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Investigation of the process of diamond formation
from SiC under high pressure and
high temperature
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SiC powder or graphite in contact with cobalt, nickel or a Ni;oMnzsCos alloy was treated at
high pressure and high temperature in stable region of diamond. It was found that
Ni;oMn2sCos alloy is more effective in the process of diamond formation from SiC than the
others, but the difference was not apparent when graphite was used instead of SiC. Using
the NizoMn2sCos alloy, diamond formed rapidly with the decomposition of SiC at a pressure
of 5.4-6.0 GPa and temperature 1350-1570 °C, and the growth tended to stagnate after

6 min, when SiC was completely exhausted. X-ray diffraction showed that the relative
intensity of the diffraction lines of diamond and graphite was nearly constant in the samples
synthesized under the same conditions for 2, 4 and 6 min. The results suggest that diamond

and graphite may be formed directly and respectively from separated carbon atoms in

a short time.

1. Introduction

General Electric researchers have reported that graph-
ite could transform to diamond in the presence of
some metallic solvent—catalysts under high pressure
and high temperature in the thermodynamically stable
region of diamond [1, 2]. Since then, various carbon-
aceous materials, as well as some organic compounds,
have been used to supply the carbon for diamond
synthesis in either direct transformation or sol-
vent—catalyst processes [3, 4]. Another kind of
method has been patented to produce diamond via the
decomposition of carbon-containing inorganic com-
pounds such as carbides and carbonates [5-7]. Al-
though it is interesting to consider the mechanism of
diamond formation in a non-conventional process,
details of the method have not been published in
scientific journals.

In recent years, it has been reported that diamond
could be synthesized from a system of SiC and a metal
[8, 9]. The reaction process has been described as
follows. SiC decomposed when the system is exposed
to high pressure and high temperature. When affected

by the metallic solvent—catalyst, carbon was partially -

separated as diamond and partially as graphite under
the conditions in the stable region of diamond, while
silicon could dissolve into and remain in the metal.

However, the experimental results are not yet suffi-
cient to explain the mechanism of the reaction. It is
still necessary to investigate details of the non-conven-
tional process, and the possibility of any special prop-
erties of the diamond.

In this context, SiC and graphite were used as the
carbon source and nickel, cobalt, and a Ni;oMn,sCos
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alloy as solvent—catalyst for synthesis of diamond un-
der the various conditions, and also the systems of SiC
and metal were held for different times under the same
conditions of high pressure and high temperature. The
experimental results were compared and some new
features of the process were discovered.

2. Experimental procedures

As starting materials, 3C-type SiC powder (average
grain size 100 pum, purity 99.95%) was placed alter-
nately with several discs of cobalt, nickel or
Ni;oMn,sCos alloy. The SiC and metal discs were put
into a reaction container made of NaCl + 20wt %
Zr0,. Fig. 1 shows the sample configuration.

The high-pressure experiments were carried out in
a cubic anvil apparatus, and each anvil top end was
235 mm long. Pressures were calibrated at
600-760°C by the melting point of lead [10], while
the temperature was estimated by extension of the
relation between the input heating power and the
emf. of a (NiCr-NiSi) thermocouple; the pressure
effect on the thermocouple e.m.f. was ignored.

The sample was first subjected to a high pressure
and heated to the desired temperature, and held for
the desired time. It was then cooled to room temper-
ature and finally decompressed. The starting materials
and experimental conditions are listed in Table I.

The sample obtained was first observed with an
optical microscope, and the secondary electron image
(SEI) of a scanning electron microscope. It was then
treated with a hot mixture of HCl and HNO; to
remove the metal. X-ray diffraction analysis was
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Figure 1 Sample assembly: 1, Mo plate; 2,3,4, NaCl + 20wt %
Z210Q,; 5, graphite heater; 6, 7, 10, pyrophyllite; 8, SiC or graphite; 9,
metal plate; 11, steel ring.

carried out before and after acid treatment. Some
samples were also treated with a hot mixture of
H,SO, and HNO; (4:1) to remove graphite and to
recover diamond. The starting materials and the dia-
monds obtained were weighted in a balance, and the
grain-size distributions of the diamond crystals were
measured by a system of laser particle analysis
(Malvern Instruments).

