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Effects of carbon convection field on large diamond
growth under high-pressure high-temperature
conditions™
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Large diamond crystals were successfully synthesized by FeNi—C system using temperature gradient method under
high-pressure high-temperature conditions. The assembly of the growth cell was improved and the growth process of
diamond was investigated. Effects of the symmetry of carbon convection field around the growing diamond crystal
were investigated systematically by adjusting the position of seed crystal in the melted catalyst/solvent. The results
indicate that morphologies and metal inclusion distributions of the synthetic diamond crystals vary obviously in both
symmetric and non-symmetric carbon convection fields with temperature. Moreover, finite element method was applied
to analyze carbon convection mode of the melted catalyst/solvent around the diamond crystal. This work is helpful for
understanding the growth mechanism of diamond.

Keywords: diamond, high pressure and high temperature, temperature gradient method, carbon

Li

convection field
PACS: 81.05.ug, 61.72.Lk, 07.35.+k, 07.20.Ka

1. Introduction

Diamond crystal growth mechanisms and engi-
neering of high-pressure apparatus have been utilized
efficiently in most of the world’s research and commer-
cial organizations. High-quality large diamond crys-
tals and abrasive diamond grits have been synthe-
sized for commercial and scientific uses.!'~'! Large
single-crystal diamonds can be synthesized by low-
pressure microwave plasma chemical vapor deposition
(MPCVD) and temperature gradient growth meth-
ods (TGM) under high pressure and high tempera-
ture (HPHT), respectively. Recently, single-crystal di-
amond synthesis by MPCVD has made much progress

(12,13] How-

at the Carnegie Institution of Washington.
ever, in most of research and commercial organizations
throughout the world, the widespread use of chemi-
cal vapor deposition (CVD) diamonds in many appli-
cations has not been successful because of the slow

growth rates and the grain boundaries of polycrys-
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talline diamonds that are produced.'¥l Thus, until
now, TGM under HPHT is also one of the most effec-
tive methods to synthesize large, gem-quality, single-
crystal diamonds.

The driving force of diamond growth by TGM is
provided by the solubility difference resulting from the
temperature gradient in the growth cell. The growth
rate is affected by the carbon diffusion through the
molten catalyst metal film between the carbon source
and the seed diamond crystal.'™>=7] The tempera-
ture gradient is indispensable to the carbon diffusion
and growth of diamond. Generally, the growth cell
in a cylinder shape is used for large diamond growth,
where the seed crystal is embedded in the seed bed
center. During the crystal growth process, the carbon
convection field around the growing diamond crystal
symmetry distributes in the melted catalyst/solvent in
the growth cell. When a solution flow exists around a
growing crystal, the distribution of carbon convection

field around the growing diamond crystal may have
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significant effects on the morphology and the growth
rate of diamond.!*®! In other words, the characteristics
of the synthesized diamond embedded in the growth
cell may be affected by the changes of seed crystal po-
sition. Until now, there are very few reports about
systematic investigations on the changes of carbon
convection field around the growing diamond, which
is symmetric and non-symmetric. Meanwhile, as the
commercial production of large gem-quality diamonds,
one of the most challenging problems is to optimize the
growth cell assembly to create a suitable growth en-
vironment based on different requirements using, for
example, the multi-seed method. However, there is a
lack of effective basis for the adjustment of the dia-
mond growth conditions.

In the present work, large diamond crystals were
synthesized using FeNi-C system by TGM under
HPHT conditions. Effects of morphologies and metal
inclusions of the diamond were investigated systemati-
cally by symmetric and non-symmetric carbon convec-
tion field. These results should be helpful for improv-
ing diamond growth cell assembly and understanding
the growth mechanism of the large diamond synthe-
sized at HPHT conditions.

2. Experimental details

The experiments on the diamond crystal growth
were carried out in a China-type large volume cu-
bic high-pressure apparatus (CHPA) (SPD-6x1200)
at pressure range of 5.5-5.7 GPa and temperature
range of 1280-1350 °C. The high-purity graphite pow-
der used as carbon source and the FegyNisg alloy used
as solvent/catalyst were raw materials in the experi-
ment. The diamond with well faceted {100} crystal
face of 0.5x0.5 mm? was used as diamond seed. The
high pressure apparatus and sample assembly for di-
amond synthesis are shown in Fig. 1. The pressure
was estimated by the oil press load, which was cali-
brated by a curve that was established on the pressure-
induced phase transitions of Bi, Tl, and Ba. The
temperature was detected by a Pt6%Rh-Pt30%Rh
thermocouple. Y]

Carbon convection field of the melted cata-
lyst/solvent was simulated by finite element method
(FEM). With the FEM software, 1/2 and 1/4 en-

tity models were set up, respectively. Entity model

was simulated and analyzed by calorifics—electrics-
liquid coupling analysis using solid 69 and fluid 142
cells. The properties of catalyst/solvent and other
substances have been reported previously.[15:20:21] Af-
ter HPHT synthesis, optical microscope (OM) was
used to observe crystal morphologies and inclusions

in diamonds.

