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WMonoerystalline diamond, both natural and synthetic, has
been widely wsed in the lapping and palishing siops of
optical component manufacturing. The structural defects
inherent in monocrysialline diamond will eveniually
[imit sisage in pext ganeration products. Becertly, dia-
mmomd manuicturers have made some key morphologty
refinements to compensate for the limitations of
monocrvstalline dismond. As o result, engineems ane
pchiawing highar removal rates and finer, somatch free sor-
fices, We will examine, from a form-function perspective,
the evolution of diamond into these fascinating new abra-
Ve Lypes

Nenoparticle Techinology

Manoparticle technology will play & ey role in diamond
synthesis o5 the functional utility of oll dismond types is
IfCrens g writh clex TEANINE |_|.|.r||| |-|' b5 K disiribution. A
diamond with an averape diameter of 0100 micmon or
leas ks now messured in nanomatem, Manodiamond has
more pleces er carat than traditional micron dimond
psed in finishing (Tible 1) How small i nonodiamond?
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One carat (200mg) of 100 sanomeinr (nm]) diamend
ahrasive contalns alightly over ane Huandred trillion
piecas! Since the number of ploces per carat & propor
tional to the cuba of the radius, the quantity of three
micron dinmond equivalent (o the number of pleces m
100nm dinmond jumps to 100,000 carats or oughly 44
'::-e:.ugu]g-;_ The .g'|_!'||.|'.'_|'l|'n1 sk af 30 micron diamond, &
size typically vsed in cutting whesks, & 22 wWns

Anothor dismond type that will be reviewed lates
1L1M&ra l}i,-.]u;mn;.;j Diamond. (DD conmins about onn
hundred thousand million primary partie les parr carar.
we compane this niumbar to 30K mnicron Bermuda beach
sand at 4,000 pleces per 200 mg, the equivalent mass
fiow Iecomes 22 million tons (Figare 17, This mass will
Fill 4 50-vard beach one foot deep with dry-packed sand
550 miles Tong, or mughly 14 times around the entire
pormuda perimeter. Cortanly;, & carat of UDDomay bt
msdded o the old adage ®as miuch as the stars in the sky o1
grains of sand on the beaich.®

Morserystalling Diarond
sMonocrystalling diamond is a highly ordersd crystalline
solid. ‘The carbon atoms are linked together in a regulas
fashion. Esch atom shares one of it outer shell clectrons
with four ather carbon atoms in an
equally spaced tetrahedral envi-
ronment. Monocrystlline dia-
mand, both natural and synithetic,
whs the primary abrasive sourca of
the fintshing industry before the
purn of the millennium. By val-
ume, synthelsc monocrystalline
dinmond (SMI) ks used H times
more than noiural diamond for
two reasons: cost and supply. In
arder 1o meet induestry waluma
demandds, artificial synthestks
pequines pressuros cxcoeding B0
Eilohars to emulate the prodoction

axm
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Figere 1. Sire omparison of Sprpda besch sansd with Litrg Vspersad
Déampnd, One caral of UDD has as many pieces a5 the surfice al a Dasch
550 miles fang:

conditions of diamaonds found in namre. FIst atlempis to
comvert graphite o dismond at low tempersture and high
If;'.'-\.-\.'_”.' WEN URASLCE -;"~|¢-rl_|| !lll' FEECTA0E '\-|'|:'r'l\.| AR s
slow for the process to be considered cost effective. To
increase the reaction kinatics, heler IETHPETATUIES W
neecded, which, in turn, required evan hgher pressunes

The reason for this dilemmen is due o the pastive 5.!-:||||
on the P vs T phase diagram along the graphite/diamond
stability line (seo Figune 3) The transition conditions car-
tainly influenced the evolution of the modern diamond
PR that s 50 vears of efinsEmonts sindags i birth in
the 10%s by GE

Mickel catalvsts are now dsed to lovwer the tempera-
ture b dbout 2,000 and 60 khar Mechanically, presses
differ slightly throughout the world, however, all SMD
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Fgure 3 Phase disgram of cardon showdng (e shadad replon of Symineiic
gadrmdnnd produchon

