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PCT/ AU99/ 00368 - 1 PROCESS FOR THE PRO[P@W ‘ TRAFI NE POWDERS FI ELD

OF THE | NVENTI ON The present invention r proc@ssNPYﬁml?‘Hez 02
product i onWEX9%(3Ptaf i ne powders and rel at es *pars¢*i cul arl y, PEDUAGIINGES
exclusively, to the production of 5 ultrafine powders consisting of

i ndi vidual particles with sizes in the range of 1nmto 200nm BACKGROUND TO
THE | NVENTION U trafine powders have signif+cant potential for a w de range
of applications includi catal,sts, naonetlc recordlno medi a,

opt oel ect roni ¢ nNBREX Bk | D ] AT NEP OAY BIERS
Utrafine netallic povvders have been prepared by phyS| cal met hods, such as
vapour deposition and sputtering, which have high quality, i.e. cl ean
surfaces anorpyirh @PTE UNVENTION di stribution. However, industrial
applications Tor such powders are Timted by lowyield rates and hi gh cost.
Al ternative 'Elmerprcad!ntprruwmd;lpnoneln@sht@ds pengess &ar tbrsermadude@@mfoglttafm 15
and precipitatiaon are,current ied for t. arat| n of a
"nge of - povetererChid relate bt B Rhieh Rk eRlpueibin B Phasiinstm o
powder s sf or i iekfEier p%d@@&é%tl@éf ndﬂqmu pafd@Pvifl0siz84 &¢I ar(Re 8f S,
chem cal nethods are generally not applied to the production of netallic
powders. Mechunitoa?00aen.i vati on has been used for the production of fine
powders with 2 0 particle sizes typically in the range of 0.2 to 2 mcrons.
One nmethod for the production of powders by nechanical activation is the
process of nAGRGREDUND B0 "OHESCVERGION U. S. Patent hlo. 3,591, 362, by
which alloys are formed from pure starting materials by mlling a m xture
of the powdeVirafine gomidgrs ém'egwgméucantrrp@ﬂenh&hfqrrﬁg wiide Irange plﬂeap@dmsttwmajent

particles unde re d collisions wt ausi ng
ot or mat | on, ICLIPRGR G PEOIAE BrOTUS et QT GaRE R PRdgRal; jagnete |
m crosyiuct upgidstfid E&Rﬁo&t@%t&%moglttrh% flaMEesowade Ravd peén%eggfé@t ion
of nanocrystalltne or a hous all oys. i~~~~n~m~ WD 99/59754 - "

Novenber 200y @fhysmggxmbeés, St hewaeaanﬁbeosmom hedusputtdrimg ciwhivhchave
tivat t f vvd bed U.S. 8, 501,

ontermed wi Righ itk SRR P Bt Lokt sz B bR H S b

the mechani cgldustRsltdpicatofS &5H h [foe@de& bRNiffted eguewlelcmtt@d ark@ApauNds

with a reductant during mlling in a 5 high energ mll, to refine and
manuf act ur e esstal’dterahtivg shemitat pnpgitioa rp@ﬂmés,ssucmmthgmll décoqpasitiemer gy

i npart to the reactants throu | /r ISIO nt s ,causes
epoat O vel RSN Rna ey Bre SEREHT RiraFP prordisRBeS ER VTR HGES
oxi dat i On/ r eeyﬁéw@@rg QA rh RAS RERSs @ V8 bdﬂQatg%tcg.f @RS oPR&kahBaBb TR rs
ki netics are enhanced wi thout the need for high 1 nperatures or nelting

to increase fart industygak eaphtﬁmrrsat é&owwm‘etehmptfw pwelqummeéaiﬁ,uﬁleemfcal
ul trafi ne powd with cle SIZ | e cribe
't e nar s ona RS atd e BRUY ot 3R uE e bASTuRRA A i PhRSBI 05

mechani cal |y actl vated chem cal reaction between a netal conpound and a

sui tabl e reagent which occurs either during mechanical mlling 15 or during
subsequent h chtane:al aetivatign hag bepn jused gonter praducting ofeléine povelers with

3?;: xgtﬂ pn @ Cotnéié’ Séllzte% t%{c%ﬁtyulrnet}{esrgn%g mefq).y\ho (ihm(lzcc%gxsils.ﬂéne mélR0d 3 for %ﬁe

production of powders by mechanical activation is the process of mechanical
alloying described in U.S. Patent No. 3,591,362, by which alloys are formed from
pure starting materials by milling a mixture of the powders in a high energy ball
mill. During milling the constituent particles undergo repeated collisions with
25 the grinding balls causing deformation, welding and fracture of the particles
which result in microstructural refinement and composition changes leading to

the formation of nanocrystalline or amorphous alloys.
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,0f t’he nano-phase substance within the matrix of the by-product phase.

' Renoval of the by-product phase yields nano particles of the desired
material. The above described prior art techniques reqwflL Nayembet aPPénce
of a 2 0 r¥ONan9%4l |y activated chem cal reaction between POWALDHOB6N]
powders to form nano-sized particles. Mechanical mlling processes, which
do not involve the occurrence of chem cal reactions between the nmgjor
constituents have not previously been kngwa to result in powders containing
a significant fraction of particles with sizes |less than 50nm For exanple,
ul trafine grAmstheg epsmpds o€sh uSe sfiafechaniailt adtivation itolfbimgfise pokrlens) 40 be
effective in produ mgﬁfgwders wi_th nean, particle, sizes down to about

500nm Howewsscrip vdratent 882881 isr copgerned é"ghzés“}j’éh%ﬁ‘%‘l efnical
requires |ongynikli o&ésgesl'l‘ﬁ %8&&9 éxg{/cfl%g tied frleBia 195’1 ﬁcfw el htelﬂrﬁE fore

limted by econom c con5| dera i‘fons: amnation o product may a

be a probl erredhictiol &f tredcible hreetal cdmhpbxﬁm@aptth(h tdaiatctetdterh&Qngxnﬂlﬁmg\m aOf a .
so-called '"limting particle size' ge practi cal g‘l 14t "
Novenbep 200dginengsgy balmpe fPﬂRﬁ“@@PéO‘BB’B“ chyire ;smtﬁls@ﬁlléox*f 2BA{(MPRte be

attai ned by r type
of ball mil I&(’a‘brr% oyedbagém %ﬁ%&é‘}ek@%&f’}‘%%mr th erzggﬁ‘%thf{ﬁvgf‘ﬁ% i s
concer ned witalll /2ea@sntpcolizien feventsheausasn ere?eztted ewefdlﬁg uarid afradtare @fdees

whi ch is based on the nechanical mlling two or nobre non reactin
powders. ThdepttapbRartisies r@omﬁ@ﬁéﬁ@ﬁlbﬁxw@heaé@aiuehom Feactions Sgenyat wakded

mechani cal i kNds Oincfﬂ’lleta!cuB al?x%eﬁé’é%?é*ﬁgnﬁ%ﬂc@cﬁo‘?ﬁﬁﬁﬁ QPBrRXécP' 2 'high

