of soOlid partlcl es .

suspended iinvemtioniafisast Hepkroent of thepauticltshavech particldisiverlessithan 8.6 aimctomgteWr
t he dISperﬁIOI’l g its reag@ ance to settling, can be enhange

the use of 1AWg épgqfwa iygess than O dmpjcremeter, angiin SQME £ases SYem o pre 8u :
systens is gsctﬁg,;gg% §kr sol ubl e polymer such as a 25 polyacrylic ac,___d.- '
Except where 't cont ext |s ‘clear that a netal oxide only is neant, as.used
herein t he t€hara¢tenistivs of partitle size distribution fiscdude Dg wiieh isths smhllmpaincle
oxi des, netal hydroxides, hydrous nmefal oxides and organic acid salts-
of a mefdl sizsisrbedesileiaf lagest paricles; Dy which represents the guedipnodigmeter and Dy

PCT/ US98/ 020¢23h is the largest particle size in the decile of smallest particles. The ratio of D,ol D.., is -
a convenient characteristic for identifying the width of the particle size distribution curve. R

In various aspects of this invention the particle size distribution is narrow, preferably
_ having a ratio of 'Dgo /D, of less than 4, more preferably less than 3 and in some cases even
20 - more preferably less than 2.5. | N
' As used herein the term “dispersion” refers to two phase systems of solid particles

suspended in an liquid medium. In a preferred embodiment the stability of the dispersion,- |
i.e. its resistance to settling, can be enhanced by the use of a dispersing agent. A useful
disPersing agent for aqueous systems is a charged, water soluble polymer such as a

25 polyacrylic acid. |

' . Except where the context is clear that a metal oxide only is meant, as used herein

the teﬁn “metal oxide” is used to describe coatings of metal oxides, metal hydroxides,

hydrous metal oxides and organic acid salts of a metal. Such organic acid salt can be



-7- ' - ¢ converted to an oxide or hydroxide, e.g. by thernal
deconposftion as occurs during heating - for ceram c binder. burnout- '
and/ or cer¥R%R8 2% eri ng. As used herein the ter RETUSHMO284L,
m xi ng" means mxing in a liquid nmediumthat i mparts sufficient energy
to separate aggl onerates of the coated parjgi clses of this invention 5 into .
smaller particles without the inpact of a“Solid agent such as rods, _
cylinders or hard spherical nedia such as zirconia spheres. Hard nedia
is used in certain high shear m xing equi pnment where small sized nedia
I's used to create,shear wthout inpactin Al t.hough .. high shear. m.xi
can be ef f eganvarted ie,an pxide oERydeg e'&'sbfl@ﬁg??lﬁ@ﬁg'ﬁg?%wn ocrcg:sodﬁgmg&fﬁ
to precisel %H} | @fhrhie At e aggl omerates in high
shear m xi %n-@ sb{ﬂ&rk@&?e _ellr eln tﬁgﬁﬁzé% "bariumtitanate-based"
refers to bari umAisidsedbérein thetéronthigh shdar arixing” hreansipixing ire liquidtraédiomi that

coating and ot her oxides based on barium and tié)‘ggate havi the .. -
general st rimpartssufiigientenprey\in serarate agglomerates offne coated partic \?gﬂmnvmm s
such as . bari calGi - ' ' is

epr coons BREBARRRnGes o iribdoP Gt e RRPSRIMEPEE offifiersihalty
zi rconi um aghefiedlthedia sdchPasshifohiabphares.Uladbmediatisisddan ket high shebtiniting

the structure Ba[err]Alerr]Qerr]Ti[err]Blerr]Jerr], where x and y can be
in the equipmentf where small siged maedia isqjsed tnereate sheargvithoyt impacting e Adtheugh| s

one or - mor chEBheRHBRE o SRR ok Sl ] s el T GRS

Zi rconi um a ' . .
£ 1 o0t U iyl o Bl BB il et cied Mgk dpen miing

11, e.g. less than 0.1.”In

ot her cases, ot hés used héreftOthe termethrrsint titanite-based” aefecsw hatiupy tanate, Zarium
significantly ident]fiable congound sugh as bar,i calciumtitanate
bar | um st r GHiENAR,aving AmoBier FEtAl gpFide qoafing 8ad pther,eaides Based on bariup and titanage,
still other $rdd ' , i i ' ol A '

t he ot her n]é%gﬁg ﬁxe"ﬁk@% lela%tppr cl)ﬂitl)l)ré i'%?(e)}’vv; eéch(LagP %ﬁ%éﬁﬂ%@ﬁ%@ﬁﬁt&ﬁ%&ﬁﬁ%@
| ead titanabariah, daleitmayieatl) strontinm, magnesiomsind|zincodniddB repasseatstone o€ argreund

can have multiple partial substitutions, of barium %E VO 98/ 35920
PCT/ US98/ 02tstrgvalent metals such as titanium, tin, zirconium and hafnium. A preferred bariug

15 titanate-based material has the structure Bay; ;A0 Ti,.,,B,0,, where x and y can be in the

range of 0 to 1, where A represents one or more divalent metals other than barium such as
lead, calcium or strontium ahd B represents one or more tetravalent metals other than
titanium such as tin, zirconium and hafnium. Where the other metals are present as
impurities, the value of x and y will be small, e.g. less than 0.1. In other cases, other metal
20 or metals can be introduced to provide a significantly identifiable compdund such as
barium-calcium titanate, barium-strontium titaneite, barium titanate-zirconate and the lik_e.
In still other cases where x or y. is 1, barium or titanium can be replaced by the other metal
of appropriate valence to provide a compound such as lead titanate or barium zirconate. In

still other cases the compound can have multiple partial subsﬁtutibns of barium or



titaﬁi um An 'exarrplé of such mul tiply p'artial substituted conposition is
.represented by the structural fornula
Ba[err]Pb{‘UOﬁP@&{ZGrr]Sr[err]qerr]Tl[err]Sn[err]Zr[err]Hf[ernd‘l[msssmrr]

5 - where X, x‘,x", y, y' and y" are each [err] 0 and (x + X' + x") is < 1

and (y +y +y")is <1 1In~ many cases the bariumtitanate-based -
material wll be di sposed with a perovskl‘tse crystal structure. In many
cases it is preferred that the bariumtitanate material have a perovskite
structure. I't has been di scovered that when

hydr ot hermal | y- produced, bariumtitanate 10 particles are conventi onal ly -

dried into tifatigny sAn example of Fechaultiply partialsubstitated cemposition isjtepresented by

aggl oner at rticles that are not effectively de-aggl onerated by smple :
hi gh sheareﬁj‘e’gt%“‘F’ﬂ“I"’#ig “IP ¥hus, dlspersmns made from such dry,

aggl oner at ed, bagjum L Ig2.0% qw:tgs ‘whi ch have a subnicron
primary particle g(lyze equti}‘re a gﬁﬁgtgst i al | y 2 ong duration of inpact.-

~mlling ayi de, partic in R d e at ens

T ing 4 hEY KELR Y Kraily e b Zp b Bt T B S B €T
oxi de- coat §flanyPaisks/HebatidMaittnate-basedtadEiial Rl Wedigoséd with Wﬁskaaﬁry@talt his
I nvention having a subm cron primary particle size, whet her in"a wet
form such astructure. Bl many casesit 1$pdc€qnedltbqtéhsbmmhtwhtepnmmaldmn arperayskite
surprisingly, |n a dry powder form can be de-agglonerated to the subm cron
size range* clure. t he coat ed particles by the noderate action of high

shear m xi ng of | ﬂ&ﬁa% The .
bariumtitanate- gg‘saggé%a‘?ﬁg Hmédébg%ﬂhg I n the ??l@lﬁg&é,sagg{:nttsl 0 tet his -
it n;/e nt |t on quntuﬂw mf.eplnverﬁohalmdﬂngdimtd jmvde Iébepa;ugatsﬁﬂm into relatively sotlrongly-'

i t anat e- based particles e, rie u e mai nt ai n in-a
wet envi rorﬂﬂgﬂ{m@?‘eﬂé’ag%d"tfmtlar?ﬂ@%Y‘gY de-agglgmerate EY&WIHEE Rl net al
oxi de coat i r t
titanate- ba@gdn%-ﬂ{ [ t@gé&g?mﬁﬂa@nﬂgﬁﬂﬁj E%gl ﬁ‘%%ggt}g%gﬁur r%in?l ?s provided

with a net glowders whichdave a sibmigron’pritnryrpartidle smtb féquire & substantidlly long duration
titanate-based partjcles can be prepared by a hydr ot her mal process, -

e.g. as di Siimpeet milling © provide pertiolss in fiegsiErypmngaanbpnegamornigtense milling

(455 S35, R R BB A AR A i

'Ifaé_Fl)_} E g |913>’ o?gﬁgﬂpMCES by ebrptsitiods dF ﬂﬁm@&hﬁ'&l having a subrﬁﬂ-&ﬁﬁxﬁﬁ%amde sxze, |
whether in a wet form such asin a slurry ‘wet cake, dispersion or slip or, even more
surprisingly, in a dry powder form, can be de-agglomerated to the submicron size range of
the coated particles by the moderate action of high shear mixing of dispersions comprising |

20 such particles. '

The barium titanate-based partlcles embodied in the various aspects of this
invention can be prepared from hydrothermally-produced, barium titanate-based particles
that are not dried but are maintained in a wet environment at least until the particles are
provided with a metal oxide coating. Preferably, the hydrothermally-produced barium

25 titanate-based particles are maintained in an aqueous shurry until provided with a metal
oxide coating. A slurry of submicron, barium titanate-based particles can be prepared by a
hydrothermal process, e.g. as disclosed in U.S. Patent Nos._ 4,832,939; 4,829,033; and
4,863 ,833. In such hydrothermgl processes an excess amount, €.g. up to about 20 mole

percent excess, of barium hydroxide solution is typically added to a hydrous titanium oxide



sl urr*y'and heated, typically to a tenperature in the range of 100 to 200
[err] G .to create: subm cron particles with perovskite crystalline.- .
structure. WNS593% i cl e size and particle size di st ri but IRGT/GIA§RR49-
mani pul ated by controlling process variables such as tenperatures of
slurry and solutions, addition rate and spged;of'heating to and cooling
fromthe perovskite 5 formng tenperaturé. The sel ection of process
vari ables for a desired particle product can be readily determ ned by
those skilled in the art follow ng general principles of . -
crystallization. For instance, |larger particles can repa by addi ng
bari um hydrﬂménd%eatf‘@’lté{ﬂc@@?% . eﬁﬁ"ﬁ?‘ﬁ @Pg?°frg®1 aﬁ@eg‘fg‘?"é“% .
relatively : : . [ td n
be prepar edélg);g‘“% I*ng lggrlﬁtljﬂrhihyars gﬁ?ﬁs‘rﬁgﬁgt%gﬁugmq%c ykllte %Izael%%g P aﬁ‘ﬁ?rs?
mai nt ai ned @fstributioh@hh be manipuddted byeonteslling prozess variables sGch dsterperataies of
agitation is i mportant for preparing uniformparticles.

After the peluwsm;itseluﬁpns;@déiﬁ@nirgteianﬁém@cpfthsam mdtqos)an&fﬁ@npﬁ&etnwv@éy

onove. uitr crise fRathersture” Thodefelion BFpdBLds ViSRS RiSisd AiciaaH bl
ef fect ed W bOreaflIP AeRhAthed byithoderskilledah the &t folfowiRiglgdtbralpriticiplenss bar i um

from dissolving fromthe particles. The wash water can be removed by -
filtrati on ctystdBizativi.nfjor mstanessdargenpasticles eanche prepared byrpdding fhaviaahhydrexide

brovi de a_ SRS HORY Bl Sttty Riinteler &F o eftately, iove Bilaite, B $60u s Chan
SmllisSie eﬁié\éﬂ%&ﬁ&#ﬁs L&5Be prdpated by addifl batithRIRSKidE Ritdtivedy fhikRly to a

washi ng cycl es ound to be adequate to reduce the ion 20" content
of the wat eslupiyasaintained dt awelatvely highstempemtire sxig laboat 251C uGboOd Agiyatinm isot
nore than about 100 m crSi enens. The barium

titanat e- balfBROTit forrerarig ynkformiRMARIES. on have a coating conprising an
oxi de, hydrous oxigle ' btuf b obasithd ti t ;Pﬂﬁnﬂ@ [t al
ot her than barium mé%%pgtk?ttgggﬁum . %s@?ﬁl?&ge?}am C té@%aégtp ue tb the T ow
sol ubi lity @eatiRAYoPd slultg] thepaitivlesnt preferably washed therefioveivnreacied metal ri ¢ -
acid, tartaric _acid and palmtic acid. It is bhelieved that the oV
98/ 35920  Sspecies, e.g. barium ions. Washing can be effected with ammoniated de-ionized water at

PCT/ US9 8{ 50 2 %ﬁgm to prevent barium from dissolving from the particles. The wash water qéu}gé |
removed By filtration or decanting from settled particles. The number of wash cycles will

be determined by the purity desired in the aqueous phase, e.g. to provide a slurry'jn alow
ion solution having a conductivity less than 5 milliSiemens, preferably less than 1
milliSiemens. Four to five washing cycles has been found to be adequate to reduce the ion

20 content of the water phase to a low level characterized by a conductivity of not more than
about 100 microSiemens. .

