PROCESS FGR PRODUCI NG NANOCRYSTALLI NE COVPOSI TES .FI ELD OF THE TNVENTION-The

preésent invention relates in general to producing nanocrys '
. conposites, including ceram-c bodies, coatings and multi-|I B‘mmmwmmmct S,
‘and nore particularly, to produci ng nanocrystalline conposites -
- di'spersing’ nanocrystalline particles into a rel ated organo-met'$%] ¢
. precursor solution to produce nanocrystalline conposites. |[BH .‘a, HMF
THE RELATED ART "Nanocrystal line" or "ndnosized" particl es "#&elikilih ter
to be understood to nean particles, the average size of whi ch*do®orot nore
than 100 nanoneters (nm in dianeter and particularly preferably not nore
than 30 nRROCESSEOR PRODYEING NANDCRY TR INETOMPDSITERSd as carri er
medi a, and which can include dispersion aids for ensuring that the
particles are uniformy dispersed in a nmedium "Nanocrystalline
conposites”, in the present invention, refer predomnantly to bulk
materi al s | ' ntain at | east one phase of materials and in
whi ch thngLgE?EB%;HW%ﬁig@ are less than 100 nm either in starting
materi al s k.Fovvn as "green bodies” or in final products such as coatings,
ceramics or 'B%nBE%ﬁecrgs'.”Vﬂﬁ‘é'Oﬂi relates eip igeneral e opiteduicing banacrystalline
nanocrystalline particle or nanoparticle to a fully dense conposite is the
conpact i o¥PrBPOPItRR dncluding caamjc dfodies nouatingsadrid nriltfiylered @sodwwcté oand a
"green body", which is an intermediate product. This is conventionally

done by uwbng particulardyi & progiing nanocrystalline composites by dispersing

nanocrystalline particles into a related organo-metallic precursor solution to

; produce nanocrystalline composites.

BACKGROUND OF THE RELATED ART
_“Nanocrystalline" or “nanosized” padicleé are hereinafter to be understood to
'me'én'partiéles, the average size of which is not moré than 100 nanometers (hm)
|n 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 pred_o.minantly 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 nanopatrticle to
a fully dense composite is the compaction of powder comprising of
nanocrystalline particles to form a “green body”, which is an intermediate product. |

This is conventionally done by using an uni-axial press.



2 Decades of research on conventional ceram c processing have shown that
tthe uniformty and density of particle packing in the green body has a
significant influence on how well the green body will densify and
ctonsequently on how | arge the sizees of grains will develop to during
sintering. Conventional nanocrystalline particles, howver, are at a

~di sadvantage in this regard. There are essentially two probl ens :
encount ered, nanely the aggl omeration o2 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 Waals forces and functional
groups on the particle surface. Most nanocrystalline particless currently
made are not conposed sinply of individual single crystals or

nanonet er - si t tallites' stal lites made by
conventi onal et Eo 61{4 rctlf'?)gm"\gor?\f% q"é?rﬁelr%mﬁ’e?roﬁﬁ??'\égtl'@vﬁeﬂ‘own that
"aggl oner at es Thus, the true particle size in nost
powders i @%E’Q'@Hﬂ\%%& a‘?eé‘%tty %fgqu”é‘ﬁh Racking én thehgreenchedychash sigmifieant

agqgl omerayyf or aggregates is extrenely deleterious . during the sintering

of nanocr YEUSNCeRAN b@WtW@lll the graen body Willldensily andiconsequestlysshow erae100
nm- As a rule of thunb, in pressureless sintering of the -prior art, it is

di fficul t thesizeeaiof graipsanill davatoprts abiring sift8fing. r@@n\?é?ﬁloﬁhﬁﬁéh stalline
aggl onerate size. |Indeed, early attenpts at pressureless sinterfng

Than ot B A AR T PO LD P o
i cronet er wehgrd afdlessdntidily vl Protidhls ef encountered namely the agglomeration
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 tend to bond
and form-la_rger 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 exfremely 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 art, 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 pfoduced. 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 the green bodies. In conventional

~met hods, nanocrystalline particles are conpressed to form "powder
~conpacts". These powder conpacts, befor® they are heated, are conposed of

i ndividual cry stallite or agglonerate separated by between 25 and 60 vol %
of porosity, depending on the particular material and processing nethod

used. To i i S, strengt trapsl ucency, and so on, in
the. i nal PSPadts saRe wéfs Rt  BohTadbbmertilaowfens th 8Rasaais as
possi bl e. h_@irs.evi en@}%-hat the nore_honogeneous the particle packing is
and the th PUQy ary Ix e agglomejatiem oppaposrystallingspastislesr it will be to
get a uniform and dense mcrostructure during sintering. However these are
hard to achfeethetiprblesnirtie priat attés e pwedendigrsrajrzeh Dodidted s highes.
however, have poor conpaction behavior conpared to conventional sub-m cron

parti cl espoidsity within ithe "Greerc 8s8fes.Pan @dAvdriidhaf ?t'hotdgglrﬁgﬁ?@rﬁéﬁiﬁbon

present in the starting powders. The conpaction of Fract o
The or cent B e EomReq et LT RERE BB CoriprDZs ThPSe rRdeE Pt ce
There arcositg BN fieRREd iaFatomponed REToBMshal carstalite s msalgBomIe ne
particles_whic annot be attributed to aggl onerati ons. One known
di fficul t 7R a?qé%v&egwqwn%@ ransk 6@l Yocolepprasity ciepending arotieaparsicplar
material and processing method used. To improve properties such as strength,
translucency and so on, in the final product, it is deéirable to reduce as much of
this porosity as possible. It is evident that the more homogeneous the particle
packing js 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
compa'red to conventional sub-micron particles. This can, in many cases, be
attributed to the agglomeration pfesent in the starting powders. The compaction
of fréctal-like aggl_omefates produces an inhomogeneous particle packing
structu.re 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 diffiéulties with thé 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



unit volunme in nanocrystalline particles. Each of these point contacts
represents a source of frictional resistance to the conpaction of the
powder and this inhibits 4 particle-particle sliding and particle
rearrangenent. It is therefore desirable to provide a method with which
“the nanocrystalline particles can slide against one another and rearrange
“thensel ves easily so as to produce a norg honpbgeneously packed green body
with relatively high density. Another problemin conventional nethods is
the inability to retain an ultra-fine grain size in the product after

sintering. Rolg . I pcl ude,.t.he stron t endency of_ nanocrystalline
pi’il’t i c: eg Qéﬁgfgéé? %@@e:g Q‘@ﬁh&?ﬂi’a&}@ﬁ-fsﬁé@é}gﬁm%ﬁsﬂé@| eggfore desir éalegkh: n
growt h duri ng\qs?: nt er i ng. fl'gi s is because the capillary driving force for
si nt eri ng RP¥\FS 3 imethed: with vdyich the gratiosrystaline particles wangsligeaagainst one
boundari es) are conparable in magnitude, both being proportional to the

reci procalangthen snde reaniange athen selveshedsilpalsostgaosiptb8ut89aP &S Ses
are inevitably acconpanied by the rapid grain growth. Thus it is now

gener al | y homogamenbly packethgRsch ﬁ&&fwah%létﬁér_y‘g@&l% BeRSkEm can  be

overcone, the conventional pressurel’ess sinter rocess cannot produce
dense ceram Ggdh&Np RS Yo £ St ture (grain.size less than 100
nm, |eading many PN gog%gg{'(?%%dﬁgﬁ}ogst'ﬁ&%'BBBB'?)E?P fﬂ‘ta'ﬁiadhaﬁﬁ'él@seure
consol i datj.on. 4.oh pressure results jn a marked increase in the nunber of
nucl eati o ré@eﬁ&? Hb?tﬁ?\;ﬂrOPHg{ ﬁ%ls'ﬂﬁl'}g-sﬂﬂﬂ@f plstaplgs includes the stenguse
final grai size is determ ned by the nunber of nuclei formed, that is,

