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
divided single crystalline ;dianond particles and, in
particul ar, an abrasive powder that is especially
adapted to the use in high-precision nachining
processes. The invent SBECIRICATEONrel ated to a nethod
for the production of such powder. Technica
Background Wth the progress in high precision
‘ﬁﬂeﬁ?ﬁn} } technol ogy, demands for dianmond abrasives
a een shifting to increasingly smaller particle
Firee powder adf enpRNrishiline dBmGRIMactRERs and sumktd for the
roughness of 1 Ais required. The smal | est di anond
prodysdieniteeresf ever produced for abrasive applications are
of "detonation" type, consisting of a nmass of
secondary particles that is an aggl oneration of
FieldbdfhVE8htio®r 1 mary particles, which average 5 to 10 nm
It has been observed that this type of dianond,
Ipist ihesntioads irelated fpraopesdendoamsistiog ot fipelyp divided single crystalline
._conbusted inconpletely, has a lot o efects wi.thin
d'am?'h‘g%aﬁﬁc@ét%ﬂd’ éﬁngagﬁalﬂg, anARISYE G%Eﬂﬁ s ESRETRIYsqdapted to
the (eCRY hief-SFLGEBA CRBYRRE Moot e The! AYEREAPROAEEVefted to a
commonly, as a result of the growth duration too
methsl dartthe peddugtiom of siech powetier. of one-digit m croseconds.

I ndi vi dual di anond particles as yielded in a
detonation techni que are, as described above, very

I have a very active surface. They
TeChg'g%loBr?%?gfgeM‘?eadi ly to form secondary particles,

Withthe progred iMhigregrsisin MashifingtBetthdleyyPeemands fir dmond
substances that conme in fromthe synthesis process and
abrasiyeroRaMecheen shiftinaite inargasinay siiaberdradtidle isizgesto an extent that, in

apparent|y.as agal oner ated .parti.cl W th i,ze of :
somd BERE Ag B RR St & B RRife € T <t BB mprtites
ever PRIdUCEY ¢S SRBsiDE aBpRaibRYBAL BA"defdriatiBh! fyﬁéycomsrﬁh? f @Smass
In arigorous acid treatnent. 2 Anong the products of
of segondarinudrticjes bateid amp@ggloheratian efrsmadien melswirp particles, which

aver%%\é\%oe Iq Qbr%ﬁglt[] m%g%{en eo)k(nger(\)/g(ii ?}Qatotl;isq%eo 2? Eif.a%r})’nd?gmﬁensliged 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 vyielded in a detonation technique are, as
described above, very small and thus have a very active surface. They agglomerate
readily to form secondary patrticles, 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.



pol ycrystal line type di anond, which is produced by
conversion fromgraphite under extrenely high
pressure by nmeans of energy of chem cal expl osion.
This type of dianond also is in a secondary particle
structure: such that primary particles, comonly
having a size of 20 to 30 nm are fused in part and
joined to each other under the extreme conpression in
Axmegsthel pRliuciRa oty itetghnblogy Cioasedr apam the cogreae compression
trappin some graphite | eft unused. Consisting of

powefed Yy chemifall axlasimary fripnationescasmamy Hiavwsy is o eDuPont

poneBiHe Hb8oARGRb:Solf 5. FBe8g b ToolPuB ol gy under
extrefefOhRUSpRekGret bR ahemY of ERMJY 6f eR&aRY %&ﬁmgioh.harhist fpe of

pri‘mary particles do not exhibit idionorphic faces
diaméng alao ssoimankesondalyepadticiastrunieneasuch thpierimannigartioldsi eemmonly

.is consid d_as an evidence of the.lLinjted gonyersiqgn
havingea [Si73. O1ERq e POo AP 560 dn REicRrbiAngs I sadbethet tnder the
extreﬁ@e&%ﬁ%r%séﬂ if r@(g@éé) de8b! @Ba Yuring th8NEInRBsforChrbebsY, Srapping

since they depend, for the conpréssion of the starting
somengrbphitaleftafnusedvC prisistimg rof fiphlggeined seeoridany pantices af 100 nm or
chem cal detonation, which, if extrenely hig

h
morenRYRPRiHRTONGlse hehpyes 8 sie haVEYer th*ﬁévre?s@tamlﬁgré,st gannot be
disintggéa?érde \' artfri’;gggcg}%g afcfa.rtr a%ﬂeﬂtr. ?ﬁﬂ@{qiér&’sc g%WOQNQg@aﬁN&Brimary

ve particles w arp edges an

partidh§¥ e . noBOeiIBi0 ididtbrphis fdtedbbasiy esorhdghati apedrdidal overall
products, which have few sharp edges or points, of the
appepignke t \wiainh isgeansidered ahan evigener pl 8¢ ilintited soayerpion defiod.

