2 6 OCT 2006 1 PROCESS FOR PRODUCI NG NANOCRYSTALLI NE COVMPCSI TES FI ELD OF
.THE | NVENTI ON The present invention relates in general to producing
nanocrystalline conposites, including ceram c bodies, coatings and
—multi-layered products, and nore particularly, to prodUC|n

.nanocrystal line conposites by dlsper5|nq nanocrystal | i ne paZEMET&MBlnto a
rel ated organo-netallic precursor solutilon to produce nanocrystalllne
conposites. BACKGROUND OF THE RELATED ART "Nanocrystalline" or "nanosized"
particles are hereinafter to be understood to mean particles, the average
si ze of V\AHRGCﬁﬁhEORIB%)I})lld@M\IGGQANﬂ(DRVSW\&_L(ME)COMPGBIEFE@ er and
particularly preferably not nore than 30 nmin dianeter. "Organo- netallic
precursors" are used as carrier nmedia, and which can include dispersion
aids for ensuring that the particles are uniformy dispersed in a medium

“Nanocr ystE] pns, qq_@mvtﬁsr NI N the present invention, refer predom nantly
to bulk materl s or coatings which contain at |east one phase of

material s an which.the ral ns.of all phases are less than 100 nm
either in st e éeﬁ%?‘el’“‘éﬂ "kﬁs%ﬁeas'n gederab & rieduging; RaReerystadinsiuct s
such as coatin s, ceram cs or conposites. The first step in the production
of a nanoCP tepninchiding epearaic brdiepageatinigs and mult-layeyedi produats nans i t e
is the conpaction of powder conprising of nanocrystalline particles to

forma "gMmwe pedticylawyi db peodurcingt Banadmtahpeodmmbosné'ﬁlwy Icﬂspersmg
conventional ly done by using an uni-axial press. 2 2 6 OCT 2
nanocrystalline particles into a related organo-metallic precursor solutlon to

produce nanocrystalline composites.

BACKGROUND OF THE RELATED ART

“Nanocrystalline” or “nanosized” particleé 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 ;(hat 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.

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



Decades of research on conventional ceram c processing have shown that the
uniformty and density of particle packing in the green body has a
significant influence on how well the green body will densify and
consequently on how | arge the sizees of grains will develop to during
~sintering. Conventional nanocrystalline_particles, however, areratyd

di sadvantage in this regard. There are é%sentially 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 Waals forces and functional
groups on the particle surface. Mst nanocrystalline particless currently

made are  noDGAHRESI ORIy of el Hb AU BT L FaolF by Shun that. o,

nanonet er-si zed particles, nown as " Crys

conventio tend tq band ,.and form| er units terned, .

"aggl omer gﬁégﬁﬁéwﬁéﬂaaé%&s&& pﬁ’i‘.’]‘g,e Ras 'Qgr'ﬂgr‘%&’ eeR k’é’d)ﬁih?é 3 Rigpicant
powder s |s'éé_lhe aggl onerat e or aggregate_ size. The presence of either

aggl oner atFueficeyheywalkthesgreenrkody willdensify andeonsequeantiyngn thew lerge er i ng
of manocrystalline particles into a solid with grain sizes Iless than 100
nm As a ithe sizeestaigrainsiwill pesstop @l during simteririgd Gopivehtiendirmamocsystalliig i s
difficult to obtain a grain size which is less than the starting

aggl oner afparticles; howsveéeeste fai disadlaaREIn Mis PERFGUr el ess sintering
nanocrystalline ceramcs to full density never succeeded in producing |ess

e onehor " TSRS 4 S B8 oo g’ Bkl eRiabntaton, .
sanpl es ey pafitpid fﬁathgcbrgéé)@iﬁégg% %%%Eaﬁa%%cpy%\{\gﬁrqé par’%cfjeissa?rqa/ fe Jitfieulty 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 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 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



of the prior art is the aggloneration of. nanocrystalline particles.

Anot her problemin the prior art is the |low density of green bodies due to
high porosity within the green bodies. In conventional methods,
nanocrystalline particles are conpressed to form "powder EZ@rfgaqfi". These
powder conpacts, before they are heated, are conposed of individual
crystallite or agglonerate separated by between 25 and 60 vol % of
porosity, depending on the particular material and processing nmethod used.

To i nprov ' h trnansl ycenc nd so,.on, in the
final pro Sgéﬁ@?t& t”‘@ed%gfe ?%3?%’%%863@%eaga%f’fﬁﬁ?#eﬁfpo\é‘fqaﬂf% }S(ﬂ’ﬁqvﬂ/‘t%

possi bl e. ﬂ@irs.evi ent that the.pore honogeneqgus the particle packing is
and the hPt] P 3Y I BRragaiomeptioa pinanpchystaliing padiglaser it will be to
get a uniform and dense mcrostructure during sintering. However these are
hard to achfapthetiprablesmirethe printart isctheilgqwetensitiaod greest odiesdupdo thigh es,
however, have poor conpaction behavior conpared to conventional sub-m cron

parti cl espofigsity within ithe ngregncbsdies. bén cdnivehBioh&dniedhdde RASOEBEAIHON
present in the starting powders. The conpaction of fractal-Ilike

aggl omer apaRick K E5mPRed SBABDBAACBUN IR chhidef Pactid pQhddteddihBa Lthin

the green body. Even if the aggl onerates thenselves are ehse ,

There areosl g teReR fie AR BT Roeed AL PRBHoEAl Phista® oranoeByRiaIT T ne
G111 cul 1 5oPa el By RewaRags Andr S8 olsp stathsarty. dlepapsing ot dhe ericuler
unit volune in nanocrystalline particles. Each of these point contacts
r epr esent S1at@naland pregessing medhed usedi Todmpeove progertiesnsuch iasnstodngthe
powder and this inhibits 2 6 OCT 2606 4

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
compa'red to conventional sub-micron particles. This can, in many cases, be
attributed to the agglomeration présent in the starting powders. The compaction
of fréctal-like agglomefates 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 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



particle-particle sliding and particle rearrangenent. It is therefore
-desirable to provide a nethod with which the nanocrystalline particles can
slide agai nst one another and rearrange thenselves easily so as.to produce
~a nore honogeneously packed green body with relatively h%@ﬁﬁﬁé §ity.