LN
t he nunbeft€B¥eRFKiAfsnaneerysialling parisles tpi agglomerates amdotinereveripresent

therefore desirable to provide a
obstacle of unwanted grain growth during sintering. This is because the capillary

driving force for sintering (involving surfaces) and grain growth (involving grain
boundaries) are comparable in magnitude, both being proportiohal to the
reciprocal g'rain 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 nanometer-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



met hod to pronote the nucleation of primary crystallization and control its
uniformty during sintering. Most recently, a sinple two-step sintering
.nmethod without applied pressure was reported by Chen & Wang (Nature
404:168-171; 9 March 2000) where fully 5 dense cubic Y203 with a grain

. si.ze of 60.nmwas. successfully prepared. That sintering method used a

“two-step heating schedule. The sanple vvag first heated to a high

tenperature to achieve an internediate déhsity, then cooled and held at a
| ower tenperature until it was fully dense. To succeed such a two-step
sinteri ng, 4& suffjcign hi_ﬂ{\ starting density shoul d be obtained during the
first stepd®NSFHEHPIHE2HaNdM ¢ 9rainsike of 2 por was tspccdssfally pvepasiedwThabat
all pores in Y203 becone sub-critical and unstabl e agai nst shrinkage

(whi ch occtifteripg methad used adwd-step. hdatimesciwdise. CRie Sampld Wasl fisst Heatey as
grain boundary diffusion allows it, even if the particle network is frozen

it cl edolahigh f ' i L | |
as it cl edolahigh tempdratireas thidvaan hﬁtevméglaiét)ggﬁslg;mee:fﬁﬁgé& ?ﬁa HHI@?E“

than 75% were adequate for subsequent second stej I's Tesl
hi'gh sl | o coneEerirerel AR bATIF v, el mlsdiobs st Bpdraed swioh 8 MG SHRR ed
et T b ot oo sl et o
over conme these propl eps by nodifying nanocrystalline particles with
surface Ppéﬁeéﬁd‘sit}ié%ab@yaﬂ ePoresjty, tdata hawe showarthat glhporesinl Ye§ or
a mxture of both, to forma suspension. However, this inprovenent itself
present ed kecomasubrritipal andt testabld agairmstdibiinkageehich 8860 HPCYpiaryer e
action). These pores can be filled as long as grain boundary diffusion allows it,
even if the particle network is frozen as it clearly is in the séco‘nd 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 nahocrystalline 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.



entirely renoved after burning out, the green body ready for sintering
still' did not have sufficiently high density. The present invention seeks
to overcone or at |east alleviate these problens in the prior art. 6
"OBJECTS OF THE | NVENTI ON A specific object of the present inventionis to
provi de a nethod for reducing the aggloneration of the nanocrystalline
~particles during the process of producin nanocrystalline conposites.
Anot her specific object of the present iYhention is to provide a nethod for
all owi ng nanocrystalline. particles to slide against one another and
rearrange thenselves easily during conpaction so as to produce a nore
honogeneously packed green body with a relatively higher density. Another
specific object of the present invention is to provide a nmethod for -
pronoting and controlling the nucleation of primary crystallization so as.
to produce a nore honbgeneous mcrostructure with finer grain size. Yet

anot her SWJEG‘WSC@EWEQNVE{NBH NgSent invention is to provide a nmethod for
t sol - ge

produci ng denser, i cker coatings on netal, glass, ' ceramc or

silicon subsgt es at.relatively lqwer sintering tenperatures. A nore
speci fi c obj gc%a%?'ﬁ? Hb"?ﬁ?@géh? plr#ﬁéﬁt'f%‘?f‘tf@ isdo q’@V‘F’&ea H‘eﬁﬁ?‘i?ﬂ regHcing
produci ng nanocrystalline ceram cs which incorporates conventional
pr essur el 44 adgiomesating of the naaecrystalling paiticdes dusjngcthegirocess of preducing
i nvention is to provide a nmethod

nanocrystalline composites.

- Another specific object of the preg.ent invention is to provide a method for
-allowing nanocrystalline. particles to slide against one another and rearrange
themselves easily during cdmpaction 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 és to
_pmmmeammehmmmmwmwmkmﬂmdmewMﬁhmgmhs&&
Yet another specific object of the present invention is to provide a method for
.p'rodL'icing 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.



for produci ng denser, thicker piezoelectric films with a nore honogeneous
m crostructure on a substrate. 7 Yet another nore specific object of the
present invention is to provide a nethod for producing nulti-Ilayered

devi ces, including capacitors, transforners, resonators, filters and
actuators, at very low sintering tenperatures. SUMVARY OF THE | NVENTION In
one enbodi nent, the present invention provides a process for depositing
dense, thick piezoelectric conposite coatjngs with uniformmcrostructure
on an electrode layer coated silicon subdtrate conprising the steps

defined in ckgi Mokher Mo §}cfiic &g]?&cﬂfffﬁ@?)ﬁ?%@gp%xﬁﬁﬁ% tb BYd ?ﬁ?@ﬂ%f’es a

process for producing a paste, I p or exl st1ng nonol 1 _
mul ti | ayepwducing inntitlaysred derdses; inobudisg papachersstrapfornited, resonhtons, filtas and’. | n
yet anot her eirrbo irrenf, t.hf: glr esent jnvention provides a process for

produci ng@4UARS Y HEry, oS SPIerE IBPHARSonpr i si ng the steps defined in claim
11. BRI EF DESCRI PTION OF THE FI GURE The main steps of the present invention
is given in the flow chart of FIG 1. DETAILED DESCRI PTI ON OF PREFERRED
EMBODI MENSBMNMARY OFETHEINVENTENG. 1, a preferred enbodi ment of the
present invention i described and one skilled in the art wll be able to
reproduce t hi? 8R%pRbodiment. the preseng inyentign provides a psocsss forideppsiting dgiseon of

PZT or gangidiepidbddi&ctdO coinp8tite Ldhtid % mﬂ.hctgljfc{gt%-rmgc?ggtﬁﬁturg on 28 ¥ctrode layer
acetylacetone is first mxed in a 5 ass beaker Dby stirring
coated silicon substrate comprising the steps defined in claim 1.
In another embodiment, the present invention provides a process for producing a paste,
slip or ink for existing monolithic multilayered device techniques comprising the steps
defined in claim 7.
In yet another embodiment, the present invention provides a process for producing a

porous bioactive implant comprising the steps defined in claim 11.