S T SR B P S ) B8 B o
idiomoRshi® EfyARIS, sireRarthéf HeSendfortthe cBhipesssitN&F the lstriittg material of

conpressi on technlques can cpntrol propertles SucC as. )
low psémgues phagedofecarbamdiponi a chemiesisdeiénation, whioho ii@xpemelydiigh in

magriiESL1Ene B her B ickrseEARts. Betura Iegrsren T BRIk t

row BT (5 SRR i s RS s o

as amhbbeswed thendamoHdMprnotdacte swbiph Havatfewoshtarpedges br points, of the
articles, which have  a size of tens of nanonete

. : ; ters, .
both Igclnjages A sheE chAshiRYUR a8 RAGien! dhingingFate, 3thaygh thgrabrasive
, > i r t (YR i
ot 08 3 S EO5R o PBLRES id BHE0 SR 0By U8 oriman
partidléxst ances there are even flat triangular fragnents of

crystal observed 3 with about 5 nm sides. The .
Qi thet @her ride statigrremuiessieretaghpidies sangentrelrprargiiepsuch as

shap)a/,erh)c[xrcmegéJ taendS Lﬂglleﬁess 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



crystalline dianond particles can be produced in a
properly conbi ned process of mcro-crushing and
preci sion grading. Based upon this finding we
devel oped a technology for the production of 100 to
50 nm D53 di anond powder, fior which we filed a patent
application (published undér Japan Kokai 2002-035636).
In the invention processed are particles of single

with abbyss aml dites. di anond si ze-reduced by i nmpact - crushi ng
descri bed above. The particles so crushed have .
Ernimveniors have fowrtEat edy fibe Powdep opnasst fntery maipute single

y t ' e_So ti s W f .

e PRS0 GREBAE B, BBEPAL alblobefy imd Bltte o
micro®iudhldgl )arida psoisib®r grading hiBigedf updie thisvamdin@nwé hédveloped a
are avail abl e such techni ques as a handy process of
technplapy forithé praduistien ee10Mdiel Fanmidsh Higmangrravwden fai whichmeg filed a

| anetary mll can | oad nore . rf lrpacts. A
patenb G ER R whblihaif thsehdapeikp e SBUZ0HEIN  or i hey
IPAHE ivenBidhh bidcessidd é!rerﬂéaﬁbltgs%‘r%iﬁ%e chRRlIfFR FHARBR dize-reduced
particles may al so be used for the purpose of
by impaci-erushing debeibedndtavien@he gartatdasgsa atushgd fhagencommonly sharp

medium material. Dianpnd particles as taken oyt from
edge fgd pPiRSHioR) AYtENt Bakthey rogtenm PO Pﬂm@ﬁamhc%ﬂ?t regular
vangfShab 45 RS B SECLI LR BR0A Pl kg rd

par thwehing dfhthie aventumbineed etk ta@atabtoBhch acclpiaisngs a handy
process of elutriation and centrifugation. In both
process ot balsendl witte sigehbalisdWhike viPeaties raifl @nd tpiangtarng mill can load more
u nsi.on ,an roces - water, jt ] e
poweE APy A BreBRBR SIS i o btepl oS fFHEY have o

sufficlRHfly RigR, denBitP (CHRIFsd Giafing indirtitlss MBY alsdUsadessl oA theMfrpose of
this purpose a surface oxidization treatnent is

miningfing tte cantaminatietn priginatmgiidom piae mediuss materiabxi di zed to

R R g R
chemff iR BB renf®le Eﬁﬂfﬁbﬁing':@ébr hér crﬁgﬁiEQQﬁedium having mixed
oxi di zation, while heatingto 300 C or nbre in air nay

duringp ¢heapeicead| Ehendiamand partitles therf drecsybjected te aramiamdgrading
process .may consi st _of a t process, er eby di.anon
proces o RRRFEIH 77k CHRTHaR oy P ERS e SRtce e are

held @ug\ﬁstjbrehgioﬁcér% Pgicbéééa RCiHE waf%‘?,ri?tig ﬂ%ét‘fed"‘?ﬂaq’th@_rb‘grticles have
ydrogen peroxl de, and one selected tTrom potassium
affinitp dommatgnomties syrficasisi ardembtmaih@irestdblelsuspengion.de.  For
‘%eﬁﬁ_\ri ng a good suspensi on of dianond particles in
£ &1is jpurposena seEaee wxidization Heatmpnteist gfiechg rwingreby diamond