Figure 4. Siver resoitiag from the clasvage of the O1T crystal plase
o d@mong

proglaction will Eall within the shaled region of the phase
5E|:_|!,':r_|:|| [Fiigure 3} 5D |'|r|||||'.| tlon fEciories may have
||_||||_!||';='~| 0l PISSSEs SN Edie Teaction !'.II'.:::il:'I 15 l\.|.ll:l'
sinall. One synthesis may prodoce fewer than a hundred
carats per mn. The mmw diamond then st be crushed
milled, cheamesd and graded

SMD has a good material remaoval rate, which Increas-
e with purticle siee distribution. Workpieces finished
with SMD are the roughest companed o othor forms of
diamond outlined in this anicle since the edpes are
large, In"comparison to the total crestal size; sharp; mol
friable It & this wwoghness that enables micron and gub
micron SMD o retiin some of the shape charactenstics
such as pyramids and trigons, of the parent crystals after
the crushing and milling process. The prebability of dia-
mond deavige increases along defect lines or mparity
regions. However, SMD s resistand w0 acids and hot caus-
the aolution so the surface can be cleaned to low Lmprunny
levals. Bageh -to-hatch quality from SMIy suppliers is con.
siatent. The cost per carat of SMDis the lowest. Prices
are currently 02540075 per carad, depending on cleandi-
[ Lal, Lo .llln.l :-.1.|r||_|.|'1] -\,i.l"u'l.lrl:lll

The disadvantaee o 58D s the inclusion of slivers
(necdle-liks pieces) and plate strociures {thin, fat pieces
in feed batches. Slivers or plates form when the 01 crys-
tal plane cleaves during the crushing process (Figun: 4

When the orentation of ||‘Il!:!'\-|' "'I“'II.'-ll."d SLTUCTUTES 5 o

pendicular 1o the workpiece during finishing gub-suriaoe
|_|_||||_ng' MAY O LF [FERTTH ||||- PRCEESIVE P nt e
point (Figare 5), Imegular findshing pattems and bower
remaoval rates cin alse occur iF a place glides horizontally
s :|!|' W e it

Rl Lii LAE CXCESSIVE _l\.||'..|'|'":-| .\,i|'||| ;'\-|.'|r|"| from & SMID feed
hatch presents a considerable challenge o diomond sap
pliers. The reason i that the plates and slivers are hydro-
dynamically equivalent to smadler mone fegularly stiaped
ecas, Diwiriasi afutriatiods. alivers |!.LI|‘Ir'|' MOom&antum
fram the added frictional component and carmy over into

the graded hatch. This phenomenon is simblar o deop-
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F.gur{'j Plamonch origéece inferactions during e lapeeng oF poksimg .rlﬂ{.'.'ﬂ & CEL af millsy monocrystnine mamond swh a roduced sheer
process, Syaiwebe Monponzialine diamond sinvers Mail infrdc? pipen- COMCTiraton

tReutanly with ihe sTrfice cam aad dp St SUrTAnS dRTUAQE [FOM SXCASSE
pressoves B ihe polat i the dirchion i pavalel fo i wovipisce, remosal

vt will decrease, Polverysialing diamond of the same si7e 2§ mMonocrys SPD has a higher material removal mte (mrr) than
fatiing diamuomd wil confact the workpingd wall “microcryaialite:s” nslead SMIY. Most studies show that the mrr is ap to 10 tones
of Rl plares or shavp painre. The reaut & an increase i maleral remova! that of SMD, The reason is that 57D has mors cutting
it compared e SMD. MHoad frealnd manoerysfilias damond has ernel- edees and higher surface area than SMD. Multiple edges
anf remanedl rete Wil Jass soralching Smoe SSE RS ang Iybricated andd corniers ame in contact with the workpiece simultans

walht 3 praginre ghall, [Mracspersed dismond &5 wsad for mtafing Snisihes
Thave are po Lerpe irregelacly Shaped Disces presear i LT,

ity of sub-surface dam-

thies reducing the probat
age from excesaive pressuncs (Figune: 5)

e most obvious disadvantage 1s the sticker ghock

ping two pisces of paper, ang crumpled and one flat SPD costs on average 10 times as much as SMD (210 0
fram shoulder helght o the groaend, The |1|_|||||_||.I:.L| papeE Mol per carat) Howewer, dollar lostes up fromt can ba
will hit the groand faster since the frictional force of air easily recoverad by using less diamond in the fnishing
*Noats" the (ot paper Shivers and plates may be femoved PRRCERS, MOL KD TSR the lnbar savings for shorier