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 reference_ the FIG. 1, a preferred embodiment 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 mixed 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.



with 6.89g titaniumisopropoxide on a nmagnetic hot-plate stirrer to get a
stabi'lized solution. Then, 20.88g of |ead acetate trihydrate and 12. 93g of
~zirconium acetyl acetonate are added and dissolved in the solution. The
“solution is heated and stirred to fully dissolve the solids. 8 The tine
and tenperature are varied (typicallyl O mnutes at 80C to 100C) to adjust

~the viscosity until a clear and sticky solution is obtained. The resulting

solution is then further processed under8reduced pressure in a vacuum
furnace at- 80C to 100C to renove vol atil e conmponents and a xerogel of
Pbi.1(Zro.53Ti0.47)3 is obtained. Actually, an xerogel with the general

formul a of PbiThgtifne and temp&Baturberre wariﬁd)(tﬁﬁcdhxﬂo rdihufnatBocpr teptoed) with
this method for different applications. By further dissolving 20 to 40 w %

of the resulty | il 2 - t t ‘ ' : k on a
magnetic sti rtrd(;rgdﬁjca?rt ftgFaY'EEB?ﬁ% ”@ﬁg%%ﬁ%e?@@%@‘%ﬁ@bg ggfad{??@n?@? PZT
can be obtained. .The xerogel c¢an .also be dissqlved into alcohol, .

i sopropanel , ZWYRY 59 Q?hifnﬁf‘?n ‘,"ﬁerpP&ﬁ;ﬁ?éﬁaﬂﬂge&d@giugeﬁ(ﬂrﬁs%'f@ Bt Ber
simlar solutions to get different sol-gel solutions. (2) Preparation of

the mxture. YeouymB\Henaceat B08Czte 00 &t tooreshoEs volatie ccomnponsnts eadi a a
hi gh-energy ball- mlling machine at 200 rpm for 25-38 hours to get the

particles wi tkerodiehwftRh5,(Ze919Tiag,)03019 3BtdiRednAcMiiilye ate xBrotR! usiE the
nanocrystal line
general formula of Pb1.y(ZrcTi1x)O3 (where x may be 0 to 1) can be prepared
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-platé. 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 53/47 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.
\Mth the nanocrystalline particles, 2-10% surface modifier by weight,
preferably a mixture of terpineol and ethy! 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.



particles obtained from high-energy ball mlling, nanocrystalline particles
by other nethods and from ot her sources may al so be used. Wth the
_nanocrystalline particles, 2-10% surface nodifier by weight, preferably a
“m xture of terpineol and ethyl cellulose, was added to the bow of the
machi ne and m xed by further ball mlling for 5 tol0 hours to produce the
~surface-nodi fied nanocrystalline particles. 9 The PZT sol -gel solution
obt ai ned previously was than added to th¥s surface-nodified
nanocrystalline particles and m xed by further ball mlling at 150 rpm for
15 to 25 hours to forma dispersion or slurry. In a preferred enbodi nent,

20 to 50 part $heyPddi gbl-geprsziletion! @bt&%edﬁpréﬁ%s?uff\fa%cmam@dﬂbﬁdto this
nanocrystalline particle m x was blended and m xed in the bow of the

bal | i 11 sorfaesh : ]

sgl ult ingnmSO Itgg80 parctngﬁ%%/h\%giagﬂt , lgﬁéépgttabi y |”fghﬁ)}aardt Qgg‘;ﬁ;ﬂ]\/\%i g"trgmtng_ a_tf orm
I Xt whi [ .an, sl . . te. The MOE-based

ol - gel  sol ut o0 e e 18 87PREa 0 tofinis ¥Rl STury of wer ogel . (3)

Spi n-coating PZT thi clé?éi Igggs cj)_n plati num coated silicon substrate. The
uni f or m di spe 'E?d?{etﬁr FEPeFigIENt 40 dalparty by sweighbureferaplyl 3@ ofdheo  a

pl anar substrate, preferably a platinumcoated silicon wafer, by a spin-
coati ng machi frfage pegiified naooorystalline paditle prix wasnbieadéd pmd. mibted indheed
substrate is then heated on a hot plate at 200C for 2 mn and 500C for 2

171 B ;v 2 el el e e s
sol-gel solution 50 to 80 parts by weight, preferably 70 parts by weight, to
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-c_oating PZT thick ﬁlms on platinum-cbated silico_n substrate.
The uniform di.spersion prepared from procedure (2) is directly applied onto
a planar subétrate, 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 pum 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



sequence until the desired thickness is obtained. The filmwas than finally
sintered at 600C to 750C in a furnace, preferably at 680C, for 10 to 60
~mn, preferably for 30 min, to produce a pure perovskite phase PZT thick
“film The PZT filnms thus deposited onto silicon wafer nay be | to 100 m
thick Under field em ssion scanning electron mcroscopy, the PZT film

- appears to have a dense, uniformmcrostructure. The grain size
distribution is narrow and the 10 averé@b grain size ranges from about 50
nmto 1 mdepending on the final sintering tenperature. It is difficult to
di stingui sh between grains derived fromthe sol-gel precursor and those
from the divejagalgraimeizeysanges frenpabicut |58 nimntd heumh@sparrding oreid fital Thi s
i s because the grains derived fromthe sol-gel precursor bonds with the

particlos Aenng tompRrane, Il fo EHRIART peien S dRAVSCHEhEne
dielectri I ' | ect ri ropertiges of. these fil re conparable to
those of  SUTRRBIEEIRITHM AES MR, Priginal savecepiion arieehaa e of
sufficiently high quality to produce piezoelectric mcro-actuators for

m cro- el ea@;BQg%%%%rme IX.sybieds hegAuseathergrainsd derivieds fioine theasskgeler s.

The stated objects of the invention as descri bed above may be generally

achi eved Pfesursoshatidsgwithetheoadted traroarystalliap partipkss asdt developed The
nanocrystalline ceramc particles, in the presence or the absence of a

surface madidedevandoystaliine phrtivies! aRosgiew i aldifofmBPHaSRy the Bhat sifterhg form
a uni form stabl e di spersion; '
stage. The dielectric and piezoelectric properties of these films are comparable to
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 .bé generally
achieved by introducing the novel steps of: |
(a) dispersing selected nanocrystalline ceramic particles, in the presence or
the absence of a surface nﬁodiﬁer, into a selectéd organo-metallic sol-gel
solution to form a uniform stable dispersion;

(b) procéssing said dispersion, béfore 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 producé dense composites with uniform microstructure, including

sintered ceramic bodies and coatings.