partcf SIS o RS, HERAEE S0 i bHARSSER, M en o
oxygeM-Edtitainingegrodp g as ARt ecdrodnyg Sad lcaiddixply fér eaifble. 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 particles in water it is necessary to



suspension. It is known that in weak al kaline

condi tion dianond particles hold in suspension by

repul si on each other of charges on the particle

surfaces, so it is necessary to regulate the

hydr ogen-i on concentration gnd the zeta potentia

within the proper ranges, which are between pH 7.0

and 10.0 and between -40 and -60 nV, respectively.
minin¥e kifs blgra®lcohédradation of esHaNihet oxstvih ded Wwaeepdray ed thosame

the size grading of snmall dianond particles, it has a
time, ¢ fefgulaié the $urfach sotaritiel withie thearanes edeawdty forgsgpblishing a good

recipitation [ with such 100 nm or .l ess, di nd .

suspdisi. o 6§ Kb el iy Wik slialhe 5PoBRe [T oA hota in
susp&EH BGUrdPURRRS Bath (dIhGUBLChEIgEE SPeRE fapiitld IsubaBedTBb it is

sonmewhat increase the productivity; this approach is
necessalry ke egside they/hydragérstancgoncentaativn andctheersgta potential within the

itself can be expensive, _while there will be sone
Propgsr GApeHsWIRN 568 Pehieeh PR deang dodb and i%we%f‘iq gnd -60 mv,
|esm£%§ OSURE OF I NVENTION Problemto be solved by the

I nvention Therefore, one of the principal objects of

Wie thevelmibtish texhhigupriewidely amsibyddcioernhe sivetdradingasf small
~ the particle-size grading to produce finely divided =
diamend Rafiglesaitthasl @@hfi?ra\an hat they nepd an e4dteneiy fpngopresipitation

ims FBLUT 5L LR S5, 5 PRLEE 5B 50l
combRFE proceRS Clvitd Guber Peed Ighirflige nddy WBewhst acrease the

cl ose range of particle size distribution, and thus _
produrdinityrgbis agpeodrihgis rotinasepsarily ozalistie aceusesisueh gadipment itself

fficie d ded in th i Si. hi ni .
can & NRENFYS. WhE BP el % SRR PP RO ol RNl 18 R anegpuring
Safet?_uch probl ens as descri bed above can be solved, and a

i ne powder conposed of such m nute di anond particles
and having a D50 particle size |less than 50 nmand a

close particle size ran can [ciently

separ ated and repéﬁl%ﬂ-aé‘f%%?ysfﬂﬁsgamﬁghg to the size

grading (classification) process a conmon centrifugal

machine that is comercially avail able on nmarket, and
Problomaptbersolved by like imv@mtionon par ameters of the process.

5 Means for solving the Problem The nethod of this o

iTheesieicogne & theypripeipaleRiedn obithis inyention itprayide an efficient

e 30 e 1 B B R B0 e OB i v
a DshEieakefgtHERass .nnd Addth8BbBjet@ls 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 Dsp 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.



of single crystalline dianond particles that is a
product of a conversion from non-di anond carbon under
static ultrahigh pressure, to prepare starting mnute
di anond particles, (2) a step of oxidizing surfaces of
said starting mnute di anong particles to chemcally
attach hydrophilic atons or functional groups to the
surfaces of dianond particles and thus to inpart
thereto hydrophilic quality, (3) a step of preparing a
P ry by dispersing the hydrophilic dianond particles
Mea’i'% of sofigngthaEebiem wherein said sl urry is set and

t ey a b [

lgﬁl S{nance txﬁgblgt #nygﬁtko&n) Yora'@g B}O%Pc@cf J eC ?lhgaéé\ﬁcger of single

crystallitks ﬂmntdmdq)a\mﬂegr@dmpﬁg@ [ m nary particle size grading
process, in order to renove by sedinentation from said

(1) a§tqpr¢f3prla§ftlua by antimppet laadiag mesbaniedl breakinghmeans e material

of siR [?tl o) gsi é%adrﬁctﬁg?cg ;P I?sgltﬁ?tgl)lsz :a ];;{regl U?}]? ng?ﬂ??/clﬁggersmn from
non-@i8moRAi éatoNalifiert Stafic F @FBhiIGREpredéureaitd plephare staMihg Mminute
has been renoved of said top partl cle size fraction,

diampod padickesond concentration of 0.1 % by weight or

a step of n sald remal der. of th
@ agie b, SR iBest absr Sradind g ciaond Garlidgpgo Shemicaly

