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| onocrystalline diamond, both natural and sym-

| thetic, has been widely used in the lapping and

polishing steps of optical component manufac-

turing. As we will see later, the structural defects

inherent in monocrystalline diamond will eventually limit
usage in next generation products.

Recently, diamond manufacturers have made some key
morphology mﬁrumﬂh- bo compensabe for the limitations
of monocrystalline diamond. As a result, engineers ane
achieving l-"llﬁiﬂ' remaoval rates and finer, scrabch free sur-
Faces. We will examine, from a form-function perspective,
the evalution of diamond into these fascinating new abra-
sive types.

M rticle technm will play a key role in diamond
ﬂtmﬁ the furthmuhlltﬂ 4.5 all Emm:md tvpes is
increasing with i:li,-:n:-\."m:ng p‘ll'tlrli. gire distribution.
Diamond with an average diameter of 0100 micron or less
is now measured in nanometers, Manodiamond has mone
pieces per carat than raditional micron diamond used in
tinishing (Table 1). How small is nanodiamond?

One caral (200mg) of 100 nanomcter (nm) diamoncd
abrasive contains slightly over one hundred trillion pieces!
Since the number of pisoes per carat is proportional to the
cube of the radiug, the quantity of three micron dismond
equivalent to the mumber of pieces in 100nm diamond
jumps to 100000 carats or rou unds. Thi equiva-
lenit mass of 30 micron diamond, a typically wsed in
cutting wheels, is 22 tons.

Another diamond type that will be reviewsd later, Liltra

ispersed Diamond, {UDDY contains about one hundned
thousand trillion primary icles carat. If we com-
pane this nl.mlhu'rFllu qumﬁmmm th.-liprﬂnruda beach sand at

Table 1: Nanodiamonds affer mone picces per carat.

40 pieces per 200 mg, the equivalent mass now becomes
22 million tons (Figure 1). This mass will fll a 50 yard
beach ome foot deep with dry-packed sand 550 miles long,
of roughly 14 times around the entire Bermiuda imeter.
Certainly, a carat of UDD may be added o the old adage
“as much as the stars in the sky or grains of sand on the
beach.”

Monocrystalline Diamond
Monocrystalline diamond is a highly ordered crystalline
solid. The carbon atoms are linked together inca regular
fashion. Each atom shares one of its outer shell electrons
with four other carbon atoms in an equally spaced tetrahe-
dral environment. hﬁmucryﬂﬂllmu d:l:lrrmrﬂnhﬂh natural
and synthetic, was the primary abrasive source of the fin-
ishing industry before the tum of the millennium. By vol-
umar, symithetic monocrystalline diamond (SMDY) is used 30
times mone than natural diamond for two reasons: cost and
suppl
E‘I.F-l:.!l'lﬂi-l.".r to meet industry volume demands, artificial
synthesis requires pressunes exceeding 60 kilobars to emu-
late the production conditions of diamonds found in
nature, First attempis o convert graphite o diamond at
low temperatune and high pressune were unsucoessful. The
reaction speed was too slow for the process to be consid-
ered cost effective. To increase the reaction kinetics, higher
temperatures were needed, which, in lumn, required even
higher pressures. The reason for this dilemma is due to the
itive slope on the P va. T phase diagram along the
gru:pl'ljle..fd??mmu:l stability Iim:'FEmn I”"lgurlfér}. 'I"Iwr;rgmi-
tion conditions certainly influenced the evolution of the

e One Carat 100 nm Diamond Oine Carat UDD diamond
sces per Cara 1.1 x10'4 5x10 17
44lbs 12 tons
22 bans 22,0000 fons
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modern diamond press which has 50 years of refinements since its birth in
the 1950°s by GE. A general sketch is given in Figure 2.

Nickel catalysts are now used to lower the temperature to about 2000K
and 60 kbar. Mechanically, presses differ slightly throughout the world,
however, all SMD production will fall within the shaded region of the
phase diagram (Figure 3). SMD production factonies may have hundreds
of presses simce the reaction chamber i quite small. One synthesis may
produce fewer than a hundred carats per run. The raw diamond then must
be crushed, milled; cleaned, and graded.