(b) processing said dispersion, before or after the volatile organic
conponent in the solution is entirely or partly renoved, to form green
bodi es or coatings; and (a) heating said green bodies or coatings at a
“predeterm ned tenperature range to produce dense conposites with uniform
m crostructure, including sintered ceram c bodies and coatings. 11

- Specifically, the present invention provides a nethod for producing a bulk
nanocrystal line cerami c by pressurel ess18intering techni que, which
conprises the steps of: (a) dispersing selected nanocrystalline particles,
in the presence or the absence of a surface nodifier, into a selected

or gano- et al epecmaﬂgethe 9péséntqnvéﬁt.6ﬁ éﬁg@idHQ'J RicThed 35 g[ﬁa k (b)

reduci ng vol atl e conmponents from said persion, pref er uced

nanocr yat SeI PGBl Gezfic Bybreshildits Rte hahlbAs vl f'ﬁwﬁ.tbﬁees by

a nold-pre SI n(?qf technique (typically by using an uni-axial press); °(d)

cal cinati ﬁge d conpaction at a relative |lower tenperature, conpared to

conventional techniques, to renove all the organic conponents followed by

col d i sost at(ag dispersingg Selecttedfnanoarygta!bne padticleist hin hihgh presesicey or dhd (e)

firing said green bodies at a certain tenperature range to produce dense,

nanocrystal | i n@bsenaeiof ai $urface frodifier CIMet4 Welattéd organo-metallic sol-gel
solution to form a uniform stable dispersion;

- (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 using 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 thfck ceramic

coatings on a substrate, which comprises the steps of:
(a) dispersing selected nanocrystalline ceramic patrticles, 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 present invention also recites a nethod for preparing thick ceramc
coatings on a substrate, which conprises the steps of: (a) dispersing

sel ected nanocrystalline ceramc particles, in the, presence or the
“absence of a surface nodifier, into a selected organo-netallic sol-ge
solution to forma uniformstable dispersion; 12 (b) applying said stable
--dispersion to a selected substrate, preferably by spin coating or

di p-coating, so as to coat the substratd2nth a polycrystalline ceramc’
| ayer; (c) heating said ceram c |ayer coated substrate at a tenperature up
to about 650 to 1,100C to produce dense, thick ceramc filnms on said-

substrate. {gtappivingsekbstabiledispersionftord Qﬁéci:tlﬁaﬂ%iubgﬁafé, ?éfé?éblg 85’ sPin-

preparing a paste for screen-printing thick filns or tape-casti green

sheets for nul tdozkinyesed; | I capaclton [egonators
filters and transf ogrrers.p d%ééﬁ@isdf l‘-’irgr:;tto ﬁ%%ﬁghg%&ﬂ%ggét% ﬁ@ﬁs%ézﬁycgys_taﬁlgf :
di spersi ng sel : rystalline ceram c powders, in the presence or

t he absence of %%}%ﬁ'rcpgggpnodl fier, into a selected organo-netallic sol-gel

solution to { rm? uni tc?rm st abl e di spersion; (b) renoving the sol vent
partial |y orl@healingsaid garamic layepepateshsubstiate at detempeatatweltipdto about
concentration is reached; (c) blending said processed dispersion with

“organi ¢ vehi cl &0dadl, HORAG torproduce darnse, thipksémis ffilms oh daidk suBstetef or
screen-printing, tape-casting, injection nolding or any other.shaping
met hod.

Yet the present 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) removi'ng 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



A primary aspect of the invention is the conbination of nanocrystalline
particles and a rel ated organo-netallic precursor to produce a dense,
~nanocrystalline conposite. A key phenonenon 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 filnms to
~.strongly bond to 13 surfaces of the ind{vidual crystallites. Upon

conpl etion of the reaction, the driving orce of aggl oneration anong the
nanocrystalline particles is controlled or reduced. It is a fact that the
surface of the nanocrystalline particles is occupied by functional groups
such as hy_itagss ofrtbepedivisual arystailiit:so pongeamipletior of thexmgtien, therdrivingesent
on the surface of oxide powder particles. Due to the |arge surface-

ar ea- t o- vdonee Gfaaggldwﬁemmcb)ﬁdriq 'th@enﬁﬁéézga‘ﬁﬁ\e patigfes! W ContiomkbdIpPuPS
lead to the formation of hard agglonerates as a result of congensatlon
reactions feghb8g. Pl ace between individual particles. On the other hand,

t hese groups can act as centers of interaction for necessary organic
processi ng ai suegh I, spersjon i.ds, binders.and the like. In

addi ti on, the'gﬁ%/&r ﬁ%&iﬁﬁaféﬁgss% Pﬁﬂb%mﬂepwtewm% PATtisies J& Pscupigd by
condensation reactions of the polyner species in organo-netallic

pr ecur sor dunc grawRT $Yeh as hydeoxyl areups Susfasehyspaxyligtoups, foredamyse,
solution, strong bonds are formed between the sol-gel species and the

nanocr yst @reiprespat ondhe surfaceesfeoxidecp ewdeteparticiesn Dueald ihenkirde suefade-
I ndi vidual particles. As a result, the nanocrystalline particles are
uni f or My ateastesvodemenatib offriaroerpstillint pdieics! these functional groups lead to
the formation of hard agglomerates as a result of condensation reactions taking
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 sbecies and the nanocrystalline particles,
_preventing éondensation reactions between individual particles. As a result, the
- hanocrystalline particles are uniformly dispersed in the ffamework 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



after gel-formng reactions of the precursor are conpleted. The
nanocrystalline. particles in the green bodies are not. aggl onerates but
‘individual crystallites. Furthernore, such suspensions can produce green
."bodies with extrenely honobgenous particle packing and superior sintering
characteristics than those consolidated in the dry state. The inproved
.--honogeneity results fromnot only the elimnation of the agglonerates but
al so the greater ease with which the paﬂﬁicles can slide against 14 and
over one another and rearrange w thout external pressure in the wet state,
as conpared with the dry state. A significant advantage and novel aspect of
the prese@di mmne)anpéaitand trareahge without iextsrhainprebsineniactheswel stafe
particles in the process. In ordinary conpaction of powders, the snaller

nanocr yst alsldongpgrediviti the ddyestafgl | er the inter-particle pores. Thus, the
pore size and porosity in nanosized particle conpaction is nuch snaller

n h o g Lativel v |
permeabi |1ty ard T anc a6 anteR 35pHtoriptestnhitbiehten fotiuted of

t he preseg& uh.i InH an I S attrh.but ed, to using organo- netallic precursors as
bi nders and {%agé’ Sienactystalling rarticlesip dbe eragsseln ongingry sosjractiontsf t he

m xed suspensi on, the Of)en pores of the green body are inpregnated by the
sol -gel sBPYAREh thasmaller nanectatalline pasticlenthe smallerdhg éter-padivlawporesar
renmoved, the residual inorganic conponents will fill up some of the
i nt er - par Thus.ethwpese sisecand wdrosityr ednenssizbe parislk- 86mpaetién A8 Aush Ze.
produci ng hi gher green density. Mreover, during | ow tenperature sintering,
-smaller than those utilizing sub-micron powders, giving relatively lower
¢ permeability and 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 nanopatrticles.
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,



nucl eation can only be initiated in the gel matrix within the
I'nter-particle pores, and the grains stop growi ng when they inpinge the
~added nanoparticles. Since the final grain size is limted by inpingenent
of the grains on one another, a honogenous fine grain structure will be
produced. As the tenperature is further raised during the final stage of
~sintering, the nanosized pores are reduigd, resulting in a denser ceramc
product. Yet another advantage of the present invention is that the nature
of the dispersed phase may be varied i ndependently of the type of the

sol -gel phase, 15 thereby providing a high degree of flexibility in the

- cust om destgrely PEiidingi a bigh degreemef flexibility pplhiecatstam.design b coapositéage
of the present invention over known production process for ceramc |ayers
i s i nprovefor hoygiesteapplicdtioner pore size, in the order of severa
nanoneters, allow ng higher green densities, superior sintering

characteri stiggofhef ddvan ' | %Sr{tr' . d ﬁ?g are
particularly useful 1n E)ar%jgin{hr%rb% | _lﬁg(%,rgtio d°‘g%3ﬁﬁ‘2’¥§" éf&i\ ! \E'v%rloﬁ?%?i ng
t enper at ur | 1ts. the use of |ess_expensive internal electrode
past e. Thif§r a?%g %dg@%{g  Improvedpiemogenely s iag ppeysiga. dn the ordercett of
the final devi CE. Products and devices that may be fabricated by variations
"in the pr R&¥&8L RAnOMgters: caliowinghighebngiesn weasitiesosupetiar i sintering k
ceramcs as well as dielectric, ferro-electric or piezoelectric filns on
optic fi betharaeteristios aatidineargtaint microstrusture! Tisesd Advantages aed paticularty
coatings for hi_gh t enperature wear and corrosion
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.