The barium titanate-based particlés of this invention have a coating comprising an
oxide, hydrous oxide, hydroxidé or organic acid salt of at least one metal other than barium
and titanium. Useful organic acids, due to the low solubility of many of their metal salts,

25 include oxalic acid, citric acid, tartaric acid and palmitic acid. It is believed that the



orgaﬁi C 'af:i d salt will be converted to a netal . oxide during binder burnout.

The sel ectjon of netal is preferably on the basis of enhancenent .-
i nparted t ¥ AWEPocessing or properties of M.C s. The nEBCE{USI§02849-
coatings is typically selected fromanopg bisnuth, Iithium magnesi um

calcium strontium scandium zirconi um %\f ni:um vanadi um niobium. 5
tant al um nanganese, cobalt, nickel, zinc;Yboron, silicon, antinony, tin,
yttrium | ant hanum | ead and t he Lant hani de el enents. In preferred
aspects of this invention the bariumtitanate particles have a barium

and titaniumfree tal .qxi de coatj.ng. \Wen., ceram.c capaci Lors with X7R
el ect o QrEameartsalt il hosonyaied o metal Gide, Aot findr BERAHE THE Selpcsion gk
titanate p ' M’%, B Basisytehhdite: RW ji s§fng %ﬁﬂ&“ 10
neodym um g‘)%%i&gisi n conpi ﬂgt | or?g}/%i th nickel oxi‘de Ort&'?ga allelt% 0X ?é. en&lr%fﬂ-
i s desired MLC’s. The metalén coatings ds typjeally selected fimim ameng bistmtledithivm, -~
relatively.-low tenperatures, e.g. in Ehe r.ange of 1000 to 1200]err]C as

conpar ed t gnaguRSIum, cakummestrongium, scandiym,Zirconiugn, hafiinme vanadiyn, pightum, ~ -

titanate_paltj ' . - Qr -l ow .sint ering. .
such Low" i ipiidafied, SRR bickeChigl! GUIBhRiCA shEBRRY b baBhd ° T
zi nc bor at elanthafiémVRAGdAd the Udnthanidd dlerieits! Bi prefuttbdeapeits of (hiymveRsrele -
Di el ectric-nodi fying and sintering tenperature- | owering netal oxides

can be ef f coarlunetitanat¢raeticles have atharivomand titapiunefice smetel oxide coating. aWhen
cake Nbt ol SRR SapaiRs SR AGER BieeBis BoptRise Ayt r AR BV e
slurry of bgirivsiitanh@AkEcIQARRE dBpdrits Slci%s niobitih RIS WtitalbRl BidosE s) of - -~
salts, e.g. nitrates, borates, oxalates, and the like, of netals 20 S
cor r espdndi mgpdymivthexitesincotbinadionvth niskelloxided arecobalt oxjslet Whemitiodesied to
Pydr oxi de. BaPIAeserageie spRRciars Belarnatere] pielauvel 108 emBemrued o tedres o
forma sin 12069 ' r rat . . Lally
to forml a%fr}lsdog¥si1%dl Vi gﬁg&fiﬂﬁ%fgg ggbdtgsl;ﬁ‘élgﬁéi ﬁyese%gaéggqu mrrvé(tiéa@g%%?w T
rel atively titanatbipghielesswithudidbpant that prpmated kive temmpbratursksihteringi Seclclon i ngs .-
o5l ubi I | ARPIPSTAuTEIirSerine ifs SoRede bigmuh SR dEa RS Gl Jine borRe e Yaradelsy
resol ubiliZ , e 8 Sl
t hese e sab-i 1.2l . i . I i ' e
ot al ol dcugtd bfretE it Gorinfidrnered DHlcB R mERiEGing 3 sl el RbdeRlture-
sol ubi | i zat joweriaf niéli dxidedén be atfettively addedas the barfii titahh@sbased Particlda falfidin .
and titaniumfree netal oxide coating. Metal oxide_ coatings of VO -
08/ 35920 the particles have been washed and prior to formation of dispersible wet cake. Metal oxide

PCT/ US98/ Ozgo%%ngs can be provided by adding to an agitated slurry of barium titanate-based particles

an aqueous solution(s) of salts, e.g. nitrates, borates, oxalates, and the like, of metals

20 corresponding to the desired coating. Metal oxide precipitation to the coating is promoted = -
by an appropriate pH, e.g. using ammonium hydi-oxide. Salt solutions can be added either
as one mixture of salt to form a single layer homogenous coating or separately and |
sequentially to form layers of individual metal oxides. In the case of metals of relatively
higher solubility, e.g. cobalt and nickel, oxide coatings tend to be more difficult to apply

25 and maintain without resolubilization; thus, it is often preferred to apply oxide coatihgs of
these more soluble metals as a top coating over more readily deposited metal oxide layers.
An alkaline environment also mmnmzes solubilization of barium and readily provides

particles with a barium and titanium-free metal oxide coating. Metal oxide coatings of



par t,i’cl es’ i nt ended for ceranic capacitor application typically have a
t hi ckness than 10 percent of the dianmeter of the party ren
| ess than-‘éé%%g#(} ters thick, and preferably not nore thyﬁﬁﬁ%ﬁ%ﬁ' .

nanoneters thick. : Slurries of netal oxide-coated, barium
tit'anat e- based particles are convenientl y_ﬁ_ produced at a relatively |ow
| evel of solids, e.g. less than 30 W% bariumtitanate-based particles.
A higher levels of solids, e.g. greater than 30 wt% is usually preferred
for the production of MLC s. Thus, in the case where a slurry of this

' ti i be ir i bl
useful to CUREGEY PuHER for corfinldiébadhudr bl pREAY hive, uhliiedy lokd i 10
filtration,pdrgentiof iRAdiaméRr of thegralticle, oftendéss!thas 20 honoshétersrthick, aidpreferibly

at 10 least 55 wt% and in sone cases, even nore preferably in the range
of at | eastnothoere than Hto 10 nargguetexxthick: he particles of this invention. In

oroant o 1t qui d phlages of meberdde RafEh, Bafnt paterboBR AiibIeR sRconflebilnfl.
agent ang g;gadﬁéedcé;a rt@ﬁgaﬁhgqewtneva%sams{ 2R s$tHan 30 Wi%s Bﬁf{térhfiﬁa&tébh&dof a

stabl e dispersion o riumtitanate-based particles. .After a
met al oxi departieles.n4 higherjeveledf solidsyelg.qgroatenthhn B0 wide is usiially preferred forthat e-
based particles,  the slurry can,bngvashe and wat er. .content, of the slurry

can be redRredugtipn of %1 Gaus, in thecasg Whete s slymy of thigmveptign.isjp r,
e.g. a noi Sk: AUHEE LI itis gdx‘”ein n be
treated w t‘?}"%?ggé&?ng agen ét;o p(rtf)\s/’ll%ﬁas uﬁﬁ#é{)é"r’%ﬁﬁat‘g;ﬁédﬂ&g{@ W taﬁ{@

bi nder and whiee suchckbi By Featibs, torad leasiclewioisplids/ o strledss 50 maVs nedre preferablyest
by 20 neans that avoids or at |least mnimzes forpation

f |
st r ongl Y0 aglgasHSrwiternddnsprie£aseseeygn more praferably in e .rarm%c%m leastabpul @ of ot

cal ci ned or,drigd.c.£ertai . OX| . t. T [+A. i f.or m
of & hydr at BvAef B RBelia AP RS bG8 BaRs By be ERRIMTe i vebliCe Y
pH near t hadqueis phdse Rth &Pbrghhici lignidphdte, é.£ran dlodholfiyedolvetit éRchange. -
i nstance, nickel. oxide or cobalt oxides tend to be sonewhat soluble if
not mai nt ai Pispersingagent ahbinder canthesadded to concentrated\gjupy/to pyordde a slip ora -
PCT/ US98/ 02 . . . . , . -12-
maintain a %?4@59?51’57’3&%?@&3Bﬁ?ﬁktft@?at?'}l@seﬂl-?aﬁtfdﬁﬁ aqueous conponent- of. 't he
conposi hisons  Adfer h'bhcial RIS ERMg 3¢ Sppliedt6 hyiothdFially ir6@stell Nbdriiin tiBMER-
of 9 to 11. Slurry can-al so be concentrated, e.g. by
filtration,based padiclatethe sluirydtanbt washed anid watencontentrofithe slomjy rcgn be rédirced to

conpri sing met oxi de-coa eld, ~bariumtitanate-based .E)art | cl es andM _
provide a concentrated siurry, wet € O pOwWder, €.g2. 8 mot tordrypowder. Moreover,

slurry, wet cake or powder can be treated with dispersing agent to provide a dispersiori or
also with binder and other additives to provide a slip. Water is preferably removed by

20 means that avoids or at least minimizes formation of strongly-agglomerated particles, e.g.
calcination. Because they are not calcined or drfed, certain metal oxides may tend to |
remain in the form of a hydrated metal oxide which can be soluble if not maintained at a
pH neér that for minimum solubility point for that metal oxide. For instance, nickel oxide

or cobalt oxides tend to be somewhat soluble if not maintained at a pH near 10. Thus, to



s |lfquid. Aqueous wet cake can be in a solid state with as little as about
60 wt %.sol ids m xed with an aqueous solution, e.g. a solid nmass of
particl esW98B3s92mt i nuous |iqui d phase. Mor e. pr ef er abl y pomarsss/massas wi | |
conprise at |east 65 w% particles, nore preferably at |east 70 wt% -~
Wet cake can conprise up to about 85 wt%{)artlcles nore preferably up to -
about 80 W % solids, or in some caseslZrs |ow as 75 wt % particles. In
aqueous wet cake the 10 aqueous solution should have a pH greater than 8-
to inhibit nmetal dissolution. A preferred pH range is 8 to 12, nore -
preferably 9 to 11. Such wet cake made from bari um titanate:- based N
particl es maintaing properdy c@ﬂtgq)m@bnﬂqsrﬁ:gf amaquerpseomponentef the cormpesitions be

di sper sed, by adm Wi erS| n t. Little, if any, '
addi ti onal fmﬁgﬁ%ﬁﬁrﬁp&fmﬁ ?@’cﬂ&#f‘%‘h ?8?%1?2 wet cake froma
solid state int %1&:}bmﬂsébée&i&hﬁﬂtedlég byﬁxuau&s, th pRcvidé AsdlitPwerse Tle. a o
aqueous wet cake the particles in the cake will rengain .

weak! y- aggnomflosting s6lid compriding nmlp)ddw@atﬂdnm litamgteehased partigles and

oot a'zgeﬂaw Rvprus Vol s R0 T S0 el 0Rh o ltedndD RpSHA Y
A pr ef e I ch b QA5 o BbustoBl ok ME b R EGRA R in s frif ks ighichprasabl ©

and 20 transpor Suc wet cak an ex shel
encapsul at Morepreferablys twet eake vwlb@ompme dt deast 65 Wi% phrticlespinorepreferablp atleast -

t hat coul d_pronpte formation of stron Iorrerated particles which
are not red@iwtye.qWesgaleson compgise Sﬂé%%t#m’@g 6 pArHiglesmorg pgeferably up to about

pol yet hyl e%ﬁv&%’éoliﬁs &%%?{nlé eSS 10 95 e arﬂElEéTBIn&;g@ ol \3¢ t'[élg te“ded

shelf life one day or re

nmore prefe hqﬁkas lsohugion sheuld haeé a bHa@:éataﬂthdﬁsSo i&ﬂubmmeeﬂ diysolatien. pAqirefeﬁbﬂy
at | east 90_days. wet cake_ of this invention is readlly

t r ansf or reBH mmge i § toy} 2 mare pequrlablry Pie 11. Suchms@k%m%fm bﬂmneu@akte- a

 ope ot 10 B ML oo oMol orBlghc! i, BENRE KD con o e S
Ig‘é?_;l IUrSSg/ '(f)g 49y adm1xtui«éﬂvﬁ§éa5@3&mg agent. Little, if any, additional liquid medlumllg e

transform aeweddoaamformaowicakmﬁ‘qmchsqwrmtgmwQMMblm small, e.g .
typical]y less t wt % . based o t of .the barium, |tanate based
nat er i 4 I'n spr@qﬁﬁi&tbﬁ(‘f”&%ﬁ%‘l&% wet %?%W?Fe‘f‘ eake il TN ol une -
of the di sprRaRIyIEEARE tedTor £ lhtivly IdhgitiAd Y IPhShetheRlakE AitRaintained witha -

water content of at least 15 wt%, more preferably at least 20 wt% or higher, even more
preferably at least 25 wt%. |

