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BACKGROUND TO THE INVENTION

Ultrafine powders have significant potential for a wide range
of applications including catalysts, magnetic recording
media, optoelectronic materials, magnetic fluids and
composite materials. Ultrafine metallic powders have been

prepared by physical methods, such as vapour deposition and -

sputtering, which have high quality, i.e. clean surfaces and
uniform particle size distribution. However, industrial
applications for such powders are limited by low yield rates
and high cost. Alternative chemical production methods, such
as thermal decomposition and precipitation are currently
being studied for the preparation of a wide range of powders.
Chemical methods can provide large quantities of ceramic
powders for industrial applications. However, except for
precious metals, chemical methods are geﬁerally not applied
to the production of metallic powders.

Mechanical activation has been used for the production of
fine powders with particle sizes typically in the range of
0.2 to 2 microns. One method for the 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 the grinding balls causing deformation, welding and
fracture of the particles which result in microstructural
refinement and composition changes leading to the formation
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to the production of netallic powders. Mechani cal activation has
been used for the production of 25 fine powders with particle sizes

typically in the range of : 0.2 to 2 microns. One nethod for the
production of powders by nechanical activation is the process of
mechani cal wo @y Ng described in U S. Patent No. 3,591, BB24U%64053hi ch
alloys are forned frompure starting materials by mlling a 30 m xt ure of
the powders in a high energy ball mill. Dl_Jrén_g mlling the
constituent particles undergo repeated colli'sions with the grinding
bal I s causing deger fRhbePys 14N odNEdmorphots a0l1eya . 0f the particles which
result in mcrostructural refi nenment and conposition changes | eadi ng
to the formation WO 97/ 07917

PCT/ AU96/ 00539 Another example of the use of mechapical actjyation to form
nanocrystal | i ne @inamydwdens, aldsoydescribed fmotrhsr eseent e 50828hbBouse igf
mechani cal activ n.to.for d r|be |n U S;s
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during mlling in a,h energy, u to reflpe and
dur:.ng millin 1n a. high 'energy ball mill, to refine and

manufacture metals, alloys and composite powders. During
milling the energy imparted to the reactants through
10 ball/reactant collision events causes repeated welding and
fracture of the 1reactant particles. Consequently
oxidation/reduction reactions occur at welded interfaces and
reaction kinetics are enhanced without the need for high
temperatures or melting to increase intrinsic reaction rates.

15 With both the above described prior art mechanically
activated processes micron sized particles are formed which
contain a nanometre scale mixture of phases, crystallites or
amorphous regions. These processes have not previously been
known to result in powders containing a significant fraction

20 of particles with sizes less than 50nm oxr interconnected
networks of ultrafine particles exhibiting high wvalues of
specific surface area. '

SUMMARY OF THE INVENTION

The present invention is concerned with a new process for the
25 manufacture of ultrafine particles which is based on

mechanically activated chemical reaction of a metal compound

with a suitable reagent.

The process of the invention is based on the discovery that
mechanical activation can be used to provide an improved,

30 cost effective process for the production of ultrafine
particles. ‘

According to one aspect of the present invention there is



manuf acture netal s, alloys and conposite powders. Duri ng mlling the
energy inparted to the reactants through 10 ball/reactant collision
events causes repeated wel di ng and fracture the reactant
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particles. phasepnrakdg to one aspect of the present invention there is

removing the by-product phase such that the solid nanophase
10 substance is left behind in the form of ultrafine particles.

The term "ultrafine particles" as used above and throughout
the remainder of the specification refers to individual
particles in powder form as well as to particles
interconnected or embedded in a porous matrix, and typically

15 includes nano particles in the size range of 1 nm to 200 nm,
or more typically in the range 5 nm to 50 nm.

During mechanical activation a composite structure is
typically formed which consists of an intimate mixture of
nano-sized grains of the nanophase substance and the reaction
20 by-product phase. The step of removing tﬁe by-product phase,
following mechanical activation, may involve subjecting the
composite structure to a suitable solvent which dissolves the
by-product phase, while not reacting with the solid nanophase
substance. Removal of the by-product leaves behind ultrafine
25 particles of the solid nanophase substance. Alternmatively,
the composite structure may be subjected to heating to remove
the by-product phase by evaporation. If necessary, the
surfaces of the ultrafine particles may be further processed
(e.g. by gaseous reduction) to remove oxide or passivating
30 films formed during removal of the by-product phase.

In one form of the process of the invention the metal
compound is an unreduced metal compound and the reagent is a
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- 3- provi ded a process for the production of ultrafine particles,

the process conpri sing: subjecting a mxture of a metal conpound and
a suitable reagent to nechanical activation to increase the chem cal

5 reactivity of the reactants and/or reaction kinetics such that a

chem cal reacti Bg?mlzpccur whi ch produces a solid ~ nanoppgfigusswiesssance
and concom’tanﬁQ orns a by-product phase, wherein said solid :

nanophase substance i ncl udes nano particles in the size range of 5nm
to 50nm enbedded in the 10 by- product phase; and, : removi ng the

by-product phase gusBabhatl rt8scEmti %w%naeh@ﬁ&l the ﬁ%ﬁ%@“fﬁeu%@d{ééed to

behlndlntheformo% ul.tr flne particle The term

particles” as use@°% Sf}écﬁ d ¥HoRseR: @ Cheﬂ’ré’aierﬁq‘ﬁfépnom?ws which
speci fication refgpdutesi nthe/i thetbl15comppand ctes a uﬂet@pv\/@aasef Ordd &hat
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and typically P Ehﬁggﬁuges nano &argtgln&%gg' %rro e méLa 288"% H&mﬂ?&ifoo
‘nm - or n"i)r e PFpPLaPRYSE nin Hée £9g8 Sf vl taBi@enparticles. During
mechani cal activation. a conposite structure is 20 typically forned

whi ch consists of pagebPLLIP Ehd X UEECOS metal compound is selected from the
 group containing metals of low electro-negativity, including
but not limited to iron, nickel, cobalt, copper, gold and
platinum. Typically the unreduced metal compound is a metal
10 oxide, a metal chloride or a metal sulphide.

Preferably the reductant is a reducing agent which forms a
soluble by-product phase. Examples of suitable reductants
include sodium, calcium, magnesium and aluminium.

In one embodiment of the process the mixture formed during

15 mechanical activation consists of nanocrystallites of the
metal phase embedded within the reaction by-product phase,
such that the metal phase does not percolate through the
particles. Removal of the by-product phase leaves a powder
consisting of nanoparticles of the metal phase.

20 In a second embodiment of the process, Ehe nanocrystallites
of the metal phase formed by mechanical activation are
percolated or interconnected through the by-product phase.
Removal of the reaction by-product phase then results in
micron sized particles of the metal phase interconnected in

25 a sponge-like structure.

In another form of the process of the invention mechanical
activation results in an increase in the chemical reactivity
of the reactants and/or _reaction kinetics such that a’
displacement reaction can occur which produces a non-metalliic

30 phase such as a ceramic compound, so that subseguent removal
of the by-product phase leaves behind the non-metallic phase
in the form of ultrafine particles.



nano-si zed grains of the nanophase substance and the reaction

by- product phase. The step of renoving the by-product phase, fol |l ow ng
mechani cal activation, may involve subjecting the conposite structure

to a suitabl e solvent which dissolves the 25 by- product phase, while not

reacting with wbeg,,ﬁ,?;li,d nanophase subst ance. Rermoval of pEhRubesisoduct
| eaves behind ultrafine particles of the solid nanophase substance.
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The process may be applied to the formation of nano-sized
powders consisting of a mixture of two types of particles
10 each of a different phase.

The process may be applied to the manufacture of nano
particleé of oxides, carbides or other compounds by
subsequent reaction of the metal particles with gaseous or
ligquid reactants to form the required phase.

15 The process may also utilise heat treatment of the powder
following mechanical activation and prior to removal of the
reaction by-product to form a desired phase or optimise
morphology for particular applications.

The process may be applied to the formatién of nano particles

20 which are embedded in a porous matrix. The porous matrix may
be a reaction by-product phase formed mechanochemically and
not removed or may be a third phase which remains after
removal of a soluble by-product phase.

In a preferred form of the invention, mechanical activation

25 is performed inside a mechanical mill, for example, a ball
mill. Mechanical activation occurs in a ball mill when

. grinding media, typically steel or ceramic balls, are kept in

a state of continuous relative motion with a feed material by

_ the application of mechanical energy, such that the energy

30 imparted to the feed material during ball-feed-ball and ball-
. feed-liner collisions is sufficient to cause mechanical



group containing netals of |ow el ectro-negativity, including but not

limted to iron, nickel, cobalt, copper, gold and pl ati num Typically
t he unreduced netal conpound is a netal 10 oxide, a nmetal chloride or a
met al sul phi de. Preferably the reductant is a reducing agent which
forms a &%ﬁ,by-product phase. Exanpl es of suitabl eporegiisgiossssd S

I ncl ude sodi uﬁ’? a um nmagnesi um and al um ni um I n one enbodi nent
of the process the m xture fornmed during 15 mechani cal activation
consists of nanocrystallites of the fetéal™ phase enbedded within the
reaction by-prodﬁgé-m. such that the netal phase does not

percol ate throug he particles. Renoval of the by-product phase

| eaves a powder consi sting of nanoparticles of the nmetal phase. 20
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an increase in th
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milling. For example, mechanical activation may also be
i0 achieved using jet mills, rod mills, roller mills or crusher
mills.

The roles of mechanical activation in relation to the
synthesis of ultrafine particles are :

(i) to develop a nanoscale mixture of the two
18 reactants; '
{(ii) to cause a chemical reaction between the reactants

during mechanical activation which enables the product phases
to form a nanoscale mixture containing separated nano-sized
particles of the product phase; and

20 {(iii) if the chemical reaction does not occur during
mechanical activation, to increase the chemical reactivity
and/or reaction kinetics of any subsegquent reactions which
occur on heating such that the reaction temperature is lower
than the temperature normally needed for grain growth or

25 particle coarsening.