~Anot her problemin conventional nethodsgi s the inability to retain an
ultra-fine grain size in the product after sintering. My or obstacles

i nclude the strong tendency of nanocrystalline particles to agglonerate

and the e eser | unwant ed ar ai rowth during sintering.
This is b%@é%'%ﬁ@ﬁi&bg ‘g%ﬁt@{énbeafr@@"?%ﬂ- B 3 hers e B?@fen{f
surfaces) and,grain, growt | pvol vi n rain boundaries) are conparable in
nmagni t ud)e,P’%P% %E\eﬁ@‘)(ﬁ%gb%i%hme @%g;ngwstaﬁia@iqﬁrﬁ@las C@?nas;liﬁiesag%rrgstmn%
means that the final-stage sintering processes are inevitably acconpani ed

by the ra@r®taeriandyr eeamangaushemsesvemveagilyersal |35 riec quoidzed shahoren! ess
this grain growh problemcan be overcone, the conventional pressureless

si nt er i ng honugeseouslymeckedagfeer bodgwith eestvelysighidehsppnonet er - scal e

structure (grain size less than 100 nm, |eading many researchers to

resort to thermmsgRebledh iﬁ‘b@ﬁvéﬂtﬁ@%ﬁ%th&@sﬁ?%%uc /9 to Fitah & Gt

results in a marked increase in the number o ( ga ion events so
ot e PR B8 il B, dP' b Ao UGE oD e 208 g
bt ovi de a CPREHDGof QeTRUE TR FRIEDES: 1 AIBIOBRTERr 316 S: EYGTRIZERDH and
control its uniformty during sintering. Most recently, a sinple two-step
si nt er i ng ARetasRIohHpwadtechgrain growtedwing sintering: dibis ischiecausertbe capitang
(Nature 404:168-171; 9 March 2000) where fully 2 6 OCT 2006
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 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



5 dense cubic Y203 wth a grain size of 60 nmwas, successfully prepared.
‘That sintering nmethod used a two-step heating schedul e. The sanple was
first heated to a high tenperature to achieve an internedi ate density,
-~ then cooled-and held at a lower tenperature until it wasjf@gltyijdense. To
-succeed such a two-step sintering, a.SLgficient high starting density
shoul d be obtained during the first step. Wen the density is above 70%
porosity, data have shown that all pores in Y203 becone sub-critical and

unst abl e |.nst. shri,nkage, (which occurs by capillary action). These pores
can be fila(?eziis%aéuﬁ'gn ré’s%tpa? ﬁrﬁﬁ’uﬂéﬁr‘f@@M%%S%qeéﬁgl"vm"epéﬂ% Thatt he
particle network is frozen as it clearly is in the second step. It was
found t hatSiueRBgtMethas ysed a twarstep hieating setiedulet Ehé samplhwag fisst haatednd
step sintering. This result further enphasizes the inportance of the

product i orfoaf highrtemperatiire o achievaiaghintarnediistetiepsity, ithem abeletysidhéld e
conposite preparation. Having noted the abovenenti oned probl ens of

agg! omer atd dowandeRfraturel LRIt Wadijeashid, THRIBKeed Bkt Hholltep! N US
to llj by gFf yi ng

Pat ent 5590387, disclosed a rrett:md vercome these problems o _
o et or, “ANERROPA UG h tarihd LBGGH ol B RenbdRDrnS i TS SR o,
modi 1o e dBRYSTEE: obhVE thve PoRR®: Rl v miRIA I IR G Jal. ¢ he
green body ready for sintering still did not have sufficiently high
density. RRSOH §é'ErCfitH?@éﬁﬂﬂdmséébl@sag@ingbéhddmge)(whichImsws by eapilkary
these problens in the prior art. 2 6 OCT 2006 6
S 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 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.



OBJECTS OF THE | NVENTI ON A specific object of the present invention is to
provide a nmethod 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 proviygeya ymt hod for
-7al l owi ng nanocrystalline particles to skide agai nst one anot her 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 wwth finer grain size. Yet
anot her specific object of the present invention is to provide a nethod for
produci ng denser, thicker sol-gel coatings on netal, glass, ceram c or
silicon JOBIECASOFAHEINYENHON | ower sintering tenperatures. A nore
specific object of the present invention is to provide a nethod for

produci ng nappspusifiglobjett &Qﬁ@%@s%d@’f'ﬁ\%htloﬂ%rté’ &h&é act?\@\‘lﬁgffo?'?é’&ucmg

pressureless sintering. Another nore specif jec pr esent

i egoel ociin® 2BBIFHSRAUER &g@é?ﬁgﬁwg%gﬁee%%?‘éfe#ﬁwgt R profs S produsing o e
2 6 CCT 23133_' é’}%{j not her .,nor e speC|f| c object of the present i nvention
is to provldQeys 'h%&WIPP 8%-0duci ng mul ti-layered devices, including

capacitors, transforners, resonators, filters and actuators, at very |low
si ntering te,ﬁ{gtgghgggmf c object of the present 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
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.



SUMVARY OF THE | NVENTI ON I n one enbodi nent, the present invention provides
a process for depositing dense, thick piezoelectric conposite coatings
with uniformmcrostructure on an el ectrode |ayer coated silicon substrate
conprising the steps defined in claim1. In another enmbodi meng gCT 166 pr esent
i nvention provides a process for producing a paste, slip or 1nk for
existing nonolithic nmultilayered device t?chniques conprising the steps
defined in claim7. In yet another enbodi nent, the present invention

provi des a pieceasshéomofy gaduificngbject didho pesétit adntive id Pprovide @afihddfarg t he
steps defined in claim11l. BRI EF DESCRI PTION OF THE FI GURE The nmin steps
of the pr8WshemgydHlaved devipssencluding.eappeitnis.drraptiormers meggnators, fiensgndeD

DESCRI PTI : {th reference the FIG 1, a preferred
(Bt R FRED DN S .

enbodi ment o e present 1In Ion i's described and one skilled in the
art will be able to reproduce the steps, The nethod conprises the steps

of: (1) Pr ti of PZT qrgang-netallic solution. In a typical PZT

reci pe, Zngﬂgg}ﬁ ch,l@tvcﬁﬁn@\]fi rst mxed in a glass beaker by stirring
Wi th 6.899 tid 3R HboARREAPRS i 1 fdddof 1 LhSsH ! a
stabilized soluti on.O 'ﬁi'ﬁéer%’, Qgédgg%e%?él?veﬁgg %g%‘gg%téep{grc?%gfg?tg%@%%é %2& ’3g of
zi r coni umtlicle piezadettanabmpasiee ceatinigs wathdurdfsmahicesstriuotutdien anklecirode layére

solution is heat.ed and stirred to full i.ssplve. the solids. 2 6 OCT 2006
8 The ti nﬁ?%tﬁ‘gs‘ilé%ﬂ’%a?%QOQPES%FI?%%C%‘{}BP IGam hi nut es at 80C to 1000)

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 oné 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.



