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Abstract—The crystal stock defect was formed in growing for a long time (22 h) of plate type Ib large
diamond single crystals from the NiMnCo−C system at high pressure and high temperature (HPHT).
The existence of crystal stock defect has great influence on the synthesis of high quality and large size
diamond single crystal. In this paper, the effects of crystal growth rate and catalyst components on dia-
mond crystal stock defects are studied. Firstly, the results show that the growth rate of diamond crys-
tals is closely related to the generating of diamond crystal stock. This defect can be eliminated as the
growth rate of diamond crystal synthesized with NiMnCo catalyst is reduced to less than 3 mg/h. Sec-
ondly, the composition of the catalyst also affects the formation of the crystal stock. High viscous FeNi
catalyst is used to grow high quality large single crystals of diamonds at a growth rate of 3.18 mg/h for
a long time (22 h). Thirdly, the effect of catalyst composition on diamond crystal stock was analyzed
by testing the micro-morphology and nitrogen content of diamond. It can be shown from the results
by scanning electron microscopy (SEM) that the surface of crystals synthesized with low-viscosity cat-
alyst is rough, while it synthesized with high-viscosity catalyst is smooth. It was found from the test
results of micro Fourier-transform infrared spectroscopy (FTIR) that the content of nitrogen in the
crystals synthesized with FeNi catalyst was much lower than that in the crystals synthesized with
NiMnCo. FeNi catalyst can effectively avoid the crystal stock, and is more suitable for the growth of
large-size and high-quality diamond single crystal. Changing the composition of the catalyst is an
effective way to avoid the crystal stock phenomenon.
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1. INTRODUCTION
As a kind of functional material with various ultimate properties, diamond has been widely concerned

by scholars in the industry all over the world. In 1955, General Electric Company of the U. S. first syn-
thesized diamond with graphite and nickel under HPHT, which initiated a new era of synthetic diamond
[1]. Due to the limitation of the size of artificial diamond, in the early years, only the superhard as one of
characteristics for diamonds was used most commonly in industry, so that many excellent properties were
not fully developed and used. In 1970, the technology of the temperature gradient method (TGM) under
HPHT for synthesizing diamond large single crystal, which was also known as gem-grade diamond single
crystal and whose particle size was greater than 1 mm was invented [2]. Thus, the application fields of dia-
mond are broadened, such as cutting tool, high precision machining, the heat sink of high power laser, the
window material for infrared spectroscopy, the anvils and so on [3, 4]. High efficiency synthesis of high
quality large diamond single crystals will promote the technological progress in related fields.

Large diamond single crystals with different crystal shapes have diverse applications. The plate shape
of large diamond crystals can be used to manufacture cutting tools for precision parts and window mate-
rials for high-energy synchrotron radiators and so on. Studies by Sumiya and Reza have shown that the
type Ib large diamond single crystal with (100) crystal surface as the main crystal surface under a certain
pressure has a narrow growth temperature range and a low temperature portion in the crystal growth tem-
perature range [5, 6]. This indicates that it is difficult to control the plate crystal shape of large diamond
single crystals. For this reason, we have studied in detail the growth of different crystal shapes of type Ib
large diamond single crystals [7]. On the basis of this study, we have studied growth control of plate dia-
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Fig. 1. Sketch map of the assembling chamber: (1) pyrophyllite; (2) dolomite lining; (3) saline; (4) carbon tube; (5) cat-
alyst; (6) crystal bed; (7) carbon sheet; (8) dolomite ring; (9) conductive steel ring; (10) copper; (11) plug; (12) carbon
source; (13) seed crystal.
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mond large single crystal. In the experimental process of synthesizing plate type Ib diamond large single
crystal with NiMnCo as catalyst, the phenomenon of crystal stock was found. In a short period of time
(11 h), high-quality large single crystal of plate diamond can be synthesized, while the crystal stock phe-
nomenon often occurs in the course of the long period of growth (more than 22 h), which seriously affects
the growth of the plate shape for large diamond single crystal. Therefore, the reasons for this crystal stock
phenomenon are discussed in terms of the growth rate and the composition of catalyst for diamonds in
this paper. Then the way to avoid the occurrence of crystal stock was proposed. This will provide a tech-
nical basis for the growth of high-quality plate type Ib large diamond single crystals, and help to improve
its production efficiency.

