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To elucidate the regulation mechanism of catalyst geometry structure to diamond growth, we establish three catalyst
modes with different structures. The simulation results show that with the decrease of the protruding height of the catalyst,
the low-temperature region gradually moves toward the center of the catalyst, which causes the distribution characteristics
of the temperature and convection field in the catalyst to change. The temperature difference in vertical direction of the
catalyst decreases gradually and increases in the horizontal direction, while the catalyst convection velocity has the same
variation regularity in the corresponding directions. The variation of temperature difference and convection velocity lead the
crystal growth rate in different crystal orientations to change, which directly affects the crystal morphology of the synthetic
diamond. The simulation results are consistent with the experimental results, which shows the correctness of the theoretical
rational analysis. This work is expected to be able to facilitate the understanding of catalyst structure regulation mechanism
on diamond morphology and the providing of an important theoretical basis for the controllable growth of special crystal

shape diamond under HPHT process.

Keywords: diamond, single crystal growth, high pressure and high temperature, crystal morphology
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1. Introduction

As a kind of ultimate functional material with many ex-
cellent physical and chemical properties, diamond has been
widely used in industry, science and technology, national

1101 High temperature and

defense and many other fields.!
high pressure (HPHT) process based on temperature gradi-
ent method (TGM) is an effective way to obtain high-quality
large single-crystal diamond.!"''¥1 For the HPHT prepara-
tion, the temperature gradient in molten catalyst is the main
driving force for the growth of diamond, while the natural
convection in the catalyst caused by the temperature gradi-
ent can effectively transport carbon atoms to the seed diamond

20.23] Therefore, the temperature gradient and natural

surface. !
convection flow in the catalyst are significant factors that de-
termine the crystal quality, morphology, and growth rate of the
synthetic diamond.

The geometric structure of metal catalyst directly affects
its characteristics of internal temperature and convection dis-
tribution. In our previous research, >3 we found that the phys-
ical field distributions of convex-shape catalyst and tabular-
shape catalyst are significantly different from each other,
which are suitable for the synthesis of diamond with differ-
ent crystal morphologies. Moreover, our study also found that

DOI: 10.1088/1674-1056/ab90e8

increasing the protrusion diameter of the convex catalyst can
significantly increase the growth rate of synthetic diamond. %%
Therefore, the geometric structure of the catalyst will have an
important effect on the growth of diamond. However, the in-
fluence and regulation mechanism of catalyst geometry struc-
ture on diamond growth are not completely clear at present,
which needs further studying and exploring.

In this work, we optimize the catalyst structure and estab-
lish convex catalyst modes with different protruding heights
to further explore the influence mechanism of structural vari-
ances on diamond growth. The temperature distribution and
the convection distribution of the catalyst in diamond synthetic
cavity are simulated by the finite element method (FEM).
Through the analysis of numerical results, we find that with
the decrease of the convex catalyst protruding height, the hor-
izontal temperature difference increases and the vertical tem-
perature difference decreases significantly. At the same time,
the convection velocity increases in the horizontal direction
and decreases in the vertical direction. The simulation results
indicate that there are significant differences in the height-to-
diameter ratio among the diamonds synthesized under differ-
ent modes, which means that the synthesized diamond will
have different crystal morphologies. The simulation results
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are confirmed in the diamond synthesizing experiment. The
results of this study not only elucidate the regulation mecha-
nism of the protruding height of convex catalyst on the growth
of diamond, but also provide an important theoretical basis for
the controllable growth of different morphology diamonds un-
der HPHT process.

2. Simulation and experimental details

The schematic diagram of the assembly structure of the
high-pressure apparatus, the synthetic sample assembly and
the catalyst model are shown in Fig. 1. We established three
convex catalyst modes with different convex heights as shown
in Fig. 1(c).
were 4 mm, 3 mm, and 2 mm respectively, while the other

The convex heights of modes A, B, and C

dimensions were exactly the same. The numerical simula-
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tions of temperature and convection fields of three models
were based on the finite element method (FEM) through the
electric-thermal-fluid coupling analysis in the ANSYS multi-
field coupling software package. During the calculation, the
same voltage, boundary conditions, and material parameters
were applied to each mode. The temperature boundary for
thermal analysis was set as follows: 30 °C for the cooling wa-
ter temperature, and 50 °C for the bottom temperature of the
six steel rings. The velocity boundary for fluid analysis was
set as follows: symmetric constraints were applied to the sym-
metric surface of 1/4 mode, and the velocity vectors of the
other areas were set to be Vx = Vy = Vz = 0. The voltage of
the top and bottom steel rings were set to be 2.8 Vand 0 V
respectively. The material parameters used in the simulation

were cited from other literature.[?7-29]
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Fig. 1. (a) High-pressure apparatus for diamond synthesis, (b) diamond synthesizing assembly cavity, and (c) catalyst structure modes A, B,

and C with different protruding heights.