I

A preferred embodiment of this invention provides wet cake that is storable and
20 transportable. Such wet cake with an extended shelf life is encapsulated in a moisture
barrier to inhibit loss of water content that could bromote formation of strongly
agglomerated particles which are not readily de-agglomerated. Such moisture barrier, e.g. _
polyethylene bags or polyethylene-coated fiber drums, can provide extended shelf life, e.g.
of at least one day or more, e.g. at least 3 days, more preferably longer, e.g. at least 30 days
25 or even more preferably at least §0 days. _
| ~ Solid wet cake of this invention is readily transformed into a fluid dispersion by
incorporating into the cake a dispersing agent without a significant addition of aqueous

fluid. Although fluid can be added to the cake, the amount of dispersing agent required to



[ ntq’a.fl,'ui d di spersion. Contenpl ated di spersing agénts are

pol yelectr ich include 5 organic polynmers with anigni -~ _
cationic f@hﬁsﬁg%gln groups. Anionically functionalized pg{}%ﬂg%’qaﬁd ude
carboxylic acid polymers such as pol ystyrene sulfonic acid and

pol yacrylic acid; cationically functionali,zed-:polyners include polyim des
such- as pol yet heri m de and pol yet hyl e'réi m ne. Polyacrylic acids are
preferred for many applications. Wile polyneric acid groups can be

protonated, it is preferable that such acid 10 groups have a counter

cation that_wi k|l ayoi i o :qfy. dispersi el. i |
pronot e di st&ﬂs&?%ﬁg%l?d ﬁ@ﬁ@%aﬁh@ﬁ%ﬁﬁ@fgf r@%‘(@é‘l’]&%ﬂ’ g\é é?’é’g%ﬁgﬁ Sﬁiém-z
present in WMRbdsed on wedgtitiof fife barivim GtBae Ha0¢d Mafdrial: Sknl soffe cas¢y 1f &dditishal
cation is the amoniumion. In sone cases, it may be feasible to enploy

dopant net afleidathertthan-the fluid velumewf thedispersing agentds required tosansfonm pavet cake

R dl t he, di i _selected th i at t ,0f 1E
i Sper st ng BipATuiLSRESiPRn GoRtrile T HisRuR e FEERG Bt SRy HR TS MhiciCmelhae
through 3 %@ﬁﬁgﬁ)é)%m?rﬁ with drficHit 8PcdtfonileRBEASRI Broups) Anfohitdllyfahétfdmlzed =

Fi gure 2 whi e effect on dispersion viscosity as a function

of the anpupdlymersinsinde sarbgxyirearid palythersueh as pelyatywenetsulfbnic acidiargber si ng
agent sel ected is_that anmount i ch provides the,l st .viscosity for the
di sper si on,quﬁ%crﬁ%%ﬁiqagppﬁﬁll%ﬁg%@ﬂﬁfmm nodyipd 8h use of

cause the vblethérimide di pblydthyttheilibcd Pl HeFIRFdci A beb picfeddif ol ity 10
many appl i lieationis Whilélpélyrebicacidpgroups can b2 proionated, it s preferable thagsuch acid

amount" of dispersing agent which nmeans an ampunt of dispersing agent that
provi ded0a groups/havegsequptesication:that wilhavaid sednstier pbdispersioneH torpylevelithatwill

m ni mum vi SCOSi an he viscosit t. about the shauyl.der A of {he . .
U1 tratton curpaotd a@Sdiuhoot bRRGR drbiher meihsPOA, e'e8s Rl resgofin dopnt
PCT/ US98/ 02&s4¥ings. For capacitor applications a preferred cation is the ammonium ion: iffsome

A preferred dispersing agent for use in colloidal dispersions intended for
capaci t or casesfitunay he feasdleatoceniploy dopant metals agjtheaoubier cation forithepolymenic

about 8000, S8 Hapréeaty HEearslens of R et EH. selfEh Ak ep o R ORI O aci
(as a Qs dfGebing s eﬁ%ﬂbb‘i’&lhiilg%té?ﬁﬁ{bdf Bsel kil in SR Hﬂttlnéu% Rprocessof

transform ng einto a uld disperston. The 1 ncorporatton o
di sper si ng tilgatiun to genemate Heurdeo axillugtrated ireRigard 2 whichshows lthaeffent oh alispersidny
bl endi ng di spersant into, the wet ké. VWhen high shear mxing-is
enpl oyed, eWEESHYAs g;fmﬂqaﬁé’gfeﬂpow of Sisweeing agenhusRd. When the amount of

dispersing agent selected is that amou_nt which provides the lowest viscosity for the

dispersion, the concentration of dispersing agent can be reduced on use of the dispersion,

20 e.g. by dilution or interaction with additives, to cause the viscosity to rise to an undesirably _
high level. Thus, for many applications it is desirable to employ a “viscosity minimizing
amount” of dispersing agent which means.a'n amount of dispersing agent that provides a
viscosity of the ultimate dispersion in the range of the minimum viscosity and the viscosity

at about the shoulder A of the titration curve, as illustrated in Figure 2.



particle surface area exposed by de-aggloneration. Thus, it may be

conveni eht to add di spersing-agent increnentally in the course of. high
shear mi xi¥Q 9838020 Wet cake is distinguished from sl ur rPGHUS98/02849 .
di spersions,.slips and dry powders in that wet cake is a non-flow ng
solid while slurries, dispersions and sligﬁaare fluid liquids and dry
powders are flow ng solids. Mist powders y or may not flow depending on-
t he anount of liquid present. As nore water is renoved noi st powder _
becomes progressively drier. It is understood, however, that dry powder

I's not necessarily totally dehydrated. 15 r rying, free dryi ng and

[ ow ftg.rrper ature éﬁ%@%%@é?g;’é‘g a&F‘}ﬁ%{;"%‘B cgﬁ%ﬁélr&éﬁmlgm %Tqﬁ’égg"‘?épa‘%mr |

provi di ng gﬂy&lﬁr : hﬁfl? e bhi ' B
particles q{pﬂl I C arﬁcér?}gisgﬁ%l ss%g$(3| égﬂ?rié'rﬁgtyq%ydnm X1 Rgﬁféﬁtﬂgﬂ | spergsclldng EE
agent - cont chavinpos mafberciverage maleduldrivesightaf gbowti 8000/ Fohimstanee, 017X wikh. of Bacls,
dry powders of netal oxide-coated, barioum . titanate-based particles.of @ :
this | nventﬂ@ﬁ?@:a@dﬁﬂﬂcwlcrﬁt&l@(aﬁﬂé'ﬁér% plusops sQjutior)has deemfound to e useful .- -
submi cro (1 . . - . J o

oo 1 o toF pfetGitnifl b e £ R clpets i, T BborBraeofiBE Ghspfictn b
material s, dan®e donebyXofvdnidnttheafs sifch\us hidchanicallioblefding dispershftivic e et -
reduce the particle size to a_point where dispersions or slips of the
metal oxi decakeaWben highrshean mixing.isemplepeddexsess dispezsing pgemtiis consumedibymevan

and i oh brRERRIL FCRS Rk feeow B G acetifortion " Thi ity be FoSienibm 8 °

provi des -mg%?%%némm&n&ﬂwﬁ%é wﬁsesfmgh_sﬁewm;r&m et al :

oxi de- coat ed, titanate-based particles in an aqueous sol ution by

de- aggl arer at i ngWat dakepis distinguistied fromalutties; dispersidnsslipsjand diyrpowders in that -
weakl y-aggl onerated netgl . I de: coat.ed, .bariumtitanate-based rticles
unti |’ substrHcaks 152 %H’%'ﬁﬁv’l@eﬁ°ﬁéa’gﬂﬁ yirgies, | dispersions andsmweéﬁf@%sﬂgﬁ and - ..

PCT/ US98/ 0 : : s ot e - e dBsg
Chan 1 Ler A pgydems gre fowing solids, Mpist powders may or may not flow dependinir i the - -
sol i ds di spmicuntofliqeidgpresent. Aonjore wategisiremovednisist powder beromedprogréssivedys ,
are de-aggl onrerated by high shear m xjing with a dispersing agent. The™

optimal ti risieroft isupdersadhoweyen that dry Bewyderyis petinecessadly teially dehydratedae o

P " 515 StArRDAyihe e BB A ABRBEASE VRERGE picelh A5 ek ey "D 10
Longneadow, methodé\fﬁ)‘i%?&h&mgﬂiﬁ?oﬂéi@ bf BieRd bRidécodfed] bdriun® titdnatvbaibd Partictes - ;.j 5

de- aggl oner at ed di spersions o L. . . . . _ :
which remain dispersible merely by mixing into dispersing agent-containing, aqueous . i

solution, e.g. with high shear mixing. Thus, dry powders of metal oxide-coated, banum | .
titanate-based particles of this invention are surprisingly dispersible into dispersions of B

20 submicron particles without the need for .long ciuration, impact milling, e.g. impact rod
milling or vibratory milling. Unlike prioi' art materials, high energy milling for several o
hours is not required to reduce the particle size to a point where dispersions or slips of the .
metal oxide-coated, barium titanate-based particles of this invention can be used to make
capacitors with fine grained, thin dielectric layei's and high breakdown voltage.

25 Another aspect of this invention provides methods of making a dispersion of
submicron, metal oxide-coated, barium titanate-based particles in an aqueous solution by
de-aég]omerating a dispersion of large (greater than 1 um), weakly-agglomerated metal
oxide-coated, barium titanate-based particles until substantially all of said particles less



this invention include what is known as supernills, colloid nmlls and

cavit at- 0&&%@ o Superm|lls as available fromPremer MII| of Reading,
Pennsyl va 202 media-filled mlling chanber with hi §AT&5aR840 - ~
rotating discs on a central shaft. Colloid mlls as 10 available from
Premier MII| of Reading, Pennsylvania havg a grinding gap between

ext ended surfaces of a high speed rotor and a fixed stator. In cavitation:
mlls as avail abl e from Arde Barinco Inc. of Norwood, New Jersey, fluid
i s punped through a series of rapi dl y opening and cl osi ng chanbers that

Choari g oRhd i AR smAle TR Fietet sethddof s IBRIqn i SoBMMDESONE Y,
concentrat &ﬂnﬁx‘iéiﬁ% YronfABauE BO it 75 wivEparticlés, ard@¢-apglomenréd by hf%lﬂsh@ﬁﬂﬂ%ﬁngﬂ_ ! !

perform equal Ty well in providing slips for manufacture hi gh
per f or mancwithaptispersing agént: Ahe optimal fimefor bigh sheartmixigg s readilydetergtined by

manaf act ur Riioe SEpeneBERey Hishag modng can B ised jn o GRATEE pumpipg do-
weakl y- ag%%%e}a Hl13ls a9Xildle OR ﬁi‘wl/é?ﬁfﬂ M&bﬁih&-ﬁ?@bﬁfﬁhﬁ%&hg%%ad@@[t icles

of this in tion conprises using a Silverson Mdel L4R high shear

I ﬁbor at or yMag%aghhseas. éf;hémqupakam'stdsg.ﬁxl fopproweding the klegiggkir%at&dgspfmgdms dfi gh
shear mix a_ 500 g.sanple of a, i spersion conptj si, 0,0f the
coated par thivinyvention nglude what rfé%m@pgmﬂﬁ oo mifls and q%@%mﬂ% in

t he range . ' ) \ .. Ghsgol ve
o | OcoShedhifi€aseBhble fidth SraniNA oF Rehlink; Pedtvalil hlve o iia RSP V2

tinme for dgilliag chatbeowith Aigh¥peedabtating discs oh asenthdl shifte Colloid miilds/ay  Of
di spersing agent is sufficient to WO 98/ 35920, .
PCT/ US98/ 0zeulgble from Premier Mill of Reading, Pennsylvania have a grinding gap between 6- -

mai nt ai n separ at.ed | r.al es d - t L0t |ler.particl

Tt B AL SRR SR AR B THS RSB e
agent Wi | | fr¥a XrdéaBaiiboTac OF NotWodlsNew Jefsbf, Thad id pinpéZ@riighiPsédries oS, the
nature of the coating and the power of the di spersing agent. An - T
ef f ecti ve rapidlyopetingiangclosingrhagbers thetdapidieeampress andedecompressitheflinidy - -
determ ned, wi t 5,a.fgw routine expetrinents by those skilled in fhe art.
obser vi ng § BLFetfisnS siariog srised Bk can e Auafiyfestinpariiih Iofs Sxpeds

di sper sjisng sifryS In$] [ Wkt \ p?gw de
of par ?isclgﬁgisgﬁgeg?gfgibbutfg%.ﬁér,g{?%’f‘?ggaike?%ﬁngﬁé}t O]‘ciir][&g}(') e e?irr‘?naltb es W |l
allow a equiytwell in proyidingslips Sosmatrafactued ofdigh petfermance caepdoitors affthisi gh

