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The inclusions in large diamond single crystals have effects on its ultimate performance, which restricts its industrial
applications to a great extent. Therefore, it is necessary to study the inclusions systematically. In this paper, large diamond
single crystals with different content values of inclusions are synthesized along the (100) surface by the temperature gradient
method (TGM) under 5.6 GPa at different temperatures. With the synthetic temperature changing from 1200 °C to 1270 °C,
the shapes of diamonds change from plate to low tower, to high tower, even to steeple. From the microscopic photographs
of the diamond samples, it can be observed that with the shapes of the samples changing at different temperatures, the
content values of inclusions in diamonds become zero, a little, much and most, correspondingly. Consequently, with the
temperature growing from low to high, the content values of inclusions in crystals increase. The origin of inclusions is
explained by the difference in growth rate between diamond crystal and its surface. The content values of inclusions in
diamond samples are quantitatively calculated by testing the densities of diamond samples. And the composition and
inclusion content are analyzed by energy dispersive spectroscopy (EDS) and x-ray diffraction (XRD). From contrasting
scanning electron microscopy (SEM) photographs, it can be found that the more the inclusions in diamond, the more

imperfect the diamond surface is.

Keywords: inclusions, large diamond single crystals, high pressure and high temperature

PACS: 81.05.ug, 61.72.S—, 61.05.C—, 61.72.Ff

1. Introduction

As a functional material with many ultimate uses, di-
amond has applications in many fields.[!® At present, the
main synthetic method of diamond growth is the high pressure
and high temperature (HPHT) static pressure method using
metal catalyst as medium.®~!"] Generally, graphite dissolves
in the melt of alloy catalysts, whose components are Fe, Ni,
Co, Mn, Cr, efc., and precipitates to grow as diamond under
HPHT. It is difficult to avoid trapping some metallic impurities

[12

in crystals.!'?! These impurities are usually called inclusions

which exist in gaseous and solid forms.!'!l The inclusions af-
fect many properties of diamond crystal, 3]
stability.[1#

way to study the conditions of diamond growth, such as tem-

especially thermal
1 At the same time, inclusions are also an important

perature and pressure.!'>! Therefore, the study of inclusions
has always been a focus of attention in the field of diamond
research. [16-18]

The inclusions in synthetic diamond can usually be clas-
sified as gaseous inclusions and solid inclusions according to

their existence forms. Further, the solid inclusions are divided
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into graphite inclusions and metal inclusions.['”) It is found
from the growth process of diamonds that there are two ways
the inclusions exist in the crystal: one is the initial inclusions
formed at the beginning of the diamond growth, and the other
is the interaction among the impurities themselves in the pro-
cess of the diamond formation and growth.?”! In addition, the
compositions of alloy catalysts have a great influence on the
formation of inclusions. It is found from the study of Moss
Fort spectrum that the inclusions are usually metal impurities
or metastable carbides.!?!~24

Currently, the research on inclusions in abrasive grade di-
amonds is more mature than in large diamond single crystals.
In this paper, the large diamond single crystals are synthesized
along the (100) surface at different temperatures under high
pressure, in which the inclusions can be studied.

2. Experiments

Large diamond single crystals were synthesized by TGM
(Fig. 1) under HPHT in a China-type cubic high pressure ap-
paratus (CHPA) (SPD-6 x 1200). The temperature gradients
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were kept the same for achieving repeatability of assembly for
all the samples, thereby ensuring that except temperature all
the conditions relating to growth rate were the same. Under the
same assembly, the different shapes of diamonds were grown
at different synthetic temperatures.
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Fig. 1. Schematic diagram of TGM. 1: pyrophyllite ring, 2: copper sheet,
3: salt tube, 4: insulating ring, 5: catalyst, 6: crystal bed, 7: copper sheet, 8:
steel cap, 9: pyrophyllite, 10: carbon sheet, 11: plug, 12: carbon source, 13:
seed crystal, and 14: graphite tube.

