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The graphite — diamond transition in the diamond stability field can be either direct or
solvent-assisted. The direct transition may proceed by spreading a puckered basal plane of
graphite in the direction perpendicular to it. The kinetics of such a transition may be
approximated by the growth of a two-dimensional nucleus. The threshold temperature of
the transition appears to depend on the degree of perfection of the original graphite. Hence,
the more perfect the graphite is, the lower temperature it may transform into diamond. The
solvent-assisted transition normally proceeds by rapid nucleation followed by growth of
these nuclei. The kinetic model for continuous nucleation may be applied to the early stage
of such transition. The activation energies for the transition can then be calculated. It is
found that these activation energies seem to vary inversely with the solubility of carbon in
these solvents at ambient pressure. Hence, the higher the amount of carbon a solvent
dissolves at ambient pressure, the more effective it can be as a catalyst for the

graphite — diamond transition under high pressure. © 2000 Kluwer Academic Publishers

1. Introduction compressed to a pressure of about 7.5 GPa and heated
1.1. Historical milestones of to a temperature of over 150C for more than three
diamond synthesis minutes.

Until recent speculations of the author that carbon ni- On December 16, 1954, Tracy Hall of General
tride (GN4) and some other hypothetical structuresElectric Company in U.S.A. also synthesized diamond.
may be harder than diamond [1], diamond has longHe used a much simpler high pressure belt apparatus
been regarded as the hardest material. of his own design [4]. The sample volume had a mea-
As early as 1694 Florentine academicians alreadyger size of less than 0.1 émit contained a mixture of
suspected that diamond was made of carbon when thdyoilte (FeS) and graphite. The sample was compressed
found that the precious stone could be burned comto a pressure of about 7.0 GPa and heated to a temper-
pletely in air. This speculation was affirmed in 1772 ature of about 1600C for two minutes. The diamond
by the French chemist Antoine Lavoisier. He discov-did not grow in the sample mixture as originally in-
ered that the gas released from a burnt diamond watended. Instead, it was embedded in the solid end cap
carbon dioxide. In 1797, Smithson Tennant proved bemade of tantalum. The end cap was used to lead the
yond any doubt that diamond is made of carbon. Heelectric current to heat the sample.
burnt a diamond in pure oxygen and measured the The subsequent research of General Electric scien-
amount of carbon dioxide released. He found that thdists led to the discovery that diamond could be formed
latter contained carbon that matched exactly the origat high pressure by the catalytic action of a molten
inal weight of diamond [2]. As soon as the preciousmetal. According to them, this metal must contain one
gem stone was known to be no more than ordinary carer more elements selected from eight of Group Vllla
bon, the quest for synthesizing diamond began. Buelements (Fe, Co, Ni, Ru, Th, Pd, Os, Ir, Pt) and three
the success did not come until one and a half centurgther transition metals (Mn, Cr, Ta) [5].
latter. In 1961, diamond was converted directly from
The first artificial diamond was synthesized ongraphite without using a catalyst by du Pont’s scien-
February 15, 1953 by ASEA scientists of Swedentists [6]. The conversion was triggered by shock com-
The diamond was formed in a high pressure appargpression from an explosion that created momentar-
tus designed by Baltzar von Platen [3]. This apparatudly (a few microseconds) a pressure of about 350 Kb
was a complicated large cubic press that contained siand a temperature of about 770. In 1963, the di-
anvils arranged in a shape of a split-sphere. The santect graphite— diamond conversion was also achieved
ple volume was over 4 ctnan enormous size at that by Francis Bundy of General Electric Company. This
time. The first diamond was produced from a mixturetime the transition took place under a static pressure of
of iron carbide (FgC) and graphite. The charge was about 12.0 GPa and a transient (a few milliseconds)
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temperature of about 300C. The temperature was of the transformed phas€]is a function of nucleation
raised by “flashing” the sample with a pulse of currentrate (N), growth rate G), and time {) as follows:
suddenly released from a capacitor of high voltage [7].

In 1970, another milestone was reached when Gen- F=1-— exp{—(z) N G3t4}. (1)
eral Electric scientists announced the success in grow- 3

ing gem diamond [8]. The diamond was grown undenyhen nucleation sites are exhausted, the transition will
precisely controlled pressure and temperature for exproceed mainly by the growth of existing nuclei. In such
tended periods of time. In order to avoid the pressurg, caseF is no longer dependent dw, but on the con-
decay due to the volume reduction of the graph#eli-  centration of existing nuclei. The latter may take a form
amond transition, the carbon nutrient used was smalhf points (e.g., grain corners), lines (e.g., grain edges
diamond crystals themselves. These crystals were digy gislocations), or surfaces (e.g., grain boundaries).
solved in a hot zone to provide carbon solutes that dif- |f there areC point nuclei per unit volume, then,
fused to a cold region where they precipitated out onto

a diamond seed. 4 3.3
. : F=1- —| = |CG°t°;. 2
In 1957, General Electric Company introduced the exp{ ( 3 ) } @)

man-made diamond as superabrasives. Today, there a . . .

about 20 countries that are engaged in manufacturina]g}cef‘here arel. length of line nuclei per unitvelume, then,
diamond, of which China produced the most in quan- F=1—exp—7LG2%?). 3)
tity, but Ireland produced the most in quality due to

the presence of both General Electric Company and D# there areS area of surface nuclei per unit volume,
Beers Company. Each year over 300 tons of synthetichen,

diamonds are produced under high pressure. These di-

amonds are indispensable for numerous industrial ap- F=1-exp-23Gt. (4)

plications, such as drilling, sawing, grinding, lapping, |f existing nuclei are distributed uniformly with an av-

and polishing of various materials (rocks, concretesgrage distanc® between them, the@, L, andS my
glass, ceramics, plastics, asphalts, non-ferrous metajss estimated as:

... etc.).
There have been ample literature on diamond syn- C= 12 (5)
thesis under high pressure. A comprehensive review on D3’
the high pressure technologies [9] for diamond synthe- 8.5
sis and the mechanisms of diamond formation [10] are L= D2’ (6)

reported elsewhere. This mechanism may be contrasted
by the formation of diamond metastably in liquid phaseand

that was discovered in recent years [11]. Despite the S=3.35/D. @)
extensive discussions of the graphitediamond tran- e ahove equations are applicable for an interface-
sition under high pressure, there have been very feW,nirolled diffusion. However, if the rate-limiting step
papers [12, 13] that addressed the kinetics of this trang¢ the transition is the diffusion of the atom in a matrix,

sition.. In fact, there is no qugntitative modell thqt MaYihen the kinetics may be expressed by a power law of
describe the general behavior of the graphitedia-  {jime as:

mond transition. Moreover, there is not even a quali-
tative measure to account for various degrees of effec- F=Kt? (8)
tiveness of different catalysts. This paper is intended tQN

Igleulgrrgtli:gifptﬁg prrgvm,lgg d?:%iﬁﬂ?;ﬁ;&%??ﬁdnéff coefficient of the atoms and the defect concentration of
grap he transformed phase. The exponars$ determined

high pressure. From this general treatment, the degregs

of effectiveness of various catalysts may be quantita-Fy\tz(resTS?Cfg?n'ir:sgf t(:gfnussi;?OnHSTng%?ir&r:Impigggnaf
tively expressed and compared. P

described above are compared in Fig. 1.
According to Sung [15], nucleation rate and growth

hereK is proportional to the product of the diffusion

2. Kinetics of high pressure rate under high pressure and temperature may be ap-
phase transitions proximated by the following equations:

2.1. Kinetic models .

For a phase transition without a compositional change, N = n(E)T ex {_ (AG" + Eo) } (9)

if the migration of atoms across the interface between h (kT)

the transforming phase and the transformed phase be-

comes rate limiting, nucleation and growth may soonand

approach a steady state, i.e., their rates are independent k —Ea —AG,

of time. In such a case, the kinetics of the phase trar® = )\<H>T exp{ ”1 - xp[ T “ (10)

sition may be described by the following listed equa-

tions [14]. Wheren is the number of nucleation sites per unit vol-
When nuclei are formed freely, e.g., in a homoge-ume k is Boltzmann’s constant (82 x 10~° eV/K), h

neous medium, or in a heterogeneous medium wheis Planck’s constant (44 x 10-1°eV-sec) T istemper-

nucleation sites are not exhausted, the volume fractioature (K), AG* is the activation energy of nucleation,
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RY T Each carbon atom in graphite can attach to three
controlled neighbors that lie on the same plane. Such a bonding
08 transitifns structure allow atoms to form a network (0001) of car-

¢ bon hexagons. Graphite contains layers of these net-
works that are loosely attached by weak van der Waals
force with a separation distance of 3.5t ambient
0.4 interface controlled transitions pressure.

Each carbon atom in a graphite layer is surrounded
by three neighbors. If every other carbon atom on a

0.6

0.2
graphite layer is removed and the distance of the rest

00 atoms are shortened, these remainder atoms will form
0 1 2 3 4 a closest packed layer. In this case each atom will be

1/min surrounded by six neighbors instead of three. Such a
Figure 1 The dependence of the fractidR)on time ¢). Except fort, all Ia.'yer is exactly the. (111) plane of diamond.. In fact,
variables in the equations are assumed to be unity so this diagram shov_@'amond stru_cture is made of such Igyers that form tWQ
only the general shapes of the kinetic curvésF =t: 2, F =t3/2; interpenetrating closest packed lattices. Each lattice is
3, F=1-exp-t%); 4, F=1—exp(t®); 5 F=1 — exp(-t?);  located in the tetrahedral voids of the other lattice. This
6, F =1— exp(-t). mixing lattice can be either hexagonal closest packed
with AB. .. sequence of (0001) planes, or cubic closest
E. is the activation energy of growth per atoiis the  packed with ABC.. sequence of (111) planes. The
thickness of interface between the two phasespa@d  former forms the structure of lonsdaleite (hexagonal
is the driving force of the transition, i.e., the difference diamond); and the latter cubic diamond. When graphite
of free energy per atom between the transformed phagglanes are collapsed to form diamond, the separation

and the transforming phase. of closest packed planes is shortened from A3
graphite to 2. 0\ of diamond.
., (167/3)0® When graphite transforms into diamond directly,
AG™ = (AG + &) (11)  each carbon atom with three neighbors must bridge
across the matching atom in the adjacent layer to form
AG = (ﬂ>AP, a new bond. Such bonding can occur without breaking
existing bonds with atoms of the same layer. However,
in order to do so, each carbon atom must match the po-
and sition with that of adjacent layers. The matching must
be in such a way that every other atom on the same
Ea= Eo+ PAV™. (12)  layeris aimed to one side of adjacent layer; and the rest

atoms, the opposite side. During the transition, each of

Whereo is the interface energy per unit area betweertwo halves of carbon atoms will form a closest packed
the two phaseg; is the strain energy per unit volume lattice that resides in tetrahedral voids of the other.
due to the structural mismatch between the two phases, Graphite layers can be stacked up in two different
AG is the driving force per unit volumey\V/V isthe  sequences: AB. (2H) or ABC... (3R). The former is
fractional volume change of the transitidgg is E; at  known as hexagonal graphite; and the latter, rhombohe-
zero pressure\V * is the activation volume for growth, dral graphite. The relative positions of carbon hexagons
P is pressure, and P is over-pressure, i.e., the excessin these graphite is shown in Fig. 2. As seen from the
pressure beyond the equilibrium boundary of the twdfigure, only half the amount of atoms in a layer of
phases for the transition. hexagonal graphite is matched with that in the adja-

The above described equations may be applied to theent layer. Thus, for 2H graphite to transform directly
graphite— diamond transition. However, this transi- into diamond, it must first resequence to form 1H with
tion may take many different routes, each with a uniqueA. . . or 3R with ABC... Such resequencing can take
set of energy barriers characteristic to a particular mechplace martensitically by sliding specific layers in one
anism of transition. Moreover, these energy barriers aréond length without long range diffusion. Such sliding
highly sensitive to catalysts chosen [10], hence, the apis thermally activated, but it can be aided by applying
plications of the above equations must be selective. shearing stress, or by contacting with a catalyst metal,

such as Fe.
3. Mechanisms of direct graphite —
diamond transition _ 3.2. The puckering mechanism
3.1. Structural features of graphite Ordinary graphite contains a mixture of different layer
and diamond sequences: about 85%in 2H and 15%in 3R. In order for

The four valence electrons in each carbon atom caH sequence to convertdirectly to diamond, it must first
form either s bonds of graphite or Sfponds of dia-  transform into either 1H or 3R. The direct conversion
mond. The former bonds are metal reinforced covalenbf the latter by puckering to corresponding structure of
bonds with alength of 1. 45. These bonds are stronger diamond is depicted in Fig. 3.

than pure covalent bonds of diamond that has a longer By analogy to carbon, direct phase transitions may
bond length (1, 545\) also take place in boron nitride (1H), i.e., with CC
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Figure 2 The Projection of Hexagonal Layers on the Basal Plane of Graphite. Each layer is denoted by different legend of line. 2H (hexagonal)
graphite has a layer sequence of ABAB. 3R (rhombohedral graphite has a layer sequence of ABCABC. Note that in 2H graphite every other atom is
matched with carbon atoms of adjacent layers, but the other half amount of atoms are not matched. However, all atoms in 3R graphite are matche
with carbon atoms of adjacent layers (half with one side and other half with the other side). 2H and 3R sequences of graphite may transform into
each other martensitically (without long range diffusion of carbon atoms) by sliding basal planes of one interatomic distance. 2H graphite may also
convert to a metastable form of 1H graphite with AA... layer sequence. In this case, all atoms are matched with that of adjacent layers. The matching
of carbon atoms with adjacent layers is a pre-requesite for the direct transition of graphite into diamond.

replaced by BN [16]. The lattice parameters of cor-
responding phases between C and BN are within 2%.
The mechanism of the direct hexagonal BN cubic

BN transition has been modeled by total energy cal-
culations [17]. According to this model, as the match-
ing atoms are approaching to each other under pressure
from an initial distance of 3.3A, each basal layer of h-
BN will remain flat until the distance is reduced to about
2.5A. At then, the basal layer will begin to pucker so
the three spr bonds of each atom will gradually extend
and bend away from the approaching atom. The pucker-
ing would incur an energy barrier that increases toward
a maximum when the distance between the matching
atoms is reduced to 2.&. From then on, the angle
between spr bonds would increase rapidly from an
original 90° to approach 109.47 characteristic to Sp
bonds. Total energy calculations predict that the acti-
vation energiesk,) for such transition mechanisms at
ambient pressure are 0.33 eV for C, i.e., graphiteli-
Figure 3 The Structural Changes of Graphite Diamond Transition. amond, and 0.19 for BN, i.e., h-BN- c-BN [18].