N of 1 act | e LR PEAERTeOE GispersiphSy KPR S iers depending o Ui
capacitor manufacturing facilities or methods.
A defining test for weakly-agglomerated metal oxide-coated barium titanate-based

20 particles of this invention comprises using a Silverson Model L4R high shear laboratory
mixer equipped with a square hole high shear screen to high shear mix a 500 g sample of a
dispersion comprising 70 wt% of the coated particles in an alkaline aqueous solution at a
temperature in the range of 25 to 30°C and a pH at which the coating will not dissolve and
cbntaining an effective amount of dispersing agent for an effective time for de-

25 agglomerating coated particles. An effective amount of dispersing agent is sufficient to



10 di spersing agent (nunber average nol ecul ar wei ght of about 8000) is 1

wt % di.sper si ng agent per total weight of particles and di spersing agent
and an ef W@®84%20i gh shear m xi ng time is 1 mnute. PCT/US98/02849.
certain aspects of this invention netal oxide-coated, bariumtitanate-baséd
particles prepared by hydrothermal processes are, as illustrated by -
reference to the 15 photonicrograph of Fil§ure 1, substantially spherical,

i .e. equiaxed in appearance as - opposed to having an irregul ar shape
and/ or angul ar surfaces common to mlled and/or cal ci nation-derived

particles. Such_particl es remai n substantially spherical even after size:

reducti on byaintaimnsenseated agalomeratesand ageregates in theismaller parficlp sizes avithoyt re-

e e i o TSI S B .

spheri cal %&Bwhﬁ%xz@&ﬁﬁmﬂ%ﬁ&m%%ﬁ@% ahd fiid ofthME}SBi‘élﬁgagent.
.~ provi des powders characteri zed with. exceptlona |y high surface area,

BET . surAmeﬁ'emumof dispersing agqmmgvgnpnrcag bama(dmlﬂ/dg;emmedm@her
t | ut 12 .
Subi or oh. fepaioutar prpisiugyby (26F Arilet e %&F‘E"ﬁ%& eﬁe%«f’ft@oqemaﬂesn

are 25 SUSH@G@ﬁﬂeﬁuﬁﬁéﬁfﬂm&ﬁé}ﬁnﬁgéﬁ%dﬁ%? 13 er el ease
agents using aqueous or non-agueous s vents to prOV| e cer c casting
slips. Wemagmthdeof phatictesize distributionf Aneﬁ‘ecﬂvaamounta;fdbo&ma&ablbhmlbaﬂbwm
titanate-based particles of this inventiqgn are . conveniently di sper sed,

e.g. with JRelF sizeanglysis hat peflectsbe grugiediset of high shranmixipg ogleragglamezation.

sol i ds,
PCT/ US98/ 0 fé)jénanyvgsgségﬁ ﬁgt?ggen found that an effective amount of ammoniated polyacP;hc acid -

in aquegels diglersingagatit (urhberaverage n@dlecull A6 0éighti cFubbite8D00) issLapatigstrsing -
filmform ng, pol yneric binder to provide a slip. The filmformng..
pol yneri c IAgsukpes tofel whisht of pasticles and dispersing agent andianefiectiverhigh shear rm@g

pol yvi nyl %Bg%gs fﬁﬁ"ﬁ)‘% | yvi nyl chl oride, poly(vinyl acetate/vinyl
v

chloride), Sut yral , pol ystyrene, pol ynethacrylates. In sonme B

agqueous systens Iy cekfain & ec&é Gf g RiVchtioremelad ¥xile-coiel bRndfitaRatedBaBdd -
bi nder, e.g. poly(acryla pol ystyrene ach»at e’) pol yacrylonitril: e

acryl at e, marls}wlcmmepaneduby drqsurymlymsqesm,y(d trateid by reference tadthene) and
car boxyl ate ol st en ut | .sclosed j.n US Pat ent :
4065, 269, Probsipikt iy afEigtiech shhy T ehded (iR Barey e,
emul si ons  QfppRddio-HavifY 4R gular shape and/or angular surfaces common to milled and/or =~ -
calcination-derived particles. Such particles remam substantially spherical even after sme

reduction by high shear mixing. Occasxonally, substantially spherical particles may be -
twinned, i.e. joined particles that grew together. The occurrence of such twinned partlcles
20 is desirably rare. The use of spherical particles, as compared to non-spherical milled
powders, provides powders characterized with exceptionally high surface area, e.g. BET |
surface area of at least 4 square meters per gram (m%g), or higher e.g. at least 8 m’ /g or
even higher, about 12 m%/g. |
_ Submicron, metal oxide-coated, barium titanate particlés of this invention are
25 suspendable with a wide variety of binders, dispersants and release agents ﬁsing aqueous or
non-aqueous solvents to provide ceramic casting slips. When used in the manufacture of
ceramic capacitors, the barium titanate-based particles of this invention are conveniently

dispersed, e.g. with ammoniated polyacrylic acid dispersing agent, at 50 to 80 wt% solids,



pol yirers or “wat er sol ubl e polyners, e.g. polyvinyl alcohol, are preferred.
10 ' -.: \When non-aqueous slips are preferred, the bariumtitanate-based
particles. %ﬂ%?&eﬂn°d|spersed in an organic sol vent cont ai ni ngPETAS88/2849 -
pol yneric binder and, optionally, ot her dissolved materials such as

pl asti ci zers, release agents, dlsper5|ng ents stripping agents,
antifouling agents and wetting agents. organi ¢ sol vents have | ow
boi |1 ng poi nts and include benzene, nethyl et hyl ketone, acetone,

xyl ene, nethanol, ethanol, 15 propanol, 1, 1, 1-trichl oroethane,
'tetrachloroethylene

pent anedi o™ fqee%ﬁel@g‘éw&f %‘gtse{"(ﬁzqﬂé’% °}ﬂi§FW¥‘iﬂ’és‘!§H?Wd@lmtfm{ i ne-

d m-xt.
ot yror & Eolgpertbinleh B fbiae & dp THESANGlAHE Chkold s (TR0 iutir

butyral), [foi-u:{e/inrthé cami@iﬁs)are polywinyil aydtats) ptﬂmhylchlondeppdly(ﬂxmd |acetattinylr s
such as nethyl cel I ul gse, b}m cel | ul ose, hydroxyet h cel | ul ose,
net hyl hydr &hi}m pelysbrrens, palymethacrylateny e%quepwspﬂmw s

;S)lcj)fgs? §r5ené"gf%&¥§8?' € gt%eéwgsm 0%3g?}§’?bﬁ’@n?t %P%’&‘@f& oﬁw%gﬁe)

pol yani des %%t)é?tﬂ%g‘a‘éryl&ﬁhﬂe aSriyiate, Wylaﬂonde Anoll’is@ﬁh‘ﬁ@ PRl Ry RALbuta-

pol yacryl am acrylic polyners 'such as sodi umpol yacryl ate,

pol yl( met hy Idl?nn) yhdbabpxﬂateﬂ@mbt(ftytemalzm&atg)as dlsdlosc;bm V&&aftcnt 4;%8;460,
copol ynmers ,of 25 et acr atle_, and et acr %v&re erre
acrylate p dpmﬁ)rarej B/SET' raé@ﬁg or aqueo s%g; 1onso ter-insoluble
PCT/ US98/ 0 gﬁ.ﬂ erred. -18- :
avai l abl e 1%;6 gs étﬁasg!subé)o%%gmers’ 6§e?°l?’v ’é‘r" s%lg?}éqln%regggnt s for or gam C

sol vent 10 sus pWheh aps-aguebius|stips aserpréforted,the bariign mxtanate,-basad particles are
pol yet hyl engi m ne and ammni at ed . pol acryl | C_aci

Pol yneri c 1shsnessed;in ap oegapic solvent sontaining mm/bmd@'emsb ﬁpmnal}yhe

I()E)\?\gpifhe gqqgss rar?sd: ln'ﬁéas&?&tﬁﬁgera urél'e(l%u%mﬂ es?)glgr‘\xgr o9 ;E/{;rrlg&’&gThé

choi ce of pigents) mtifeﬁlsng é?gedetﬁﬂrﬁrélﬁ% ks Useful orgariiy sélente hveTiokw u&mﬁg
must be m)dlfled and can 1 nclude phtha ate esters such as diethyl :

pht hal at e, Reinsend inslndeheneene, methwl pthypketpng, @on%mnebmmobmhmlat e;

Pyl oxy 8 RGPS e e sanEr Btk Bl sp i St Bl . 7o)

pol y(i sobutpthimediol-1,3-monoisobutyrate, toluene, methylene chlonde,_ turpentine and nnxtures_

~j

with water such as methanol/water mixtures. Among the polymeric materials useful in
non-aqueous slips are poly(viny! butyral), poly(vinyl acetate), poly(vinyl alcohol),
cellulosic polymers such as methyl cellulose, ethyl cellulose, hydroxyethyl celluldse,

20 methylhydroxyethyl cellulose, polypropylene, polyethylene, silicon polymers such as
poly(methyl siloxane) and poly(methylphenyl siloxane), polystyrene, butadiene/styrene
copolymer, poly(vinyl pyrollidone), polyamides, polyethers, poly (ethylene oxide-
propylene oxide), polyacrylamides, and écrylic polymers such as sodium polyacrylate,
poly(methyl acrylate), poly(methyl methacrylate) and copolymers such as copolymers of

25 ethyl methacrylate and methyl acrylate. A preferred acrylate polymer is Acryloid B-7



To prepate dispersions in organic solvent, it Is preferable to renove water

froman. . aqueous wet cake of bariumtitanate-based particles, e.g..in a
vacuum oveW RN err] C foll owed by coarse screeni ng, BCTUS28028450 '
mesh. Useful suspensions can be prepared by hi gh shear m xing barium”-

titanate particles in a mxture organic sglvent and di spersing 15 agent.
Pol ymeri c binder and plasticizer can be ad8ed before or after hi gh shear -
mxing. In one enbodi ment an organi c sol vent-based slip of the o
i nvention conprises per 100 parts by wei ght of bariumtitanate-based -
particles: ' 25 to 40 parts of Oél?g;ni c solvent, to -

5 Sarts of w¥ailghledrory Rejred Haag Company. Hseil dispersingngents MWF@‘HP%;;
Aaucous andsPguioa ol BRIl mflich i Bhm o, polyethyleneipuind gl aftighinged -

carrier surpslgdyliya¢i@t hods known to the skilled artisan. See, for- ex'arrp'l.""e-,:__
J.C WIllians 25 at page 173-197 of Ceram c Fabrication Processes, Vol upe: -

9 of Treatise onPplymericdinder is ussfildmthe range afsciordd wiy., Erequently cthporganic .
(1976) and U.

. Patent Nos.. 3, 717, 487 3gn 4. 640,905 both of whj.ch are -
i ncor por at & WF%OF%WI amout o a %d?ﬂ“aﬁ gpass&anszﬁon_ o

PCT/ US98/ 0 erature (Tg) of the binder polymer. The choice of plasticizers is determined bfimarily
Mor eover , t’zﬁfeh%e exies(t g)g vari et yp%?m‘g[ echni ques fJ)r converting sﬁepﬁili-r}ltsoy

t hin fil s, by the ppiyner Whigh nmstbelnfodified andcaminciudelphthalate esters\sach addiethyhe -
di : Pie i Com will Fi ¥ . COhom

ol 11 cat | cpbthalat, s phhalc, Hiogd mbalaio A DRl hivalateyky! Phasmbaisnder
diluti t ' ' ' ‘g ' '
or ocesaes. (RAEIIERE Bychhefyclicl by (el oxidebl? by By b ES BB BBRGOL, o
into filis dislkyMithiopl®sphonatyandgpoly(isobatylens). novi ng sheet from a waterf:all .

or die (such as a doctor blade) and other methods used in the MC - -
i ndustry. Wen sdprenaedispgasiens insorganie selyent; i is praterable tg remoyswatenfeoman -

solid "green" filmis.Rreyi iche ed _in eqj st opattern -

on one or bo uﬁu]é_ we’l’s?aé(g $ ?yi/s\nhl?‘%ﬂé%%lc? ?\%B%?g P Q@ﬁﬁg’?‘% g ('] rva%‘é'%ﬂ %&’ ?’i‘ g{eﬁ@a?’g riak

precursor, followetd by coaise dtibifig,d.gt 100 mesh. Useful suspensions can be prepared by -
high shear mixing barium titanate particles in a mixture organic solvent and dispersing . S

15 agent. Polymeric binder and plasticizer can be added before or after high shear mlxmgln B
- one embodiment an organic solvent-based slip of the invention comprises per 100 parts by -..:
weight of barium titanate-based particles: . |
25 to 40 parts of organic salvent,
2 to § parts of dispersing aghet,
20 5 to 20 parts of polymeric binder, and
0 to 15 parts of plasticizer. |

With both aqueous and qrganic solvent-based slips, green tapes can be formed onto
carrier Mms by methods known to the skilled artisan. See, for example, J.C, Williams
25 atpage 173-197 of Ceramic Fabrication Processes, Volume 9 of Treatise on Materials
Science and Technology, Academic Press (1976) and U.S. Patent Nos. 3,717,487 and
4,646,905 both of which are incorporated herein by reference.