v ineidling kf the enerey selected s above the cracking Mre Lmess

ENerEy il the tHim PaECEs, _|:|;|J |||'|1_.u ||'|.|; i Ii'.\.1'|.'|'!|_|h CMENEY In CANTTI AL rasam 1y SN |'|.I.II .‘i-:ll hatch consistency &
af regular-shaped pheces (Figure &), The smaller fng- more challenging for SPD supplicrs for two reasons, Fimsg

mants will then be removed in the grading —

General Features of
Polycrystalline Diamond Synthesis

f‘r,l]']jm_rh‘l’u“inr B ———
Polverystalline. Diamand (5P, unlike SMID, 15
'|;-r|||J'_|| r'|J il 30 i"ﬁrl:ll'\-;l.'l L b '|G|'.|||'|‘: .'w.'u'l'l-ll'll"'-“.'-u '|‘I:\.:'.Irr'
71 Several wons of explosives are used 0 generats
about 250 kilobars (equivalent o about 3 million
pei) of pressure an the grapiite feed. Ench SPD

process. Exira tight distributions add significant
time and cost o0 SMD powdears,

plece containg smaller diamond “micmocrystal

libes.® The microcryatallite planes are orlented in
different crystallegraphic directions every 10-

S0nm, regandless of the partcle slze distribution
of the parent pieces. The handness of an individ-
wal microcrrsallite is comparabhle o that of SMD
The difference between SPD and SMD s discern- Reaction Chamber Post Explosion Configuration

able in SEM however, trensmission election

microscopy [ tem) allows the OPETALNT [0 clearky
see the microcrvstallite strectume (Figure B) Figure 7. General faalures of poleerystating diamond syvilfresss, The frag-
SO BECTS VIR 0 ENeSTE COimIChon Brocsss
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Flgure & TEM of polverystaling giamond showing e microcrystatite
sivuchie of ihe parenf phece. The bar reprasents 100am

unlike SMD, the edge sharpness and crystallinity can
vary with milling conditions. Under-milled material tends
o prosduce a reugher surace with a relatively {in compar-
isan o SPD. bot far fewer than SMDY higher seratch rate.
Orwver-mdlling dulls edges and lowers mre Secondly, impu-
rity pieces of transitional carbon often reach unaccept-
able levels, The transitional carbon can be thoughi af as
S0P eriented in one direction (Figure ). The only dow-
back of transitional carbon is lowsr mre Transitional car-
bon can ecasily be apotted in the SEM, while TEM annlysis
= requirod o control and select hatches with consistent
cddpe deHnktan

Head Treated Sppnilenile Monaerypstalling Dianomd
Heat Treated ":i:.'rllh:'lil' Monocrystalline Diamond
(HTSMIY) is manufeciured by heating well-graded and
cleaned SMD in an inert atmosphene o about 1,200°C
Lnder thess conclitions, the powder darkens from light
grey o hlack (Figure 109, The color chimge repressnts a
reonganization of the surface into a more disordered,
graphite-like layer (Figum: 11). The particle size distribas-
tian of HTSMD s often tghter than SMD and SPD since
nweanied pieces on thee fine end tend @ fuse Ao
larger clusters of disappear completely in the eat
ireating process

The graphite sheets provide a lubricating region
Bebwisen a .-.'h:nrp dinmiond euge and the 1'.'l:r1§-:|:|lq'-::|:
(Figure 53 Thiz shell coating lowers the scratch ancd
defect mte compared to SMD, Recall that stivers fn SMD
are difficult 1w completely remove from a batch since
they are hydrodvoamically equivalent o well-shaped
pleces. Since the entire batch is engalfed in the |11}:|'| {1 o
perature oven, this process shapes and lubricates all shiv-
ers that would otherwise scratch or damage a surfice
MER is comparable o SPD. However, HTSPD has one dis-
tinct advamtage over SPD: reduced diamond |'rr||:|-e:;||:|:i||g
inn the workplece. Costomier fecdhack indicates that work-

Fgure 3 TEM negathee of ransibional cavbon far is present in low can-
capirations in polverysiafing famond bafches, Tansiional cirbon & SP0
arisaled i one direction. The plece ek e microcrystadite struciure of
DoyCrysialne damoms,

Figura 3. Color comparison between SMD (while) ang HTSMD (blsck.

piecas have up o 33% less embedding when using
HTSMD compared to other dinmond sources.

