1 SPECIFICATION Title of Invention Fine powder of
single crystalline dianond particles and a nethod: for
the production thereof Field of Invention This
invention is related to a powder consisting of finely
di vided single crystalline dianond particles and, in
particul ar, an abrasive pomder that is especially
adapted to the use in high-precision nachining
processes. The inventighediFIGATON €l ated to a nethod
for the production of such powder. Technica
Background Wth the progress in high precision
__machi ni ng technol ogy, demands for dianond abrasives
Titlerpf\Javefliaf shifting to increasingly smaller particle
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TefErpldbroBr G crfaliine JamReaTPRE o 1hdf6a for the
prodpétidn tekfRsf ever produced for abrasive applications are
of "detonation" type, consisting of a nmass of
secondary particles that is an aggl oneration of
, ler.. primary particles, which average 5 to 10 nm
lﬁeh???hg?nyggn observed that this type of dianond,
Sohis fiRehBaflis Ridled BY 8RMIMBERSstNg PHMleRSdiViBled Single crystalline
conmbusted inconpletely, has a | ot of defects within
diamond pattigles ahd,ainchasticuar, antabrasives powder that tsr esnecially iadapted to
el ectron mcrosc TEM, rather_ round ar,

the Gnfb PSP SRGITR PLESEToWTNE THERUPOS AP reiated to a
metl-i%r?gibuhg&gr,&gctgﬂ di Q6ch Pg\gg r. Of one-digit m croseconds.

di anond particles as yielded in a
detonation techni que are, as described above, very
smal | _and thus have a very active surface. They

TechpieplBaskgreundeadi |y to form secondary particles,
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i ke BRIER, 1P hiGT BP0 B R n8he YnBings b0 fgmond
abragiv8® 8BVE been SHIftingi t& indrEBSinGIy seHzANBPPAHIBIRNAXRS to an extent that, in
apparently as aggl onerated particles wth a size of _
soma §8sesm D purfansr wughnesssofal doiskieguired.HEe smaliest atiamend particles
n be di r articl

overfHO4 T3 RRoNE ArrldlebRate o et Wi sBAREOTE mass
of séconB8RBhEENs REETE HRhdidIRerBlibr FFBnTANIER! SRRk particles, which
average 5 to 10 nm. It has been observed that this type of diamond, synthesized in a
process where an explosive is combusted incompletely, has a lot of defects within the
crystal and shows, when observed by transmission electron microscopy (TEM), rather
round appearance commonly, as a result of the growth duration too short, being on the
order of one-digit microseconds.

Individual diamond particles as yielded in a detonation technique are, as
described above, very small and thus have a very active surface. They agglomerate
readily to form secondary particles, firmly joined by means of non-diamond carbon or
other substances that come in from the synthesis process and atmosphere. So this
type of diamond behaves apparently as agglomerated particles with a size of 100 nm or
more. It is also known that such secondary particles can be disintegrated into primary

particles in a rigorous acid treatment.



power ed by chem cal explosion or detonation, comonly

known is the DuPont polycrystalline type di anond,

whi ch is produced by conversion from graphite under

extrenely high pressure by neans of energy of cheni ca

expl osion. This type of diagnmond also is in a

secondary particle structuré: such that primary

particles, commonly having a size of 20 to 30 nm are
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esired abrasive particles wth sharp edges a
appeaoantes whish isshemsidered asas evidemice @f theclimitdtecahiversimtperiod.
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partiél@& crushing process that nostly takes place on the

basis of the cleavage of dianmond crystals. In sone

iOrs trenoteer hired, estaticecommressib@technigaeg Wharcohtralgprepéties isuch as

cr){.lst al observed 3 . ,
shape, hardness and brittleness of the diamond product by operating at properly
chosen pressure, temperature and time parameters to be applied. Further so produced
diamond crystals can be readily crushed into very fine particles by impact-milling with
steel balls.

It is observed under TEM microscopy that most of such fine particles, which have
a size of tens of nanometers, are idiomorphic and have sharp edges, as a result of the
crushing process that mostly takes place on the basis of the cleavage of diamond

crystals. In some instances there are even flat triangular fragments of crystal observed
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with about 5 nm sides. The Inventors have found that

very fine powder or nmass of very mnute single

crystalline dianond particles can be produced in a

properly conbi ned process of mcro-crushing and

preci sion gradi ng. Based upgn this finding we

devel oped a technol ogy for-the production of 100 to

50 nm D50 di anond powder, for which we filed a patent
with 8Bt Lavhisfies( publ i shed under Japan Kokai 2002-035636).

In the invention processed are particles of single
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miniraizinigathe cohtammativn drigirnging fanthetraédiemsatesiaki on.  For
this purpose a surface oxidization treatnent is )
dipmend \rartiglpe rash jakgnagein lomp e iceusbingamill gite dirseyrepted with
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oxygen-c¢ I Ni rroxXyt,

duringNfle GRoERSY The fdiimEXR PRItRIesREN 12RE subjetfedd® a combined grading
oxi di zation, while heating to 300 C or nore in air may

process efvelutriatior andtaentrifugasionaimbethi processesrthe aliarabndhpagicles are
rocess nsi st of .a. wet

R may ¢ . rocess reby. di anpnd
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_preparing,a good suspension of diamnd particles in
partlagﬁ gfe iog(%il@dgtgcg% 5n tthe surface such hydropphallc atom as oxygen or
oxygen-containing group, as hydroxyl, carbonyl, and carboxyl, for example. For the
surface oxidization, while heating to 300° C or more in air may be available with a
certain effect, a more reliable process may consist of a wet process, whereby diamond
is treated in a bath comprising both one selected from sulfuric acid, nitric acid,
perchloric acid, and hydrogen peroxide, and one selected from potassium
permanganate, potassium nitrate and chrome oxide.

