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produce nanocrystalline composites.

BACKGROUND OF THE RELATED ART

“Nanocrystalline” or “nanosized” paﬂicleé are hereinafter to be understood to
mean particles, the average size of which is not more than 100 nanometers (nm)
in diameter and particularly preferably not more than 30 nm in diameter. "Organo-
metallic precursors"” are used as carrier media, and which can include dispersion
aids for ensuring that the particles are uniformly dispersed in a medium.

“Nanocrystalline composites”, in the present invention, refer predominantly to
bulk materials or coatings which contain at least one phase of materials and in
which the grains of all phases are less than 100 nm, either in starting materials
known as “green bodies” or in final products such as coatings, ceramics or
.composites.

The first step in the production of a nanocrystalline particle or nanoparticle to
a fully dense composite is the compaction of powder comprising of

nanocrystalline particles to form a “green body”, which is an intermediate product.
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This is conventionally done by using an uni-axial press.




-2 Decades of research on conventional ceram c processing have shown that
the uniformty and density of particle packing in the green body has a
gsignificant influence on how well the green body will densify and
Fonsequently on how large the sizees of grains will develop to during
sintering. Conventional nanocrystalline particles, however, are at a
di-sadvantage in this regard. There are essentially two probl ens
encountered, nanely the aggloneration of particles in the processing of
t hese nanocrystalline particles and the difficulty of producing of ceramc
green bodies wth high solid content or high green density. The first
probl em aggloneration of particles in the nanoneter range, is comon
because of inter-particle London-van der Wal s forces and functi onal

groups on th Eartlcl e surf F'l Most tnan c sta artrllc es curtkeptly
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nanonet er-si zed particles, . known as ystallites"” stallites _nmade by

convent i otngl U'Ff@trﬁbtdsa'i%ﬁﬁn@y BBH@”'C%BW@’F%'W H?QJEFGQE‘(]'P@ has megignificant
"aggl onerates” or "aggregates". Thus, the true particle size in nost

powders i '@flue:-:tceagglrmvemdlethergraggbegawll densiéy amtheopseguently @f hewtlaege

aggl onerates or aggregates is extrenely deleterious during the sintering

of nanocr et sikéésof gaiing olilbdevalbp ta dsdhyadinteting gCanhversticres naassrystatize 100
nm As a rule of thunb, in pressureless sintering of the prior art, it is
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aggl onerate size. Indeed, early atte ts at p essurel ess sintering
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than 100 nm grain si Zes

of particles in the processing of these nanocrystalline particles and the difficulty of
producing of ceramic green bodies with high solid content or high green density.

The first problem, agglomeration of particles in the nanometer range, is
common because of inter-particle London-van der Waals forces and functional
groups on the particle surface. Most nanocrystalline particless currently made are
not composed simply of individual single crystals or nanometer-sized particles,
known as “crystallites”. Crystallites made by conventional methods teﬁd to bond
and form larger units termed “agglomerates” or “aggregates”.

Thus, the true particle size in most powders is the agglomerate or aggregate
size. The presence of either agglomerates or aggregates is extremely deleterious
during the sintering of nanocrystalline particles into a solid with grain sizes less
than 100 nm. As a rule of thumb, in pressureless sintering of the prior ar, it is
difficult to obtain a grain size which is less than the starting agglomerate size.
Indeed, early attempts at pressureless sintering nanocrystalline ceramics to full
density never succeeded in producing less than 100 nm grain sizes. Typically,

grain sizes in the order of a micrometer were produced. In large part, this was



-grain sizes in the order of a mcroneter were produced. In |large part, this
was 3 because sanples were fabricated from aggl onerated powders. A

di sadvantage of the prior art is the aggloneration of nanocrystalline
particles. Another problemin the prior art is the |ow density of green
bodi es due to high porosity within the3green bodies. In conventional

nmet hods, nanocrystalline particles are conpressed to form "powder
conpacts”". These powder conpacts, before they are heated, are conposed of

i ndi vi duapegdysd shinples Reré@abrumedfom Sgpnméetedpobrleneen dSadvamtade vol %
of porosity, depending on the particular material and processing nethod

used. To bg@%%r?or%?it%quag@m&%tieﬁ ot riafidehAtallind paticsency and so on, i n

t he final ct, 1 sirable to re as ch of this porosity as
possi ble. It ,is,evide
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get a uniform_and_dense m crostructure duri ng_si tering., However these are
hard to Beraséyewithim the grennikRdiest ethseqyestio n@@ﬁ@‘g‘?%l papecryalalling es,

however, have poor conpaction behavior conpared to conventional sub-m cron
parti cl espafticias awencomprassey todous, ‘powdencompagtsed theseneowde evrppactson
present in the starting powders. The conpaction of fractal-Iike

aggl oner abeforprtheycere heatedhane gongmosedaf individuphclistallitesor agyloneerate hi n
the green body. Even if the agglonerates thenselves are extrenely dense ,

| arge i nt ep AR P HHI R RA’ ES afBYSD 98/ IdT pResityHaltdndind ohhtRe gHrEdMabody.
There are also othér difficulties wth the conpaction of nanocrystalline

particles whl el SAPRPScRRiIY Metbt tdel OTBIHHPERE BtéMHies such as strength,

translucency and so on, in the final product, it is desirable to reduce as much of
this porosity as possible. It is evident that the more homogeneous the particle
packing is and the higher solid content a green body has, the easier it will be to
get a uniform and dense microstructure during sintering. However these are hard
to achieve with conventional techniques.

Nanocrystalline particles, however, have poor compaction behavior
compared to conventional sub-micron particles. This can, in many cases, be
attributed to the agglomeration present in the starting powders. The cqmpaction
of fractal-like agglomerates produces an inhomogeneous particle packing
structure within the green body. Even if the agglomerates themselves are
extremely dense , large inter-agglomerate pores may lead to poor density in the
green body. There are also other difficulties with the compaction of
nanocrystalline particles which cannot be attributed to agglomerations.

One known difficulty is the large number of particle-particle point contacts per
unit volume in nanocrystalline particles. Each of these point contacts represents

a source of frictional resistance to the compaction of the powder and this inhibits



_One known difficulty is the |arge nunber of particle-particle point
contacts per unit volune in nanocrystalline particles. Each of these point
contacts represents a source of- frictional resistance to the conpaction of
g he powder and this inhibits 4 particle-particle sliding and particle
rearrangenent. It is therefore desirabl4 to provide a nethod with which
the nanocrystalline particles can slide against one another and rearrange
t hensel ves easily so as to produce a nore honbgeneously packed green body
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the inability to retain an ultra-fine grain size in the product after
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are inevitably acconpanied by the rapid grain growh. Thus it is now,
general |y reAogthier gdoblrat inuearyestionalamgiwids igthavnabgityin eteisan ula-fine
overcone, the conventional pressureless sintering process cannot produce
dense cer grainssivétin thanproxut -aftel sintdring:t Magor( gbstacles rellides $hé hstrori0

nm, |eading many researchers to resort to the approach of high-pressure
consol i datdjencii 8N nAIrRTpyt8IIIneS Phftcléd) t8 A8¢IbRbrals IARS ¢he Nevdispredeher of
nucl eation events so that"the final grain size is small. This is because
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driving force for sintering (involving surfaces) and grain growth (involving grain
boundaries) are comparable in magnitude, both being proportional to the
reciprocal grain size. This means that the final-stage sintering processes are
inevitably accompanied by the rapid grain growth.

Thus it is now generally recognized that unless this grain growth problem can
be overcome, the conventional pressureless sintering process cannot produce
dense ceramics with nhanometer-scale structure (grain size less than 100 nm),
leading many researchers to resort to the approach of high-pressure
consolidation. High pressure results in a marked increase in the number of
nucleation events so that the final grain size is small. This is because final grain
size is determined by the number of nuclei formed, that is, the number of grains
present that can impinge on one another. It is therefore desirable to provide a
method to promote the nucleation of primary crystallization and control its
uniformity during sintering.