3. Results and discussion

3.1. Synthesis and morphology of large
diamond at different temperatures

As shown in Fig. 1, the heat is generated from the
carbon heater and transmitted along vertical and ra-
dial directions. The temperature is highest at position
A and falls along vertical (Hy) and radial (H,) direc-
tions. Thus, there are vertical and radial temperature
gradients along two directions. The carbon convection
field, which results from vertical and radial tempera-
ture gradients, around the growing diamond changes
with the seed position in the growth cell, and we call
them symmetric (the diamond seed embedded in cen-
ter) and non-symmetric (the diamond seed deviated
from the center) carbon convection fields, respectively.
Generally, the vertical temperature gradient could be
changed freely by adjusting the structure of the assem-
bly. In order to reach a suitable growth rate, the verti-
cal temperature gradient is about 40-60 °C. However,
the radial temperature gradient results from the heat
delivered from the carbon heater to the center of the
growth cell. It is affected by the material thermal con-
ductivity. The temperature gradient is about 10 °C
or greater, and increases with increasing growth cell
size. Figure 2 shows the diamond crystals synthesized
at 5.6 GPa and a temperature range of 12801320 °C.

The experimental results are summarized in Table 1.

—— pyrophyllite
— carbon
heater

——

——carbon
source

— catalyst

|—seed bed

Fig. 1. Schematic diagram of assembly for large diamond
synthesis by TGM under HPHT. Hv: high temperature
region along the vertical direction; Hr: high temperature
region along the radial direction; L: low temperature re-
gion.
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Table 1. Results of diamond synthesized by TGM at pressure of 5.6 GPa. S denotes the symmetric carbon

convection field; N denotes the non-symmetric carbon convection field.

R R Carbon Diamond Schematic diagram
un T/°C . .
convection field morphology of diamond

1 1280 S {100} H

2 1300 S {100}, {111} @

3 1320 S {111} ®

4 1280 N {100} m

5 1300 N {100}, {111} ®>

6 1320 N {111} ®

First, the seed crystal was embedded in the cen-
ter of the growth cell to make carbon convection field
symmetric around the growing diamond. Figures 2(a),
2(b), and 2(c) show the large diamonds synthesized at
1280, 1300, and 1320 °C (runs 1-3), respectively. The
morphologies of diamonds change from the dominated
{100} faces to the dominated {111} faces, and few of
visible metal inclusions appear in the crystals. The
crystals are regular and crystal faces with the same
indices of crystal faces are nearly equal in size. Then,
we only change the position of seed crystal on the seed
bed, and the diamond seed deviates from the center
in the growth cell by several millimeters. A series of
large diamonds were synthesized at a series of temper-

atures (runs 4-6). As shown in Figs. 2(d), 2(e), and
2(f), the morphologies of diamonds also change from
the dominated {100} faces to the dominated {111}
faces. However, it is obviously found from the quality
observations that the morphologies of the synthesized
diamonds are not regular, and the crystal faces with
the same indices of are not equal in size. That is to say,
the carbon convection field around the growing crystal
changes with the seed position, and the morphology
of diamond becomes non-symmetric. The morpholo-
gies of diamonds change obviously and do not show

symmetrical distribution along the vertical direction

through the diamond seed.

Fig. 2. OM photographs of large diamond crystals synthesized at 1280 °C (a and d), 1300 °C (b
and e), and 1320 °C (c and f) in symmetric and non-symmetric carbon convection fields.

In order to analyze the crystal morphology change along the radial direction, a series of experiments in

which we change the distance of diamond seed from the center to the edge of growth cell were performed, which

are shown in Fig. 3. It is clear that the angle « increases with the distance from the center to the seed position

in seed bed. We also found that the quality of diamond crystal deteriorates along the radial direction.
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Fig. 3. Diamond crystal morphology changes along the radial direction. The « is the angle between the vertical

direction and the center connection line of crystal faces.

3.2. Effects of the carbon convection
field on the metal inclusion distri-
bution in the diamond

Usually, metal inclusions were easily trapped in
diamond crystal when the crystal growth conditions
were not appropriate, such as high growth rate.2!]
In order to investigate the distribution of metal in-
clusions in diamond, a series of diamond crystals with
metal inclusions were selected, which were synthesized
in the symmetric and non-symmetric carbon convec-
tion fields.