 2. EXPERIMENTAL 

Large diamond single crystals were synthesized by TGM under HPHT in a China-type cubic high
pressure apparatus (CHPA) (SPD-6 × 1200). The assembly diagram of diamond synthesis is shown in
Fig. 1. The samples were synthesized under conditions of pressure at approximately 5.6 GPa and tempera-
ture at 1260–1280°C. Axial temperature gradient is the main driving force of diamond growth. In this
experiment, the crystal growth rate was adjusted by changing the temperature gradient. The temperature
was kept the same for achieving the repeatability of assembly for all the samples, thereby ensuring that
except temperature gradient and catalyst components, other the conditions relating to the growth rate
were the same.

The growth rate of diamond is proportional to the temperature gradient along the axis in the growth
cell. Namely, the growth rate of diamond is controlled by adjusting the structure of the growth cell. The
synthetic pressure is determined from the relationship between the cell pressure and the oil press load,
which is established based on the pressure-induced phase transition of bismuth (Bi), barium(Ba) and
thallium (Tl) etc. (accuracy 0.1 GPa). The temperature is determined from the relationship between the
temperature and the input power, which is calibrated using a Pt6%Rh−Pt30% Rh thermocouple (accu-
racy 1°C) [8]. By measuring the temperature located at the top and the bottom of the catalyst in the growth
cell center, the average temperature gradient in the growth cell of diamond can be calculated.

The catalysts used in the high pressure experiment were alloy NiMnCo (70 : 25 : 5 wt %) and FeNi (64 :
36 wt %). A particle size of about 0.5 mm of high quality diamond was selected as the seed to grow along
the (100) crystal orientation. The collected samples were treated in boiling mixture of H2SO4 and HNO3
to remove remnant graphite and catalyst. Then, the collected samples were cleaned in boiling deionized
water. The morphology, color and surface micro-morphology of large diamond single crystals were ana-
lyzed by optical microscopy and SEM. The content of N in diamond single crystals synthesized with dif-
ferent catalysts was determined by micro FTIR. The growth rate of diamond crystals was calculated by the
ratio of the mass of diamond and the time of diamond synthesis. The mass of diamonds was weighed with
a high precision electronic balance (accuracy 0.01 mg).
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Table 1. The results of diamond synthesis with NiMnCo catalyst at different growth time

Number Temperature, °C Seed bed height, 
mm

Temperature 
gradient, °C/mm

Growth rate, 
mg/h Growth time, h Crystal shape

(a) 1268 5.0 33 3.15 11 Single crystal
(b) 1268 5.0 33 3.64 22 Crystal stock
3. RESULTS AND DISCUSSION
3.1. The Phenomenon of Crystal Stock

The plate shape of diamond single crystals was synthesized with NiMnCo catalyst under high tempera-
ture of 1268°C and a high pressure of 5.6 GPa. The growth time of both crystals was 11 and 22 h, respec-
tively. The experimental results were seen in Table 1. The corresponding diamond crystal optical micro-
graphs were seen in Fig. 2.

It can be seen from Table 1 and Fig. 2 that the quality of the diamond single crystal synthesized with
NiMnCo catalyst in a short time is good, and the diamond crystal having a growth time of more than 20 h
appears the phenomenon of crystal stock. In the process of synthesizing large diamond single crystal by
TGM under HPHT, the reason of producing the crystal stock is generally due to the growth rate is too high
and the characteristics of catalyst components action [9, 10]. At constant pressure and temperature, the
ability of diamond crystal seeds to absorbing carbon atoms is fixed. When too many carbon atoms are dif-
fused from the carbon source at the high temperature, the excess carbon atoms will form new diamond
crystals in the form of spontaneous nuclei, thus forming diamond crystal stock. In addition, the catalytic
alloys have a great influence the crystal growth. The growth characteristics of synthetic diamond crystals
with different catalysts are different. The convection mode of carbon atoms in the catalyst melt varies with
the viscosity and the structure of the catalyst. The impurity composition and the aggregation mode of the
catalyst melt also are different, so the possibility that diamond crystals grown in different catalysts have
the crystal stock defect is different.