10 particles of palladium silver, nickel or alloys of palladium and

silver.- & ctive inks can contain fine particles al
and cera L@ngﬁg%ﬁs of green filmare typically st acked?%{"gagﬂ%%b .
250 |l ayers or nore, and diced into M.C sized cubes which are fired to

burn out polyneric binder and di spersant d sintered to forma dense

mul til ayer capacitor structure with fine grain structure dielectric
| ayers. Conductive netal applied to the ends 15 can connect the
alternating conductive interlayers formng the M.C The uni que

article size pr ' i ' ~ | . Qf | - '
Pventi on are oAMBRAYeE iade Rl 4 fidely S8RIARAT0: ARl il o Bih Glmms,
ul trathin |¥& Ryers and Firedlterh@ids! Ttis beliévedthdtalié digpersiont of this Bivention wllich

dielectric materials should facilitate significant increases in_ .
vol urret ri c findapplicatiors willbminey snodificatios, egpwelactian of, prefered sispensiopmedivgy e

t edl I, br.eakd ol t ... The ab f | . _€.4. ter
than 1 [ or mpepitter, G S Ed AP e BB vl s prfesee on o
hiah vield ) O o ; ) g o .
el. 8 )gglr g%t 3‘? tﬁgﬁﬁ 40, dl&g?fg?t@f‘llvféﬁf g".;gpgsc_rhee par f?(l:llﬁgs o?tﬁk:%gr é,’.lﬂeﬁng '

i nvention amto axpevingsheebfrbm pweteefal ok die (such asa doctoh bladd)latt otheamethods

dielectric ceram.c . layer with npxi numgrain size is 0,9 [erfJmor
less, e g. Webin BeECindettn When paficieatyats: 1 eaiovpefroms eﬁiﬁb@wefaesagfpec_t

\C/’\;) | gg} 2 5 '9 2 ‘é%ﬂh i“%eﬂ’r’ B¥hd¢ ﬁro%?cﬁd%@ﬁ bPbS cStdPin asxieggté}&i ﬁal{é?fi‘ Bno8e or both

PCT/ US98/ 03%dt8 with a conductor material or conductive material precursor, e.g. ink containiit} fine
dielectric layers of bariumtitapate-based material sintered into ceramc
st ruct ul® \pesidesof palladinmy silyere pickel-ar alleys of palladiim and sifvernSurh cendyictive ¢ he

070> 280 ottt bR g ot 6 o tal i Sl Stgs o gheen i aAFhiRanty
dielectric sk@xea,%égldwmqa r¥\bi ioft) ahd @iced &itd MIUOLPiedubel whithlare firddt6e! S

to be used in a sta}ndgr_ sized M.Cor MLCs with a fixed m_mber of )
| ayers to fbumn put polymetic binder andidispersqnt ord ginterathte fooousl dense multilayertpapacitor

capaci tance_of st an d size C pack can be readil l.ncregsed .by a
Fabtor of  SupgmI R Hyisaein strubhure BRICEHTASER , Ooniiivesion! anplitd o Beoes’.
the parfjcl@g coamet iR mtﬁ@%ﬁa@étﬁetiﬁtbﬂaﬁ@fommgﬂﬁfmeb! y coated with.
oxi des of niobium cobalt, nickel and manganese. For low fire 10
capabi lity, e.g.Thd miqué particle sies propafiecO¢fhariu®) timngieeiased pattickes of thixi de’
: | ; ) b oxi de. ) | hi ol :
O o m o achedde Db Tha oo of ovaF BSSS, £ el oG Bl ©
of dielectric ceramic having submicron grains. Such dielectric materials should facilitate
significant increases in volumetric capacitance. Moreover, it is expected that MLC’s will
20 have unexpectedly high breakdown voltage. The absence of large, e.g. greater than 1 pm,
particles should allow for the commercial produétion at high yields, e.g. greater than 98 %,
of MLC’s comprising multiple, e.g. greater than 40, dielectric layers. The particles of this
invention are expected to be preferably used to produce MLC’s having a dielectric ceramic
layer with a maximum grain size is 0.9 pm or less, e.g. 0.8 pm of even smaller, say 0.7 um. -

25 Another aspect of this invention provides X7R capacitors comprising more than 20



m cronmeters, the particles preferably have a primary particle size less -
than 0.3 m croneters, e.g. in the range of 0.1 to 0.2 mcroneters. A
uni form MWQ8SB/WNn size, e.g. | ess than 0.3 m cronet er SPCT/HSW284% hi n
dielectric layers provides superior dielectric strength 15 in excess of -
100 volts per mcronmeter and | ow di ssipation factor. These properties

provide ~  increased reliability for hi #P-capacitance, high voltage

ceram c capacitors. The ability to provide thin dielectric layers has
al l owed the production of capacitors having 5 to 10 tines the -
capaci tance for a standard case size. Such MC s preferably co Ise a, -

monol i t hi cdxelecn@@hms(s)fbewn tiangte-hasedanateria)sintercd dntocermmic st wbter@m two -

eapoot 1 ve Py ity erre e Tudhs bl B piee ot 230 e@ﬁ%&%@u&%ﬁ%ﬁ”"'?&
ter m nati o diefitifClaléls, S&1250(0H500! RHP be pRTRREd HeRhiinglorSMILE s
ends. M.C g wth X?Rychargct eristics a\t;e a tenperat ureo coeffici ent of L -

capaci t ancdietectric ayers allmebC‘is with anzincreaseil nubttjee pfﬁﬂé&tﬂ@hﬁ@mﬁo })e:uatd m .- o
0, .
iy ot L i e R e

et cont. of PhsETopR3flch dafliEicafRignty ceramc%ﬁ“é@%%’g*‘@“% Pgﬁéeaf“c%m

of other mhicséasedbylagactor of 5 to 10 6¥n6ie, 35920
PCT/ US98/ 02849

The fol | owi ng eFanpraviding mesolithie X7RMLEp thepartislenpseddp make tb@ré@&ncmw of
various as gfe[%rﬁpﬁrfcora&d hgé! %4 %Bﬁhng&gb%lﬁﬁué@i GG SheSE FoMIW R N

limtation

EXAMPLE(L cpability, e. gTdimt&nﬁg(amdl@w 11200%Cf A pesfene® meidll bRideJoitihg PAIPAISS adnﬁein
nmet hod of greparl ng a_slurry of bariumtitanate-based part icles which .
i s useful zsrmphe i 7@ mh@veymnmlmmcﬂawmmtbaMchmémﬂm4| clesvof

this inventi.on. 0 SQ 7wt%t| hl

(T 00 [orr PY&Rmeitterifl 8BS Brefbradih s Attt el SR R ARY 5 0%, .
reactor; apiBroniéers, e.g. 1l HerahpEof @3 16 012 Mic®émefers. A @iifotnd, Fine #ﬁh%&eae ghi Ck
white gel The sol ubl e anmoni um 10 chl ori de was renoved by fi ation,

fol | oned biesaghsni 03 mittometass, in ahrashmzcb@leom: dayeasiprovides sqsannr dieleiric etrength |
oy s i R A B oo . T AL
gﬁfrem ‘é emwgcg?ase%x régfeagfslﬂ% gglm;gng aéﬂaaimebﬁ@hw&g@é&ah&ecaﬁs&wd "Peability to "
provide thin dielectric layers has allowed the production of capacitors having 5 to 10 tlmes o
the capacitance for a standard case size. Such MLC'’s preferably comprise a monolithic - '
ceramic body, e.g. of metal oxide-doped barium titanate, two groups of interdigitated
20 electrodes buried in said body and extending respectively to opposites ends of said body,
| and two conductive terminations contacting said two groups respectively at said opposite
ends. MLC’s with X7R characteristics have a temperature coefficient of capacitance over a
temperature range of -55°C to 125°C which does not vary by more than + 15% from the
capacitance at 25°C. In a preferred aspect of this invention the ceramic in an X7R MLC
25 has a grain size of less than 0.3 micrometers and comprises 93 to 98 weight percent of the

barium titanate-based ceramic and 2 to 7 weight percent of other metal oxides.



hydr oxi de- sol ution (120 nol e percent) was added to the titani um oxide
‘slurry over a period 15 of about 9 m-nutes, followed by heating to a-.

t enper at urWodB838920ut 200[err]C to form submi cron per ovskiRGT/USH8I02849 -
titanate particles with a narrow size distribution and equi axed

mor phol ogy. The slurry was cooled to bel ow 10Q[err] C and washed wi th about
400 liters of = anmoniated de-ionized vader (pH 10). The wash water was
decanted foll owed by 4 nore washi ngs until the conductivity of the wash
~water was bel ow 100 m croSi enens. The 20 resulting | ow conducti VI ty slurry
contained bariumtitanate particle rincipally in the form

aggl omer at es of M@m&#’@nﬁsﬁﬂ mmugapfmemheﬁmqrﬁ@fym cal

aggl onerate . article size m .he

about 10" mergr Bt arfus i fonlipy Bt & ag?m%%s%%%@aw et e sen
was about Qcdge & thisii®ésion. Such slurries are useful . source materials
for applying netal oxide coatings to provide nmetal oxide-coated barium 25
titanate-based particles of this inveliXAMPLE 1 WO 98/ 35920

PCT/ US98/ 02849

EXAMPLE 2 This exanrsle. iflpsieatesne hyidrothermal progessing methnd of me sty

bariumtit %ﬁgﬁ g .
produced in the rranner %éa P&%%sls(ggénfgie{??ﬂ e g#%%t | .e?lyaélragss
at a 1000 Iﬁasedﬁé&ﬂc]es bfﬂﬁs mmim dAnaqiicoussolutidn of 3Reit?s ttaniumn bkechloride
about 72 wt % sol i ds. The cake was_dispersed in a blender with

pol yacryl i ((TEQCB) médmdrmmmgwab@ba pastsRf vater mafgn%t?r,mv@pmr si ng
29ent |1 20 AREAL whO AR BrTPteBlioe » oRRWHAE'SAL| TSROt ©

bariumtitarate. tlng rsion ha cessz

di stri byg i @hlovide was fehfived bg filtatfor, E6lidwed By tvaghxﬁg 200 It Fephizedatdiand .

original resulting dispersion was treated for 1 minute with a Silverson

Mbdel L4R n#@mmp provide ashuxy of hydrousditanipmcpxide at §5°¢ @dsaqmnm@qvﬁ gh
shear screegq 0PEh3Nihd'%s Alanfs doxii Oa 6ok Fa%u%%w i ydrox1dewas

[err]m

Thi s exanplgepdred aisssivitg baf@nPhRi8xide oeAhPdraft i F5TCOVAE NExks BRMEh

oxi de- coat ed, bariumtitanat e-based particles of this invention, A--'
slurry was hmdwadesblu'sereﬁltzoanolp percentjewassaddad tmthe tﬁammmmﬂ@slmrymt apmory

about " 22, kg of RS LML (RS BPLEIS o109pa00uk bf 856t 300°C to form

submicron perovskite barium titanate particles w_1th a narrow size distribution and equiaxed

-

morphology. The slurry was cooled to below 100°C and washed with about 400 liters of
ammoniated de-ionized water (pH 10). The -wésh water was decanted followed by 4 more
washings until the conductivity of the wash water was below 100 microSiemens. The

20 resulting low conductivity slurry contained barium titanate particles principally in the form -
of agglomerates of substantially spherical primarir particles where the typical agglomerate |
particle size as determined by SEM was in the range of about 10 micrometers; the primary
particles size as determined by SEM was about 0.15 micrometer. Such slurries are useful
source materials for applying metal oxide coatings to provide metal oxide-coated barium

25 titanate-based particles of this invention.



