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Abstract: During sintering of a nanodiamond powder with a coating based on non-diamond forms of carbon with a
thickness of about 10 A at relatively low pressures and temperatures, a nanostructured diamond material is formed by the
transition of graphite-like carbon to diamond. It has been shown that nanodiamond powder modified with non-diamond
forms of carbon is an “active” base on which a nanometer layer of graphite-like carbon transforms into diamond during
thermobaric sintering. The influence of preliminary annealing of nanodiamonds in a disammonia atmosphere and in
oxidizing and hydrocarbon-containing atmospheres on the structure and microhardness of nanodiamond polycrystals has
been shown. It has been established that the atmosphere in which modifying annealing is carried out affects the content of
the diamond phase and the size of nanodiamond crystallites in a polycrystalline material. The preliminary modification
(functionalization) of the nanodiamond surface with carbon-containing compounds stimulates the process of diamond
formation. In this case, the most significant increase in the microhardness of diamond polycrystals is observed after the
modification of nanodiamonds in oxidizing and hydrocarbon atmospheres. It has also been established that the modifying
treatment of nanodiamonds with hydrocarbons stimulates the processes of diamond synthesis, and an increase in pressure
suppresses the graphitization of diamond and activates the transformation of graphite-like carbon into diamond, which
contributes to sintering of diamond grains.
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AnHoTanua: B mpouecce cnekaHus Mpu OTHOCUTEIbHO HU3KUX AABICHMUAX U TeMIIepaTypax HAaHOAIMA3HOIO MOPOLIKa
C TIOKPHITHEM HAa OCHOBE HeaIMa3HbIX (OpM yriepoja TONMHOW mnopsaka 10 A mpowmcxomut (opmuposanue
HAHOCTPYKTYPHOTO aJIMa3HOTO MaTepHana IMyTeM Iepexona rpaduromomoOHoro yriaepoxa B anmas. IlokazaHo, duTo
HAHOAIMAa3HBIH MOPOIIOK, MOAU(UIIMPOBAHHBINA HealMa3HbBIMU (opMaMu yIiepozaa, MpEeACTaBiseT COO00M «aKTHBHYIO»

256 Vityaz P.A., Senyut V.T., Kheifetz M.L., Kolmakov A.G.



Journal of Advanced Materials and Technologies. 2022. Vol. 7, No. 4

OCHOBY, Ha KOTOPOH B IpOIECCE TEPMOOAPUUYECKOTO CIIEKaHMUs! IIPOUCXONUT NEPEX0] HAHOMETPOBOTO CJIosi rpaduTonoio0Horo
yriepona B amva3. [TokazaHo BIMsIHIE TIPEIBAPUTEIFHOTO OTXKUATA HAHOAJIMAa30B B aTMoc(epe IUccaMMUaKa, B OKACITUTEITHHON
U YIIIEBOIOPOJCOAEpKAIme aTMochepaX Ha CTIPYKTypy H MHKPOTBEPAOCTh HAHOAIMA3HBIX ITOJUKPHCTAIIIOB.
YcraHoBieHo, uTo atMocdepa, B KOTOPOH OCYIIECTBISIETCS] MOJAU(DHULIMPYIOLIMN OTKUT, BIUSIET Ha COJCPIKAHNE alIMa3HOU
¢da3pr 1 pa3Mep KPUCTALUTUTOB HAHOAIMAa30B B MOJUKPHUCTAIUIMYECKOM Matepuane. [lokasaHo, 4To mpeaBapuTenbHOE
Monubunupoanue  (QyHKIMOHATU3AIMI) MOBEPXHOCTH  HAHOAIMA30B  YIIEPOJACOACPKAMIMMU  COCOHMHECHUSIMHU
CTHUMYJIMPYET Ipollecc ainmazooOpasoBaHus. IIpy 3TOM Hambosiee CyIIECTBEHHBI POCT MHUKPOTBEPJOCTH aJMa3HbIX
MOJMKPUCTAJUIOB HaOJoaeTcsi mnocie MOAU(UIMPOBAHMS HAHOAJIMAa30B B OKHCIUTEIbHOW M  YIJIEBOJOPOIHOU
atmocdepax. YcTaHOBIEHO, 4TO MoAnHIMpyomas 00padoTka HaHOAIMa30B YIJIEBOAOPOIaMU CTUMYJIUPYET MPOLECCh
CHHTE3a ajMasa, a pOCT JaBJCHUS IIOJABJISIET Mpouecc TrpaduTH3alUK anMasa W aKTUBUPYET TpaHCHOpMAIHIO
rpa¢uTornoJ00HOrO yriepo/a B ajMas, 4TO CIIOCOOCTBYET CIIEKaHMIO ajIMa3HBIX 3€pEH.