Most recently, a simple two-step sintering method without applied pressure

was reported by Chen & Wang (Nature 404:168-171; 9 March 2000) where fully



_present that can inpinge on one another. It is therefore desirable to
provide a nethod to pronote the nucleation of primary crystallization and
control its wuniformty during sintering. Most recently, a sinple two-step
Sintering method w thout applied pressure was reported by Chen & Wang
(Nature 404:168-171; 9 March 2000) wher® fully 5 dense cubic Y203 with a
grain size of 60 nmwas successfully prepared. That sintering nethod used
a two-step heating schedule. The sanple was first heated to a high

t enper at uggnée® cably ¥YO; ath Atgalredizat 6f 68w twas bb@éemlyeﬁr@’aieb.eﬂ'ﬁaat a
| ower tenperature untlf it was fully dense. To succeed such a two-step
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grain boundary diffusion allows it, even if the particle network is frozen
as it cledrloyarstampenaiurespptit swas. fully daases denaueerrd $aie8i 8i WO-BliSfher
than 75% were adequate for subsequent second step sintering. This result
further esipterig esufficientipghistartag densite showd s oktained dyjingthedfisat stepwi t h

hi gh solid content in nanocrystalline conposite preparation. Having noted

t he abovewtwr theedensilylt atevel7 By glovosityaidatn havel shown thatall pored in ¥s0s
density, Helnmut Schmdt et al, in US Patent 5590387, disclosed a nethod to
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surface nodifier and then re-dispersing it in water, an organic solvent or
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even if the particle network is frozen as it clearly is in the second step. It was
found that densities higher than 75% were adequate for subsequent second step
sintering. This result further emphasizes the importance of the production of
green bodies with high solid content in nanocrystalline composite preparation.

Having noted the abovementioned problems of agglomeration and poor
uniformity and density, Helmut Schmidt et al, in US Patent 5590387, disclosed a
method to overcome these problems by modifying nanocrystalline particles with
surface modifier and then re-dispersing it in water, an organic solvent or a
mixture of both, to form a suspension. However, this improvement itself
presented a disadvantage as the surface modifier and organic solvent were
entirely removed after burning out, the green body ready for sintering still did not
have sufficiently high density.

The present invention seeks to overcome or at least alleviate these problems

in the prior art.



.presented a di sadvantage as the surface nodifier and organic solvent were
entirely renoved after burning out, the green body ready for sintering
still did not have sufficiently high density. The present invention seeks
40 overcone or at |least alleviate these problenms in the prior art. 6 '
"OBJECTS OF THE | NVENTI ON A specific obj&ct of the present invention is to
provide a nethod for reducing the aggloneration of the nanocrystalline
particles during the process of producing nanocrystalline conposites.

Anot her specific object of the present invention is to provide a nmethod for
al l owi ng nanocrystalline particles to slide against one anot her and
rearrange thenselves easily during conpaction so as to produce a nore
honobgeneously packed green body with a relatively higher density. Another

specific @ﬁ%ﬁbﬁﬁﬁﬂm*'dmem on is to provide a nethod for

pronoti ng tTol nucl eation of primary crystallization so as

to produce nor e honogeneous m crostructure with finer grain size, Yet
anot her - spechrIRECHl5 SIECHP! PRcTEFEREAVERtRE IS toghovisle: & metof der Ecsingda f or

produci ng denser, thicker sol-gel coatings on netal, glass, ceramc_or
silicon thebagglamesatian eklhginanscyystaliee partivles duidng thepeiogess 6§ produeinge
specific object of the present invention is to provide a nethod for

pr oduci ngnaaowgstatiinel ddmgogitesani cs whi ch i ncor porates conventi onal
pressurel ess sintering.

Another specific object of the present invention is to provide a method for
allowing nanocrystalline particles to slide against one another and rearrange
themselves easily during co'mpaction so as to produce a more homogeneously
packed green body with a relatively higher density.

Another specific object of the present invention is to provide a method for
promoting and controlling the nucleation of primary crystallization so as to
produce a more homogeneous microstructure with finer grain size.

Yet another specific object of the present invention is to provide a method for
producing denser, thicker sol-gel coatings on metal, glass, ceramic or silicon
substrates at relatively lower sintering temperatures.

A more specific object of the present invention is to provide a method for
producing nanocrystalline ceramics which incorporates conventional pressureless
sintering.

Another more specific object of the present invention is to provide a method

for producing denser, thicker piezoelectric films with a more homogeneous

microstructure on a substrate.



_Another nore specific object of the present invention is to provide a

met hod for produci ng denser, thicker piezoelectric filnms with a nore
honbgeneous mnicrostructure on a substrate. 7 Yet another nore specific
object of the present invention is to provide a nmethod for producing

“mul ti-layered devices, including capacifors, transfornmers, resonators,
filters and actuators, at very low sintering tenperatures. SUMVARY OF THE

| NVENTI ON A general object of the.present invention is to provide a process

for produci nget farbtherdgidse spriediy Ybjet I0ftBecsieBent irdfntiodCisul peovidater ed
ceram c bodies, coatings and nulti-I|layered devices, characterized by a

nanost ruc i red k. : ; | % of
the theore Itﬁ%w%%@oggmdém%%&ﬂgﬁ%% E(}j;e I%ﬂg%&%ﬁ@réﬁ%{%@&s of
the present invention is given in the flow.chart .of Fl 1. DETAILED
DESCR! P11 (HCeA R R 2 AP o) P FEREIG BRI 1 & pref erred
enbodi nent of the present invention is described and one skilled in the
art will be able to reproduce the steps, The nethod conprises the steps
of : (1) Preparation of PZT organo- nmetallic solution. In a typical PZT

reci pe, 2SBB4MARYaOE VHEJ TIQNfirst mixed in a glass beaker by
stirring with 6.89g titaniumisopropoxide on a magnetic hot-plate stirrer

to get a stalidaneeal chibcettofahe prdeamt ik@ndidp ioto pewvitena prad¢esst for pyathurirg and
12.93g of zirconium
fully dense nanocrystalline composites, including sintered ceramic bodies,
coatings and multi-layered devices, characterized by a nanostructure with a grain

size below 100 nm and density up to 99.5% of the theoretical density.

BRIEF DESCRIPTION OF THE FIGURE

The main steps of the present invention is given in the flow chart of FIG. 1.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
With referencé the FIG. 1, a preferred em.bodiment of the present invention is
described and one skilled in the art will be able to reproduce the steps, The
method comprises the steps of:
(1) Preparation of PZT organo-metallic solution.
In a typical PZT recipe, 2.35g of acetylacetone is first mixéd in a glass
beaker by stirring with 6.89g titanium isopropoxide on a magnetic hot-plate
stirrer to get a stabilized solution.
Then, 20.88g of lead acetate trihydrate and 12.93g of zirconium
acetylacetonate are added and dissolved in the solution. The solution is

heated and stirred to fully dissolve the solids.



.acetyl acetonate are added and di ssolved in the solution. The solution is
heated and stirred to fully dissolve the solids. 8 The tinme and
tenperature are varied (typicallyl0 mnutes at 80C to 100C) to adjust the
viscosity until a clear and sticky solution is obtained. The resulting
“solution is then further processed unde8 reduced pressure in a vacuum
furnace at 80C to 1000C to renove volatile conponents and a xerogel of
Pbi.i(Zr0.53Ti0.47)3 is obtained. Actually, an xerogel with the general

formul a of Pbﬁﬁa(.%féqueﬁ}]@éra&wé%@ varlgy t;b@céhm rﬁ)nlﬁ@@absome@qoe@b) Wi th
this method for dlfferent appl 1 cations. further dissolving 20 to 40 wt %
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can be obt ai ned. The Xer.o al so be dissolved into a)J coh
i sopr opanel , 'Essiting 69‘9‘883%4&?” furtger precesradt Hf‘ge%té Y& Ef‘?fsé'ﬁ%l Btther

simlar solutions to get different sol-gel solutions. (2) Preparation of
t he ni xture. REDWORdBasewt BOEC 2o/ 100°Cate seavoveayalatilgr eompynanis aadiah a
hi gh-energy ball- mlling machine at 200 rpm for 25-38 hours to get the

particles w txerogen ety s (ZRRdiing)ds asnctiaimednmctUily eamexdragel usthdthe
nanocrystalline particles obtained from high-energy ball mlling,

nanocrystal | 'élé‘rhé?éffo'rﬁ\hf‘asopﬁ‘?] O¢]z*aem g@&@ﬁggreamég%g %ﬁ%ﬁ%ﬁ%ﬁ@y al so

be used. Wth e nanocrysta e part ace nodifier by

wei ght, with this method for different applications.