For preparing a good suspension of diamond particies in water it is necessary to




4 mnimze the overall concentration of ions that

coexist in the water and, at the sane tine, to

regul ate the surface potential within the range

adequate for establishing a good suspension. It is

known that in weak al kaline condition dianond

particles hold in suspen5|3n by repul sion each other

of charges on the particle surfaces, so it is
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resp?é@? ctivity; this approach is not necessarily
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mai nt enance and securing safet
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di anond_particles that have cl eavage-based sharp
can l&ig&ensysewhm there will keveerae erokiens In beth m@mena@ceaand securing
safef&l ose range of particle size distribution, and thus
an neet the high criteria for the precisi on and

efficiency demanded in the precision machining

i ndustry. The present inventors have by now found that
such probl ens as IEELOSMURE QFNVENHQONoe sol ved, and a
fi ne powder conposed of such mnute dianond particles
and having a D50 particle size |less than 50 nmand a

ProMibmst® BPE3IEH DythéInvertish can be efficiently
separated and fecovered, by introducing to the size

drregéfore, (ombasfsthelpcrmlpahgnbjeﬁsazfébns iavendionos te pnavide agaelfficient
[ ava n, mar ket

mettg T Racle SR STBED 4o Pearlish Bew, Aides Hmandp4aRs having
a D5§S|ze less than 50 nm. Another object is to provide a fine abrasive powder of
diamond particles that have cleavage-based sharp edges, specific to diamond crystal,
as well as a close range of particle size distribution, and thus can meet the high criteria
for the precision and efficiency demanded in the precision machining industry.

The present inventors have by now found that such problems as described above
can be solved, and a fine powder composed of such minute diamond particles and
having a Dsg particle size less than 50 nm and a close particle size range can be
efficiently separated and recovered, by introducing to the size grading (classification)
process a common centrifugal machine that is commercially available on market, and

by optimizing the operation parameters of the process.



Means for solving the Problem The nmethod of this
invention for the production of a fine powder of
single crystalline dianond particles, conprises: (1)
a step of crushing, by an inpact |oadi ng nechanica
breaki ng neans, a raw material of single crystalline
di anond particles that is a5product of a conversion
from non-di anond carbon under static ultrahigh
pressure, to prepare starting mnute dianond
particles, (2) a step of oxidizing surfaces of said
Meags fot $olying thetRroblemond particles to chenmically
attach hydrophilic atons or functional groups to the

sthter gratodiof dihismiygnien okt papRpCtipR el aofinenpawder of single
cryg%'ﬁﬁ%?@a‘?%@}’ogﬁmgg%’:c%ggq}%gg.ty, (3) a step of preparing a

i sper € hydrophilic dianmond particles

(1) al stefRof avasKihg By ifMpath Riading riiédHandalibfeaking ri€dnsaBGaw material
kept weakly al kaline (by addition of an al kaline

of singlsstcrysiellingcdiamond parficlessthap isf asnisidact igigasaenyversion from
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diamdhlparticest op particle size fraction of the di anond

particles, said top particle size fraction having a
(2) aDstep of pridizingosurfaces rof sair starting minutet dipmofid padices to chemically
-ionized water to a remai nder of said slurry, i ch
attach hydaRTC MBSV JUBeUogal GouBR iia suifases of Siaraand pasfidles and
: j qon of 0.1 % by weight or
thus:ﬁglsnzsib%@Bg%z}gshggﬁﬁgwbé%?tg‘cti ng said remai nder of the
(3) askieprof preparine at slufry @Fl diggersing ghe rydasahilic dibeoal patticles in a
coarser particle size fraction of the dianond N
watep gredigmewhersin spidetluinm iss aefd'c}'sd &ﬁﬂtyweﬁ“@h’ @Hﬂﬁﬂ@l;&@ﬁ afﬁ‘i‘fﬂon of an
alkal[n%"gh‘éggngségr%gr%{éz, slurry, while said water nediumis

akKen-ou centrifugal grading process as an

(4) £&ldpuentulsibatingy saidHIurpPid A Wet-mode srelimany ﬁdi‘ti&l@@i&e grading
particles of an average particle size that has been _
procers; ireeidlettadiemave byreedinaenietion foom saisksligmsy adoppaidle size fraction

of i Sirabed ook, 828155 rekjceBgs =nd PabpSza ooy o0 nm o
morParticle size fraction of the dianond particles is

separated by condensation and renoved as a solid nass
(5) o stem dfreeldingudeyonized Watear tbaa gerhaindér of said rsurey, evhichh aas been

remo?tggnofessaid top particle size fraction, to a diamond concentration of 0.1 % by
weight or less,