arrm1c;ni ated de-ionized water at pH 10. A 1 gram nol e/ kil ogram (1 nol al )

sol uti.on. of bismuth nitrate in 2 nolal nitric acid was added to .the
slurry inWO9%3820t to provide 3 g . bismuth per 100 g barpaEmsestoastat.c
concurrently with a solution of 29 wt % ammoni um hydr oxi de in an ampunt

to maintain the slurry at pH 10. A bismuth oxide coating readily 20 forned
on the bariumtitanate particles. After a2 tion of the bisnuth solution, a
sol ution of ni obi um bi oxal ate (about 5 wt% as ni obium w th excess
oxalic acid) was added to the slurry of bisnmuth coated particles in an
anount to provide 1.5 g of niobium per 100 g of bariumtitanate _
concurrently with a solution of 29 w BXAMBRE2Zn hydroxide in an amunt =~
to maintai,n the sl yrry at 10. I obi um oxi de, coat |. readi Ly f d on
e part rales - sto st abebtection bigh sher i v Gt Late TRfisies Wit R
washed wi t b, 301 OR : “n?gf} I ' ﬂgéﬁga | s TR
anmoni at edq{/lvat er g?kgﬁ‘%!’g& 85[1",“:8% ‘g}hﬂlﬂ%egﬁf%o tglni t rgt'ﬁgél{tratedlxrxlla
wat er was diitbegress ata 1000kP4 (1150 psi)pressareatropito frotide g wedt cakdedritaining aboht 72 of. -
barium titanate. A coating of copali oxide was for[red,é)n t he partictes. .
The slurty WiXa sQlidsy, cbhe cake was dispgys m@lggdermﬂa polyacrylic acid (8000 number
PCT/ US98/ 0 . . . . i 23-
soveral ti mycage faclcular weight) as dispersing seentin an amopnt 10 provide 075 g0 o o
cont ai ni ng papRi¢tylic acid BerMOVOHST tiiued titiiatd © The fdsGilingldidpetsiod hiddpirtickasiod =
particles in a continuous phase of ueous solution at pH 9-10. The wet -

a
cake vas didigabuen wihadDafibh kmediss e 380 gmmple of the origingkssulting ispeisior he

mor e €1 ¢ SHABf i o a8 A PBEAM CAm Wb Al nrosiBihe
M crome§@r viyh 8 8quiRe RoRHiSE shearl Stedifdpetfing at hBGut 8060 Firkthe %%uéwz.l_ L

‘particles is illustrated by the histogram of Figure 3A "Particle size -
anal ysis indncated the nedian ‘dianmeter . D50 = ~'was 0.64 microneters, DO err]

was 0.37 mcroneters and Dierr] was 1%@& ters. The narr ow S
particle size distribution is indicat ratio of Dlerr]/Derr} of "
about 3. A samplehigbxdlotelikfstiiteSRAL plePiratbit of S:iArRbbdiihctl dHinGMABadibadiatl) .
essentially in tﬁg mannerglof Exanplgeg to ° reauce the size of | _ t&ﬂ '
aggl oner at daripar titanhte<hasétparficles of this inventiodi #t slivrywas preparddesséntighy dinther.

Gl 7o ank y gpapne of Examplel qoRHEIRLAHORh 288 AE e Bienple Rt WpORers of
m e omet f St el bhizB® Watkr %t 86 10. A TighdPBiRhEkfogith (idlhd) sBfttiofl of - 46 -

m croneters. e narrow parti I ze on I _
bismuth nitrate in 2 molal nitric acid was added to the slurry in an amount to provide3 g = |

bismuth per 100 g barium titanate concurrently with a solution of 29 wt% ammonium - .
hydroxide in an amount to maintain the slurry at pH 10. A bismuth oxide coating readily

20 formed on the barium titanate particles. Aﬁer addition of the bismuth solution, a solution
of niobium bioxalate (about 5 Wwi% as niobium with excess oxalié acid) was added to the -
slurry of bismuth coated particles in an amount to provide 1.5 g of niobium per 100 g of
barium titanate concurrently with a solution of 29 wt% ammonium hydroxide in an at_néunt
to maintain the slurry at pH 10. A nidbium oxide coating readily formed on the particles.

25 Afier addition of the niobium solution, thé slurry was washed with ammoniated water and
re-slurried in 200 liters of ammoniated watér at pH 10. A solution of 1 molal cobalt nitrate
in water was added in an amount to provide about 0.18 g of cobalt per 100 g of barium

titanate. A coating of cobalt oxide was formed on the particles. The slurry was washed



15 indicated by the ratio of D[err]/D[err] of about 2. About 1.2 g of a

hi gh sol f ersion (70 wt % sol ids) of the particles to a
12.5 m | ?ﬁ&d%%g pl astic tube placed over a por ous, ﬁ@’ggﬁ&ﬁp .
paris nold and aIIovved to dry in a high humdity chanmber for 24 hours.

A dried disk (12.5 nmin dianeter by 2 mm, hick) was separated fromthe

nol d- and sintered at 1125[err]C for Z“hours to 94%theoretical density

(5.64 g/cc). The sintered barium 20 titanate-based ceram c disk had ‘a
di el ectric constant at 25[err] C of 2105. X7R characteristics

i ndi cated as_t ther chan ca f

Dol err ¢ viRvert titnts o ackRREe ParEPBIARER drbtik e vﬁ%?%@n?%%%vﬁm
-S5[err] C Ww@%‘b’i‘ ni’étal@écﬂ@édakéa barium titanate-based particles in a continuous phase of .
EXAMPLE 4 Thi s exarrpl e conparatively illustrates the pr esence

of strongl yagugohsosodutinneat pkb9-10arEheovet sakawas dispersedusingraropeniated pqlmmtyhed

E)é%r (L)Jtsgglr ga 2'%} esdsglrltligiﬁf in tﬁéi Irnlagxr{;rtolftﬁgx%p?e 2 to provide avgx)spersmn o? 81e metal %de-

par i cl o5 aaRRikalh fhfnd ARG hordthan 8 SIHTN1RL UGS G5 Ry U '

titanate particles was pare essentl l'y int arrple 1

except th atnﬁdﬂemsieu fnylonuneshiscieenr Tte padicle sizedtisteibution pf suchgarticleliy ilhesteesd
About 22 8 of povvder was then reslurried in 200 |liters of de |on| zed

wat er distegramy pfiigure B A- nRartisls size apakypis indigated themerdiag dismeter Do

accordlng t h I dto
forma wet %5%4%3%%?&%5 mﬁ%ﬁ’@%@%ﬁ%&ﬁ Wi 1 Imferdiient. THE
powder was s gargitle size distribtiioniyindidated b thewtio of D,ﬁDl,oLtiﬂ abbut's.t A sample of
pol yacrylic acid dispersing ghgt to provide a di spersion _of |arge

(gr eat ef0t Hh# dlape{sm\]vnq tregierd sﬂmgr@ng;ﬁpllaggﬁmmaf Emplﬂ %to,

Sub | | f
St At 2t the S o gPRcd b B CTREbd e ST BB O P Bl 2.,
hi gh shear givednfispeiion Ailtusthdted BY the histogr@fn g8 3B NPdriit1a iRk AnRsisi Cl es

were retained on a 5 mcroneter nylon nesh screen, i ndi cating strongly

aggl oner at cddisatedith¢ pediap djpmethewas ;ﬂdngecktb Oplﬂmemptemmﬁst being 0.20
2?92(;3?[1& i on of Féas{]%{dcb %ewﬁs r.el at M in art I‘ﬁltﬁaggé}gﬁi -cI .
2 e ioppiican %gw;ﬁoe%éﬂ MG
D err ] of aktSaisokds) offkler parti¢les was cabt mtdi)p.dﬂtSj milfimeter (i) Plastic ltnbuqblaeed aera
porous, plaster of paﬁs mold and allowed to dry in a high humidity chamber for 24 hours.
A dried disk (12.5 mm in diameter by 2 mm thick) was separated from the mold a_ﬁd |
sintered at 1125°C for 2 hours to 94% theoretical density (5.64 g/cc). The sintered bmiﬁn
20 titanate-based ceramic disk had a dielectric constant at 25°C of 2105. X7R characteristics
was indicated as the thermal change in capacitanée (TCC) from -55°C to 125°C was
within the + 15% specification; TCC was -6.28 at -55°C and 3.45 at 125°C.
| EXAMPLE 4
This example comparatively illustrates the pr;esence of strongly agglomerated

25 particles in dispersions prepared from dried, hydrothermally-derived, barium titanate



illustrated by the histogramof Figure 4. The wide particle size

di stri-bution is further characterized by a ratio of Derr]/Derr} of
70. WO 98135920 EXAVPLE 5 2@CT/US98/0284f ;-

exanple further illustrates the preparation of a dispersion of metal oxide-
coated, bariumtitanate-based particles g:cordi ng to this invention. A .

. di spersion of netal oxi de-coated, b Arum titanate particles was

prepared fromwet cake essentially in the manner of Exanple 3 and
determined to have a particle size distribution as illustrated in t he

hi st ograph of. Fi gure .,5A, where Derr s 0.525 picrqmeters, D50 was 1.7

M o ot o Basisles A avaabls e prite ot A TR CHEBooR Hepive: lengiepariaies way 1
al | on) of i S i I X -

O rey §picfred SRHRO T i Tnanner bf Efieifle Lexbtifiudl WSSty Wl fieRa dha -
a flow rat dried ta3progilelaxdry ppenderni Abdut;22tkpcofipomiderwvas thehiresturietilin 200 litessof - -

doped zirconia m]ling nedia, Q.65 ml|lineters in diameter. The particle
si ze of t hde-ionized watefy@mypomated to pH 10 and then doped with a metal oxide coating = -

d S
PCT/ US98/ 0 . T 25
2ggl oorar Seigine fo e mefhod described in Fxaruple 3. Fhe shury wespresied o for £ ¥k (o
the hi st ogea@iutal wt% sdlidiahe deied MTRE enetil Qkide-ctated polwdierivas SaBteghdntlyDo0. was
0.19 mcroneters and Dferr] was 0. 36 m croneters. Dielectric ceranmc

structure dispersed imansagueoes sobetion Witk palvacrylig aeididispepsing agent to pigwideange of
0.2 to 0.3,]err

Tt s oxammfiisBrisidiaf lares (ereptsr thend QoL eelmerniss ALstroneby aeslomerated paTiles.
oxi de- SERRAAhIYRA df4fe birhah ﬁ&ﬁm&aﬁa@ﬂa&w&ﬂe@gg&n?&m & AGiZE thdthichldbe

i nvention. Wet caké produced essentially inThe manner of Exanple 3 was
dried.fior fetainedios ailf micvemetermydo mesh s@e6]. eAfterthigh shean thixibgGukstantiadiycadl

vacuumto vi.de, a di spersible powder, of netal, oxi de-cqated,. bari um 10 :
Tt anat o BL 0N HABRALARRR Dol oPers Siped o f S JBITRSHRSRYIGn Fifeh SaReha oous
solution j ~5m§r' | Y | g 32%0 W yacrytic
acid di spe}nsdilng gsgﬁtxél? aéglo%egﬁtg‘?g%tgir%lgﬁ,o@;gﬁg% pga/er’t 1 cle s?‘z%gn I'stribution
wi th a D eagglonferatiof dfpartichas wittea sejativehehighdnterpartigiabondstengiinwhich are not . -
di spersi on were, reduc in,size by high shear mxing.for 1. mnpute in a - .
Si | ver son feegelomerated gn higheshean iR gﬁis;zeranéasrﬁm?%d atimeddi gal

di sper Sf sON di’%ﬂl;hti%n%tﬂ)gdkﬁ ]at %ou@ O%, [lfﬁrz{nh% micrometers, with a D;, of about 0.5
micrometers, a Dy, of about 6.4 micrometers and a Dy, of about 35 micrometers as
illustrated by the histogram of Figure 4. The wide particle size distribution is further
characterized by a ratio of D,¢/Dy, of 70. '

| " EXAMPLE 5

20 This example further illustrates the preparation of a dispersion of metal oxide-

coated, barium titanate-based particles according‘to this invention. A dispersion of metal
oxide-coated, barium titanate particles was prepared from wet cake essentially in the
manner of Example 3 and determined tohave a particle size distribution as illustrated in
the histograph of Figure 5A where D,, was 0.525 micrometers, D5, was 1.7 micrometers

25 and Dy, was 4.1 micrometers. A volume of 3.8 liters (1 gallon) of the dispersion was

treated by high shear mixing for 45.minutes in a Premier Mill supermill model HM-1.5
with fecirculation at a flow rate of 30 gallons per minute; the mill was ﬁlled with yttrium-

doped zirconia milling media, 0.65 millimeters in diameter. The particle size of the



EXANPLE 7 This exanpl e conparatively illustrates the inability
of netal -oxi de-coated barium titanate powder of the prior art to. be
de-'aggl oneWA WB5B0 hi gh shear m xi ng. A metal oxi de- coat ent;rmamw
titanate avail abl e from Degussa Corporation as X7R M.C Dielectric 20

Powder AD302L (i dent|f| ed as having a particle size distribution with 90%

| ess-than 1.2 [err]m was di spersed +35-a di spersi ng agent-cont ai ni ng
aqueous sol ution essent ially in the manner of Exanple 6. The di spersed
particles had a Dierr] of 1.8 [err]mand Dferr] of 1.1 [err]m Af ter
hi gh shear mxing in a Silverson Mddel L4R high shear |aboratory m xer. for
1 m nuagglompzmq wamdqudrtp]a m@emﬁmgbmonmmﬁusmt@rnéheﬁmomph ofhg