By further dissolving 20 to 40 wt% of the resulting xerogel into 2-
methoxyethanol (MOE) in glass beaker on a magnetic stirrer hot-plate, the
organo-metallic precursor solution of PZT can be obtained. The xerogel can
- also be dissolved into alcohol, isopropanel, 2-ethyloxyeathanal, 1,3-
propanediol, acetic acid and other similar solutions to get different sol-gel
solutions.
(2) Preparation of the mixture.
PZT powders with a Zr/Ti ratio of 563/47 are dry-milled in a high-energy ball-
milling machine at 200 rpm for 25-38 hours to get the particles with
diameters ranging from 20-50 nm. While we have used nanocrystalline
particles obtained from high-energy ball milling, nanocrystalline particles by
other methods and from other sources may also be used.
With the nanocrystalline particles, 2-1.0% surface modifier by weight, .
preferably a mixture of terpineol and ethyl cellulose, was added to the bowl
of the machine and mixed by further ball milling for 5 to10 hours to produce

the surface-modified nanocrystalline particles.



_preferably a m xture of terpineol and ethyl cellulose, was added to the
bow. of the machine and m xed by further ball mlling for 5 tol0 hours to
produce the surface-nodified nanocrystalline particles. 9 The PZT sol -gel
_sol ution obtained previously was than added to this surface-nodified
“nanocrystalline particles and nmixed by $urther ball nmlling at 150 rpmfor
15 to 25 hours to forma dispersion or slurry. In a preferred enbodi nent,
20 to 50 parts by weight, preferably 30, of the surface nodified

nanocrystal | inge PRI sblegdli ¥oN@iBnbbBRAREH revivusd was tihgn duudd @b thie
balling mlling machine with an net hoxyet hanol (MOE) based sol-gel
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a m xture whi | spersi urry

sol -gel sol utj cont aj to 4 % preferably 30 weg of xerogel. (3)
Spi n- coat i ng @rﬁrﬂiB&Hf%]??égh(??fripoa%?ﬁ]ﬁﬂ%gf%ﬂny Fﬁ’érgn substrate. The

uni f orm di sper si on Prepared frompraocedure (2) is di rectly@ﬁ)pl led _onto a

pl anar subst r % @ prejesies ambpdinenta 20niene@ fatted s wmeighdnpigfewably 30, af thea n-

coating machine at 2500 to 4000 revolutions per minute (rpm. The coated
substrate is surfacenmadiftbdomarzodipstaflinetparticle 20xGva® blendednarch tnixed OCther 2
mn to pre-calcinate it and to forma single filmwth a thickness of up

to 1.5 mcronpow bhiteXBallihg! iy nischied vetredn biethexgathamgl (MOE)skbasethce
until the desired thickness is obtained. The filmwas than finally sintered
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form a mixture which may be a dispersion, slurry or paste. The MOE-based
sol-gel solution contains 20 to 40 w%, preferably 30 w%, of xerogel.

(3) Spin-coating PZT thick films on platinum-coated silicon substrate.

The uniform dispersion prepared from procedure (2) is directly applied onto
a planar substrate, preferably a platinum-coated silicon wafer, by a spin-
coating machine at 2500 to 4000 revolutions per minute (rpm).

The coated substrate is then heated on a hot plate at 200°C for 2 min and
500°C for 2 min to pre-calcinate it and to form a single film with a thickness
of up to 1.5 micron. A thicker film may be achieved by repeating the
sequence until the desired thickness is obtained.

The film was than finally sintered at 600°C to 750°C in a furnace, preferably

at 680°C, for 10 to 60 min, preferably for 30 min, to produce a pure

perovskite phase PZT thick film.

The PZT films thus deposited onto silicon wafer may be 1 to 100 um thick
Under field emission scanning electron microscopy, the PZT film appears to have

a dense, uniform microstructure. The grain size distribution is narrow and the



_perovskite phase PZT thick film The PZT filns thus deposited onto silicon
wafer may be 1 to 100 mthick Under field em ssion scanning el ectron
m croscopy, the PZT fil m appears to have a dense, uniform m crostructure.
.The grain size distribution is narrow and the 10 average grain size ranges
“from about 50 nmto 1 pm depending on tlRe final sintering tenperature. It
is difficult to distinguish between grains derived fromthe sol-gel
precursor and those fromthe original nanocrystalline particles in the

honogenougyémigel Yraid ife randes epe abdet Hoahmstalar ivedepémding vh sed figal
precursor bonds with the added nanocrystalline particles as it devel ops.
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final sinterin st'ag re rc a roperties o

these fil s are conparabl o those of hul k, PZT ceram.cs. The thick filns
br oduced BY-6i Bretarssaand dhgpe ERPTinG GHOVR! FAGRCHELNInE R BlEsdR. e

pi ezoel ectric mcro-actuators for mcro-el ectro- nmechanical systens

appl i cat i Bagogemnoyist Matexi d is daskieeayse theegraing derbigde dtom ohe; gel-gel
invention as described above nay be generally achieved by introducing the
novel stepeaifrsor bpnds syt shen@dsedenaracrystatiorey pagidiesasciérdaveopsarkhel es,
in the presence or the absence of a surface nodifier, into a selected

or gano- nepadéd hanetyaline pArtiéle ISP “growvust umifdratlyndstiag!the dinapsintériiy  (b)
processi ng said dispersion, before or after the volatile organic conponent

Lgat ?ﬁg:?éﬁéﬁg??hé%i&%ﬂri&%% Qez8AELE JiBPRNRY of tRedPfiIMIAREELRPABT &
those of bulk PZT ceramics. The thick films produced by this method are of
sufficiently high quality to produce piezoelectric micro-actuators for micro-electro-
mechanical systems applications and ultrasonic transducers.

The stated objects of the invention as described above may be generally

achieved by introducing the novel steps of:

(a) dispersing selected nanocrystalline ceramic particles, in the presence or
the absence of a surface modifier, into a selected organo-metallic sol-gel
solution to form a uniform stable dispersion;

(b) processing said dispersion, before or after the volatile organic component
in the solution is entirely or partly removed, to form green bodies or
coatings; and

(a) heating said green bodies or coatings at a predetermined temperature

range to produce dense composites with uniform microstructure, including

sintered ceramic bodies and coatings.



~(a) heating said green bodies or coatings at a predeterm ned tenperature
“range to produce dense conposites with uniformmcrostructure, including
sintered ceram c bodies and coatings. 11 Specifically, the present
dnvention provides a nethod for producing a bul k nanocrystalline ceram c by
“pressurel ess sintering techni que, whicHlconprises the steps of: (a)
di spersing sel ected nanocrystalline particles, in the presence or the
absence of a surface nodifier, into a selected organo-netallic sol-ge

solution to Spebifidani ther Preseabif/ctitiDResDVRIEs 4 hethRdUfdrigodatiagi 4 ®ulk
conponents from said di spersion, preferably by reduced pressure drying or

freeze Spﬁ?ﬂo Yalthe dabfil Q?ﬁgﬁae@girﬁ%@gg Béﬁgﬁﬁfﬁ’gﬂﬁéﬂ E&?lﬁﬁ@éé td es:

(c) conpacting’sal d nanocry I ne part pressi hg techni que
(typicallgtb§¢gsing an uni-axial press); (d) calcinating said conmpaction at
a rel ati v&9Povi@r tenperature, conpared to conventional techniques, to
renove all the organjic conponents followed by cold isostatic pressing it
to forma gri@bAisRI§ing ealastem nanesrystallingy padicles.r Irhéh%eﬁr&sﬁf‘g‘érprbmﬁ es at
a certain tenperature range to produce dense, nanocrystalline ceramc with
uni f or m m cr ostabsence ef FHeurfaces gdifiery dnto anselested ecgarssmetatlic Isoltgebr
preparing thick ceramc coatings on a substrate, which conprises the steps
of : (a) disper sbgionabdstned urafoanrstableldispesionr anic particles, in the

presence or

(b) reducing volatile components from said dispersion, preferably by reduced
pressure drying or freeze spray drying, to form surface modified
nanocrystalline particles;

(c) compacting said nanocrystalline particles by a mold-pressing technique
(typically by usihg an uni-axial press);

(d) calcinating said compaction at a relative lower temperature, compared to
conventional techniques, to remove all the organic components followed
by cold isostatic pressing it to form a green body with high density; and

(e) firing said green bodies at a certain temperature range to produce dense,

nanocrystalline ceramic with uniform microstructure.