(6) a step of subjecting said remainder of the slurry to a centrifugal grading process,
whereby a coarser particle size fraction of the diamond particles contained in said slurry
is condensed and removed from the slurry, while said water medium is taken out of the
centrifugal grading process as an effluent slurry that contains a fraction of diamond
particles of an average particle size that has been decreased due to the removal of
coarser diamond particles,

(7) a step of repeating once or more an operation of the step (6) above, whereby a
coarser particle size fraction of the diamond particles is separated by condensation and

removed as a solid mass from the slurry, until a target set of parameters have been



achieved with the dianond particles contained in said
mass: a D50 size of 50 nmor |less and ratios of D10
size to D50 size and Dgo size to D50 size of 50 % or
nore and 200 % or |ess, respectively, said slurry
effluent fromthe centrifugal process containing a
fraction of dianond parti cPes havi ng a small er
average particle size; and (8) a step of recovering
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grouph the method of the invention at step 6, a coarser
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Further in the method of the invention at step 6, a coarser particle size fraction of
diamond particles can be condensed and taken out from the centrifugation process.
The diamond particles, recovered as a cake, then can be dispersed again in de-ionized
water to form further slurry and can subsequently be subjected to a centrifugal grading
process as in step 6. From this process, an effluent slurry can be recovered from the
centrifugal process that contains a fraction of diamond particles having a further

decreased average particle size.

EFFECTS OF INVENTION



In accordance with the nethod of this invention, it is
possi bl e to produce single crystalline dianond
particles that have, in spite of the extrenely m nute
particles wwth a D50 average size of 50 nmor |ess,

cl eavage- based sharp edges and sharp points, in
contrast to the conventional and comercially
avai | abl e di anond abrasi ves of correspondi ng m nute
particle sizes. Mnute dianond particles can be
recovered at high yields with mninmumloss: while
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preci si on part gl j [,% { S used that
conprises two E’Fh’?‘?;" S o"?‘age ??ﬁ(@@@ﬁ&t ed to a
single centrifuge, or centrifugal machine. Fine
di anond particles to be graded are held in suspension
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precision particle-size grading process following the method of the invention, wherein
the slurry is processed in a two-way flow on a single centrifugal machine (Example 2, to

be given);
BEST EMBODIMENT OF WORKNG OUT THE INVENTION

In an embodiment of the method of the invention, a precision particle-size grading
system is used that comprises two slurry storage tanks connected to a single centrifuge,
or centrifugal machine. Fine diamond particles to be graded are held in suspension in

water or as slurry, which is stored in a first tank, and fed to the centrifugal machine to



contains the finer particle size fraction at an
i ncreased proportion accordingly, is flown out of the
centrifugal machine and received and collected in the
second storage tank. In the centrifugal grading
process, grading efficiency_can be increased by (1)
regul ating the di anond concntration of slurry wel |
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cora R B R gk SR oR St lerst o T PRy Moy vary o2
degre@rdebehdifg Niponntheatafifet Uali§oin particla gsize o didtnéhd pBadés to be
or less but not anyway |ess than 0.01 %for a fraction
colleptgdi Rffluegt slgrmirs Dg@sesz@r angahey; cantriffgalsprperasnaffesconditioned as

I to a precise grading of mnute particles of
deschﬁ%%%%yv'v\hi ch, as particles of size less than 50 nm

hahée sy tradd \f&d Sl tRC @enfifshal Wﬁcﬁiﬁ@%}rﬁféral?lﬁgéfﬁﬁﬁ thave a
i s

and readily formsecondary particl es. us |
concentsatinni of|diarmonrd asibayess passidle, sp teit the dinmobd pattickes ¢andoehave

i anond pajticles agre well dispersed in the slurry in
effechyV oA, gy PadicfpspapinauB Taeipolen concaniigond | pan vary
depe‘n@in?ft,f&ﬁtﬂﬂézrart?ﬁe 458 46 bRGA RS Oh ?'léjﬁﬁief" hgh&’,rﬁ&(!vever, higher

confaining as |l ow a concentration of dianond particles
concastratomsi dfldigmond partieles tim theaslotraiare desired in order to secure a good
productivity level with the centrifugal grading process.

Considering the both aspects, the proper concentration is, it can be said, 0.1
(mass) % or less for the collection of a fraction of diamond particles having a 40 nm Dsgq
average size and 0.05 % or less but not anyway less than 0.01 % for a fraction having
a 20 nm Dsg average size.

This invention intends to a precise grading of minute particles of diamond, which,

as particles of size less than 50 nm, have very active surfaces and thus tend to

aggregate and readily form secondary particles. Thus it is essential to a successful




a low frequency of collision of dianond particles that
lead to their aggregation. In the invention the
centrifugal grading process can be realized based on
and by wusing a common centrifugal machi ne avail abl e
on market, with a | ow centrifugal performance of at
least 1 x 104 ¢ accel eratioff, for exanpl e, though
several cycles of the centrifugal grading process my

grad%@ré}gééésetﬂapfﬂ%hdi{aﬂoﬂ& %Sﬁlcie% ae Ifedlep 9&9’“ rﬁgt‘rﬂ% the state
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Ilﬁ\tI@é ‘tfﬁ.%nﬁ@Vﬂfeaéerﬁmbﬁl rafling PbdR6 idaRtbelicaliBéttbased on and by
particles as a cake and dispersing themin water
usmgnaimmm@banegmfugaéggadme aavadabler oy euaﬁlmbrwlth parew ctesdrifugal

can_incre y brgak down over those cycle
periGiRnes o &heaamilt P BacERETathofor mATIAIG Ep iy s VRl pycles of
the d@.’f‘l'trﬁ@gél Y alfhg Bﬁfdeb&'n%% E@Qarngﬂ BLETIPBIdeR!té ¥elfte a higher grading
condensed to a cake, l e smaller particles
perfgmanee.dnithisl dage rilaaermamond partides candensed laad apflecteditas a cake in
the{eirtlde size of the dianond particles contained i