to adjust the viscosity until a clear and sticky solution is obtained. The
resulting solution is then further processed under reduced G)rﬁp%ﬁge in a
‘vacuum furnace at 80C to 100C to renove vol atile conponent% Q d"a  xerogel
of Pbl1.1(Zr0.53Ti0.47)O3 is obtained. Actually, an xerogel with the
~general formula of Pbl+y(ZrrTil X)O3 (where x may be 0 to 1) can be
prepared with this nethod for differen® applications. By further

di ssolving 20 to 40 wt% of the resulting xerogel into 2- methoxyethanol
(MOE) in glass beaker on a nagnetic stirrer hot-plate, the organo-netallic

precur sor sol dihedimefanB4énmratige ebé Faried.(typltallytl ageltesait 80aC16 106°C)
di ssol ved into al cohol, isopropanel, 2-ethyloxyeathanal, 1,3- propanediol,

ti d - S . : et
ol Ut ons. (2,0 BB DlsoBbity rth £ bR "agEticky) S F06RGled, The

f 53/47 - )| i i ghy bal [ - nmil]i hi t 200
For 2538 hour U MgaBivigh B Mhett BN broctspainges TRalGeR G Py oiie 20-30 nim
Wil e we have used nanocrystalline particles obtained from hi gh-energy

bal | milling, VAGH&® WEnage iafSQ4r t9 JI0SCrip resaeng vatatile gomaanentoandtder
sources may al so be used. Wth the nanocrystalline particles, 2-10% surface

nmodi fi er by wegdgel ofpPbi eiZadpds¥icar)Dsxisuobtaified.eAptumdlg| amnderigey lwittelthell ose,
was added to the bowl of the machine and m xed by further ball mlling for
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this with this method for different applications.
By further dissolving 20 to 40 wit% 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 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.

With the nanocrystalline particles, 2-10% 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.



surface-nodi fi ed nanocrystalline particles and m xed by further ball
mlling 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, ?f (ghe
surface nodified nanocrystalline particle mx was bl ended aﬁ&“&i@é in the
~bow of the balling mlling nmachine wi th an net hoxyet hanol (MJE) based

sol -gel solution 50 to 80 parts by weigR®t, preferably 70 parts by weight,
to forma mxture which may be a dispersion, slurry or paste. The

MOE- based sol-gel solution contains 20 to 40 w4 preferably 30 w4 of

xerogel . (3) 3IhenPZdasbhgePZdldtiorelobtained previdudly Wds ¢Rah eadddd it this
substrate. The uniform di spersion prepared from procedure (2) is directly

applied onto sﬂﬁﬁb@ﬂ%dif%&)ﬁéﬁﬁrﬁgta@[r@ﬁ%@éﬂteg aﬁg%&é& 'Bgl%ﬁﬂéﬁ 64| ﬁi'illirhgfg{l] o

waf er, by a spin- coating nac revol utions per

(rpm. The co | hen heated on .a hot, plate at 200C for 2 mn
and 500C forq?%?ﬁ]uﬁagtl%?é?(?ail?%qrﬁg?éorin?a %De[r%lop&rﬂ@rysi ngle filmwith a
t hi ckness of ,u on. A thicker filmmy _be achieved by repeating

to, 1.5 mcr .
the sequence MAtREfRMRA 8@@? enhi 24 e 99 pajtsoby weight, preferably $0wa& thenan
finally sintered at 600C to 750C in a furnace, preferably at 680C, for 10
to 60 min, prétdaeemodifigd Banacystalinepadictemix was dlendedasd inizeg imthe PZT
thick film The PZT filns thus deposited onto silicon wafer may be 1 to 100

pm thick Undeowl ioflthe dallig onilling anachinealigls ahomnetioxyeseeiey (MOE) Paded i | m
appears to have a dense, uniformmcrostructure. The grain size

o abaut B SHIELSHISTSDLNE Py SRR, PO AS i By St s
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 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 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



sintering tenperature. It is difficult to distinguish between grains
derived fromthe sol-gel precursor and those fromthe original
‘nanocrystalline particles in the honogenous matrix. This is because the

grains derived fromthe sol-gel precursor bonds with tzlg @Qﬁgﬁ
~nanocrystalline particles as it devel ops. The added na Ec t ﬁi ne

particles also "grow up" uniformy duriif the final sintering stage. The
di el ectric and piezoelectric properties of these filns are conparable to
those of bul k PZT ceramics. The thick filns produced by this nethod are of

suf fi ci entaverhggrgrairbizeyraryeasr frdbt abputs0ehmctor 1 gmiid‘erpénangathé firf
m cro-el ectro- nechani cal systens applications and ultrasonic transducers.

The st at edsipfrigat [ ded : | Vv y
achi oved by ennp Eritleratife, PREHIMGR BRSGRULECCuRE Gl e the
nanocr yst i ceram c particle I n,the.presence or, the absence of a
surfacg ma)éadl’fdézrRrSPHEScS’raé)%i}ué%st%ifocf?ggﬁo‘?rﬁ&f‘ﬁ ppRogrypialiue p§5!‘§?$é‘h“ﬂ% form
a uni form stabl e dispersion; (b) processing said dispersion, before or

after the RINQGENRUSHakie dhipindircause the greinst derived fam the ysalrgelart |y
renoved, to form green bodies or coatings; and (a) heating said green

bodi es or prestrsegsbendsawithethet added atancanpstaliner gartickesgas titodeveldpseTHense
conposites with uniformmcrostructure, including sintered ceram c bodies

and coat i rafdedn&ndSyEtalMS patticle® amol igrélvl op” Urliriled@ig tHy fmdli siteRRgVi des
a nmethod for producing a bul k nanocrystalline ceramc by pressurel esS
sintering $taGaNTIHE Bieldéthi€ And PiBLdciEik Prop&tiEO ot fese 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 be generally

achieved by introducing the novel steps of:

(a) dispersing selected nanocrystalline ceramic particles, in the presence or
the absence of a surface rhodiﬁer, 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) dispersing selected nanocrystalline particles, in the presence or the
absence of a surface nodifier, into a selected organo-netallic sol-ge
‘solution to forma uniform stabl e dispersion; (b) reducing volatile
conponents from said di spersion, preferably by reduced prfgﬂyf§mgrying or
-freeze spray drying, to formsurface nodified nanocrystal e particles;
(c) conpacting said nanocrystalline particles by a nold-pressing technique
(typically by using an uni-axial press); (d) calcinating said conpaction at
a relative |l ower tenperature, conpared to conventional techniques, to
renove al | tISpeeifwany Ctheopieaeentisvémtldroprsliddyy a GRbthddSRY FFbtiGeiRges Bullkd |t

to forma green body with high density; and (e) firing said greén bodies at

) ( . di es.
i T or m el SeD e ucPedBAE bl brRE QYIRS SRR g SRR WA EOMpfREGMEC ™ 1

prepari ngseg)ic .ceramc coatings on a substrate, which conprises the steps
of : (a) di S f ng sel ected nanocrystalline ceramc particles, in the
presence or the absence of a surface nodifier, into a selected

or gano- net al (@ disRarsiig selasted | ranecrystalline panicles nins the | presepperesi the 2 6
OCT 2006 12 (b) applying said stable dispersion to a sel ected substrate,
preferably by sbsenceoaft angurfacelinpodifiat,i ingo as selestdd ocgertio-hietalliolsel-gel e
with a polycrystalline ceramc layer; (c) heating said ceramc |ayer

coat ed subst r atselutionatotfer er @iiftrf stableCdighérdfon; 650 to 1, 100C to produce
dense, thick ceramic filnms on said substrate.