The top diagram shows the direct transition of 1H metastable graphite According to the above mechanism, the direct tran-
(left) into 2H (hexagonal) diamond (lonsdaleite) (right). The bottom di- sition of either 1H— 2H, or 3R— 3C to diamond can

agram shows the direction transition of 3R graphite (left) into 3C (cubic) . . .
diamond (right). Both transitions can take place by displasive movemenpe achieved by puckerlng of graphlte bonds. When the

of carbon atoms (puckering of graphite basal planes) without diffusionPUCKering starts from a graphite separation of 73

of carbon atoms. The majority graphite is 2H in sequence. It must firs@mbient pressure, the activation energy is at the max-
transform into 1H or 3H martensitically before converting to lonsdaleite imum of about 0.33 eV. The activation energy for the
(2H) or cubic diamond (3C), respectively. 2H diamond may also trans-graphite_) diamond transition is proportional to the
form |ntp 3C diamond mar‘tensmgally. Hoyvever, the activation energy |sSquare of the separation between basal planes, hence,
much higher as the separtion (2 &t ambient pressure) between clos- =17, S ;
est packed layers is much smaller than that (f\% ambient pressure) it will decrease with Increasing pressure. For example,

of basal planes in graphite. when the pressureisincreasedto 5, 10, 20, and 30 GPa;
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the separation of basal planes will be reduced by 8.0%;eed with the breaking of a smaller number (1/4 for
11.7%, 15.3%, and 17.1%; and the activation energy ofraphite and 1/12 for diamond) of bonds.
puckering will be reduced to 0.28, 0.26, 0.24, 0.23 eV, The martensitic transition in graphite requires to
respectively. break weak (0.075 eV at ambient conditions) van der
As the activation energy determines the thresholdVaal bonds, but it must overcome strong (3.69 eV at

temperature of transition, therefore, the higher is theambient conditions) covalentbonds of diamond. Hence,
pressure, the lower temperature is required to trigger théhe martensitic transition in graphite from 24 3R oc-
transition. When the pressure is high enough to closeurs readily by shearing, e.g., by milling. However, the
the basal planes by about 1/3 (i.e., 2.20/3.35 or 34.3%®Activation energy of this transition increases with pres-
of their original separation, the activation energy forsure. Therefore, higher temperatures may be needed to
puckering graphite is reduced to zero. At such a presaid the transition. Due to the much higher activation en-
sure, the transition may become spontaneous. ergy, the martensitic transition of 24 3C in diamond

is extremely sluggish. It would require a much higher

temperature to expedite such a transition.

3.3. Martensitic transitions in graphite

As discussed earlier, most graphite contains 2H se .
guence. It must first be transformed matensitically to3 4. Thbe sIope_:b(I)f {)hast_e bct)u?hdarlles f the oh
either 1H or 3R sequence before it can be puckered mté aé/ € ?osst;] eA% €s I,E.\ngcet € s_:_)pe Of $hp ase
diamond structure. Such transitions do require shor oundary for the — ransition ot either

range displacement of carbon atoms by about one bo aphite or diamond based on its possible changes (.)f
length (1. 54A) Therefore, these transitions take time entropy and volume. The entropy change may be esti-

and they are thermally activated. Thus, the kinetics 0{nated from the configuration of atoms in a crystal struc-
the direct graphite> diamond transition may not be ture [20]. According to the statistical thermodynamics,

controlled by the athermal puckering process, but by th he entrop}Sls propor'uonal tothe numbew() of ways )
martensitic transition that takes place within graphite. or arranging atoms in the crystal structures as follows:
This may be particularly true for the transition under

very high pressure when the puckering becomes spon- S=S+kinW (13)
taneous.

If there is not enough time allowed for graphite to As the number of atoms required to specify AB
shuffle basal planes, such as that may occur during theequence is only 2/3 of that for ABC sequence, hence
shock synthesis of diamond by explosion, 2H graphitehe former is more ordered and with a lower entropy
will remain unchanged. Only 3R graphite will form 3C relative to the latter. Consider the entropy for arranging
diamond. In this case, the amount of diamond obtainene gram of carbon atomgy & A/12, where A is
able is dictated by the original proportion of 3R poly- Avogadro’ number) in AB sequenc&= S +klIn29,
type. This explains why the conversion proportion ofwhereas, it isS=%+kIn3? for ABC sequence.
graphite during shock synthesis (e.g., produced by didence, the entropy change for the AB- ABC
Pont) is always low. Moreover, it was pointed out thattransition is approximatelyA S=gkln3/2 or about
if highly crystalline graphite was used as the source f010.69 J/(gK) or 8 x 107° eV/K.
shock synthesis, no diamond could be produced [6]. The distance of identical layers in AB sequence is
As highly crystalline graphite tends to be more in 2H also 2/3 of that for ABC sequence. As aresult, the elec-
sequence, such a structure is impossible to pucker intostatic repulsion force between every other layer in
diamond structure without the intermediate form of 1Hthe former structure is likely higher than that in the
or 3R, the time is just too short for these transitionallatter (0.49% larger based on ab initio psdudopoten-
polytypes to form. tial of local orbital method, [21]). Consequently, the

On the other hand, if the pressure can be sustained asructure of AB sequence may have a slightly larger
in most cases of diamond synthesis, 2H graphite mayolume than that of ABC sequence. Due to the shield-
slide into 3R graphite, and the latter converted readilying effect of electrostatic force, this volume differ-
into 3C diamond. This two-step process may explairence is very minimal, in the order of 0.1%. Thus,
why almost all diamonds formed by static compressionAV = —4.4 x 10~4 cm?/g for graphite with a density
are cubic forms. The only exception is the transitionof 2.26 g/cnd, andAV = —2.8 x 10~4 cm®/g for dia-
of large flakes of graphite. If these flakes are carefullymond with a density of 3.52 g/cin
oriented in perpendicular to the axis of compression The density of high temperature phas&iC (4H)
so the shearing stress is minimized, 2H sequence madg 3.208 g/c.c.; and low temperature ph@s8iC (3C),
transform into 1H sequence upon heating. In this case3.210 g/c.c. Hence, for SiQ\V = —0.000623 (0.06%)
2H diamond (lonsdaleite), instead of the normal cubicfor AB — ABC transition.
diamond, will be formed [19]. For cubic diamond, (111) layers (002) are separated

AB and ABC layers of graphite or diamond are iden-by 2. 06 A. But for lonsdaleite, it is 2.083, about
tical in the first sphere of coordination; but they differ 1.1% larger. However, the perpendicular direction (i.e.,
in the second. They can transform into each other by axis) is reduced by 0.36%, so the volume is about
sliding every third layer along the same plane. Unlike0.40% larger [22].
reconstructive transitions that would require the break- d (002) is 1.2% longer, bt axis is —0.28% shorter,
ing of all bonds, such martensitic transitions can pro-so the volume is 0.68% larger [23].

6045



According to the above analysis, the AB ABC  reduced, in the following calculations of the kinetics of
transition of either graphite or diamond would have graphite— diamond transition, we have assumed that
opposite signs in changes of entropy®) and volume  this thickness is A.