3. Results and discussion
3.1. Difference of the effect of solvent-catalyst
on the two kinds of carbon source
materials
As shown in Table I, various metals were used as
solvent—catalyst in contact with the SiC or graphite,
and the two kinds of system containing the different
carbon source materials were treated under similar
conditions of pressure and temperature.
X-ray diffraction on the samples A1, A2, A3, Bl and
B2, where nickel or cobalt were used, showed that the
SiC peak was reduced in Al, A2, Bl and B2 and

TABLE 1 Starting materials and experimental conditions
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Figure 2 X-ray diffraction pattern of the sample C1. (A) SiC, (O)
graphite, (@) diamond.

disappeared in A3, while a sharp graphite line ap-
peared, but no diamond line was seen in the diffrac-
tion patterns after acid treatment of the samples.
Although diamond lines could be found in the pat-
terns of samples B3, where cobalt was used and the
holding time was longer, the diamond obtained was
only very small.

In contrast, diamond lines appeared clearly in the
X-ray diffraction patterns of samples C1-D4, and
many diamond crystals, whose size ranged from a few
to a hundred micrometres, were observed by optical
microscopy in the samples, where Ni;oMn,5Cos alloy
was used. Fig. 2 shows the X-ray diffraction of Cl
synthesized for a very short time. Although SiC could
be detected, diamond and graphite lines appeared
clearly.

Thus, it was confirmed that Ni,;Mn,sCos alloy is
more effective in the process of diamond formation
from SiC, than cobalt or nickel.

On the other hand, diamond was easily synthesized
in both samples E1 and E2, when cobalt and
Ni;oMn,sCos alloy were used as solvent—catalyst,
respectively, and graphite as the carbon source; the

No. Starting Weight Pressure Temperature Holding
material ratio (GPa) O time (min)
Al SiC + Ni 1:8 5.8 1510 5
A2 SiC + Ni 1:8 6.3 1460 5
A3 SiC + Ni 1:8 57 1460 14
B1 SiC + Co 1:8 5.7 1460
B2 SiC + Co 1:8 59 1570 5
B3 SiC + Co 1:8 6.0 1570 20
C1 SiC + NiyeMn;sCos 1:6 6.0 1460 0.5
C2 SiC + NizoMn,sCos 1:6 6.0 1460 1
C3 SiC + Ni;oMn,5Cos 1:6 6.0 1460
C4 SiC + Ni;oMn,sCos 1:6 6.0 1460 4
Cs SiC + Ni;gMn,sCos 1:6 6.0 1460 6
C6 SiC + NiyoMn,sCos 1:6 6.0 1460 10
Cc7 SiC + Ni;eMn;sCos 1:6 6.0 1460 20
D1 SiC + NisoMn,s5Cos 1:8 54 1350 2
D2 SiC + NizoMn,sCos 1:8 5.4 1350 4
D3 SiC + Ni;oMn;5Cos 1:8 54 1350 6
D4 SiC + NizgMn,sCos 1:8 5.9 1570 5
E1 Graphite + Co 1:4 59 1570 5
E2 Graphite + Ni;oMn,5Cos 1:4 59 1570 5
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synthesis conditions were the same as that for B2 and
D4.

Diamond obtained from samples E1 and E2 was
almost equal in weight: 62 and 61 mg, respectively
(starting graphite 110 mg).

The results show that effect of solvent—catalyst on
the behaviour of SiC is different from that on the
graphite one. This experimental fact could suggest
that the mechanism of diamond formation from SiC
may be different from that of the conversion of graph-
ite into diamond, in the presence of the metallic sol-
vent—catalyst.

Another reason was also considered: when SiC de-
composed and Si dissolved into the metal, the effect of
silicon-rich solvent—catalyst on the carbon atoms dif-
fers from that of the metals containing no silicon.