The present invention also recites a method for preparing thick ceramic

coatings on a substrate, which comprises the steps of:
(a) dispersing selected nanocrystalline ceramic particles, in the presence or
the absence of a surface modifier, into a selected organo-metallic sol-gel

solution to form a uniform stable dispersion,



.the absence of a surface nodifier, into a selected organo-netallic sol -gel
"solution to forma uniformstable dispersion; 12 (b) applying said stable
di spersion to a selected substrate, preferably by spin coating or
dip-coating, so as to coat the substrate with a polycrystalline ceramc
Tayer; (c) heating said ceramc |ayer d@ated substrate at a tenperature up
to about 650 to 1,100C to produce dense, thick ceramc filns on said
substrate. Yet the present invention further recites a nethod for

preparing a (B?‘%bslyfr@ sSartatleRlispursidvn tohd sKletiddBubiitrat@nsrefatablytsy giaen
sheets for ti-l"ayered devices such as actuators, capacitors, resonators

filters and t r@B?f@é ' dip- c-ggﬁagaég as'R} BO& fh% mﬂbsﬁfa?et\pﬁ St 8&?0@Etalﬁﬁé

di spersing sel ec nanocr line ceramc ers, in the ence or

t he absence of a surface rmdlfler into a sel ected organo-netallic sol-gel
sol ution to fofff@NGIAY¥dr m stabl e’ di spersion; (b) renmoving the sol vent
partially or entirely fromthe dispersion until a desired solid

concent r at i df) heatirg spiscerag)ic hayairaried sulsthaiscalsa demaptaeres UB Ao \abont
organi c vehicles and additives to forma paste, slip or ink ready for
screen- pri nt i n§p0ttadet (6 torproducg dense rthickaledamis imsadry saidresbsirateri ng

nmet hod. A primary aspect of the invention is the conbination of
nanocrystalline particles and a related organo-netallic precursor to
produce a dense, nanocrystalline conposite. A key phenonenon of the

di scl osed prqgesfe bfeddHt invention further recites a method for preparing a paste for
screen-printing thick films or tape-casting green sheets for multi-layered devices
such as actuators, capacitors, resonators filters and transformers. The said
method comprises the steps of:

(a) dispersing selected nanocrystalline ceramic powders, in the presence or
the absence of a surface modifier, into a selected organo—metéllic sol-gel
solution to form a uniform stable dispersion;

(b) removing the solvent partially or entirely from the dispersion until a desired
solid concentration is reached;

(c) blending said processed dispersion with organic vehicles and additives to
form a paste, slip or ink ready for screen-printing, tape-casting, injection

molding or any other shaping method.

A primary aspect of the invention is the combination of nanocrystalline
particles and a related organo-metallic precursor to produce a dense,
nanocrystalline composite. A key phenomenon of the disclosed process is the
reactivity of the surface function groups on the crystallite surface with species in

sol-gel precursor. This reactivity allows sol-gel thin films to strongly bond to



. reactivity of the surface function groups on the crystallite surface with

I species in sol-gel precursor. This reactivity allows sol-gel thin filns to
strongly bond to 13 surfaces of the individual crystallites. Upon
-conpl etion of the reaction, the driving force of aggloneration among the
“nanocrystalline particles is controlled3or reduced. It is a fact that the
surface of the nanocrystalline particles is occupied by functional groups
such as hydroxyl groups. Surface hydroxyl groups, for exanple, are present

on the sugfidescsobdf i idgivial eryspdlites CUpBN doreplétiort betHeategetionr theaitiving
area-to-vol urre rati o of nanocrystal I I ne particles, these functional groups

lead to i 8 %Bld?ﬂe t.oma%% piilh daed ﬁ%llﬁ\erﬁ‘éﬁlbksofs cengeneat bpn

reactions ta i ng ace between | articles. On the other hand,
t hese gr o;,ldz11 ggn act as centers of interaction for necessary organic
processindP such as dispersion aids, binders and the like. In

ddi t the hyd Licipal |
oot oo RS bl DR BB S EPod B BeRefad by

precursors. Wen nanocrystalline particles are suspended in _a sol-gel
sol uti on, fusictional grenps sugh @sfhydiexy| BeauRrse Surfacedydreerl gspuns, &y examriRe
nanocrystalline particles, preventing condensation reactions between

i ndi vi duabarepprasent es. thessurfaces of bxidehsowdemparntiglesalDuento {ier large esirface-
uni formy dispersed in the framework of the gels after gel-formng

react i onsaffa-{dIGolBRRE HitRPGF AaodTPsRIIResshrtidias, n@s@cfruhén@héuqr@upmééd gdes in
the green bodies are not aggl onerates but i ndi vi dual crystallites
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| place between individual particles. On the other hand, these groups can act as
centers of interaction for necessary organic processing aids such as dispersion
aids, binders and the like.

In addition, the hydroxyl groups readily participate in hydrolysis and
condensation reactions of the polymer species in organo-metallic precursors.
When nanocrystalline particles are suspended in a sol-gel solution, strong bonds
are formed between the sol-gel species and the nanocrystalline particles,
preventing condensatioh reactions between individual particles. As a result, the
nanocrystalline particles are uniformly dispersed in the framework of the gels
after gel-forming reactions of the precursor are completed. The nanocrystalline
particles in the green bodies are not agglomerates but individual crystallites.
Furthermore, such suspensions can produce green bodies with extremely
homogenous particle packing and superior sintering characteristics than those
consolidated in the dry state.

The improved homogeneity results from not only the elimination of the

agglomerates but also the greater ease with which the particles can slide against



honobgenous particl e packing and superior sintering characteristics than
"those consolidated in the dry state. The inproved honbgeneity results from
not only the elimnation of the agglonerates but also the greater ease

W th which the particles can slide against 14 and over one another and
rearrange without external pressure inldhe wet state, as conpared with the
dry state. A significant advantage and novel aspect of the present
invention is attributed to utilization of nanocrystalline particles in the

process. hpd et dreYak@RBRGhH Qéaﬂéng@%ﬂﬁ:ﬂﬁ extdrab prddsarfe MR Wes isedte] ne

B
particle, the smaller the inter-particle pores. Thus, the pore size and

porosity EQCEG{%%%JWhQ%HrgE?atQ.OWaCt ion is much smaller than those
- v g

utilizing su cron powder rving relatively | ower perneability and

hi gher densify.in.th een bodi es. Anat he vant age .of t.he npr n
"nventi on'§ sRaigTA g A i BPydraPerLe e e Bdferith BetiBiled o anc
di spersion nedia. In the conpacted green body prepared by the m xed
suspensi off, utilizatigp&at nameesystalling pagidesingbgyprasess. ifordigart eempaciionof

sol -gel solution. After the organic conponents in the gel framework are
renoved, pbedessitbieismalleongaacrystallinsopanticke, Whe sraller thepindempartitle pores.
inter-particle pores, which further reduces the inter-particle pore size,

pr oduci ngThughtte poersigensind Yorbbitedn atanabized @aktivle t compaction é smudter i ng,
nucl eation can only be initiated in the gel matrix within the

ok PSP uoR8LURRNgT brion goauers Wil ilen, et 1
of the gr Bénﬁeé)&nt%%d higher density in the green bodies.

Another advantage of the present invention is attributed to using organo-
metallic precursors as binders and dispersion media. In the compacted green
body prepared by the mixed suspension, the open pores of the green body are
impregnated by the sol-gel solution. After the organic components in the gel
framework are removed, the residual inorganic components will fill up some of
the inter-particle pores, which further reduces the inter-particle pore size,
producing higher green density. Moreover, during low temperature sintering,
nucleation can only be initiated in the gel matrix within the inter-particle pores,
and the grains'stop growing when they impinge the added nanoparticles.

Since the final grain size is limited by impingement of the grains on one
another, a homogenous fine grain structure will be produced. As the temperature
is further raised during the final stage of sintering, the nanosized pores are
reduced, resulting in a denser ceramic product.

