Advanced Materials '93, I / B: Magnetic, Fullerene, Dielectric, Ferroelectric,

Diamond and Related Materials, edited by M. Homma et al.

Trans. Mat. Res. Soc. Jpn., Volume 14B 1421
© 1994 Elsevier Science B.V. All rights reserved.

A review of liquid phase systems pertinent to diamond synthesis
R. C. DeVries,* R. Roy,** S. SomiyaJr and S. Yamadat

*17 Van Vorst Drive, Burnt Hills, NY 12027 and **Materials Research Laboratory, The Pennsylvania
State University, University Park, PA 16802
TThe Nishi Tokyo University, Setagaya, Tokyo, Japan.

The evidence from nature and from a wide range of experiments clearly indicates several routes via
liquid phases for the synthesis of diamond, graphite, and poorly crystallized carbons over a range of
temperatures and pressures. This review of the literature summarizes the following separate carbon-
liquid regimes which are closely related to synthesis of various forms of carbon: (1) carbon as soot,
carbon black, amorphous carbon, and graphite from C-H liquids derived from petroleum: (2) carbon from
molten metal solvents including those containing hydrogen—especially the ideas proposed for
solution/catalysis synthesis of diamond from different precursor carbons; (3) carbon from C-H-O
liquids—primarily in natural systems—as evidenced by inclusions in quartz and diamond, coated
diamond, diamond/graphite from metamorphic rocks and kimberlites, and poorly crystallized carbons
from sedimentary rocks; (4) carbon from ionic liquids such as carbonates, silicates, and halides—both

natural and synthetic. Also considered are the possibility of connections among these categories.

INTRODUCTION

The topic of diamond synthesis has become
very prominent in contemporary materials
research since the mid-1980’s when the work of
the NIRIM laboratory!.2 which built upon the
earlier Spitsyn and Deryaguin work3 was first
appreciated. Synthetic diamonds for abrasive
grain had been made since 1955 via the high
pressure route developed and commercialized by
the General Electric Company.* The low
pressure synthesis of diamond by CVD processes
brought a new emphasis and interest that has
produced new products, new companies and new
science and engineering. The beginning point of
our enquiries is the question: Are there other P-T
regimes for diamond synthesis distinct from the
60 kbar/1400°C and 1 atm./950 C regimes? To
that end we have assembled in this review the
nature of and possible connections among some
liquid phases which can produce a variety of
forms of carbon. This overall perspective has a
bias toward the relationship of these liquid
phases to diamond formation; for example, the

nature of petroleum coke from C-H liquids and
the form of carbon derived from them appears to
have a bearing on the synthesis of diamond
under high pressure-high temperature
conditions. In addition there is a possibility of
metal-C-H liquids playing a role in both low
and high pressure synthesis of diamonds. This
review is presented in the compositional
sequence: (1) C-H; (2) metal-C; (3) metal-C-H;
(4) C-H-O; (5) C-H-O-X (where X can be a
number of cations). The vapor state of (1) above
is the critical system in the CVD synthesis of
diamond at low pressures. Finally we briefly
explore possible connections between high and
low pressure synthesis.

Carbon from C-H Liquids

The production of soot, carbon black,
amorphous carbon, and graphite from C-H
liquids is a major manufacturing entity by itself
with a vast literature. The emphasis here is in
the special context of understanding the
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chemical, structural, and processing roles in
control of the structure of the final product.

In the extensive literature on glassy carbon
we find various summaries of the differences in
carbons resulting from the pyrolysis of gases,
liquids, and solids. Yamada has summarized
these differences in tabular and graphic form
(Table 1, Figure 1).5*

The key message pertinent to diamond
synthesis from the vast literature on carbons
from liquid precursors is the fact that both
graphitizable and non-graphitizable products
are formed in the processing depending on the
starting material. Accompanying the
microstructure is a variation in the amount of sp3
and sp2 bonding and in the impurities present.
This becomes important in diamond-forming
reactions in metal melts at HPHT conditions. As
will be discussed later, it would be helpful to
have a better understanding of the precursors
with regard to degree of graphitization,
bonding, composition, kinetics of solution, etc.
The results using vitreous carbon for diamond
synthesis have been controversial in part
because of the uncertainties about the starting
material.

Carbon from metal-C liquids

In the manufacturing process to make
diamond at high pressures and high
temperatures (HPHT), a carbon source reacts
with a pure or alloyed metal (usually selected
from among Fe, Ni, Co, Mn) to yield a liquid
phase from which all HPHT diamond is
precipitated.%7 The carbon source is usually a
graphite derived from petroleum and the form
of carbon derived from hydrocarbons is
dependent on the original petroleum coke and
the way it was formed by nature and
subsequently processed by engineers. There’s
considerable agreement among those that
publish on the role of the carbon source in the
diamond synthesis that a reasonably well-
graphitized. carbon is preferred.8-11 Vitreous
carbon, amorphous carbon, soot, peanut butter,
etc. do not produce diamond of good quality or
high yield without some degree of
graphitization either prior to or during the

process. Diamond makers have their own source
of graphite yet all make competitive products
which means they learn to adjust process
parameters to the carbon available.