Lo 2 ot Sl e 2536 B w0 T4 ko itk Dy e §efobichs fnd Bl i 036

PCT/ US98/ 0284Gometers. D l tric ceramic structure adefro suchd1 ersions had %ﬁam
EXAMPLE 8 m h?gc e(>=<arrpl e 1llustrates Vi Cs prgparoed frg bars’izﬁr%?_ _

titanat e- bathedapge 6f @2és03fum. this invention. A di spersi on of netal
oxi de-coated, bariumtitanate particl es_pr fé essentially in the
manner of Exarrpl e 3 was mxed with a péxm %i nder and cast into. 5

thin Tl of Setialaflid fhshlet HorhoazionirahoBPofibbAthenPbfnbiat Bldsanes

The green t apes coa ectrica conductive I1nkK I n an

appropri at ecguéd, %ﬁunpﬁt*anatéibﬁsﬁl pMeMordmg & thiskiddentibre eWebeukelprodstedt
1125 [err]Cformng NLCs havi ng 40 ceram c dielectric_|ayers of about
3.5, 4.2 anssgn &wpl@ﬂmy arie @Mb@gsmwwgwnﬂcmoﬁq n

tcgg aci t aLglel O%%l% klﬁ)wascawegcru?m;rt%%rowdte *&%léﬂé%xﬁ% po 58{1&7@ %ﬂ%& qg%eﬁlel?arpgg
di el ectryjoc h&hﬁfe—ﬁd&b& bGﬁﬂér The powder was dispersed by mixing into an aqueous solﬁtr&l

[err]m 4.2 [err]m err | ‘Dielectric constant
2410 corppusing 72 vBP/egH md\ﬁg’l&*e@é axnmomated polyagmydic\acid dispersing (ageznt
440 v

The dispersion had a partrcle srze distribution vv1th aDy, of 1.9 pm. The agglomerated
particles in the dispersion were reduced in size by high shear mixing for 1 minute m a
Silverson Model L4R high shear laboratory mixer to provide a colloidal dispersion wrth a
15 Dy 0f0.6 pm. _ |
~ EXAMPLE 7
This example comparatively illustrates the inability of metal oxide-coated banum
titanate powder of the prior art to be de—agglomerated by high shear mixing. A metal
oxide-coated, banum titanate available from Degussa Corporation as X7R MLC Dlelectnc
20 Powder AD302L (1dentxﬁed as having a particle size distribution with 90% less than 1.2
pm) was dispersed in a dispersing agent-containing aqueous solution essentially in the
manner of Example 6. The diapersed particles had a Dy, of 1.8 pm and Dy, of 1.1 pm.
After high shear mixing in a Silverson Model L4R high shear laboratory mixer for 1
minute, Dy, and Dy, were unchanged. After high energy milling for 2 hours in a vibratory

25 mill, Dy was reduced to 1.2 pm and D5, was reduced to 0.7 um.



TCC .@-55[err] C _2. 2% _6. 2% 15.%  TCC @

125[ err] € -7.8% -14.% -2.4% 20 Wth
the foregSYRIPRREpl es serving to illustrate a limted nurh PCHUS98/02849 -
enbodi nment s the full scope and spirit of the invention is set forth in
the follow ng clains. W cl aI% s WD 98/ 35920

PCT/ US98/ 02849 ' mebs -27-

CLAI M5 1. Bariumtitanate-based particles having a coating
conprising a netal oxide, netal hydr ous oxi de, netal hydroxide or

organic acid salt of a netal other th%ﬁg titani um. wherein at .
| east 90 percent of said coated part| a partlcl e size less than 5--..'-'-__
0.9 mcroneter. o

according to clai meixa}x]n&l?hlé a %?I rrary part ie Si ze %éss tIHan g 6.

i or Omet er this inkntion. A dispersitue oPmetal oxidetcoatelbivhan ditgate partices propared ng: tb |
claim1l having . a primry article size l.ess than 5 mcroneter. o

4. The bar psﬁwtrﬂbaw@thenmerdo ple dvasapivediwith wolamw\btnd?a@pﬁga%mto SRR
b o « Sl of séefut i aSmIcAbes Wi WS Wl oo el tapes, The argeptapdd™®
particle sivee téfted withan@lctiridally@dBdestive ink in an appropriate pattern, cut into slices and
stacked, diced and fired at 1125°C forming MLC’s having 40 ceramic dielectric layersof =~ - |
about 3.5, 4.2 and 7.2 um thick. The 40 Layer MLC Properties are set forth in the R

following table where TCC is the thermal coefficient of capacitance.

10
L o
di ic la ic
Z2um 42um 3S5um-

15 Dielectric constant - 2265 2410 2260

Breakdown voltage 680 v 520 v 440 v

TCC @ -55°C | C22% -62% -15%

TCC @ 125°C -7.8% -14.% 2.4%
20

With the foregoing examples serving to illustrate a limited number of embodiments
the full scope and spirit of the invention is set forth in the following claims. |

We claim:




6. The ‘bari um titanat e- based particles accordl ng to claim1l havi ng a
primary- 20 particle size less than 0.2 microneter. . The
barium ti t‘%’l&&?’éﬂ?ﬁsed particles according to claim1l wherei nP§§!P§9¥Q?§f%d _
particles have a particle size distribution decile ratioof Derr]/Dferr]

| ess than. 4. 25 8. The bariumtitanate-based particles according
to claim1 wherein . said coated particles have a pa

distribution decile ratio of Derr]/D er'ZT | ess than 3 ﬂnmmllﬁnm\m,””"l
98/ 35920

PCT/ US98/ 02849 : - 28-

9. The bariumti}tapate-based artlcle ccordln o clai.m1 whergin.said.
coated  part ilcaﬁgnmme ciersie CaHing comPRSing agn PHjdg et

Dl err]/ Dl efflied a&nﬁ r ased °
particles !‘é’cor‘ﬁl ng to h?dmfu%ere jgglstt&g &%dt%%rt%éeﬁnt O%Eggl d

coat ed par titadiam, b&w&maphaﬁt%lmm&ef&aﬁteuﬁézhpmﬁd&hﬁwmmﬁdesﬂedessm -
particles are di spersed by hi gh shear m xi ng. 11. The barium
titanat €S bLBIGFIMELA} es according to claim 1 wherein at |east 90 -

percent of said coated particles have a particle size less than 0.7

m cronmeter when said 10 particles are dispersed by high shear m'xi ng.

12. The barium tztm@b&ubﬂsn%aﬁabﬁse&b&&mmeee&dn@tbemﬁﬂl Having\k pfifiafy at
| east 90 percent of said coated particles have a particle size less.

than 0.6 nipariésiesise qsaé\mns(hﬁaucrometer

10 3. The barium titanate-based patt:cles accordmg to clalm 1 havmg a pnmary

particle size less than 0.5 micrometer.

4. The barium titanate-based particles according to claim 1 having a primary
particle size less than 0.4 micrometer. .
15 . -
5. The barium titanate-based particles accordlng to claim 1 havmg a pnmary' '
partlcle size less than 0.3 micrometer.

6. The barium titanate-based particles according to claim 1 having a primax;y
20 particle size less than 0.2 micrometer. | '

7. The barium titanate-based particles according to claim 1 wherein said coated
particles have a particle size distribution decile ratio of Dyy/D, less than 4.

25 8. The barium titanate-based particles according to claim 1 wherein said coated

particles have a particle size distribution decile ratio of Dgy/D,, less than 3.



partjcles are dispersed by high shear mxing. 15 13. The barium
titanate-based particles according to claiml wherein at |least 90 .
percent ofW@&BA520at ed particles have a particle size | ess tHCIMSHSH2849 .

m croneter when said particles are dispersed by high shear m xing. 20
14. The bariumtitanate-based particles accorgding to claim1l wherein at

| east 90 percent of said coated particles have a particle size |less
than 0.4 mcronmeter when said parti e2®s are di spersed by high shear’

m Xi ng. ' 15. The bariumtitanate-based particles according.to
claim1 wherein mtmemu:@ﬁtaa&ewwmo&:s aa:oﬁhﬁgmi €ldinp 2 viliegdin saidoated
particle size |l ess than 0.3 mcroneter partlcles are

di spersed (partinleshaysadqertigly sige distribution decﬂe ratio Of@so@héef’é |
titanate-based particles according to claim1 wherein substantiall y

all of said particles are equi axed or spherical. WD 98/ 35920

PCT/ US98/ 02849 10. The barium titanate-based particles according to claim 1 wherein at Bt 90 ..

17. A slurry, dispersion or slip conprising at |east 50 weight percent" of
sai d coal egercent ptsaid coated pasticlesihaxg a parti¢laisize less than 0.8 micrometer whenmaid s|. | p
accordlngto clalm 7 fur onpri s between 3 and 20 weight 5

percent of PATHSIGRAF dispREy épﬁ"&i‘% xé‘?g\g a di ssol ved or suspended,
filmformng, : polyrrer : -

11. The barium titanate-based particles according to claim 1 wherein at least 90
percent of said coated particles have a particle size less than 0.7 micrometer when said -
10 particles are dispersed by high shear mixing. "

12. The barjum titanate-based particles according to claim 1 wherein at least 90 o
percent of said coated particles have a particle size less than 0.6 micrometer when said §

- particles are dispersed by high shear mixing.

15
13. The barium titanate-based particles according to claim 1 wherein at least 90
percent of said coated particles have a particle size 1e$s than 0.5 micrometer when said
particles are dispersed by high shear mixing.
20 14. The barium titanate-based particles according to claim 1 wherein at least 90

percent of said coated particles have a particle size less than 0.4 micrometer when said

particles are dispersed by high shear mixing.

15. The barium titanate-based particles according to claim 1 wherein at least 90
25 percent of said coated particles have a particle size less than 0.3 micrometer when said

particles are dispersed by high shear mixing.

16. The barium titanate-based particles according to claim 1 wherein substantially

all of said particles are equiaxed or spherical.

* [+ L | S *



19. .A wet cake conprising coated particles according to claim1 and between

15 an L,aght percent of an aqueous |iquid. 10 yaqo NE :
wet cake '?TVa?al m919 further -conprising a noisture barrier tﬁgf’ug?%e%%s .

shelf life such that after 30 days said wet cake is dispersible by the

adm xture of a di spersi ng agent by high shear m xing into an aqueous

di spersion of the coated particles, _%9_ percent of which have a particle
size less than 1 microneter. 15 : 21. Bariumtitanate-based

particl es having rimary.particle.size |less than 6 . m cronet ey and, a
coating conprisi H’g &ﬁiW’&és%m?ﬁﬂlpcﬁ?mm%?m g%wgyfghépechggi?%cogtedd
netal sel eGlapfcléd &Bokdifg & Qb ¢ONSI sting of lithium magnesium calcium

strontium scandi-um zirconium hafnium vanadium niobium tantalum:
manganese, cobalt, nickel, 20 zinc, boron, silicon, antinony, tin, yttrium:

por cont of t he. cbau Lo P Soprin hal s | irthes FRmBrRoE bESEen AR weiEt

m cronet gr. : : i ' p r i f6smiagcor di. ng
to clai mngeﬁcg\%ﬁgagmgff%r sé@%%%%@é%%@%‘ggpﬁgﬁ‘%ﬁ%m ometer.
WO 98/ 3592Golymer. : ' '

PCT/ US98/ 02849 - | - 30-
23. The bariumtitanate-based particles according to claim?2l1 having a

bar a1 ankt e- bashaans Eiutelil echycd otbBTRLRding v slpin  and herfiion 15'S

particle sizg3Isossigh éht 3f Ah AqwUoRk Hguid. 25. The barium
titanate-based particles according to claim 21 having a primry
10

20. The wet cake of claim 19 further comprising a moisture barrier that provides
shelf life such that after 30 days said et cake is dispersible by the admixture ofa . |
dispersing agent by high shear mixing into an aqueous dispersion of the coated part.i(ﬂ'..lés,'-
90 percent of which have a particle size less than 1 micrometer. o

15 | o

21. Barium ﬁmnate—ﬁased particles having a primary particle size less than 0.6 ..
micrometer and a coating comprising an 6xide, hydrous oxide, hydroxide of at least one
metal selected from the group consisting of lithium, magnesium, calcium, strontium,
scandium, zirconium, hafnium, vanadium, niobium, tantalum, manganese, cobalt, nickel,

20 zinc, boron, silicon, antimony, tin, yttrium, lanthanum, lead, bismuth or a Lanthanide
element, wherein at least 90 percent of the coated particles have a particle size less than 0.9

micrometer.