Important factors determining the morphology of the product
phase are the volume fraction of the by?product phase formed
during milling, and milling parameters including the
collision energy and ball size. The volume fraction of the
30 by-product phase is a function of the reaction stoichiometry
and the densities of the product phases. In the case of
reduction/oxidation reactions, the highest volume fraction of
the by-product phase is associated with metal compounds of
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-5- Wth sone reactants the displacenent reaction may not occur
until the mxture is subject to thermal treatnent, such as by

anneal i ng, either simltaneous wth or subsequent to mechani cal
activation. Wo@wmﬂ“e process may be applied to the fornatperaude/oesngl e
phase particles, I ncl udi ng solid sol utions and
intermetal lics, nmetal oxide or sul phide parglcles The process may
be applied to the formation of nano- si zed powders consisting of a

rTnhxt ure of two ttYiéeﬁn.Qfer%rvf[dl@%lﬁ§ EC0] reaaeaaﬁés aaﬂlhﬁeiwtlomseev?lemef.
e process may ied to.the uf act ur icles o

oxi des, carbi de 3ﬁe? gﬁﬁﬁﬂﬁﬂdgag e Eraééﬂﬁgeagegpergﬁcg % uet phpse
met al particles nﬁ'clelfrsgasremns the desired phagertadoant tn idiscaetet bartioles ed |

phase. 15  ThRAnheCasfe Bactish. Ut'ifséhée%lhﬁéatfﬁﬁaﬁh&fx blre dRVdg-

follow n chani ca| act vati.,on.and i or tao renoval of
9 n§ ro% ct pi'xase is 1nsufPJr.c3‘.)ent for separated particles of the

- desired phase to form during milling, powders of the by-
product phase or other inert phases may be added prior. to
milling and milled with the reacting phases. Alternatively,
if an interconnected product phase is required, the wvolume

10 fraction of the by-product phase should be less than a
critical value. 1If the desired phase is a metal the volume
fraction of the by-product phase may be minimised by choosing
reducible compounds of low 'valency and reductants of high
valency.

15 The particle size formed during milling can also be a
function of the type of milling process employed, the ball
size and milling time. Of particular importance is the
collision energy associated with ball/powder collisions,
which is determined by the ball to powder mass ratio (charge

20 ratio) and the ball size and other parameters associated with
the particular nrilling process employed. As described in
U.S. Patent 5,328,501, if the collision energy during milling
is too high the exothermic nature of a chemical reduction
reaction can cause it to occur in an unstable, combustive

25 manner, resulting in melting and even vaporisation of the
product phases and a significant increase in particle size
and changes in product morphology. The collision energy
regquired to cause combustion is a function of the enthalpy
change associated with the reaction as well as other factors.

30 The processing parameters depend on the nature of the metal
- compounds being processed, the size and distribution of the
ultrafine particles being produced and the type of mechanical

activation employed.

In the process of ball milling the reactants, including the



reaction by-product to forma desired phase or optimse nor phol ogy for

particul ar applications. The process may be applied to the formation
of nano particles 20 which are enbedded in a porous matrix. The porous
matri x may be a reaction by-product phase forned nechanochem cally and
not renoved or gy @ third phase which remains after PCEAM6ALS3IDf a
sol ubl e by-product phase. In a preferred formof the invention,
mechani cal activation 25 is performed insige a nechanical mll, for

exampl e, a ball mll. Mechanical activation occurs in a ball mll
when grindi mgeaRdicdmplo¥Riac Aday ét&ﬁtwleceaéaae@mbaldoialaée inQBt éa'?:h

a state of contin relati.ve motign with.a fe terlal
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sufficient to caygaceBAbaNinRkeases due toV\Qh%w Z:%qaése in rea é::.on
PCT/ AU96/ 00539 activatian. hroughout the remain

speci fi cat | oR refr&SBPlEén% from the decrease in the grain and particle s:.zes
of the so0lid phase associated with collision events. A
welding, mixing of atoms and/or exchange of atoms occurs at
the interfaces of colliding particles to promote reactivity.
With solid reagents a displacement reaction may occur at or
10 near the interfaces during the compaction and welding of the '
metal compound and the reagent. With liquid@ or gaseous |
reagents, the reaction may occur as a result of the contact
of fresh surfaces of the metal compound created by the
ball/powder collisions in the ball mill with the reagent
15 atmosphere.

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 in conjunction with the
20 accompanying drawings, in which:

Figure 1 is a graphical representation of x-ray diffraction
patterns for an as-milled and subsequently washed mixture of
FeCl, and Na;

Figure 2 is a TEM micrograph of Fe particles after washing:
25 Figure 3 is a graphical representation of magnetisation

measurements taken- after milling of the FeCl, and Na for

various times;

Figure 4 is a graphical representation of x-ray diffraction

patterns for an as-milled and subsequently washed mixture of

30 CuCl, and Na;

Figure 5 is a TEM micrograph of Cu particles after washing;



be made to mechanical activation being carried out inside a mechani cal
mll. Exanples of this type of mll are attritor 5 mlls, nutating
mlls, tower mlls, planetary mlls, vibratory mlls and
gravity-dependent-type ball mlls. It will be appreciated that the
mechani cal actwgatneir may al so be achi eved by any suit adTeAUssM0839 Ot her
t han bal | mlling. For exanple, nechanical activation may al so be 10
achieved using jet mlls, rod mlls, roller gills or crusher mills.
The rol es of nmechanical activation in relation to the synt hesi s of

ul trafine parti cragugees is a TEMinicrograb® oﬁeélgogeusastf?@%‘&?éabf cdlngllr €
of the two 15 pa Eagiggts (i) to cause a chemcal reaction

bet ween the reac during mechani cal activation which enables the
product phases to forma nanoscal e m xture contai ni ng separated

nano-.si zed paphiel 25i9fa thity Riedeetaphase Ni fﬂln%OFaréi if the
nmec

chem cal reaction does not occur during ani ca actlvatlon to
increase the chemical reactivity and/ or reaction kinetics of any
subsequent react FégurehBchs a granhﬂmaloneheesénuptﬂwmhofhﬂtréyuﬂﬂﬁﬁmadﬁaan

tenperature &s Iﬁaeeems £éPadh e i §ARE" 8 raﬁg%rqg%t Yy "G5 gt i n%

grom h or 25 senlng orta
t he nor phol ogy o? hg g*dﬁ%é phase are the vol une fraction of the
by- product phase forned during nilling, and nilling par anet ers

including the pigapkld Sis08 m@tﬂ&raaﬁaﬂ? SR LK pé'}}ﬁc‘i%ug)?% %nﬁsirrﬁgg?f

the 30 by- product, phase is a function o daction sto
and the densiti e®™Bf the product phases. In the case of
reducti on/ oxi dati on reactions, the highest volune fraction of

Figure 10 is a TEM micrograph of Zrx0, particles after
10 washing.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

EXAMPLE 1 - Synthesis of Ultrafine Iron Particles

The materials used were anhydrous FeCl, powder (-100 mesh)

and Na pieces (< 5 mm). The starting mixture of FeCl, and Na
15 in a molar ratio of 1:3, corresponding to the reaction:

FeCl; + 3Na — Fe + 3NaCl (1)

was loaded and sealed in a hardened steel vial with twenty

4.8mm steel balls under an argon atmosphere. The mechanical

activation was carried out in a SPEX 8000 mixer/mill. The
20 as-milled powder was washed several times with deionised,

deoxygenated water and rinsed with methanol in an ultrasound

cleaner. The washed powder was dried by evaporation and all

subsequent powder handling was carried out in an argon filled
glove box.

25 Fig. 1 shows the x-ray diffraction patterns of as-milled and
subsequently washed powders milled for 8 hours. The as-

r milled powder consisted of a mixture of NaCl and Fe. The
formation of Fe is due to the mechanically activated

- reduction of FeCl, by Na via the reaction (1) above during
30 milling. No NaCl was visible in the x-ray diffraction
patterns of the powder after the washing process (Fig. 1).
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-7- t he hi ghest val ency and reductants having the | owest val ence.
There is a mninmumvolunme fraction of the by-product phase necessary
for the desirgehdipzee to formin discrete particles duPCRAUSEROS3S
reacti on. It the volune fraction of the by- 5 product phase is
insufficient for separated particles of the,, _ desired phase to form
during mlling, powders of the by- product: phase or other inert phases

may be added primHe tgeaks folrl theng-PabHidd @@drel boadlf ¢dRIEDBAARAGSES a

Al ternatively, f,.an_interco . Juct. phase s J« ired, the.
vol une 10 f rac?%snéaolfhttﬁesfig? p?%%%@%ggﬁgéggiéﬁo%u &e 1%.%351 Sa'—) ut%rl#aﬁngéacped
critical val ue. BgCl:handelia rerregipdse remavedtduring washing. fraction of
t he by-product phase nmay be m nim sed by choosing reduci bl e conpounds

of | ow val ency ductants of phigh _ val.ency. 15 he particle
si ze forned dur%ﬂgl‘#lnﬁcﬁ'ﬁgfﬁﬁga?go&bee Fe par%lf‘:gﬁtzit?‘gﬁe%fwats TgypE Prows
mlling proSess miig.ed,. tMestbel the Fespaxtimiesrheb agizer®f ~10m and
particul ar i nMpordaieedrtilie consibek! 661 #Ns PRSI Drdata8! Blegrithhos Fe.
bal I / powder colli sions, %Ch,l s deternj.ned b%%e':h %*%L t o powder mass
ratio (charge 20% FReFe§ 8hd PHETHRP| ©%i AP of g WRARE 2SBBEF AL ed
W th dispersive spectroscopy. The effective surface area of the
iron particle measured by the BET method was 32 m?/g. '

10 The progress of the reaction was followed with measurements
of magnetisation to determine the amount of iron present.
Fig. 3 shows measurements of magnetisation as a function of
milling time for samples milled with 4.8mm steel balls. To
complete the foirmation of the Fe particles required a milling

15 time of approximately 6-8 hours using the SPEX 8000
mixer/mill. The particle size measured using x-ray
diffraction and electron microscopy was about 10nm for
milling times up to 8 hours. With increasing milling times,
the particle size increased slowly to about 20 nm after

20 milling for 40 hours. Using a smaller ball size of 3.2 mm
diameter, resulted in a decrease in the particle size to an
average of 7 nm after 24 hours of milliﬁg. '

When larger balls were used, (9.5 and 12 mm diameter) a

combustion reaction was observed. The resulting Fe articles
25 could be classified into two groups. One group had a

particle size around 10nm, similar to that obtained using

smaller balls, while the other had a wide range of larger

particle sizes of 60-200 nm. The larger particles were

formed by wvaporisation and condensation of Fe as a
30 consequence of the combustion reaction.