The diamond synthesizing experiments were performed
in the China-type cubic high-pressure apparatus (CHPA) with
a sample assembly of 42 mmx42 mmx42 mm and using Fe—
Ni alloy catalyst at 1300 °C and 5.7 GPa. It must be noted
that before the HPHT treatment, the raw graphite powder was
compressed into a carbon ring, and the convex catalyst struc-
ture was made of the solid FegqNisg alloy catalyst wafers with
different diameters. High purity graphite powder (99.9% pu-
rity) and the diamond with a {100} crystal surface of size
0.6 mmx0.6 mm were used as the carbon source and seed di-
amond, respectively. The synthetic pressure was estimated by
oil press load, which had been calibrated based on the corre-
sponding relations between the pressure-induced phase transi-
tions of Bi, T1, and Ba. The temperature near the seed diamond
in synthesis process was measured by using a Pt-30%Rh/Pt-
6%Rh thermocouple. After the synthesis experiments, a mix-
ture solution of HNO3; and H,SO4 was used to remove the im-
purities remaining on the surfaces of the collected diamonds.
Optical microscope was employed to observe the morphology

of synthetic diamond.

3. Results and discussion

In order to study the influence mechanism of catalyst
structure on diamond crystal morphology, we establish three
convex catalyst modes with different protruding heights. Their
temperature and convection fields are simulated and analyzed
by FEM. Figures 2(a)-2(c) and 2(d)-2(f) show the temperature
and convection characteristic distribution results of modes A,
B, and C. From the temperature results, we can first observe
that the temperature field is symmetrically distributed, with the
high temperature region contacting the carbon source and the
low temperature region being located around the seed location.
Then we can see that with the reduction of the convex catalyst
protruding height, the temperature distribution characteristics
of the catalyst protruding part change significantly. The dis-
tribution proportion of the yellow region in the middle begins
to decrease, while the light green area begins to increase. Ac-
cording to the corresponding relationship between temperature
and color bar, we can figure out that the temperature difference
in the vertical direction of the catalyst decreases. As shown
in Figs. 2(a)-2(c), the vertical temperature difference AT)ﬁ is
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63 °C in mode A, AT? is 61 °C in mode B, and AT} is 55 °C
in mode C. In addition, the AT, AT8, and AT in modes A,
B, C are 53 °C, 54 °C, and 55 °C respectively, which indi-
cate that the temperature difference in the horizontal direction
slight increases with catalyst protruding height decreasing.
From the convection results as shown in Figs. 2(d)-2(f),
we can observe that the distribution of convection field is also
symmetrical. The higher convection velocity and strength re-
gions are mainly concentrated above the seed, while regions
near the carbon source at the edge of the catalyst are weak.

mode B

1307 1327 1346 1366
(b) 11358
1368
[—n e I
1307 1329 1349 1369 1388

(]
1360

) |
1307 1328 1348 1368 1388
Temperature/°C

According to the corresponding relationship between convec-
tion velocity and color bar, we can see that the convection ve-
locity decreases from 11.8 x 107 m/s to 9.8 x 107® m/s as
shown in Figs. 2(d)-2(f). In addition, we can also observe
that with the decrease of the catalyst height, the catalyst con-
vection intensity at the convex position increases obviously,
which indicates that more carbon sources will be consumed
as indicated in Fig. 2(f). Because regions with strong convec-
tion intensity represent the areas where carbon sources will be

consumed preferentially.

Sy
T

N
0 2.5x10-6

I
—6 —6
0 2.2X10°6 o 0 6.5X10°0 g
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Fig. 2. Numerical simulation results of (a)—(c) temperature and (d)—(f) convection of convex catalyst of modes A, B, and C.

Through the above observation, we can figure out that the
change of the catalyst convex height can influence the distribu-
tion characteristic of the temperature field and the convection
field inside the catalyst, which will have an important influ-
ence on the growth of the synthetic diamond. The change of
temperature difference and convection velocity in the vertical
and horizontal direction in the catalyst will directly determine
the diamond morphology. To compare the changes of temper-
ature difference and convection velocity more intuitively, we
choose X (horizontal direction) and Y (vertical direction) paths
as shown in Fig. 3.