I r

stach YEFRPARALNE S (BRI FOIO, e dhBcch BB s an
thus teeimpaettthéretarhydrepisiliciquality, whi | e sai d water nediumis

taken out of the centr|fugal %adl ng process as an
() ae$tﬁpﬁmre@¢ruwr§ sdth"at by, grgrsiag dhe hydropBiic siaraendhpadicles in a

wateP ﬁ{etd'il% %f ‘ﬁfrﬁﬂ% £4" tn'dclfe“ap’c %Neza'ﬁ g/é %Q%hn% %%%on of an

decrease e rermva coar

alkahnarstmg‘ametr(e?éto)a step of repeating once or rmre an
operation of the step (6) above, whereby a coarser
(4) apglep; @J%Cﬁl@gfsaarttsitww f at Wet-mpgermelinpaa| parige|size grading

proogsED R AHEF g HrE I8 8] 12 &t SER i b RS s Jaction
of th®@Riménd ggﬂﬂu@ye&a.mw phARIHsBE Bt RAViRY BSDGUBAHNEY nm or
in said nass: a D50 size of 50 nmor less and ratios

moreof D10 size to D50 size and D90 size to D50 size of 50

% or, less es ively .
(5) 238p ) ARIRLERONAS IR 1€ anferma Tl O 0% STy which has been
remoQ@E‘tcﬁ'é'Hld"go@ phftfd 528 fré%ftloﬁ' @'9”&3&?5? ﬂn@ént%%b% &1 % by
snmal | er average particle sl ze; step o

welgmtemba&srl ng fromsaid slurry the dianond particles as

a m ni mal
(6) a step o? 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



average particle size by precipitating into a solid
mass. By subjecting nmechanically crushed single
crystalline dianond particles to the particle size
gradi ng process of the invention described above, a
fraction of dianond partl%les can be recovered from
the final effluent slurry t"hat has a D50 average size
as small as 50 nmor less and, at the sane tine, a

achle9 <P§lﬁh kGLRBNE :%ﬁlc@sséorn'tam’éd lﬁ%aﬁﬂlﬁasé A, diRReofrSBtAADT less

size to 0 size and D9o size to D50 size are
and r5tﬁ% mfrDmuze tadd, siot ane Deeside tgDa0H29 of &% Peont Motel qnd 200 % or

B

Li,segn®ne or nore
of ek TR ity Sl Bl paBEp SlesPand Tt e
(8) a(?sﬂédi)wyécovgf 6! o Baidhsiume tio diapdortdhpartides ratsi loavirg a minimal

step 3, dlégersn on of dianond particles in the slurry
averaeemaﬁtecleslé vedewtaaa@mt@ @rsold MAassal kal i ne substance

BV eBlssle TSR G wHER g4 didfond BaloickSto the

parhc‘?é’gﬁégjrédihg ??‘odé%s dfhﬁe $hvehfion B@s&%dad%vkeﬁtfrdaﬁbmeﬂlamond

and 10.0 at steps 3 and later. Al so, at step 3

partld!dsecen"eb@ retoovyarqddt@mth@fmﬁlreffdmt§|UUWrtbatn|%ﬂﬁ fplDecﬁ aye(pgs size as
ontrol |l ed WI{ in a

smaliz S00P o fe et REGoB1S THE 4 Foes (gl G- B pyton,suh that
the rifsd g@bmpélié k& %I earfor Bgt §i28 t01D5, di—MMad5PAIdrihbiSand not

can condense taken out fromthe centrifugation
exce@ding 268%, reEbectdaeamaa dvalaatedolitisa MicafotmretlEé pagdicle ea&enalyzer
then can be di spersed again in _de-ioni

TP GG S1QT T Joun B8 e SIATSER 5 Meihes, Bf L inention
comptr%eé1 FeNLY Horo kil %ld{’rgrgl h o ?Can béﬂﬁ%r@u EF\Q'Earboxyl

process, an e uent s e recovered rom
g@ughe centrlfugal process that contains a fraction of
di anond particles having a further decreased avera

paithe gledhed sbthephpentipy SrstervErdisReRsion of diamRnsh i S in the

th the
sl Sk A Pt PRI B
wealJI’sﬁéﬂRahden So ik Préxbrdon@inetiis! MBI tHEt e Ieyd@agén iohesngérithation in
O average size of 50 nmor |ess, cleavage-based
the skuma!rh@ s ged kentbeiwaep pplol -Atand 00 atcgiepy 2gndiaer he

fgnve t,%gggfthaeg%ertg gbne %tglpﬁﬂ ﬁ,ltﬁ%? Lurglgb'%ygpr gpgar\bq)ége controlled
wnh;%f}é{d@e g 2RO BPAN | cI es can be recovered at high
yi el with mnimum| oss:

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



while mnute dianond particles may be trapped to a

degree in a cake of condensed coarser dianond

particles, they can be rel eased back into the water

medi um when the cake is dispersed again in de-ionized

water for re-use as slurry-to be processed on a

centrifugal machine at step 6, and the water nediumis

al so taken out as effluent slurry as containing

di anond particles with a further decreased particle

si ze. BRI EF DESCRI PTI ON OF DRAW NG Fi gure 1 shows .

kcheorddncal Wish thef inethodi efdhisninFentioanitdx eapsible tprisedusaecsingle

article-size gradi rocess f.qllow ng the t hod, of .
erystdlitl diApenT Paickar BT, Repte drhs, SHESt R MEa B P win o
Dsgo abé\%{g@%@erbff 59 GPeRE NG8aRRIRREE Snifp 8€&fdsCand SXABHdtts, in

1, to be given); and Figure 2 shows schematically a

contrddtotw dhagcamentibnat pad | cgn@eatdilyr agsikbie atiampne calyasives of

particle-size rgradi_ ng process follow ng the nethod of
corregpnding BiNUiOPAIGIRSIZSn  the slurry is processed in a

_ . a sinal i . i ne. ,
R L B AR, R TSR S R o

while IMMENTHiRMOhE particed atiynBntrapped ke anddghesl inod dake of condensed
I nvention, a precision particle-size qr ading system

coarses digswandiRedticleso ey edsbe rjeasadr hackdptortag avatelirgdium when the

connected to.a sinale centri [ [
cake [ RRPRSEE abfi i deinirofl PPt 2 vge B IR pEPRIareg on 2
centrifiyad HERAMS ARtdp6, AMAAE vRiterdBeSiLHT i alsoBkéh olitsasséfMia slurry
inafirst tank, and fed to the centrifugal machine to

as co8tairieg diabjarcitpedticles with arfurtherggareased partickosizehat a
coarser particle size fraction of the dianond
particles in the slurry is condensed, separated and

removed as a oEgEF DESCRIPAON BF DRAWMEH | eaves the

centrifugal machine. The slurry, which has been
elimnated of the coarser dianond particles and thus
contains the fine;ﬁﬁarticle size fraction at an

Flgreal eshropshemscalyc 6r diogIdiaarp® fero@n SYEMPEF plesision
. 'Se . ' i I od i :
parsBEBER 48 SRERT R S5 DUARLADE RIS IRk
slurnfis PEeRS se@withlitwg ceftrifugiabmayghinas cotndctet iaaeeds Bxandgle 1, to be
~ regulating the dianond concentration of slurry well
givenyeansly a specific level by occasionally diluting the

VoWt b de-i oni ¢ _ e
PR Y S SEh A 8 i I ASRRAMF, ccompa

precisibs RRFERAsiz8 drid@ing lprddeds fBbWiRE thekrietibdobf thBYieVergien, wherein
i on concentration of the slurry and thus securi ng a

the slugyas procepssddnta talo-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



mai ntained within a proper range. For the use in the
grading process it is desired that centrifugal
machi nes have a capacity to generate a centrifugal
accel eration of at least 2 x 104 g, which nay vary to
a degree dependi ng upon t target quality in
particle size of dianond powder to be collected.
Effluent slurry is passed to another centrifugal
be sije6RaStodh t@htrFoqdli fotdeNed et dlesarsebedrter sive fFfadion of the
slurry to be fed to the centrifugal machine preferably
diameib phdiclesvie the stioydesondensed, sepalpiedang penqved agsa cake from

d particl beh
the syekbieg ) Salnd SrtasuragiiT ol s arthough ¢
f aypL éﬂaw 8 RAS Bééﬁ SRRInGRA K codlSBedisthBad Hmeleg RAd thus

particle size to be recovered. On the other hand
contd_nm/\ﬂmeﬁner Imadivés size dractort aian imseadeddirapotidn pamrdmgkyS|s flown

in the slurry are desired in qrder 't ,Sﬁcure a, good
out opsestiifygalynaching ang teseivagd apd ﬁpﬁwﬁg iyt arssa?wggmage tank.
B 5 Ep R 258 e iAoy 5 B fasea by (0

requlb®%$ ther diditoreioldoncéntationt oft diuractweln wfovdi angpetific level by
particles having a 40 nm D50 average size and 0.05 %
occagipnallys dilufing st shuginaithi @%@mmnw@tma%fa& the rspae: tigy. (2)

havi a 20 nm.Ds0 aver age V, n
S‘fab'{]%ﬁfegeﬂ%lsc?fbdztgns roef%s%rgon bt |ﬁle%o%§?ﬁr 21 g‘;érﬁ nrh{ Y repulatlon of
hydréfedmMii! . conbéritfation asf Iﬂ%tsﬂ@rhﬁ%n@f tI'ﬁJsZQeéLﬁﬁ@ bhi?éta5@) NgBtential

have very active surfaces and thus tend to aggregate

malnmlmbdw@i@lnlawrﬁmm!ae@ondary particles. Thus it is
es ial to,a successful hat

di
o Efng tsant 1 S8aRee amss e eared P OfRde] Aty have a
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ectl ve, déscrib above, to use a'slurry
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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 Dsg
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



