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Results of research of the "light” and "black™ CVD diamond structure in hybrid
material, which is the CVD diamond covered by polycrystalline diamond shell, are pre-
sented. Hardness of the initial CVD diamond and after high pressure-high temperature
(HPHT) treatment is defined. Increase of hardness of the "black” CVD-diamond after
HPHT-processing at 20 % was found. Electron microscopy was used to determine mecha-
nism of the polycrystalline diamond compound shell binding with the CVD-diamond
surface.

IIpencraBieHbl pPe3ysbTATH UCCAELOBAHUSA CTPYKTYPHL cBeTjoro” um ueproro” CVD-ax-
Masa, cojep:Kallerocsa B ru0puIHOM MarepuaJge, Ipeacrasiasioniero coboir CVD-anmas, aa-
KJIOYEHHBIH B IMMOJUKPHUCTAJINYECKYIO aIMasHyio obonoury. OmpegeseHa TBEPAOCTb HCXOL-
uoro CVD-anmasa u nociae ero 6aporepmuueckoii (HPHT) oGpaboTku. ¥YCTaHOBIEHO IOBBIIIIE-
Hue TteBepaoctu uepHOorow CVD-anmasa mocae HPHT-o6paborkm mHa 20 % . Merozamu
JIIEKTPOHHON MUKPOCKOINM YCTAHOBJIEH MEXAHMW3M COeIMHEHUA AJIMASHON IIOJHUKPUCTAJJIN-
yecKo# 000J0ouKu ¢ mosepxHocThrio CVD-anmasa.

Brnaus nmactuunol medopmanii B mpomecax cmikaHHA AJMa3HOTO TiOpuaHOTO MaTepia-
Jdy Ha CTPYKTYpy i TBepmicts CVD-anmasza. O.0.Illyavxucenro, €.€ Awrinasi, O.M.Coxonos,
B.I'T'apein, O.B.Komxo, M.I"Jlowax, JI.I. Anexcandposa, B.M.Trau, JI.O.Pomarnko, B.I'.Pans-
yenxo, B.I.Konos.

IIpescTaBieHo pesyabTATH TOCITIIKEHHA CTPYKTYPH — cBiTaoro” i “yopmoro” CVD-anmasa, 110
MicTuTbCA vy TiOpUAHOMY MaTepiani, 10 mpeacTaBise coboro CVD-ammas, axmil momimienuii y
MO KPUCTATIUHY anMasHy o0oM0oHKY. BusHauena tBepaicts Buxignoro CVD-anmasa i micas #oro
6apotepmiunoi (HPHT) o6pobku. Beranosieno migBuiieHHs TBeppocti uopuoro” CVD-ajimasa
micaa HPHT-06po6ku na 20 % . MerogamMu eleKTPOHHOI MIiKPOCKOIIT BCTAHOBJIEHO MeXaHisMm
3’eITHAHHSA aJIMa3HOI TMOJiKprcTamiunoi o6ooHKM 3 moBepxHeo CVD-ammasa.
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1. Introduction

Today the modern material should com-
bine high durability and hardness to possess
thermal stability in a wide range of tem-
perature.

In the second half of the last century
quick development of material science re-
sults in creation of a wide range of materi-
als with high hardness. In this connection,
there was a classification need of these ma-
terials. So in work [1] it is offered the ma-
terials with hardness of 5—20 GPa to attrib-
ute to the highly hard materials, which
hardness is above of the metal ones; and
materials with hardness above 20 GPa
(natural corundum) to refer to the super-
hard ones.

As a result of active studying of forma-
tion features of materials with high physi-
cal and mechanical characteristics, applica-
tion of high pressure treatment above
15 GPa [2], using of a nanostructural mate-
rials [3] and special methods of material
treatment [4, 5] the superhard materials list
was expanded essentially. In particular the
materials with hardness, which is above
hardness of natural diamond monocrystal
were obtained. So, hardness of the polyerys-
talline diamond, which is obtained by direct
transformation from nanographite at pres-
sure of 25 GPa and temperature 2200 K, is
140 GPa [2]. After heating at a high pressure
the hardness of the natural diamond monocrys-
tal of ITIA type (p = 4 GPa, the T > 1800 K) is
130-150 GPa [5], and the hardness of the
CVD diamond monocrystal is 160-180 GPa
(p = 5 GPa, T = 1800-2500 K) [4].