Although we emphasize here metal-carbon
melts, it is interesting to note that the direct
conversion of carbon to diamond (i.e., without
metal) also is dependent on the structure and
degree of %raphitization of the starting
material.12.13  The model invoking
rhombohedral graphite as a lower energy,
intermediate step to diamond is based on this
concept.1415 This is much more intuitively
reasonable than the paradox of why the form of
the starting carbon should make any difference
if it first goes into solution in a metal-carbon
melt. Early on in the successful synthesis of
diamond at HPHT, it was postulated!® and
proved that the addition of a metal would
lower the activation energy for the conversion of
graphite to diamond, but the role of metal has
been somewhat ambiguous. This subject cannot be
amplified without first a statement about the
term “solvent-catalyst” which c¢onceals
unknowns about the metal-carbon melts with
respect to diamond-making,.

The metal as solvent

A great deal of useful information on metal-
carbon systems at HPHT has been
published.17-19 The T-X diagram at constant P
and the P-T projections for constant X are the
diamond makers’ maps (Figures 2 and 3). The
minimum T conditions for nucleation of diamond
are clearly a function of the temperature of the
diamond-metal eutectics as a function of
pressure.l? The formation of carbides and the
necessary modifications of the phase diagrams
are well established for the Fe-C, Ni-C, Co-C,
and Mn-C (with alloying elements). Progress in
the design and understanding of alloy carbon
systems has clearly been dependent upon the
phase-equilibria/solution model. The solution
concept is invoked to explain the driving force
for the rapid supersaturation of the liquid with
respect to diamond when starting with the less
stable graphite in the diamond-stable region
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Table 1. Three main routes to carbon from organic materials.
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(see Figure 2). The metastable extension of the
graphite solubility curve into the diamond plus
liquid region graphically shows the greater
solubility of graphite compared to diamond and
the basis for rapid nucleation. Also consistent
with a solution model is the growth of the
diamond via a layer (thick or thin) of metal
melt serving as as a transport medium for carbon
from the source carbon onto the diamond surface.

The form of the carbon in the melt has been
the subject of much speculation: atoms,11,20,21
charged ions,20 intermediate compounds and
metastable excited complexes,zzf 3 colloidal
clusters,11.24,25 lanar graphite
fragments,21:26-28 carbides,29-32 etc. Some of
these clearly bear some relationship to the
original carbon at the least in terms of wetting
and reactivity, kinetics of reaction (graphite
edges are more reactive than the planes, e.g.).
Graphite is found as inclusions in the diamonds
grown relatively quickly for abrasive grain.
However in the growth of gem quality crystals

under more nearly equilibrium conditions with
the melt, graphite inclusions are relatively
rare. This suggests that clusters and fragments,
if they exist, must be rejected or broken down at
the growing crystal surface if sufficient time is
available. Diamond clearly grows in most
HPHT systems as the stable phase precipitating
from a supersaturated carbon-metal liquid.
There have been studies comparing
amorphous or vitreous carbons with well-
crystallized fraghites with respect to diamond-
making.10:26,33-35 The former, with a lower
stability than graphite, tend to go into solution
faster; but in spite of what should lead to even
more rafid supersaturation, fewer nuclei are
formed.33 It is difficult to sort out the causes of
some of these effects because amorphous carbon
materials tend to be harder and less
deformable.3¢ Thus, for example, the pressure
might not be has high as expected, and
nucleation is very directly dependent upon
pressure. Vitreous materials may also contain
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impurities that could influence melting
temperature and diamond stability; this will
come up again in the discussion below of metal-
carbon-hydrogen systems.

The metal as a catalyst

In the early years of HPHT diamond
synthesis, an extensive debate occurred between
two schools of thought: one contending as above
that diamond formation was a simple
equilibrium process of precipitation from a

Graphitizable carbon

2~3nm

1

X
1000°C g

saturated liquid; the other, that the molten
metal acted as a “catalyst.” Support for
catalysis is based on the fact that some metals
such as Pb, Sb, Zn, Cu dissolve C to the same
extent as diamond-forming metals but do not
produce diamond under typical HPHT
conditions.37-39 Perhaps this should be modificd
to “not produce diamond as easily,” because more
recently it has been shown that if high enough
pressure is used (above 70 kB), diamond forms
from a variety of systems.?0-42 Cu-C is a

Non-graphitizable carbon

Figure 1. Crystallostructural change at the graphitization process.
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example of a non-diamond forming system that
is dramatically altered by the addition of 1
wt/% Ni, which then seems to be acting as a
catalyst.38,39 Related is the demonstration that
by alloying Cu with Nb an equivalence to Ni is
achieved via the role of Nb .as an electron
acceptor and Cu as an electron donor.43 Diamonds
are grown in such an alloy when carbon is added.
Consistent with catalysis is the model in
which it is proposed that divalent .metals
intercalate graphite to produce puckering of the
structure to favor a martensitic transformation of
graphite to diamond without alteration of the
metal.”21.27.44 In this model non-graphitized
carbons would have to first be graphitized in
situ in the melt. The direct conversion process
(without metal) has also been described as a
diffusionless martensitic transformation.4>