R’E”%%WW'&P is;digparagd pgain dn Sedppize g’%df‘%@ﬁf”e@ form further
slurrgaJnH'tﬁ r‘?féd' t;&ctﬁgilﬁhggr)éngfh%?% W2 thP'h ‘ﬁj t lﬂ.aéi 8radlng
art various sl zes re connon es

saalwﬂr@rw gadmgosresesst sfitbs mvtenudsmwm:anmaanes eaterbbéycles of
size increased over the previous cycle. In the nethod
collegling diagand\raitiles as it cake gyukdispersingrifear inayater mediym, coarser

agglérﬁ%&% goqcste'cgnd .8\5’8 %QP gﬁr&éﬁq%&g b?éaliaug\{lﬁ%%er thos sg cycles

si-Ze of 30 nm or perat 8 vne Vgt 5

into Bbmmiéiﬂ\@rﬁéﬂeﬁlbaﬁ[de%nﬂﬁmh CEIBRN, | drhvip WMthIalﬂgérYpamcles can
tanks, tank 1 and tank 2, ich are connected on the

preferentisily (Heneondsnsdd 40 decaked while Iserallee partigiestpretererdially remain in
the bﬁe said centrifugal machine, as diagrammtically
in Fig. 2. Thereby, a reciprocal cycle or cycles

oI‘ehe éﬁ}ﬁar@nﬁ"ﬂdﬂnélé‘g% Ty 'd%ncﬂfooﬁé‘rﬁéleé %om%ﬂfedﬁﬁsasbﬂeecan vary

done 1n a manner that the slurry 1Is nade
fromfdyola foncyole) ascaggregatet! daytidlesainereasihght beeain dzbwretrmn a@nsstituent
fromthe first tank to the second tank via the

partieles f Varinys: si4s: Maie cammanby eakesdFane &i PSBd GFRHIRG AIPCRES tends
to hﬁ%g%nfé "erﬁ'ﬂ?g,? sﬁ@%r&&dﬂ%ﬁﬁ)&g’é@%%@k gdachine. 10

nvent I's ef of the collection of

dn ah@mietbéd oy enia Geveption | it iscpsdsitsle Wndesffadfivenfort the production of
arrange two slurry tanks: tank | and tank 2, in
diamgpd partigles, o avenageipartigle size of 30 nm or less, to operate the grading

process with an arrangement comprising two slurry tanks, tank 1 and tank 2, which are
connected on the inlet (influent) side and outlet (effluent) side of the said centrifugal
machine, as diagrammatically shown in Fig. 2. Thereby, a reciprocal cycle or cycles of
the centrifugal grading process is made possible to be done in a manner that the slurry
is made to flow in two reciprocal by traversed stream directions from the first tank to the
second tank via the centrifugal machine and next from said second tank to the first one

tank via the centrifugal machine.



(influent) and outlet (effluent) sides of a
centrifugal machine, as shown schematically in the
flow diagramin Fig. 1. Slurry can be flown in two
directions by switching, either from tank 1 to tank 2
or reversely. Here slurry is fed fromone tank at the
inlet, subjected to a centhfugaI process, renoved of
a coarser fraction of dianond particles, and received

; u . . . t . .
i v Rt byl e bt B iaRlorki\F gkl partice size

undes BOSAA UE Rirrafgd ttwb 'sEB/ tapk9 agais | dndetadk Re it ¢arhesfion on the inlet
slurry flowis reversed: starting slurry is fed from

(influgntirang quilek (effiuesth sidescefia eertityar maehingassshpwrhechematically in
fl.uent iS rec

the Rl disGBln Bt Surh piEEe tSPn it A LehSPY abretifig Hier from

tank MBREAEE of RSvetddhE HAYE Bl £l AdiR ohbUARK atthd iflet, BubjB&ted to a
centrifugal machine. A simlar effect can be achieved

centtifygaldporesss iregosedyof Aiavarser fractien b disimmydr particles, and received
as eflygh iy it JBe o0ree A0 8Lt Bl oblsi A Ih khesiongSy fully
agita?%?.' AR sab&hueAt érﬁh@éal H%@e%%,‘%%ﬂﬁ?ét@rﬁ%&ﬂ l‘ﬂS\Wis reversed:

I mary) crystals, noval particles
startiaytshoheid fed froar slemy feankt2 o the, ceatrifudad hdichipesarchtheieffiuvent slurry
. di,anpnd particles in apparently stable suspension.
is recgivad ipistyratt@gk dti on and snal ler particle renoval can

e A

which ttiedislurd/ gy rdtheBdamrifligal nBadHige. 0h SPEila8 icffBctodart BE achieved by
slurry. In the grading systemof the invention as

decreasing sigoifieanthyibe éeedingtate pheludy tmibecengivaal maghine. o

' 65 i 15 18 BB PP e o, Picealel t fifrtegrating
aggl6RBiatdd pardikieBHABIMAviaYA dorBlitBe M pRRIakAtcrfsthls, EABVRNOf smaller
pur poses. Stabl e dispersion of dianond particles in

particlee aitached, to darges patticks, bod haiding\such minptevdiamatd particles in
cl ose rticle size range, and can be realized b
apDA SN CH RGeS BRI P S HipBrAUig8 MOl GREIE tapval can be
: i al, - i te i i I
steck L ARG B fgin & UfaRFISUBI, S AR g wren
necesbary] for atabilieing andtrhaiatairdfg heCdigyetsibl @f the 0y aver age
val ue of or over 50 % and not exceedi n& 200 %

rBdpR gradjrg yystemof the dnvsatipR ascngiruieh alpope.crushfinegdiamond
ol MR 50 kB YS5RSh ity bR o co
be rpédvieréd dromi Z£ pPhoddse SWith NARentrifugal machine available on market for
common purposes. Stable dispersion of diamond particles in the slurry is essential to
achieving a powder of close particle size range, and can be realized by properly
regulating the hydrogen ion exponent and zeta potential. Thus it is possible, for
example, at a pH of 7.0 to 10.0 and a zeta potential of -40 to -60 mV, to achieve ratios
of Dig and Dgg to Dsq average vailue of or over 50 % and not exceeding 200 %,
respectively, and in a better conditioned process, of or over 60 % and not exceeding

190 %.



one mcroneter, synthetic single crystalline dianond
particles was used as a raw material for the

preci sion grading of the invention. The di anond powder
was a product of a synthetic process whereby

non- di anond car bon had been converted on a hydraulic
press, which had been S|gn|#|cantly si ze reduced by
crushing process ina mill MAth steel balls. The
di amond powder al so hadg ga g rough size-grading,
in order to obtain raw nDnd pomder ready for the
Padiantdrd Sewdergsfanisdgzgpo OWRRE Had &eeatink padticlovsize dfhess than
invention. The raw di anond powder particles were fijrst

one dniptomater. [synthetic i single rcrystalline, diamond speiticesowas used as a raw

matel B {7 g Bie¥fhidhbiatingror i b @Blior S alyBh e ollobh e g aroduct
of at Bﬂﬂh&m%&ssswhémy horlERAYNG ehfonVWRSd | BER IcBAvérted on a

the di anond particle surfaces. The resulting
hydrayligraspss, whidh bamlaeeroblgef oamlylgvza nedusgrébv cousbingiprocess in a mill
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obta@?ﬁa?f%ﬂ@gnag{ ek é%éﬂ"mygfgﬂw ?é(ﬁt’ {;le%ﬁi m@ngrtogéﬁ@néjccordance
with thesineerdionaci d and, further, di spersed in de-ionized

water to formslurry. Antoni a water was added to the

sITgr Ay dipmend, ppwesie Pafticleg: wereofirstrgxidized by heatingnirga bath of
mixtlg'ggﬁ't édrgg W%eoé?.ﬁﬁﬁcv, ftid Qngac\é?lc&tﬁé@ AL ea{?:,ﬁq a%t é’femgerature

Iurr to an

betwgendb60Yany SVENT fohebee ﬂqahrziﬁémﬁ Nsa@that Apdropkilicit) wa®insparted to
particles, which had a D50 size of 150 nm or over, was

the F’@mﬁﬂéd paft@lﬂ surfaces. uThg . resulting chivrenhilipity| wes yobseved by IR

specl BRI AR, Wi, “HEdaleel FEhufieho s uh SFrig¥h-containing

hydr@érﬁlid fiinBfdnal Grabisd cabSHE BarssHA BRA hyﬁfcﬁgﬁ reugéwaweﬂasamond
size over 60 nm was condensed into ca

partldemweref thgatwashed dulty @eqimmnaate dhe residuahacid landr gurthen glispersed in
as, further e]lim nated of thi

de-icPigg6yatEio T8 Sy AN gater was e 1 ferrmcBeasiust the pH
at 8.2 Re 3fySh 3hi8 LoAditibR ekl SHseiddBHaved 2 n%t'%?)oté’ﬁt%‘? of hB8ut -55

grading in a raw slurry reservoir apacit
mV. Said raw slurry was then subj ected to the preci sion

3jad| ng process with a centrifugal machine, as
hegPimtavae Rasjed Hevin .qmtmt@n grading gysiem. (where ca feaction of

coar?eefcflé"rﬁé Bgnalgfes \WE@H rh%dpéa %c—.e 3¢ 18y hﬂ?gora?]\B? Owéiéegnoved from

the shefye Therranfing eluerqnmacts @Qelimtrhtégjggﬂ‘lsﬁ'nhﬁar@? particle fraction,
was fhoerlltplaagggclij ?ntg Ianogeln(tarlfﬁgg rr];]a?c!hlr]:eofror talhperellmmary grading, whereby another
fraction having a Dgg size over 60 nm was condensed into cake by the centrifugation
and separated from the slurry. The slurry as further eliminated of this fraction was taken
out of the centrifugal machine, then passed into and stored as raw slurry ready for the
precision grading in a raw slurry reservoir of 5 m® capacity.