High-purity artificial graphite was selected as the car-
bon source and FeNi alloy (FegsNi3g, subscript number was
percentage of mass, abbreviated FeNi) was selected as cata-
lyst. High-quality cuboctahedral diamond crystals each with
a diameter of about 0.6 mm, which were synthesized by film
growth method under HPHT, were selected to use as seeds.
One (100) crystal plane was used as the initial crystal growth
surface. Large diamond single crystals with different shapes
were synthesized, in which the growth time was controlled to
be 10 h, under a pressure of about 5.6 GPa and the temperature
ranging from 1200 °C to 1270 °C. The collected samples were
treated in a boiling mixture of HoSO4 and HNO3 to remove
remnant graphite and catalyst. Then, the collected samples
were cleaned in boiling deionized water.

In these experiments, the temperature was measured by
a Pt-30% Rh/Pt-6% Rh thermocouple. In order to ensure the

accuracy and repeatability of temperature measurement, the
preparation of each part for assemble was made by a rigorous
process and the location of temperature measurement was en-
sured by special tools. The pressure was estimated by load of
oil press, which was calibrated by a curve that was established
on the pressure-induced phase transitions of elements of Bi,
Ba, and T1.[

The color, morphology, and inclusions of large diamonds
were characterized by taking photos under optical microscope.
The sizes of samples were measured with a Vernier caliper. A
high precision electronic balance (accurate to 0.01 mg) was
used to weigh the mass of diamond samples. SEM was used
to observe the surfaces of samples. The specific gravity bal-
ance (FA2104J) was used to measure the mass of the samples
in the air and water, and then the density of each sample was
calculated by Archimedes method. The composition of inclu-
sions was tested by EDS. Subsequently, the inclusions in the
diamond samples were analyzed according to these character-

istics.

3. Results and discussion
3.1. Effect of temperature on inclusions in diamond

Diamonds are synthesized at different temperatures by se-
lecting the (100) surface of the seed as the growth surface.
The growth time is 10 h. Four diamond samples are selected
from many synthetic diamond samples to be discussed as rep-
resentative, which are numbered A, B, C, and D. The synthesis
conditions and results of these four samples are shown in Ta-
ble 1. The corresponding diamond crystal images are shown
in Fig. 2. In this study, the B value is used to describe the
crystal shape in detail. Here, the 8 value is the ratio of height
to diameter of diamond crystal. Figure 3 shows the schematic
diagram of the B value.!®)

Table 1. Experimental results of large diamonds at different temperatures.

Number Temperature/°C Crystal weight/mg Growth rate/mg-h~! Crystal shape B values
A 1200 23.95 2.395 plate 0.48
B 1220 26.85 2.685 low tower 0.52
C 1260 33.77 3.377 high tower 0.74
D 1270 36.28 3.628 steeple 0.97

The results of four diamonds seen in Table 1 are syn-
thesized at temperatures of 1200, 1220, 1260, and 1270 °C,
respectively. There are two optical micrographs of each sam-
ple with different orientations (vertical view and front view) in
Fig. 2. It can be seen from Figs. 2(a) and 2(a*) that sample A is
in the shape of plate, it is yellow and transparent and contains

no inclusion. Sample B is in the shape of low tower, it is yel-

low and transparent and contains a small number of inclusions
scattered inside (seen in Figs. 2(b) and 2(b*)). Figures 2(c)
and 2(c*) show that sample C is in the shape of high tower, it
is yellow and transparent and contains black solid inclusions
that concentrate in the central core and extend in the columnar
form longitudinally. Sample D is steeple-shaped, it is yellow

and poorly transparent and contains a large number of black
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solid inclusions. It can be observed from Fig. 2(d) that there is
a series of inclusions in the center of sample D, and the inclu-
sions are unevenly distributed outside the center. Figure 2(d*)
shows that its inclusions are flaky or cluster-like. Compari-
son between Figs. 2(d*) and 2(c*) shows that the inclusions in
sample C are significantly less than those in sample D.

Fig. 2. (a)—(d) Vertical-view and (a*)—(d*) front-view micrographs of
diamond samples under optical microscope.
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Fig. 3. Schematic diagram of f value.