Metal-C eutectics and diamond synthesis

Whatever the mechanism, there is a direct
relationship -between the initiation of
nucleation and the temperature of the Me-C
eutectic in the HPHT processes for diamond
synthesis. Figure 3 is a summary of projections
onto a P-T plot of Me-C eutectics (from binary
systems at constant pressure). These lines define
the initial temperature of formation of diamond

for each system. The range is obviously rather
large and seemingly only a function of finding
suitable Me-C systems. What are the lower P-T
limits that can be attained? In spite of the
lowering of temperature for initiation of
nucleation and reports of lower pressure minima
as well for cubic BN46.47 and diamond (sce
below), there seems to be a lower practical
pressure limit for current products at 40 to 45
kbar. (Curiously this appears to be true for
natural diamond as well.) This raises some
questions about kinetics, nature’s laboratory.

Summary

The term “solvent-catalyst” means that
there is indeed solution and transport of carbon
through a liquid phase, but in the absence of
carbide formation (i.e., alteration of the
“catalyst” metal) there seems to be support to
invoke some catalytic character as well. There
are many ideas about the nature of carbon in
these liquids, but tons of diamond abrasive grain
are available without the Iluxury of
understanding. It is obvious that the first
appearance of diamond in HPHT processes is
directly related to the temperature of the
metal-carbon eutectic as a function of pressure
and that may be controlled by alloying.

Carbon from Metal-Carbon-Hydrogen Liquids

Hydrogen and vitreous carbon

Recent reports of formation of diamond
below 40 kbar using conventional Fe, Ni, Co
alloys48-50 have aroused curiosity about how
this can be especially since this surprising, and
apparently reproducible,s1 result was achieved
using a partially hydrolyzed phenol
formaldehyde resin. The carbonized substance
(vitreous carbon) has sp3 bonding and free
radicals. Originally reported in 1987,48 it was
proposed that hydrocarbon might be a source for
diamond formation at lower P and T in the
earth. (This is not a new idea as will be shown
below in the section where the evidence from
nature is evaluated, but the realization has been
elusive.) The experiment appears to have been
reproduced with a synthesis at about 31 kbar



from the same starting material.>! Since 31 kbar
approaches about half the normal practical
pressure, it would be of very practical interest to
better understand the phenomenon. In a follow-
up patent, Niedbalska reports sceded growth as
low as 20 kB and 1100°C (well below the
Berman-Simon line), but the alloying is now
more extensive with the addition of lower
melting elements.>0 This eutectic is shown in
Figure 4. The minimum temperature (1100°C)
may be reasonable, but one should be skeptical of
the claim of 20 kbar according to another study
on a variety of hydrocarbon starting materials
where no synthesis below 40 kb was found.>2 In
this study it was postulated that the 4.85% of
hydrogen present acted as an additional
catalyst (or solvent?).
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The general prior experience with using
vitreous carbon (which can contain some
hydrogen) and the deliberate addition of
hydrocarbons or water to the normal solvent-
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catalyst method has not been very encouraging.
Hydrogen has long been considered to be a very
deleterious addition in terms suppression of
diamond nucleation and other problems.53-56
The deliberate addition of Hy or HyO precludes
diamond formation in the Me-C systems in the
usual pressure range although synthesis from
LIH-graphite is reported.57 In fact it requires
very high pressures (> 70 kbar) for diamond to
form from a graphite-water system.42 Recent
quantitative studies investigating the role of
hydrogen report 2200 ppm Hj as the maximum
amount allowable.53 As mentioned earlicr the
results with vitreous carbon seem to agree on less
nucleation in spite of faster supersaturation of
the metal with carbon; but it is not clear if this
is a chemical or mechanical effect or both.

We suggest that, in spite of the lack of
agreement, there is a strong possibility that the
addition of hydrogen can lower the Me-C
eutectic melting at high pressures. There is
certainly ample evidence from the reactions of
diamond or graphite with metal and hydrogen
at one atmosphere and below in the form of
gasification of graphite,%8 the VLS growth of
graphite in the temperature range of
1000°C,59.60 (see Fig. 5) and the recent results
from CVD deposition of diamond which are
described below to indicate that the behavior in
the HPHT systems may be related to the
availability and form and kinetics of reaction of
the hydrogen with the other elements.