In the precision grading process of the invention,
whi ch invol ves several cycles of collecting dianond
particles as a cake and di spersing themin water
medi um coarser aggl onerated, or secondary, particles
can increasingly break do over those cycles into
constituent smaller particlfes of varying sizes, anong
which |arger particles can preferentially be
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perforrhencsailr this Aase gcaamo%@ﬁmﬁl@s ceadensagh athen! F-etgmagﬁ a cake in
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average particle size under 30 nmto
into eorrstingeat smallsl partigles aofkaaryibgrsizess, antbngawklclz lafiger particles can
connection on the inlet éjl nf | ue anol outlet o
prefefeittiallyi @Rt gondpeaRad b a gakenyhilg a@a RATFRS Prefereafiglyremain in
thesﬁ:? erratlcally in the flowdiagramin Fig. 1. Slurry
be flown in two directions by switching, either

f'ﬂh@fﬁppb%ik phrticte tiaalof thedianmndreiigles tiemteined um mycake can vary
fed fromone tank at the inlet, subjected to

a
from cyplertof ayglel asragasedated PRTIFRS iBbreasicigh bigak (oW intonogpstituent

articl n ff
partqeEORHERE sk Bre RARGIGRGLEE o, o Rgoplif Badfid irbtesdtenas
to haYt 2Reppafdht DY, &gk intrear@dtodbr the. préﬂoas syds equent
centrifugal process, the direction of slurry flowis

e the swhod 9f i imgnionit 5 passlel aofesies foy theumoduction of

ST b A
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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.



which the slurry stays in the centrifugal machine. A
simlar effect can be achieved by decreasing
significantly the feeding rate of slurry to the
centrifugal machine. Slurry to be fed to the
centrifugal machine is prepared by disintegrating
aggl onerated particles into individual constituent
(primary) crystals, renoval of smaller particles
it tha dheshtibo itliaefiectivedort thelcelectian df d@nthnadgofsaveragei panticke size
di anond particles in apparently stabl e suspension. .
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is recgﬁ,g@hpghs{,l&;r@gt Thus it is possible, for exanple, at
a pHof 7

0 °10.0 and a zeta potential of -40 to -60

B¥veraDrepebicaVistotdse8 of centriifatiamdubQantiaily xveasecthadiine over
val ue of or over 50 % and not exceeding 200 %
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single crystalline dianond particles was used as a raw
agglomeraiedalariales intreindividiiad comstityend (pTgnary) ciystalsavemeoyal of smaller

. The di nd powder was a duct of a.synthetic . .
partilito afedihier B oAt Peso Ao e S BR Feiples in
appafdhtif stJE)YéjE@éHe'nEioH.r 88éh d%t%a%ﬂa@@@%aﬁé@ﬁ‘érﬁ&lé 38tbVYal can be

si ze reduced by crushing process ina mll wth steel
effectbaly sondlicteddhyaimadchtipowdl @ltrasbsio Weves passadars maygé used, when

Si ze-gr adi_nﬁ, in order to obtain raw gi apond powder
necessafd o SrbiiFles paq martaininghe gisRarsiny Bithe sS4 n

REBRY GROES qytdr o e KAl 8 corp Rt aBb AT30E, FRé fmond
powder it reeDeyf size madart S@nhadasd)lifi whi aptiedzet esrdditiom) cadér 20 ath can

nitric acid, at a terrPerature bet ween 2500 and 300 C
be rgcovespdr BomhanpmocastMith gocerreiugal Aaspinel pxitapla\qs market for

comm&P %LFp%geé.oStable 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 Dgy to Dsp average value of or over 50 % and not exceeding 200 %,

respectively, and in a better conditioned process, of or over 60 % and not exceeding

190 %.