Fe particles were also produced by mechanochemical reduction
of FeCl, using Mg and Al powders as the reducing agents, by
the following chemical reactions:



the particular mlling process enployed. As described in U S. Patent
5,328,501, if the collision energy during mlling Is too high the

exot herm ¢ nature of a chem cal reduction reaction can cause it to
occur in an unstable, conbustive 25 manner, resulting in nelting and even
vapori sati on Qo éfer7 product phases and a significant | PCTAX&0US3D
particle size and changes i n product norphol ogy. The collision

ener gy required to cause conbustion leg function of the enthal py
change associated with the reaction as well~as other factors. 30 The

processing par anghér SoLERARM Rehleafatdd e Qfnsthe netal conpounds
bei ng processed, the size_a ' ' ' ultrafine particles

di stribution of, the
bei ng produced and the tyﬁ@agi "f’rélc‘f#g’ﬁl Thfe + 1-£8‘E§C\}ation enpl oyed.
In"the process of ball m [FeChg % +e&et anA3C1lj ncl udi ng t he (3O

97/ 07917 The milling conditions used werd (Eye’%%ﬁé %%5;5:8r reactH'.dn (1)
- 8- net al conpound_and a suitable reagent, collirde wmth eac

other and t e grPREFFEPEAPYVE Either the reagent or the met a
conmpound will be a solid and the reactivity of the reactants increases

due to Lhe |ncregsget fbdLa@h Ra?lS7 abered Fdn' HAACLIGN H)° P ERRE14F

the grain and partic . . .
ratio of the iron to the chloride reaction by-product. Table

1 shows the particle size produced after milling and molar

ratio of Fe to chloride for each reaction. It will be seen
10 that there is a correlation between the respective particle

sizes and the molar ratios, with the particle size increasing

with increasing molar ratio. It is noted that for a given

reaction the molar ratio may be decreased by adding

additional reaction by-product to the reactants prior to
15 milling.

TABLE 1
Reaction Particle Size Molar Ratio
FeCl, + 3Na — Fe + 3NaCl 10 om 0.33
20 FeCl; + 1.5Mg —» Fe + 1.5MgCl, 40 - 100 nm 0.66
FeCl; + Al — Fe + AlC1, 3 - 10 pm 1.00

Ultrafine Fe particles have also been successfully prepared
using an attritor, where the particle size was similar to
that prepared using SPEX 8000 mixer/mill.

25 EXAMPLE 2 ~ Syntheszis of Ultrafine Copper Particles
The materials used were anhydrous CuCl, powder (-100 mesh)
and Na pieces (55mm), Mg powder (-100 mesh) or Al powder
{-100 mesh). Mixtures of the reactants corresponding to the

reactions: _
’ 30 CuCl, + 2Na — Cu + 2NaCl (4)
CuCl, + Mg — Cu + MgCl, (5)
i 3CuCl, + 2Fe — 3Cu + 2FeCl, ' (6)

were loaded and sealed in a hardened steel vial with twenty
4.8mm steel balls under an argon atmosphere. The mechanical



of the solid phase associated with collision events. A ~ wel di ng,

m xi ng of atons and/or exchange of atoms occurs at the interfaces of

colliding particles to pronote reactivity. Wth solid reagents a

di spl acenent reaction may occur at or 10 near the interfaces during the
conpacti on andwieémrog of the metal conmpound and t he re®QIrAU6/0058¥ t h

| i quid or gaseous reagents, the reaction may occur as a result of the
cont act of fresh surfaces of the netal E?npound created by the

bal | / powder collisions in the ball mlIl with the reagent 15 at nosphere.

BRI.EF DESCRI PTI ONa&FmiltedDRAoNdNES was wadifed ra@.afafaqn ﬂlﬁ.ﬁgu WLRer tdiz,t%%'sgad
in and illustrate ich.are no 0 be
construed as |i m‘fqlenééé}%te Wa&%%/e nisﬁgnﬁ?% Ol ARy Ylrrasound
conjunction with ¢heaner. ZFheowpshed M@mmagsdneﬂ blyi evaporation Ringuiagl 1l
is a graphical reﬁﬁ@@@iéﬁﬁ BBwaér )&diﬁilﬁbféwéé‘@a'r@i&d S 13 AA Eﬁl;a@ggrp £i37ed
as-mlled an§ subsequent washed m xtureé of ; o
Figure 2 is TENW ﬁg% %?éph of Fe particles after mashlng, 25 Figure 3
i's a graphical representation of nagnetisation measur enent s taken-

after mlling of g#he. @%%ri;hé\@éi% H@Egr??tl&?‘ ﬂa@ﬂantxé r@&l{ lpowder]s ﬁr €

4 is a graphical re re,sent&ha of racti o or

as-milled and sub¥ %é&ﬁ%ﬂ §ﬁ?@ niRtldiggofono 8 hGHEF[éPﬂ]aéﬁﬁrNyaShlng
The as-mllled powder consisted of a mixture of NaCl and Cu.
The formation of Cu is due to the reduction of CuCl, via

10 reaction (4) above during milling. No NaCl was visible in

the x-ray diffraction patterns of the powder after the
washing process (Fig. 4). The peaks for the Cu phase were
broad, corresponding to an average crystallite size of
approximately 20 nm.

15 A TEM micrograph of the Cu particles after washing is shown
in Fig. 5. The Cu particles have sizes of ~20-100 nm and
each particle consists of a single crystal or grain of Cu.

Reactions (5) and (6) differ from reaction (4) by the molar
ratio of the copper to the chloride reaction by-product.

20 Table 2 shows the particle sizes produced after milling and
volume ratio of copper to chloride for each reaction. It is
seen that results show an excellent correlation between the
particle size and the molar ratios.

TABLE 2
25 Reaction Particle Size Molar Ratio
CuCl, + 2Na = Cu + 2NaCl 10 - 100 nm 0.5
CuCl, + Mg — Cu + MgCl, 3¢ - 300 nm 1.0
3CuCl, + 2Fe — 3Cu + 2FeCl, 0.1 - 20 um 1.5

30 Cu particles synthesised from reaction (6) exhibited a wide
size distribution of 0.1-20um. A typical particle is shown
in Figure 6. The particles had a porous structure, where



Figure 5 is a TEM m crograph of Cu particles after washing; . WO

97/ 07917 PCT/ AU96/ 00539

-9- Figure 6 is a TEM m crograph of a porous structure of Cu nano
particles; Figure 7 is a TEM m crograph of Ni nano particl es;
Figure 8 is apgyyARisal representation of x-ray diffracti onpCiauIgmas®er ns
for an as-m |l ed and subsequently anneal ed m xture of AICI[err] and
Cago Figure 9 is a TEM m crograph of,Alferr]O[err] particles after
washi ng; and, Figure 10 is a TEM m crograph of ZrQ2 particles

after 10 washi 88ch particle consisted of composite of many small
interconnected Cu particles, indicating that the low volume
 fraction of FeCl, was insufficient to separate the individual

Cu particles.

. 5 EXAMPLE 3 - Synthesis of Ultrafine Nickel Particles

Ni particles were synthesised through the reaction of NicCl,
+ 2Na — Ni + 2NaCl using the milling and other conditions
described in Example 1. The resulting particle sizes as
‘determined from x-ray diffraction and transmission electron

io0 microscopy measurement were in the range of 10 to 20nm. Fig.
7 shows typical nano particles of nickel produced by the
reaction.

EXAMPLE 4 - Synthesis of Ultrafine Cobalt Particles
Co particles were synthesised through the reaction of CoCl,
15 + 2Na — Co + 2NaCl using the milling and other conditions
described in Example 1. The resulting particle sizes as
determined from x-ray diffraction and transmission electron
microscopy measurement were in the range of 20 to 50nm. The
particle sizes were almost identical to that for the nickel
20 as expected since these two reactions have the same molar by-
product ratio.

EXAMPLE 5 - Synthesis of Fe-Ni Alloy Particles )
Particles of an iron-nickel were synthesised by the reaction
of FeCl, + NiCl, + 5Na — FeNi + 5NaCl using the milling and

25 other conditions described in Example 1. X-ray diffraction
showed that the powder consisted of an fcc phase, indicating
the formation of the alloy of FeyNi,;,. This composition was
confirmed by a Fe’ - M3ssbauer study. The particle size was
5~10nm.