(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;



Yet the present invention further recites a nmethod for preparing a paste
for screen-printing thick filns or tape-casting green sheets for

tul ti-layered devices such as actuators, capacitors, reson t sﬂﬁglters
and transfornmers. The said method conprises the steps of: ?éﬁﬁd%spersing
-Ssel ected nanocrystalline ceramic powlders, in the presence or the absence
of a surface nodifier, into a sel ected d2gano-netallic sol-gel solution to
forma uni form stabl e dispersion; (b) renoving the solvent partially or
entirely fromthe dispersion until a desired solid concentration is

reached; (c) (bl applying saidl stableodieparsionits Beseie8d Wubstrate OpRifsrab by kin- and
additives to forma paste, slip or ink ready for screen-printing,

tape-casting, idiztmig ONdiplEdHindy sof aé"ié‘.é&ﬁ'g;\e S08BAe ﬂ}:\?ﬁgb’é\a}éﬁ'ﬁ@‘% ZS

aspect of the invention is the~conbination nanocrysta

and a related qIganes |1ic precursor to produce a dense,

nanocrystalline c%ﬁ]go{sa?{ag. A key phenonenon of the disclosed process is the
reactivity of .the surfa&e function groups on the crystallite surface with

species in L@Iheg?é'lngpﬁaé GREYRIC layek Coatesk suhstiptapt avtemperatyes uppraboutns t o
strongly bond to 2 6 OCT 2006 13 surfaces of the individual crystallites.
Upon conpl et i orP2f ta hd00%Gita peducetdense, thickcerfantic lnos onggldsrsitatan anong
t he nanocrystalline particles is controlled or 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 t Netshelmresenl inQ8hiien BRNEY rdidtes! £ histho®rsr hréphfifig'ApasteSdr f ace-
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



area-to-volune ratio of nanocrystalline particles, these functional groups
lead to the formation of hard agglonerates as a result of condensation
Teactions taking place between individual particles. On thﬁ q@? g hand,

t hese groups can act as centers of interaction for necessa & 3[ﬁic
~-processing aids such as dispersion aids, binders and the like. In

addi tion, the hydroxyl groups readily péBticipate i n hydrol ysis and
condensati on reactions of the polyner species in organo-netallic
precursors. Wen nanocrystalline particles are suspended in a sol-gel

sol ution, surfaneg afdhe dndividaal cystaditbst Upen cohmplatiun ofethe spactions trandriting
nanocrystalline particles, preventing condensation reactions between

i ndi vi dual fopee tofchgglorferationeamdng the nenﬁiws&?{mhélddrﬂﬁe%;été%&#tﬁal&{ ®r

uniformy dispersed in the framework of the gels after gel-formng
reactions lyubbg precursor are conpleted. The nanocrystalline. particles
I n the green bodies are not agglonerates but individual crystallites.

Furt her nore, u nsi,ons can produce green hodies wth extrepe
hormogenous pa@?gg Eacgggﬁfﬁbe §H5%§8p rﬁﬁ"@'ﬁ?ﬁ%?ﬁaﬂ@ecm'\ébse‘ﬁi gqqu&ec{ EXn

t hose confsol .dated in the dr%wstate. The i nproved honobgenei té results from
not only tHACKPRALGrARDRUCH as nydroxylgmunsa Busape hydioxyl grespas lenesample e
with which the particles can slide against 2 6 OCT 2006 14 and over one

anot her ar@ferprgsenhgp thetswiaceeoft exidalpgwdersparticles. Doe toethe Jamfecsurfase-
conpared with the dry state. A significant advantage and novel aspect of

the preserdreartoerdlume ratioasftridriveipstalling pariicieg ahke8s fhctitmAPeFotisAkbl s

particles in the process. In ordinary conpaction of powderS, the snaller

nanocryst ahbi fBAMBAGH iof hard BGIcHIBIAES ab Erd SitesT MakhEAforP Péttions 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 species and the nanocrystalline particles,
preventingv condensation reactions between individual particles. As a result, the
nanocrystalline 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



Thus, the pore size and porosity in nanosized particle conpaction is much
smal ler than those utilizing sub-m cron powders, giving relatively |ower
~pernmeability and hi gher density in the green bodi es. Another advantage of
the present invention is attributed to using organo- netallild {ilelr sors as
binders and dispersion nedia. In the conpacted green body prepared by the
m xed suspensi on, the open pores of thengreen body are inpregnated by the
sol -gel solution. After the organic conponents in the gel framework are
renmoved, the residual inorganic conponents will fill up sone of the
i nt er - par tanél @veyoere anattiestartduraatangedithest external peessume tin the watrstate| ze,
produci ng hi gher green density. Mreover, during | ow tenperature sintering,
nucl eat i orascaompared with the dryastad.in the gel matrix within the
inter-particle pores, and the grains stop grow ng when they inpinge the

added nanopara i ' | | | ' |47 -bv. i min nt
of the grains gﬁhgﬁgnﬁgﬂﬁmg&agaﬁr\r’oegég%%cstﬁﬁeebrg%rs éb%ggﬁﬁ%{ﬁréﬁ%uﬁﬁe

pr oduced. 4:-ha- is further. raised during the final stage of
P ot er ng OB aPEAMttaund dAHbES n b PRabetp: i dainary comwacioR B ani o
product. Yet another adYant age of E_he present invention is that the nature
of the dipé)ﬁf‘@feé'%'dthﬁl‘ﬁ.@%' ereAnverysialing rartiipcthgsmaller dhe inter-pgitisleoponese

sol -gel phase, 2 6 OCT 2006 15 thereby providing a high degree of

f1 exi bi | i thiusn thaepeligs size godi perosityciompasbsieed faticlengompactiormpplmecth i on.
Anot her advantage of the present invention over known production process
for ceranismaligretisan sthaser avitidingormgenteion gowdsrsPQjifing #6latively hewer der