I npr oved, |OV\BI’ coSst proces or t 1 on al | ne

Thr oughout ttbtr@ei@@@esf bﬁmélﬁﬂgttben@eﬁm iherdmgi¢ r@ctign rasesused | ncl usi veI y, in
the 10 sense that there may be other features and /or steps included in the
invention not expressly defined or conprehended in the features or the

st eps spec bbbl ER,Sane iRkl s, el Bl sase e

steps may inclu aren rom

Accor di ng t Gopne iasdeeetibed 1th€lt¢CHhﬁﬁ6lﬁﬁl Appﬁmtidmnmohe?cermupsmmsnm This
process for 15 the production of ultrafine powders, the process conprising:
subj ecti ng PUPFRISUIY obYesaa Jneehapical yraééwa%fér chespispl eechonRetniegna metal

non-r eact ant O%aléé"?fq 4 2REAGED IJE%%E%{}' h%%dx‘s@ hm'i&{l gﬁﬁg&ﬁﬁéai‘ﬁ\ﬂ bos

of mechani caﬁ |on reduces m Cr OS ruc ure ure t

form otsnancnrsdaﬁd gubbdtfucolt Hehetra®tiaint 06 aponiiledipoivalenl Yudirsp ateskanical t he
di l uent phase; ﬁeat treating the mlled powder to conyert the nano-sized
grains of tt%‘tWéfIQP CEMPBERe sHU6 e deformed Which| cogiste0 ﬁa%*swz;ﬁ*osrams

renoving thed éﬂ\#’eﬁnoggﬁgﬁ %Hﬁgkahp@twﬁﬁhd Neaﬂﬁa?f%% Py mr%fdutcg o | ng

oxi de phase Ar nt eformo trafine p
to anot her aR@eotabdf tHeebpipesenit piageyidldnnhihe pertidepoditiecddesiredpmacasa. 2 S

for the production of ultrafine powders, the process conprising.
The above described prior art techniques require the occurrence of a
20 mechanically activated chemical reaction between the starting powders to form
nano-sized particles. Mechanical milling processes, which do not involve the
occurrence of chemical reactions between the major constituents have not
previously been known to result in powders containing a significant fraction of
particles with sizes less than 50nm. For example, ultrafine grinding processes
25 such as attrition milling are known to be effective in producing powders with
mean particle sizes down to about 500nm. However, the achievement of smaller
particle sizes generally requires long milling times and significant energy inputs
and is therefore limited by economic considerations. Contamination of the
product may also be a problem. In addition 1t is widely accepted that the

30 existence of a so-called ‘limiting particle size” limits the practical mimmum



WD 99/'59754 - 4 14" Novenber 2002 PCT/A U99100368 providing a suitable
precursor netal conpound heat treated to convert the netal, conpound into a
desired netal oxide phase; subjecting a mixture of the netalNovEmbRE e
and a non-YVO2YRE di | uent phase to nechanical milling whi BRI/AHIH934E t he
process of mechanical activation 5 reduces the mcrostructure of the

m xture to the formof nano-sized grains of the desired netal oxide phase
uni formy di spersed in the diluent phase;3 and, renoving the diluent phase
such that said nano-sized grains of fhe desired netal oxide phase are |eft
behi nd i n t hBAREIGEEE At GIR iﬁfqtﬁé“ﬁ%@ﬂel’&“ teraluey graatemthapolifisym, as
used above i f 10 specification refers to
i ndi vi dual %&6@?@@%@%% %%e%%r@ﬂ&?%?i&%omﬂer form and incl udes
powder particles in the size range of Inmto 200nm or nore typically in
the size range |Onmto 100nm In a preferred formof the invention,

mechani cal M&MMrformd i nside a nmechanical mll,
for exanpl e, i L d chani Act i j | il
when_or nd At i vendtFrRBh ahed vkl LRO-RE T Frd Bnd b
of contisnuousltrafirat poredamtwivich ¥ based ohahd mmhanical miiNirighst tappbd matd aen-of
nmechani cal energy, such thﬁta\'et he ener% iinparted to the feed materi ag
during bal | - feaBNERAAWEETE. HdveIRtPessd Of ithe Anvasitonsis hiased onsther discauery thatcause
mechani cal i d P i 1 iron
reference w ecﬁgﬁlﬁg@gdﬁ Sgr?ggrﬁgﬁ%%?é %}é{@?r\r/\é? ?‘gh@g‘gﬁﬁg‘f’ g?‘?‘f%%%guﬁﬂrﬁgé?ﬁe a
bal | mll. Eswgl @stprodeds fort hpeprouatidr ofiuttrafirie pdowderd.| | s, nutating
mlls, tower mlls, planetary mlls, vibratory mlls and
gravity-dependent-type ball mlls. It will be appreciated that the
mechani cal aef.jvaj Yok [ eve 5. a i a her
than bail m ?Hon .HO ortﬂgxsf%ﬁg?@%e?ﬁghe?}éaﬁco%tﬁgg i ownu%gfy} a ssgw"!b[z' gﬁﬁ%ved
using jigt mikdrde thadtierk Insay belotiear feafures and coustbps imdlided in e dXaRid - 5
14" Novenber 2002 PCT/ A W99/ 00368 During nechani cal activation the

bal | - powder B@l eXRIesHY slebined %ﬁag@fﬁlﬁ@dﬁ%\/\kﬂ@#‘eﬁﬁ?wfﬁq @5 thepstgps gpecsfically and

fractured. Coldblid Aledo Rk PARHGHRA T GHE B B RARBACBUEBA S

formed by priror acture. e npet1 ng processes ormation, ftracture
and wel di ng beappatetdtgmithe Bpédificagionareddrasaiathale 5 mi crost ruct ur al
refinement. While the changes in mcrostructure that occur during
nmechani cal activation depend on the nechani cal properties of the

(it uent ' . ' . '
b ovi ded- sut P 2iie i pREAEELPUE eRahit i bRpd REHRIdA FRICRRT | o
of a mzd uretlef paaiMieis dfarirafne poatders|tite [ppocdsarcdngassisg.causes the

devel opnent of a 10 conposite |layered structure in the early stages of
mlling. Each ball/powder collision event can be thought of as a

m cro-forgi ng, i il i I j r

Meachi ng. ouf Pttty & RREt BF aRA LI Fril SO A BNEO M PrEbrld BpbHIEaln |
shoul d dependiiaant phasectoairieckardiealdndlisg afhichehrasgjietid peodessvdénsechihidal
further mlling, the particle mcrostructure is refined 15 into a |
nanoconposi t @CHYatiy (HAIceD HY BHGIREtrUetuge ﬁ? fhe,raxigyre 0 3bg Eﬁﬁ”‘éﬁﬁd‘a@Paﬁlﬁ%d of

the two startifigs REIRE Tnet BB G uFlebih}PafEpRALSA HRaUAfH FHa0E" | N9 and

20 heat treating the milled powder to convert the nano-sized grains of the metal

compound into a desired metal oxide phase; and,

removing the diluent phase such that said nano-sized grains of the metal oxide

phase are left behind in the form of an ultrafine powder.