t he di anond particle surfaces. The resulting
hydrophilicity was observed by IR spectroscopic

anal ysi s, which indicated absorption by such
oxygen-contai ning hydrophilic functional groups as

car boxyl, carbonyl and hydﬁfxyl groups. The di anond
particles were then washed fully to elimnate the
residual acid and, further, dispersed in de-ionized
water to formslurry. ARaMmPEREWater was added to the
slurry to adjust the pH at 8.2. The slurry in this
dotidinbhd wowdsr obslasy @dra, avhichv bac azmnain@lopasiicle sizeodf less than
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obtaif Iré rdfarasnd powdier reably fomik esaritde bﬁé?grédlﬁ@tplrcﬁdésw accordance
taken out of the centrifugal nachine, then passed

with thatinvestien.st ored as raw slurry ready for the precision

ading,in a,raw slurr reserVJro
358 e giatifle Pl HAloioE e et S By TRBRRY i batn of
mixtugé aﬁlda)ac&{t%ﬁ@@%uwdwaad W%hcféh%{edﬁﬁm B&id, 86 a temperature
di agrammatically shown in Fig. 1, in order to recover

betweerf 29t argh30Q3fC ébranmdhpmﬂthwrsas;ohaafu hygirephidedy wiasémparted to
l.ess than 50 nm_ Her ntr|f chines 12
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SdHobRURiyRIsNY h ! '
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hydrdpdilisefenctional greaps aemarbd)ayg&brhmghamﬁbydrmkyl lgeotpso The diamond
slurry tanks (tanks 1 and 3) were provided outward at

paﬂl@d@?ewarﬁsth?wﬁs ﬁ‘éjﬂd'd\lﬁﬁ'mm thedesigpakarid angfngher. dispersed in
oeio RSBty S5 9 e O e BEFORLA 65

at 8.Z.€Thg siligad tHimebhdiBorads abhseliled 1tb ha9€ Gl Faalpatdntial éfaddout -55
for receiving the effluent slurry and eventually

mV. recovering di anond particles by sedi nentation. In the

TH8 Py Yas, PRSI e BRI P BEER syl SRS 7 #dBon o
coarser iErforftPPartielEs) Mﬁhl@lh #4808 DaSsize BRERPER drvet, Was @ibved from

cont ai ni ng di anond particles to be graded. The
the shyhiThesemeining gltiey.rtbet ssas gliminated (fuishrosarger padicle fraction,

was Q0SB 2 L b b i Bt oS G By Shotrer
fractiSHPRLMgtADK, 808 ovBt 86 R vidsScdnBKsed Mitd Bate 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 Ds; size less than 50 nm. Here two centrifugal machines



the slurry held therein were steadily stirred and

di anond particles were fully in suspension in the
wat er. For the process, two hi gh-speed centrifuga
machi nes (both of Mdel H2000 product of Kokusan Co.,
Japan) were used, which haﬁza 200 mm di aneter rotor
for <collecting the cake of” condensed particles and
coul d generate a centrifugal acceleration of 2.89 x

were B¥4nfedlin dofiricBbh Athoéackbo®@P oh. & comtinlibs tsighe clsdniret Yor the
tanks each had a capacity of 0.5 nB. In preparations
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. k12 . 1 % (by mass) of dianond particles
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arrangedhtoni angyis, capnecipieriatagingte eontuays shasbeg opassagedor the

sturr;. BiAte” BRE S, PtyREs BoPR: Sigfdolnd il Mremed as
prima%l]f\‘ﬂﬁ’sﬂﬁéaﬁﬁréﬂd%&%n\ﬂ@ﬁ/ {Rndtredml & eelffiorPfd tHe/ ditdttiod Df slurry

e effluent slurry fromthe centrifugal nmachi ne was
flow. Aecagitatedl vascequidpedaarettiei siurnhsupplyt tankeaiddotermegiatedaak, so that

I CATIMCIUEN SN

0 Pehe WHkgGh was driven at 16,000 r.p.m  (producing
SUSpgﬁ&accepgraté}on of 2.89 x 104 g). The effluent slurry

Foerthé heocass| ewvo diigit-spsed centrifudali gaschinesh (buth wdisModel H2000

assed to and collected in the sedjnentation tank. Th
prodUchf KoK HP anHENpARS teds WEL N8 2UahdBetgiorotor for

v a -Ligar et fid hi ;
ool 8, SHEEF, 5 0Fad SRR o SIS
accélgfigidn Wi 2iegle 100 piat ecrowioarof t16,J00r tp. @5 The ithree slwofy tanks each

slurry, and |ikew se fed again to said primary
hadgeganacityigbf . Saichi ne at a rate of 50 ml/mn.; which was

riven at 15 000 r.np. rati ' .