3.2. Variation of productivity and grain size
of diamond with reaction time

In order to investigate the process of diamond forma-

tion, SiC and Ni-,Mn,,Cos in the weight ratio 1:6

were treated under the same conditions for 2, 4, 6, 10

and 20 min in samples C3-C7.

Fig. 3 shows the relation between weight of dia-
mond recovered and the holding time at high pressure
and high temperature; Fig. 4 shows that between aver-
age grain size of the diamond crystals and time. As
shown, productivity and average grain size of the
diamond both increased remarkably with reaction
time before 6 min, but they became almost constant
from 6—20 min, suggesting that the rate of diamond
formation was rapid before 6 min and then became
very slow. The reason may be that diamond formed
quickly owing to decomposition of SiC, and then
growth tended to stagnate after 6 min when the SiC
was completely exhausted. Although the partially pro-
duced graphite could then transform continually to
diamond, the conversion of the carbon may become
difficult when the concentration of silicon in the solu-
tion became high.

3.3. Composition of the samples treated
for a short time
In the light of the above phenomena and discussions,
the investigation was focused on the samples treated
for a short time. Fig. 5 shows the X-ray diffraction
patterns of samples D1, D2 and D3 after acid treat-
ment, where SiC and Ni,,Mn,sCos alloy were used in
the weight ratio 1:8 and were held under the same
conditions for 2, 4 and 6 min. It was clear that SiC
lines almost disappeared, while diamond and graphite
appeared in the samples.

However, it was noticed that the relative intensity of
the diffraction lines of diamond and graphite was
nearly constant in the samples. It may be suggested
that the conversion process of graphite into diamond
or vice versa does not occur before 6 min. In other
words, diamond and graphite formed directly and
respectively from separated carbon before the end of
SiC decomposition.
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Figure 3 Relation between weight of diamond and the holding time
for samples C3, C4, C5, C6 and C7.

£

=, —

— 40 O~

2 (¢

@ L

c O

©

o 20 -,/

e !

g W

g

X L L 1 ! 1 1 L 1 L ]
0 2 4 6 8 10 20

Holding time ( min )

Figure 4 Relation between average grain size of diamond and
holding time for samples C3, C5, C6 and C7.

(a)
oy
Pay
a
_\\—&)‘L‘\_‘LA
o (b)
2
=
S .
£
E o} ™
2
2 o {c)
[
£
| .
W
© (d)
] "
o] ¢
T T T T —T
20 40 60 80

CukK,, 206 (deg)

Figure 5 X-ray diffraction patterns: (a) SiC in starting materials;
(b-d) samples D1, D2 and D3 after acid treatment. (A) SiC, (O)
graphite, (@) diamond.
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Figure 6(a,b) Secondary electron images of the diamond crystal in
the sample D4.

3.4. Morphology of the diamond crystals
Grain size and the shape of diamond crystals syn-
thesized from SiC with Ni,,Mn,sCos alloy depend on
the conditions of pressure and temperature. The tend-
ency was similar to that of diamond synthesized by
graphite.

The diamond crystals have a more perfect shape
and a more homogeneous grain size although the
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average grain size is smaller. As a feature, many de-
veloped {111} facets could be observed in the dia-
mond. Fig. 6 shows examples of the crystals obtained.
The crystal colour is yellowish.

4. Conclusion

Diamond could be synthesized from a system of SiC
and Ni,oMn,;Cos alloy under high pressure and high
temperature. Ni,,Mn,sCos alloy was effective in the
diamond formation from SiC, rather than cobalt or
nickel. The difference in the effects of solvent—catalyst
was not apparent when graphite was used as the
carbon source material under similar conditions.

Using the Ni;oMn,s;Cos alloy, diamond formed
rapidly with the decomposition of SiC at a pressure of
5.4-6.0 GPa and temperature 1350-1570°C, and the
growth tended to stagnate after 6 min, when SiC was
exhausted completely.

X-ray diffraction showed that the relative intensity
of diamond and graphite lines was nearly constant in
the samples treated under the same conditions for 2,
4 and 6 min. It may be suggested that diamond and
graphite could be formed directly and respectively
from separated carbon atoms in a short time.
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