KaroueBble ciioBa: HaHOYACTHUIIBI; CBEPXTBEPABIC MaTE€pUaAJIbl; CHHTE3 aJiIMa3a; IOBEPXHOCTHOE MO,HI/I(‘I)I/ILII/IPOBEIHI/IC.
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from surface-modified nanodiamond powder. Journal of Advanced Materials and Technologies. 2022;7(4):256-269. DOLI:
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1. Introduction

The development of new polycrystalline
superhard materials (PSHM) based on diamond is
associated with the need to improve their physical
and mechanical characteristics in accordance with the
requirements for modern machining tools [1].
It is possible to achieve a high level of characteristics
due to the formation of nanostructures in the
synthesized material, which follows from the Hall-
Petch relation connecting the mechanical properties
of the material to the size of its structural components
[2]. Due to nanostructuring in a diamond polycrystal,
it is possible to realize a unique set of mechanical
characteristics, for example, a combination of high
hardness and crack resistance, which are unattainable
for diamond PSHMs based on coarse-grained
diamond powders.

At the same time, the use of existing industrial
technologies for the production of diamond PSHMs
does not allow creating superhard materials based on
nanodiamonds with a high level of physicochemical
characteristics, which is due to the specifics of the
structure of nanodiamonds, the phase and chemical
state of the surface of nanodiamond powders [3, 4].

Unsatisfactory compressibility and high porosity
of compacts from nanodiamond powders, active
recrystallization and graphitization of nanodiamond
during thermobaric treatment necessitate the
development of technologies that make it possible to
form a dense polycrystalline material in which the
nanostructure of the initial powder is preserved.
Technological solutions used to obtain diamond
ceramics based on coarse-grained diamond powders
at high pressures P and temperatures 7" turned out to
be ineffective for obtaining nanostructured
polycrystalline diamond materials [3, 4].

The use of activating additives, metal catalysts
used to reduce the parameters of the phase

transformation of graphite into diamond, provokes
the reverse transition of nanodiamonds into graphite,
thereby reducing physicochemical characteristics of
diamond nanostructured PSHMs even at ultrahigh
P and T sintering parameters.

Therefore, the aim of the work is to develop
scientific and technological foundations for obtaining
nanocrystalline  diamond materials based on
nanodiamonds by complex  physicochemical
modification of nanodiamonds, which consists in the
formation of a functional coating based on
nanostructured non-diamond carbon and additional
modification of the nanodiamond surface with
carbon-containing compounds.

For nuclei (particles of graphite and diamond of
small sizes), the equilibrium line on the phase diagram
of carbon can be located significantly lower than for
the corresponding “bulk” phases, because in this case,
the surface energy makes a significant contribution to
their total thermodynamic potential [5, 6]:

2oV
H=Ho+—,
R

where p, is the chemical potential of the bulk phase;

V' is the atomic volume; R is the radius of the particle.

According to Tchaikovsky and Rosenberg
(1984) [7], the diamond-graphite transition curve
shifts to lower pressures for particles smaller than
100 nm.

According to the results of theoretical studies
[8—11], for particle sizes in the nanorange, diamond is
a more stable form of carbon compared to graphite.
According to [12], the boundaries of the stability
regions for diamond and graphite are 10.2 nm at
room temperature, 6.1 nm at 525°C, 4.8 nm at
800 °C, and 4.3 nm at 1100 °C.

The theoretical results obtained were confirmed
in experimental studies of diamond formation
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processes by heating nanographite (onion-like carbon
or OLC) without applying pressure [13—16] or in
P, T modes corresponding to the parameters of
thermodynamic  stability of “bulk” graphite.
For example, in the process of thermobaric treatment
of a fullerene-containing mixture at a pressure of
2 GPa and a temperature above 1300 K in the
presence of catalyst metals, diamond crystals were
synthesized in the size range of 100—800 um [17].

One of the ways to obtain a diamond
nanostructured material by converting graphite into
diamond is the phase transition of graphite crystallites
(nanostructured graphite, graphite-like onion carbon)
into diamond at high pressures and temperatures,
excluding both diamond recrystallization and
graphitization.

As a starting material for these purposes,
detonation synthesis nanodiamond with a particle size
0of 4-10 nm can be used [18].

In [19, 20], the transformation of the detonation
nanodiamond structure during its vacuum heat
treatment was studied. As a result, it has been found
that vacuum annealing of nanodiamond at temperatures
of 10002400 °C leads to the formation of an onion-
like OLC structure similar to fullerenes on its basis.
With an increase in the annealing temperature, the
number of graphite-like layers on the diamond
surface increases due to the diamond “core”, the size
of which decreases in this case [21]. At temperatures
of 1000-1500 °C, nanodiamond particles are formed,
the core of which retains the diamond sp’ structure,
and the peripheral zone consists of layers of sp2
carbon (spz—sp3 carbon nanocomposite). At annealing
temperatures above 1500 °C (1800 K), nanodiamond
particles are completely transformed into carbon of
an onion structure with its further transformation into
graphite [22].

In turn, the use of onion carbon obtained from
nanodiamonds by vacuum annealing as a starting
material makes it possible to synthesize
nanopolycrystalline diamond material with a diamond
phase content of ~80 % and a hardness of up to
42 GPa without activating additives at moderate
P, T-parameters (P=4-6 GPa, T=1000-1400 °C,
¢t =10-30 min) [23].

In [3, 24], it was proposed to use detonation
nanodiamonds with a graphitized surface and a
diamond “core” as a feedstock for the synthesis of
nanostructured diamond materials.