(AV). If both sequences are stable, the slope of their The equation of graphite> diamond phase bound-
phase boundary, i.e.RydT = AS/AV,wouldbeneg- ary is determined based on data summarized by
ative, being approximately 16 Kb/ C for graphite and Berman [26]. The data are taken from a temperature
—25 Kb/l C for diamond. Due to the relative large en- range most applicable for diamond synthesis (8D0
tropy change and relative small volume changes, thes@ 1700°C). The equation has the following form:
phase boundaries are running about perpendicular to 5

that of the graphite> diamond equilibrium line. P(kb) = 12.0 + 0.0301T (°C) (14)

It has been reported that at ambient temperatureynis equation is different from a more general phase

graphite will transform into a hexagonal phase aboveooundary proposed by Kennedy and Kennedy [27] with
a pressure of 14-22 GPa [23]. However, unlike lonSihe form:

daleite (hexagonal diamond), this hexagonal phase is
non-quenchable, so it will revert back to graphite upon P(kb) = 19.4 + 0.0250T (°C) (15)

decc_)mpressmn. . . It should be noted that Equation 15 under-estimates
It is proposed that this mysterious hexagonal phas§ne transition pressures (e.g., 13 Kb instead of 20 Kb at

has an intermediate structure between graphite ant%omtemperature) relative to Equation 16 at lower tem-

lonsdaleite [24]. As discussed before, most graphite haP
eratures as the slopeRddT) of the phase boundary
a basal plane sequence of 2H. Therefore, only half o (tands to decrease with decreasing temperature.

C atoms have matching counterparts from the adjacen The atomic volume of diamond at ambient condi-

layer. Unless the sequence of 2H is shuffled to eithe[- : 23 . . :
X : ions is 5.68A°% (density 3.515 g/cR); and graphite,
1H or 3R that allow all atoms to match with adjacent&78 A3 (density 2.265 g/cA). The fractional vol-

layers (Fig. 3), diamond cannot be formed. ume change for the transition at ambient conditions
When pressure is high enough, C atoms with matChi's —0.353 (the reverse transition is 1.546). The vol-

ing counterparts would form diamond bonds3sp\t VS _ o
ambient temperature, there is not enough thermal eri"'€ changeA V' = Viiamona— Vgraphite at the transition
ergy to shuffle 2H sequence. As a result, only half ofPressure and temperature can be calculated based on

C atoms can bridge across basal planes to form diaIgnown effects of pressure and temperature on volume.

mond bonds. The other half C atoms have no matchin Thg volur_nes of diamond and g_raphif[e at_a!g“’er_‘ pres-
counterparts from adjacent layers, so they would retai%/lure IS estlmated. by the following s.|mp||f|ed Birch-
graphite bonds ($r). Such an intermediate structure urnaghan equation of state [28-30]:

between 2H graphite and 2H diamond is intrinsically Vo3

unstable. Hence, it would revert readily back to 2H P= 380<—> ¢(1+ag)

graphite upon decompression. v

According to the above model, if the intermediate 0\ 22
phase is heated under pressure, the unmatched C atoms ¢ = (1/2)(V> —1).
could move to 1H locations where they can find match-
ing atoms across basal planes to form diamond bonds a=(3/2)(B,—4)

(top diagram of Fig. 3). Such a structure is essentially
lonsdaleite that is quenchable. Indeed, it was found thafVhereVo andByo are volume and bulk modulus at zero
when the unquenchable phase was heated under prd§mbient) pressure; aniy,, the pressure derivative of
sure to a temperature exceeding about 8D0lons-  the bulk modulus. For diamon@o = 4430 Kb,B; = 4;
daleite could be preserved indefinitely upon decom2nd for graphiteBo =511 Kb, B, = 8.9. _
pression [19, 23]. The temperature effect of volume can be estimated
The above model is consistent with the seeminglyffom:
contradictory observations that the non-quenchable
phase possess an X-ray diffraction pattern similar to

lonsdaleite [23] yet its Raman spectra carry unmistak- i _
able signature of graphite &p) bonds [25]. The lons- WhereV, is room temperature volume; aag, thermal

daleite structure is based on half bonded 2H sequencXPansion coefficient. For temperatures up to 2@0

and the graphite bonds comes from unmatched C atom&1€ volume of diamond as a function of temperature is

approximated by:

V:V0+/(deT

4. Kinetics of direct graphite — Vr(cm®/mole)= 3.41— 6.21 x 10°°T(°C)
diamond transition —8T (02
4.1. Parameters for the calculation +233x 10T (°CY,
For a direct graphite- diamond transition, the inter-
face thickness() is about 2.4A, or about the average
distance between the transformed diamond (1A%4
and transforming graphite (3.38). This is also the _ 5 o
distance when the energy is the highest between the Vr(cmt/mole) = 5.30 - 3.15 x 10-°T(*C)

two phases. At high pressure, the interface thickness is +2.00x 107 8T (°CY%.

and the volume of graphite as a function of temperature
is approximated by:
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Based on the above parameters of bulk moduli andnstantaneously throughout the entire sample. More-
thermal expansion coefficients, the volume change obver, as suggested by Fig. 3, the nuclei could take the
graphite— diamond transition may be expressed by: form of a puckered surface. As a result, the transition
may be approximated by the simultaneous growth of
AV (cm/mole)= —1.89 — 3.77 x 10"°T(°C) saturated nuclei of two-dimensional surface. Hence,
9 02 Equations 4 and 7 may be applicable.
+3.23x 10T (°C) Due to the explosive nature of the direct transition,
+5.60 x 107 3P(Kb) the diamond crystals formed were typically micro-
scopic crystallites. In the following calculation, it is as-
sumed that the diameter of the puckered nuclei is about
4.2. Results of the calculation the size of these crystallites as listed in Table |. Based
The literature data on the kinetics of the directon such an assumption, the activation energies for the
graphite— diamond, transition under static compres-direct graphite— diamond transition are estimated and
sion are summarized in Table |. Most data indicate thalisted in Table I. It should be noted that these activa-
the transition took place at a considerabie3(GPa) tion energies are for the slower processes of martensitic
over-pressure. As the result of such a high degree ahuffling of graphite layers and the puckering motions
metastability, the nucleation often proceeded almosbf corrugated surfaces.

TABLE | Kinetic data of the direct graphite to diamond transition under static compression. Notes: the numbers in brackets are dstimated,;
flush heatingg is current heating; is room temperature without heating; type C is cubic diamond; type H is hexagonal diamond (lonsdalisite);
the degree of transition (volume fraction of the transformed phé#sis)the activation energy of growth for the transport of atoms across the interface