In [6] it was shown that hardness of the
polyerystalline CVD diamond (light), which
is placed inside the shell at high pressures
and temperatures, increases in 1.8 times
and has a value that is more than 140 GPa.

Such hardness wvalue is supposed from
calculation of the theoretical (limiting)
hardness, which has been done in the paper
[7] and according to which the limiting
hardness of diamond shouldn’t exceed
210 GPa.

The experimental data given above allow
the polycrystalline CVD diamond to be re-
ferred to the superhard materials having
hardness 110 GPa and higher. This speci-
fied value should be received at hardness
measurement by the Vickers pyramid at the
indenter load of 9.8 N and more.

As it is known [8-10], morphology of the
grown-up CVD diamond is sensitive to
growth conditions (chemical composition of
environment and substrate, method and rate

Functional materials, 21, 3, 2014

of deposition on a substrate, etec.). Depend-
ing on perfection the grown-up material can
be formed as polycrystal with a high con-
tent of structural defects and strong optical
absorption (so-called "black diamond™), and
as polycrystal with perfect structure of
crystalline particles (so-called “light dia-
mond”). The last type of the crystal applies
in optics, devices to heat removal and mi-
croelectronic devices. But technology of its
growth is more difficult and demands spe-
cial conditions of cultivation, low growth
rate and strict control of parameters
throughout the all cycle of cultivation that
essentially increases their cost. Therefore
use of the CVD diamond light polycrystals
is inexpedient in production of the tool, in
particular the chisel tool, because of their
high cost. For this purpose usage of the
black polycrystalline CVD diamond is repre-
sented to more perspective.

So far there were no works which are
devoted to studying the HPHT treatment
influence on properties of the black CVD
diamond. It represents a great interest to
investigate the material behavior in the con-
ditions of high pressures and temperatures
during polycrystalline shell formation from
the diamond composite thermostable mate-
rial (DCTM) made of diamond powder in the
size of 40, 25 and 14 um [11].

The purpose of the present work is to
study the substructure of initial light and
black CVD diamond and its properties after
HPHT-treatment: to reveal the general fea-
tures and distinctions of the samples sub-
structure, to define hardness (HV), to inves-
tigate mechanism of connection between a
diamond shell (DCTM) and CVD diamond
surface.

2. Experimental

As initial materials the light coarse-crys-
talline and black fine-crystalline CVD dia-
mond plates have been used. The samples
were obtained in the A.M.Prokhorov Insti-
tute of General Physics of Russian Academy
of Sciences by method of sedimentation in
methane-hydrogen mixes in microwave
plasma [12].

Each plate was divided into two equal
parts along length of the sample. One half
was fixed in plastic; remained part was
baked at the high pressure (7.7 GPa) and
temperature (1600 K) together with micro-
powder of synthetic diamond of ASM brand
and granularity 40/28 according to the
technology, which was described in [6].
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The produced samples were fixed in a
metal holder by polypropylene means for
the consecutive polishing of their surface
with free abrasive (diamond micropowders).

Hardness of the samples was determined
by a PMT tester with the diamond pyramid
Vickers, which was used as an indenter
[13]. Hardness value was identified by the
standard formula: HV = 1.8544P/d2, where
P is the indenter load; d — arithmetical
mean of two diagonals of a print. The hard-
ness measurements were made at the in-
denter load of 4.9 and 9.8 N. Size of the
diagonals of the print was measured by
means of an optical microscope "Neofot”
under magnification of 800x.

The samples were investigated by method
of electronic scanning microscopy with
using the raster electronic microscope
EVO50XVP, Ultra Plus ("Carl Zeiss”, Ger-
many).

Thin particles, which were broken away
from the initial samples, were placed on a
coal film for research by method of radiog-
raphy and transmission electronic micros-
copy in combination with microdiffraction.
Not less than ten such particles for each
type of the samples were investigated. The
broken-away particles were obtained by
means of impact destruction of the initial
samples at the room temperature.

To determine superficial resistance of
the specimens, flowing of electric current
between two metal electrodes in the form of
hard-alloy probes with a small contact area
was investigated depending on applied ten-
sion. The metal electrodes were fixed on a
plate surface at distance of 0.4 mm. Diame-
ter of the probe contact was determined by
area of the probe print and it was 30 um.
The distance between probes was a constant
for different samples that allowed using
value of superficial resistance to compare
conductivity of the samples. Value of super-
ficial resistance was measured at ohmic part
of volt-ampere characteristics.