The wuse of “nanodiamond—nanographite”
composite powders makes it possible to maximize the
area of direct contact between the diamond surface
and graphite, which will increase the probability of
diamond nucleation due to autoepitaxy and reduce the

likelihood of contamination of synthesis products
with impurities [25-30].

This approach makes it possible to obtain
nanostructured diamond composites due to the
“graphite-diamond” phase transition below the
equilibrium line of “bulk” graphite and diamond in
the carbon phase diagram [31].

There is an alternative approach according to
which diamond is formed not only at high P and
T parameters due to phase transformation in carbon, but
also at low pressures as a result of polycondensation
of simple carbon-containing molecules [32].
The proposed polygenetic approach [33] takes into
account not only physical, but also chemical factors,
such as the polycondensation of light carbon-
containing compounds without the use of high
pressures, as well as transformation of graphite into
diamond at high pressures, which takes into account
chemical factors.

In accordance with the polycondensation model,
the synthesis of diamond (as the ultimate product of
polycondensation) can proceed at low pressures by
reactions of the type

2CO — Cgjam t COy,
CO + Hy — Cgiam + H20,
CHy + COz — Cgiam + 2H;0,

Synthesis of diamond can also take place taking
into account the intermediate gasification of non-
diamond forms of carbon according to the following
scheme:

Cgr+ COy — [2CO] — Cigm+ COy.

At low temperatures of the gas phase, diamond
is formed as a result of polycondensation of the initial
molecules according to the molecular mechanism.
At high temperatures, both undissociated initial
molecules and intermediate compounds formed
during the decomposition of the initial molecules, as
well as ions and radical particles participate in the
polycondensation [33]. Regardless of the initial
composition of the precursors, the key role in the gas-
phase synthesis of diamond can belong to the
following radicals: CH3*, CoH* [34, 35].

The process of gas-phase deposition of diamond
is heterogeneous-catalytic: it is carried out at the
substrate temperature with the participation of the
substrate and the diamond film growing on it.
The catalysts can be the substrate and the growing
diamond, as well as the components of the gas phase.
In this <case, for the diamond formation,
it is necessary that the rate of the diamond formation
phase be higher than the rate of graphite formation,
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and the rate of graphite oxidation should be higher
than the rate of diamond oxidation [33, 36].

The region of diamond formation [37] on the
H—C-O diagram (Fig. 1) is located between regions
with a high reduction potential (the region of
hydrocarbons, during the polycondensation of which
predominantly graphite and forms of diamond carbon
are obtained) and a high oxidizing potential (the
region of Hy,O, CO,, Oy, in which neither diamond
nor graphite can form and remain, because their
complete conversion will occur according to the
reaction:

Cdiam(Cgr) TH20 (CO,, Oz) — CO + Ha.

This region should be limited by mixtures rich in
hydrogen, in which the hydrogenolysis of diamond
and graphite is possible:

Cdiam(cgr) +2H; — CHy.

The diamond formation is affected by the
composition of the gas mixture from which it is
formed. It is shown that the synthesis of diamond,
obtained by the methods of chemicalvapor deposition
(CVD), comes from mixtures of a certain
composition, which form a kind of “corridor” on the
O-H-C diagram, expanding from the H vertex to the
CO composition. The possibility of the formation of
nanodiamonds from a gas at low temperatures and
pressures without a substrate due to the addition of
oxygen to the H-C system (and thus its transfer to the
O-H-C system) was substantiated in [33—37]. In this
system, it is possible to select oxygen pressures at
which the diamond core will be more stable than the
graphite core (P;g> P;q). These conditions are
possible in the range of oxygen fugacity close to the
upper limit of carbon stability in this system with
respect to oxygen, where the equilibrium pressure of
methane drops sharply. Calculations performed for
the O-H-C system under P-T conditions
corresponding to the parameters of diamond synthesis
by CVD methods showed that the oxygen pressure in
these cases should correspond to the hydrogen and
carbon dioxide compositions of gas mixtures [38].

The functional cover of a certain composition on
the surface of carbon particles (diamond, graphite)
also plays an important role in the deposition of
diamond and graphite in gas-phase processes. It can
be created by a special modifying chemical treatment
of diamond crystals and powders based on non-
diamond forms of carbon under the conditions of
their high-temperature treatment (annealing) in an
appropriate atmosphere [33, 39, 40].

According to [41], an important factor for the
simultaneous formation of graphite and diamond at
low pressure is the ratio of the critical radii of

C < 1

e I/
CegH o I
C:H o IV
PAHs . P
CiaHyo ® VI

CoHg
CaH»

H

H:0+ H,O  Hs0s

Fig. 1. Diagram reflecting the stoichiometric conditions of
the processes of diamond and graphite polycondensation
and the conversion of diamond and graphite substances by
oxidizers, with points obtained experimentally by the
authors [33]:

I — formation of a diamond substance on a diamond
substrate by growing a diamond lattice; // — graphitization
of the diamond substrate under the conditions of the
experiment with mixtures CH4+ COg; III — selective
oxidation of graphite and retention of diamond in the
reaction (Cgjam(Cgr) + H20 (CO2, O2) — CO +Hp); IV —
complete oxidation of graphite and diamond; V -
formation of compaction products of the graphite series
from individual organic substances; V7 — formation of
a diamond film outside the diamond region; / — methanol;
2 — formaldehyde, acetic acid; 3 — formic acid; 4 — ethanol,
5 — acetone; 6 — acetaldehyde; 7 — pyruvic acid;
8 — acrolein; 9 — phenol; /0 — furan; /1 — dioxybenzenes;
12 — phloroglucinol

graphite (Rg) and diamond (Rg), which depend on the
ratio of chemical potentials:

Ry /Ry =Apg/Ap,.
The chemical potentials of graphite Ap, and
diamond Apy can be expressed as follows:
Apg = RTIn(R/ B):;
Apg = RTIn(F;/ Fy)

where P; and P;q are current (true) and equilibrium
pressures of carbon-containing gases; R is the
universal gas constant; 7 is temperature.

In the region of graphite stability, P> Piq
which corresponds to the predominant formation of
graphite from the fluid or gas phase (Rg<Rg).
The conditions for the predominant (most probable)
formation of diamond correspond to the condition
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Pig> Pig(Rg> Rq). The difference between Ap, and
Apgy depends on the difference between F;/F, and
BlBy.

At low pressures, this difference tends to zero;

therefore, Ry = Rgq which corresponds to the optimal
conditions for the formation of diamond from fluids
(gases) in the region of graphite stability.

Thus, in order to increase the probability of
diamond formation by chemical deposition methods,
along with an atmosphere of a certain composition
and favorable kinetic conditions, it is necessary to
have critical diamond growth nuclei, which can be
both epitaxial diamond films and some non-diamond
forms of carbon.

Thus, in [42], a unique nucleation method of
diamond films on a silicon substrate is considered

using carbon clusters Cgy and Cyy fullerenes as
nuclei. The use of Cgy fullerene molecules makes
it possible to increase the growth rate of the diamond
film by a factor of 104, and the use of C7( molecules

by a factor of 10", In the case of the Cy0 molecule,
an additional increase in the growth rate of the
diamond film is due to a favorable crystal structure
correspondence between the structural elements of
fullerene and diamond, as well as to deformations of
the pyrene and triphenylene elements of the fullerene
structure [33].

From this standpoint, the use of surface-
graphitized nanodiamonds with closed graphene
layers on the surface (structures of the “onion carbon —
diamond core” type) is of great scientific and
practical  interest for  the  synthesis  of
nanopolycrystalline diamond films and bulk materials.

The formation processes of  diamond
nanostructured composites at high pressures and
temperatures were studied in [43] depending on the
surface state of diamond nanopowders. Depending on
the surface state of initial nanosized diamond
particles, the formation process of a polycrystalline
material based on it is realized both due to the
diffusion growth of diamond crystallites (in the case
of purified nanodiamond powder) and by combining
the diffusion and martensitic mechanisms of diamond
formation (for nanodiamonds with non-diamond
(graphite-like) surface carbon). Adaptation of the
structure of diamond nanostructured materials based
on purified diamond powders manifests itself at high
temperatures and  relatively low  pressures
accompanying the onset of the diamond
graphitization process.

For polycrystals from diamond powders with
non-diamond forms of carbon on the surface, the

adaptation of the structure is associated with the
phase transformation of non-diamond forms of
carbon into diamond and is most noticeable in the
low-temperature region at high pressures. At the
same time, the issue of synthesizing a nanocrystalline
material based on diamond at lower parameters of
thermobaric treatment is of theoretical and practical
interest.

According to the studies [20, 44], the phase
composition of nanodiamond powders and composite
materials based on them is largely determined by the
atmosphere ~ of  preliminary  annealing  of
nanodiamonds. In particular, if heat treatment of
nanodiamonds in an inert atmosphere leads to the
appearance of graphite in them, then annealing in a
hydrogen atmosphere in nanodiamond powder
increases the fraction of Sp3 carbon [20, 44].
Modification of nanodiamonds (a detonation
diamond-containing mixture) in a protective
(reducing) atmosphere of various compositions also
has an overwhelming effect on the structural-phase
composition of the resulting diamond materials at the
nano-, meso-, and microstructural levels [45, 46].

As a result of annealing of nanodiamonds in a
hydrogen atmosphere, oxygen and oxygen-containing
functional groups are removed from the surface of
nanodiamonds, which leads to an increase in the
temperature of the diamond—graphite reverse phase
transformation and enhances the properties of
diamond polycrystals sintered under conditions
of high pressures and temperatures [47, 48].

Treatment of nanodiamonds with pressures of
6-8 GPa at temperatures above 1000 °C in a hydrogen-
containing atmosphere (fluid) based on naphthalene
decomposition products (mixtures of CH4, H, and
other hydrocarbons) promotes the reduction
(destruction) of oxygen-containing groups, thereby
protecting the nanodiamond core from graphitization
and ensures diffusion carbon to the surface of
nanodiamonds. During the thermal decomposition of
naphthalene in the diamond stability region,
in addition to the formation of various hydrocarbons,
carbon nanoparticles, which participate in the process
of nanodiamond growth to submicron and micron
sizes, are additionally formed [49]. Preliminary
treatment of nanodiamonds with saturated acyclic
hydrocarbons (hexane, paraffin, mono- and dibasic
alcohols) before sintering in the region of diamond
stability (5-8 GPa, 1300-1800 °C) leads to the
growth of diamond particles due to the so-called
oriented attachment mechanism. The addition of
organic carbon-containing compounds stimulates the
implementation of this mechanism of nanodiamond
growth in the P, T-region of diamond stability [50].
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Based on numerous studies, it can be argued that
the functional coating on the surface of both diamond
nanoparticles and non-diamond forms of carbon
(graphite, graphite-like onion carbon, fullerenes)
plays an important role in the processes of diamond
polycondensation.