protection; thermal barrier coatings; bioactive coatings; |ow tenperature
co-firing nmulti-layered devices; and " nulti-phase nanocrystalline
conposites. The followi ng exanples serve to further illustrate sone of
-variations in the exanple of the preferred enbodi nent given above. It will
be appreciated by one skilled in the art that all the process, materials,
_-.chem cal s and paraneters used nmmy be varied w thout departing fromthe.
scope or spirit of the present inventiord6 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
-vacuum drying furnace to entirely renove the dispersion nmedi um
nmet hoxyet hanol (MOE) from the slurries, after which nanosized PZT

particl es Banmsleq A1l 5 ..l ayer are obtained. These
particles wer eﬂt ;(Jf%@%gggttéé@'.%Pﬁ C&%h‘ll?.

y uni axi al” pressing at about 10 to 60

MegaPascal s to..get. owder conpagt. These powder conpacts were then
cal ci nat ed aétI NES%?C v?'(gﬁfrélﬁg\?g %%J t%qg'r’éé’rﬁ essApBreabave fip| thavddetajledol d

| sostatic pressi.ng it at 400-500 MPa to produce green bodies wth high
densities. eé"é‘@hogéﬁiﬂé% Rrafesreshieaibesliment are heateli tot80° Edina vacuurardrgingt ur e

- between 650 to 1, 100C, preferably at 800C. As a result of this process, the

PZT cer anfydacaue enfirelywetnauky tive digpersibl megrehafiefRkgeihshol BNOR) fesmOf
over 98% of the theoretical density and had average
the slurries, after which nanosized PZT particles surface coated with a sol-gel
layer are obtained. These particles were then compacted by uniaxial pressing at
_ _"labout 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/AlLO; substrate.
~ For this procédure, 70% to 90% by weight of said uniform dispersion with
medium solid content or nanocrystalline PZT particles surface coated with sol-gel
layer as described above is blended with 10% to 30% of commercially available
o_rganic 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/AlO3;

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



grain sizes below 100 nm Exanple (2) Screen-printing PZT thick filns on
Au/ Al 28 substrate. For this procedure, 70%to.90% by wei ght of said
uni form di spersion with nediumsolid content or nanocrystalline PZT
~‘particles surface coated with sol-gel |ayer as described above is bl ended
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 nolding or othefl7shaping nmethods. In a preferred
enbodi ment, paste so produced was printed onto an Au/ Al203 substrate by
screen-printing and subsequently dried at 110C for 15 min. The 17 single

| ayer t hi cingledaysr thivkdess ohssid priaed 1apsr Was %ﬁ/ﬁebegxeé % 26 pﬁ].iﬁekﬁiakér‘?ﬁrh film

.was- achi eved by repeating the sequence until t sired ckness was

obt ai ned. I | d to .850C, .preferably at 800C,
for 30 t'SJ 56% éﬁ”ﬂ,&'{%@?}%@&ﬁwﬂﬁ% ?)%ﬁ%%gg?t‘émﬁhg‘?edgi*feg HhlakNEss Washe
final sub-m | zed grajns were fully devel oped at 800C for 30 mn.
Exanpl e (§’)®t %E%Bwﬁﬁ?ﬁﬁmﬁy%ﬁr n#pieiedat é@i}mtqg%ﬁud}fﬂf@f@lﬂél B80T Gefopdhsi ve
i nt er nal ?I g trode paste. In conventional screen-printing PZT filns,
sintering'® ﬁﬂ@"‘aﬁc’lj?@gu@@ aoRe peroyskite phase ©ZT. thick fimc The finakswb-hiictione
present invention, sintering tenperatures of |ess than 1, 100C are needed.

Thi s al | owizedgrainsewssnfifllgctevelbpedf at 806°Cf@@amiH. e co-firing devices, for
exanple, multi-layered actuators and transformers using tape-casting or in

screen-printing as described in Exanple (2) above.
Example (3) PZT Multi-layered actﬁators and transformers using inexpensive
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 actuaiors 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



In a preferred enbodi ment, nulti-Ilayered actuators were produced using
screen-printing. An organic layer, preferably a photoresist filmsuch as
AZ1518 film is first deposited on an alum na substrate using a spin
-coater to separate the nulti-layered actuator fromthe substrate. The film
IS spin-coated at 1,000 rpmfor 30 seconds, and then baked at 150C for 30
.-mn and 350C for 60 min to drive off the solvent and to cure the
photoresist filmon the substrate. Commet&ially 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 dri ed pintingoand eiryignatn1 507G f6IZ70 paist &ftebeAEH PNl THAIEthe 6 QsRIkISE
descri bed above is deposited on the conductor layer by multiple 18

D L ia, Fbteliy priated wifhe! Sicohd eAch bBerfBRINB O Bk PSRk, o of‘

conductor paste is printed wth the sec enci

the PZT | el . . printing al i ng el ectrode and PZT || ayers
i s repeat %@Len?fi ‘Fﬁ%@é@"%@ﬂs ellr?ﬁtfqo% ﬁ?@?ﬁa @Pg%lsdﬁﬁe?t@gd{ﬂt'hm?e‘é@s' se
| am nat ed bolgiles arde ?ub egu_ently_ rel eased fromthe substrate by burning
off the pfBYYF¥PRA SIURTWE s7ekiainat These dawinated tiodiesy are dubsetjusntly e
then sintered at 800 to 850C to produce the nmulti-layered PZT actuators.

The af or efele@sgdciiomy e substrates bycbwrtiing off tHeuphowtresishRinp e $FBCCL MERNt i on
can al so be used to produce dense bul k ceram cs wi th nanosi zed grai ns by

pr essur el ¢eleasedtraultirlgyetdd bsdids! am W&hsihférfeﬂrdF8UG3f00850°‘€P§dJPF‘odUbe the
different substrates by spin-coating, dip-coating and nmulti-Ilayered

struct ur esnuiti-l@agred PZPactidto@. or tape-casting. O her specific applications
of the present invention my :

The aforementioned process of using PZT to illustrate 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.