The experimental results show that for large single dia-
mond crystals growing along the (100) surface, the normal
growth rate along the (100) surface increases gradually with
the temperature increasing from low to high, and the inclusion
content increases in turn as the crystal shape changes from
plate, low tower, high tower to steeple.

The difference among inclusion content values in dia-
monds grown at different temperatures can be explained by
their growth rates. The diamond samples (Fig. 2) are syn-
thesized by using TGM under the same assembly condition,
which confirms that the temperature gradients are the same
for all the samples in the growing process. The only differ-
ence is the temperature, which should be responsible for dif-
ferent morphological characteristics of the samples. When the
(100) surface is used as the starting surface for the diamond
growth, the growth for high-quality crystal favors low temper-
ature. When the temperature increases, the crystal will ex-
hibit a large (111) surface, which suggests that the growth rate
along the normal direction of (100) surface should become
larger. That is, the increase in temperature can enhance the
growth rate along the direction perpendicular to the (100) sur-
face although the temperature gradients around the crystal are

the same. Therefore, the larger growth rate will lead to more

inclusions during the (100) surface shrinking and disappear-
ing.

The shape changes of the diamonds prepared at different
synthetic temperatures conform to the principle of “slow sur-
face expose and fast surface submergence.!>1” At the same
time, the changes of growth rate in the different surfaces of di-
amonds at different synthetic temperatures also conform to the
law of “the axial growth rate of diamond (100) face from slow
to fast with the temperature increasing from low to high.[26:271»
Combining the above analysis of inclusions in samples A, B,
C, and D, it can be obtained that the faster the axial growth rate
of (100) surface, that is, the faster the normal stacking rate, the
greater the number of inclusions in the crystal and the worse
the transparency of the diamond.

In addition, it can be seen from the overall growth rate of
diamond samples in Table 1 that the growth rate of samples A,
B, C, and D increase in turn. Based on the law of “the faster the
growth rate of diamond, the more unfavorable the high-quality

single crystal obtained is.[>1”

It seems that the overall growth
rate is another reason for the inclusion increase. However, we
think that the reasons for the increase in the overall growth rate
of diamond samples are both the change of shape and the ap-
pearance of the inclusions. The reason for the change of shape
from plate to tower then to steeple is in common with the rea-
son for the change of normal growth rate of (100) surface. The
other reason for the appearance of the inclusions is because the
density of inclusion is more than that of diamond. Therefore,
the increase for the overall growth rate of the diamond sample

is the indirect cause for the increase of inclusions.

3.2. Composition and structure of inclusions in diamond

The inclusions in the cracked sample D are tested by EDS
and XRD, respectively.

The inclusions are in the diamond crystal and usually ex-
ist in quite a small quantity, so it is difficult to analyze by
common surface analysis methods. In order to test the compo-
sitions of inclusions in diamond, the samples are broken into
fragments (Figs. 4(a) and 4(b)) for EDS. The curve of inclu-
sion compositions is shown in Fig. 4(c). The test results are
listed in Table 2. As shown in Table 2, the main components
of inclusions are Fe, Ni, and a small quantity of C elements.
Inclusions are formed by the catalyst melt and the C elements
involved in the growth of diamond crystals.

Figure 5 shows the XRD test of the inclusions in diamond.
It shows that the inclusions are f.c.c. (FeNi);3Cg and Ni3C.

The above results of the inclusion compositions and struc-
11,16

ture are similar to those presented by Yin ez al.!'11 in which

the inclusions in diamond are found to be composed of f.c.c.
(FeNi)23 C6.
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Fig. 4. EDS test of the inclusions in (a) shattered crystal, (b) enlarged
view of inclusions, and (c) curve of inclusion compositions.

Table 2. Compositions of inclusions in diamond by EDS test.

Element C Fe Ni Total
wt% 8.50 53.10 38.40 100.00
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Fig. 5. XRD test of the inclusions in diamond.