30 All of the above examples involved mechanical activation of

- an unreduced metal compound and a suitable reductant such
that an oxidation/ reduction reaction occurred to form

ultrafine metal powders. However it has been found that the



DETAI LED DESCRI PTI ON OF PREFERRED ENMBODI MENTS EXAMPLE 1 - Synthesis of

Utrafine Iron Particles The materials used were anhydrous FeC [err]
powder (-100 nesh) and Na pieces ([err] 5 nm. The starting m xture of
FeC [err] and Na 15 in anmlar ratio of 1:3, corresponding to the
reaction: 91 FeC[err] + 3Na -> Fe + 3NaC PCT/AU96/00539 (1)
was | oaded anc}wsezﬂ7 J i n a hardened steel vial with twenty 4. 8mm st eel
bal I s under an argon at nosphere. The nechani,gal_ activation was carried
out in a SPEX 8000 m xer/mll. The 20 as-mlled powder was washed sever al

tipes with dei on'bsedess ofdaméfgaaa&ﬁdiwt Qfarﬁndlébnswl w'priaat hegolehlen

| t d an wd t d
o s equerPIBERAEh PRI, eEREis eiNIets g rPySRTeT (A"
gl ove box. 25 dOant 1n§«hbvs wHigiationy odi reductiam qfatther neagfands.ni | | ed

and subsequent |y washed powders milled for 8 hours. The as-
m || ed powder consi sted of. a xt of, NaCI and Fe. _The rmat i,on of
Fe is duetothe% y"‘rph?c#j reacid oS FiPx fméi@ag[aﬁa&

via the reachi onc(at)améb(pmvdhns na13m) - aﬁdm:mag ZrONe BlEfioniey magiddss be
the x-ray dlffra%}“t> Byeq: _patterns of the powder after the washing process
(Fig. 1). 97/07917

PCT/ AUQG/ 00539 2A1Cl; + 3Ca0 — Al,0; + 3Cf.§13

221 (0HB),; + 3Ca0 - Al,0, + 3Ca{(OH),
ZrCl, + 2Ca0O — 2r0, + 2CaCl,
10 2Al1Cl, + 3Ca(OH), — Al,0, + 3CaCl, + 3H,0

EXAMPLE 6 ~ Synthesis of Ultrafine Alumina Particles

The materials used were anhydrous AlCl3 (£100 mesh) and Ca0O
(€100 mesh). The starting mixture of AlCl, and Ca0 in a
molar ratio of 2:3, corresponding to the reaction:

15 2A1C1, + 3Ca0 — Al,0, + 3CaCl, : (7
was loaded and sealed in a hardened steel vial with 92.5mm
steel balls under an air atmosphere. The ball to powder mass
ratio was 8.1. The mechanical activation was carried out in
a SPEX 8000 mixer/mill for 24 hours. Figure 8 shows an x-ray

20 diffraction pattern of the as-milled powder. Only the
diffraction peaks of Ca0 phase were present on the XRD
patterns of as-milled samples. TEM examiriation showed micron
sized particles consisting of an agglomeration of
nanocrystallites of Ca0 embedded in an amorphous matrix. No

25 evidence of the formation of Al,0, was found after milling.
XRD diffraction patterns for samples heated to 150°, 300° and
400°C are also shown in Figure 8. The patterns show that
heating at 150°C caused formation of the AlCaCl; phase, due
to the reaction 5alCl1,+3Ca0 - 3AlCaCl;+2Al,0,. X-ray

30 diffraction measurements on samples annealed at 300°C showed
peaks associated with CaCl, and a reduction in intensity of
the AlCaCl; and CaO peaks, thus indicating that the reaction
AlCaClgs+Ca0 — Al,0,+CaCl, occurred. Completion of the
formation of CaCl, required an annealing temperature.of 350°C

35 or above. All peaks in the x-ray diffraction pattern of the



The peaks for the a-Fe phase were broad, corresponding to a

crystallite size of approximately 10 nm Residual unreacted Fed [err]
and Na were al so renoved during washi ng. A TEM m crograph of the Fe
particles after washing is shown 5 in Fig. 2. Mdst of the Fe particles
had a size of wldighésgnm and each particle consists of ®cyiAvgs/e0s3? yst al
or grain of Fe. No traces of chlorine or sodiumwere found using

ener gy di spersive spectroscopy. The ef 5ect|ve surface area of the
iron particle nmeasured by the BET nethod was 32-nferr]/qg. 10 The
progress of the Jaald afnbEfed Ud 2086 Udd1dTBASHIEURIE 2o the (lcl, phase

magneti sati on to déterm ne.the anount iron present
measur enents of NfaGrastaldding %%u%e%m%ﬁ yere seenyiim ithe KR qngf.erns
sanples mlled wi safhples aheehlddldts 3500 and 4(mocrpllﬁctwevtelte thi sk nawd

the Fe particl e%—,d’ eggéx%gng%&mfﬂa&g.olp tglﬂ?miﬁg ?%Qpé i ?R&e@ﬁe srﬁall

hours usi ng m xer cle
measur ed i ng P%F“r’é’;le sizegjffraction and el ectron nicroscopy was about
| Onme f Or mlllngtlrres up to 8 hours. Wth increasing mlllngtlrres

th ticl t f 40
hour o Usi ng- o Toafhes £ B 2Bt AN o8-8t biBofraph Bs b fmFd
decrease in the “de]{eidclfé’%l% Ropnsy heat oGEPakRA At 73MFCaPnS Wbﬂ%r%ﬂ of
mlling. witar | gmmobvel itheweaely seshet{(iBnd byrgrdduetn di ‘mﬁ@t@éﬂtpﬁe

combusti on 1 eactdc MBS Y58yt CBULL Bfed ®oB HabheRa 2% OOl g

classified into two groups. e size arou

10nm si i L8r t(?et%enoﬂloa?ﬁédzqm-ng The SagRAe| E‘Prffﬁﬂ 05~ Ahidseafher chenty
had a wi de ranga;ma‘aﬂzmerat 125p%ati cl ®imilzas ﬁést@ﬂ:s’ioﬁeﬂm obtAgnkdr o

particles were sample%r ﬂﬁ‘ilgﬁ ‘xf&g)ré sat n%nlgngmgog%rgsatlon of Fe as a

Example 7 Synthesis of Ultrafine Zirconia Particles
The materials used were anhydrous 2ZrCl, (100 mesh) and CaO

15 (100 mesh). The starting mixture of 2ZrCl, and Ca0 in a molar
ratio of 1:2, corresponding to the reaction:
ZrCl, + 2Ca0 — 2x0, + 2CaCl, (8)

was loaded and sealed in a hardened steel wvial with 12 mm
diameter steel balls under an air atmosphere. The ball to
20 powder mass ratio was 10:1. The mechanical activation was
carried out in a SPEX 8000 mixer/mill for 24 hours. X-ray
diffraction analysis of the as-milled pow'der showed only the
presence of Ca0. No evidence of the formation of 2ZrO, was
found after milling user x-ray diffraction measurements.
25 Transmission electron microscopy examination showed micron
sized ©particles <consisting of an agglomeration of
nanocrystallites of Ca0 embedded in an amorphous matrix.

Formation of ZrO, nanoparticles occurred during heat

' treatment at 400°C. Figure 10 shows a transmission electron

30 micrograph of a sample milled for 24 hours, heat treated at

400°C and washed in water to remove the CaCl, reaction by-

- product. The sample consisted.of individual particles of
zirconia with sizes between 5 and 20nm.



30 consequence of the conbustion reaction. Fe particles were al so

produced by mechanochem cal reduction of FeCl[err] using My and Al
powders as the reducing agents, by the foll ow ng chem cal reactions:
WO 97/ 07917 , PCT/ AU6/ 00539

- 11 - vs[ag.,,{,.;gy ow ng chem cal reactions: _ PCT/AUB0538rr] +
1.5y -> Fe + 1.5 MgCl [err] (2) FeC[err] +
Al -> Fe + Ald [err] (3) _ 16Tk_le mlling conditions used
were the sane as for reaction (1) 5 described above. React i ons

(ﬁ) aﬂ|d ('321 di f f ehebeoakamAGd Qﬁo‘fr]t)hdlthhBQ:z’Bd@Eion of hahbos_széfamq_dnrﬁ@ to
the chloride react.i,0q.by- . sho e_particle size
produced after mg%’ I %&Qéﬁ'giﬁgf%tlc-{_%g fggt ?‘%c%%angi e\ﬁ%céﬂl 8?? e 1019 &4th be
reaction. It wilRchéevedrfrom ecepenicalestarting matesials onABeivedrCilpand
respective parti gh®. TheéigRvedRd idquaebah MEh198g Wet B LAARBNNY Aoy Z€
I ncreasi ng with ingrea mgn{ram%fr ratji o é’:ﬂ}s& notgd that for a %l_ven
reaction the? ol SPeFEYi ¢S¥fy - HERRR g At h300eANg and a, fimRlen srashing
reacti on by-prodpebcesst hatilddaaat Slgw iedergy level is promising for large
quantity production using commercial mills. Therefore, the
development of th:i_.s processing method may lead to a new
production process of nano-sized alumina and other ceramic

10 powders in an economical and efficient way.

Examples of other reactions in accordance with the invention
which do not involve oxidation or reduction of the reactants
to produce ultrafine particles are:

2FeCl; + 3Ca0O — Fe,0; + 3CaCl,
15 2@Gdcl,; + 3Ca0O — Gd,0, + 3CaCl,
2LaCl, + 3CasS — La,S; + 3CaCl,
2CeCl; + 3Cas — Ce,S; + 3CaCl,

EXAMPLE 8
Ultrafine hematite Fe,0, powders have been synthesized by
20 mechanochemical processing based on the solid-state
reactions,
2FeCl, + 3Ca0O —» Fe,0; + 3CaCl,
2FeCl, + 3Ca(OH), — Fe,0; + 3CaCl, + 3H,0.

Dried FeCl,, CaCl,, CaO and Ca{OH), powders of >99% purity

- 25 were used as the starting materials. Mechanical milling was
carried out for 24 -hours in a sealed, hardened steel vial
using a SPEX 8000 mixer/mill. The charge ratioc of ball to
powder mass was 5:1 and 4.8mm diameter hardened steel balls
were used. Initial powder handling and vial loading were

30 carried out in a high-purity argon filled glove box. After
milling, the powdefs were heat treated in a wvacuum at
temperatures between 50 and 600°C for 60 minutes. To remove
the reaction by-product, the samples were washed with
methanol in an ultrasound bath and dried.



