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“The Uses of Synthetic Diarmond and Cubic Poron Nitride
in Industry and Technology"

(Talkx for American Physical Society, March 22, 1977)
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As yon all kxnow, 1t 1s nice when now anéd then some products
0f the scientific lavoratcry are actually used for practical
purposes. The vnique prorerties and relative scarcity of dlamond
mace 1ts price high enough to'ease the tasit of finding economically
acceptatle methods for larre-scale procducticn of synthesized diamond.
An additicral favorable factor was the discovery that the crystal
morpholopy of the diamond affects its utility, and that this morphology
conld bte pretity well controlled during growtn.

For example, a lot of diarmon?® atrasive 1s wsed to prind cemented
tungsten cartides, as depicted in Fipure L=l these carlides nre used

for a vid: yaristy of hizh-nroduetivity tonis in industry. The king

-
of diarmond wvnich dces this jeb the test bhas an appearance waice

h a
eryvstal-pgrower or solid-state physicist would repard as territle:
it's full of fissures and overgrowths and inclusions, as yo can
see in Fifure 4-2. When such ervotals are bonded into an abrasive

wheel, usnalliy by means of a high=melting resin or a low-melting
ceramic, the rorh erystal surfaces help to hold the erystals in

the wheol as they cut on tha workplece. 'hen the cutting edge of a
ervsetal tecores dull, the forecss on it increase. If the erystal were
strong, it wonld be torn from the wheel and its usefnl life would be
finished. Put if the crystal is not too strong and is firmly held,

the dnll edge porticns will ¢ ip off and newly-formed sharp edges

will be forred to continne cuttin Thus the usefulness of the
diamond prain is increased. It is necessary to have a true cutting
acticr here because the werkpiece material is ductile and strong in
tensicn, and so it can't be eracked out very casily. If the eutting
edge beccmes dnll and eutting actien is replaced ty a sort of ploving
acticn, excessive heating by friction occurs locally and the resniting
higher temperafuros favor chemical attaclk or graphiti;?tion of the |
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" Another large use for éiamond abrasive is savring or erinding
stone, concrete, glacs, ceramics, ete, as shown in Figure L-3,
You mipht think t}.at the same princigples abcut cuttiné action wonld
arrly to this use as thevy di4s1T0% cemented tungsten carbide. In tie
Yerinning you wounld be right. Figure \,=l shows some curly glass chips
¢nt from the surface of a nicroscore slide by the sharp edpes of
diamond grains. Fut the cutiing edres soon teccrme anll and a kind of
plowing sction then occurs in which the workriece material fails in

tension near the advancing sbrasive grain. If the prain 1is strongs

1t cen continue to plow for a long tine with satisfactory results,
asically trecause the workplece material is weak in tension. Soume
of the tough, strong diamond crystals nseful for cutting ceramics,

glass, TOCK, ete. are shown in Figure 4-5.

As Berb Strong renticoned, ihe sizes and erystal morpholiogy of
the synthesizod diaronds can be controlled by the conditions of grovth,
and so the manufac tur=d diaronds are tailored¢ to the end nses, with
sevorél vinds of diarcnd avnilakble in approprinte sizes. In this way

the most effective and economical use of aiamond is obtained, and

-

mance of c¢iamend atrasive 1s

3

the average improvem2i in the perfo
arrroximately a fnctor;of two from the time wiien the synthesized

diamonds first apreared on the marvet, atcut 20 years afO0e The bulk
of abrasive diamend use 1s novw met by synthesized diamond, hundrecs

N

of kilograms yer YyeaT. In spite of tie improvemsnts in performance, th
price of éiamond abrasive s remaine@ atout the sane, ¢2475 per

carat or £6000 per pound.
1

Not all industrial Giamond is used as atrasive, howeveT.
Respectatle arounts are uced as single crystnls, of gemstone size,

in special cnttiing tnols, rock érills, wire-draving ¢les, and tecols for.

dressing grinding wneels. LHoweVeT, single cvrstal diamoné is easily

‘eleaved on planes parallel with the octahecral faces, anc thils

characterisitic of ciamond generally acts to shorten the 1i7e of
tools macfe from sinple crystals. ceme natural polycrrstnlline 1umps
of diamond Ynown as carbonado can te found 1n Erazil and vestern
Africa vhere the two continents were once Jjoined. Thece Iurps are
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miich tougher than single crystals but the supply is limited and
the quality 1s uneven. For many vears a goal of diamond research was
to sinter swall- diamonds toretiter into strong pieces.

Sorie formidable natural otstacles stand in the way tc this goal.
First of all, glneing the dlaronds topether with some sort of a bonding
agent is not a satisfactery solwtien., The strength, melting point,
and thermal conductivity of diamend are so far atove those of any
potentinl glue that the composite woenld have projerties more like
the glue than like diamond. Many investigators will agree on this
point, having worked over all the glues they conld think of, The
best glue is diarcnd itself, that is, the erystals must be held together
bty direct diamond-to~diamond bonds.

Second, the sintering process has to be carried ont at scme
temperature vhere the carbon atoms are souewhat mobile, which implies
a high pressure, otherwise the diarends will change to grarhite.
Getting a high pressure all around a diamond crystal 1s not so easy
in a mass of diamonds. If you prut some Adia~onds in a tox and squecze
on the sides, ycu do not move the diamonds toprether very muich because
they are sc hard and strone. !Many volds rermain among the grains.