C source Reference Heating@,(c orr) p/kbar Overpressure/kbar T/°C
SP-1 graphite [31] f 150 99 1300
SP-1 graphite [31] f 150 99 1300
SP-1 graphite [31] f 150 87 1700
SP-1 graphite [31] f 150 78 2000
SP-1 graphite [31] f 150 75 2100
SP-1 graphite [31] f 150 87 1700
SP-1 graphite [31] f 150 75 2100
SP-1 graphite [31] f 150 78 2000
SP-1 graphite [31] f 150 75 2100
SP-1 graphite [31] f 150 66 2400
SP-1 graphite [31] f 150 54 2800
SP-1 graphite [7] f 150 39 3300
Spectroscopic C [31] f 150 87 1700
Spectroscopic C [31] f 150 78 2000
Spectroscopic C [31] f 150 66 2400
Well-crystallised graphite [19] f 130 88 1000
Well-crystallised graphite [19] f 130 88 1000
Amorphous C [32, 33] c 180 111 1900
Glassy C, graphite [34-36] c 140 38 3000
Kish graphite [23, 27] r 300 287 25
Fullerite Gso [38] r 200 187 25
t/s Diamond type Size/m F E/eV atont?!
SP-1 graphite (5000) C <1 0.3 4.63
SP-1 graphite 3600 C <1 0.3 4.58
SP-1 graphite 60 C <1 0.3 5.04
SP-1 graphite (6) C <1 0.3 5.34
SP-1 graphite ) C <1 0.3 5.43
SP-1 graphite 2000 C <1 0.7 5.43
SP-1 graphite (12) C <1 0.7 5.46
SP-1 graphite (300) C <1 0.7 5.87
SP-1 graphite 600 C <1 0.7 6.26
SP-1 graphite 150 C <1 0.7 6.70
SP-1 graphite 10 C <1 0.7 6.91
SP-1 graphite 0.003 C <01 0.7 5.34
Spectroscopic C (6000) C <1 0.1 6.03
Spectroscopic C 900 C <1 0.1 6.56
Spectroscopic C 300 C <1 0.1 7.42
Well-crystallised graphite 0.003 H <0.1 0.3 241
Well-crystallised graphite 0.003 H <0.1 0.7 2.28
Amorphous C 600 C <01 0.1 6.67
Glassy C, graphite 300 C <0.1 0.1 9.54
Kish graphite 3600 H <0.1 0.1 0.93
Fullerite Gso 1800 C <0.1 0.1 0.91
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Figure 5 The Phase Diagram of Ni-C at 57 Kb (Strong and Hanneman

Figure 4 The Kinetic Diagram for the Direct Transition of SP-1 Graphite 1967). In the above diagram, the dotted lines represent the metastable
in Diamond. In the above diagram, experimental data in literature arecOexistences between graphite and liquid (above eutectic point), and
plotted against three ranges of transition fractioRs=(0.1 to 0.9) for ~ between graphite and metal (below eutectic point). The segment AB is

different transition times. Numbers labeled are time in seconds. the solubility curve for diamond; and AC, for graphite=Lliquid, M =
metal, G= graphite, D= diamond.

It would appear that the kinetics of the direct 4
graphite— diamond transition is highly dependent on
the type of graphite used. For example, the transition
appears to expedite with the increasing degree of per g
fection in the original graphite. Thus, the transition rate 5
increases with carbon sources that changes from glasst
carbon, amorphous carbon, natural graphite (SP-1) g
highly perfect graphite. The degree of conversié) (g
of the direct graphite> diamond transition as a func- @

; . . R [
tion of pressure and time with three transition times
(0.3, 30, and 3600 seconds) are plotted in Fig. 4.

Solubility of Carbon
From Diamond R

| solubility of Carbon

5. Kinetics of catalyzed graphite —
diamond transition
5.1. The growth of large diamonds — >
As discussed before, most industrial diamonds are syn- Solubility of Carbon
thesized in a molten metal that serves as a Solvenisg e 6 piamond Growth Routes in Diamond Stability Field. Black
catalyst. The formation of diamond appears to start withines show the solubility of stable phase in solvent-catalyst; and grey
rapid nucleation at the early stage of heating. The nuclelines, metastable phase. In the diamond stability field (low temperature
ation rate tends to decrease with time although it mayortion Olfl the ;bO\l/)e di_agfam)t fhelso'ub”i?’hOf diamond is ﬁhi_:ngif
H H H H among all caroon bearing materiails (e.g., the maximum solublli -
continue through the emlre. cycle. Nuclei are typlca”y erencge between graphitg and diamcgndgin Ni at 57 Kb is 0.2 ato>;n%).
formeq not by SUpersat.urat'.ng C atoms from O!'SSO'Ve D shows the path of temperature gradient method for growing gem di-
graphite, but by puckering disintegrated graphite flakeSmond on a seeded crystal, using small diamond particles as the nutrient
under the catalytic action of solvent-catalyst [9]. of carbon. CD shows the path of diamond synthesis at constant tempera-
Nucleation accounts for a minute proportion of dia-ture usi_ng typically graphite as thg nutrient of carb_on. BDis acompositg
mond formed. The bulk of transition is proceeded bypath using both.temperaturegradlentandanon-dlamond carbon material
. . . for the synthesis.
the growth of existing nuclei. The growth of diamond
utilizes the fact that the solubility of the stable diamond
phase in the solvent-catalyst is lower than that of thd0 grow gem diamond [40]. The comparison of these
metastable graphite. For example, it has been show@iiamond growth routes is illustrated schematically in
that the difference of solubilities between graphite andig. 6.
diamond in molten nickel at5.7 GPais about 1.2 atom% During the process of growing gem diamond, the
at 1400°C as shown in Fig. 5 [39]. As a result of this pressure window must be maintained very tightly
solubility difference, the undersaturated graphite tend§<0.05 GPa) for extended periods of time. In order
to dissolve into the solution; and the supersaturated dito avoid the pressure decay due to the volume reduc-
amond, deposit onto existing nuclei. tion of the graphite— diamond transition, the nu-
The above solubility difference is achieved at thetrient of carbon used is often diamond fines instead
same temperature. Alternatively, a carbon source, eiof graphite. Table Il lists some historical milestones
ther graphite or diamond, may be placed at a hot en@f gem diamond grown by the temperature gradient
to allow carbon to dissolve to a larger extent. The dis-method. It would appear that the approximate growth
solved carbon can then diffuse toward a cold end wheréate of gem diamond may be represented by:
it precipitates out onto a preset seed crystal of diamond.
Such a temperature gradient method is often employed L(u) = 2052+ 0.00458(sec), or about 1Z/hr.

From Non-Diamond
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TABLE Il Historical synthetic gem diamonds 5.2. The parameters used in the calculation

M g t G G If we assume that nucleation is random and it is formed
(@ (m) () (mgh) f[/h) Producer  Year Ref. homogeneously inside the molten metal, then the ki-
netic equation for growing saw diamond may be cal-

284 103 500 6 21 DeBeers 1992 [41] cylated based on Equation 1. In the early stage of the
1.80 088 120 15 73 Sumitomo 1990 [42] hhage transition when nuclei are continuously formin
060 061 200 3 33  Gen.Elect. 1990 [43] P h foni id Based y al 9,
017 040 85 2 47 Gen. Elect. 1971 [44) Suchanassumptionisvalid. Based on many catalogues
003 023 15 2 150  NIRIM 1981 [45) ofdiamond producers (e.g., from China), itis found that

in a typical run for growing saw diamond, in order to
avoid the mutual interference of the growth, the amount
The industrial diamonds contains more defects (mainlyf diamond is often kept less than 2 caratsicithis
metal inclusions) than gem diamond. The strongesamount of diamond implies that the degree of transition
industrial diamonds with the least defects are ofteris aboutF =0.1.
used for the most severe applications such as sawing In the following calculations, we have assumed
or drilling rocks or concretes. The saw-grade diamondshat homogenous nucleation occurs up to a stage of
represent the largest group of all industrial diamondsF =0.01, i.e., about one tenth of the final degree of tran-
They account for over 80 metric tons of world con- sition. Moreover, the strain energg)(in Equation 11
sumption (over half a billion U.S. dollars) each year.is neglected as the nuclei is surrounded by the molten
The sizes of high-quality saw-grade diamonds typicallyalloy that cannot sustain any strain.
range from 18 U.S. mesh (1 mm or 1,009 down to The composition of the catalyst is assumed to be
60 U.S. Mesh (1/4 mm or 250). similar to Invar, i.e., Fe(65 wt%)-Ni(35 wt%) [48, 49].
The catalyst system used by various diamond manThe melting curve of the eutectic point, Ni-Fe-C may
ufacturers may be analyzed from their products. It isbe found in Table Ill. The parameters for calculating the
known that heating these diamonds up to 140Qin-  kinetics of the graphite> diamond transition for the
der an inert atmosphere could induce extensive crackgrowth of saw-grade diamond before the exhaustion of
Moreover, the included catalyst metal will melt and ex- nucleation sites are as follows:
trude out to the surface to form blisters. By analyzing