Great care must be taken when preparing dispersions
of HTSMD, The heat treating process decreases the sur-
face polariy resulting in a tighter stabdlity regaon. 16 et
the heit treated diamond muast undergo a proprietary sur-
factant aoak 1w add polarity o the surfice or the matertal
will settle clear in an agqueons environment in a matber of
minuies. The cost is about 1% less than comparable
SPD, but the benefits, once again, more than compensite
for the price

Utradispersed Diamond

Litradispersed MMamond (WD) is produced in the dia-
mond stability region at T 3,000K and p 100kilobar,
However, there 18 one critical process differénce that dis-
tinguishes URD from other diamond oypes. The fead,
explogives and UDD product are contained within the
-|"""¢'|'|||1l|ii.'|l1'l chamber Th chamber amnd |'.H|:l|='r'-l'|-'l"‘.-l-i miist b
oxygen deficient (17 pieces per carat (Figure 12), The
diameter of the pieces falls within a 2 to 10 nm anges
with the predominant size being 3-Tnm. This incredibly
small size range has led o some nomenclitam Inoonsis-
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Figove 11, TEM of HTSMD showing e clamavnd core ang graphife ooler
shall The bar regresents 10,

tencics, UDD s often refermed o as *nanodiamond.” The
term nanodiamond i3 & much broader term that encom=
passes all diamond wypes. Dinmond that is nano-sized is
readily available from SMD, SPD and HTSMD supplicrs
DD s a particular class of nonodiamond. Another term
referring to UTDE that is gaining popularity 12 "cluster dis-
mond.® This description is unigue to UDD as long as the
terminology reflects a clusterad nanodiamond and nod
nanocloswer diamond. The reason for the distinction is
that UDD & composed of primary and secondary parth-
cles, The primary particles cannot be broken down o
amaller sizes. The primary particles exist in suspension
a5 clusters, The cluster size can range from a few pri-

mary particles o a few microns
Since UDD ks relatively new on the open market, per

fermuance data - compared (o other diamond types - is 4
waork in progress. However, UDD is expected o be the
miost tested diamond type in 2005, so the data gap will
quickly close. Initial resules indicace that mor is relativaly
loaw, but this is expected when finishing to angstrom or
sub-angstrom roughness with nanoparticles. Finishes are
relatively scratch-free because rogue shivars ane nod pro-
duced in the UDD manufwiuring process | Figune 5,
Another chamacteristic advantage of UDD particles is
that the edges are not subject o the atiritbon variability
inharent in all other diamond types. UDD particles are
produced directly in the explosion process, unlike all
other diamond types, which are chips from parent pieces.
Control of cluster sine appears o be the primary critical

Figuve 12, TEM image of UDD déamond. The sirg of e primary panticles
ranges from 3-F manomstess. The bav represants 2am,

to quality paramaor for UDD producis. Finishing quality
wll ch.:ngi,: with cluster side. We are l:lJJ'i‘l.'l"l1|!.' er:lﬂ.g
on many devalopment projects including product chare.
terization for guality control purposas a1 our Mornhboro
Ma research and development facility, and & now “grow
and control® technology 4t Warren/ Amplax
Superabrasives. Although the details are beyond the
scope of this article, one of cur echnical expens can
expand on this new technology by contacting an “Ask the
Expen® on thes Warren/ Amplex Weh site

Clearly, all diamond gypes have advantages as wisll as
-_IH]lengn_-.s_ There is a fing line between optimum per-
formance and cost effectiveanass. Whether considering
process improvements or new state-ofthe-art fnishing
applicatbons, It i5 best to gage the above performance
comprison by issuming that all other conditdons nclud-
ing machine, work pressures and slurry ane constant.
Diamond performance can also be controlled with the
slurry chemistry. A slight change in dispersion or slurry
viscoslty can reduce scratch rate and/or increase me
The [m[fnrma:il:l: SLLTTATTHLTY 6 Table 2 can be used as a
guide when selecting diamond for new or next generation
finishing processes
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