According to another aspect of the present invention there 1s provided a process

25 for the production of ultrafine powders, the process comprising.



anot phi zation of the respective powder phases. Ductility of the constituent
powders is not necessarily a requirenment for a nanoscale mixture to form
Fol | owi ng nechani cal activation the milled powder is hedt?'tNewanakprt2902
thermal | y WOPI§8®Anpose the netal conpound into the oxide PRAAYI9/80868 Vi ng a
gas such as HZO (02, and S03. During the thermal deconposition step no
reaction occurs between the netal conpound and dil uent phases. To achieve

m ni mum particle sizes the thermal decompdsition tenperature is preferably
sufficiently lowto prevent the occurrence of grain growth of the netal

oxi de phase. proydinga suisgblefpreeursor mgtal kemgiouneheaptseated tmgonverothegnetal

subj ecting the nano ongosiée.strucggrek&ﬁ ﬁ.&yitable sol vent which

sel ectively FERBOEL ‘H"éi‘ﬁgﬁé‘ﬁﬁ EXIGhP hot reacting with the netal

oxi de phase. In one formof the process of the invention the netal conpound
is a hydroxide, carbonate, sul phate, oxychl onde or other conpound which
deconposes osubjetiin®9irBixtare of the matal oxplecplase apdGPnMETEALOY/TDBBS pheat | ng

inair to form.an oxi.de of.,the tal and .t diluent is a,salt,whj.ch.does
ot react wi b TREAET) Piingo e uRoiat 1R oS of RiaRL Ay
solvent.s, Tyqiik e blIEroREREH IR VF tREhaktue® FPEHETHh Df ABhSSIARE draR@dfliRe
group consisting ' of cerium hydroxide, 4, zirconi um oxychl ori de,

Ce
Zr OCl 2, ceri dasiced bewetal exide mheme aodf@mly idigparsehinidieedibsit phase; and,
ZnC03~2Zn(CH) Z, tin chloride, Snd 2, alum nium sul phate, A12(S03)3, titanyl
sul phate, Ti OS04, al um ni um hydroxide, Al (OH)3, barium carbonate, BaC03,

and titani umygh@¥irethe Hikent PR8s€ARHORaPdaid RAnHRIZARY pEHNBBY ik ditred hERD!
phases is typically based on"the follow ng considerations: 10 (1)

mechani cal posiger phase atileft Hehdénd iin dhe farne of enndtrafome powdiee nanoscal e
structure during mlling. A low hardness of the netal conpound phase is
desirable to ensure deformation and fracture of the particles during

mlling, so trhatedn "aRAFRIDOSHHEr THsGIsLtabb¢é HAE _tmughéﬁﬂj {hg remalirkfraifele
grains of the netal 15 conpound phase enbedded in the diluent phase is

devel opt@ duspeaifipatian referstpdndivddngl dispersed nanensigad particles inepawdar form

d ph fal ithin the r. S, 1f the.h f th I
compound phadad; 2ol pohdet FrbeRERarsbry s natetdE 1R RO 2PuRy ool

particles, tﬁﬂﬁﬁ@%fgsﬂg@g@@@ﬁﬁgquﬁhng,pﬁhﬁﬁpomder collision events may be
insufficient to 20 cause deformation and fracture of the phase and,

therefore, refinenent of the mcrostructure may not occur during mlling.
To optim se the velding together, of the.phases and,formation of .a composite
nanost r uct ur S eha TEESREhGHS  Borthy Y P oReur e ithvBH T 1 2elhEA oa
properties. pedfbrmeOueidera 20ANLaD Tl Mot ddinglows ahilpshivil t WedHahidl

U99/ 00368 Low abrasivity is desirable to mnimse contamnm nation of the

pr oduct 1powdettivatiom ecqgtrisidianbalbatillswhenl gninding med s, tepicallByteeher geragrice sor
met al compound,,shoul.d he converted to the oxide by.5 heati o rel.atjvely
Tow t enper at APUS. SHHEepE R venFoRE Son ot VB omiath dRBL pred PrdeGed] bYE e
desired phas@h@ﬁﬁﬁli@at&ﬁ@&f n@kh&x@i!&@?ér&frgy,%%cﬁ%ﬁﬂ Bk @Rbtgy ilnﬂﬂgr'ftélﬂo the feed
significant coarsing of the particles does not occur t0 achi eve m ni num
particl e sizenateripl 8heingrl‘.§db drbalkeand balbheasiiHoersdablifionpiseidficibhitobeausae

which is used } ..
mechanical activation.

20 Throughout the remainder of the specification reference will be made to
mechanical activation being carried out inside a ball mill. Examples of this type
of mill are attritor mills, nutating mills, tower mills, planetary mills, vibratory

mills and gravity-dependent-type ball mills.

It will be appreciated that the mechanical activation may also be achieved by
25 any suitable means other than ball milling. For example, mechanical activation

may also be achieved using jet mills, rod mulls, roller mills or crusher mills



.10 in'conventional processing of the product material. Metal conpounds used
as precursors or forned at internediate stages in convth ihcwal %eeg ragi on
and purification processes will generally be of |ower cd8t Yeveq 0p

al ternati VEOV3 ng materials and therefore, provide the BERAYIIE | oner
cost process. Such netal conpounds include 15 al um ni um sul phat e,

Al z(S04) 3, or alum nium hydroxide, A (OH) 3, for the manufacture of high
purity alumina, cerium carbonate, Cez(C03) 3, or cerium hydroxide, Ce(OH)4,
for the manufacture of cerium oxi dﬁ’ aﬂd zi rconi.um oxychl oride {ZrQCl z) for
the manuf actldnEngmeshapka activatioaythg balipquederaollisionyeyrstin gausedbe peavdarnc

car bonat e basj.G ~c?e¥91{1;1q?%_% L4y C r : i v .sul phat e,
Ti S04, bar ﬁdﬁ]ﬁglaergggr%gt e, Ba % ndgfrrl%tﬁétaan?%% I gii?gggo%feg%bﬁ%lka@gineg
met al conpowdars betwrenbarfiess faiel by priordwetaey Thearinpeting ptdcsdesdbfwat er

prior to mlling. (5) the diluent phase should have a | ow tendency to
aggl omer at e RipTmation, fliaﬁgl,repﬁ‘ﬁ(ili‘é’ﬂfég’ﬂg ycqnﬁmf‘ﬁegﬁ?l@geﬁ'é@“‘ﬁf %Ingl‘!iFrant s

of wat eg. el ¢ 09454 : 6 e
i 1 went SpnadbtepstRYERICeritdifents PO chares INTALERLAR Inaidetl,
any stage ofdurieg pheceatical (dtitadtionddepend grhake mbduintcadxpidpietties lof gihe
solubility in cogmon sol vents such as water or al cohol to facilitate its
renoval . 5 TIeESHIUSRE RPWSISHS @ NeREETale BUCTastdeiure s generrily deyalopsdprpyided

relative to . &@n@p& p t . ' e
diluent is hslttgﬁagﬁgﬁ{glﬂ or t enn%ggi-ggi%glé'dhg%ar%' %@a\o‘?y a;[j E@l‘%@ b@%n“%%h‘% to
devel op dur icrngGWde'tm(haamg‘ welayivelyp bovat leat dgessen saasdse thike dielvaldpineerdi dfuant

phase. Typically the volune fraction of the diluent phase, should exceed 80%
to ensdfe fUIAYPeEisalonered SHANGIES i t ‘De@fl}iiSF?ﬁes/Q?sfml 13| iaﬁpﬂt?élpﬁpowﬁege may

be sel ected oS o NaC 2S04
Naz00s. ol O BTORRG B R EMERIEM. s S miRHorg i e kiR e kP iRE into,
conpound naylabersamvlidah deagrtins @nwhearhi sutfidertéowigh terain.| | Welgingpanti es

to formnanograins whepn mlled with 1 di luent. In another formof the

i nvention t woakascarges chasasierisish clod ‘S%Peﬁdnpmmeer@ﬁt"ée neardnessodholgd and
a netal oxi - ! Ay iy : 0 nte
ctructure coRSPar Ao SrbeSh Bttt iy BRARRLER RRLELA, ARTETRAR
phases 18mbedges! ai marideemgiosite struehaeeconblsting @f hemixtureaf FRAONN? s2ed pgraimst al
conpound phases may react with one another o form panopartijcles of the
desi red phas® thietastaréng rbasesdi Vgehanis idlingpdeplsprause gisaeeins rRg