of several nanoneters, allow ng higher green densities, superior sintering
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 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,



characteristics and finer grain mcrostructure. These advantages are
particularly wuseful in producing nmulti-layered devices at a | ow sintering
‘tenperature, which pernmts the use of |ess expensive internqﬁ meﬁode
paste. This advantageously contributes to a sharp reduction in the cost of
.-the final device. Products and devices that may be fabricated by variations
I n the processes of the present i nventildn i nci ude: nanocrystalline bul k
ceramics as well as dielectric, ferro-electric or piezoelectric filnms on
optic fiber, silicon wafer and other substrates; thick sol-gel ceramc
coatings flherehyprovdingrahighedegree efiftexihilitydritbe cuptom desigarof domeposites
barrier coatings; bioactive coatings; |ow tenperature co-firing

mul ti - | ayefoeaing@ivereapplicationul ti - phase nanocrystal | i ne conposites. The
foll owi ng exanples serve to further illustrate sonme of variations in the

exanple of th ' ' I x| ' db
o Tski 1l ed O AdRRIID B I Plestit B AREN Tovet knbiun préfuefi BRI PY

par anmet er s var i i_t.hout departi fromthe scqpe or, spifit
D The. pr oot rtantiBa e R, leiphallel Vol BREN, fifkr' DG RiZRodf JBE ez T
ceramc. Slurries with hi l%mher solid content as described above in the
Detail ed TREUA pIARAMGIers calWing: higheraarhe densHiesn caiRerIa siering a
vacuum drying furnace to entirely renove the dispersion nmedi um
met hoxyet hehRfRcteavistips angrfinarigrainl migrosksyctufe.cfheds advamiagss asdpadicularly
particles surface coated with a sol -gel
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.



| ayer are obtained. These particles were then conpacted by uni axi al
pressing at about 10 to 60 MegaPascals (MPa) to get a powder conpact.
-These powder conpacts were then calcinated at 500C to renove all the
organi ¢ conponents followed by cold isostatic pressing it 46 Uo0MBoo MPa
_-to produce green bodies wth high densities. G een bodies thus obtained
were then sintered at a tenperature bel®een 650 to 1,100C, preferably at
800C. As a result of this process, the PZT ceranics thus obtained

advant ageously reached relative densities of over 98% of the theoretical
density and had average grain sizes below 100 nm Exanple (2)
Screen-printing PZT thick filnms on Au/ Al 203 substrate. For this procedure,

70% t 0. 90%xampiei (IhNanbesatalind PRI dardiniger sion with nedi um solid content
or nanocrystalline PZT particles surface coated with sol-gel [|ayer as

descri bed a id 1 4 100 % rgiall ai I

organi c vehilgc]}dg'%s;ﬁg@gﬁ?ﬂsgsgﬁﬁ%\%m&&%nf%é §I?§&ﬁ)tgg%r%%ﬁy eX%Z%‘Febaég?ﬁ?qms
ready for - Qi 0t i t -castin i nj ection |.di ng or other

Shapi ng_ mRAGHETON P e EdfectadtEmBRRimPLate healed &0 80" G A NASYURRETIAG nt ed
onto an Ay Al 208 substrate by screen-printing and subsequently dried at
110C for T4MRACK. togrirely wnovetie dispessinginediaye methoxyetbanolotM@E) drop i nt ed
| ayer was between 8 to 20 gm A thicker film was achieved by repeating the

sequence dheislurries, aller mddch naoksized RES partitiet nedfacEheodted witha sdrayel
sintered at 600 to 850C, preferably at 800C, for 30 to 60 mn to produce a

pure per olayertaremhtsine®Z THeseParficlbswerbehés b UMfaxidl ifg &t NS
were fully devel oped at 800C ?(?r l30 m'en. Q@%%Q%?%g%ﬁ@iﬁﬁgﬂe gtltj

actuat ors st LA 60 MRgEP43LAR (MPEPEEYeY % 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 procedure, 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
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;03

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



I nternal el ectrode paste. In conventional screen-printing PZT fil s,
sintering tenperatures of over 1,100C are used. In accordance with the
‘present invention, sintering tenperatures of |less than 1, 100C are needed.
This allows for the manufacture of |owtenperature co- flrlndﬁdwll%% for
.-exanple, multi-layered actuators and transformers using tape-casting or in
screen-printing as described in Exarrple1 2) above. In a preferred

enbodi ment, nulti-layered actuators were produced using screen-printing.
An organic |ayer, preferably a photoresist filmsuch as AZ1518 film is

first deposingledayer thickakssrohsaidybitediayersvambetweenrs o1 gm. Pothickeafime t he
mul ti-layered actuator fromthe substrate The filmis spin-coated at 1,000

rpmfor  3Qasesshidsed i rdfrtilpkesd s il %ﬂe”ﬂéﬁ %tﬁﬁﬁﬁﬁf\s@rwég mn

\ UMt
to drive off the solvent and to curec%he photoreS|st

substrate. r I I u

past e, preflgga ymétm%Ag%@An@%b%régtaxgoﬁﬁg FBéfA%bgg')"t mcﬁghf’%d
with the fir ncil, patterns on th ot fllmaddrled at 150C
for 5 mn. toﬁ? "ﬁﬁo @oP‘é'erfé?TOW'S% 'P'R%S %&%&b@fir@“d—g@ﬁ Inglesubamysran; s
deposited qQ he conductor | ayer by nultiple 2 6 OCT 2006 18 printing and
dryi ng at SIQQ&EF%PSWVWW%QQV&’O 8Q0°6t fon@0 mMimen t he conductor paste is
printed with the second stencil pattern on the top of the PZT | ayer. The
cycle of printing alternating el ectrode and PZT |l ayers is repeated until
the desired nmulti-layered structure is obtained. These | am nated bodies

are subsedbearnple (3)ePZIsKUlIt-g@réd @ chukiors %Tng f?ﬁn?fﬁﬁﬂéfég ? ﬁ'@ﬁpenswe

photoresist filmat 575C. The released nulti-layered are

sintered ahtehA diecRERTHhQPT Oduce the

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 forc
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



mul ti-layered PZT actuators. The aforenenti oned process of using PZT to
illustrate the present invention can also be used to produce dense bul k
-ceram cs with nanosi zed grains by pressureless sintering, &hi % ailns W th
uniformmcrostructure on different substrates by spin-coa ﬁﬂg,ZUﬁ
_-dip-coating and nulti-layered structures by screen- printing or
tape-casting. Cther specific applicatioi8 of the present invention may be
easily understood by considering the foll ow ng descriptions of several
preferred enbodi nents. Exanple (4) Yttria Stabilized Zirconia (YSZ)