. E)&ample (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,I 1 to 2 g of yttrium acetate is
dissolved in 4 ¢ 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.



be easily understood by considering the follow ng descriptions of several
preferred enbodi nents. Exanple (4) Yttria Stabilized Zirconia (YSZ)
‘Nanocrystalline Ceramc. Yttria 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 ndBar ratio of 1:1:4 is added in a
Y/ Zr nolar ratio of 0.03-0.09/1. Then 2 to 3 g of water, 1 g of

pol yet hyl ene glycol and 1 g glycerol are added to adjust the viscosity. 19

Commer ci al CBmencialYoQ; padd&rCs pywdersiv@e i iR ] 74 and
is dry-mlled by hi gh-engrgy bal Ipﬁﬁvl ling at ggg@éﬁn?{ﬁélaé?}%goﬁgfg%tao get

particl es wWig ldreinmgi g afs d ' ase Then, 2

t 010% sur f ace n?éﬁ'??g?ﬁ‘ﬁw%ggﬁw ;‘))ram‘@pb'i%l%s %u@gﬁsﬁ&%rﬁl&gé}nd
ethyl cell . d. and m xed. b urther ball mlling for_ 5 tolO .
hours to ppégﬁ’g%s’%ﬁ? ggagﬁﬁj(?ﬁfﬁ%mﬁaﬁﬁﬁé‘r bstpaw NAL apdraubie phasehdhesz2sol
gel sol utiop 1rﬂcyt ai ped previously is than added to the surface nodified
nanocr yst al 191 ssracecmedifias by weights preferablyya ikturerof terpimeat and@thylm f or
15 to 25 hours to form a dispersion or slurry. In a preferred enbodi nent,
20 to-80 pafelulbsenargtadded aatiemiatmdy byOfupthidrsbdly miinghfor Stotm ot frace
nodi fi ed nanocrystalline particles is blended and m xed with 80 to 20

par sabéi \Q/Sg?isuiu;:pﬁ?ﬁfgﬁﬁzqiﬁ@d PRInoEry¥alling! eHicleS! ThES $2's0P b SOIMbRON tO
obtained previously is than added to the surface modified nanocrystalline
particles and further mixed by ball 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 thé 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 _co_ld 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:



Slurries with high solid content thus prepared are extruded to forma
powder conpact. The powder conpacts are calcinated at 500C to renove the
organic conponents entirely, followed by cold isostatic pressing at
-"400-500 MPa to produce green bodies with high density. These green bodies
are then sintered at tenperatures between 650 to 1, 000C, preferably at
-.800C. As the result of this sintering treatnent, the YSZ ceram cs thus
obtai ned reached relative densities of éer 98% of the theoretical and had
average grain sizes of below 100 nm Exanple (5) Thick YSZ Coatings on
Metal Structural Parts. For use in high tenperature wear and corrosion

protection, Dispetsipasiot slurdes angpreparetieactepdiay te theometRidof ;ﬁbdu&h? eparts
as follows: 20 Dispersions or slurries are prepared according to The

method of pruahwdrystaliide detarfc vibioye, WIfth G5TeRiab)yR 38" Sartdty I ARLY 3

parts by weight of the surface nodifie nocry ne p

parts by wei B P Lgn, The urries are sited on
netal str uct%aéga?@'%oeg%?ﬂ%&g@@%béﬁ&kﬁ aEﬁis)r?- P%%%?’Vﬁ&e'sﬁ{eggﬁwﬂi $Ry-

mul tiple Iagqi:%};oldl{he_parts are sintered at tenperatures between 500 to 800C
to forma d O f or m pol ycrystalline ceram c coating on the netal
parts. Exarrp{_e (6) .Porous Bioactive Inplant. For bionmedical applications, a
porous bi oacthe &lurkies are dengsited pnadetad strasturé @arisvibyneither dip-coating, spin-

coating or painting multiple 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-ava.ilable hydroxyapatite (HAP) and B-Cas(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 hm.
The YSZ sql-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 pum, by dip-coating

multiple layers;



YSZ sol -gel solutions according to Exanple (4) are prepared as descri bed;
Commerci al | y-avai | abl e hydroxyapatite (HAP) and (3-Ca3(PO4)2 powders are
m xed usi ng high energy ball mlling at 200 rpm for 25-60 hours to obtain
-particles with dianeters ranging from8 to 30 nm The. YSZ sol -gel sol ution
obtained is mxed with the nanocrystalline particles by further ball
-mlling at 150 rpmfor 15 to 25 hours to forma dispersion or slurry
preferably with 40 parts by wei ght of td nanocrystalline particles to 60
parts by weight of the YSZ sol-gel solution; This slurry is then deposited
on netal foam or porous ceramc, preferably titaniumfoamwth distributed

open pore silhe fofms@redthenGinterdy betvearn800 16 800RE ith bt hdIdctive 2eramize
forms are then sintered between 500 to 800C to forma bioactive ceramc

‘coating wi t ltoating Wit fabioted i % T ISR eeg,g,ed ed in
the YSZ matri x. ghe coating t hu@abg\??re o@&??ﬁ%@éﬁ’%ﬁ%&?ﬂ eﬁg'@d as
an i npl ant | t.ut efor hunman, bone. Exanple (7) BaTiG3 Miulti-I| ayered
Capaci t or . iﬁ)? Xﬁf@ﬂ%@?a?ﬁ?&%ﬁﬁsghvﬁgorm Raseyis suhsiratertan beiusediasyer ed
capacitor may be produced as follow ng: A BT sol-gel solution is prepared
using a pro@Bdmplanyitaisubstitle fomhumendoneed for the preparation of PZT
organo-netal lic solution above, however using barium acetate, acetic acid,
MCE and titaniumisopropoxide; Conmercial BT powders is dry mlled using
hi gh-energy ball mlling at 200 rpm
Example (7) BaTiO3 Multi-layered Capacitor.
A low temperature sintering BaTiO; (BT) monolithic multi-layered capacitor
may be produced as folldwing: ,
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 milled 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
B 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;



for 25-38 hours to get particles with dianeters ranging from8 to 30 nm
The BT sol gel solution) is mxed with the BT nanoparticles by further bal
mlling at 150 rpmfor 15 to 25 hours to forma 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 t@Z%orma slip; The slip is then cast
into a green sheet with a scapel ;" An Ag/Pd (80/20) electrode |ayer is then
printed on the green sheet; Several tens of the green sheets with el ectrode

patterns ar dhel chipscarerthenssintdred Isatwednt 700 &5 9a8H0°0 ford héﬁ?s”é’fié‘réiaﬁ@pv\een

before being cut into small chips; 22 The chips are then sintere

700 to 1, 00@Getp caré‘wJﬁérférfrﬁ?ﬁebmﬂe?%vaﬁgﬁaﬁfggl%@oﬁﬁteﬁ)og (form the binder

evaporation at 400 to 500C, The sintere Pished, external
el ect r oded, ' | eady res and f.inall oated with water - proof
spray. Exarrp-rliﬁeet %@Fgg%%ﬂéﬁ%é% e'éé’r@éﬁ.edﬁﬁx“?fé@?a@e%@d%n%ﬁﬁ@ledsb’@h as
for oxygen, IFe Q3- Zr thi ck filmdevices are produced as follows: A

xa- Fe20B- ( 1'58DYites and figa|ly sgptad with water-proof sprayat descri bed for PZT is

prepared using iron acetate, acetic acid, MOE and zirconi um propoxi de,
preferably x=0.2; A m xture of zirconia and hematite powders w th nom nal

conposi tion of
Example (8) Fe,03-ZrO, Gas Sensor..
For use as gas sensors, such as for oxygen, Fe;03-ZrO, thick film devices are
- produced as follows:

A xa-Fez03-(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 powdefs with nominal composition of
xa—Fezoa-(1-x)Zr02, preferably x=0.2, are mixed using high energy ball
milling at 200 rpm for 25-60 hours to get par_ticles with diameters ranging
from 8 to 30 nm. |
The sol-gel solution is mixed with the nanocrystalline paﬁicles 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



xa- Fe203- (1-x)Zr2, preferably x=0.2, are m xed using high energy bal
mlling at 200 rpmfor 25-60 hours to get particles with dianeters rangi ng
from8 to 30 nm The sol-gel solution is mxed with the nanocrystalline
~‘particles thus obtained by further ball mlling at 150 rpmfor 15 to 25
hours to forma dispersion or slurry preferably having 50 to 70 parts by
~weight of the nanocrystalline particles and 30 to 50 parts by wei ght of
the sol-gel solution; The dispersionis?&hen bl ended 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 Avbshiatemredinteyed hretweenr400 tcn@OO‘TCSerefembW an85@sl fohgn the
filmand 23 substrate are sintered between 400 to 700C preferably at

- 550C, for 1 hdwur, Tithe fthigk fiirh Whh@uﬁ)rﬁfé'c{:‘ﬁgsh@a{)\?élgtﬁl sﬂ‘eﬂp

strength and durability than that of 'l e I ona ods.