SMI has a good material removal rate which increases with particle size
distribution. Workpieces finished with SMD are the roughest compared to
other forms of diamond outlined in this review since the edges are large in
comparison to the total crystal size, sharp, and not friable. It is this tough-
ness that enables micron and sub-micron SMD to retain some of the shape
characteristics such as pyramids and trigons of the parent crystals after the
crushing and milling process. The probability of diamond cdeavage
increases along defect lines or impurity regions, However, SMD is resistant
o acids and hot caustic solution o the surface can be cleaned to very low
impurity levels. Batch -to-batch qualll'.. from SMID suppliers is very con-
sistent. The cost per carat of SMD is the lowest. Prices are currently (1.25-
0.75 per carat depending on cleanliness and standard deviation.

The disadvantage to SMD is the inclusion of slivers (needbe-like pieces)
and plate structures (thin, flat pieces) in feed batches. Slivers or plates form
when the 011 crystal plane deaves during the crushing process (Figure 4).
When the orientation of these elongated structures is perpendicular to the
ln"q.'llkl.'lll.'{ﬂ durlng l':ll'li.i.|'|.||"|H. stib-surface -;,t.m-mg*- Ty OO from the
excessive pressure at the point (Figure 5). Irregular finishing patterns and
lower removal rates can also occur if a plate glides horizontally across the
workpiece.

Reduang excessive slivers and plates rom a SMD feed batch presents a
considerable challenge to diamond suppliers. The reason is that the plates
and slivers are hyvdrodynamically equivalent to smaller, more regularly
shaped pieces. During elutriation, slivers gather momentum from the
added frictional component and carry over into the graded batch. This
phenomenon is similar to dropping two pieces of paper, one crumpled and
one flat, from shoulder height to the ground. The crumpled paper will hit
the ground laster since the frictional foroe of air "floats” the flat paper.
Slivers and plates may be removed in milling if the energy selected i
above the cracking energy of thie thin pieces, and below the cleaving ener-
gy of regular-shaped pieces (Figure 6). The smaller fragments will then be
removied in the grading process. Extra tight distributions add significant
tHime and cost to SMD powders.

Polycrystalline Diamond
Polycrystalline diamond (SPD), unlike SMD, is produced via an explo-
sive shock synthesis (Figure 7). Several tons of explosives are used to
generate about 250 kilobars (equivalent to about 3 miltion psi) of pressure
on the graphite feed. Each SPD piece contains smaller diamond “micno-
m‘ﬁlullltm The microcrystallite planes are orented in different crystal-
lographic directions every 10-50nm, regardless of the particle size
distribution of the parent pieces. The hardness of an individual micro-
crystallite is comparable to that of SMD. The difference between SPPD and
SMD is discernable in SEM, however, transmission electron microscopy
(tem) allows the operator (o clearly see the microcrystallite structure
(Figure &).

5P has a higher material removal rate (mrr) than SMD. Most studies
show that the mrr is up to ten times that of SMD. The reason s that 5PD
has more cutting edges and higher surface area than SMD. Multiple
edges and corners are in contact with the workpiece simultaneously, thus
reducing the probability of sub-surface damage from excessive pressures
(Figure 5},

The most obvious disadvantage is the sticker shock. SPD costs on aver-
age 10 times as much as SMD (2.10-8.00 per carat). However, dollar loss-
5 up front can be easily recovered by using less diamond in the finishing
process, not ko mention the labor savings for shorter mrr imes.

In comparison to SMD, batch-to batch consistency is more challenging
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Figure 1. Size of Bermiudas
beach sand with Ultra Dispersed
Diamond. One carat of UDD has as
many pieces as the surfoce of a beach
550 miles long.
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Fijgune 5. Dhamond-workpilece inferac
thoms during thi i.lrlpm,.; 0 |'l|l|:l'-J'.II|;:.
process 5],'|1|;'11'1||' Sonocrystalline
dHamond shivers that interact perpen
dicularly with the surface can bead o
sub-purtace damage Fom  euoessive
prossures al the puvind IF the direction
1= |,l.,1r.|'||1_'= i ”'l_' 'u'a'-_'-riw.l'lil'i.'l.'_ eyl
rate will decrease.  Polyervstalline dia
mond of the same size as monoorvs
talline diamond  will contact the
T L:;’L;'-:q,-.;:: with “milcrog ry stdllites
fnstead of flal planes or sharp points
The mesult 5 an increase in matenial
removal rabe compared b SME. Heat
treated monecr=talline dipmond has
evcellent  removal  rate wath liess
scralching since sharp points are lubri
cated  with  a  graphite shell
l_"lrr.h.llﬂ.-]h-rm-.‘l diamorad = wsed lor
wilirabinge finkshies.  Theme ane no |.11'|.:|.'
irregularly shaped pieces present in
LIk
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for SPD suppliers bor bwo reasons. Firsl unlike SMID, the edge sharpness