Figures 4(a), 4(b), and 4(c) show the OM pho-
tographs of large diamond crystals which were syn-

thesized in the symmetric carbon convection field. It
can be found that metal inclusions always exist in the
vertical direction of diamonds, although the amounts
are different. Figure 5(a) shows the schematic diagram
of inclusion distribution in diamond crystals synthe-
sized in the symmetric carbon convection field. On
the contrary, figures 4(d), 4(e), and 4(f) show the OM
photographs of large diamond crystals which were syn-
thesized in the non-symmetric carbon convection field.
The metal inclusions deviate from the vertical direc-
tion of diamonds. Figure 5(b) shows the schematic
diagram of inclusion distribution in diamond crystals

synthesized in the non-symmetric carbon convection
field.

Fig. 4. OM photographs of morphologies and metal inclusions of diamonds synthesized at 1280 °C
(aand d), 1300 °C (b and e), and 1320 °C (c and f). Metal inclusions are denoted by dashed ellipses.

Fig. 5. Schematic diagrams of morphologies and metal
inclusions of synthesized diamonds. Metal inclusions are
denoted by dashed ellipses.

By comparing the morphologies of diamonds, the
distributions of metal inclusions are obviously differ-
ent for different carbon convection fields. In addition,
it is can be found that the metal inclusions were easily
trapped in the diamonds, and the amounts of metal
inclusions increase with increasing temperature.

3.3. FEM simulation and analysis of the
diamond growth

Taking the diamond synthetic temperature of
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1300 °C as an example, we explain the diamond
growth phenomena. As shown in Fig. 1, the heat is
generated from the carbon heater and flows out of the
cell, which makes the vertical temperature gradient
exist in the growth cell and remain a concentration
difference between the high and low temperature re-
gions. Meanwhile, there is a radial temperature gra-
dient, which is one of the most important factors that
affect the carbon convection field around the grow-
ing diamond crystal. In order to analyze the diamond
growth mechanism, the FEM was used to simulate the
diamond crystal growth process. Figure 6(a) shows
the section of carbon convection field at the initial
stage of the crystal growth in FeNi—-C system under
HPHT.

As shown in Fig. 6(a), carbon concentration gra-
dient in the growth cell is denoted by the arrows.
The carbon concentration gradient is associated with
the arrow density. The arrow density and length are
symmetrically distributed along the vertical direction.
That is to say, the carbon convection field around the
seed crystal is symmetrically distributed along the ver-
tical direction.

(b) (c)
Fig. 6. Carbon convection fields at 5.6 GPa and 1300 °C
in the FeNi-C system.
growth; (b) symmetrical distribution around the growing

(a) Initial stage of the crystal

diamond crystal; (¢) non-symmetrical distribution around
the growing diamond crystal.

Now, we consider that the seeds were embedded
in different positions, one is at the center of the growth
cell, and another deviates from the center by several
millimeters. The diamond crystals grow up with time.
Figures 6(b) and 6(c) show half of the carbon convec-
tion field. Diamond seed was embedded at different
positions in the growth cell. As shown in Fig. 6(b),
the carbon convection field around the crystal presents
symmetrical distribution. Such symmetrical carbon
convection around the growing diamond crystal may
lead to the same growth rate on crystal faces with the
same indices on the growing diamond crystal. How-
ever, as shown in Fig. 6(c), the carbon convection field

around the crystal presents non-symmetrical distribu-
tion. Such flow structure may provide non-symmetric
carbon transport to the crystal faces and lead to differ-
ent growth rate on crystal faces with the same indices
on the growing diamond crystal.

According to the melt—solvent theory, solubility
difference resulting from the temperature gradient be-
tween the carbon source and diamond seed provides
carbon transport from the source to the crystal sur-
face, and is the driving force of diamond growth. The
positions of metal inclusions in the diamonds were af-
fected by the symmetry of carbon convection field.
Thus, the changes of distribution of seed crystals in
the growth cell results in the changes of carbon convec-
tion field around the growing diamond crystal, which
affects the morphologies and metal inclusion distribu-
tions in diamonds significantly.

In fact, with the developments of HPHT appa-
ratuses and large-scale growth cells for diamond syn-
thesis, there are some thorny issues for efficiency in
the commercial production. Based on the above in-
vestigation, by optimizing the configuration of the as-
sembly cell and adjusting the carbon convection field
around the growing diamond crystals, it is promising
to synthesize large diamond by TGM and improve the
efficiency in the commercial production.

4. Conclusions

We have investigated systematically the effects
of the symmetry of carbon convection fields around
the growing diamond crystals in the melted cata-
lyst/solvent on large diamond growth. The diamond
morphologies and metal inclusion distributions in dia-
monds were obviously affected by the carbon convec-
tion field around the growing diamond crystal. The
numerical simulation results were compared with ex-
perimental results to explain the diamond growth phe-
nomenon. This work offers a promising route for the
adjustment of the diamond growth assembly, and an
effective solution for commercial production of large
diamond crystals.
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