In this regard, the complex modification of
nanodiamonds with a thin layer of non-diamond
carbon, followed by treatment (functionalization) of
the nanodiamond surface in various gaseous media
(reductive, oxidizing, hydrocarbon) will contribute to
the preservation of the original diamond and the
formation of a diamond phase both due to the
decomposition of carbon-containing molecules and
diffusion of carbon to the nanodiamond surface and
due to the transition of non-diamond carbon to
diamond at lower pressures and temperatures
corresponding to the stability region of “bulk”
graphite in the phase diagram of carbon.

2. Materials and Methods
2.1. Materials

The initial material for obtaining nanostructured
PSHMs is nanodiamond powder produced by NP
CJSC Sinta (Minsk), purified from impurities and
non-diamond forms of carbon. The formation of a
carbon coating on purified nanodiamonds was carried
out by vacuum annealing at a temperature of 950 °C.

2.2. Determination of the structure
and properties of powders

The appearance of the powders was examined
using a Micro-200 optical microscope (Planar
Production Association, Belarus). Transmission
electron microscopy (TEM) was performed using an
EM-125 electron microscope with an accelerating
voltage in the range of 20—150 kV. The morphology
of the surface and fracture of the sintered samples
was studied using an atomic force microscope (AFM)
NT-206 (ODO MicroTestMashiny, Belarus) in the
contact mode. The microstructure of the obtained
diamond materials was studied on a certified high-
resolution scanning electron microscope (SEM) Mira
by Tescan (Czech Republic) with a resolution of
1.7 nm (at 30 kV) and 2.0 nm (at 20 kV).

X-ray studies of the powders were performed on

a Bruker D8 ADVANCE diffractometer in Cu-K,
radiation in automatic shooting mode.

The microhardness of the nanostructured
composites was determined on a Micromet-I1
microhardness tester (Buehler, Switzerland) with
a diamond indenter according to the Vickers scale

with an indenter load of 100 g. The compact density
was measured by weighing in carbon tetrachloride.

Grinding of sintering products was carried out in
an NK 40 desktop laboratory vibrating mill (Russia)
for 5 min.

2.3. Surface modification of nanodiamond surface
by vacuum annealing

Surface modification of purified nanodiamond
powder with non-diamond (graphite-like) carbon was
carried out by vacuum annealing of nanodiamonds
under the following conditions: the residual pressure
in the vacuum chamber was 10° mm Hg. Art.,
annealing temperature was 900 °C.

After vacuum annealing, a thin spz-carbon layer
up to 1 nm thick was formed on the surface of
nanodiamonds [20]. The weight reduction of
nanodiamond powder after heat treatment was
10 wt. % due to the desorption of surface functional
groups and compounds of carbon with oxygen and
nitrogen, as well as adsorbed water [51]. Annealed
nanodiamond powder forms aggregated with a grain
size of 0.1-1 pm based on diamond crystallites about
10 nm in size [52].

Next, by briquetting the nanodiamond powder at
a pressing pressure of 400-600 MPa, porous
preforms were obtained (Fig. 2) with a porosity of
about 55-60 % and a pore size in the range of
10-100 nm, which were then mechanically ground
into granules. The structure of preforms based on
nanodiamonds with a pyrocarbon coating is described
in [53].

Gas-phase modification of the obtained granules
was carried out in various gaseous media. On the one
hand, the annealing of nanodiamonds in granules
makes it possible to ensure the purity of the powder
from impurities (the absence of penetration of foreign
inclusions and impurities), on the other hand, during
annealing in a carbon-containing gas environment,
under appropriately selected conditions, grains of
finely dispersed diamond powders can coalesce [54].

2.4. Chemical surface modification of powders
and thermobaric treatment

Modification of granulated powders was carried
out by annealing them, respectively, in reducing,
oxidizing and hydrocarbon atmospheres in a sealed
container under a fusible seal [3] at a temperature of
900 °C.

Thermobaric treatment of nanodiamonds after
modification was carried out under conditions of high
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(a)

static pressures in an “anvil with a hole” high-pressure
apparatus in the pressure range of 1.0-4.0 GPa
at temperatures from 1100 to 1450 °C for 15-30s.

3. Results and Discussion

Fig. 2 shows an image of the surface structure of
a porous sample made of nanodiamonds modified
with spz—carbon.

3.1. Investigation of the material structure
after annealing in a protective disammonia
atmosphere and thermobaric treatment

The study determined the effect of preliminary
annealing in a disammonia atmosphere and
parameters of thermobaric sintering on the structure
of a material based on nanodiamonds with graphite-
like carbon on the surface.