Yet another advantage of the present invention is that the nature of the

dispersed phase may be varied independently of the type of the sol-gel phase,



anot her, a honogenous fine grain structure will be produced. As the
“tenperature is further raised during the final stage of sintering, the
"nanosi zed pores are reduced, resulting in a denser ceram c product. Yet
.anot her advantage of the present invention is that the nature of the

di spersed phase may be varied i ndependd® |y of the type of the sol-gel
phase, 15 thereby providing a high degree of flexibility in the custom
design of conposites for any given application. Another advantage of the

present ithezdby providig & AYMdeEGreeust flaxibiltydaaRs custym aisign of tanposités
| mproved honogeneity, finer pore size, in the order of several nanoneters,

al | owi ng erQJ?S/r S 8RpMeRRht | €s, superior sintering characteristics and
finer grain m cgr ostrﬁgt ure. These advantages are particularly useful in

permi i the BgtsP FhERGE oF B Bashrt e Bh S G T Efcthitifp et

advant agegusl contributes to a sharp reductjon in the cost,of the f|nal
devi ce. P?Qfd?%’laémﬁ aYeisy Sc BeProyd Woﬂén?gbrf'%%{t BA'% iR rNateoR qrnot he
processes of the present invention include: nanocrystalline bulk ceramcs
as wel | asev¢ralepanpmetees, r allewing rhigher greesz sensities, csEpeHer cfintyiing
fiber, silicon wafer and ot her substrates; thick sol-gel ceram c coatings
for high teapetsristice angfinerngraronmicestractupe.oTleese advanthgesmare Iparticubarly
coatings; bioactive coatings;
useful in producing multi-layered devices at a low sintering temperature, which
permits the use of less expensive internal electrode paste. This advantageously
contributes to a sharp reduction in the cost of the final device.
Products and devices that may be fabricated by variations in the processes of
the present invention include:
nanocrystalline bulk ceramics as well as dielectric, ferro-electric or
piezoelectric films on optic fiber, silicon wafer and other substrates;
thick sol-gel ceramic coatings for high temperature wear and corrosion
protection;
thermal barrier coatings;
bioactive coatings;

low temperature co-firing multi-layered devices; and

multi-phase nanocrystalline composites.

The following examples serve to further illustrate some of variations in the
example of the preferred embodiment given above. It will be appreciated by one
skilled in the art that all the process, materials, chemicals and parameters used

may be varied without departing from the scope or spirit of the present invention.



_low tenperature co-firing multi-layered devices; and nmulti-phase
“nanocrystal line conposites. The fol |l owi ng exanpl es serve to further
“illustrate sone of variations in the exanple of the preferred enbodi nent
.given above. It-wll be appreciated by one skilled in the art that all the
process, materials, chemicals and paraféters used may be varied without
departing fromthe scope or spirit of the present invention. 16 Exanple
(1) Nanocrystalline PZT ceramc. Slurries with higher solid content as
descri bed above in the Detailed Description of the Preferred Enbodi nent
are heated to 80C in a vacuumdrying furnace to entirely renove the

di spersio ' cfrom the slurries, after which
per E@S‘E‘é‘lé‘ﬁ irﬂ?ﬁ sg.H@WT é&@ga (

nanosi zed ace coat wth a sol-gel |ayer are obtained.
These part| the t t to 60
MegaPascal s H,%g)s YV(B &g%t%%'gc%]s %ﬁ?&'&%e?ﬁ&pg @‘ %gc@g%\éegde t hen
cal ci nat ed at 500C 1Lo rem)ve &d){b‘ﬂtﬁ@fg anl . é f ol | oned col d
i sost at i cDgPedRYaiyof thederederse meg er% gelEd{oued G isyp decuiiy Gh
densities. Geen bodies thus obtained were then sintered at a tenperature
bet ween 680nace 10 eDOEly pemioredbeydispers@nonediun, methoxyettandi(M@rbtress, the
PZT ceram cs thus obtai ned advant ageously reached relative densities of
over 98% tife theriéd)eaftert which nlemssized 20 padiclesssadace goatad viithes shélgelv 100
nm Exanple (2) Screen-printing PZT thick films on Au/ A12Q3 substrate. For
this procpgur are dBf4INEY. PRy pYRICEY wefe find comiphetad 1Yy BRI pheddindat

about 10 to 60 MegaPascals (MPa) to get a powder compact. These powder

compacts were then calcinated at 500°C to remove all the organic components

followed by cold isostatic pressing it at 400-500 MPa to produce green bodies

with high densities. Green bodies thus obtained were then sintered at a

temperature between 650 to 1,100°C, preferably at 800°C.

As a result of this process, the PZT ceramics thus obtained advantageously

reached relative densities of over 98% of the theoretical density and had average

grain sizes below 100 nm.

Example (2) Screen-printing PZT thick films on Au/Al,O3 substrate.

For this procedure, 70% to 90% by weight of said uniform dispersion with
medium solid coﬁtent or nanocrystalline PZT particles surface coated with sol-gel
layer as described above is blended with 10% to 30% of commercially available
organic vehicle and additives known in the art to produce pastes or inks ready for
screen-printing, tape-casting, injection molding or other shaping methods. In a
preferred embodiment, paste so produced was printed onto an Au/Al;O3

substrate by screen-printing and subsequently dried at 110°C for 15 min. The



~medium solid content or nanocrystalline PZT particles surface coated with
"sol -gel layer as described above is blended with 10%to 30% of
“comrercially available organic vehicle and additives known in the art to
_produce pastes or inks ready for screen-printing, tape-casting, injection
nmol di ng or ot her shaping methods. In al7preferred embodi ment, paste so
produced was printed onto an Au/ A1203 substrate by screen-printing and
subsequently dried at 110C for 15 min. The 17 single |ayer thickness of

said prinipgld Ryer thieikndestofeam Sritted38yén wés bbivederT 8 ftd RO urmaA thickéeiad by
repeating the sequence until the desired thickness was obtained. The film

e B A SR PR Bl S

produce a pure perovs a n ub-mcron sized
grains wereg, ful devel oped, at 8Q0C f or Lo, Exanpl e (3 T

Vit -1 ay abtainest T R VR dna sitpeaar a0t hioicr o prap bt da'e, for 20

el ectrode paste. In conventional screen-printing PZT filnms, sintering

t enper at ute80 indo eroducelapareyperayskite PhasaEddr Mféwﬁhe final sybenisran
invention, sintering tenperatures of less than 1,100C are needed. This

al | ows f osizeti gramsweretfullyedevdlopedvat 86PHT &iniddemim- fi ri ng devi ces, for
exanple, nulti-layered actuators and transformers using tape-casting or in

screen-printing as described in Exanple (2) above. In a preferred
enbodi ment, nulti-layered actuators were produced using screen-printing.

2 U5 SR PN e LSS o Vs AR Mo deie L,
internal electrode paste.

In conventional screen-printing PZT films, sintering temperatures of over
1,100°C are used. In accordance with the present invention, sintering
temperatures of less than 1,100°C are needed. This allows for the manufacture
of low-temperature co-firing devices, for example, multi-layered actuators and
transformers using tape-casting or in screen-printing as described in Example (2)
above.

In a preferred embodiment, multi-layered actuators were produced using
screen-printing. An organic layer, preferably a photoresist film such as AZ1518
film, is first deposited on an alumina substrate using a spin coater to separate the
multi-layered actuator from the substrate. The film is spin-coated at 1,000 rpm for
30 seconds, and then baked at 150°C for 30 min and 350°C for 60 min to drive
off the solvent and to cure the photoresist film on the substrate. Commercially
available silver-palladium (Ag/Pd) conductor paste, preferably with Ag/Pd mass
ratio of 90/10 to 80/20, was printed with the first stencil patterns on the

photoresist film and dried at 150°C for 5 min. The PZT paste obtained from the

procedure described above is deposited on the conductor layer by multiple



_multi-layered actuator fromthe substrate. The filmis spin-coated at 1,000
Tpmfor 30 seconds, and then baked at 150C for 30 mn and 350C for 60 mn
‘to drive off the solvent and to cure the photoresist filmon the
.Substrate. Commercially available silver-palladium (Ag/Pd) conductor

paste, preferably with Ag/Pd mass ratil® of 90/10 to 80/20, was printed
with the first stencil patterns on the photoresist filmand dried at 150C
for 5 mn. The PZT paste obtained fromthe procedure described above is

deposi t edp@itindlanaitgitet 8 15@3Cfordy0 Mihtafdreedlch piritiny.i Tierafite doydurgont
150C for 10 mn after each printing. Then the conductor paste is printed

ith th L ; f
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filmat 575C. The released nulti-I ay_?red i%gi es%(?re t hen sintered at 800
to 850C t BWU-Avered itrictiuig ts obtaingddlrese faminates Sodigk arg SHEREAYE}hkd

~process of using PZT to illustrate the present invention can also be used
t o produceeleases fiomh Khe sxubstrate Wiyt bunmang siffzthe gheionesipl filmprad HH° 6. e
sintering, thick filns with uniformmcrostructure on different substrates
by spi n- caséase miilaeréd hpdiewlaraitidn siayereddats800td 866%C by prodeenthe
printing or tape-casting. O her specific applications of the present

i nventi onyifY|ayBfe®PFT Jctyardps st ood by considering the fol l ow ng
descriptions of several preferred enbodinents. Exanple (4) Yttria

Stabilized ﬁ\é%Q}Qném%'}ed\lﬁ%(\e%%falﬁih&?’ﬁ'i@mtfstrate the present invention

can also be used to produce dense bulk ceramics with nanosized grains by
pressureless sintering, thick films with uniform microstructure on different
substrates by spin-coating, dip-coating and multi-layered structures by screen-
printing or tape-casting. Other specific applications of the present invention may
be easily understood by considering the following descriptions of several

preferred embodiments.