these blisters the composition of the catalyst used can P=5GPa (AP=02GPa)
be deduced [46]. For example, saw-grade diamonds are _ o
. . T =1280°C

often grown in amolten alloy of Fe-Ni for General Elec- .
tric’'s MBS products [47]; Fe-Co for De Beers SDA t =300 sec (5 minutes)
products, and more recently Fe-Ni for SDB products; F—001
or Fe-Ni-Mn for many Chinese or Russian products. '

The saw-grade diamonds can be grown either with or n = 1200/cn®

without preplanted diamond seeds. In the former case,
the transition proceeds by growing on the existing seed
crystals. In the later case, diamond nuclei must form G =0.2u/sec
spontaneously. However, as discussed above, the nu-
cleation rate often tapers off with time so the dominantThe activation volume for carbon diffusion in an iron
mode of diamond synthesis is also the growth of existcatalyst was found to be about 1 ¥mole [44] as
ing nuclei.

It is assumed that diamond nuclei would grow up to

N = 4/cm® — sec

TABLE Il Melting points of catalysts’C)

an average size of about 1p5U.S. mesh 140) when  gystem 1 atm 57 Kb AT °C/Kb
they become saturated, i.e., nucleation sites are ex
hausted. Moreover, itis further assumed that the growtire 1538 1740 202 3.5
time for a high-grade saw diamond crystal of 30/407¢C 1153 1345 192 3.4
. . 4 A —385 —-395
mesh size (average size about 0.5 mm) is about half an
hour. Based on such assumptions, the growth rate Z-C ggg 1251‘; 133 3.4
high-grade sawing diamonds may be represented by: 1 _175 _175
L (1) = 105+ 0.217(sec) or about 78@/hr. N b - e >
. _ R AT —128 —272
The melting point of a metal is significantly reduced Fe-Ni(35) 1425
by its solution of carbon. For example, by dissolving re-ni-c 1040 1057 17 03
carbon in nickel at 57 Kb, the eutectic melting point AT —385
is depressed 12&, from 1455 C to 1327C (Fig. 5).  Ni-Cr(50) 1345
Some relevant temperature changes due to the mutush 1242 1495 253 44
solubility of carbon and solvent-catalyst are listed inMn-C 1230 1300 70 12
Table Ill. The temperature for graphite- diamond —12 —19
transition is also reduced by the solution of metal®! 1085 1290 205 3.6
) . ; - u- 1100 1300 200 35
in carbon. For example, by dissolving Ni in carbon 15 10
at 57 Kb, the equilibrium transition temperature is , a4 1127 1083 19

suppressed 4L, from 1497 C to 1455°C (Fig. 5).
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TABLE IV Calculated surface energy)and activation energyHy) two such non_catalysts in the system of Cu-Nb, when
alloyed, could exhibit the catalytic effect [12]. More-

P T t o o Ea

Catalyst (kb) (C) (sec) F (erglen?) (evyr (ev)  Over itwas found that Cu alone could also catalyze the
diamond formation when heated by a direct current.
Fe-Ni 50 1200 300 0.01 48 0.007 27 The diamond was formed in molten cooper when the
SUCQ ;373“ 12‘12((’) 11*;%% %-%21 1‘;‘; %-%112 3’75 sample was held at 67 Kb and heated to 187@or
al . . . . . .
P 77 1800 43200 00001 161 0.024 49 15 minutes. But when heated in an alternative current

at 70 Kb to 1800C for the same period of time, no
*o/the number of atoms on the surface of adiamond nucleus. The surfacdiamond was found [51].
area of each atom is assumed to b&4F =2.37 A% Wakatsuki’s claim that copper could trigger diamond
**The original pressure reported'was 60 Kb with an overpressure abo%rmaﬂon was discounted by General Electric’s Bundy
3 Kb. As our model assumes a different phase boundary, the pressure Is .
adjusted to maintain the same overpressure. who asserted that the copper used by Wakatsukl could
have been contaminated by a catalytic metal. Bundy
pointed out that a minute amount of nickel, even as
Shall as 1 wt%, when alloyed with copper, could trigger
the nucleation of diamond [52].

However, it has been demonstrated recently that di-

or d 4 nucleat  the aetiva ; Bfond seeds could indeed grow in molten Cu, Zn, Ge,
or diamond nucleation and the activation energy fory) «non_catalysts.” The conditions for this growth was

diamond growth are calculated with the result listed ingq «h and 1600C. For example, when held in molten

Table 1. copper, a tiny diamond seed could grow about half a
micron in 5 hours. However, no growth was detected

diffusion coefficient at high pressure. This activation
energy is adapted in our model (Equation 13).

6. Kinetics of metal-solvent when the temperature was lower than 1400 Most
assisted transition diamond syntheses using traditional catalysts were per-
6.1. The dispute of catalysts formed below this temperature.

The original list of catalysts for diamond synthesis dis- Moreover, when held at the above conditions for half
covered by General Electric scientists in 1955 includean hour, small diamond crystals of a few tens microns
nine Group Vllla elements (Fe, Co, Ni, Ru, Th, Pd, in size could form spontaneously in molten copper. The
Os, Ir, Pt) and three other transition metals (Mn, Cr,copper used in the experiment was analyzed by induc-
and Ta) [5]. Wakatsuki [50] found certain non-catalysts,tively coupled plasma (ICP) emission spectroscopy and
when combined, also show catalytic effect. Specifically,found to contain only 100 ppm of Fe and 10 ppm each
when any of carbide formers of Group IVa, Va, Vla (Ti, of Ni, Co, and Zr. These low levels of impurities should
Zr, Hf, V, Nb, Mo, or W) is alloyed with Group Ib (Cu, not have caused any noticeable catalytic effect on the
Ag, or Au) elements, diamond could be formed at 60graphite— diamond transition [53]. Thus, although
to 70 Kb and 1500-200. Fig. 7 shows that when not effective, it seems certain that copper can catalyze