3.2. Effect of Crystal Growth Rate on Crystal Stock Formation
The temperature gradient is the main driving force for the growth of large diamond single crystals by

hydrostatic catalyst method. As shown in Fig. 3, there is a temperature difference in the synthetic chamber
of diamond. The concentration of carbon atoms at the high temperature end (carbon source) is high,
while that at the low temperature end (seed crystal) is low, which causes the diffusion of carbon atoms
from carbon source to seed crystal. The temperature gradient directly affects the growth rate of crystal.
The temperature gradient is positively correlated with the crystal growth rate. The temperature gradient
can be adjusted by changing the geometrical structure of the synthetic cavity, and the temperature gradient
can be reduced by increasing the height of the crystal bed. In the process of synthesizing diamond crystal
by TGM, the crystal growth is affected not only by the axial temperature gradient, but also by the radial
temperature gradient, but the radial temperature gradient is obviously smaller than the axial temperature
gradient. Under the combined action of axial and radial temperature gradients, there will be a large tem-
JOURNAL OF SUPERHARD MATERIALS  Vol. 42  No. 6  2020

Fig. 2. The micrograph of diamond crystal synthesized with NiMnCo catalyst at different growth time.
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Fig. 3. Synthesis diagram of temperature gradient method.
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perature gradient in the growth region of (111) crystal surface with slant on the side, which is prone to
spontaneous nucleation due to excessive local concentration of carbon atoms, leading to the emergence
of crystal stock.

When the (100) crystal surface of the seed is used as the growth surface to synthesize the large diamond
single crystal, the diagram of the growth for the plate cubic crystal on seed shown in Fig. 4c is synthesized
at low temperature area of V shape for diamond growth. The crystal shape of the selected seed is generally
hex-octahedron. The diamond crystal grows with (100) face on top of seed crystal as the main growth sur-
face, at the same time, it grows with slant (111) surface on the top side of seed crystal, too. The plate crystal
shape of diamond crystal for growth time 11 or 22 h is formed gradually under the action of the (111) fast
growing and the (100) slow growing in the area low temperature of V growth shape by the law of “fast sur-
face submerged, slow surface exposed” [11]. The early phase of crystal growth is shown in Fig. 4a, the
crystal mainly has (100) and (111) crystal face growing at the same time, and the atomic stacking modes
of (100) and (111) crystal surfaces are different. (100) carbon atoms on the crystal face combine with two
adjacent carbon atoms on the same crystal face, and two dangling bonds bond with other carbon atoms;
(111) carbon atoms on the crystal face combine with three adjacent carbon atoms on the same crystal face,
and just one dangling bond can bond with other carbon atoms [12]. Therefore, the (100) crystal surface
can absorption added free carbon atoms from the catalyst. When diamond crystals are synthesized at low
temperature area, (100) crystal face normal growth rate is slow, (111) crystal surface normal growth rate is
fast. When the growth time is short (11 h), the crystal surface of (111) still has time to receive carbon atoms,
so there is no crystal stock. With the extension of crystal growth time, the area of crystal (111) face gradu-
ally decreases, then the thickening speed of (111) crystal face accelerates. The carbon atoms in the growth
area of (111) do not have enough time to fully diffuse, and the carbon atom concentration will be too high
in the local area, thus stable spontaneous crystal nucleus of diamond will appear. When the crystal grows
for a long time, the crystal stock in the form shown in Fig. 4b is produced.

Therefore, in the experiment, the height of the bed for crystal seed placement was gradually increased
and the crystal growth rate was reduced. Diamonds are synthesized with NiMnCo catalyst at different
growth rates by selecting the (100) surface of seed as the growth surface. The experimental results of dia-
mond synthesis grown at 5.6 GPa pressure and 1268°C for 22 h are shown in Table 2.