Example (4) Yttria Stabilized Zirconia (YSZ) Nanocrystalline Ceramic.
Yttria stabilized zirconia for use as a high temperature structural may be
produced as followings:
In a typical recipe of YSZ sol-gel solution, 1 to 2 g of yttrium acetate is
dissolved in 4 g of glacial acetic acid. To the resulting solution, a mixture of
zirconium propoxide, acetylacetone and MOE with molar ratio of 1:.1 ‘4 is added
in a Y/Zr molar ratio of 0.03-0.09/1. Then 2 to 3 g of water, 1 g of polyethylene

glycol and 1 g glycerol are added to adjust the viscosity.



JYttria stabilized zirconia for use as a high tenperature structural may be
produced as followings: In a typical recipe of YSZ sol-gel solution, 1 to 2
g of yttriumacetate is dissolved in 4 g of glacial acetic acid. To the
resulting solution, a mxture of zirconium propoxi de, acetyl acetone and
MOE with nolar ratio of 1:1:4 is added19% n a Y/ Zr nolar ratio of
0.03-0.09/1. Then 2 to 3 g of water, 1 g of polyethylene glycol and 1 g

gl ycerol are added to adjust the viscosity. 19 Comercial Y203 and ZrQ2

powder s wer €ofinf@&iivL.D;anPZa, pewdéersaberd Bikeanith ksmdiay rafid be8/9dFyand
hi gh-energy ball mlling at 200 rpmfor 25-60 hours to get particles with
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ar e. added, and . xed furthe 111 ing f.qr 0 ous to
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solution obtained previously is than added to the surface nodified
nanocr yst al 1919g0 SHHF?)‘P?(!T‘%%'E@?;BY Wﬁ'grhtelpr%\egéafyb@/ nyxyre rﬂfﬁ?'ipr‘n’be‘gtanf‘s%thybm for
15 to 25 hours to form a dispersion or sl urrg. In a preferred enbodi nent,
20 to 80 paeeliulbye weieghtded pand enixgd yoyr durtaer batbhymilngyffer, Sofo 10hkowsr face
nodi fi ed nanocrystalline particles is blended and m xed with 80 to 20

parts by wepgtucepsefageabiodifddl panosrybtallineepghticlesofTHen¥ SZoselgge! sodltidri on to
forma dispersion or slurry. Slurries with high solid content thus prepared

are_ext r udegpfdind @i dioRSHUIR thaiPERAGH tol ife RAWERE MU haAberyetlIifigrat ed
at 500C to renove the organic conponents entirely, followed by cold

I sostatic ppesididad e 7R dB9 BAI milling at 150 rpm for 15 to 25 hours to form

a dispersion or slurry. In a preferred embodiment, 20 to 80 parts by weight,
preferably 70 parts by weight, of the surface modified nanocrystalline particles
is blended and mixed with 80 to 20 parts by weight, preferably 30 parts by
weight, of the sol-gel solution to form a dispersion or slurry.

Slurries with high solid content thus prepared are extruded to form a powder
compact. The powder compacts are calcinated at 500°C to remove the organic
components entirely, followed by cold isostatic pressing at 400-500 MPa to
produce green bodies with high density. These green bodies are then sintered
at temperatures between 650 to 1,000°C, preferably at 800°C. As the result of
this sintering treatment, the YSZ ceramics thus obtained reached relative
densities of over 98% of the theoretical and had average grain sizes of below

100 nm.

Example (5) Thick YSZ Coatings on Metal Structural Parts.
For use in high temperature wear and corrosion protection, YSZ ceramic

coatings may be deposited on metal structure parts as follows:



_produce green bodies with high density. These green bodies are then
sintered at tenperatures between 650 to 1,000C, preferably at 800C. As the
sresult of this sintering treatnment, the YSZ ceranics thus obtained reached
relative densities of over 98% of the theoretical and had average grain
sizes of below 100 nm Exanple (5) Thi2@k YSZ Coatings on Metal Structural
Parts. For use in high tenperature wear and corrosion protection, YSZ
ceram c coatings nmay be deposited on netal structure parts as follows: 20

Di sper si onsDigpesdiths b Sludiigs arecpapafediaccsrdingtotthe trhethod tdf prodicimg YSZCi ng
YSZ nanocrystalline ceram c above, with preferably 30 parts by wei ght of

t he Surfacﬁ?ﬂls?%péta?%é‘%%ﬁéw taﬁ'obb?%/iﬂ\ab?é%'réﬁya%’@ %a‘?%sgtﬁglt\ﬁe@htvﬁﬂm of

said sol- g I on; slurries are deposite structure parts
by either djip.coatin in- ¢ i n [. painti tiple. g 1he parts
are sinter eﬁu%?cq H}%@qeéf ﬁ?@gc%gﬁgﬁp%%%?o&gbgg FF%[ST %?r)ﬁ?ea{b@%ﬁfg%?'d %ﬁl form
polycrystalline ceram c coating on the netal parts. Exanple (6) Porous
Bi oactive |8®ISaWtioN:or bi omedi cal applications, a porous bioactive inplant
may be produced as follow nge YSZ sol -gel solutions according to Exanple
(4) are prephesturdes @ deppeited ousnetat siractuye aads Ibyeithandip-coatpGt SRiR- ( HAP)
and (3-Ca3(P04)2 powders are m xed using high energy ball mlling at 200
rpm for 25-6atimyusspdintind taltiple layers;

The parts are sintered at temperatures between 500 to 800°C to form a dense,

uniform polycrystalline ceramic coating on the metal parts.

Example (6) Porous Bioactive Implant.
For biomedical applications, a porous bioactive implant may be produced as
following:
YSZ sol-gel solutions according to Example (4) are prepared as described;
Commercially-available hydroxyapatite (HAP) and B-Caz(POs), powders are
mixed using high energy ball milling at 200 rpm for 25-60 hours to obtain
particles with diameters ranging from 8 to 30 nm.
The YSZ sol-gel solution obtained is mixed with the nanocrystalline particles
by further ball milling at 150 rpm for 15 to 25 hours to form a dispersion or
slurry preferably with 40 parts by weight of the nanocrystalline particles to 60
parts by weight of the YSZ sol-gel solution;
This slurry is then deposited on metal foam or porous ceramic, preferably
titanium foam with distributed open pore size of 50 to 400 um, by dip-coating

multiple layers;



particles with dianeters ranging from8 to 30 nm The YSZ sol -gel solution
‘obtained is mxed wth the nanocrystalline particles by further ball
imlling at 150 rpmfor 15 to 25 hours to forma dispersion or slurry
preferably with 40 parts by wei ght of the nanocrystalline particles to 60
parts by weight of the YSZ sol-gel sol@flion; This slurry is then deposited
on netal foam or porous ceramc, preferably titaniumfoamwth distributed
open pore size of 50 to 400 m by dip-coating nultiple layers; 21 The

forns are tige feinid arethebedieed befivden 5§00 BOOTO tofernbh digddtive ceeamit ¢
coating w th nanosi zed bi oactive HAP and 1li-Ca3(PX)2 particle enbedded in

the YSZ mat LT |7 ; rmqp P d as
an inpl ant %%éﬁén@ogﬁpmdsr%& E%E{@%one. %aﬁp%@@?gggﬁég l\/ui t%d;@gr ed
Capaci tor. I tenperature sinteri BaTi O3 (BT nolithic nulti.-Ilayered
capaci tor e, V52 BB b et ParehoBPAErS sUPSEate S skl abar eq
using a procedure simlar to that described for the preparation of PZT

or gano- met afNimwvpEat ta substiwiefer hHBRERINQ si ng  bari um acetate, acetic acid,
MCE and titaniumisopropoxide; Conmercial BT powders is dry mlled using

hi gh-energy ball mlling at 200 rpm for 25-38 hours to get particles with
dianeters ranging from8 to 30 nm The BT sol gel solution) is mxed with
the BT napeamipld (A)Bahp, MultigferbalGapatitbf.i ng at 150 rpm for 15 to 25 hours
to forma dispersion or slurry preferably