12 T T T Y T v 24 T T Y | —— T T T

Diamond yield/mg

0 20 40 60 80 100
Nb/atom%

(b) TiC/atom%

(a)
Figure 7 The Catalytic Effect of an Alloy made of two Non-Catalysts (Wakatsuki 1976). Note that Cu, Nb, and TiC individually are not capable to

catalyze the diamond formation below a temperature of about kB0OBlowever, when Cu is alloyed with Nb or TiC, the solution behaves like a
catalyst similar to Group Illa metals.
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diamond formation at a temperature higher than norwas about 0.017:/sec. The activation energy for this
mally adapted to synthesize diamond using traditionagrowth rate is calculated to be about 4.5 eV. Moreover,
catalysts made of group Vllla metals. it would appear that the threshold transition tempera-
If the growth rate of diamond in a copper solution ture for carbonate is around 1900. Based on such
is assumed to be 0.Q2/sec (36 in 30 minutes) and an assumption, the interface energy is calculated and
F =0.001, the surface energy for nucleation and activalisted in Table IV.
tion energy for growth can be calculated and the results In addition to carbonates, sulfates and hydroxides
are listed in Table IV. From these energy barriers, theare also found capable of converting graphite to di-
kinetic equation for the graphite- diamond transition amond at high pressure and high temperature. Thus,
in a copper solvent at the early stage of transition canvhen held at 77 Kb and 215C, diamond was found
be obtained from Equation 1. embedded in a powder mixture of graphite with 20 V%
of NaSQ,, MgSQy, CaSQ.1/2H,0, Mg(OH),, or
Ca(OH). Again, without the presence of such salts,
graphite would not transform to diamond under the
same conditions [58].
Further studies indicates that the minimum con-

7. Kinetics of non-metal solvent
assisted transition
7.1. The catalytic effect of phosphorous
In addition to copper, many previous “non-catalysts” .’ . . .
have been found capable to catalyze the graphiti- d|t|on§ for synthesizing diamond in the system of
amond formation. These “catalysts” may include evengrapr!lte-CaSQNas 7.7GPaand170C, or? GPaand
non-metals. For example, barium carbide was use 000°C [59]. Such rt_esults are not contradictory to the
as a solvent for synthesizing diamond, and the rea ower temperature dlamon_d syntheses of early G.e”‘?ra'
tion was found accelerated with the addition of metalE/€Ctric Company. According to the latter, graphite in
borides [54] contact with chlorides, oxides, sulfides, and carbon-
One of these non-metal “catalysts” is phosphorousates could only yield exsolved graphite at 60 Kb and

For example, when graphite was pressed against pho%—GOOOC [60].
phorous that contained a diamond seed of about 1 mMng piscussions
and the charge was held at 65 Kb and 180Gor 12 g 1 The effect of graphite on transition

hours, the diamond seed could gain 10 wt% (abouj is \yell known that diamond synthesis is highly de-

30 microns in thickness). Furthermore, diamond nUdebendent on both graphite and catalyst. In the case
could form spontaneously without seeding in molten¢ graphite, there is a general tendency of lowering

phosphorous when the charge is held at 7.7 GPa anghe ' cleation temperature with the increasing degree
1800°C for 10 minutes. In contrast to phosphorous, ot graphitization. Moreover, graphite is the necessity
molybdenum appeared to have no effect on graphitgyym for the nucleation of diamond, so amorphous car-
when held at the same conditions [55]. _ bon must first graphitized before any diamond can be
_ The kinetic equation for the nucleation of diamond ¢, meq [61]. Thus, graphitizable carbon such as carbon
in molten phosphorous is calculated based on a growty ;- (microscopic crystallites of graphite) and coke
rate of 0.0007:/sec (3Qu in 12 hours) and® =0.0001 15146 grains of graphite) are more readily convertible
(it corresponds a length fraction of about 5% thaty, giamond [61]. Amorphous carbon, when combined
is highly visible). The calculated surface energy of i, 5 suitable catalyst, has also been shown incapable
_nucleatlon and the activation energy of growth are listed nucleating diamond in the pressure and temperature
in Table V. region where graphite can [62]. So was pure carbyn,
the linear form of carbon [63, 64].
7.2. The catalytic effect of carbonates The kinetic model for the direct graphite diamond
In addition to phosphorous, many salts of concentratetransition appears to follow the same tendency. Thus,
acids were also found to be capable to convert graphitéhe activation energy and hence the threshold tempera-
to diamond. For example, when carbonates (20 V%) ofure for the transition are decreasing in the order from
Li, Na, Mg, Ca, or Srwere mixed with graphite and held amorphous glassy carbon, poorly graphitized spectro-
at 7.7 GPa and 215@ for about twenty minutes, all scopic carbon, naturally occurred graphite (SP-1), to
graphite was found to convert to diamond. When thewell-crystallized graphite (Table ). As the separation
temperature was lowered to 200D, the conversion between basal planes decreases with the increasing de-
was about half. gree of graphitization, it appears that the decrease of
Without the presence of these carbonates, graphithis separation is directly responsible for the reduction
remained unchanged under the same conditions. Howsf the activation energy and threshold temperature for
ever, when temperature was lowered to 1800no the direct graphite> diamond transition.
diamond was detected even with the presence of these Kish graphite is exsolved carbon that segregates out
carbonates [56]. from a molten iron. It contains intercalated iron atoms
The capability of CaC@to catalyze the diamond thatare located in hexagonal sites between two graphite
formation is further evidenced by its ability to sinter layers. As a result, these layers are pulled closer so the
diamond micron powder at 7.7 GPa and 2200to  separation of graphite layers in kish is actually lower
form a polycrystalline diamond (PCD) body [57]. than even that of Ceylon’s natural graphite, the best
According to Akaishiet al.[56], the diamond crys- of all graphites [65]. Therefore, the iron-impregnated
tallite that grew in molten CaC{at 2000°C for  graphite has an even lower activation energy as well as
20 minutes was 2@ in size. Hence the growth rate threshold temperature.
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Fullerene (Go) is another type of “graphite” that is like a balloon. However, despite the enlargement of the
partially diamond-like The carbon bonds have a mixedmetal film, its thickness remains at about 0.1 mm [73].
characteristics of $gr and sp. Therefore, the activa- It is known that carbon solubility will increase with
tion energy and threshold temperature for its transitiorincreasing pressure. For example, carbon solubility in
to diamond are also lower than that of normal graphiteNi at ambient pressure is 2.7 atom%. It increases to

According to Table I, the activation energies for the 11.6 atom% at 5 GPa [74]. Moreover, it was found that
direct graphite— diamond transition range from over in the metal (Fe or Ni) skin that surrounds a diamond
2 eV for perfect graphite to nearly 10 eV for glassy crystal, the carbon content could be enriched to a level
carbon. These energies may be compared with certaias high as 75 atom% [75]. The unusual enrichment of
relevant bond energies. The energies for breaking aarbon in the metal skin that surrounds a diamond crys-
van der Waal bond, a 8gliamond bond, and a p  tal can dramatically decrease the interface energy and
graphite bond are 0.076 eV, 3.69 eV, and 4.77 eV, rehence facilitate the diamond nucleation.
spectively. It would appear that most direct transitions The dissolved carbon atoms may enter either octahe-
of graphite— diamond would require breaking%p  dral or tetrahedral interstitial sites of the molten alloy.
bonds. However, with well crystallized graphite, it may It was found that at high pressure, carbon atoms in a
require breaking fewer than half of these bonds. Whemetal skin that surrounded diamond were in tetrahedral
kish graphite or fullerene are used, the activation energgites. Moreover, they formed a diamond-like structure
is further lowered. (sphalerite) with the host metal. In fact, the lattice pa-
rameter of this structure was found to be close to that
of diamond itself [76]. Such a high enrichment of car-
bon in metal and the close resemblance of structural
parameters between this metal skin and diamond can
undoubtedly minimize the surface tension. Therefore,
he two-order magnitude decrease of interface energy

etween the metal skin and diamond is explained.