Fol Lo ng oxinataazedih oF e P e ph g DU ST e on
i/\ﬂi 2Ry way, powdery Batht2ecessacibnpupghirement fdr & hanascabdepantiregodoani ngs, in
Following mechanical activation the milled powder is heat treated to thermally
20 decompose the metal compound into the oxide phase, evolving a gas such as
H,O, CO,, and SO,. During the thermal decomposition step no reaction occurs
between the metal compound and diluent phases. To achieve minimum particle

sizes the thermal decomposition temperature is preferably sufficiently low to

prevent the occurrence of grain growth of the metal oxide phase.

25 The step of removing the diluent phase may involve subjecting the
nanocomposite structure to a suitable solvent which selectively removes the

diluent phase, while not reacting with the metal oxide phase.

In one form of the process of the invention the metal compound is a hydroxide,

carbonate, sulphate, oxychloride or other compound which decomposes on



Figure 1 is TEM m crograph of CeO- nano particles in a sanple nmilled for 6
hours and cal cined at 500C, 14t" Novenber 2002 WO 99/59754 Q{&_E

PGT/ AU99/ a0368 Figure 2 is a graphical representation of % HOBMREE2062

cal ci ni ng WaIBPEure on the effective particle size of Ce@ZTHNd6368Fi gur e
3 is a TEM m crograph of Sn02 nanoparticles forned in a sanple mlled for
three hours and calcined at 800C, 5 Figure 4 is a TEM m crograph of Ti Oz
nanoparticles formed in a sanple nmlled-fér-three hourse and cal ci ned at
700C, Figure 5 is a TEM m crograph of BaTi 03 nano particles forned in a
sanpl e m | | ebedting th Ao foemadircatide ¢ theameZ)@6d tHE dAlueRDIsDESURMWANLLION ock

PREFERRED EMBODI MENTS .10 Exanple 1 - Synthesis of U.trafin 02 Particles
1 om Co( ) ARThiEAERPaM e Bel qomouna e i Py geadibod ssalmst satent
>99. 5% 5500 unm). The starting m xture of Ce(OH) 4 and NaCl powder

containing 28.4wm % e(OH) 4 , corresponding to Ce{OH)4 + 9 NaCl, was | oaded
and seal ed i fypitallyrthatprosypiser endtal @nhpowehzscdseddotel fronalthevgtdus erdisting

rinding balls of 12.7 1, i.aneter. . The ball .to er charge, mss .
Tatio was 4o9§9€rmmﬁwﬁom§§@%@ﬁwlwwm Owé}i@@@eﬁgﬂﬁrw FATbPBALY | res

rangingdro 0,4 Sl s 0 i Al roat
500C o 1 hou Rl A O e e e

with distill sdphaterAh&GOy, ditanylt sdpbatec T80, abdnanicentyidirogiele, PEOshed
powder was dyied by evaporati 2 0.jin . air at 60C The resulting CeCz
particle si zéa‘i’t’éﬁhérg’ﬂnggﬁ' %?tgi}f ﬂ?‘?#V%‘EP%ﬂ{OX’ECﬁ%&é@i'ssi on el ectron
m croscopy (TEM and BET surface area were in the range of 10 to 30nm Fig.
1 shows typical nano particles in a sanple mlled for 6 hours. In a second
experi ment aThelchbice cftthe métahcorhpbundandskihehophasdslis ngpichldy bazx¢dior tRe5 of
Ce(OH) 4 and Nel | instead of .the SPEX mll. The starting m xture contained
14" " Novembefo B/STEHI 8RS . 10  PCT/ AU99/ 00368 28. 4wt %Ce( OH) 4 and
NaCl, corresponding to Ce(OH)4 + 9 NaCl, was | oaded and sealed in an argon
atnosphere in the attrition mll with Zirconia grinding balls of 2.5mm
di anet er@ Thél)bal mdcbapiwal propériiegevhighsfariditate thasfo2BationMf Ithegranascale
carried out for 0.5 hours, After, mlling the powder was calcined in air for
1'. 5 hour at 50BEUCERSIMINEGMIKE NaC was carried out by washing the
powder with distilled water using an ultrasonic bath and a centrifuge and
t he washed powder was dried by evaporation in air at 60C

A low hardness of the metal compound phase is desirable to ensure

deformation and fracture of the particles during milling, so that a
nanocomposite microstructure consisting of isolated grains of the metal
15 compound phase embedded in the diluent phase is developed during
milling. Preferably the Mohs hardness of the metal compound phase falls
within the range 1 to 5. If the hardness of the metal compound phase is
too high, as is generally the case with ceramic oxide particles, the forces
generated during ball/powder collision events may be insufficient to
20 cause deformation and fracture of the phase and, therefore, refinement of
the microstructure may not occur during milling. To optimise the
welding together of the phases and formation of a composite nano-
structure the two phases being milled should have similar mechanical

properties.



Figure 2 shows the effect of calcining tenperature on the effective
‘particle size of the Ce02 powder cal cul ated from BET surf ar ea

measur enents assum ng 10 spherical particles. A change Jfﬁ@?‘b @eqﬁ 2002
particle sWOEINBBTHuUS tenperature curve occurs at the nelti RgTiAdlwer3das ur e of
the NaCl diluent. As shown in Figure 2, a wide range of particle sizes,
fromless than 20nmto over 400nm were obtai ned by choosing the
appropriate calcining tenperature. Exampl® 2 - SnQz from SnCl 2 15 The
materials used were SnC 2 (>99% and NaCl (99.5% . The starting m xture of
Snd 2 and Na) poleterbragivity.a vol une ratio of 1:10, and a total mass of 5g,
was | oaded into a SPEX m xer/m |l with 509 of steel grinding nedia of 6.4mm
di aneter, in an argon atnosphere. The ball to powder mass ratio was 10: 1.
M11ing was carriggwonbrakRity! i 8&iDIE $o miniiseNtdrthithatidie oP e ProWept
annealed 2 0 at 800C in an air atnosphere for 30 mnutes to oxidise the
Snd 2. Renoval of powdenhglthdigrireling wals end midbicentaingy. washi ng t he anneal ed
powder with distilled water. The washed powder was dried in an oven at 60C.
Separ at ed, equi axed nanoparticles of Sn02 were obtained. The particles were
20-200nm in gjyze @{d Wﬁ%t%ﬁ%ﬁ&%oﬁ@&%smrﬁlegééﬂeté tROWNEdE b
transm ssi on él ectroﬁ 2 5 mcrograph (TEM of the Sn02 particles forme}a
after héat treat nheatingsaangativay lowiteogperatunesdl (OH) 3 The materials used
were Al (OH)3 ( -100 nesh) and NaCl ( >99.5% < 500 Vim The starting