Said raw slurry was then subjected to the precision grading process with a
centrifugal machine, as diagrammatically shown in Fig. 1, in order to recover a fraction

of diamond particles having a Dsg size less than 50 nm. Here two centrifugal machines



flow of slurry, and an internediate slurry tank (tank
2) was provided between the two centrifugal machi nes,
while two slurry tanks (tanks 1 and 3) were provided
outward at the upstream and downstream ends of the
channel , respectively, as supply tank for the
preparation and tenporary sk rage of slurry to be fed
to the centrifugal nachine and as slurry
. ti . calvi
were SRR AR A ookt 06 o BBy S bk for e
flow sedlumgnaad aarintermedibie sleny tarkudahk By ees Hrovided adiwegn the two

process, two centrifugal machines are _arranged on and

centiifygalgnaeipes whiedwa slirAglanke diankedAnd Bhusrecproxided outward at
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tne PRSRA g Rfea AdR0( SR8 LB oG ARBY RPLIERL B o e

prep&itaish B2 Bmpoidns SSRIHGATSIrAOMN 15 fedatkhé Beritéfughl @achine and as
the direction of slurry flow An asi:“_tator was

slume gedisperdatsm tank for yeesivisg e yeffluat Surty iand esveatiadly gecovering
. tank, .so that .the slurry held therein were steadily
"'amQPEPPE‘&?e&rR}’_ %ngnﬁ'ﬁtaﬁ?)%rti cles were fully in
IHS RN TeARifidAl t HRcidRNe Gradigy ﬁrB&‘es‘%[Ot%S%enfriﬂﬁqm machines are
hi gh- speed centrifugal "machi nes (both of Mdel H2000
arrangedderc andfin iKoknscion Gia a siegle cpntimuaisuchadnehwhs arpadsadge for the
200 diapeter rotor for collecti t he cake of
Slug SRALHHEY QAT ENe IRAEIcleR, o A8 8rageAe AEemACHIBRS TG gisferred as
; C j f r '
prim 5 @ ShrnP And seéoftary (S n relelh 10 e chBctH pf stumy
flow. Rrbagitator wapequipped botise §larry tshpply eavik afdiddrmgadiaiée tank, so that
process, the raw slurry containing the dianpnd .
the pluryi Reldsthegain averei pieaddy istimadvant dignond partigles were fully in

suspgﬁﬁpﬁ!inz \Létgfti ons of dianmond particles by the
elutriation and prelimnary centrifugal grading, was

tFNBEeprioessd, MAd highSspead sEndfflyal’ BackiMes (bothosf MaénH2000
to the slurry supply tank (tank 1). The raw slurry
progiat ofi denkusan ﬂw.,dglp'aoh weegl used, ewhicly hpd ap2p@ nraaliameter sotor for

o 34 g o e g, S s
accERfation 2069 xMe* N @ra BtAHNNSF 16,000 FE.nPI1avel thic¥slurry tanks each

centrifugal grading system the primary centrifugal
hadrecapacity 0b0.5 hf.r st -step centrifuge, was operated at a

RN LN L ——
diarﬁg@& gtbﬁfg%rgatag%g#uﬂir%aétﬁé %I:_e[%ff tof)| G RBAIRA Hac S ofiSmond
particles by the elutriation and preliminary centrifugal grading, was transferred from
the raw slurry reservoir (not shown) to the slurry supply tank (tank 1). The raw slurry
was added with de-ionized water to prepare 250 liters of starting slurry containing
about 0.1 % (by mass) of diamond patrticles to be fed to the centrifugal machine for
further grading.

In the precision centrifugal grading system, the primary centrifugal machine, or
first-step centrifuge, was operated at a rotation speed of 15,000 r.p.m. (generating an
acceleration of 2.54 x 10* g), to which the slurry containing about 0.1% (mass) of

diamond particles was fed at a rate of 50 ml/min.



The effluent slurry fromthe centrifugal machi ne was
received and collected in the internedi ate tank and,
after fully stirred, was fed for a further grading at
arate of 20 m/mn. to the secondary centrifugal
machi ne, which was driven at_ 16,000 r.p.m (producing
an acceleration of 2.89 x 104 g). The effluent slurry
fromthe outlet of this centrifugal nmachine was
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grading (prycedse avthithe pricisey eentfifugaidtacigne pas celiected inthk termediate
secondary centrifugal machine was received and
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particles fromthe slurry for recovery. In the primar
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UPA particle size analyzer. As seen_in Table
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In the primary and secondary centrifugal grading processes described above, the
cakes of diamond particles recovered from each centrifugal machine, as well as the
sediments recovered from the sedimentation tank were separately dried at 130° C,
weighed and evaluated in terms of their particle size distribution by means of Microtrac
UPA particle size analyzer.