Figures 3(a) and 3(b) show the temperatures along the X
path and the Y path in modes A, B, and C. There is a slight
change in temperature along the X path, while a very signif-
icant change in temperature along the Y path. It can be seen

that the temperature difference along ¥ path in mode C is sig-
nificantly smaller than that in mode A. Through the compar-
ison between temperatures along X and Y paths, it can also
be found that the vertical temperature difference in mode C
is the smallest, while the horizontal temperature difference is
the largest. Figures 3(c) and 3(d) show the convection veloc-
ity along X and Y paths in modes A, B, and C. we can see
that mode C has the maximum convection velocity along X
path, but the minimum convection velocity along Y path. In
contrast, mode A has a minimum convection velocity along X
path and a maximum convection velocity along Y path. This
indicates that the horizontal and vertical convection velocities
in the catalyst have reciprocal variation with the decrease of

the protruding height of the catalyst.
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Fig. 3. (a) Temperatures along (a) X path and (b) Y path in modes A, B, and C. Convection velocity along (c) X path and (d) Y path in modes

A, B, and C.

According to the melt-solvent theory, the temperature dif-
ference between the carbon source and diamond seed is the
main driving force for diamond growth. Carbon atoms can be
transported from carbon source to seed by temperature differ-
ence. Moreover, the solubility of carbon in the catalyst sol-
vent depends on temperature. The higher the temperature,
the greater the carbon solubility is. The dissolved carbon in
the molten metal catalyst is transported to the seed surface
by catalyst convection flow, and the magnitude of the convec-
tion velocity represents the quantity of carbon transported to
the seed, and the more the transported carbon, the faster the
growth of diamond is. Therefore, when the temperature gra-
dient and convection velocity are different in the direction of

each crystal face of diamond, the growth velocity in the corre-
sponding direction will be inconsistent, which will affect the
crystal morphology of synthetic diamond. From the temper-
ature and convection results above, we can judge that the di-
amonds synthsized by using three modes will have different
growth rates in the vertical and horizontal direction: the dia-
mond in mode A has a maximum growth rate in the vertical
direction and a minimum growth rate in the horizontal direc-
tion, while the growth rate of diamond in mode C is just the
opposite to the scenario in mode A. The results indicate that
the diamond synthesized by using modes A, B, and C may
have different height-to-diameter ratios.

o Qa8 Ty

Fig. 4. Diamonds synthesized on CHPA with Fe—Ni catalyst under 5.7 GPa and 1310 °C for (a) mode A, (b) mode B, and (c) mode C.

To verify the judgement based on numerical results,
we establish diamond synthetic experiments on CHPA with
FegsNise alloy catalyst under a temperature of 1300 °C and
pressure of 5.7 GPa. Three modes are used to synthesize di-
amond under the same conditions, and the synthesis time is
24 h. Figure 4 shows the diamonds synthesized by using
modes A, B, and C. We can clearly observe from the Fig. 4

that the diamonds synthesized under modes A, B, and C have
obvious different height-to-diameter ratios. The crystal syn-
thesized in mode A has the smallest diameter but the largest
height, while the crystal synthesized in mode C has the largest
diameter but the smallest height. Synthetic experimental re-
sults are completely consistent with our predictions based on

the numerical results. In addition, there are no obvious inclu-
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sions nor burrs in the synthesized diamond, indicating that the
synthesized diamond has good crystal quality. The numerical
and experimental results show that the crystal morphology of
diamond can be regulated effectively by optimizing the geo-
metric structure of the catalyst.

4. Conclusions and perspectives

In this work, we design three different catalyst struc-
ture modes to illuminate the regulating mechanism of catalyst
structure on diamond crystal morphology. The temperature
and convection field in the catalyst are simulated by FEM, and
the diamond synthesis experiment is carried out at 1300 °C
and 5.7 GPa with Feg4Nizg alloy catalyst. According to the
simulation and experimental results, we can draw tsome con-
clusions below.

(i) The distribution characteristics of the temperature and
convection field in the catalyst change obviously with geo-
metric configuration, the compression of the catalyst convex
height leads the low temperature to transfer inward, while the
convection strength increases but the convection velocity de-
creases.

(i1) With the decrease of the convex height of the catalyst,
the temperature difference in the vertical direction of the cat-
alyst decreases, while the temperature difference in the hori-
zontal direction increases. Meanwhile, the convection velocity
has the same variation regularity.

(iii) The change of temperature difference and convection
velocity in the vertical and horizontal directions of the cata-
lyst lead to the growth rate in the corresponding direction to
change, which further affects the crystal morphology of the
synthetic diamond.

According to the research results in this paper and our
previous studies, we can summarize the influence mechanism
of geometric configuration of convex shape catalyst on the
growth of diamond single crystal as follows.

Firstly, with the catalyst protrusion height unchanged, the
change of the protrusion diameter of the catalyst has an im-
portant effect on the growth rate of diamond. The increase of
protrusion diameter of the convex shape catalyst can signifi-
cantly increase the growth rate of diamond.

Secondly, with catalyst protrusion diameter unchanged,
the change of the protrusion height of the catalyst has an im-
portant effect on diamond morphology. The decrease of the
catalyst protrusion height will significantly affect the height-
to-diameter ratio of synthetic diamond.
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