The LPSSS process

In 1992 Roy et al.61.62 reported on a new low
pressure solid state source process in which
diamonds were grown below 1 atm. with starting
materials very similar to those used in the
HPHT process. These consisted of graphite (or
other carbon source) mixed with several percent
of metal (Ni, Cu, Mo, etc ) or a few percent of 1-
10 micron diamond structures. The latter process
is not described further here; for details see Ref.
42. Such starting materials are heated to
temperatures in the range of 800>-1200°C in an
atmosphere containing atomic hydrogen. The
solid state carbon source is converted to diamond.
In this work there is clear evidence for the
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formation of Me-C-H liquids in the form of
metal droplets from a few microns (to nearly
millimeters) at temperatures (<1000°C) far
below the metal-carbon eutectics.

Badzian and Badzian®3 described an
experiment of inserting a Ni metal foil 1 mm
above a HOPG graphite substrate in a
microwave Hp plasma. Ni is evaporated onto
the HOPG. The Ni foil is removed and methane
admitted at 925°C in a microwave plasma. The
resulting products show clear evidence, of
“liquid-like” microstructures of nickel only, and
with only diamond. Roy et alt4 in the metal
seeded graphite LPSSS work show very similar
evidence for “liquid” phases at 985" in the
system Ni-C-H*-Hj system and the analogous
Cu system. All samples show the conversion to
diamond with metal spheres or “snakes” nearby.
The role that these metal-rich liquids play in

the formation of diamond is unclear. While
they always appear along with the diamond in
the LPSSS process, there is no direct evidence
that the diamond actually crystallizes out of
the liquid (the diamond crystals are not
clustered around the metal spheres or tubes).
One has to invoke possible small particles of a
crystalline Me-C-H or metastable Me-H phase
as a crystallographic substrate for diamond.
One also has to appeal to Me-C-H ternary
eutectics as Yang et al.65 have done. Insufficient
work has been done to decide whether these are
stable ternary eutectic liquids of hydrogen-
metal-carbon or of metastable liquids of atomic
hydrogen-metal-carbon. Indeed the matter of
solubility of atomic hydrogen, a different
thermodynamic entity distinct from Hj, will
have to be addressed.

Figure 5.



Summary

Hydrogen (molecular and atomic) is one of
the principal “alloying” elements that can
lower eutectic melting temperatures, but
variability in mode of introduction and amount
available for reaction may account for the lack
of agreement among different HPHT
experiments. The evidence from low pressure
studies is much more supportive of lowering of
melting by hydrogen in metal-carbon systems—
both for graphite formation and recently for
diamond synthesis.

Carbon from C-H-O Liquids

Theoretical calculations

There were visionaries who appreciated the
concept of hydrothermal carbon and did
thermodynamical calculations of equilibrium
reactions leading to both diamond and
graphite.66-68 One predicted minimum set of
conditions for diamond formation from such
calculations was 20 kB and 1000°C®8 (i.e., below
the Berman-Simon line%? (see Fig. 4). Others
speculated that compositions in the C-H-O
system are the carbon source for diamond and
graphite formation.”0-74 Recently the sp3/sp2
ratios under various p-t conditions from 700 to
1300 K and 5 to 10 kbars in the C-H-O system in
the hydrothermal regime were calculated by
Piekarczyk®0 and are included as Appendix 1.
The data are shown in Table 2. The results
predict that at temperatures in the lower end of
the hydrothermal range and pressures in the
higher end the sp3 diamond configuration is
favored by a 10%-106 ratio. Hence slow diamond
growth should be possible.

Evidence from natural systems

From graphite, diamond and petroleum
occurrences in nature, there is no argument about
the presence of C-H and C-H-O gases liquids in
rocks. Petroleum (and petroleum cokes) as
precursors to synthetic carbons, including
graphite, has been considered in a previous
section. Here we concentrate primarily on the
evidence for C-H-O liquids in nature as sources
for poorly crystallized carbons, graphite and
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diamond. We believe there is no question about
this, and there is considerable, recent awarencss
and support for such C-H-O liquids and solids
coexisting with oxides in nature.”6-78 Defining
the details of the exact species under conditions
(P,T, fO;Q) in the earth is an active areca of
research.”>-83

Inclusions in quartz

The precipitation of carbon from C-H-O
systems (CO;.CH4.H,0-...) is clearly
documented in an extensive literature which
because of space restrictions cannot be
adequately treated here. We start with a
example which immediately convinces any
observer with no equipment other than a naked-
eye: the occurrence of poorly crystallized
natural carbons such as anthraxolite and
shungite which clearly formed under mild
hydrothermal conditions where quartz is
usually formed. For the famous Herkimer and
Marmaros “diamonds” (quartz crystals), the
formation of single crystal quartz and the high
carbon phase was clearly simultaneous—there
being many samples of each being included in
the other.84.85 The hydrothermal conditions
were probably in the range of 300-500°C and
about 1 kB. We suggest that if the pressure had
been greater than (no more than about 40 kB),
some of the carbon could have been converted to
diamond.