As an atmosphere for modification, dissammonium
composition was used, %: Hp — 75; O, <0,002;
NH3; — 0,005-0,01; N, was the rest (dew point
temperature was 30 °C).

Based on the data of X-ray diffraction analysis,
it has been found that annealing in a disammonia
reducing atmosphere and thermobaric treatment in
the pressure range of 1.0-2.5 GPa at a temperature of
1400 °C and a time of more than 15 s leads to the
appearance of graphite, the content of which
increases Wwith increasing time of thermobaric
treatment. This agrees with the previously obtained
data on thermobaric treatment in the indicated
P, T range of dissammonium-modified purified
nanodiamonds and diamond detonation charge
containing non-diamond forms of carbon (NFC) in an
amount of up to 50 wt. % [3, 28, 55].

The size assessment of the coherent scattering
regions (CSR) of the diamond phase showed that the
size of diamond crystallites slightly increased
compared to the initial one and is in the range of

(b)

Fig. 2. Pressing surface from nanodiamonds modified with sp*-carbon: @ — x100; b — x400

Table 1. Sizes of graphite and diamond crystallites
after modification of nanodiamonds with NFC
in dissammonium and thermobaric sintering

Prc());tei(s;i:g Crystallite size Deffoct, A

P,GPa  t,s Graphite phase Diamond phase
1.0 15 65+1.1 55+1.1
1.0 30 85+ 1.1 57+1.1
1.5 45 107 £1.1 88 £ 1.1
2.5 30 105+1.1 74+ 1.1
2.5 60 109 +£4.0 96+4.0

5-10 nm after sintering for 15-60 s. Similar values
were also obtained by analyzing the resulting
nanomaterial with a scanning electron microscope.
The size of coherent scattering regions (CSR)
of graphite increases from 5.5 nm to 10—11 nm after
15 and 30-60 s of thermobaric treatment, respectively
(Table 1).

3.2. Study of the material structure after annealing
in an oxidizing atmosphere of carbon monoxide
and thermobaric treatment

Modification of nanodiamonds with a
graphitized surface in an oxidizing atmosphere based
on carbon monoxide CO; does not prevent
graphitization of nanodiamonds during their
thermobaric treatment under the same conditions, but
leads to a more significant growth of diamond
nanocrystallites (20—40 nm) compared to treatment in
a disammonia reducing atmosphere.
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Table 2. Sizes of graphite and diamond crystallites
after annealing of nanodiamonds with NFC

in an oxidizing CO, atmosphere and thermobaric sintering

Pr(;);tei:(s)?li?g Crystallite size Deffoct, A
P,GPa t,s  Graphite phase Diamond phase

1.5 15 60=£1.1 54+1.1

1.5 30 90+1.1 85+1.1

1.5 60 95+ 1.1 98 £ 1.1

2.5 30 55+4.0 90 +4.0

2.5 60 60+4.0 107 +£4.0
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View fleld: 0.66 pm
PC: 9
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SEMHV: 20.00 KV WD: 799
View field: 0.66 ym  Det:

200nm MIRA\ TESCAN

Digital Microscopy Imaging

(b)

In this case, the growth of diamond crystallites
can be represented in accordance with the reactions
according to the scheme:

Cgr + COy — [2C0] — Cgiam + CO,.

In parallel with an increase in the time of
thermobaric treatment, the growth of graphite
crystallites is observed (see Table 2), however, with
an increase in pressure, the growth of graphite
crystallites slows down.

The sizes of crystallites of the diamond and
graphite phases after annealing of nanodiamonds in
an oxidizing atmosphere and subsequent thermobaric
treatment are given in Table 2, and the appearance
and structure of the resulting material are shown in
Fig. 3a, b.

SEMHV:2000K/  WD: 8.0494 mm

I il e n' View field: 1.98 pm  Del: SE Detector

MIRA TESCAN g’

(©)

Fig. 3. Structure of as intered material based on nanodiamonds after annealing

in an oxidizing atmosphere of CO; and thermobaric treatment at a pressure of 2.5 GPa:
a — thermobaric treatment time 30 s; b, ¢ — 60 s; a, b — sintered diamond polycrystalline particles;
¢ — individual diamond crystallites

3.3. Study of the material structure
after modification with hydrocarbon-containing
compounds and thermobaric treatment

Previously [3, 47, 48], it has been demonstrated
that the preliminary modification of purified
nanodiamonds with hydrogen and hydrocarbons
(methane) prevents graphitization of nanodiamonds
during sintering under high pressure (6—8 GPa) due to
the purification of the nanodiamond surface from
oxygen and oxygen-containing groups and promotes
sintering of the material, which manifests itself in an
increase in its mechanical properties (microhardness).

The influence of modification of nanodiamonds
coated with non-diamond carbon with hydrocarbon-
containing compounds on the synthesis of diamond
nanopolycrystalline material at a lower pressure level
of 1-4 GPa was studied.

Modification of nanodiamonds with
hydrocarbon-containing compounds was carried out
by two methods: heat treatment (annealing) of
nanodiamonds in a hydrocarbon (methane)
atmosphere, as well as by adding ethyl alcohol
C,Hs0H followed by annealing (drying) of
nanodiamonds at a temperature of 90 °C.