A low temperature sintering BaTiO3s (BT) monolithic multi-layered capacitor

-

may be produced as folléwing:
A BT sol-gel solution is prepared using a procedure similar to that described
for the preparation of PZT organo-metallic solution above, however using
barium acetate, acetic acid, MOE and titanium isopropoxide;
Commercial BT powders is dry mflled using high-energy ball milling at 200 rpm
for 25-38 hours to get particles with diameters ranging from 8 to 30 nm.
The BT sol gel solution) is mixed with the BT nanoparticles by further ball
milling at 150 rpm for 15 to 25 hours to form a dispersion or slurry preferably
with 50 to 70 parts by weight of the nanocrystalline particles and 30 to 50 parts
by weight of the BT sol-gel solution;
An organic vehicle, 10 to.30 parts by weight, is blended with 70-90 parts by
weight of the BT sol-gel and other additives to form a slip;
The slip is then cast into a green sheet with a scapel,
An Ag/Pd (80/20) electrode layer is then printed on the green sheet;
Several tens of the green sheets with electrode patterns are aligned and

stacked and hot pressed into a laminated bar before being cut into small chips;



_with 50 to 70 parts by weight of the nanocrystalline particles and 30 to 50
‘parts by weight of the BT sol-gel solution; An organic vehicle, 10 to 30
‘parts by weight, is blended with 70-90 parts by weight of the BT sol-gel
.and other additives to forma slip; The slip is then cast into a green
sheet with a scapel; An Ag/Pd (80/20) @Rectrode |ayer is then printed on

t he green sheet; Several tens of the green sheets with el ectrode patterns
are aligned and stacked and hot pressed into a | am nated bar before being

cut into snuhé chipgaie &ien diheerelipstwered 10t 9000 Cefbr iZehvesnaftéOtakingl, 000C
for 2 hours after taking special care to performthe binder evaporation at

400 to 500G &‘?c%ir@tt@ Eﬁoﬁﬂ'tﬁé bgﬁ%r@'\)ﬁﬂo ohHado e goprgal el ectroded,

attached wt eadvvlr fin y coated w th water-proof spray. Exanpl e

(8) Fe2CB- Zﬂ?@ %ﬁfe ﬁﬁngﬁ’bs afe® thelt hotizpad’> %(?Qﬁ\?aglql%&%@%\@sa{t%heod(mﬁn

Fe2(3-Zr2 Icés aré pro uce

xa- Fe203- (1-x),Zt 2 s simlar to that described for PZT is
pr epar ed us'ﬁﬁgw'rﬁﬁﬁngcfgﬁajyézoag@iWﬁB WREHPTOANEPENG Zi r coni um pr opoxi de,

preferably x=0.2; A mxture of zirconia and hematite powders w th nom nal
conposition of xa-Fe203-(1-x)Zr2, preferably x=0.2, are m xed using high
energy ball mlling at 200 rpmfor 25-60 hours to get particles with
di anmet er sExamglen(®) Fen,0g3 80, GGB)Sansor.
For use as gas sensors, such as for oxygen, Fe;03-ZrO, thick film devices are
produced as follows:
A xoa-Fe203-(1-x)ZrO, sol-gel solution similar to that described for PZT is
prepared using iron acetate, acetic acid, MOE and zirconium propoxide,
preferably x=0.2;
A mixture of zirconia and hematite powders with nominal composition of
xo-Fex03-(1-x)ZrO,, preferably x=0.2, are mixed using high energy ball
milling at 200 rpm for 25-60 hours to get particles with diameters ranging
from 8 to 30 nm.
The sol-gel solution is mixed with the nanocrystalline particles thus
obtained by further ball milling at 150 rpm for 15 to 25 hours to form a
dispersion or slurry preferably having 50 to 70 parts by weight of the
nanocrystalline particles and 30 to 50 parts by weight of the sol-gel
solution;
The dispersion is then blended at 70-90 parts by weight with 10 to 30 parts
by weight of organic vehicle and additives to form a paste;

This paste is then applied onto an alumina substrate with inter-digital Au

electrode by screen-printing or spin-coating and then the film and



_The sol -gel solution is mxed with the nanocrystalline particles thus
‘obtai ned by further ball mlling at 150 rpmfor 15 to 25 hours to forma
tdi spersion or slurry preferably having 50 to 70 parts by wei ght of the
-.nanocrystalline particles and 30 to 50 parts by wei ght of the sol -gel

sol ution; The dispersion is then blend@3 at 70-90 parts by weight with 10
to 30 parts by weight of organic vehicle and additives to forma paste;
This paste is then applied onto an alum na substrate with inter-digital Au

el ectrode by sgfissfatBraratdinteréd bebivBef QU0 RO700°C | freferabfy bt 5BDAD Hfo? 3
substrate are sintered between 400 to 700C, preferably at" 550C, for 1

hour. The thic i . fL Ok S tkuel I Mhi

durability thaﬁo%aﬁﬁéqﬁékcﬁwﬁlhgg %Ogmggn\b\é% %éé%ﬂé@&@lﬁhé@%@%@%%en% 9)
PZT- PMN Nanocrystalline osj.t.e. ..The nmet hod of preparing a PZT

nanocryst al | i néucé%%bgﬁfgﬁg@@@?ﬁlﬁbﬁw ﬁon\@{gpﬁpgrr(e%oc’% fol | oned,

however, with Pb(Nb213Myl13) 03 (PMN) powders instead of PZT powders. As a
result, a ferro-electric and relaxor ferro-electric nanocrystalline
conposite may be produced. Exanple (10) M _XZnxFe20O4- PZT Nanocrystalline
Conposi t eExamplertd) AT -V Nepeocrysjaliin@Zompoesiter yst al | i ne conposite as
described in Exanple (1) is followed, however, with ML _XZnXF' e2O4 ( M=MWh,
Zn, N, Fe, TRe)mefotdef prepuritieaably Mdvbdystalliecdsihppsidels dessritsatlimf PZT

powders. As a result, a ferro-electric and ferro-magnetic nanocrystalline
conposi t eERBHARE (1) is followed, however, with Pb(NbasMgis)Os (PMN) powders instead
of PZT powders. As a result, a ferro-electric and relaxor ferro-electric

nanocrystalline composite may be produced.

Example (10) M.ZnFe,04-PZT Nanocrystalline Composite.

The method of preparing a PZT nanocrystalline composite as described in
Example (1) is followed, however, with M4.,ZnFe;04 (M=Mn, Zn, Ni, Fe, Co)
powders, preferably MngeZngsFe20O4 powder, instead of PZT powders. As a
result, a ferro-electric and ferro-magnetic nanocrystalline composite may be

produced.

Example (11) PLZT Transparent Ceramics.

The method of preparing PZT ceramic composite is followed, however, lead
lanthanum zirconate titanate (PLZT) powders, preferably with a La/Zr/Ti molar
ratio of 7/62/38, and PLZT sol-gel solutions are used instead of PZT powder and
sol-gel solution. As a result, transparent PLZT ceramic may be produced by

pressureless sintering.



_produced. Exanple (11) PLZT Transparent Ceramics. The nethod of preparing
‘PZT ceram c conposite is foll owed, however, |ead | anthanum zirconate
‘titanate (PLZT) powders, preferably with a La/Zr/Ti nolar ratio of

.7/ 62/ 38, and PLZT sol -gel solutions are used instead of PZT powder and

sol -gel solution. As a result, transpaldnt PLZT ceram c nmay be produced by
pressurel ess sintering. 24 The exanples given above will be apparent to
one of ordinary skill in the art as significant and novel inprovenents to

the prior arThe eXahipled\given \dove! Wil beddpishréhieto dWelef srailtirp kAR the atti axns  of
the present invention with specific exanples, variations of the invention

using oth } i h ki ; i bed
hor o_do noeisant fAd Dot Ml ameARCTR, fle G e MRS ple AP Re | oS
W claim 1. A nethod for .produgi a nanocrystalling co 5] t Lising
the st epdsrrandind spaafiang & 4B Reed#ne pYAnToR o4 P Bt f on:
b. dispersing. selected nanocrystalline particles into said sele ted,o[gano-
metal |ic %@IaRns &6thei BYepHon isia QIRRF Ghemieals withinthe Saree ghamica
processing said uniformstable m xture with reduced volatile organic
conponent classésahthpseddssrbed;heiaddo not depart from the scope or spirit of the

present invention.