m xture of Al{OH)~ and NaC! powder containing 9w % Al (OH),, WD 99/ 59754
- 11 14"" Novenbghe d8erBiol AR HAIBERntshiRE BARE iillel Qo tRe VRbiXR FQ&%@;
was | oaded and sealed in a nitrogen atnosphere in"a 7 litre attritfon mll
cont ai ni ng 25 kg shauld astuBainemperapires swifigientlydewsthabsiggificadit agatsiig of The
ball to powder charge mass ratio was 22.1..The mlling ti.ne was 2 hours.
After mlling theﬂﬁoﬂﬂéﬁcﬁﬁd@e@d}%i%@ﬂr F%a‘gl'?vea{m@%%%rggﬁlmﬁ%ur. Renoval
of the NaCl was carried out by washing the powder with dei oni sed water
using an ultrasonic bath and a centrifuge. The washed powder was dried by
evapor ation {4 ai theapregQorXnetay cdirfpbuadtshonldrpasharabe e orshweihech tshasedjanma
al um ng was fornmed durin% thfa heat .tregtrnent(llf@o/c dehydration of the Al (OH)3.
The resfl ting AL2B3CHRantional Bprogessing QL e PRI MAYRTBET surface area
measurenents was Ilnm Exanple 4 - Zr02 fromZrOCl 2 The materials used were
ZrC 2*nHzO and NaCl ( >99.5% < 500 um). The as received ZrOCl z*nH20 was
dried in a vacuunMatalrcomppeundseused: asqredunsp s orTioemed at intagmeiliatestages irl0
grans of ZrQOClz and 11?. %r nms_of .NaCl powder,.15 correspoqﬁi ng tﬁ ¢

[ Ovol 9&r 02, was | SYUEATNG! Sergration ﬁn&npavéaﬂ% REXSHEP v IthBgrarafly (e o
attrition mll CORvRéiid3fredatdbtdl&FRate &aﬁﬂ% RafrRlleind h&eRira, ovide Ng
balls. MIling was carried out for one hour. ter mlling, the powder was
calcined in air athesbasisfaofr allommrrcash precesspos sucthangtrloehmpnitrslszir@iude

Renoval , of the Na V\as_carriec{ 0 }(ﬁ% washi ng t he wder, wi %g{irfoni ed 20
nator UsTng an ul AluBie phate Ao anet it BN e ey tEe
dried by evaporat hpufsetatd o?thigﬂci?ueﬂ% adurflink! RO RaRASH, AENS,)Sheped

that tetragonal or cubic grains we rmed during cal cining. The résul ti ng
ZrO, particle sizeememehydreddd, rGetOH ) afpr dhefmastfaghure taf acesivirs ixidke, ehrd t r on

m croscopy and BET. sur.face_ar.ea . ts,was 10 25 anpl.e - Zn0
Fr om ZnoD%* 220( O P ee R G A Ge qedere SRoDP IR o ARpRECYBshder.
with a starting MHY4ibR hexal éirﬂpﬂﬁnéﬁinéwé)zm&&%né%ié M@?.@Eﬁﬁﬁl—gg to
10 vol %ZnO, which was | oaded and sealed in an air atnosphere in a hardened
steel v2@&l witl; tin chloride, SnCl,, titanyl sulphate, TiOSO,, barium carbonate, BaCO,,

and titanium dioxide, TiO,. With some metal compounds it may be

desirable to remove any chemically attached water prior to milling.

(5)  the diluent phase should have a low tendency to agglomerate during

milling, particularly in the presence of small amounts of water.



.14t Novenber 2002 WD 99/597S4 - 12 PCT/ AU99/ 00368 steel grinding balls of
4.8 mmdianeter. The ball to powder charge mass ratio W?im 1. Mhéb g was
carried out in a SPEX 8000 mixer/m || for 3 hours. After~miaPRget gowder
was cal ci nea9/mo7asr at 300C for 1 hour. Renopval of the NaClpcwasuoaoisged out
by washing the powder with deionised water using an 5 ultrasonic bath and a
centrifuge. The washed powder was dried by evaporation in air at 60C.
Transm ssion el ectron m croscopy exam natg on showed that the powder

consi sted of separated particles, 5 - 20nmin size. The BET surface area
measur ement (6ps Iheilddngphasebhohldawstiresgonithdhe enetal @fnhpotinderparditide e
size of 33nm The nean crystallite size fromx-ray diffraction nmeasurenents
was 10 | 3nm Exarftng anyedage al e BIRGESS: powder from BaC03 and Ti 02 The
materials used were BaC03 ( -100 nesh), Ti02 and NaCl { < 500 um. The
starting m xture consisting of 1.5 grans of BaC03, 0.6 grans of Ti02 and
5.9 grans of(7NaClthpaditieentvplsasecstabedd amxdlitdeal leighi solabilisy in aomasphesodvéntsa 15
SPEX ml|l with hardened st eel glri]%gi ngf b_?,l s of 9.6 in dianeter. The
ball to powder c Asnyater of §igohRttotgcilifgte isgmy@¥@l.carri ed out for two
hours. After mlling the powder was cal ci ned under an argon atnosphere at
700C for 30 mnutes. Renoval of the NaCl was carried out by washing the
powder it h Thetilubrdphateeshaudd hg addead i asofficieritainownttdetattenta tHeugetal The

washed powder 2 O s dried py evaparation in air at, 60C. Trapsm ssjo
el ectron ni cGBRRABY Phase ﬁattﬁ%ﬁ?nﬁ\%éﬂ‘et aetiqmel Herdduenoidis cosgkiien of

separ at ed i Si ! ! | ) =R tPR N m
T OS04x kR sg}yi e H%z%gglbg gk%egrenggaigr&e‘@%t ~‘%< e@ﬁ%k@é ‘{‘Q&ég@%gﬁgﬂ\ﬂg
(99. 5% . Thesepahatet grainsgmbeddedeirothe dileod pheRS0Tyyically snel vdhthe pastion s
ith a total ss of 59, was |oaded into a SPEX mxer/m |l with 50g of

har dened- st @ TiogiHeRt ph\?%ﬁ}lm?fjdd Féé?@tiew% FArERi féilﬁo?ﬁfpé\fl\n%gp‘h@%é.smﬁlaCI

d Ti @g04- S04~ o [ QL

our | Pospect ey 1 Rt BIREhE fnite iaghe, Qectid Y IndBeodB i Bln8T )
U 99100368 aNaQ}pbaCh, pigs, Na,S@eNafDe,, ed(OH), Qaddard Mgg3. rati o was 10: 1.