Study of the material structure after modification
with methane. As in the previous cases, P, T-
treatment of nanodiamonds after modification with
methane at pressures of 1.5-2.5 GPa, temperatures
above 1400 °C and time over 15 s is accompanied by
the processes of graphitization and recrystallization
of nanodiamonds (Fig. 4).

It should be noted that as a result of mechanical
dispersion (grinding) of compacts in a planetary mill
for 5 min, a large number of nanopolycrystalline
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Fig. 4. X-ray pattern of the material based on nanodiamonds after modification with methane (CH4) and P, 7-treatment at
P—15GPa, T-1450°C,¢-30s

SEM HV: 20.00 kv WD: 9.9052 mm
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Fig. 5. Polycrystalline particles based on nanodiamonds after modifying annealing
in a methane atmosphere and sintering at a pressure of 2.5 GPa:
a — individual polycrystalline particles; b — particles of submicron size with faceting

(and possibly single-crystalline) diamond particles of
submicron and micron sizes are formed on their basis,
which indicates the active occurrence of diamond
crystallization and recrystallization processes and the
formation of sufficiently strong bonds between
diamond crystallites in a polycrystal.

Fig. 5 shows the structure of the nanodiamond
material after annealing in a hydrocarbon atmosphere
of methane and sintering at a pressure of 2.5 GPa.
Fig. S5a shows submicron particles based on
nanodiamond crystallites with sizes of about

10—15 nm, as well as a larger (about 150 nm) faceted
particle formed as a result of recrystallization.
Fig. 5b shows faceted particles (the sizes of the
obtained particles are mainly 50-200 nm).

Study of the material structure after modification
with alcohol. Under conditions of high pressures and
temperatures, ethanol dehydrates to form ethylene
CoHy, water, and products of its thermal
decomposition (Hp, CHy, C4Hg, CgHg) [56] which
form a fluid based on them. These compounds, on the
one hand, contribute to the destruction of oxygen-

264 Vityaz P.A., Senyut V.T., Kheifetz M.L., Kolmakov A.G.



Journal of Advanced Materials and Technologies. 2022. Vol. 7, No. 4

containing groups on the surface of nanodiamonds,
protecting the diamond core of nanodiamonds from
graphitization, and, on the other hand, ensure the
growth of the diamond phase on the surface of initial
nanodiamond grains [49]. The resulting water also
has a catalytic effect on the process of diamond
formation.

Thermobaric treatment of nanodiamonds after
their modification with ethyl alcohol was carried out
at pressures of 2.5 and 4.0 GPa and a temperature of
1450 °C with isothermal exposure for 15-30 s.
The structure of the obtained material is shown
in Fig. 6.

The analysis of the microstructure of the
obtained nanodiamond materials shows that an
increase in the duration of the thermobaric treatment
from 15 to 30 s leads to an increase in the average
size of diamond crystallites from 5-12 to 10-20 nm.
At the same time, an increase in the pressure of
thermobaric treatment to 4.0 GPa at the same
temperature and duration of thermobaric treatment
contributes to the suppression of the graphitization
process and the formation of nanostructured
polycrystalline diamond particles up to 2 um in size.

The data given in the table demonstrates that
an increase in the pressure of thermobaric treatment
for this system promotes the growth of diamond
crystallites and suppresses the growth of graphite
crystallites.

It can be noted that, in general, modification
with hydrocarbon-containing compounds promotes
the synthesis and growth of diamond crystallites and
their sintering into polycrystals (Fig. 7).

SEM HV: 20.00 kV' WD: 5.9937 mm
View field: 0.567 ym  Det: SE Detector
PC: 9 SEM MAG: 350.00 kx

(a)

MIRAW TESCAN
100 nm i
Digital Microscopy Imaging n

Table 3. Sizes of graphite and diamond crystallites
in the products of nanodiamond sintering
with non-diamond carbon after their modification
in a methane atmosphere depending on pressure

Processing Crystallite size
Options Phase D effects A
P=25GPa, Craphite 89 = 6.941
t=15s Diamond 25+ 5.803
P=40GPa, Craphite 72+11.766
1=15s Diamond 30 + 5.803

Thus, the modifying treatment of nanodiamonds
before their thermobaric sintering leads to an increase
in the microhardness of diamond polycrystals.
The microhardness of a material based on
nanodiamonds that have not undergone preliminary
processing and sintered in the pressure range of
2.5-4.0 GPa does not exceed 6-8 GPa [3, 52].
Annealing in dissammonium and thermobaric
treatment in the same pressure range leads to an
increase in the microhardness of sintered polycrystals
to 8-10 GPa, treatment in an oxidizing atmosphere to
12-15 GPa, and modification with hydrocarbon-
containing compounds (methane, alcohol) to
20-25 GPa. The scatter in the microhardness values
of the samples may be due to the highly
nonequilibrium conditions of diamond synthesis
under high-speed sintering conditions.