As seen in Table 1, a fraction of diamond particles could be achieved in the
cakes recovered from both the secondary centrifugal machine and sedimentation tank

(tank 3).
Table 1

T T A



14 Collected Cake Particle Size (nm Ratio (%9 of D10
or D90 to D50 mass (g) D10 D50 DOO D10/ D50 D90/ D50
Primary 170 35 56 107 63 191 Secondary 60 23 37 61 62
164 Sedinent 20 19 31 59 61 190 EXAMPLE 2 In this
exanpl e, a centrifugal machj ne was used that had a
perform ng capacity corresponding to the nmachines in
Exanple 1. The inlet (influent) side and outI et

(effluent) si de of the centr. chi ngd vRati (%aaftD4g or
connecteog fry sUppe %ﬁ‘ﬁ@rﬂ 0.9 nB chpaoiDsy
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supply tank. Then de-ionized water is added to the
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di anond concentration oFX6MB-B2 with the pH adj ust ed

34 o, 4 pBARRRf et uied 1R @ Bt copaciy
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acceleration), while the starting slurry was fed at a
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The centrifugal machine was operated at a 16,000 r.p.m. (with a 2.89 x 10* g
acceleration), while the starting slurry was fed at a rate of 30 ml/min. to the centrifugal
machine. The effluent slurry from the outlet of the centrifugal machine was received in
the slurry tank 2 that was provided downstream on the outlet side of the centrifugal
machine.

As the feeding and grading of whole slurry volume left the slurry tank 1 empty,
while the slurry tank 2 was loaded with slurry, the slurry flow was switched to a reverse
direction, so that the slurry stored in the tank 2 was run via the centrifugal machine to
the tank 1, for subjecting another cycle of the grading process.

The two-way slurry flow centrifugal grading process was repeated in three cycles,
and at the end about 50 grams of cake was recovered when caused sedimentation by

addition of hydrochloric acid to the slurry stored in the tank.




addi tion of hydrochloric acid to the slurry stored in
the tank. 15 As evaluated in terns of particle size
distribution with a Mcrotrac UPA Particle Size
Anal yzer, the cake was found to contain di anond
particles having a D50 avergage size of 26 nm wth
D10 and DOO sizes of 19 nmand 44 nm respectively.
Thi s cake was again added with and di spersed in 450
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siury, i ias heroaalof on Ve e PLGeI oM rodes vy two-way
slurRX BR/ ?f tnis a@)@arﬁﬁlﬁceﬁ’lée mofd € r%co e& h’&ﬁﬁ th8" &fflected

sets of two-way slurry Fow gradi ng vv|t
effludmi tslurgnharb arg @myerchgeosize of ¢ 2 min,i B4gaid ngocximsemz hh'eand 29
nunbers are not given for the purpose of limting the
Mcentrifugal grading process to such nunbers of
cycles. Instead dianond particles carried in the
effluent slurry at step 7, may be passed to the

ARhild tHeugrabingarbtéss &fOthensVerttion daY HueRlRiscAbed PPRA@HCe with
gradi ng processes, whereby a powder may be obtai ned

partigulargycte mEDbersz that sl slurgovasmpassedito a pentrifigrbmachinetwice in
D50 b over % and . not exce
xafiie, dc ot Srgeesedt, RO Einie fonohorh SV Es SRS BLAGHEY Sy flow
gradif ithaP madMing itRaia, co‘Pr@sMoﬁd)toséif‘EEﬁhﬂ@al Pidegides, the numbers
crystalline dianond produced under static conpression
are oot agivgrl faru thec ppreess, of knaiting atheolmeamfuglalngcyadm process to such

e o e
may Bé’ oat'ﬁ the lébbfriﬂ.ﬂjag Fha‘f:ﬂfﬁ@rtg%ﬁbme aff huhbRk Bt fdpBbted grading

SI m physi cal properti
processes, whereby a powder may be obtalned having a Dsg size under 50 nm, with

the ratios of Do and Dg to Dso being over 50 % and not exceeding 200 %
respectively.

Further, although the above examples refer as raw diamond, only to synthetic
single crystalline diamond produced under static compression on a hydraulic press,
natural diamond may be similarly employed since they are single crystalline, as
produced by conversion from non-diamond carbon under static ultrahigh compression

and exhibiting similar physical properties.
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16 CLAIMS 1. A nethod for the production of a fine
powder of single crystalline dianond particles,
conprising: (1) a step of crushing, by an inpact

| oadi ng nmechani cal breaking neans, a raw material of
single crystalline dianond rticles that is a product
of a conversion from non-di*anond carbon under static
ul trahi gh pressure, to prepare starting m nute

di anond particles, (2) a®&tgmuef oxidizing surfaces of
said starting mnute dianond particles to chemcally
attach hydrophilic atoms or functional groups to the
surfaces of dianond particles and thus to inpart

t her &t Beirs oprhe ptodq@ﬁm o a fine) pawdargs wglgﬁaﬁaa'h'wd!amond

r .spersing the hydrophilic diamond particles
pamélleé‘ J%Anaémm dium wherein said slurry is set and kept