Nanocr yst gpririting @ed dnying att150°€ fdratd hiin edter isachprintingt Thea ths candudtor
tenperature structural nmay be produced as followings: In a typical recipe

of YSZ sol pagté is plititddoWith thé Beofid Ftendif patmasei %d&th@iﬁﬁ¥%¢._ The4 9

of glacial acetic acid. To the resulting solution; a mxture o zi rconi um

pr opoxi de, ] natlQ . 14 i . Ln a
2 ol ar TP R B Prectickis 4%, B2 8458 iRlsated i € BRSIret

pol yet hyl . 0 nd, 1 g gl.ycero re added to, adjust the viscosity. 2
6 OCT 200?98%'%%%?@#‘%““?2'630%5‘ d%eamﬁewgam Bofiies care pubseqURBIIY
rati o of 3/?7 and is dry-m|led by high-energy ball mlling at 200 rpm for
25-60 hour™® ei%eaeﬁrompﬁ?q sebsisatg by uraing: eff she aphptatesistditmgat 6731 .nhhand
cubi ¢ phase Then, 2 to0l0% surface nodifier by weight, preferrably a

m xtur e ofreleaspdroulti-layered bypdiescare! thenssinteasd ab 800ctoa8B0°T toeprolduce dhé her
ball mlling for 5 tol0 hours to produce surface nodified nanocrystalline

par ti cl es.milltiday&iédsRr T getustofsit i on  obt ai ned previously is than added to
the surface nodified nanocrystalline -

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.

- 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.



particles and further m xed by ball mlling at 150 rpmfor 15 to 25 hours
to form a dispersion or slurry. In a preferred enbodi ment, 20 to 80 parts
by weight, preferably 70 parts by weight, of the surface nodified
nanocrystalline particles is blended and m xed with 80 to 5% ﬁq$%s by
_~-weight, preferably 30 parts by weight, of the sol-gel sol i& o forma
di spersion or slurry. Slurries with high9solid content thus prepared are
extruded to forma powder conpact. The powder conpacts are cal ci nated at
500C to renove the organic conponents entirely, followed by cold isostatic

pressi ng at CooredaNP:O4 and ArOg poerdgr € terd atlked with tZhmbizg fatie 68 B197. andhese
green bodies are then sintered at tenperatures between 650 to 1, 000C,

ferably ds lledshyt RRyH- %y st ' v arst z
o8 ROy Nartonly ol g, X PO 2850 gl

vS2 Goat | no e kR vult AeAReR TRl (ome 5 300 AR R e The oy

and corrosi otegtion, ,XSZ.ceran coatings npy be depqgsited on netal
structure pg‘?l@%a%” 95 1HRd '%@Y&%bgdye?ezm%?@ﬂetx{qrsrg tgrpineelrandethy} e
pr epar ed acco; dlipng to the method of producing YSZ nanocrystalline ceramc
above, wit hCHYlosEaBrs asidegannd mixesebyHurtber hall milling der 5ntadir hedrs to
nanocrystalline particles and 70 parts by wei ght of said sol- gel solution;
The sl urri epreducaiepdace ewbdifiednpaabcsistalline partivies. ST YSZ S6ir gali soiatiet | ng,
spin- coating or painting nultiple layers; The parts are sintered at
t enper at ur esblgined previfushy iS4 lId ® Ah8&ififace 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 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:



uni form pol ycrystalline ceram c coating on the netal parts. Exanple (6)
Porous Bioactive Inplant. For bionedical applications, a porous bioactive
-inmplant may be produced as followi ng: YSZ so[-gel solutions according to

Exanpl e (4) are prepared as described; Comrercially-avai Zglﬁh 2006
_-hydroxyapatite (HAP) and (3-Ca3(PX)2 powders are m xed [ E Wl gh energy
ball mlling at 200 rpm for 25-60 hours 200 obtain ‘particles wth dianeters
ranging from8 to 30 nm The YSZ sol-gel solution obtained is mxed with

the nanocrystalline particles by further ball mlling at 150 rpmfor 15 to

25 hours to Pispersions spelusiiesars prepaved uceseirgy talthy ethbd 60 priducingdySEei ght
of the nanocrystalline particles to 60 parts by weight of the YSZ sol -gel

sol ution; Thaanodrystalling dei@micapevk! %ﬂtrpgrgféfré%lgf@@fﬁﬂs Bg;\ﬁgghf?fjﬁgcém

preferably titaniumfoamw th distributed open pore size

by di p-coati | : 2006 The, for ns.. ar.e .t hen
sintered betémlgg%é%g{g%%bg%gérzs?ﬁﬁ'nch%'fg%%c?q(éZocp}ﬁfnﬁ(: We@gtqfrﬁ?“i;\ns?h
nanosi zed bi@é\%’;oihxt HAP and (3-Ca3(PO4)2 particle enbedded in the YSZ
matri x. The at’ gont'hus formed on porous substrate can be used as an
I nplant to S_Fbst'tute for human bone. Exanple (7) BaTi 3 Milti-|ayered
Capaci tor. AD@RUrEesaredepesitechormeigl slivctose paits bywithier din-coating, ispireyer ed
capacitor may be produced as follow ng: A BT sol-gel solution is prepared
usi ng a proceealing & painting multijladayées;cri bed

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 p-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 nm.
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;



for the preparation of PZT organo-netallic solution above, however using
barium acetate, acetic acid, MXE and titani umisopropoxide; Commercial BT
-powders is dry mlled using high-energy ball mlling at 200 rp for 25-38
hours to get particles with diameters ranging from8 to 3% Hh e BT sol
_~gel solution) is mxed with the BT nanogarticles by further ball mlling
at 150 rpmfor 15 to 25 hours to form a bispersion 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 weilgitforms asedhersinterdd FemaenB00 o 800°0nei fohrh 0biokbitvederaflic ge!
and other additives to forma slip; The slip is then cast into a green

‘'sheet with aoatingetith ABNAEIZBE KiBALRR HAFCSHE a&(@mhbértfbfée@mgéh%qf% on

the green sheet; Several tens of the green sheetS w el ectrode patterns

are aligned S into a lam nated bar beforge being
cut into snéﬁ?d{c%f{b%qhgdgﬁ%ggé%@q&zéﬁ%?g %PB?%%“%%@geé’?ﬂtb@r‘&?doﬁ ween
700 to 1,00QC .for hours..after takin special care to performthe binder
evapor ati on aé\'%%n%ttB %@g@tqu RYMarPeRechi ps are then polished, external
el ectroded, attached with |eadwres and finally coated wth water-proof
spray. Exanple (8) Fe203-ZrQ2 Gas Sensor. For use as gas sensors, such as
for oxygen, Fe203-Zr2 thick filmdevices are produced as follows: A

xa- Fe203- (Exampe {?) BaliQweMuitblayeieahCapatitarr to that described for PZT is
prepared using iron acetate, acetic acid, MOE and zirconi um propoxi de,