Likewise, liquid and gaseous hydrocarbon
inclusions in quartz and carbonates provide
indisputable evidence of coexistence in apparent
equilibrium of these very unlike and chemically
immiscible phases. Analyses of liquid inclusions
in quartz crystals shows compositions in the
C-H-O system (Table 3).85 A very pertinent, if
accidental, experiment visually demonstrated
the precipitation of carbon when a gas inclusion
was heated by the laser beam.86

Graphite deposits

Natural graphite occurrences and their
origin have been studied extensively, and the
evidence for the role of liquids in the C-H-O
system is conclusive.87-92 The composition of
liquids in equilibrium with graphite are shown
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in Figure 692 (This figure will be considered
again along with the C-H-O diagram for CVD
diamond synthesis when discussing the concept
of a continuum between high and low pressure
synthesis of diamond.) The rather mild
hydrothermal conditions for obtaining a high
degree of graphitization in nature compared to
the high temperatures for commercial processes
suggest that to offset the infinite time of
nature’s laboratories, there may also be some
kinetic advantages in hydrothermal systems.

Inclusions in diamonds

In pioneering studies many years ago,
natural diamonds were cracked in a mass
spectrometer, and the emitted gases were
analyzed.?3-9% It was clear that several species
from the system C-H-O were present. Because
natural diamonds also contain other minerals as
inclusions, it’s possible some of these species
could have come from nondiamond material.
However the simultaneous genesis of both
diamond and nondiamond phases is compatible

Table 2. The ratio of the number of sp3 bonds to the number of sp2 bonds as a function of temperature, T,
and equilibrium partial pressure of atomic hydrogen, P(H).

P =5000 atm P =10000 atm

T P(H) n(sp3)/nispd) P(H) n(sp®)/n(sp?)

700 .85436E-13 3.05E+09 10163E-12 8.63E+09

800 .15762E-10 9.26E+06 .18760E-10 2.63E+07

900 92442E-09 1.06E+05 .11012E-08 3.03E+05
1000 24221E-07 3.08E+03 28895E-07 8.88E+03
1100 35218E-06 1.76E+02 42104E-06 5.11E+02
1200 32847E-05 1.82E+01 39386E-05 5.01E+01
1300 21727E-04 4.18E+00 36153E-04 8.64E+00

Table 3. Composition of gases contained in the inclusions of “Marmaros diamonds” (vol. %, HO being
not taken into account). [L. Karwowski and J. Dorda, Mineralogia Polonica 17:3 (1986)].

Locality Konina* Pod Karczma* Pasternik Stream Lapsze Nizne
temp C

70 150 100 700 100 200 500 150 600
comp.
CHy 100 100 83.69 10.96 73.16 85.04 36.21 3776 21.50
CoHg — — 7.66 2.93 5.47 5.46 5.12 2.08 7.52
C3Hg — — — 1.27 —_ —_ 2.17 — 1.95
C4Hi0 — — 5.44 0.88 3.78 6.89 2.47 — 391
C3Hg — — — —_— — — 1.95 — 6.11
CO, — — 331 8395 2.34 2.61 16.77 320 3293
H» — — — _— — — 32.71 56.96 26.08
N> o o no o 14.34 — 1.70 0 o
Ar o no o 091 — 0.90 o no




Figure 6.

with an environment containing C, H, and O.
Additional support comes from optical studies of
so-called coated diamonds —those that clearly
had undergone a later stage of growth clearly
defined from an initial core crystal.?7-102 Again
there was evidence of species from the C-H-O
systems in natural diamonds and new growth
occurred on the original diamond in P-T-X
environment presumably different from the core.

Diamond from kimberlite and related rocks

Most natural diamonds are found associated
with kimberlite, a complex igneous rock which
in some mysteriously selective way has tapped
the depths of the crust to bring the diamonds
nearer the surface. Current thinking based on
sometimes rather vast age differences between
the diamonds (older) and the kimberlite host
(younger) indicate the diamonds did not
originate in the host material; i.e., they are
foreign minerals (xenoliths193). This type of
information is totally dependent on the analysis
of non-diamond inclusions in the diamond.
Graphite is also found both as inclusions and
sometimes as rather large aggregates in
kimberlite type rocks. The concentration of
diamonds is generally small (of the order of a
ppm), but individual pieces of basic rock brought

D. Rumble and T. C. Hoering

1431

up by the kimberlite can have much higher
concentrations of diamonds.

The above background on natural diamond
defines some of the boundary conditions that
have to be enfolded into any theory of the origin
of diamonds prior to subsequent emplacement
higher in the earth’s crust as kimberlite pipes.
The reality of C-H-O phases in diamonds (or in
the accompanying non-diamond inclusions) plus
the proof of similar chemistry for the genesis of
graphite deposits strongly suggests C-H-O
liquids as the carbon source for diamond
nucleation and growth (see Fig. 7). The
chemical nature of such liquids would virtually
certainly make them immiscible and non-
wetting with the silicate and oxide phases
present, but in equilibrium with them. The C-H-
O liquids would be a minor immiscible liquid
phase, probably confined to grain boundaries
regions or to small vugs.104 Transport of carbon
via this phase would certainly be more efficient
than the diffusion of carbon-containing species
through the oxide/silicate host. Simultaneous
growth of both diamond and non-diamond
phases, nucleation of many small crystals, and
slow growth and limited size of natural

CH, Ha

"Composition tetrahedron for C-H-O reactions in the C-H-O-Si
system.