Exanple (9) PZ r site. .The rre ho of prepari ng a
- PZT nanocrysta-qdlane orr%g]sﬂlI E%ﬁ”‘%@'ﬁ%&%#"@é (% is foll owed,
however, w th Pb(Nb2r3Mg")03 (PWMN) powders instead of PZT powders. As a
result, a ferro-electric and relaxor ferro-electric nanocrystalline
corrposi-teéra 11 groduced Exanpl e (10) M _XZn. Fe2O4- PZT Nanocrystalline
Conposi te. XP\FIRP% hB4 ToPMby b'}ﬁ@ppﬁ@tailllﬂitqmwumﬁeyst al line conposite as
described in

The method of preparing a PZT nanocrystalline composite as descrlbed in

Example (1) is followed, however, with Pb(NbysMg13)0O3 (PMN) powders instead
of PZT powders. As a result, a ferro-electric and relaxor ferro-electric

- nanocrystalline composite may be produced.

Example (10) M1xZnFe204-PZT Nanocrystalline Composite.

The method of preparing a PZT nanocrystalline. composite as described in
Example (1) is followed, however, with M;.Zn,Fe,O4 (M=Mn, Zn, Ni, Fe, Co)
powders, preferably Mng¢Zng4Fe,04 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 molér
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.



Example (1) is followed, however, wth M.. ZnXFe2®»4 (M=Mh, Zn, N, Fe, Co)
powders, preferably Mo.6Zno. 4Fe204 powder, instead of PZT powders. As a
result, a ferro-electric and ferro-nmagnetic nanocrystalline conposite nay
-"be produced. Exanple (11) PLZT Transparent Ceram cs. The nethod of .
prepari ng PZT cerami c conposite is followed, however, |lead | anthanum
~zirconate titanate (PLZT) powders, preferably with a La/Zr/Ti nolar ratio
of 7/62/38, and PLZT sol -gel solutions gfte used instead of PZT powder and
sol -gel solution. As a result, transparent PLZT ceram c nay be produced by
pressurel ess sintering. 24 The exanples given above will be apparent to
one of ordi Theexarplesgiverhabave wilb beigppiatertdoionarst ordivary skibirotterathas to
the prior art. Wiile we have illustrated the wi de-ranging applications of

t he pr esesignifitaat thdmovd] impeeddrhbAtsSOANB! fiior art! Whitd Wﬁ?\ﬂ{ whg‘ﬁatga‘{ﬁg.t i on

using other chemcals wthin the sane chemcal classes o ose descri bed

here do ngQ it of ; o) irit.of the esent.d nvention. 25
Gaim: 1 9eTERIng BBRIEATORE RO e saRsEt ilerdh) WBERER ReCETampRE o
coati ngs %Fg uni ff(r)F m m cr?st ructure on an el ectrode | ayer coated silicon
subst r at e " 2L3UT 9 bet Hyentians using othey; ehamicals amthingtheo sameachemicsal| - gel
sol ution o{ Pbi +y( Zr XTi 1_X) 03 (PZT) of

classes of those déscribed here do not depart from the scope or spirit of the

present invention.



desired concentration and chem cal fornula; b. dispersing: selected
pre-forned nanocrystalline piezoelectric particles with grain sizes |less
than 100 nminto said sol-gel solution of PZT to forma uniformstable
di spersion, slurry or paste, said pre-fornmed nanocrystalline
pi ezoel ectrical particles selected froma group conprising PZT, PLZT,
Pb(Mji , 3Nb2r3) B (PMN), Pb(Znii3Nb2/3)®B (PZN), (Ba, Sr)Ti03 (BST),
PbT1Q3( PT), BaTi O3(BT), PMN\-PT, PZN-PT, or any other conposition wth good
pi ezoel ectric properties; c. depositing salg st abl e di spersion, slurry or
paste on an el ectrode |ayer coated silicon fer by spin-coating or
screen-pri r&l' .to forma green body; and d. heating said green body at a
tenperature—é%o 800 C so as to produce dense, thick piezoelectric
conposite coating with thickness _of between I to 100 mon said silicgne :
waf er, wherlei %%S%é%égpp%ltlsediemﬁ; dbickapiezorjegiriai coaposite cealingswith 100
nm and fi nal UBEARN t MéerastructuED wIvfan edectiode dayerlcdated tsificon swbstrate
conposi tes. ZComppsmgdbe sdepoofliing to A aiml vvherel n said process further
conpri ses eatln stesatod ed
further corrpr 5 Q{eg 4! qﬁb ?’50?9?%@“& ﬂ‘iﬁ’i“‘b&%@&ﬁ@? 3.
A process accor #S5Y cP°@°§PLF1a§ nRedghenigalfopmildael ect ric transducer
conprises a ny| tgig rr@dsélte&t&it erefdPﬁleﬂtné stenﬁe% dI8cific pRRidieyRith at
| east  one patt fdrﬂﬁfjsi&bgzleg ?ﬁéﬁ'mofgﬁmﬁ id 84Ebel Bu6Ror FEPIPRIIPE
el ectrode | ayenffiimitabffaispeifior s?é’ said pre-formed nanocrystalline
plezoelectncal particles selected from a group comprising PZT, PLZT,
Pb(Mg13Nb2)O3 (PMN), Pb(ZnqsNbzs)Os (PZN), (Ba,Sr)TiOs (BST),
PbTiO3(PT), BaTiO3(BT), PMN-PT, PZN-PT, or any other composition
with good piezoelectric properties;

c. depositing said stable dispersion, slurry or paste on an electrode layer

coated silicon wafer by spin-coating or screen-printing to form a green
body; and

d. heating said green body at a temperature up to 800 °C

so as to produce dense, thick piezoelectric composite coating with thlckness _
of between 1 to 100 um on said silicone wafer;

. wherein said composite coating possessing grain sizes less than 100 nm
and final densities up to 99% of the theoretical limit for such composites.

2. A process according to Claim 1 wherein said process further comprises
repeating steps a to d to form a multilayered structure, and further comprising
photolithography to form a piezoelectric transducer.

3. A process according to Claim 2 wherein said piezoelectric transducer
comprises a multilayered structure of at least one electrode top layer, at least

one patterned piezoelectric composite layer, at least one bottom electrode
layer and at least one substrate layer.