V\B?ﬂﬂ ¥ stpkdfl dringhind) byathdimipaenioaliing medakital Breaking Thédaea raw
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mategiel ohsingleperystaling aligmprd padicisssthateis 2 peatiustjohacsversion from

non-3R3RE" Fatee SERYS sfRfio AMAMED PIIREVER. alfbiRIGRAIR  FEMEY, Tinute
d.an@auq,ah%soartl cle size fraction having a D50 size of

nmor nore, (5) a step of adding de-ionized water
t o (3 acatep mﬁmxmimg sudasspf gaidvstading hamuteb dtamairehpamdles to

artjcle size fraction, to.a
che"asﬂ@/eﬁ‘?qci& ﬁ’(ﬁﬁ 'l"b atoreg By, funglipaal 9rgHPS é%éhe nga‘?ss?f fiamond
ts slurry to a
pam@é%té E?Jf“ﬁ%atb ﬁpég:ﬂﬁeééﬁp@g%"c%ﬁ'%by a cgar ser
parn3) @ stepsofzmrepariret 4 slurgfbyt diepersimgrthd hydrdphtticelamond particles
. contained in said slurry is condensed and renoved
Ina W?*Gﬁf"teﬁléir%:l wnqr9l,n spifl slerry i set@ad &erhwerkinalkalinafbyaddigign of an

alkalfhlfe stlﬁgtat%(émﬁé.rg a! gr adi ng process as an ef fl uent

‘ains a fraction of dianond particles
of (#naastep agesubpediing| Raid ishifnt it WasMPREE NpreMAMAAS Prticle size
due to the renoval of coarser dianond particles, (7)
gradiagsprepess; in epdatttorigmeve doyosedimentation diem saidosiuny a tep particle

size bR SinE BT IEE g BRT 60 26 pEhch Bty o D s o
60 nﬁqCﬁ}dﬁ&@atl on and renoved as a solid nass fromthe

slurry, until a target set of
(5) a step of adding de-ionized water to a remainder of said slurry, which has

been removed of said top patticle size fraction, to a diamond concentration of 0.1 % by
weight or less,

(6) a step of subjecting said remainder of the slurry to a centrifugal grading
process, whereby a coarser particle size fraction of the diamond particles contained in
said slurry is condensed and removed from the slurry, while said water medium is taken
out of the centrifugal grading process as an effluent slurry that contains a fraction of
diamond particles of an average particle size that has been decreased due to the
removal of coarser diamond particles,

(7) a step of repeating once or more an operation of the step (6) above,
whereby a coarser particle size fraction of the diamond particles is separated by

condensation and removed as a solid mass from the slurry, until a target set of



17 paraneters have been achieved with the di anond

particles contained in said nass: a D50 size of 50 nm

or less and ratios of D10 size to D50 size and DOO

size to D50 size of 50 %or nore and 200 % or |ess,

respectively, said slurry effluent fromthe

centrifugal process cont ai M ng a fraction of dianond

particles having a snaller average particle size; and
paraﬁn%}%re I}%@S %e% Jcﬂfé%ﬁ .mgthéfd?%éﬁ& gaﬁaclérsrébnu?@?cplnaggw%ass a

es as hav € parti e slze
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clained in daim1, in which said h%dro philic atoms or

50 % ghbiare sas 2900%pY less, trn@@tiwy,(szajd slrprafiuent frem the centrifugal

proogSh EEGHing 8 reteh et BarbBs Febiig.a Yy Hrape partce

size:\dh@r ei n sai d coarser particle size fraction in the
step (6) is condensed as a solid mass and renoved from
t héS)sBLMe;y o_f Lrse@)ietrlogffmrmsaad fslsurwhthe dipoong payticles as having a

ersing i. onlzed ubj ected to the
mini Ba A S o il S g B Mo PETBS ot her
coarser fraction of dianond particles, so that a
fraction of dianond particles remains in the slurry,
whi2c I Hes mettieod taa ketaintedt inoCldilne 1, @emthicH sgidl hydroples .atoms or
4. A fine powder cagpsisting of sj n?qqle crystalljne

fU“C'd?“é‘HBFRﬂ’Pﬁd'F fhe plep (48 CB'F‘BH%R: ege sglpctedf "?FBt*WGEPM glichaqcarbonyl
grouén%ngcgbfﬂxﬁlrﬁr%@re' n said powder has a D50 size snuller

at the sanme time ratios of both D10
size to D50 size of 50 %or nore and D90 size to D50
size_of 200 % or |ess, said dianond particles being a

pr Sdlibe methed as slairaed irbeialm brivhereindsaidroparsenpatiele wiegefraction
inth 560 @) 5 cenaghsh, 1,5 SPI fiasf 20e BL0ur0 PERARs b beec form
a fuMMRrCOlURRAMS, BREBrsINY e de-ibhized vdtdl, 1R Subjedibd 9o IhE eentrifugal
grading and thus to remove another coarser fraction of diamond particles, so that a
fraction of diamond particles remains in the slurry, which is then taken out of the

centrifugal process.

4. Afine powder consisting of single crystalline diamond particles as produced
by the method claimed in Claim 1, wherein said powder has a Dz, size smaller than 50
nm and at the same time ratios of both Dy¢ size to Dsg size of 50 % or more and Dgg
size to Dgy size of 200 % or less, said diamond particles being a product of a
conversion from non-diamond carbon under static ultrahigh pressure, and said diamond
particles have either or both of sharp edges and sharp points which have been formed

by and in the ecrushing step.