Figure 7.
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diamond are readily explained by this
configuration and chemistry. There now are
many recent papers in which authors clearly
support the growth of diamond from C-H-O
liquids bringing general acceptance to an old
idea. The principal determinant for the
formation of diamond or graphite from this
chemistry is what pressure was necessary for
diamond formation. The general conclusion from
studies of the non-diamond inclusions and their
experimentally determined stability regions is
that, in nature, below about 40 kbar natural
diamond generally does not form.

Diamond from metamorphic rocks

The concept of an immiscible C-H-O liquid
also provides a common ground for explaining
the recent discovery of diamonds in
metamorphic rocks of a chemistry totally
different from the basic kimberlite mode.>® This
surprising result came from careful and detailed
studies by N. Sobolev and his colleagues of very
small diamonds found as inclusions in minerals
in metamorphic rocks in Russia.102-107 A
similar find is reported from Chinal%8 and in
garmet-micaceous gneiss in Russia.l0 However
the p-t conditions are thought to be above about
40 kbar and 1100 C. There is also a recent report
of what seems to be overgrowth of diamond on
some diamonds in a kimberlite pipe.119 This
would be a truly amazing discovery if it holds
up to further scrutiny since it would be necessary
to modify somewhat the belief that diamonds
are always xenoliths in the basic rocks.

Summary

There is universal agreement C-H-O liquids
exist at depth in the earth. They are
immiscible with silicate liquids or aqueous
silicate solutions (oil and water!). Such liquids
provide a common chemical origin for diamond,
graphite, and less-well-crystallized carbon
deposits from both kimberlite and metamorphic
regimes. In this model the solid phase that
forms in this model is primarily dependent upon
the pressure ambient, and it appears that

diamond did not form below about 40 kB in
nature.

From our viewpoint it is certainly
interesting to note that there is essentially zero
research utilizing the route that nature used.

Carbon in Ionic Liquids

Carbon in oxides and silicates

The solubility and transport of carbon, per
se, in oxides and silicates are not well
understood, but appear to be small in magnitude
in both natural and synthetic systems.!11-115
Some interesting and controversial concepts with
respect to mechanisms and possible species have
been proposed.116-118 The diffusion of carbon
itself through silicates does not seem to be a
very productive model to follow to explain
carbon deposits. On the other hand there’s a
wealth of reproducible information on the
solubility and transport of COj and H>O ih
silicates in the petrological literature.119-125
We suggest that the a C-H-O liquid much richer
in carbon than the CO2-H70 join from the
silicate melt at high pressures and temperatures
is critical to diamond and graphite genesis.

The oxidation or reduction of the species in
this liquid (e.g., CHy or CO,, respectively)
provides the mechanism for nucleation and
growth of carbon as diamond or graphite
depending on the P-T conditions. Both the
dominant C-H-O species and the redox reactions
are function of P, T, X and f02.74'78'82 ‘With
respect to X, composition, sulphur may be an
important ingredient in diamond genesis.
Sulphides are important inclusions in diamond,
and several have suggested their role in the
reduction of C-H-O liquids.”6:126-130 Consider
the interesting possibility of three immiscible
liquids; silicate, C-H-O, and sulphide,
participating in the formation of diamond.
With regard to oxygen fugacity, there seems to
be general consensus that the fO; range for
carbon precipitation lies between the wustite-
magnetite (WM) and quartz-fayalite-magnetite
(QFM) buffers.78,82,131-133 This range may
extend to the iron-wustite (IW) buffer which
would help explain the confirmed discovery by



Sobolev of native iron as in inclusion in
diamond.134 Because of the rarity of native
metal in diamond, there’s been little support for
metal-carbon solutions as the source of natural
diamond as shown to us by kimberlites and
lamproites. This does not preclude this
possibility occurring in a natural laboratory at
much greater depth where iron is predominant.
Haggerty’s excellent graphical summation’8
should be consulted for a more comprehensive
picture of the interrelationships among these
parameters (Figure 8).
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The reduction of carbonates in equilibrium
with graphite and conversion to diamond has
been achieved under severe P-T conditions (77
kbar, 2150°C).40 Decomposition of FeCOj
(siderite) to graphite and ma§netite was found
at about 460°C and 2 kbar,'3% and a patent
claims diamond formation from the same
composition at 900°C and 40 kbar.136 Also
pertinent to the search for P-T limits for
diamond formation is the fact that the
extensive studies on CO,/H,O solubility at
pressures up to about 40 kbar have produced no
diamond but graphite.11?
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Carbon in halide and nitrate liquids