§ SRk H Lol BB 5608, 0 PRESE S hing e
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process with the primary centrifugal nachi ne was
paritaidd by ttieel elutriatios and pralginay eentrifugal 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.



slurry tank (tank 2), to which added the cake of
di anond particles condensed and separated fromthe
slurry in the previous cycle of process with the
secondary centrifugal nachine. The slurry thus forned
is then fed to the secondaw centrifugal machine at a
rate of 20 mM/mn. to the centrifugal machine in
operation at 16,000 r.p.m generating a 2.89 x 104 g
TRE fRicht 510AY froRethel ddntfilial Shathine Wa® Fadelvied atdotieiéd in the
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di stribution by neans of Mcrotrac UPA particle size
primana pgRtEfugalmaskiag at A ratemnf SOmI/ming vhieh was 6'f'V%ﬁ‘ ahbnB00 rp.m.,
[ ©ed in the cakes recovered
geng 6'&15%] a}gcgl%égtg'é%g%?%ﬁz itri fugal machi ne and

W@h@%ﬁéﬁubﬁ’@ dedthbed( 4V, Ble effiabhesllim)4ronatiied s€8@ndoéycle of
Dio or Collected Cake Particle Size (n D90 to D50

gradineg pracgps Bith tB5PrirMe @nyifigal nDEbIrEsYaPeeleated "11?'@ @@rmsdlate

ot ). TS0 5 e F e TR an

sepS@RAd iffdi9ahe "BGIN NR RS phRAlst Bidle r@dp@céﬁ WAthMHg secondary
capacity corresponding to the machines in Exanple 1.

cenfrtiegal mhagthir(e. ﬁﬁeus;lmtry thmsdﬁarraad i® thareted(tef the ua@nor)dasv @entrlfugal
f the centrjifu ch connect e
mading sy G Bl §0 THAKN O lg? St SaLEL e BLaTogriet b o
gen@ﬁﬁtfngté)ﬁ 89 £90% %eﬂefbtf(:)'ngThg'effﬂJe?ﬁ diuby fﬁiﬂﬁ@i‘ué’ ae I‘ofjgradlng
was darranged upStreamon the inlet sidé and
process with the secondary centrifugal machine was received and collected in the

sedimentation tank (tank 3). Hydrochloric acid was added to the collected slurry to
adjust the hydrogen ion index to a pH of 2, thus causing | aggregation and
sedimentation of the diamond particles from the slurry for recovery.

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



connected to the centrifugal machine, to be used as
the slurry supply tank for feeding a starting slurry
to the centrifugal nmachine. First the sedinment of

di anond particles (Table 1), which had been coll ected
in Exanple 1, was placed iy the slurry supply tank.

Then de-ionized water is added to the sedinent to form
500 liters of slurry having a dianond concentration
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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.




nm While the grading process of the invention has

been described in reference with particular cycle

nunbers, that is slurry was passed to a centrifuga

machine twice in exanple 1, and processed, in Exanple

2,in those three sets of typ-way slurry flow grading

Wi th a machine that can correspond to six centrifugal

processes, the nunbers are not given for the purpose
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may be passed to the centrifugal machine to operate any nhumber of repeated grading
processes, whereby a powder may be obtained having a Dso size under 50 nm, with
the ratios of Dyg and Dgy 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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cortegnfration pff Oat Yoy weightordeds,d mass. 2. The nethod as
claimed in Gaim1, in which said hydrophilic atons or

(6) a step of supplying in a first direction of flow said remainder of the
slurry to subject to a centrifugal grading process in a centrifugal machine from a
first slurry tank connected thereto at a two-way slurry passage of inlet-outlet,
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 machine through another two-way passage of
outlet/inlet, into a second slurry tank connected thereto 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 patrticles,



functional groups in the step (2) conprise one

sel ected from hydroxyl group, carbonyl group and

carboxyl group. 3. The nethod as claimed in claim1,

wherei n sai d coarser partif%e size fraction in the

step (6) is condensed as a solid mass and renoved from

the slurry, used to forma further slurry by
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size and Dgp size to Dsg size of 50 % or more and 200 % or less, respectively,
said slurry effluent from the centrifugal process containing a fraction of diamond
particles having a smaller average particle size; and

(8) a step of recovering from said slurry the diamond particles as having
a minimal average particle size by precipitating into a solid mass.

2. The method as claimed in Claim 1, in which said hydrophilic atoms or
functional groups in the step (2) comprise one selected from hydroxyl group,
carbonyl group and carboxyl group.

3. The method as claimed in claim 1, wherein said coarser particle size
fraction in the step (6) is condensed as a solid mass and removed from the
slurry, used to form a further slurry by dispersing in de-ionized water, and
subjected to the centrifugal 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. A fine powder consisting of single crystalline diamond particles as
produced by the method claimed in Claim 1, wherein said powder has a Dso
size smaller than 50 nm and at the same time ratios of both D+¢ size to Dsg size
of 50 % or more and Dgy size to Dsy 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 crushing step.