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

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;



preferably x=0.2; A m xture of zirconia and hematite powders w th nom nal
conposition of xa-Fe203-(1-x)ZrQ2, preferably x=0.2, are m xed using high
cenergy ball mlling at 200 rpm for 25-60 hours to get pariémtz Kvith
dianeters ranging from8 to 30 nm The sol-gel solution i Uc? with the
.-hanocrystalline particles thus obtai neg by further ball mlling at 150 rpm
for 15 to 25 hours to forma dispersio 201 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 dispersion is then blended at 70-90
parts by weith chipsraredhes sioteped thetwiegn #i0gtot 1,6008¢ dan® hove aftbe takiny
additives to forma paste; This paste is then applied onto an alum na

substrat e wispeciahtare i perferm fhe bindee tuasisralivn €406t BOOTE:i ng or
spin-coating and then the filmand 2 6 2006 23 substrate are sintered

bet ween 400 Tite §ikered Hiss aftkYidn ?E)ﬂghe&,ogxt]erglgﬂé[eftc}h%ggf i itt%,?:h%#i lvglhljli QES

formed has relatively higher streng and ura

fil b ' J 9) PZT- PMN Na talli
Composi to. - Traiet hd FRalty Uaate AR Wascr ol et al 1 me. composi o as
described in Exanple (1) is followed, however, w th Pb(Nomvli 3) 3B (PWN)

powders instead of PZT powders. As a result, a ferro-electric and rel axor
ferro-electric nanoc;(gst alline conposite may be produced. Exanple (10)

M _XZnxFeZexarmple (RhhezPy4rQ: GaseSenagiosi t e.
For use as gas sensors, such as for oxygen, Fe,03-ZrO- thick film devices are
- produced as follows:

A xa-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
xa—Fezba-(1—x)Zr02, 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 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



The nethod of preparing a PZT nanocrystalline conposite as described in
Exanple (1) is followed, however, with M _XZnxFe2O4 (M=Mh, Zn, N, Fe, Co)
-powders, preferably MO. 6Zn0. 4Fe204 powder, instead of PZT po

result, a ferro-electric and ferro-nmagnetic nanocrystalli néﬁc&ﬁp@ﬁte may
."be produced. Exanple (11) PLZT Transparent Ceram cs. The nethod of
preparing PZT ceram c conposite is foll 8wed, 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 sol uti ciubsiate aresintered bahseen 460 BLZ0D°Cs masfetabipyat B500Cotrced by
pressurel ess sintering. 26 OCT 2006 24 The exanples given above will be

‘apparent to onechaifr. ortHe ahiek sl lthii® fbhﬁeérﬁaé‘srela?dv@ fh' tsﬁ&?gc}ﬂoaﬁa
i nprovenents to the prior art. Wiile we have illustr e wde-ranging

I t f | es, t
of "the- | nvont | chragi Fafhat 8t ke Ahety) W‘%ﬁﬁhéé'ﬁ%ﬁ'%@"%eﬁfcm ") asses of

t hose described here do not depart fromthe scope or spirit of the present
i nvention. 2 6 OCT 2006: 25 Cains: 1. A process for depositing dense,

thi ck piezoelectric osite coatings with uniformmcrostructure on an
el ect rodezqc:) c(g)apgﬁ'ngMN Banospystaling eomnssiiei si ng the steps of:

The method of preparing a PZT nanocrystalline composite as described in
Example (1) is followed, however, with Pb(Nb2sMg13)03 (PMN) powders instead
of PZT powders. As a result, a ferro-electric and relaxor ferro-electric

- nanocrystalline composite may be produced.

Example (10) M1.xZnFe;04-PZT Nanocrystalline Composite.

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



a. preparing an organo-netallic sol-gel solution of Pbt+y(ZrrTi 1 _X)03 (PZT)

of desired concentration and chem cal formula; b. dispersing selected

~‘pre-fornmed nanocrystalline piezoelectric particles with grzi rhﬁzl s less
than. 100 nminto said sol-gel solution of PZT to form a 8iloMidst abl e

~di spersion, slurry or paste, said pre-forned nanocrystalline

pi ezoel ectrical particles selected fro 4 group conprising PZT, PLZT,

Pb(My1, 3Nb2r3) 3B (PWMN), Pb(Zn113Nb2,3)3 (PzZN), (Ba, Sr)Ti 03 (BST),

PbTi G3( PT), _BaTi G3(BT), PM\-PT, PZN-PT, or any other conposition wth good

pi ezoel ect r ilheexaaples givercabolepuéll bé mppasind ts badlof orisaryrskilbin, the ladrasy or

paste on an el ectrode |ayer coated silicon wafer by spin-coating or

scr een- pr isignifigart antiatoved impeareméntdito thepridr aReWNiRONE Hatedl@RatéPthe at a
tenperature up to 800 C so as to produce dense, thick piezoelectric

conposi tevﬁa_étrbngiry HppliBafbRESSF 117 éﬁswﬁﬁﬂw.%nftﬁ %h”’sﬁé‘ciﬁéi&aﬁhdg%‘éone

waf er; wherein said conposite coating possessing Sral n stzes | ess ah 100
nm and fial . sid iies;: 99% of t.he theoretical .limt for such
conposi tesyl.é ?I%F'gﬁgpérfo{chgs'sﬁuaé@tct@mdlﬁ E‘g( 8r“'@ra?|?ﬁ"ﬂ' r"\@{hrﬂ" stglleds?ﬂ%c egl ¢ her
conprises ,repeatj st eps tod to forma nultilayered structure, and
furt her C(ﬁlﬂﬁ*q%&#g&%ﬁﬁo&%qr Fﬁ%ﬁ'%%otf%pﬁr&frmi%@@@pem spihefither . 3.
A process according to Claim2 wherein said piezoelectric transducer

conpri ses PAesgNtinvenfioned structure of at | east one el ectrode top |ayer, at
| east one patterned piezoelectric conposite |layer, at |east one bottom

el ectrode |ayer and at |east one substrate |ayer. 4. A process according
to Claim3 wherein said piezoelectric transducer with