If you squéeze harder, the clamonds &imply inéent the walls of the
Pox, -It is like tryinr to compress a mass of cand insicde a tox rade

of mocdeliny clay. Where the diamond grains touch each other, the
pressures ars quite highy and witare they don't tc uch, the pressures
are quite low, a few atmospheres. If the rass is heated, grarhite

can form where the rressure 4s low. In order to change this graphite
back into diamond, 3t has to be sibjected to fairly high preésures,
but the pressure wen't be there unless the grains which are surrerting
ths compressive load deform. 3ut these grains are the strongest

material kno.n. gy b

From the foregoing remarks one might conclude that sintered
diamend mnsses are almost imreccsitle to male evcept at pressures
and temperatures like those nsed ly Ewndy to transforrm grzphite into
diarond, say 130 ¥tar and 3020°C. If natural carbonacdoes formed in
this way, one muet repard them as very special vi sitors to the snrface

of the earth, because 130 ktars ccrresponds tc a depth in the earth
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of about 400 ¥m or 250 miles.

Tracy Hall found that 139 ¥bar was not needed to mzke something
seful out of diamond powder. liec used 79 kbar or so and controlled
the tire and terperature so that only small amounts of graphite formed
while the diamcnds were hot enongh to stick together where they
tonch each other. You might call this a pure: phrsics approach
to the problen.

Meanwhile  In our lab at G.E. we thonght we'd try a little
chermistry, too, if you'll pardon the thought, and we foundéd a way to
rak¥e sintered diarond masses which are extremely thoronghly bonded
by diamnnd-to-diamond bonds, with no graphite and only a little metal
in the mass. The main fault of such lumps aprears tc te that they
are so strong and haré that theyr talie almest forever to shape and
polish, even on a diamond lap.'They are now ranufactured in several |
shares, some of which are shown in Filpure 4-6€, Figure L=7 shows
the polished surface of such a diamcnd mass and reveals the extersive |
diarond-to-diamond teonding. ‘

The 'rire-draving dies made with these lumps have worked out o
quite well because they don't turst easily and they wear taniformly
and slowly: 100,007 miles of corprer wire is not unusual for snuch
a dle tefore it needc retonwching, The tools are excellent for cutting
hard abrasive. materials lile ceramies, rocl:;, fiter-reinforced
materials, and certrin alloys like the silicon-aluminum useé for
automotive engine ristecns. Zut don't try ther on steel or nickel-tased
alloys. llere once mecre chemistry rears its beantiful headj these
melals when hot have a devaststing effect on diamond.

Luckily natvre has provided us with scme small atoms on either
side of carbon, namely beron and nitrogen, ané boron nitride, EN,
bears meny resemblances to carbon. Live grarhite, 1t can exist as
a soft, sliprery solid. And at high pressures and temperatures like
those usec¢ for synthsizing diamond frem grarphite, the soft IN can be
transformed into a hard, diamond-lilke cubic form. The catalysts for
this transforraticn are not iron, nickel, and the likej 1nctead the
best catalysts are fourd to be nitrides, perticularly the salt-like
nitrides snch as those of 1lithium-or magnesiuvme. P
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Cubic BN has almost as mych bonding enerpy per cutic cm as
@iarond, and so it is alro.)t as hard. Fipure 4-3 shovs tle structure
of Cutle EN, and Figure w—p snovs scme crystals of it. Cubiec EN
is more inert than than dilamend toward attacl by oxygen or hot iron
or nickel, and therefcre has found wice ucse as an abrasive for harg
‘steels and niclel-tasaed allovs. A cublc boron nitride atrasive wheel
wears very slowly and is extiremely wnseful where close tolerances must
be maintalned on the werkplece, ac 1in tocls with many teeth such as
broaches or milling cutters, or where many parts must be made to exact

sizes, such as tearings.

Cubic BN gX?ains may also 'bte tonded and sintered together
into hard, strong masses which make e¥cellent cutting tools for
hard steels and niclkel-tased alloys, anc¢ chilled cast iron. Figure

49 shows such a tool, and Figure 4-1d shows one peeling off a
red-tiot chip fromapiece of jet-enpgine alloy. liere the tool is so
strong and refractory that it can be operated at temreratures above
those at which the workpiece material softens.

So we sece that dlarond and cublec EN form a complerentary pair,
with one taking up where the other leaves off. As far as we can tell,
they don't seem to te soluble in each other to any great extent.
ieither does something harder than édiarond scem tc te avallable freom

such a ccrtination.

Sometires people ask us why, with all this hiph-pressure equipment,
we con't make csom~tiiing harder than diarvend. /e always rerly that we
would te glad to, tut what showld we make it ont of? It is difficult
tc iagrove on carbon, with 1{s small effective atcmic radius and four
strong chemical b‘nds rer atom. We recally nced some mecre elemerts in
the first row cf the yeriodic table, and as you all know, making new
elements 1s not easy, even for a physicist. '

W2 hope that you have enjoyed our talk on just the three
elements that have been so interesting to us: boron, nitrogen, and

carbon., Thank yon.
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Figure 3 Automnted Cut Off Machine
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COMPAX diamond tool blanks
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Figur; &. Finishe wlder.

4 Borazon corpact and tooll
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] with a CBN compact at dms '
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