MIling was carried out for three hours. After mlling, the powder was
anneal ed at 700C in an air atnosphere for 30 minutes to form Ti QZ. Renoval

of the NaCl i %% \{3@_5‘1. I : ' i
distilled wa?‘e!ri. & wactghﬁelgqg‘cl) e?rpyv\%s r%lg(g) rﬁﬁ%@%@nggtﬁg%ﬁ%ﬂﬁg

di ffracti on whaduhenmetreqaisiteadillihgprapatias éo forpe ndndrawaswhennmrilleduwithg
heat treatnent by thernmal deconposition of Ti OS04-xH2SO4~yH20. The starting
mi xt ur &5wi t ha dileNght ratio between Ti OS04~xH2S04~yH20 and NaCl of 1:1.S
resulted in separated, equiaxed nanoparticles of Ti02 with sizes of 3010
150nm The BET surface area was |4.4n2/g. Changing the starting mxture to
a wei ght r at Iroahethee dornii dBS0g-irieiB0d-yWd®r more metal compounds, or a mixture

of a metal compound and a metal oxide may be milled with a diluent phase to
form a nanocomposite structure consisting of separated nanoparticles of the
metal compound phases embedded in the diluent phase. During heat treatment
20 the metal compound phases may react with one another to form nanoparticles

of the desired phase within the inert diluent phase.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is further described in and illustrated by the following examples,
which are not to be construed as limiting the invention in any way, to be read

25 in conjunction with the accompanying drawings, in which:

Figure 1 is TEM micrograph of CeO, nano particles in a sample milled for 6

hours and calcined at 500°C;



and NaCl of 1:9 resulted in separated, equi axed nanoparticles of Ti02 with
'sizes of 10-80nm (Fig. 4). BET surface area was 25. 2rr12/ﬂ1 whi ch corresponds
to a mean particle size of 6lnm Figure 4 shows a trans As Nvenhes 200

m cr ogr aphWO96P75%i 02 particles forned after aru~ealing. Erammueya3es OeOZ
fromCe(OH)4 The materials used were Ce(OH)4 (>99% and NaCl (99.5% . Prior
to mlling the NaCl was dried at 120C for 24 hours and the Ce(OH)~ was
calcined at 550C for 0.5 hours to form-C&02 The starting m xture of Ce02
and NaCl powders with 2 0 a volune ratio of 1:10, and the total mass of
2.4g9, was Ioﬁngerde 2ris @ gmplhml mpaese!ntaudmwﬁtlhe eﬁgctcﬁf claringgtemplirairewoi a of
12. 7mmin di fg Thega1 v@ sratlovvas401 M11ing was
carried out H&relEGcivhRaraclesize prW €aCl diluent was carried out by
washi ng the anneal ed powder vvlth d| stilled water. The washed powder was
dried in an oven at 60C. Separated, 2 5 equi axed nanoparticles of Ce02 were
obt ai ned. ThEigmae Biis IaéléEM/anicragxﬁphmfiSlszirmaogadidid!sefosmeﬂdoea sameplemaibadr ed
by BET anal ysi s, was, 53. 9ni corre ing to a particle size of 15.6nm
VO 991 59754 ?Oflh!feelheufsl\wﬁe gine ‘éo’(@%@/ AU99/ 00368 The process for the
production of ultrafine powders using nechanical activation as described
above, has a nunber of advantages over conventional processing , nethods

i ncl udi rig: (Fpgu'fhd ipacti@dsmicogmpbnfi HO, ynaaopanticdesnioemat une gamplessilta

t heref ore dogs require 0 control systens associated with
some cheni caForatﬁ ﬁ%ﬁsgaﬂ“dp?%%me‘? gﬁb@ghods. (ii) The process enables a
significant degree of control over the particle size and size distribution
of the particles in the ultrafine powder by controlling the paranmeters of
mechani cal aFigwati tna Mhm&rograqx:ét nfthaTiQJOnérilci ipartitles fowned dnal bawpld he
use of lower cgst .startin L al t conpounds used as precursors or
formed at inﬂéﬁ‘ﬁécﬁ? Oé‘lrg@’é {‘f‘?:?(ﬁirsﬁlte% @na separation and purification
processes may be suitable. (iv) The process is relatively inexpensive and
has a high yield rate, so that it can be readily nodified for the synthesis
of ultrafine particles on a 15 commercial scale. It will be apparent to

per sons 1| LA AR RikTIONOE SRERERL PRGN S L

enhareenrerts—ard G—tHe ove descri bed
process;gM t hpuimeepar.tg ht:ﬁ@rﬂftlb‘ﬁratfﬁ?é eeon\x%mau@ fERRCROH), For exanpl e,
in sone applications t precursor met al conpound may have bden 2 0
pretreated and |s supplied to the process in the formof the deS|red net al

oxi de phase such. no i cati h enen be
i the. sTBpANSTRI LG GG FERe TG Tt re el ot oy 50
determ ned fpgamt h?htao%%ghggn@lﬁﬁﬁé' Bf i eyl the anpendsslv@bai éhtaining
Furt hernore, the precedi ng exanples are provided for illustrative purposes

only, and ar @8. Amt"/q(}ﬁ(@hﬂedcmwes;p@dllmgrm CetfeHgcofdNa€! twias [adledsmndosealérk

I nvention. mlgn all\ka)ltne\gg E.here in a hardened steel vial with steel grinding balls of 12.7

15 mm diameter. The ball to powder charge mass ratio was 40:1. Milling was
carried out in a SPEX 8000 mixer/mill for times ranging from 1 to 10 hours.
After milling the powder was calcined in air at 500°C for 1 hour. Removal of
the NaCl was carried out by washing the powder with distilled water using an
ultrasonic bath and a centrifuge. The washed powder was dried by evaporation
20 in air at 60°C. The resulting CeO, particle size measured by x-ray diffraction,
transmission electron microscopy (TEM) and BET surface area were in the range
of 10 to 30nm. Fig. 1 shows typical nano particles in a sample milled for 6

hours.

In a second experiment a 1 litre attrition mill was used for milling the mixture

25 of Ce(OH), and NaCl instead of the SPEX mill. The starting mixture contained



-15° THE CLAI M5 DEFI NI NG THE | NVENTI ON ARE AS FOLLOANS 1. A process for the
* production of ultrafnme powders, the process conprising g .Ste ot ;
subjecting a m xture of a precursor netal conmpound and ggnﬁ?-vleg‘;@féﬂpg

di l uent phNe@&/39%354rechani cal mlling which through the proce€¥AgpYemachani cal
activation reduces the mcrostructure of the mxture to the form of

nano-si zed grains of the nmetal conpound uniformy dispersed in the dil uent
phase; 10 heat treating the m xture of -ndfo-si zed grains of the netal
conpound uni for m/y di spersed in the diluent phase to convert the nano-sized

grains of t R8.4nelee(@dthanddNaGl correspandding 1o fe(@PHase? Natd, was loasledwindg t he

di l uent phase ,sych that sai d nano-sized Lns_qf, .t tal oxide e are
et t beht nd SFHEHB THRCD: SO e e A mol il 2R e BndR PRy o™
producti on @ 2Wnhirediafift&0 WL Balfifo E@J\/H@ﬁ&\drge%@s%ﬂo vharein Mﬂliﬂg was
ul trafine powder includes Eowder particles in the size range of | 'nmto

oh

200 , gun. 3.cawiggd ovéder Odr hotes. pAdenanilling dhe gowdedr was galetimdsimgirdiefrilned
inclaim2 , wherein.,sai,d ultrafine gowder incl.udes,K powder, particles,in the
76 rahge SO AhOPeCEgtemnyael B MNACE S pred Sy BITERNER B W as | ne
powders as dgifih REstilldd Wa@éﬁ%&ngmﬁﬁﬁfdﬁoﬁﬁ' BhtRtAR1 cheﬂﬁ‘ﬁ{lﬁé r@a! ihaGwhshed
perfornmed at sufficiently |ow Uenperatures to mnimse the occurrence of
grai n grow lposvderhwaselried byiesepptation iarmir ehé0¥by control particle size. 3

0 5. A process for the production of ultrafine powders as defined in claim
4, wherein the step of heat treating is perfornmed by cal cining at

t enper at ur e$i$‘.utehi BhdWe thaRGRcObf ém&ﬁiﬂﬁt ablre G EHeObff @iVl pdrflcieisia H
| Ksst ~eMJcccpYet é:pe~Y13519 -clanms doc 10102 14" Novenber 2002 16 6 .