There are optical micrographs of diamond crystal growing at different growth rates in Fig. 5. It can be
seen from Figs. 5a, 5b that when the diamond single crystals were synthesized with NiMnCo catalyst,
whose growth rate exceeds 3 mg/h and the time is longer, the synthetic diamond appears crystal stock phe-
nomenon. This is because the temperature gradient in the synthesis cavity is too high, the carbon atoms
diffuse too fast in the catalytic melt, and the ability of the crystal (111) surface to absorption carbon atoms
is limited. The excess carbon atoms precipitate out in the form of spontaneous nucleus, and the crystal
and spontaneous nucleus are connected together to form a crystal stock in the course of the growth pro-
cess. It can be seen from Fig. 2b that the spontaneous nucleus competes for carbon atoms with the target
crystal, resulting in the crystal growth of failing to achieve the desired effect and seriously affecting the
crystal yield and quality of large single crystal diamond. With the continuous decrease of the crystal
growth rate to 2.93 mg/h, the carbon atom concentration in the catalyst melt was reduced to that can be
JOURNAL OF SUPERHARD MATERIALS  Vol. 42  No. 6  2020
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Fig. 4. The diagram of the process for plate type Ib diamond single crystal and crystal stock.
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Fig. 5. Diamond crystals grown with NiMnCo catalyst along (100) surface at different growth rates.
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synthesis for a long time, and the high-quality large single crystal of plate diamond is synthesized in a long
time.

3.3. The Influence of Catalyst on Crystal Stock
In the process of diamond growth, the alloy catalyst in the synthetic cavity is in the melting state, and

the carbon atom is dissolved into the alloy catalyst. Under a certain temperature gradient, the oversatu-
rated carbon precipitates out as the diamond phase, and the diamond begins to grow on the seed surface.
If the viscosity coefficient of the alloy catalyst becomes large, the resistance of the carbon atom increases
upon diffusion. The carbon convection velocity in the synthesis chamber is reduced, and the carbon depo-
sition rate is reduced, which slows the growth rate of the crystal [13]. Table 3 lists the viscosity coefficients
of some metal catalyst elements [14].

According to the Table 3, the viscosity coefficient of Fe element is relatively large, so iron-based alloy
catalyst can be considered. In the course of the experiment, NiMnCo catalyst was replaced with FeNi cat-
alyst. At different growth rates, the results of large diamond single crystals at 22 h after synthesis is shown
in Table 4. There are the corresponding optical micrographs of diamond crystals in Fig. 6.
JOURNAL OF SUPERHARD MATERIALS  Vol. 42  No. 6  2020

Table 2. The results of diamond growth with NiMnCo catalyst at different growth rates

Number Temperature, °C Seed bed height, mm
Temperature gradient, 

°C/mm

Growth rate, 

mg/h
Crystal shape

(a) 1268 5.3 31 3.12 Crystal stock

(b) 1268 5.5 29 2.93 Single crystal

(c) 1268 6.0 23 1.82 Single crystal
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Table 3. Physical properties of metal catalyst elements

Element Atomic number Relative atomic mass Melting point, °C Viscosity coefficient, mN s/m2

Mn 25 54.94 1244 3.6
Fe 26 55.85 1535 5.5
Co 27 58.93 1495 4.18
Ni 28 58.71 1453 4.9

Table 4. Results of diamond growth at different growth rates with FeNi catalyst

Number Temperature, °C Seed bed height, mm Temperature 
gradient, °C/mm Growth rate, mg/h Crystal shape

(a) 1279 4.5 39 3.71 Crystal stock
(b) 1279 5.0 33 3.18 Single crystal
(c) 1279 5.5 29 2.47 Single crystal
There are optical micrographs of diamond crystals growing at different growth rates in Fig. 6. It can be
seen from Fig. 6a that when the FeNi catalyst is used to synthesize the single crystal of diamond, when the
crystal growth rate reaches 3.71 mg/h and the growth time is 22 h, the synthetic diamond appears crystal
stock phenomenon. This verifies the previous result that excessive growth rate is prone to the crystal stock.
It was found from the comparison of micrograph analysis for diamonds in Figs. 5 and 6 that after replacing
the NiMnCo catalyst with FeNi catalyst, the crystal growth rate reached 3.18 mg /h when the crystal bed
height was 5.0 mm, and the crystal growth still did not appear the phenomenon of crystal stock after a long
time. The microstructure of the crystal surface synthesized by the two catalysts was analyzed with the help
of SEM. The results of the electron microscope analysis are shown in Fig. 7.