4. A process according to Claim 3 wherein said piezoelectric transducer with
multilayered structure comprises cantilever, bridge and diaphragm structures.



~4. ‘A process according - to Caim3 wherein said piezoelectric transducer-
with nmnultilayered structure conprises cantilever, bridge and di aphragm
structures. 26 5! A process according to Caim4, wherein said -
pi ezoel ectric transducer is arranged to format | east one transducer array.
6. A process according to Claim2, wherein said piezoelectric transducer
transduces ul trasound energy fron1or to other fornms of energy. 7. A process -
for producing a paste, slip or ink for existing monolithic multilayered
devi ce techniques conprising the steps of: # providing a sel ected
organo-netal lic sol-gel solution,” said selected organo-netallic sol-ge
solution conprise, in a suitable solvent, netal salt, netal al koxide and
organo-netallic salt of the desired conpounds, or oxi des sel ect ed from one
or more of 97k PIOCess aasortingstem £lajosd  mherein said piezosialisatransdycer is

(Ba, Sr)Ti 03 (mgedmﬁm(masearrem(rsupperﬂmy PT, PZN-PT, Bi 203-Zn0O Nb20C6
(BZN); b. dispersing sel ected pre-forned nanocrystalllne partlcles wth

.gg ?I? ?n zte? é\epsoééw a{b@@rdlﬁgltgié CTlahd2s sliesepd saidop r&o@%alhblntgansduml
S utl |
pi ezoel ectric rggéutl?:g‘(rausl rggg@‘rrﬁ IéSI @ﬂéﬁp"éﬁ? @ﬂép@mg%f% E@B) 03 (PWN),

Pb( Znuu3Nb
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and diel ectri e‘"g?g?)@m'%%s campizing, sing said uniform stabl e

m xture to reaD\mo&IdmgrapQélec@édtb@ano metallic sol-gel solution, said selected

: organo-metallic sol-gel solution comprise, in a suitable solvent, metal salt,

metal alkoxide and organo-metallic salt of the desired compounds or
oxides selected from one or more of PZT, PLZT, Pb(Mg1:3Nb23)O3 (PMN),
Pb(ZnisNb2s)03 (PZN), (Ba,Sr)TiOs (BST), PbTiO3(PT), BaTiOs(BT),
PMN-PT, PZN-PT, Biz03-ZnO-Nb,Os (BZN),

b. dispersing selected pre-formed nanocrystalline particles with grain sizes

~ less than 100 nm into said selected organo-metallic sol-gel solution to
form a uniform stable mixture, said nanocrystalline piezoelectric particles
comprising PZT, PLZT, Pb(Mg13Nb23)03 (PMN), Pb(Zn1:aNb213)O3 (PZN),
(Ba,Sr)TiO3 (BST), PbTiO3(PT), BaTiO3(BT), PMN-PT, PZN-PT, BZN or
any other composition with good piezoelectric properties and dielectric
properties; '

c. further processing said uniform stable mixture to remove all or part of the
solvent therein until a desired solid content is reached; and

d. blending said processed mixture with an organic vehicle to form said
paste, slip or ink.

8. A process according to Claim 7, wherein said existing monolithic multilayered
device techniques comprise tape-casting, screen-printing and spin-coating.

9. A process according to Claim 7, wherein said monolithic multilayered devices’

comprise multilayered capacitors, multilayered piezoelectric actuator and
multilayered piezoelectric transformers.

10.A process according to Claim 7, wherein said existing multilayered device
techniques further comprising the desirable techniques of:
low sintering temperature ranging from 750 to 1000 °C; and
use of cost-effective Ag/Pd electrode paste with Ag/Pd mass ratio from
90/10 to 70/30 as an internal electrode layer.



sol vent therein-until a desired solid content is reached; and d. blending.
said processed m-xture with an organic vehicle to formsaid paste, slip or
ink. 8. A process according to Claim?7, wherein said.existing nonolithic
mul til ayered device techniques conprise tape-casting, screen-printing and
spin-coating. 9. A process according to Claim?7, wherein said nonolithic
mul til ayered devices conprise nmultilayered capacitors, multilayered

pi ezoel ectric actuator and nultilayered piezoelectric transfornmers. 10. A
process according to Caim7, wherein said existing nultilayered device
techni ques further conprising the desirablegechniques of: |ow sintering
tenmperature ranging from 750 to 1000 C, and use of cost-effective Ag/Pd "’
el ectrode paste with Ag/Pd nass ratio from 90/10 to 70/30 as an internal
el ectrode | ayer. 27 11.A process for- produci ng a porous bioactive inplant
conpri si ng 11hA proegss for preducing reporeusdiioastia impaitaohiptishiy theetepobfit i on;
b. dispersing_sel ected nanocgastalllne bi oactive particles into said

sol -gel sol uli AEPFRHAMAIanRemaetallin soltael goliensi on or slurry; c.

deposi ting sahd disFersthg saRRASH %ﬁic\%t‘é‘ilmé B aRilv® Yetticies AR SaiCs oM %i p-
. and d. 2 $doc
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so as to produce said porous
G ai m 11, wheeeidepssitingssaidgsthbleodispersion @mnsurpesn anporous substrate by dip-

" coating; and
d. heating said coated substrate at a temperature up to 800°C
so as to produce said porous bioactive implant.

12.A process according to Claim 11, wherein said sol-gel solution comprises, in
a sqitable solvent, metal salt, metal alkoxide and/or organo-metallic salt of the
desired compounds or oxides selected from one or more of ZrOz, CeO,, TiO,,

ALLO;, SiO,, YSZ(Yttria Stabilized Zirconia), CSZ (Ceria Stabilized Zirconia)
.and bioactive materials.

13.A process according to Claim 11, wherein said nanocrystalline bioactive

particles comprises hydroxyapatite and B-Cas(PQO4). and other bioactive
materials.

14.A process according to Claim 11, wherein said porous substrate comprises

metal foams and porous ceramics with distributed open pore size of 50 to 400
micrometers.

L



a suitable solvent, netal salt, netal al koxide and/or organo-netallic salt.
of the desired conpounds or oxides selected fromone or nore of ZrQ2,
Ce02, 1102, A1203, Si2, YSZ(Yttria Stabilized Zirconia), CSZ (Ceria
Stabilized Zirconia) .and bioactive materials. 13. A process according to
Claim 11, wherein said nanocrystalline bioactive . particles conprises

hydr oxyapatite and fl-Ca3(PO4)2 and other bioactive materials. 14. A
process according to Claim1l1l, wherein said porous substrate conprises
nmetal foanms and porous ceram cs with distrpguted open pore size of 50 to
400 mcroneters. 1 28 15. A process according to Caim 14, wherein said
netal foans are made from titanium 16. A porous bioactive inplant prepared
according to the process of Caim1l, the porous bioactive inplant
conprising a nanocrystalline bioactive coating of thickness of 10-100

ni cr omet er 450N pIopRSSasCerdiRg tadaim ti4, whereimsaidoneiad foamsraregnade ieom 5o
to 400 mni cr ortifanium.

16. A porous bioactive implant prepared according to the process of Claim 11, the
porous bioactive implant comprising a nanocrystalline bioactive coating of
thickness of 10-100 micrometers on a porous substrate with distributed open
pore sizes of 50 to 400 micrometers.