A process faf tha&efdmphwdenaalonlaged fram BETpowkee aress mpaburaments agsuring?,
wherei n_the ecur.sor tal ,c ound. i;S._se ted tq he of sufficiently |ow
nar dned8 t o BHEGHE P Ttor or R ToPs PLER FErife A erdlh cpEoBRiblf <
during nmechapi-galoctiits AN ehe td@bink GehPeidttrd JIARECADPHikRne! TACLHH®M in
consi sting of isolated nano-sized grains of the netals conmpound enbedded in

t he dil uent Hgase?, A wideceswef of patiielgsigdudromnless than Rhimén puerié06nms

defined in claimg, . rein the ecursor .netal .conmpound is selected to
have a har di¥€€ W?H}Vgﬁe}%é?ﬂ?‘éﬂﬁg%? APPIPIEALE 2 ‘f‘ggteW§a%?'dness scale. 8

A process for the production of ultrafine powders as defined in claim7,
wherein the nmetal conpound is a hydroxi de, carbonate, sul phate, oxychloride
or ot her corfpeumplevhi SmQefronpbs€d, on heating in air to form an oxi de of

the netal a t he di.l.uent ,is a t onhi c ¢ react with the netal
corrp_ouﬁlg, _ V\hnﬂtﬁn“@&%réalﬁb‘?e? é&%ﬁeli“ﬁ}aﬁﬁ éﬁ%ﬂﬁ%ﬁ%g{‘*) 'ng%ﬁr?&amgcrﬂl etélre
readily di ssglotgd, kAdANSOl Y8R derdwith’h PORGRS Sati®bf 116, P U6 oMaslof Sg,
ultrafine powders as defined in claim@8, wherein the precursor netal

conpound i s wa$ bded intemIMEX mriyen eibhwithtG0gpofofteddgrarding meda) of 6.4mm
Cez(Q03) 3, ZATRReE MR rgon GOSN Ve Baffho FOGAS: AR kB Wi ToA:
Milling was carried out for three hours. After milling, the powder was annealed

20 at 800°C in an air atmosphere for 30 minutes to oxidise the SnCl,. Removal of

the NaCl diluent was carried out by washing the annealed powder with distilled

water. The washed powder was dried in an oven at 60°C. Separated, equiaxed

nanoparticles of SnO, were obtained. The particles were 20-200nm in size and

possessed many surface facets. Figure 3 shows a transmission electron

25 micrograph (TEM) of the SnO, particles formed after heat treatment.
Example 3 - Al,O, from AI(OH),

The materials used were AI(OH), ( -100 mesh) and NaCl ( >99.5%, <500 pm)
The starting mixture of A(OH), and NaCl powder containing 9wt%AlOH),,



Al z('SCa) 3, and Ti OS04. 1Q A process for the production of ultrafine powders
as defined in claim2, wherein the diluent phase is added Jnoa sut-~icient
amount relative to the Visor netal conmpound 2 5 so that 1AndNeMambes 2002ct i on
of the di | WOP/SPE4hi gh enough for the nano-sized grains of POTAUISDAGS
conpound to develop during mlling as fully separated grains enbedded in
the diluent phase. 1~. A process for the production of ultrafine powders as
defined in claim 10, wherein 3 0 the vol ddefiaction of the di l uent phase
exceeds 80%to ensure fuIIy separ at ed _nano-si ze_grai ns.

| Ki r st KMJcee?Pfrl‘Q‘iR%’SIIPESE) 16 vel%aiKE Hac WLasukPaste ang 'Se%lI@delfbé‘r ntyogen 17

12 , A f t] fl |
17, wnor o negneertnE ARG R bR N bRl of Bk Eiamges ™
NaCl, CaCl ~staMiGste F‘Eﬂémgl\l@aﬁ@3 'Ih@&ia@'ﬁozdpoﬁa@r ehatgMiasdralid. waé\ZE nocess

for the productlon of ultrafine powders as defined in claim6, wherein said
step of rerm%ﬁgnthegdme@rﬂs Bph‘a@é i Afjer malding tbe awdry whe calsinedonmis at e

structur e |_uent. se ile
not reacti ngBSQOE‘ﬁ%q\{‘ %IO%Bhageab f%mo eéiﬁeék’%ﬁggc §ﬁ\ EI'?e[%%w%
production ofyiti Héiﬁrﬁﬁ@i m\tdeﬁﬁngandelfwa@@dcl buthlaaidma JeantrWQgeel"Ihet Wasied uent
phase is NaCl and the solvent is distilled water. A process for the

producti on oPowWderaMase Jindichby avapmspiiordin naig| af ffFC.whe-sayn difgaction

P e SO ey AP ot RARE N

properties to Oor m nano- si ze net'al oXl ~ the dirt
16 . A progestiné®t by helpidedtiet lo@rthefAl(ﬂ)H)af IThe ewia(es Agojqiarﬂeld dife

claim2, wherein the precursor netal conpound is one of plurality of for

met al cl&rpoudatﬁrm% frgra PR surdereqren mwummaeﬁatwambb@nf orms a

nanoconposi te structure consisting of 20 separated nanoparticles of the

nmet al conpound enbedded in the diluent phase. H | KirsueMJeep4det ype~FP13519
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o ) <ot Gl Al RbC A kaaLh o8 ﬁ%%af?oi bR 3kga) sahoghsancalc

4440/(565558667@7Y litre attrition m1ll containing 2.5kg grams of 2.5mm diameter Zirconia
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The materials used were ZnCO,*2Zn(OH), and NaCl powder, with a starting

mixture containing 14.4wt% ZnCO,*2Zn(OH), corresponding to 10 vol%ZnQO,

which was loaded and sealed in an air atmosphere in a hardened steel vial with



#109% ()-YSL 10% & ()-! &L0%& ()-!+0 &10%& ()-
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10% & () - .WOOYSE) - yO- $10% & ()- + 10% & () -y& 10% & () - / PET/AU99/00368

bCl yF10%&' ()-3 10% ()- 10t 10t 10t9$f;10% & ()-810% & ()- 7! 10% & () -
"raBbCl @! 109 ()- #109& ()- @10%& ()- @' 10%&: ()-,#10% ()-! @O0%as& ()-
*t dEbC! S! 109%&’ ()- @ 10%&' ()- SL! 109%&’ () ~@6%& ()- @ 10%& () -, ' ! 10%& ()-

| Bzl aSTERIGHE, (Lot VgL (3 LB O S PA0%K (): SULLONE ()20 @
yF2! 109 () -wQ4 16:Y& Nadltiny v akO4kribd ot in h SPEXS0E nhiker /r8itl for 3 hours. After
milling the powder was calcined in air at 300°C for 1 hour. Removal of the
NaCl was carried out by washing the powder with deionised water using an
5 ultrasonic bath and a centrifuge. The washed powder was dried by evaporation
in air at 60°C. Transmission electron microscopy examination showed that the
powder consisted of separated particles, 5 - 20nm in size. The BET surface area
measurement was 35.6 m?/gram which corresponded to an effective particle size

of 33nm. The mean crystallite size from x-ray diffraction measurements was
10 13nm.