SEM HV: 20.00 kV WD: 6.4450 mm
View field: 0.397 ym  Det: SE Detector
PC: 9 SEM MAG: 500.00 kx

(b)

MIRAW TESCAN
100 nm h

Didital Microscopv Imadina u

Fig. 6. Structure of the sintered material based on nanodiamonds after modification
in alcohol and thermobaric treatment at pressures of 2.5 GPa:
a — time of thermobaric treatment 15 s; 5 30 s
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Fig. 7. Comparison of the material structures based on nanodiamonds after modification and thermobaric treatment:

a — modification in a reducing atmosphere (dissammonium); b — in a CH4 hydrocarbon atmosphere; ¢ — modification in
alcohol Co;H50H (Thermobaric treatment pressure was 2.5 GPa, time was 30 s)

The data presented allows concluding that the
greatest increase in the material microhardness takes
place after modifying treatment, which stimulates the
processes of diamond synthesis from hydrocarbon-
containing compounds.

At the same time, an increase in the pressure of
thermobaric treatment additionally increases the
thermodynamic stimulus for the transformation of
thin carbon layers into diamond and stimulates the
growth and sintering of diamond grains.

4. Conclusion

1. It has been shown that the production of
nanopolycrystalline diamond materials based on
detonation nanodiamonds can be carried out at
relatively low pressures of thermobaric sintering,
corresponding to the stability region of “bulk”
graphite.

Detonation synthesis nanodiamond with a
particle size of 4-10 nm with a thin coating based on
graphite-like carbon (non-diamond forms of carbon)
additionally = modified with carbon-containing
compounds in the C—O-H system can serve as a
starting material for these purposes.

It has been demonstrated that the
functionalization (modification) of the nanodiamond

surface with carbon-containing compounds (CO,,

CHy4, C,H50H) coated with graphite-like carbon
plays a decisive role in the processes of diamond
polycondensation  during the  synthesis  of
nanopolycrystalline diamond material.

2. It has been established that as a result of
modifying the nanodiamond  surface  with
dissammonium, the size of nanodiamond crystallites
after sintering at pressures of 1.0-2.5 GPa practically
does not increase compared to the initial one and is in

the range of 5—10 nm. The size of graphite crystallites
increases from 5.5 nm after sintering for 15 s to
1011 nm after 30—60 s of thermobaric treatment.

The regularities of changes in the phase
composition and sizes of diamond and graphite
crystallites in nanocomposites based on nanodiamond
with a graphitized surface after annealing in
a reducing atmosphere of dissammonium and
sintering in the stability region of “bulk” graphite do
not change compared to composites based on
a diamond detonation charge and nanodiamonds
with a non-diamond surface carbon forms.

3. Modification of nanodiamond with non-
diamond forms of carbon (NFC) in an oxidizing
atmosphere based on carbon monoxide CO; does not
prevent nanodiamond graphitization during their
thermobaric treatment under the same conditions, but
leads to a more significant growth of diamond
nanocrystallites (20—40 nm) compared to treatment of
disammonia in a reducing atmosphere due to
reactions according to the scheme: Cg +COp —
— [2CO] — Cgiam + CO».

Modification of nanodiamonds with CHy
methane and subsequent sintering at pressures of 1.5—
2.5 GPa at temperatures above 1400 °C and sintering
time of more than 15 s is also accompanied by the
processes of graphitization and recrystallization
of nanodiamonds. In this case, the formation of
polycrystalline (single-crystalline) diamond particles
of submicron and micron sizes indicates the active
occurrence  of diamond crystallization and
recrystallization processes and the formation of
strong bonds between diamond crystallites in a
polycrystal.

Modification of nanodiamond with non-diamond
forms of carbon (NFC) with ethyl alcohol and

266 Vityaz P.A., Senyut V.T., Kheifetz M.L., Kolmakov A.G.



Journal of Advanced Materials and Technologies. 2022. Vol. 7, No. 4

thermobaric treatment at pressures of 2.5 and 4.0 GPa
and a temperature of 1450 °C with isothermal
exposure for 15-30 s leads to an increase in the
average size of diamond crystallites from 5-12 to 10—
20 nm. At the same time, an increase in the pressure
of thermobaric treatment to 4.0 GPa at the same
temperature and duration of thermobaric treatment
contributes to the suppression of the graphitization
process and the formation of nanostructured
polycrystalline diamond particles up to 2 um in size.

4. Modifying treatment of nanodiamonds before
their thermobaric sintering leads to an increase
in the microhardness of diamond polycrystals.
The microhardness of the material based on
nanodiamond particles that have not undergone
pretreatment and sintered in the pressure range of
2.5-4.0 GPa does not exceed 6—8 GPa. Annealing
in dissamiac and thermobaric treatment in the same
pressure range leads to an increase in the
microhardness of sintered polycrystals to 810 GPa,
treatment in an oxidizing atmosphere to 12—15 GPa,
modification with hydrocarbon-containing compounds
(methane, alcohol) — up to 20-25 GPa.

As a result, it can be concluded that the greatest
increase in the microhardness of the material occurs
after the modifying treatment with hydrocarbons,
which stimulates the processes of diamond synthesis
from the gas phase. Increasing the pressure of
thermobaric treatment from 1.5 to 4 GPa suppresses
the diamond graphitization process and increases the
thermodynamic stimulus for the transformation of
graphite-like carbon into diamond, activating
recrystallization and sintering of diamond grains.
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