15 nilling. | TABLE 1 Reacti on

Particle Size Mol ar Ratio FeCl[err] + 3Na -> Fe + 3Nad
10 nm 0.33 20 FeCl[err] + 1.5My -> Fe + 1.5MgCl[err] 40 - 100
nm 0.66 FeC[err] + Al -> Fe + AlCl[err] 3 - 10 [err]m
1.00 ﬁf,dmze Fe particles have al so been successf pekmupsoessdr ed
usi ng an attrltor ere the particle size was simlar to t hat
prepared using SPEX 8000 m xer/m || . 25 XAMPLE 2 - Synt hesis of
U trafine Copper Particles The materi‘al s -used were anhydr ous
Cull [err] powder S lbege %?Q 0 10
mesh) or Al pow}h '(11].1.919; oF B%S%l’ma %?Qal\jf\bdt %r eg %?&? taﬂ?g@ Mﬁ&u{'e to
correspondi ng t FheRe two c‘?’%ﬂ}’c"f 0; was formed eam}ealama at >
CuCI+ 2Na]C1 . 1509C or abovd 4) After washlng theC ;[ﬁw@eﬁremiiznﬁy Monsiste®bft

' err : 1 +_2F
g/lgec{[err] single (%)%Stal e Igladt%ﬁe%d seé'] ed Pn gaﬁ %ﬁgﬁeds’sﬁeeel
vial wth twentdistribufigrnintiihe nsmopsofiid-528nE: godn Addidiionr of 100
mechani cal CaCl,, id\DFEA[9BCa0 + 5CaCl,, into the starting material

PCT/ AU96/ 00539 resulted in a strong reduction of the Fe,0, particle size to

"10-30nm.

Nanocrystalline tetragonal akaganeite, FeOOH phase, together
10 with calcium chloride was found after milling of 2FeCl, +
3Ca(OH),. Fe,0; was formed after dehydration through heat
treatment at temperatures above 200°C. Pure ultrafine Fe,0,
particles of 20-50nm in size were obtained after a washing
process using methanol to remove the CaCl, reaction by-
15 product. . -
EXAMPLE 9 -~ Synthesis of Ultrafine Rare Earth Oxide Particles
The reaction of 2GdCl; + 3Ca0O — Gd,0, + 3CaCl, has a negative
free energy of about 70 KJ/mole. The materials used were
anhydrous GdACl; (-20 mesh) and Ca0 (£-100 mesh). The
20 starting mixture of GACl; and Ca0 in a molar ratio of 2:3 was
loaded and sealed in a hardened steel vial with 12.6 mm
diameter steel balls under an argon atmoéphere. The ball to
powder mass ratio was 10:1. The mechanical activation was
carried out in a SPEX 8000 mixer/mill. The as-milled powder
25 was washed in the same manner as in Example 1.

After milling for 24 hours, GAOClL was formed due to the
reaction of GACl; + CaO — GdOCl + 2CaCl,. The particle size
of GAOCl as determined from transmission electron microscopy
measurements was 10 - 50nm. The formation of Gd,0, ultrafine
30 particles occurred during the heat treatment of the milled
sample at 700°C or above. The resulting particle size was

- approximately 100nm.



- 12 - as-m |l ed powder was washed several tines wth deionised,

deoxygenated water and rinsed with nethanol in an ultrasound cl eaner.
The washed powder was dried by evaporation and all subsequent powder
handling was carried out in an argon filled 5 gl ove box. Fig. 4
shows the Xx-rgygeidbiacti on patterns for powders from FCT2ANI9%60053% 4)
after mlling for 8 hours and after washi ng. : The as-m || ed powder
consisted of a mxture of NaC and Cu. The formation of Cu is due to

the reduction of CuCl[err] via 10 reaction (4) above during mlling. No
NaCl was visi bl egkAMPLE 10t he Synthedikl [6Et UDErdFildec! Rexr&T EhbehP BUIFide
after the g@;@kggegrocess (Fig. 4). The peaks for the Cu phase were
broad, corresponding " to0 an average crystallite size of approxi mately
20 nm 15. A ThE® metevigkphssid mereCanbhydrous caref esrthochlonides sturhn

in Fig. 5. The g4 pacll Ches G8vE, S{-ZRF risH)E" nd0ch@0 (3300 mesh) . SRR
particle conilsts of a S|n§%e crystal or grain of Cu, Reactions (5)
~and (6) differ  FEATFERg 48 ‘tﬁ%%‘é‘- rHh chlorideand fa§ H GmHRrt o
the chloride reacttdo 0F-Prardustrrezpondindl to xlEhawacthenparticl e si zes

produced after nilling andraci, ¥O3ey® 5ald 8, of seqeper to chloride for each
reaction. It is seen that ‘results show an excellent correlation

bet ween t he particl e 2&485d2 ah P T3R Hdiars taffasi:
TABLE 2 25 React i on Particle Size Mol ar Ratio

were loaded and sealed in a hardened steel vial with 12.6 mm
10 diameter steel balls under an argon atmosphere. The ball to

powder mass ratio was 10:1. The mechanical activation was
carried out in a SPEX 8000 mixer/mill for 24 hours. The as-
milled powder was washed several times with methanol in an
ultrasound cleaner. The resulting particle sizes as
15 determined from X-ray diffraction and transmission electron
microscopy measurements were in the range of 10 to 100nm.

EXAMPLE 11 - Synthesis of Ultrafine Zinc Sulfide Particles
The materials used were anhydrous zZnCl, (-20 mesh) and CaSs
{€-100 mesh and ~10nm). The starting mixture of 2ZnCl, and

20 CaS in a molar ratio of 1:1 corresponding to the reaction
ZnCl, + CaS — ZnS + CaCl, was loaded and sealed in a hardened
steel vial with 12.6 mm diameter steel Balls under an argon
atmosphere. The ball to powder mass ratio was 10:1. The
mechanical activation was carried out in a SPEX 8000

25 mixer/mill. The as-milled powder was washed several times
with methanol in an ultrasound cleaner. Using CaS of <-100
mesh, the complete formation of ZnS particles required a
milling time of approximately 36 hours. The resulting
particle size as determined from X-ray diffraction and

30 transmission electron microscopy measurements was
approximately 15nm. On the other hand, with CaS of ~10nm,
which was synthesised by mechanical alloying, the resulting
particle size was 5 ~ 10nm.

The process for the production of ultrafine particles using



CuCl[err] + 2Na -> Cu + 2Nad 10 - 100 nm 0.5

CuCl[err] + My -> Cu + Mgl [err] 30 - 300 nm 1.0

3CUCI [err] + 2Fe -> 3Cu + 2FeC [err] 0.1 - 20 [err]m 1.5 30 Cu
particles synthesised fromreaction (6) exhibited a w de si ze

di stribution \9%9.907;“20[ errlm A typical particle is shown PpCT/AU/0S3YUre 6.
The particles had a porous structure, where WO 97/ 07917

PCT/ AU96/ 00539 13 - each particle
consi sted of conposite of many snall - ez erconnect ed Cu particles,

| ndi cating thal nbOgad NV Ut Tration bEAGEA018ba aEbIeafal N ug £nhgt 0
separate the indivi dual Cu rticles. 5 eS| s of
U trafine N ckefiPRtagaeover co e’ﬁ%ﬂ'?‘fa& é’f%@?élg?n'{‘?l@%‘?dsse&nf’ P@E&ﬁﬁ t he
reaction of N Cl[err] + 2Na -> N+ 2NaCl using the mlling and other

conditions  (fpScribedn Gxamie to dbeclently ng PG| SoiedlaERES

determ ned fromx-ray di I on and transm SSion eI ectr
nmeasur ement wer BEP¢REHandg fhergtore £8e9onpat regyire the F@@éﬁ%‘ coptral
nano- parti c§ es gfstémkalsspeddueddrilth E&ﬁe chemib88ErndPBhysical production

methods.

(2) The process enables a significant degree of control

over the size and size distribution of the vultrafine

particles production by controlling the parameters of
10 mechanical activation and the reaction stoichiometry.

(3) The process also enables a significant degree of
contreol over the nature of interfaces created between the
solid nanophase substance and the reaction by-product phase.

(4) The process is relatively inexpensive and has a
15 high vield 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

20 . without departing from the basic inventive concepts. aAll
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.
Furthermore, the preceding examples are provided for

25 illustrative purposes only, and are not intended to limit the
scope of the process of the invention.



EXAVPLE 4 - 5|s of U-trafine Cobalt Particles Co particles were
syntheS|se ;’ uﬂ’tlon of CoCl[err] 15 + 2Na -> Co + 2Nad

usi ng the condi ti ofts described in Exanple 1. The
resul ting partlcle Sl zes as det Twsn%‘iEEfTrMSﬂfEﬂ diffraction and
transm ssi on Qk&eieiy i croscogy neaREPRAGEDt wer g in t IRCIVATNGO0S3 20
to 50nm The particle sizes were a to that for the

ni ckel 20 as expected since these two reacfy ans have the sane nol ar by-
product ratio. EXAMPLE 5 - Synthesis of Fe-Ni Alloy Particles

Particles of an rHENncRACMS!| DRYENEING ke SNOENTION LAY B@aebioows:  Of
FeC[err] + NC[err] + 5Na -> FeNl + 5Nad wusing the mlling and 25

ot her conditions described in Exanple 1. X-ray diffraction showed
that the powder éensisted bf BFO¢ess phése, theli caroduction tdfe fwitmafioe of

the all oy of Fe[95&};hu_egr]thglgz%c@ggpgghbfpguy,s' confirmed by a Fe57
- Mossbauer study. The particle size was -10nm 30 Al of the

above exanpl es invol ved nmechani cal activation of an unreduced netal
conpound and a ssubdekFtingdectmintuseciof a metaat canpowndia&ndn/a rsmiimatblm

[)eaCt :c Onngcf%;: e?‘ﬁ%&e{'@r o mechaﬂk.&éf‘f h@@l@ﬁ:\?&n POYIESSreddBsR dileni?
P(Ca;? Augg / 00539 reactivity of the reactants and/or reaction kinetics such

that a chemical reaction can occur which produces a solid
nanophase substance and concomitantly forms a by-product
phase; and,

10 removing the by-product phase such that the solid nanophase
substance is left behind in the form of ultrafine particles.