mul til ayered structure conprises cantilever, bridge and di aphragm
structures. 5. A process according to Claim4, wherein said piezoelectric
transducer is arranged to format |east one transducer array. 6. A process
according to Claim?2, wherein said piezoelectric transdugzé tr@ﬁsduces

ul trasound energy fromor to other fornms of energy. 2 6 0663 26 7. A
process for producing a paste, slip %% I nk for existing nonolithic

mul tilayered device techniques conprising the steps of: a. providing a
selected(gr ano-netallic sol-gel solution, said selected organo-netallic
sol -gel soPlif¥on conprise, in a suitable solvent, netal salt, neta

al koxi de and organo-netallic salt of the desired conpounds or oxides

sel ect ed t.r brprosess fomdepositingziense, Mick Pli¢Adgle@hb ZoRpdisite RIdfings with
Pb(Zn1, 3Nb288ifosn (ipidipstiusiyrer Joh @B eRElioddPhdysBcBaled BilldomB 6B trate®M\N- PT,
PZN- PT, Bi 208mgriSinyliR€stédd’dh.; b. dispersing sel ected pre-forned

nanocryst al hi ntepaihg Snesrgnom@tatic ssi- Ssoltht???’ﬁof pBN @IP?% xﬁpg{gﬂ )Zéf d

orm a

mxture. sapd e d"fgg 9%%5%‘“%? i%%?*?éﬂ‘?u' N ER
PLZT, Pb(MylL13NB2T : ,gﬁé'fc %%' Ppigzoel % IfeRdVithsT) |
PbTi 08( P%v? Bﬁ?ﬁ%&% 'i] %%%ZN“F“F,O Bé%%ﬂ‘g%m@zl&t%‘e? %?Sﬁesme?cﬁ] vm) th
good pi ezoel edtHOl &lgi ISBETSION; EY O Paste, sgidopieriormed nanogtystallie
processi ng saiRiegeglesirical paslides; salestedfsomeawreunl coroprisiag PZJ7, PhET,
sol vent t her eiPP(MgisNbas ) i(PMIN) oPb(ZreoaNter)O4 s(RZN); h@ia, Sa)idOd. (BSndi ng
sai d processedMiQs(RE), wiBaTiOa(BT)gRMN-RENPINS PO draany sthiedl 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 thickness
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

repeatjng 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.

5. A process according to Claim 4, wherein said piezoelectric transducer is
arranged to form at least one transducer array.

6. A process accordving to Claim 2, wherein said pieioelectric transducer
transduces ultrasound energy from or to other forms of energy.



paste, slip or ink. 8. A process according to Claim?7, wherein said
existing nonolithic nultilayered device techniques conprise tape-casting,
screen-printing and spin-coating. 9. A process according to Claim?7,
wherein said nonolithic nultilayered devices conprise nul tgb@ﬁrﬁ?
capacitors, nultilayered piezoelectric actuator and nultilay & ,
pi ezoel ectric transfornmers. 10. A proééss according to Claim7, wherein said
existing multilayered device techniques further conprising the desirable
techni ques of: low sintering tenperature ranging from 750 to 1000 C, and
use of cost-effective Ag/Pd el ectrode paste with Ag/Pd nmass ratio from
90/10 to ZO/ 38 as _a intsrnal el ectrode layer. 11. A process for producing a
porous bi baé} PRECPHRTPALEIRGR PRgle, sl osinkdar existingamopoliihia mutilayered
or gano- et al%€Vicedgehinjgves gpainrising the sfeppofsi ng sel ect ed nanocrystal | i ne
bi oactive pdtPOviEngnaoselgatedobragmio-metalliti sui-ged $clution, sald eelctedbl e
di spersi on or @lgta;ﬁynetalliajs:pieg;éltsdllgimm&n tigd) i aClLiR®IS §6I0e ! nfdtal’galt, on an
porous subst r anetalyaldogidec aatll ogjarRmhetallibaati SOt IdesHaat Shvdy 8k at a
t enper at ur e upoXideSS8I6ctEPfrofm bﬁelbrr%lﬁafﬁﬂ P%(Wﬁegﬂﬁn%' nt. 26
OCT 2006 27 IRb@ErENBSDAEO2N]! N8alSnTG! [B8T) &ggﬁgfﬁ@a@aﬁi gg“%' |
sol ution conprpfREpPT PZN'i,DS{”' i I not Q? tal , ta de

' ' Se@ ounds, or oxj des, sel ected

O 923 qg"gg%{et‘&@@?ﬁ?@? e o i e s oo
Zi rconi a) Cg?f E%e 0 5 19ty s2q, selgeted ofgano-metallic sol-gel solution to
orm a quorm stable mixture, said nanocrystalline piezoelectric particles :
comprising PZT, PLZT, Pb(Mg13Nb23)03 (PMN), Pb(Zn1sNbass)Os (PZN),
(Ba,Sr)TiO3 (BST), PbTiO3(PT), BaTiO3(BT), PMN-PT, PZN-PT, BZN or
any otk_ler 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 aqcording to Qlaim 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 mul_tilayered 'capacitors, muitilayered piezoelectric actuator and
multilayered piezoelectric transformers.

10.A process according to Claim 7, wherein said existing multilayered device
technlqugs 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. '

11.A process_for producing a porous bioactive implant comprising the steps of:
a. preparing an organo-metallic sol-gel solution;
b. dlspc?rsmg selected nanocrystalline bioactive particles into said sol-gel
solutlo_n_ to form a uniform stable dispersion or slurry;
c. depositing said stable dispersion or slurry on an porous substrate by dip-
coating; and '
d. heating said coated substrate at a temperature up to 800°C
S0 as to produce said porous bioactive implant.



and bioactive materials. 13. A process according to Claim1l1l, wherein said
nanocrystal line bioactive particles conprises hydroxyapatite and

13- Ca3(P04)2 and other bioactive materials. 14. A process according to
Claim 11, wherein said porous substrate conprises netall&@Enignd por ous
ceramics with distributed open pore size of 50 to 400 mcronmeters. 15 A
process according to Caim 14, whereln said netal foans are nade from
titanium 16. A porous bioactive inplant prepared according to the process
of daim11l, the porous bioactive inplant conprising a nanocrystalline

bi oactive coating of thickness of 10-100 micrometers on a porous substrate
with distributed open pore sizes of 50 to 400 m croneters.

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

AL Os, 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 p-Cas(PO4), 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. ‘

15.A process according to Claim 14, wherein said metal foams are made from
titanium.

16.A porous .bioac';tive' implant prepared according to the process of Claim 11, the
porous bioactive implant comprising a nanocrystalline bioactive coating of

thickngss of 10-100 micrometers on a porous substrate with distributed open
pore sizes of 50 to 400 micrometers.