Of immediate interest to diamond synthesis
are two different one-atmosphere, liquid-phase
processes reported by Cherian and Patel137-141
and by French and French.142 The former were
studying etching of diamond in molten salts
above about 600 C in nickel crucibles and found
the surprising result of hillocks or elevations in
addition to etch pits. The growths were always
of a facetted nature but not always of a common
orientation that might be expected from growth
on a diamond substrate. There appears to be a
“ditch” around the hillocks. These transparent
overgrowths are a few microns to 10 s of microns
in size and not attacked by inorganic acids. The
phenomenon has been reproduced in other
laboratories, but there has been no further
development, application or understanding of
the process. There’s speculation that an
intermediate carbide phase or Ni-C complex
may be involved. It's interesting to wonder about
a possible analogy to the CVD diamond growth
process where both diamond and graphite may
form, but the latter is more rapidly removed by
etching. Unfortunately the published work does
not provide sufficient detail about the
chemistry of the environment to define more
precisely the possibilities. Perhaps this system
could be controlled to fit into the metal-carbon-
hydrogen category.

The work of French and French is reported
only in the form of patents!42 and consists
basically of reactions of the following type:

A14C3 + 3CX4 =6C + 4A1X3

where X is Cl, Br .... These reactions are carried
out in glass flasks at one atmosphere in the
presence of a molten salt (e.g., LiCl-AICly) at
temperatures of about 250 - 300 C. A carbon-rich,
black, fine-grained powder which can scratch
B4C slightly is-the product. There’s no evidence
from either Raman or X-ray spectra for
diamond, but the hardness is certainly
compatible with considerable sp3 type bonding
as in diamond-like or vitreous carbons. There’s
no report of the effect of seeding the melt with
diamond. It is claimed that diamond forms from

the reaction of polytetrafluoroethylene and
Al4C3 at 29 kbar and 500°C.143

Summary

Hard carbon-rich materials can be made
under ambient conditions in special liquid
systems, but the understanding is limited and
exploitation has been essentially non-existent
for some time. There’s no support for synthesis of
diamond below about 40 kbar. From solutions of
CO, and H,0 in oxides and silicates.

CONNECTIONS AND CONCLUSIONS

Diamond grows from metal-carbon and from
C-H-O liquids at least above about 40 kbar and
1100°C. The former is the basis for commercial
production of abrasive grain, and the latter
represents at least one regime of the natural
environment. From the metal-carbon systems,
graphite can grow metastably along with
diamond from the same P-T regime and stably
below the above limits. In spite of the ability to
lower the initial temperature of metal-carbon
eutectics and thereby the temperature of
nucleation of diamond, the evidence for a
significant and reproducible lowering of
pressure, say to 20 kbar, from either type of
liquid, is much less certain.

At the other extreme is the deposition of
diamond at relatively slow rates at less than
one atmosphere by chemical vapor deposition
from the C-H system in the presence of atomic
hydrogen with or without diamond seeding on
many substrates. Under nearly similar
conditions but without atomic H, graphite is
formed readily in the the presence of molten
metals (perhaps in a Me-C-H system). Metals
have been added to the DVD diamond processes,
but their role is not well-defined and certainly
no diamond whiskers with a metal catalyst at
tip have been found. The LPSSS process produces
diamonds at less than 1 atmosphere in the
presence of diamond seeds and atomic
hydrogen.61.62,64 Instead of diamond seeds,
powdered metals work. A Me-C-H melt is
“involved” in the process.



Between these two extremes is there a
connection that would permit synthesis of
diamond at lower pressures than normal HPHT
conditions and at faster rates than normal LPHT
CVD? The rather substantial amount of
evidence for no diamond formation in the
pressure range between 1 atm and 40 kbar for
both C-H-O and metal-carbon systems is not too
promising in spite of the hope provided by the
equilibrium line between diamond and graphite
and some recent claims. Kinetics may be the
controlling factor in the lower pressure range, as
evidenced by the limitation of even seeding in
the HPHT process in lowering both P and T.

The success of CVD diamond processes is
independent of seeding (except to control
nucleation) but very dependent on preventing or
destroying graphite nuclei. It is interesting to
compare three representations of the C-H-O
composition triangle for three different P-T-X
regimes. The Bachmann diagram!44 (Fig. 9a)
summarizes the C-H-O range for CVD diamond
formation from the gas phase in the presence of
atomic H at about 800°C and 1 atm or less. The
Jablonski diagram!45 (Fig. 9b) shows the
stability regions at 600°C and 1 atm for metal
carbide with graphite, metal, and metal oxide
when Fe, Ni, Co are added to the C-H-O system