Although the composition of the inclusions is revealed,
the growth mechanisms of diamond and the catalytic effect of
the metal are still a matter of discussion.!'*! For the composi-
tions of the inclusions given in Table 2, the ratio between Fe
and Ni is different from that in the starting catalyst. This might
be due to the uneven concentration of metal carbides in the
FeNi catalyst. In the process of diamond crystal growth, the
liquid iron—nickel that dissolves carbon or iron—nickel carbide
is introduced into the diamond, the iron—nickel reacts with
graphite trapped in the diamond and the diamond forms car-
bide below its melting point. As residual liquid FeNi is cooled

further, it would eject carbon continuously to the walls of the
cavity until it becomes the Fe—Ni—C eutectic composition. The
iron—nickel carbide reacts continuously with graphite or dia-
mond. As the temperature decreases further, the metallic in-
clusions solidify, and the compound of inclusions is left.[!6]

3.3. Content of inclusions in diamond

In order to accurately determine the inclusion content in
diamond crystal, it is calculated by measuring the density of
inclusions and diamond.

In order to reduce the error of density test, the experi-
ments are carried out five times for each sample. The maxi-
mum and minimum values are removed from the five sets of
density data for each crystal sample, and the average values
are calculated from the remaining three sets of data, and are
shown in Table 3.

Table 3. Average sample density and inclusion percentage of total vol-
ume.

Sample A B C D
Averages p/(g/cm?) 3.5043 3.5133 3.5571 3.6054
Vi/(Vi+ W) 0 0.23% 1.33% 2.55%

Because inclusions are mostly composed of Fe and Ni,
their densities are much higher than diamond density. The in-
crease of inclusion content will lead to the increase of sample
density. It is found from Table 3 that the densities of sam-
ples A, B, C, and D increase in turn, which accords with the
law of inclusion content described in the previous section.

It can be obtained from Table 3 that the densities of four
samples can be measured to be pp = pr,) = 3.5043 g/ cm’
(sample A without inclusions), py) = 3.5133 g/cm3 s Pe) =
3.5571 g/em’, and pg) = 3.6054 g/cm’.

In order to quantitatively analyze the content of inclu-
sions, the density of inclusions should be measured. Inclusions
are collected after diamond sample D with the highest inclu-
sion content has been smashed. Then its density was tested
five times and finally obtained to be p; = 7.4666 g/ cm’.

Assuming that the volume of inclusions in diamond is V;
(density p; = 7.4666 g/ cm?), the volume of remaining dia-
mond is Vp (density pp = p(,) = 3.5043 g/ cm?), and the den-
sity of diamond containing inclusions is p, the percentage of
inclusions relative to total volume of diamond with inclusions
can be calculated. Because the mass of inclusions contained
in the diamond is equal to the sum of the inclusion mass and
the diamond mass, the equation is obtained as follows:

p(Vi+Wp) = (ppVp +p1V1). (D
The variation formula is

Vi/Vb=(p—pp)/(p1—pP). )
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The percentage of inclusion volume relative to total vol-
ume of diamond with inclusions is as follows:

Vi/(Vi+VWp) = W/W)/(1+W/Vb). (3)

Equation (2) is substituted into Eq. (3) and the resulting
expression is given as follows:

Vi/(Vi+VWp) = (p—pp)/(p1—pD)- “4)

The density of each diamond sample is measured and
given in the second row of Table 3. The percentages of inclu-
sions in the volumes of samples A, B, C, and D are calculated
in turn and the results are shown in line 3 of Table 3.

The results of the inclusion content in Table 3 accurately
indicate the percentage of inclusions in the total volume of
each diamond sample. As can be seen from Table 3, the per-
centages of inclusions in the volume of the four samples A,
B, C, and D are, 0%, 0.23%, 1.33%, and 2.55%, respectively.
Namely, with the increase of the synthesis temperature, the
content of inclusions increases, which is in accord with the
result of the discussion in Subsection 3.1.

3.4. Surface conditions of diamond crystals with different
content of inclusions

When diamond crystals grow too fast, carbon atoms pile
up so fast that the impurities cannot be discharged. Subse-
quently, impurities are trapped to form inclusions. The ex-
istence of inclusions will inevitably affect the surface of di-
amond crystal, which is closely related to the quality of the
diamond crystal. In order to study the effect of inclusion con-
tent on the surface of diamond crystal, the SEM images (as
shown in Fig. 6, with all SEM images magnified 1000 times.)
are taken at the (100) or (111) surface for the four diamond
crystals (Fig. 2).