~10 d. heating said green bodies at a predeterm ned tenperature range to
“produce a nanocrystalline conposite. 2. A process further to daim1l where
Zin said selected organo-netallic sol- gel solutions may contain surface
s-nodifiers. 15 3. A process according to Caim2 wherein said surface

modi fiers may consist of nethylcel |l ul®se, ethylcellul ose, terpineol,

pol yet hyl ene glycol, polypropyl ene glycol, polyvinyl alcohol, glycerol,

| actic acid and/or propanediol. 20 4. A process further to daim1l wherein
sai d sel ect ae@g@no-netallic sol- gel solution may contain, in a suitable
solvent, nmetal salt, netal al koxide and/or organo-netallic salt of the
desired conpounds or oxides selected fromone or nore of PZT, PMN, PZN,

phosphat o, dnd MeparRLABEl i neftiyaRitk oftecthe Ahirenothe “C0u T €

applicationstépgbfe final product. 5. A process further to Caim1l wherein
sai d nanocrystalline particles are iezoelectric materials, ferrite

30 p
mat eridl s, fet BTOV&H‘_@!@ﬁ?'%?ﬁlorgwgﬁﬁlﬁ§§°bgelﬁ @laN:ve naterial s depending
on the spec:ﬁil HiS?QPAiﬁ gél'eEféd r?én&é?ﬁtélliﬂ@ba’?ﬁ&%’ﬁﬁo s3ill sélectBdRrgakss further
a articles

to Caim5 wherefn safrd nanocryst I ne rt
_ metallic sol-gel solution to form a uniform stable mixture;

c. further processing said uniform stable mixture with reduced volatile
organic component to form green bodies; and
10 d. heating said green bodies at a predetermined temperature range to

produce a nanocrystalline composite.

2. A process further to Claim 1 where in said selected organo-metallic sol-

gel solutions may contain surface modifiers.

15
3. A process according to Claim 2 wherein said surface modifiers may
consist of methylcellulose, ethylcellulose, terpineol, polyethylene glycol,
polypropylene glycol, polyvinyl alcohol, glycerol, lactic acid and/or
propanediol.
20

4. A process further to Claim 1 wherein said selected organo-metallic sol-
gel solution may contain, in a suitable solvent, metal sélt, metal
alkoxide and/or organo-metallic salt of the desired compounds or
oxides selected from one or more of PZT, PMN, PZN, PbTiO3, BT,

25 (Ba,Sr)TiO3, ZrO,, CeOy, TiO,, Al,O3, SiO,, YSZ, CSZ, metal
phosphate, and M1 ZnFe;04, bioactive materials, depending the

specific application of the final product.

5. A process further to Claim 1 wherein said nanocrystalline particles are
30 piezoelectric materials, ferrite materials, metal oxides, metal
phosphates or bioactive materials depending on the specific application

of the final product.



s nclude PZT, PLZT, PMN, Pb(Znii3No2i3)03 (PzZN), PbTi03, BT, (Ba,Sr)TiO03,
Y203, Fe233, Zr2, Ce®2, Ti 2, A1203, CaO MO YSZ, CSZ (ceria stabilized
Zzirconia), M _,,Zn,,Fe2™4, 13-Ca3(PMX)2 and 5 hydroxyapatite, dependi ng on
:the specific application of the final product. 7. A process further to

C aim 1 wherein aggl omeration of sai d27nanocrystalline powders in said

uni form stable m xture is prevented or 10 reduced during subsequent
processing. 8. A process further to Caim1l wherein said uniformstable

m xture may g ba FrodesPRIrfeP o CHAiHT 6 WHireiPasdi® nadbciystafliny patigiesf urt her to
Claim1 wherein any volatile organi c_conponents _nmay be reduced by reduced

pressure dryi nipcider PEEzBLEJDy BMNrRb(€813N00:)R3 pPEbRsRbTiRst Bdy to Claim 1
wherein any vo i .ar i C GO t y r C f (& y renoved.
20 11. A pr oceLs Sﬁﬁ'ﬁé’?ﬁ’r@d‘ El‘%é‘ls%ozl}%ﬂl\ﬁhgregﬁﬂg%’ c'?‘%l% ?’%%'\éggbll{gm xture may
be nol ded to f QS7 Wesarstsilizes zirega), dth.Z9,Fe MaBiCas(PO4p adost rat e, or
further mxed wth a suitable vehicle and then shaped or applied. 25 12. A
proceds furt hehydroxgppatite1depgndieg andhe grarifigeeglicatiaroeithetfigl e i xt ure
may be shaped gﬁodl.{gte(:ti on nolding. 13.A process further to Claim12
wherein said vehicle-m xed uniform stable m xture may be applied to a
substrate by spin-coating, tape- 30 casting, painting, spreading or
di p-coat i ng. i ) ) )
7. A process further to Claim 1 wherein agglomeration of said
nanocrystalline powders in said uniform stable mixture is prevented or

10 . reduced during subsequent processing.

8. A process further to Claim 1 wherein said uniform stable mixture may

be a dispersion, slurry or paste.

15 9. A process further to Claim 1 wherein any volatile organic components

may be reduced by reduced pressure drying or freeze spray drying.

10. A process further to Claim 1 wherein any volatile organic components

may be reduced or entirely removed.

20
11. A process further to Claim 1 wherein said uniform stable mixture may
be molded to form green bodies, applied as a coating to a substrate, or
further mixed with a suitable vehicle and then shaped or applied.
25 12. A process further to Claim 12 wherein said diluted uniform stable

mixture may be shaped by injection molding.

13.A process further to Claim 12 wherein said vehicle-mixed uniform
stable mixture may be applied to a substrate by spin-coating, tape-

30 casting, painting, spreading or dip-coating.



28 14. A process further to Caim13 wherein application of said alternated
with an intercalary layer. 15.A process further to Caim 14 wherein said
Zintercalary layer is internal 5 electrode paste. 16. A process as cl ai ned
dn Caim13 wherein said substrate nmay be silicon, glass, ceramc or
metal. 10 17. A process further to C a2 1 wherein said predetern ned
tenperature range is between 650C and 1, 100C. 18. A process for producing
dense nanocrystalline conposites or ceramics wth uniform mcrostructure.

15 19. A procesA grotess ffther i CIERS £3 wharsils applisdiich ePsdid riteritéd uni form
m crostructure. 20. A g}ocess further to Caim19 wherein said ceramc

coatings may witharhintarealaenlgyeres of up to 98% of theoretic density and
t hi ckness of between 1 to 100.imon said substrates. 21.A process for

producing nmulti-layered devices at tenperatures of not nore than 1, 100C.
25 22. A procksA mocessifurthelr o Cllaimm 2 wheheinesaid swerdarany laydr &y mtedtatievi ces

I ncl ude capacitors, actuators, transforners, resonator filters and
transducers. electrode paste.

16. A process as claimed in Claim 13 wherein said substrate may be

silicon, glass, ceramic or metal.

10 17.A process further to Claim 1 wherein said predetermined temperature
range is between 650°C and 1,100°C.

18. A process for produci'ng dense nanocrystalline composites or ceramics
with uniform microstructure.
15
19. A process for producing dense, thick ceramic coatings with uniform

microstructure.

20. A process further to Claim 19 wherein said ceramic coatings may
20 achieve densities of up to 98% of theoretic density and thickness of

between 1 to 100 um on said substrates.

21. A process for producing multi-layered devices at temperatures of not
more than1,100°C.
25
22.A process according to Claim 21 wherein said multi-layered devices
include capacitors, actuators, transformers, resonator filters and

transducers.

30 23. A process according to Claim 8 wherein said dispersion, slurry or paste
are further processed to final products with inorganic composition the

same as that of said nanocrystalline particles.



;30 23. A process according to Caim8 wherein said dispersion, slurry or
‘paste are further processed to final products with inorganic conposition
‘the sane as that of said nanocrystalline particles. 29 24.A process in
saccordance to Claim8 wherein said dispersion, slurry or paste are further
processed to final products with inorganic conposition different fromthat
of said nanocrystalline particles. 5 25. A process to produce
nanocrystal |l i ne conposites, nanocrystalline bulk ceramcs, thick
nanocryst al I7gQA greaéidBsactvfdandd o CRIARIhERNN S8Rl diSer8r’RY shesy & t h

uni form m crostructure. i o . N
paste are further processed to final products with inorganic composition

different from that of said nanocrystalline particles.

5 25. A process to produce nanocrystalline composites, nanocrystalline bulk
ceramics, thick nanocrystalline coatings and multi-layered devices

nanodevices with uniform microstructure.