Non-Diamond
Growth Region

No Growth Reglon

Figure 9a.
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for growth of graphite filaments—but without
atomic H. The Rumble C-H-O diagram (Fig. 9¢)
(also where H is Hp) defines the composition of
liquids in equilibrium with graphite at 4 kbar
and 600°C.92 Obviously 4 kbar is not enough, and
the effect of atomic H in producing diamond is
clear. The problem is that there is not an
equivalent scavenger in the high pressure
systems where graphite can form quite readily
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along with diamond; atomic H is not stable
under those conditions so there is not a continuous
connection from the low to high pressure
regimes. Perhaps in the Cherian/Patel system
the molten salt also acts as both carbon
transporter and etchant of graphite. Is there a
graphite eliminator that can be effective in an
intermediate pressure range? Some molten salts
added in the synthesis of cubic BN synthesis do
seem to drastically lower the nucleation
temperature—and to a lesser extent the
minimum pressure also.46:47

Summary

C-H liquids are important as precursors
determining the structure of carbon used in
HPHT processes. The nature of this carbon when
exposed to a metal at HPHT is a subject of
controversy compounded by whether one
believes in a metal as a dissolver of carbon or as
a catalyst for the graphite to carbon conversion.
The solution concept is the basis for design of
metal systems for diamond synthesis. An
interesting and recent possibility is the further
lowering of Me-C eutectics by the addition of
hydrogen. There is support for, this concept in
both CVD diamond and graphite synthesis. The
system Me-C-H where atomic H is present is
worth additional study. Most information on
the P-T regime for diamond synthesis for both
Me-C and C-H-O in the factory and in nature’s
laboratories do not support diamond formation
below about 40 kbar and 1100°C. The unique role
of atomic as a graphite suppressor/eliminator in
low pressure CVD processes suggests a search for
a higher pressure equivalent.
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APPENDIX 1
Evaluation of the possibility of diamond crystal
growth under hydrothermal conditions*

Dr. Wladyslaw Piekarczyk
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

1. Composition of the gas phase

The composition of the gas phase was
calculated with the help of the SOLGASMIX
program by G. Eriksson. Thirty gaseous species
were taken into consideration in introductory
calculations. Afterwards, species whose partial
pressures were lower than 103 atm in the entire
pressure and temperature ranges were omitted
and only 14 gaseous species remained in the
system. Graphite and water were the starting
materials. Calculations were performed for
total pressures of 5000 and 10000 atm and
temperatures from 700 to 1300 K. The following
simplifying assumptions were accepted:

1. Solid carbon (graphite) is always

present in the system.

2. Gases behave as ideal ones.
Consequently, no activity corrections
were made.

It should be stressed here, however, that
water (and some other compounds present in the
system) can exist in the critical state only under
the given conditions.

The calculation results is displayed in Table
2 (see main text). The main constituents of the
gas phase are H2O, CHy, CO3, CO and Hj.

2. Solubility of carbon in water under
hydrothermal conditions

The solubility of carbon in the gas phase,
expressed in- atomic fractions, under the
considered conditions is shown in Figure 1. As
seen from the figure the solubility is fairly high
(~15%), slightly increases with temperature

* This paper was presented at the DRMC meeting in
the Fall of 1990.

and practically does not depend on total
pressure. For this reason small growth rates
(typical for the hydrothermal method) can be
expected even at possibly large temperature
differences between the dissolution and growth
zones.

3. Concentration of double carbon-carbon bonds
formed on surfaces of growing diamond
crystal

The approximate ratio of the number of
single carbon-carbon bonds, n(sp3), to the number
of double carbon-carbon bonds, n(sp?), formed on
surfaces of diamond crystals during their growth
under the considered conditions are given in
Table 2 (see main text). These ratios were
calculated using equilibrium constants of
reaction (7) in ref. [1]

CgH3(3*) + 6H(g) = C4Ho(3*)

and the equilibrium partial pressures of atomic
hydrogen, P(H), given in Tables I and IL
“Benzene-like,” CgH3(3*), and “cyclohexane-
like,” CgHg(3*), clusters play a crucial part in
the growth process of diamond on {111} faces [1].
The standard Gibbs energy of the above reaction
can be estimated with the help of the equation

AGP [cal] =-408782 + 50.076-T
+ 21.649-TInT - 16.858-10°3-T
+15.083-10°/T + 1.649-10°6.13

As seen from Table I the ratio n(sp3)/n(sp?)
assumes values higher than 103 at temperatures
lower than around 1100 K which means that at
these temperatures the equilibrium partial
pressures of atomic hydrogen are sufficiently
high to suppress the formation of double bonds.
At higher temperatures a considerable number of
double bonds could be formed. Hence, one can
expect that diamond crystals free of graphite
(or other non-diamond carbon form) inclusions
can grow at least in the lower temperature
range, especially at the higher total pressure.
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4. General conclusion References

It results from the above considerations that {1} W. Pickarczyk, Diamond-Vapor Interface
diamond crystals should grow, albeit slowly, and Processes Proceeding on It During
under hydrothermal conditions. In order to Growth of Diamond Crystals, I. Diamond
avoid graphite codeposition the growth (111) Face, submitted to J. Crystal Growth.

temperature should be in the lower temperature
range but the total pressure should be as high as
feasible.

Carbon solubility [atom.fract.]

Temperature [k]

Figure 1