2. A process for the production of ultrafine particles
as defined in claim 1, wherein said solid nanophase substance
includes nano particles in the size range of 1nm to 200nm.

15 3. A process for the production of ultrafine particles
as defined in claim 2, wherein said solid nanophase substance
" includes nano particles in the size range of Snm to 50nm.

4. A process for the production of ultrafine particles
as defined in claim 1, wherein during mechanical activation

20 a composite structure is typicaily formed which consists of
an intimate mixture of nano-sized grains of the nanophase
substance and the reaction by-product phase.

5. A process for the production of ultrafine particles
as defined in claim 4, wherein the step of removing the by-

25 product phase, following mechanical activation, involves
subjecting the composite structure to a suitable solvent
which dissolves the by-product phase, while not reacting with
the solid nanophase substance. '

6. A process for the production of ultrafine particles

Sheet Has Been Replaced
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product”mmﬂ l af i ne povvders usi ng reactions which do not
i nvol ve uction of For exanpl e the
fol |l owi ng react i ons for maki ng ul i% ﬁBﬁHSﬂAISc@ﬁ% c powders

(Al[ err]O[ er riyoerbedfi na, Zr 2 - #irconREBLARER al sof be PETIAUH/00589

mt he invention can also be applied to the

2AlCl[err] + 3CaO -> Al[err]Qerr] + 3CaCl[err] 2A1(OH) 3 +
3Ca0 -> Al[err]O[err] + 3Ca(OCH)[err] _ _ ZrC[err] + 2CaO ->
Zrerr] + 2CaCl[err] 10 2A101231+ 3Ca(OH)[err]-> Al[err]Qerr]

+ 3CaCl[err] + 3 edddided in clmLEvﬁlere§YlnEB@Slcé gsﬂérééf\f@c Sé;) and

Particles Th er.i sed, wer e anhydr ous err 100, nme
CaO ([err] fb’gnﬁgtst at°l'hge§‘f’a‘?3| g rﬁ%?cl]’ree bee Aé@'é’%?ﬁi‘]‘ tngbege kY a
nol ar ratio of Evapomartnespondr ng to the reaction:

2A1Cl[err] + 3CaO -+ Alf[err]O[err] +BCaCI[err] (7)
was | oaded and sealed in a hardeneg st vial wth steel balls
under an air atrfosphere. ¥RFITEEE BF°‘§‘&%"§-°“ of “]rti"’ifd-n\ﬁaga%t’i‘:leﬁwe |

mechani cal &cti ‘et defiined mrcikén butfurther compriSiny 6RO Gt 6F/ fidthdror
24 hours. Fi gur'in%c%@@\ﬁgaa?é; hibkacds of fid %ﬁg%@iﬁétsﬁﬂﬁca s' P8 Asad ! ed

powder . Only th raci1 on peaks present on the
XRD pat t er RS- °§spﬁﬁr+\é‘%ﬁ%ﬁi1@@s Emnésmﬁrrm 6ﬁm§H69\reﬂf ntke G-
sized particl eproduetsphisag of an aggloneration of

nanocrystallites of CaO enbedded in an anorphous matrix. No 25 evi dence
of the formation of Al[err] ecr€r§] was found after mIIrng

diffraction pattrns for %é‘%ﬂ SnEQ¥ dehe Bradefisla o Qﬁd{l@rfrlPeaR%Ftlcles
400[ err].C ape alaxo ddfdmed nirri glraizm81 wherpaht ¢has msalnaw idompound ishesdi i ng

Feaction | SALCLEE T IEo RS plfpfid R B PR e g gyianlde
reductant so that when the mlxture is subjected to mechanlcal
activation a chemical reaction occurs which reduces the metal
compound to a metal phase, so that subsequent removal of the

15 by-product phase leaves behind the metal phase in the form of
ultrafine particles.

9. A process for the production of ultrafine particles
as defined in claim 8, wherein the unreduced metal compound
is selected from the group containing metals of low electro-

20 negativity, including but not 1limited to iron, nickel,
cobalt, copper, gold and platinum.

10. A process for the production of ultrafine particles

as defined in claim 9, wherein the unreduced metal compound

is selected from the group consisting of metal oxides, metal
25 chlorides and metal sulphides.

11. A process for the production of ultrafine particles

as defined in claim 8, wherein the reductant is a reducing
‘ agent which forms a soluble by-product phase, including the

reducing agents sodium, calcium, magnesium and aluminium.

30 i2. A process for the production of ultrafine particles
as defined in claim 8, wherein the mixture formed during

as Been R laced
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ments on sanples anneal ed at 300[err] C showed
peaks aia BH Cl[err] and a reduction in intensity of t he
Al Cad [ s, thus i ndicati-rg—that—tfre=y eacti on

Al Cadl [err] +Ca0 - > Al[err] q err] +ChH[SeSHEELBASIBEEY |~ Conpletion of the
formati on of Cyfgedghreaqui red an ann . of 350fpermis@sss or

above. All peaks in the x-ray diffi t he WO
97/ 07917 PCT/ AU96/ 00539

- 15 - sanpl e anneal ed at 400[err]C cofifd be indexed to the CaClferr]
phase. No crméémxl.icnﬂ aéémmmﬁmswaee %ee@;ahacwst%mwét@f Nghe

Lo the smal | {1 ackosat poas cmbdied seRin oo (P8 Fon £V-SrkaicE) Bhase.
Figure 9 shows a Sea@hshhaki @eem@aio@hnser dgeaphobf persabpte through | thke
[0 2 pours; nedbercastas aheibougl iy BEV 1y proaut a1 AR
e A ey oo Gl B0t oo ThE SRIBL s caan b as Sarale hopt,
formed [err] - Al[err]O[err] after heat treatnment at 1250[err]C.
Simlar results wege obtai RedrbBess forSelPeSalbli &t o ﬁftpaﬁr?éqgaégigm
bal I's. as defined in claim 8, wherein the mixture formed during
mechanical activation consists of nanocrystallites of the
metal phase embedded within the by-product phase, such that
10 the nanocrystallites of the metal phase formed by mechanical
activation are percolated_ or interconnected through the by-
product phase, and wherein |
removal of the reaction by-product phase then results in
micron sized particles of the metal phase interconnected in
15 a sponge-like structure.

14. A process for the production of ultrafine particles
as defined in claim 1, wherein mechanical activation results
in an increase in the chemical reactivity of the reactants
and/or reaction kinetics such that a displacement reaction

20 can occur which produces a non-metallic phase such as a
ceramic compound, so that subsequent removal of the by-
product phase leaves behind the non-metallic phase in the
form of ultrafine particles.

©15. A process for the production of ultrafine particles

25 as defined in claim 14, further comprising subjecting the
mixture to thermal treatment, such as by annealing, either
simultaneous with or subsequent to mechanical activation to
enable the displacement reaction to occur.

i



Exampl e 7 Synt hesis

wer e anhydrous ZrC [err]
The starting mxture of ZrdJerr]
corresponding to the reaction:

of Utrafine Zirconia Particles

([err] 100 nesh) and CaO 15 ([err] 100 nesh).

and CaOin a nol ar ratio of 1:2,
ZrCllerr] + 2CaO -> Zr(err]

The materials used

+ 2CaCl[err] (8) was | oaded and sealﬁgg%&g dened
steel vial w MOIPTHL, di ameter steel balls under an ai re.
The ball to 20 powder nass ratio was 10:1. The nechani cal activation was

carri ed out

evi dence of the for
x-ray diffraction

exam nati on showed
aggl onerati on of
mat ri x.
treatment at 400[ erf
m cregraph of a sa
and washed in te
The sanpl e const st eq
between 5 and FDnm

PCT/AU96/00539;;

Intenst

in a SPEX 8000 mixer/mil
anal ysis of the as-mlled powder showed only the

Formiiti on of ZrJerr]

|

f ob/®4 hours. X-ray di ffraction

presence of CaO No
L1 user

asurements. 25  Transmi ssion el ecty,gdp Croscopy

I Cron sized particles consigeiNag  Of n

nanocrystal litgs of CaO enbedded in an anofphous

nanoparticles occurred during}heat

]C. Figure 10 sho a transm ssion electron 30

le mlled for 24 hqurs, heat treated at

to renove the Cad [flerr] reaction by- om

| of individual partjicles of X r cont¥htd ¢
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j00[err] C
uct .
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These exanpl es show that the production of nano-sized al um na and

zirconia particles by nechanochem cal processing can be achi eved from
econom cal starting materials - AIC[err], ZrC[err] and CaO. The
process includes a mlling at a relatively low 5 energy |evel, annealing
at 300- 400[ ergb oty a si npl e washi ng process. M| i ngPGU/AUSNOBAer gy
| evel is promsing for |arge quantity production using conmerci al
mlls. Therefore, the devel opnment of this processing nmethod nay | ead
to a new production process of nano-sized alum na and other ceram c 10
powders in an econom cal and efficient 24fy. Exanpl es of ot her
reactions in accordgpce with the invention whi ch do not invol ve
oxi dation or reductt Ol (he reactants TO producg ultrarjne particles
are: > Fe|err Qerﬁ + 3Cag [err] 15
2GdCl[err] + 3Ca0O -> r] + 3Cad[err] 2Lad [err]
+ 3CaS -> La[err] S[40r Clerr] 2CeCl[err] + 3Cas ->
Ce[err]S[err] + 3Cad | EXAMPLE 8 Utrafine henptite
Fe[etrr]Jerr] powders lhavg been synt hesized by 20 mechanochejn cal
processi ng -base g@ solid-state reactions;
2FeCl [err] + 3Cag - [efr]C8 + 3Cad [err] 2FpC [err] +
3Ca(OH)[err] -> [err rr] + 3CaCl[err] + 3Herr]O Dr i ed
FeC [err], Cad [.&ré, and Ca(OH)[err] powders of >99% purify 25 were
used as the starg’n 0 rials. Mechanical mlling was carried out
" for 24 hours in @ sealled] hardened steel vial usi ng a SPEX 8000
m xer/mll. The charge ratio of ball to powder nass was b:1 and 4.8nm
di anmet er hardened sgeel_ alls were used. Initial powder handling and
vial | oading were 3 arried out in a high-purity argon fillgd gl ove box.
After
0 . . . ]
0 10 20 30 40 S0
milling time (h)
Figure 3
x: NaCl
Cu
X
X