22. The barium titanate-based particles é.ccording to claim 21 havihg a prinlary.

25 particle size less than 0.5 micrometer.

YA O



particle 'size less than 0.2 nicroneter. 10 ' 26. The barium
titanate* Qﬂﬁsﬂa@a” I cles according to claim 21 wherein said coated --
| 2harticle size distribution decile ratio of REHVSIS/®4% 1]

particles
| ess than 4. : 27. The bariumtitanate-based particles
according to claim21 wherein said coated :particles have a particle

size-distribution decile ratio of Dlerr]/Dferr] less than 3. 15

28. The bariumtitanate-based particles -3cor di ng to claim 21 wherein sal d-.
coat ed part| cl es have a particle size distribution decile ratio of | -
Derr]/Derr] | 35 Theharimnstitanate-based particles ageording to eleim 21 havings primaryed .
particles ac Ol’dl cl 21 wherein at |east 90 20 percent of said - -~
coat ed part %g!ﬁgsgmagirt{n mffcfe | ess than 0.8 microneter when said -
particles are d| spersed by hi gh shear m xi.ng. : 30. The bari. um"_._
titanate-based particles according to claim 21 wherein at |east 90 : '
percent of saldﬂoaﬂm:qumﬁbhds—baa«bpmdasmwkdmgmdaim%hahmg@rhnmy

m cronet er vvhe sai a"aﬂ ticl es are dispersed by high shear mxing: *
31. The %a ¢ PEaress gﬁ%ﬁ’“ﬁ&?ﬁ% es according to claim 21 wherein at
| east 90 percent of said coated particles have a particle size |ess *
than 0.6 m croneter when said particles are dispersed by high shear

m xi ng. 280 Ff RbRindtitanate-based particles according to claim 21 having a primary
PCT/ US98/ 02849 - 31-

32. The barﬂamﬁlﬂl%iﬁﬁﬁﬁ‘aﬁé)s%@l‘ﬁami es according to cl ai m 21 wherein at
| east 90

10 ' 26. The barium titanate-based particles according to claim 21 wherein said coated :
particles have a particle size distribution decile ratio of D”/D,o less than 4.

27. The barium titanaﬁ-bas'ed particles é.ccording to claim 21 wherein said °°-a'te_d_:'.' E
particles have a particle size distrib_ution decile ratio of Dyy/D, less than 3. S
15 _ -
28. The barium titanate-based partlcles according to claim 21 whercm said coated
partxcles have a particle size dlstnbutlon decile ratio of Dygy/D,, less than 2.5.

29. The barium titanate-based particles according to claim 21 wherein at least 90
20 percent of said coated particles have a particle size less than 0.8 micrometer when said

particles are dispersed by high shear mixing.

30. The barium titanate-based particles according to claim 21 wherein at least 90
percent of said coated particles have a particle size less than 0.7 micrometer when said

25 particles are dispersed by high shear mixing.

31. The barium titanate-based particles according to claim 21 wherein at least 90 -
percent of said coated particles have a particle size less than 0.6 micrometer when said |

. particles are dispersed by high shear mixing.

T



percent of said coated particles have a particle size less than 0.5

m croneter when said particles are dispersed by high she

33. The bX¥P%FP2% anat e- based particles according to clai m 2 ngﬂmat

| east 90 percent of said coated particles have a particle size |ess
than 0.4 mcronmeter when said particles are dispersed by high shear

m Xi. ng. 34. The bari umtitaaj(r;ate based particles according to
claim 21 wherein ‘at least 90 10 percent?’6f said coat ed particles have a.
particle size less than 0.3 mcroneter when said i cl.es  are

di spersed by hi & m&mummwte—basedpmﬁcesamyhngm% Fd‘fhef‘?‘{‘éﬁm%ased:

Parti ol oo BRESHATARAS 'sfﬁsi%s R i 050 Wk el 5 migrpdretbnaiudls
di sper si Onpﬂ{lc%lafb(ﬁ Eﬁtshéﬁaﬁﬁuﬂ'é) wei ght percent of sai d coat, ed

particles ‘according to cI aim 37. The slip according to -
claim36 further conprising between 3 and 20 wei ght 20 percent of a binder

oAbt e S e Seu A e RO A5 ok Sl iy o RS0

\?\g ‘S'g/e g - dercent of 31 c%gtéﬂaﬁf@lemﬁ%arﬁéle 3ire ISHITRULS0. 4 infictdinetePwhen: said

PCT/ US98/ Opéifigles are dispersed by h1gh shear mixing. : . - 32-

34. The barium titanate-based particles according to claim 21 wherein at least 90 _
10 percent of said coated particles have a particle size less than 0.3 micrometer when said _

particles are dispersed by high shear_ mixing.

35. The barium titanate-based particles according to claim 21 wherein substantlally
all of said particles are equiaxed or spherical. o
15 _ _ : L
36. A slurry, dispefsion or slip comprising at leas'; 50 weight percent of said coated
pérticles according to claim 21. |

37. The slip according to claim 36 further comprising between 3 and 20 weight
20 percent of a binder composition comprising a dissolved or suspended, film-forming,

polymer.

38. A wet cake comprisingj coafed particles according to claim 21 and between.15
and 35 weight percent of an aqueous liquid.

25
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39. The wet cake of claim 38 further conprising a noisture barrier that
provi dés - ﬁﬁlf life such that after 30 days said wet cake is
YR FiR

di spersi bl admi xture of a di spersi ng agent by hipghrnsogadsds _ -

m xi ng into an aqueous dispersion of the coated particles, - 90 percent
of which have a particle size less than-1 mcroneter. 5 ~40.
Non-rm |l ed barioumtitanate-based particles having a coating conprising a .
nmet al oxi de, netal hydrous oxide, 321 al hydr oxi de or organic acid salt
of a netal other than barjiumor titanium _ wherein at |east 90 percent

of said coat ed 3bnThe weteakp of elairn 38 furtiar comprising gameiserrebarrigethatprovidesn 0. 9
T o oreb el SRchAGHeESo R il hereak2h ALY & RBREEA e 25 bl
ti tanat e- kngResingbgdnt by hbéiéﬂm@éﬂhﬁﬂn 6 hﬁ'h?%eﬁgs GRS the coaldd fHifidles, - -

particle size | eSs than m cromne The non-ml}led .

bari um t i t99rpereent of sichdrave alpatichke size lessithand miczdmetd) havi ng a ©oprinary
particle size less than 0.5 microneter. 43. The non-mlled .
bari um?titanate-based particles according to claim40 having a primary

particle size | SN%:S-%ﬂQd m{egﬁdaséagarticl havinﬁ 8 cﬁgté?%%ﬁ%%e%ﬁngr y

bari um titanate-bas particles according'to claim |
particl e soxide,nsetal Hydeous@xieyimetal iipth@xide or organic acid salt éfta métad othenthanl | ed
bariumtitanat e-based particles according to ¢laima40-haying a, 25 prinmary .
particl e dayium eriitapiym, whereinatlegshd0gqercent of said Goated nonygillediparticles havejac g

cont od norfArGHIF SRR IES oBAl 0. Flien s Wik Wiid dafed ol Balifbtanate pARC, . |
of D[ eng ] /gardled areispersed by higlishéar mixing. T

41. The non-milled barium titanate-based particles according to claim 40 havinga .

primary particle size less than 0.6 micrometer.

15 42. The non-milled barium titanate-based particles according to claim 40 having a '

primary particle size less than 0.5 micrometer.

43. The non-milled barium titanate-based particles according to claim 40 having' a -
primary particle size less than 0.4 micrometer..
20
44. The non-milled barium titanate-based particles according to claim 40 having a
primary particle size less than 0.3 micrometer. |

45. The non-milled banum titanate-based particles according to claim 40 having a
25 primary particle size less than 0.2 micrometer. ' |

" 46. The non-milled barium titanate-based particles according to claim 40 wherein
said coated non-milled particles have a particle §ize distribution decile ratio of Dyy/D,, less
than 4.

* c L Ll S *
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47. The non A rP®3%bari um tit anat e- based particles accordi ng POT/USTS/0Z8450.
wherein - said coated non-mlled particles have a particle size
distribution decile ratio of Derr]/Derr] |ess t han 3. 5

48. The non-nilled bariumtitanate-based particles according to claim40
wherein said coated non-ml | ed p-ar-t"r3é|‘es have a particle size :
distribution decile ratio of Dlerr]/Dlerr] |ess than 2.5.

49. The non- ni | Aéd Thenonymilled haviam titanatetbased particlss ageerding taglaim 49 whereito
wherein 10 .at |east 9Q f said.cpated,.nop-Jil | ti have.
bar 11 cl'e  oFid opBE Bom gBE pitRles Ry S iR N B o S5l HRQ oE DD 168

di spersed fan¥.gh shear m xing. - 50. The non-m |l ed barium

titanate-based particles according to claim40 wherein at least 90
percent of said coated non-nilled particles have a particle size |less than °

31, The Snon v 6y THARRERRNRS DRt Hyibed bl RIS et g whiiey
wherein _said 3patef Ash-nifich pirtielts nibe 2 Birfick Ol tlstBn SR AL RS b DL, T¥e 2

particle size Tess ‘mcronmeter when said particles a
di spersed thanl®.§ih shear m xi ng. 20 52. The non-milled barium
titanate-based particles according to claim40 wherein at | east 90

percent of said coated non-nilled particles have a particle size |ess than
0.5 M cr onghe i hieh-iited bRALD' dthite-Bidd PantRfdsHEforling Yo Ui RAknelt! "9
10  at least 90 percent of said coated non-milled particles have a particle size less thap 0.8

micrometer when said particles are dispersed by high shear mixing.

50. The non-milled barium titanate-based particles according to claim 40 wherein
at least 90 percent of said coated non-ﬁ:ille_d particles have a particle size less than 0.7

15 micrometer when said particles are dispersed by high shear mixing.

~ 51. The non-milled barium ﬁtanafe-based particles according to claim 40 wherein
at least 90 percent of said coated non-milled particles have a particle size less than 0.6
micrometer when said particles are dispersed by high shear mixing. |
20
52. The non-milled barium titanate-based particles according to claim 40 wherein
at least 90 percent of said coated non-milled particles have a paftic_:le size less than 0.5

micrometer when said particles are dispersed .by high shear mixing.

(T
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53. The noNV@PHBIR0 bari um titanate-based particles accordi ng georgbsrions
wherein at | east 90 percent of said coated non-mlled particles ave a-
particle size less than 0.4 m cronmeter when said particles are

di spersed by hi gh shear m xi ng. 5 54. The non-nilled barium
titanate-based particles according to ci3d-m 40 wherein at | east 90

percent of said coated non-mlled particles have a particle size |less than

0.3 m cronet8s The aon-aeilled baritm titamteabased pagticiesadcdrdingi to Iclaiinewwhéréimg
55. The non-mlled bariumtitanate-based partl cles according . to claim?1l:

wher ei n 103t lass 80 peroent ehsaid ¢oatnd noprmyilled paptiqlesaveanarticle siza Jess dhan Gded .or o
h | t
TBast ' 50 oBFRE shspseigbhridles el diopersbl BRI Batbpdnd P, FOTD1 2 0O B g

to claim40. 57. The slip according to claimb56 further

conpri si ng betmeen and 20 weight . percent of a binder conp05|t|on'ifff
conprisisng a di §40 ﬂ'\he agonmidled pmnmmtanate—haspd Pm‘m!éﬁs according) tpelaim 40 wherein

20" accor di AEISR SDATRPLEF bR BRI R ?tafzﬁ? 3 E.LSLSE

I'i qui d. micr; ometerwhen%gad\ﬁgcl&@ire%?@ s@ﬁbﬂﬂ’gﬂ'@h@ﬁrﬁ) ghgler conprising a

noi sture barrier that pro fe such that after 30 days ‘said
wet cake is dispersible by the adm xture of a di spersing agent by hi gh

shear mixing into an aqu i spersi on ated non-
particles, 90 péPcdhe “BP“WElFanHWé‘t%“%gWé CPACLQN g‘&‘ﬂ&??‘?% F’@Fﬁet er.

10 substantially all of said non-milled partxcles are equiaxed or spherical.

56. A slurry, dispersion or slip comprising at least 50 weight percent of said coated o
non-milled particles according to claim 40. e

15 57. The slip according to claim 56 further comprising betweeﬁ 3and 20 wéight =
percent of a binder composition comprising a dissolved or suspended, film-forming,

polyiner.

58. A wet cake coinprising coated non-milled barium titanate-based particles
20 according to claim 40 and between 15 and 35 weight percent of an aqueous liguid.

| 59. The wet cake of claim 58 further comprising a moisture barrier that provides
shelf life such that after 30 days said wet cake is dispersible by the admixture of a
dispersing agent by high shear mixing into an aqueous dispersion of the coated non-

25 milled particles, 90 percent of which have a particle size less than 1 micrometer.

_—
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