Recently, the Penn State scientists have discovered

8.2. The effect of catalyst on transition

In addition to graphite, the kinetics of the graphite
— diamond transition is highly dependent on the cat-
alytic power of a solvent. The original General Elec-
tric patents on diamond synthesis call for the use o
“catalysts” made of certain transition metals [5]. The

catalytic interpretation of these metals were challenge at many molten metals can also dissolve substantial

by De Beers during their patent dispute. De Beers, wh amount of carbon when they are saturated with hydro-
purchased ASEA's diamond technology in 1965, main- y . y
tained that diamond was formed by a solution mecha €N atoms. These metals normally do notdissolve much

nism. A similar view was held by others [66, 67]. As dis- carbon at ambient pressure without the presence of hy-
) T rogen atoms. As a result of the large dissolution of

cussed before, Bundy and Wakatsuki also argued abog ) ;
whether copper was capable to form diamond or not oth carbon and hydrogen, the melting points of t_hese
The catalytic power of a solvent for the- solvents can be dramatically depressed below their nor-
P mal eutectic points. In fact, such a new phenomenon has

graphite— diamond transition is best manifested in been used to synthesize diamond metastably in a liquid
its ability to lower its interface energy with diamond. ynt y 9
Ehase under ambient pressure [10, 11].

General Electric scientists suggested such a possibi For example, the solubility of carbon in molten sil-

ity but provided no evidence [68, 69]. Subsequently,ver is negligible. However, with the incorporation of
Russians pointed out that the catalytic effect is equiva- glgivte. ’ P

lent to a decrease of interface energy as high as two of: large amount of hydrogen atoms, the solubility of

ders of magnitude [70]. There is no known mechanisnfrarbOn can surge up 1o about 70 atomd%. As a result,
u

to account for such a large drop of interface energy. O he eutectic point is plunged from 96@ to 750°C.
results (Table IV) indicate that the decrease of interface husﬁlalthog_gh sﬂvgr IS no_r.mally SOt i_cz;talyst for th_e
energy is indeed enormous, nearly two orders of magnia 2> Ite— diamond transition under high pressure, it

gy S ! y 9 ecomes one even at ambient pressure with the incor-
tude for traditional catalysts (Group Vllla elements) as

Russians predicted. However, the decrease of interfa eoratlon of alarge amount of hydrogen atoms [77]. Itis

energies are much less dramatic for lesser catalysts. aﬁl(;er:/ € dﬁéhztntgteoizggﬁlﬁﬁﬁﬁlﬂgfsffiltti';nsgfui?gr?g?
Diamond has the highest surface energy of all materi; ydrog .
Hs-like clusters in the solvent. As a result, the overall

als. The calculated surface energies for afreshly cleave, Jee energy can be lowered than that of normal eutectic
plane are 5300 erg/chor (111) plane, 6500 erg/cin compositions. The Cllike clusters can facilitate the

for (110), and 9200 erg/ctnfor (100) plane [71]. . o A . .
The measured surface energy with its vapor wasd'amond formation in a liquid phase just as £tan in

: . a gas phase [11].
3700 erg/cri[72]. The interface energy is lowered by - .
the contact of a molten metal. The higher carbon sol- T_he activation energies of 9r°"."Fh for the solvent
- . o assisted graphite> diamond transition tend to corre-
ubility of a solvent is, the lower its interface energy ; . Lo . . .
S . ate wi eir activation energies of nucleation. This
with diamond may be. However, even so, all mterfaceI t th th tvat f leat h
y D€ ' ! Rrrelation suggests that both types of activation ener-

energies measured at ambient pressure are hlgherthgIes are determined by the common factors of crystal

g
2000 erg/crh. chemistry. A comprehensive review of these factors are

presented elsewhere [9, 11].
8.3. The decrease of interface energy It is known that the catalyst for the graphite dia-
When a diamond crystal is formed from a catalyst-mond transition is also the catalyst for the reverse tran-
solvent, it is always enclosed by a thin metal film. Assition at ambient pressure. The activation energies for
the diamond crystal grows, this metal film will expand the catalytic graphitization of diamond are 3.3 eV for
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Fe, 3.4 eV for Co, and 5.0 eV for Ni [78]. These acti- 10

¥ v 1 M
vation energies appear to be higher than that (Table IV glassy 4
for the corresponding graphite- diamond transition. 120
| - spectroscopic
Fe-Ni BC
100 |-
9. Conclusions
Our kinetic models suggest that all carbon solvents_ so |-
in liquid form have various degrees of effectiveness £
in catalyzing graphite— diamond transition. The =
effectiveness of a catalyst is inversely proportional to
its activation energy of both nucleation and growth
(Table 1V). Hence, Fe or Ni is a much more powerful 40 /
catalyst than Cu, and the latter is in turn more powerful ’
than P or CaCg@ 20 k-
The solubilities of carbon at ambient pressure in vari- | Fe-Ni-¢
ous solvents that may catalyze the graphiteiamond 0 . L s
transition have been analyzed in detail [9]. It would ap- 500 1000 1500 2000 2500 3000 3500
pear that the activation energies calculated according T/°C

to our kinetic model decrease with the increasing sol-
ublllty Of Carbon Hence the Catalytlc power Of a Sol_ Figure 8 Kinetic Curves of Graphite> Diamond Transition. The dia-

g s e ; gram includes both direct transitions and solvent-assisted transitions. In
vent is also reflected in its ablllty to dissolve Carbon'the later case, the curve below the melting point of the solvent is shown

Thus, the eutectic (or peritectic, e.g., Cu) COMPOSItION, )y as reference. The diamond formation is impossible in this region

of carbon at ambient pressure may be a de facto eXecause activation energy would rise drastically when the solvent solid-

pression of the cata_lytic power of a solvent [9, 11], ifies. Note these curves appear to be limited by vertical threshold tem-

This conclusion may reconcile the half-century longPperatures. if the ﬁ‘cbti"aéion Vo"én;]e iﬁ larger than ass“mgd ﬁmﬂiﬁ)' ol
. . ese curves wi end towar ig er temperatures above a thresho

debate be_tween_ catalytic anq_solutlon hypotheses cg?ressure_

the graphite—~ diamond transition. These two mech-

anisms are governed by the same crystal chemistry —

the degree of moderation of metal-carbon reactivity [9].tion energy for the conversion of diamond in kimberlite
Hence, they are not contradictory, but representing twes as small as that for non-metal catalysts, e.g., P and
sides of the same coin, CaCQ (Table IV), itis possible to calculate the kinetic
Moreover, the easiness for the graphitediamond  curve (F as a function of, T, andt) for the formation
transition is greatly affected by the degree of graphiti-of natural diamond in kimberlite. As kimberlite pipes
zation of the graphite (Table I). Thus, both the degree otan trace its origin to 200 Km deep where the pressure
graphitization of carbon source and the degree of cafs about 60 Kb and the temperature is about 1Z0D0
bon solubility of the liquid medium can contribute to From these parameters, it is possible to estimate that
“easiness” of diamond synthesis. Hence, the transitiofhe possible time required for the formation of natural
of a poorly graphitized carbon, e.g., a glassy carbon, ijiamond. The result indicates that the precipitation of
an effective catalyst, e.g., an alloy of Fe-Ni, may not benatural diamond out of kimberlite might take only a
easier than that of a highly graphitized graphite, e.g.few years. This time frame is an instant moment when

SP-1, in a poor catalyst, e.g., Cu. compared with hundreds of thousands years that may
The combined effect of carbon source and solutiorhe needed to solidify a molten kimberlite.

mechanism is evident when we examine the kinetic

curves of Fig. 8. For example, although phosphorous
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