_-Aé Cu x

=]

8

E b

2

2

s

K=

20 30 40 50 60

29 (degrees)

Figure 4



mlling, the powders were heat treated in a vacuum at t enper at ur es

bet ween 50 and 600[err]C for 60 mnutes. To renobve the reaction

by- product, the-sanples were washed wth met hanol in an ultrasound
bat h and dri ed. 17

3. An insecticidal conmposition as in claiml including as enulsifiers a
polyoxyethylengmggpﬂpfan ester and either a nono-, di- or tri*

ester or a nono- or poly-glycerol ester. 4. An insecticidal

conposition as clained in any one of clains 1 to-3 5 wherein the
concentration of the one or nore enulsifi8f§ is 0.5 to 8% w w,
preferably 1 to 5% ww, nost preferably about 1 to 2% ww, particularly

about 1.2% w w. 5. An insecticidal conposition as claimed in claim
1 or claim2, PR C hd Qrauimle I OUP

consi sting of et hoxykeegm » - By Nt £l noni oni ¢
emul sifiers, et go» Gl 0 O A ok A N d nono-,

di - or trl-sorbltan e Sition as
claimed in claim5s |ﬁﬁ
tri-sorbitan ester am&'

By | at ed
di al kyl phenol's, fatty ®gi 7 .

ates and

fatty am ne et hoxyl at-4§. L A 'S . cl ai med
in any one of clainmsg 10 _ wherein th" L : :

m croencapsul at ed i NS olEg: WE from 0. 001t J 5 2L An

i nsecticidal conposi "M#aeas ¥ g in clai e o . Insecti ci de
is |anbda cyhal othrih, plc¥era N a concen TR RY. s 0. 5%
w w, nost preferably 0.0NEEEEHe ] : * 4

Figure 6



9. A nmethod of killing insects that contact a synthetic polyneric
surface conprising applying to the surface an insecticidal conposition as

25 claimed in claim1 or claim?2. W) 97/ 07917

PCT/ AU96/ 00539 - 18 - EXAMPLE 10 -
Synthesis of Utrafine Rare Earth Sul fide Particles The materials
used were anhy¥P8U¥%%re earth chlorides such as Lad [ SIGTAUSAB0539
CeCl[err] (-20 nmesh), and CaS ([err]-100 nesh). The 5 starting m xture
of rare earth chloride and CaS in a nol ar Fatio of 2:3, corresponding
to.the reactions: 2LaCI[e¥U5 + 3CaS -> La[err] Serr] +
3Cad [err] 2CeCl[err] + 3CaS -> Ce[err]S[err] + 3CaC[err]
were | oaded and sealed in a hardened steel vial with 12.6 mm 10 di anet er
steel balls under an argon atnosphere. The ball to powder nass ratio
was 10:1. The mechanical activation was carried out in a SPEX 8000
mxer/mll for 24 hours. The as- m ||l ed powder was washed several
times with nethanol in an ul tras - resulting

i3 .ahd transm ssion

partrcle sizes as 15 det erm ne
%P to 100nm

el ectron m croscopy neasur eng

Figure 7

s (2 3
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EXAMPLE 11 - Synthesis of Utrafine Zinc Sulfide Particles The

mat eri al s used were anhydrous ZnC [err] (-20 nesh) and CaS ([err]-100
mesh and [err]10nm). The starting m xture of ZnC[err] and 20 CaSin a
nolar ratio of 1:1 corresponding to the reaction ZnCl[err] + CaS ->
ZnS + Cad [erré \Q@ﬁ"l aded and seal ed in a hardened steel vial with
12. 6 mm di anet 9P W8 bal I's under an argon at nospher e. PGHAUSA0$39
powder mass ratio was 10:1. The mechani cal activation was carried out
in a SPEX 8000 25 mxer/mll. The as-?’qed powder was washed sever al
tinmes wi th nmethanol in an ultrasoun eaner. Using CaS of [err]-100
mesh, the conplete formation of ZnS particles required a mlling time
of approximately 36 hours. The resulting particle size as determ ned
from X-ray diffraction and 30 transm ssi on el ectron m cr oscopy

measur enent s was approximately 15nm On the other hand, with CaS of
[err] 10nm ~ which was synt hesised by mechani cal alloying, the resulting
particle size was 5 - 10nm. . - .The process for the productu{n of
ultrafine particles usmgf Lo V\097/07917 "

PCT/ AU96/ 00539 v
activation as descri bed- above
conventional processing, net h.ogj'

19 -- _ rrecﬁani cal
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(1) | The process is essentially’ .a "I 6V\} tenpera!t’%{/gu Q 6 ;{rtgc&sr) ;51(9
therefore does not require the conpl ex-control 5 SREtLeErF\(g;]sq:igaW mg?h
e’

some chemi cal and physi cal production - met hods.

process enables a significant degree of control over the size and size
di stribution of the ultrafine partche§ production by controlling the
paraneters of 10 mechani cal activation and the reaction st0|ch|onetry

(3) The pb%%%iéﬂﬁ fgégggs%cﬁi %}&“bﬁ:h&ﬂ@hgﬁ f%dﬂ;rafl %q:tt{ cl[e%xgre '
(4

the nature of interfaces create nanopha
and the reactl&]?eoPr;?Frﬁﬁfctc%%@mg The process, |s

relatively i nexpensi ve and has a 15 hi gh yi eld rate, so that it can be

readily nodifi %%b %rcttll}x% |3 mz_?%(:ﬂg%eséf gf tr LISSE‘B gh quqe daI I.?utzﬁréble

commerci al scale e apparen
mat eri al s and reageﬂ’cen‘ti%ame@hgnh@elu ﬁgtaﬁﬁ;#lpnattmummsenhhacmimnmadnd

nodi fi catisns &@&d&qﬂ&@e é® the &@Q&Qaﬁ%&crdﬂ@%ﬂorﬁéééélgﬂ klwei;*iegt such
departing from basic inventive gonce | catiQns

and enhancenent® 4 eac%}ﬂ%’f‘ﬁ%? dFE3chEon an\quﬁ% tWél%I&oB€°aDC?ﬁ
i nventi on, thenamophb@sef substam¢eh ansl t coheonibtantlyeddmmem ah@j-@ze:ghimg

dfelscri ption. phag|lr wwﬁairne,sdatﬂae slarleltae@fat@ﬁp%a%@tﬂ's%s% %OQ{]%&% 0% aél%o
![heu;'; (r)gtels\sleofl!ppﬁ‘gs%ﬁ.@on ){brﬁ{]e sairzee I:]J:(')angl'en §P § go ISrJ]nm embedded in F%:he

10 by~ product phase; and,

removing the by-product phase such that the solid nanophase
substance is left. behlnd in the form of ultrafine particles.

The term "ultrafine particles" as used above and throughdut
the remainder of the specification refers to individual

15 particles in powder form as well as to partlcles
1nterconnected or embedded in a porous matrix, and typlcally
includes nano partlcles in the size range of 1 nm to 200 nm,
or more typically in the range 5 nm to 50 nm.

During mechanical activation a composite structure is

20 typically formed which consists of an intimate mixture of

nano-sized grains of the nanophase substance and the reaction

by-product phase. The step of removing the by~-product phase,

following mechanical activation, may involve subjecting the

. composite structure to a suitable solvent which dissolves the

25 by-product phase, while not reacting with the solid nanophase

| substance. Removal of the by-product leaves behind ultrafine

particles of the solid nanophase substance. Alternatively,

the composite structure may be subjected to heating to remove

the by¥product phase by evaporation. If necessary, the

30 surfaces of the ultrafine particles may be further processed

(e.g. by gaseous reduction) to remove oxide or pass1vat1ng
films formed during removal of the by-product phase.

In one form of the process of the invention the metal
compound is an unreduced metal compound and the reagent is a

AMENDED SHEET
IPEA/AU :
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process

conprl sulmll lmmuummﬁctl ng a mixture of a netal conpouﬁd’tand“‘ sui“t abfe
" rea activation to increase the chem cal

react|V|
chem cal

ty of

reaction can occur which produces a solid
and concomitan

t he' reactants and/ or reaction 5|net|cs such that a

_ k¥ CORTHISA DR TR Gl 1@&%@ wéﬁl Bogfbfssol id
nanophase substance I ncl udes nano par S 1 STze range of 5nm

to 50nm enbedded in the by- product phase; and, renovi ng the
by- product phage such that thecsdd d ﬂaﬂOprtme prodt&t&h&irﬁnCQfl sulleéfdafine
behind in the faorm.of ultr flneopartlc A process for

the production S S D

99%§59ﬁ9pr¥§§n@éflned in claiml, further

conprising the step of further proce55|ng the surfaces of. the

'sﬁiﬁ%ctt(}. ger@vﬁuxtu};l:eoxége mé)c?éls' ¥8ﬁb89n&' laqﬁi fg r @%q.t%'ﬂleng

ultrafine part

r enoval

of t he

reagent to mechanlcal activation to increase the chemical

 reactivity of the reactants and/or reaction kinetics such

10

15

20

25

30

that a chemical reaction can occur which p;oduces a solid
nanophase substance and concomitantly forms a by—product
phase, wherein said solid nanophase substance includes nano

particles in the size range of 5nm to 50nm embedded in the

by-product phase; and,

removing the by-product phase such that the solid nanophase
substance is left behind in the form of ultrafine particles.