It can be seen from the SEM images of Fig. 7 that the surface of diamond crystal grown with NiMnCo
catalyst is rough and the growth pattern is obvious, and the surface of diamond crystal grown with FeNi
catalyst is smooth and perfect. This shows that under the same temperature gradient, the carbon precipi-
tation rate in the high viscosity catalyst is slow, and the diamond atoms can be regularly precipitated on
the crystal growth surface. The use of alloy catalysts with high viscosity coefficient can relatively reduce
the precipitation rate of carbon atoms and prevent the occurrence of crystal stock to a certain extent. Dia-
mond synthesized with NiMnCo catalyst is easy to appear crystal stock when the crystal growth rate
exceeds 3 mg/h. Although the growth rate of diamond crystal grown with FeNi catalyst under the same
temperature gradient is lower than that of NiMnCo catalyst, FeNi catalyst can still synthesize high-quality
single crystal at the growth rate above 3 mg/h. Therefore, FeNi catalyst is more suitable for the growth of
large-size plate shape of diamond single crystal.

The composition and aggregation mode of impurities in the catalyst melt will have a significant influ-
ence on the morphology and growth of the synthesized crystal. In the process of diamond synthesis,
excessive impurities will also lead to the generation of crystal stock. The impurities often cause local aggre-
JOURNAL OF SUPERHARD MATERIALS  Vol. 42  No. 6  2020

Fig. 6. Diamond crystals grown along (100) surface with FeNi catalyst.
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Fig. 7. SEM images of diamond (a) synthesized with NiMnCo catalyst at a rate of 3.12 mg/h, (b) synthesized with FeNi
catalyst at a rate of 3.18 mg/h.
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Fig. 8. Infrared absorption spectra of diamond with (1) FeNi, (2) NiMnCo as catalyst.
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gation of temperature and thus form energy aggregation. The presence of impurities is conducive to the
formation of non-spontaneous nucleation and may cause the generation of crystal stock. The main impu-
rities in the process of diamond synthesis are the catalyst and the nitrogen element in the air. The content
of nitrogen (Nc) in plate diamond single crystals synthesized with NiMnCo and FeNi catalysts was mea-
sured by micro Fourier-transform infrared (FTIR) spectroscopy. The FTIR absorption spectra of the syn-
thetic diamond crystals are shown in Fig. 8. It was reported that Nc was proportional to the intensities of absor-
bance at 1130 and 1344 cm–1 in an ideal spectrum, and determined from the equation Nc = (25.0 ± 2)a
(1130 cm–1) [15]. It was calculated that the content of nitrogen in the diamond synthesized with NiMnCo
catalyst was 362.3 ppm, and that in the diamond synthesized with FeNi catalyst was 55.4 ppm. The Nc in
diamond synthesized with FeNi catalyst is lower than that synthesized with NiMnCo catalyst. This is
because the solubility of nitrogen element in iron-based catalyst is higher than that in nickel-based catalyst
[16], so the content of nitrogen in crystal is obviously different. Therefore, FeNi catalyst can be used to
grow large single diamond crystal without the crystal stock at a high rate.

4. CONCLUSIONS

The reasons for the crystal stock formation were explored during the plate shape of type Ib large dia-
mond single crystals growing for long time. Conclusions can be drawn as follows.

(i) When the diamond single crystals were synthesized with NiMnCo catalyst, the plate diamond single
crystal, whose growth rate exceeds 3 mg/h and its growth time is longer, is prone to appear crystal stock
defects. The crystal growth rate can be controlled by adjusting the temperature gradient of crystal growth
to grow high-quality large-size plate diamond single crystal.
JOURNAL OF SUPERHARD MATERIALS  Vol. 42  No. 6  2020
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(ii) The use of high viscosity FeNi catalyst can relatively reduce the rate of carbon precipitation, so that
the synthesized crystal surface is smooth, suitable for the growth of high-quality type Ib plate diamond
large single crystal for a long time.

(iii) The content of impurity nitrogen in diamond crystal synthesized with FeNi catalyst is significantly
lower than that synthesized with NiMnCo catalyst. FeNi can be used to effectively avoid the crystal stock
caused by impurities. Changing the composition of the catalyst is an effective way to avoid the crystal stock
phenomenon.
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