Firstly, the following results are found by comparing the
patterns of images (a;), (by), (c1) and (d;), which are taken at
the (100) plane. The crystal surface of image (a;) presents a
growth pattern like leaves. And the dendritic growth pattern
appears on the crystal surface in image (b). Next, the crystal
surfaces in images (c1) and (d) are full of etched pits most of
which shapes are quadrangles and the rest are irregular. The
number of etched pits in image (d;) is higher than that in image
(c1). Itis concluded that with the increase of the inclusion con-
tent, the (100) surface gradually changes from regular smooth
leaves to rough dense pits.

Secondly, the surface patterns of (111) plane, which ap-
pear in images (az), (bz), (c2) and (dy) in Fig. 6, are com-
pared and analysed. The diamond crystal facet in image (a;)
is smooth and has sporadic “circular shallow pits”. Then, the
(111) surface of sample B in image (by) shows visible “flush-
ing stripes”. Further, the (111) surface of samples C and D
(image (co) and (dy)) is full of “pyramidal pits,*®” and the

number of etched pits in image (d;) were more than that in im-
age (c2). The pyramidal pits are different from the “trigons”,
which come from varieties of positive and negative orienta-
tions with respect to an octahedral face: point-bottomed and
flat-bottomed, steep-sided and shallow-sided.!>*3% Further-
more, the zigzag growth layer can also be observed in image
(cp). It can be concluded that with the increase of inclusion
content in the diamond sample, the (111) surface develops
from “circular shallow pits” to “flushing stripes”, then etched
pits appear, until more etched pits cover the whole facet.

Fig. 6. SEM images of diamond surfaces taken at [(a;)—(d;)] (100) plane
and [(a2)—(d2)] (111) plane for corresponding diamonds.

As described, for diamond samples A and B in which
the inclusion content is below 0.23% in Table 3, whether the
“leafy” and “dendritic” stripes are on the (100) plane or the
“circular shallow pits” and “flushing stripes” are on the (111)
planes, these patterns should be caused by the deposition of
carbon atoms between the metal catalyst textures in the con-
densation process of diamond.!>>! When the B values of sam-
ples A and B (Table 1) are both less than 0.52, the growth rate
on (111) plane is faster than that on (100) plane and the differ-
ent atomic structures on the (100) and (111) surface result in
the different surface shapes of (100) and (111) in samples A
and B.

In addition, for diamond samples C and D in which in-
clusion content is higher than 1.33% in Table 3, the “quadri-
lateral” and “irregular” pits on the (100) plane and the “pyra-
midal pits” pits on the (111) plane are found. These pits occur
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at the position where impurities are difficult to remove dur-
ing the growth of diamond crystals. And these pits emerge
by the dissolution of metallic impurities in the acid treatment.
When the  value of samples C and D (Table 1) are both
higher than 0.74, the growth rate on (100) surface is faster than
that on (111) plane and the different atomic structures on the
(100) and (111) surface result in the different surface shapes
of planes (100) and (111) in samples C and D. No matter (100)
or (111) plane, the etch pits of sample D are also more than in
sample C. That is because the inclusion content of sample D
is more than that of sample C.

4. Conclusions

By studying the inclusions of large diamond crystals
along the (100) plane at different temperatures, the conclu-
sions are obtained as follows:

(i) The inclusion content increases gradually as the tem-
perature changes from low to high, and the crystal shape
changes from plate, low tower, high tower to steeple. The
plate shape of large diamond crystal, which is synthesized at
low temperature, is high-quality diamond with no inclusions.

(i) It is shown by EDS that the inclusions trapped in di-
amond are composed of Fe, Ni and a small quantity of C ele-
ments.

(iii) The inclusion content in diamond is quantitatively
calculated by measuring the density of inclusions and dia-
mond.

(iv) The greater the number of inclusions in the diamond,
the greater the number of pits on the crystal surface, the fewer
inclusion, and the smoother the crystal surface.
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