2.. ' A process for the production of ultrafine particles
as defined in claim 1, further comprising the step of further
procéssing the surfaces of the ultrafine particles to remove
oxide’ or passivating films formed during removal of the by-
product phase.

3. A process for the produ_ction of ultrafine particles
as defined in claim 1, wherein the metal compound is-.an

unreduced metal compound and the reagent is a suitable

redﬁctant so thatj when the mixture is subjected to mechanical

_activation a chemical reaction occurs which reduces the metal

s . r ; A oA
FI NING THE INVENTI ON ARE ASCFOLY /05,3 9
for the production “gf «uli: rafl ne parg. . ee‘ ~hhe ar ogess

it

nanophase substance

compound to a metal phase, so that subsequent removal of the _

by-product phase leaves behind the'met_al' phase in the form of

ultrafine particles.

4. A process for the production of ultraf_ine particles
as defined in claim 3, wherein the unreduced metal compound
is selected from the group containing metals of low electro-
negativity, including but not 1limited to iron, nickel,

' cobalt, copper, gold and platinum.

AMENDED SHEET
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d

c.ompou is a suitable reduct ant -so that ‘when*t he+
m Xture i s subjected to nechani cal activation a chem cal reaction
occurs whi ch reduces the netal conpoung,to a nmetal phase, so that
subsequent renoval of the 25 by- product phase | eaves behind the netal

phase in the fgrm of a ghbeaks nfozpac{l'fé Ek:'gauctioa ?f%]atra}.qflrlléa‘p%.rr%%%ﬁses

for the production of, ultrafine partic

‘wherei n the unPEdF&Ednasd dn GOdgusd wheregin shecpnaeduced mesadr (ﬂﬂ@\pound

cont ai ni ng et dlss s@f].eldt\éde|f%inr €he3§roupeshs Vit dng - o N GMHH NGB Hed Othetal

limted to iron

ba G
5¢ ¢hlozi eR ﬁrn(?c&eé:aﬁo ”Ilﬁ’@ duction of ultrafine particles

- 21 -

per, gold and platinum

‘as defined in claim3, wherein the unreduced netal corrpound s

et ol Sl e 00 E°BRRELL0%SL o BLoAEHESy JR et ind Betllidin

ultrafine partiasl eéiefined gim gekaired rIWheaem 3theheediiataht dedactraduding

reduci ng

redUC|ng agents sodi,um cal ci um mag neS|un1a
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alumn
reducing agents sod:.um, calcium, magnes:.um and alumn_nlum

R Ty

3. he production of ultrafine pa~¥| cles 20 '. és R
defi neﬂﬂl@lﬁﬁﬁgiﬂﬁu Mel n the nmetal conpound is an . unreduced net.al
ul

-f

7. ' A process for the production of ultrafine particles

as defined in claim 1, wherein the mixture formed during

mechanical activation consists of nanocrystallites of the

metal phase embedded within the reaction by-product phase,

such that the metal phase does not percolate through the

particles, and wherein removal of the by-product phase leaves

a powder consisting of nanoparticles of the metal phase.

8. A process for the p'roduct‘ion of ultrafine particles
as defined in claim 1, wherein a sufficient volume fraction
of the by-product phase 'is present during mechanical
activation so that the solid nanophase substance forms in
separated ultrafine particles 'during the reaction.

9. A process for the production of ultrafine particies
as defined in claim 8, wherein if the volume fraction of the
by4produc£ phase 'produced is insufficient for separated
ultrafine particles of solid nanophase substance to form

during the reaci:ion, powders of the by-product phase or other
inert phases are added to the mixture prior to mechanical

activation.

10. A process for the production of ultrafine particles
as defined in claim 1, wherein mechanical activation results
in an increase in the chemical reactivity of the reactants
and/or reaction kinetics such that"_a di_splacement"reaction

can occur which produces a non-metallic phase such as a

AMENDED SHEET
IPEA/AU



A process for the production of ultrafine pQF |clqe61/00 Qsa 3 9
defin erein the mxture formed duringgerzjyrachanic
actlvﬁmummmuﬂ}lmnm nanocrystallites of the met al p'ﬂgse gm§Xd§§7

hi n*t e rtead®ti 8n by- product phase, - such that the netal phase does
not per col ate through the particles, -apd wherein renoval of the
By- product phase | eaves 15 a powder consisting of nanoparticles of the
met al phase.. cerami® compouﬁdprcmesshéer simdmmiwtkemoﬁaluldﬂ athee by-
particles efln |n aim1 e a suffici ne.fr.act,i.on
of the by- pr&ﬁ?&d aB?Es?ﬁva‘h“&irqug neRpeh e‘@;ﬂc pﬁasﬁcﬁpvatt}}%n
so that the solﬁarnna:rﬁ)pﬂatszafsutsmmd]msm in 20 separated ultrafine -
particles during the reaction. 9. A process for the production

of ultrafine particles as defined in claim8, wherein if. the volune
fraction of thdl. by- Br BE@EESEhERE the Mreswatdomefifyl trahing garticles

separated 5 A td&f{iMeq PRAt 'c‘l'a@.& oio 50fuﬂtHéﬁ°EBﬁ\§91§§!ﬁc§t %%9 et:thar nah?é
during the react,ion, powders of ﬁegpgro duct phase

r [
phases are addéH-xttdn'{%et% thermpa rFB eRbch§HFRaps bY ag@tqa\;l.é.ﬂgon_elther
10. A procdamlfteinddiss printhiadh Cﬁhl:ﬁéecyléﬂtafttd’lenelﬂﬁnl(daﬂ.s activa®Sion to
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increase in th& elrﬂ %W% TR tr’eé'tt Y and/ or reaction
ki netics such that a displacenent reaction can occur which produces a
non-netal lic pl’i§se such %Spﬁocess for the production of ultraflne particles
10 as defined in claim 10, wherein the metal compound is

selected from the group consisting of AlCl;, 2Al1(OH),, zrCl,,
ZnCl,, CdCl,, CoCl,, NiCl, CﬁClz, FeCl,;, NdCl, , GdCl,;, SmCl,,
LaCl, and CeCl;. ' '

13. A ‘process for the production of ultrafine

15 particles as defined in claim 10, wherein the suitable
reagent is selected from the group consis'ting of MgO, Cao,
Na,0, Ca(OH), and CaS.

14. - A process for the production of ultrafine particles

as defined in claim 10, wherein_a_su_fficient volume fraction

20 of the by-product phase | is present during mech_anical

" activation so that the solid nanophase substance forms in
separated ultrafine particles during the reaction.

15, - A process for the produétio_n of ultrafine particles
as defined in claim 14, wherein if the volume fraction of the
25  by-product phase produced is insufficient for separated
ultrafine p'az;ticlesl of solid nanophase substance to form
during the reaction, powders of the by-product phase or other
inert phases are added to the mixture prior to mechanical

' activation. |
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(54) Tifle: PROCESS FOR THE PRODUCTION O}ZI'RAFINE PARTICLES
(57) Abstract

A new, cost effective process for the production of ultrafine particles which is based on mechanically activated chemical reaction
of a metal compound with a suitable reagent. The process involves subjecting a mixture of a metal compound and a suitable reagent to
mechanical activation to increase the chemical reactivity of the reactants and/or reaction kinetics such that a chemical reaction can occur
which produces a solid nano-phase substance. Concomitantly, a by-product phase is also formed. This by-product phase is removed so
that the solid nano-phase substance is left behind in the form of ultrafine particles. During mechanical activation a composite structure is
formed which consists of an intimate mixture of nano-sized grains of the nano-phase substance and the reaction by-product phase. The step
of removing the by-product phase, following mechanical activation, may involve subjecting the composite structure to a suitable solvent
which dissolves the by-product phase, while not reacting with the solid nano-phase substance. The process according to the invention may
be used to form ultrafine metal powders as well as ultrafine ceramic powders. Advantages of the process include a significant degree of
contro! over the size and size distribution of the ultrafine particles, and over the nature of interfaces created between the solid nano-phase
substance and the reaction by-product phase.




Separated ultrafine particles during the reactionPCT/A 955/ 00639
process for the production of ultrafine particles as defined in claim
14, wherein if the volume fraction of the 25 by- REGEIVHDadel MAVURER is
insufficient for separated ultrafine particles of solid nanophas'e
substance to form during the reaction,1700\/\ders of the by-product phase
or ot her I nert phases are added to the'm xture prior to mechani cal
activation.

3. An insecticidal composition as in claim 1 including as emulsifiers a
polyoxyethylene sorbitan ester and either a mono-, di- or tri-sorbitan ester or
a mono- or poly-glycerol ester. _
4. An insecticidal composition as claimed in any one of claims 1 to 3
5 wherein the concentration of the one or more emulsifiers is 0.5 to 8% w/w,

preferably 1 to 5% w/w, most preferably about 1 to 2% w/w, particularly
about 1.2% w/w.
5. An insecticidal compositibn as claimed in claim 1 or claim 2,
wherein the emulsifier is selected from the group consisting of ethoxylated

10 nonionic emulsifiers, propoxylated nonionic emulsifiers,
ethoxylated/propoxylated nonionic emulsifiers and mono-, di- or tri-sorbitan
esters. C
6. - An insecticidal composition as claimed in claim 5 including as
emulsifiers a mono-, di- or tri-sorbitan ester and one of ethoxylated alkyl

15 phenols, ethoxylated dialkylphenols, fatty acid ethoxylates, fatty alcohol
ethoxylates and fatty amine ethoxylates.
7. An insecticidal composition as claimed in any one of claims 1 to 6
wherein the concentration of microencapsulated insecticide is from 0.001 to
1% wiw. '

20 8. An insecticidal composition as claimed in claim 7 wherein the
insecticide is lambda cyhalothrin, preferably in a concentration of 0.01 to
0.5% w/w, most preferably 0.01 to 0.1% w/w. '
9. A method of killing insects that contact a synthetic polymeric
surface comprising applying to the surface an insecticidal composition as

25 claimed in claim 1 or claim 2.
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