3. Results and discussion

Results of the hardness measuring of the
initial black CVD diamond and covered ones
by DCHRM shell are presented in Table 1.
The given values of hardness are average
result over 3—9 measurements.

As it is seen from the Table 1, hardness
of the black CVD diamond fixed in the
DCTM shell under high-pressure and high-
temperature increases 20 % at the indenter
load of 4.9 N and 18 % at the load of
9.8 N.
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Fig. 1. Image in secondary electrons of CVD
diamond surface in hybrid material (a) and
distribution of elements along the chosen di-
rection (arrow): b — carbon; ¢ — silicon.

Table 1. Hardness (HV) of black CVD dia-

mond
Material Hardness (HV) under
an indenter load, N
4.9 9.8
Initial, fixed in plastic 92 87
After HPHT treatment, 115 105
inside DCTM shell
Functional materials, 21, 3, 2014
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b)

Fig. 2. Typical electronic microscopy images of initial diamond particles (a), twinning of crystals is
specified by arrow; micro-electronic patter (c) for the particle given on (b).

In [6] results of the hardness measure-
ment for the light CVD diamond plates on
the nucleating side are given; it is 77 GPa.
Hardness of the same plate, which is placed
inside of DCHRM shell, after the high-pres-
sure-high-temperature treatment, has much
higher value of 142 and 139 GPa at the
indenter load of 4.9 and 9.8 N, respec-
tively. The given values of hardness are av-
erage result over 3-5 measurements, the
mean-root-square error in the determination
didn’t exceed 2.5 %.

To study the process of interaction be-
tween powder grains of the synthetic dia-
mond, which is forming a polycrystalline
shell, an activating additive of silicon and
black CVD diamond in the course of agglom-
eration under the high pressure and tem-
perature the sample with partially removed
DCHRM shell was prepared (Fig. 4). The
sample was studied by method of electron
scanning microscopy with use of raster mi-
croscope EVO50XVP, Ultra Plus ("Carl
Zeiss", Germany). Surfaces of the CVD dia-
mond and DCTM shell were investigated.
The data are shown in Fig. 1.
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From the experimental data we find that
connection of the diamond shell (DCTM) and
CVD diamond is provided generally due to
silicon (silicon carbide).

Results of the study of all types diamond
samples by means of transmission electronic
microscopy in combination with microdif-
fraction are presented in Fig. 2—-8. It was
found that particles of the initial samples of
light CVD diamond were actually free from
defects. Dislocations and packing defects
were not identified. In some particles twin-
ning of the crystals were observed. Thick-
ness of the twinning layers was 0.1-0.3 um
(Fig. 2a). In the images the high crystal per-
fection of the diamond is confirmed by pres-
ence of the Kikuchi lines for the most part of
the particles that is a diagnostic sign of the
high-perfect crystals (Fig. 2¢).

After deformation under HTHP treat-
ment the main feature of the light CVD
diamond was an existence of internal
boundaries disorientation. It was evident
available contrast of the particles and fea-
ture of microscopic images: black and white
contrast or wide curve contours were ob-
served, and main reflections were looked
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a) 05 um

- b)

Fig. 3. Electronic microscopy image of a particle with internal boundary of disorientation (a) and

micro-electronic patter for the particle (b).

vap

C) -

Fig. 4. Electronic microscopy image of diamond particles with dislocations.

like small arcs in the images (oriented edge
in Fig. 3); also individual dislocations or
their groups (Fig. 4a) were seen.

Besides the mentioned above features of
the diamond substructure the stacks of
package defects were observed also. In some
cases the high density of the package de-
fects resulted in diamond disorientation.
Visible in microscopic images continuous
cords in layers, which are parallel to [111]
direction, indicate it (Fig. 5). Appearance of
the internal boundaries and disorientation
in the light CVD diamond after HPHT
treatment, groups of dislocations and stacks
of the package defects causes the change of
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electro-physical properties of the material.
In particular, superficial electro-resistance
decreased; it was R > 1010 Ohm for the in-
itial material and R~ 107 Ohm after the

HPHT treatment.
The samples of the initial black CVD dia-

mond contained grains of three structural
states. The substructure of the light CVD
diamond was characteristic for the first
state (see Fig. 3 and Fig. 6). Content of
such particles in the samples bulk was about

80 %.
Diamond of the second structural state

was presented in the form of fine-grained

Functional materials, 21, 3, 2014
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a)

Fig. 5. Package defects in diamond particle (a) and micro-electronic patter for the particle (b), layer

with continuous cords is specified by arrow.

agglomerates with cubic array. The range of
the grains sizes was 10-30 nm.