and crystallinity can Vilry with milliag conditions. Under=milled mate

rial tends fo produce a rougher surface with a relatively (in companson
ta SPD, but far fewer than SMD) higher scratch rate. Over-milling dulls
edges and lioarers mrr seconc iy, 1
oftem reach 1 II.\,'|-'|_'--!'_'\-'_.'||"'|-\.' levels. The
af as SDPF ariented in one direction (1

uri by pacces al fransttonal Carton
I||-\.|:|.|;',|| [T e than o ]
gure 9. The only drawback of

transitional carbon is lower mm. Transitional carbon can easily be spol
ted in the SEM, while TEM analysis is required to control and selec

batches with consistent edie definition

Heat treated synthetic monocrystalline diamond (HTSXLY is manutag

tured by heating well praded and cleaned SMD in an inert atmosphene to
about 1,20°C. Under these conditians, the p wwder darkens from lighi
ey to Black (Figune 10). The color change Fepresenis 4 o ranEabon of
the surface into a mone disordened, graphite-like layer (Figure 113, The
jon of HTSMLD) a8 often Hehter than SMD and SP0
s o the fine end tend b fuse into larger clusters or
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The graphile sheets provide a lubricating megton between a sharp dia

mond edge and thie workpiece [(Figure 3. s shaell coating owers thar
scralch and defect rate compared to SMLE). Recall that slivers in SMD an
vory difficult to remove completely irom a batch since they an by clrody

namically equivalent to well shaped picces. Since the entire batch =
enguliedd o the Bigh b mperature oven, this Pricess '\-||.'.|.': s and lubricabes
all &liviers that seoubd obtherw se scratch or daimag e & sufbadoe MER s com
parable to SPD, however, HTSPD has one distinct advantage over SED

reduced diamond embedding in the workpieoe, Customier fecdback indi-

cabtes that workpleces have up o 33% less embedding when using
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Table 2. Comparison of the top indicators for choosing diamond for a
lapping or polishing.

12 sMD | Hismp | seD | UDD
Lol | ) | Mocder Ak | I1|._,r'=--~1 | -.':.1m.'-|-r.::--

| ohn | |
Remioval I.L'Ill'. i -:'-';l : A '||||'|| : | I'u-._ln.-r =] i-n-..-\.:.-.-:.l ;

| e 1 || I_|| | _!

| Scrarch Rate | highest [_[l-_‘-___ _I ow | Lowest |

| Workpiece highus=t | Full range Full range | Lowesd |

| Bougmes J el -

{ Disprsion [Hisprses | challenging | I1|-|u ses | challenging | Figune 6, SEM of milled monocrys-

Stk tallime diamond with a reduced sliver

e e, ) 1 1 1 conceniration.

HTSMD compansd to other dinmond solrces hlﬂn:jt:rl:;:lgi.uﬂf::;:mhnls

Careal care must be aken when preparing -.||-u]n':-|-.l||-- of HTSMD, The
h=al treating process decneases thir surface |-.1|.||'|!!. re=ulbng i a I|_|;E'|I!I.'r L
qiability regrion In fact, tha hasat treated diamond most ERdorgEo a propr J
etary surfactant soak fo add polarity to the surface, otherwi=e the matenial i~
webll et clear nan AdjRas0LEs CnvironmeeEnt ina matter of marmubes. | e cost L
1% abonk 100% less than comparable S1°LY, but the benefits, once again, mone | | !
than compensa e for tha rrice: .,_".._H_r_‘_,_,_

Firure 7, le'-ru'r.lI batueres of polyorys-
talline diamond synthesis El‘mn._-:h
Esiomy OCChTs Vi Ak t‘!.]."ILrh.‘i".‘t'
compactisn process

Liitradispersed diamond (VDL is produced in the diamond stability
I

region at T=3000K and pe>00kilobar. However, there s one critical

process difference that distinguishes VDD from other diamond bypes
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