Example 6 - Barium Titanate powder fram BaCO, and TiO,

The materials used were BaCO, ( -100 mesh), TiO, and NaCl ( €500 pm). The
starting mixture consisting of 1.5 grams of BaCO,, 0.6 grams of TiO, and
5.9 grams of NaCl powder was loaded and sealed in an air atmosphere in a
15 SPEX mill with hardened steel grinding balls of 9.6 mm in diameter. The ball
to powder charge mass ratio was 10. Milling was carried out for two hours.
After milling the powder was calcined under an argon atmosphere at 700°C for
30 minutes. Removal of the NaCl was carried out by washing the powder with
distilled water using an ultrasonic bath and a centrifuge. The washed powder
20 was dried by evaporation in air at 60°C. Transmission electron microscopy
examination showed that the BaTiO, powder consisted of separated particles,

60nm in size. (See Figure 5).
Example 7 - TiO, from TiOSO,xH,S0,yH,0

The materials used were TiOSO,xH,SO,-yH,0 (>99%) and NaCl (99.5%). The
25 starting mixture of TiOSO,-xH,50,yH,0O and NaCl powders with a total mass
of 5g, was loaded into a SPEX mixer/mill with 50g of hardened-steel media of
4.8mm in diameter, under an argon atmosphere. NaCl and TiOSO,-xH,SO,-yH,O

were dried at 150°C for 18 hours and 350°C for one hour, respectively, in an air
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was carried out by washmg the annealed powder with distilled water. The

washed powder was dried in an oven at 60°C.

X-ray diffraction measurements showed that anatase-type TiO, was formed
during heat treatment by thermal decomposition of TiOSO,-xH,50, yH,0. The
starting mixture with a weight ratio between TiOSO,xH,50O,-yH,O and NaCl of
1:1.5 resulted in separated, equiaxed nanoparticles of TiO, with sizes of 30-

150nm. The BET surface area was 14.4m?/g.

Changing the starting mixture to a weight ratio between TiOSO,-xH,S0O,-yH,O
and NaCl of 1.9 resulted in separated, equiaxed nanoparticles of TiO, with sizes
of 10-80nm (Fig. 4). BET surface area was 25.2m’/g which corresponds to a
mean particle size of 61nm. Figure 4 shows a transmission electron micrograph

of TiO, particles formed after annealing.
Example 8 - CeO, from Ce(OH),

The materials used were Ce(OH), (>99%) and NaCl (99.5%). Prior to milling the
NaCl was dried at 120°C for 24 hours and the Ce(OH), was calcined at 550°C for
0.5 hours to form CeO,. The starting mixture of CeO, and NaCl powders with
a volume ratio of 1:10, and the total mass of 2.4g, was loaded into a SPEX
mixer/mill with 96g of steel grinding media of 12.7mm in diameter. The ball
to powder mass ratio was 40:1. Milling was carried out for six hours. Removal
of the NaCl diluent was carried out by washing the annealed powder with
distilled water. The washed powder was dried in an oven at 60°C. Separated,
equiaxed nanoparticles of CeO, were obtained. The particles were 3-20nm in
size and the surface area measured by BET analysis was 53.9m*/g corresponding

to a particle size of 15.6nm.

8
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(i)  The process is essentially a low temperature process and therefore does
not require the complex control systems associated with some chemical

and physical production methods.

(ii)  The process enables a significant degree of control over the particle size
and size distribution of the particles in the ultrafine powder by

controlling the parameters of mechanical activation and heat treatment.

(iii) The process allows the use of lower cost starting materials. Metal
compounds used as precursors or formed at intermediate stages in

conventional separation and purification processes may be suitable.

(iv)  The process is relatively inexpensive and has a high yield rate, so that it
can be readily modified for the synthesis of ultrafine particles on a

commercial scale.

It will be apparent to persons skilled in the materials and chemical engineering
arts that numerous enhancements and modifications can be made to the above
described process without departing from the basic inventive concepts. For
example, in some applications the precursor metal compound may have been
pretreated and is supplied to the process in the form of the desired metal oxide
phase. All such modifications and enhancements are considered to be within the
scope of the present invention, the nature of which is to be determined from the
foregoing description and the appended claims. Furthermore, the preceding
examples are provided for illustrative purposes only, and are not intended to

limit the scope of the process of the invention.
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mechanical milling which through the process of mechanical activation reduces the

microstructure of the mixture to the form of nano-sized grains of the metal compound
uniformly dispersed in the diluent phase;

10
heat treating the mixture of nano-sized grains of the metal compound uniformly dispersed
in the diluent phase to convert the nano-sized grains of the metal compound into a metal

oxide phase; and,

15 removing the diluent phase such that said nano-sized grains of the metal oxide phase are

left behind in the form of an ultrafine powder.

20 2. A process for the production of ultrafine powders as defined in claim 1 wherein

said ultrafine powder includes powder particles in the size range of 1 nm to 200 nm.

3 A process for the production of ultrafine powders as defined in claim 2, wherein

said ultrafine powder includes powder particles in the size range of 1 nm to 50 im.

25
4. A process for the production of ultrafine powders as defined in claim 2, wherein
said step of heat treating is performed at sufficiently low temperatures to minimise the
occurrence of grain growth of the metal oxide phase and thereby control particle size.

30 5 A process for the production of ultrafine powders as defined in claim 4, wherein

the step of heat treating is performed by calcining at temperatures within the range of

300°C to 850°C to control particle size.
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5 nanocomposite structure consisting of isolated nano-sized grains of the metals compound
embedded in the diluent phase.

7- A process for the production of ultrafine powders as defined in claim 6, wherein
the precursor metal compound is selected to have a hardness within the range of 1 to 5 on
10  the Mohs hardness scale.

8. A process for the production of ultrafine powders as defined in claim 7, wherein
the metal compound is a hydroxide, carbonate,sulphate, oxychloride or other compound
which decomposes on heating in air to form an oxide of the metal and the diluent is a salt
15  which does not react with the metal compound, which does not readily vaporise during

heating and which is readily dissolved in a solvent.

9. A process for the production of ultrafine powders as defined in claim 8, wherein
the precursor metal compound is selected from the group consisting of Ce(OH)4, ZrOCl,

20  CexCOs)3, ZnCO3 2Zn(OH),, AI(OH);, BaCOs, TiO;, ZnCO; 2Zn(OH)2, SnCl,
Alx(SQO4)3, and TiOSO4.

10 A process for the production of ultrafine powders as defined in claim 2, wherein
the diluent phase is added in a sufficient amount relative to the precursor metal compound
25  so that the volume fraction of the diluent is high enough for the nano-sized grains of the
metal compound to develop during milling as fully separated grains embedded in the

diluent phase.

11 A process for the production of ultrafine powders as defined in claim 10, wherein
30 the volume fraction of the diluent phase exceeds 80% to ensure fully separated nano-size

grains.
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the diluent phase is NaCl and the solvent is distilled water.

13. A process for the production of ultrafine powders as defined in claim 2, wherein
the precursor metal compound is a metal oxide phase which has mechanical properties to
15 form nano-sized grains of the metal oxide phase during milling with the diluent phase.

16. A process for the production of ultrafine powders as defined in claim 2, wherein
the precursor metal compound is one of a plurality of precirsor metal compounds which
when milled with the diluent phase forms a nanocomposite structure consisting of

20  separated nanoparticles of the metal compound embedded in the diluent phase.
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