Diamond of the third structural state
was presented in the form of areas with
cubic and hexagonal diamond array. Such
areas differed by a dispersion grade and
substructural features. The area with the
fragmented microdomain substructure that
is characteristic for diamond particles of
two basic polymorphic types (cubic and hex-
agonal) being in crystal-oriented bond is
shown.

General content of the particles of the
second and third structural type in the
black CVD diamond was about 50 %.

After deformation under the HTHP
treatment it has been found changes in the
particles of the main component only. The
study shows that the same substructure, as
well as for the deformed light CVD dia-
mond, was characteristic for it, i.e. forma-
tion of the package defects and internal

Fig. 6. Electronic microscopy image of the
removed particle, which consist of perfect
diamond area (1) and nanodisperse grains (2).

boundaries of disorientation takes place.
For example in dark field mode the image
of the sample, which contains the frag-
mented and nanodispersed diamond, is pre-
sented in Fig. 7 and 8. Structural transfor-

Table 2. Hardness (HV) of CVD diamond depending on structure and conditions of high pressure

and high temperature (HPHT) treatment

Structure of CVD diamond Hardness Treatment conditions Reference
(HV), GPa
P, GPa T, K

Monocrystal 140-180 >b >1800 [5]

Light coarse-crystalline polycrystal 139-140° 7.7 1600 [6]
Black fine-crystalline polycrystal 105-115% 7.7 1600 present work
Black fine-crystalline polycrystal 87-92 initial present work

Light coarse-crystalline polycrystal ~7T initial [6]

* — CVD-diamond in the polyecrystalline DCTM shell

ek

— changing in hardness at the germinal side.

Functional materials, 21, 3, 2014
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Fig. 7. Typical substructure of diamond particles with cubic and hexagonal array: area of nanodis-
perse structure and micro-electronic pattern for it (a and b), area with microdomain substructure:
the light field image and micro-electronic pattern (¢ and d), the dark field image of a particle with
microdomain substructure and area of nanodispersed structure (e).

mation in the diamond of two other states
wasn’t revealed.

Values of hardness (HV) for the CVD dia-
mond in dependent of structure and condi-
tions of the HPHT treatment are given in
Table 2. The experimental data given
above for the polycrystalline CVD diamond
substructure changes allow to get conclu-
sion that the reason of the hardness growth
is deformation hardening of the material
under the HPHT treatment.
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Earlier [6] by means of studying of the
combinational dispersion spectrum for the
CVD diamond we came to assumption that
the hardness increases in the process of hy-
brid ultrahard polycrystalline composite ma-
terial formation. The process of the hard
shell formation around the CVD diamond is
accompanied by the plastic deformation of
diamond grains that results in creation of a
complicated structural tension in it under
the high pressure. The similar conclusion

Functional materials, 21, 3, 2014
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Fig. 8. Substructure of a removed particle,
which contains diamond areas with internal
boundaries (arrow 1, 2) and nanodisperse
part (arrow 3).

was made due to the optical microscopy
data, which is presented in work [9] for
monocrystal of CVD diamond with use of
the crossed polarizers. It was found that the
hardness growth under the high tempera-
ture and pressure treatment results in ex-
tension of the internal tension in the
monocrystal.

4. Conclusions

It was shown that substructure of the
light polycrystalline CVD diamond is
changed after HPHT treatment; it is
changed from actually nondefective parti-
cles to the structure with internal bounda-
ries of disorientation, groups of disloca-
tions, stacks of package defects, etc. In par-
ticular, it takes the form of superficial
electroresistance reduction of the polycrystal.

After the HPHT treatment three types of
state were revealed for the black polyerys-
talline CVD diamond. The first was the
state with a typical for light CVD diamond
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substructure; the second phase was in the
form of the fine-grained particles with
cubic diamond array; the third phase was in
the form of the areas with cubic and hex-
agonal diamond array.

For the black CVD diamond the hardness
increased by 20 % after the HPHT processing.

The experimental data on change of the
polycrystalline CVD diamond substructure
due to influence of the high pressure and
temperatures allows coming to the conclu-
sion that the reason of the hardness growth
is the deformation of material hardening.
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