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Abstract—The history of the discovery of nanodiamond synthesis, the investigation of nanodiamond proper-
ties, and the application and organization of their production in the second half of the 20th century is
expounded. It is noted that this history is unique, since nanodiamond synthesis was discovered in the USSR
three times over 19 years: first by K.V. Volkov, V.V. Danilenko, and V.I. Elin at the VNIITF (Snezhinsk) in 1963
and then, in 1982, by A.M. Staver and A.I. Lyamkin at the Institute of Hydrodynamics, Siberian Division, Acad-
emy of Sciences of the USSR (Novosibirsk), and by G.I. Savvakin at the Institute of Problems of Materials Sci-
ence, Academy of Sciences of the UkSSR (Kiev). All of these researchers discovered nanodiamond synthesis
accidentally while studying diamond synthesis by shock compression of nondiamond carbon modifications in
blast chambers. The priority of work by Russian scientists in this field is demonstrated. © 2004 MAIK
“Nauka/Interperiodica”.
About 40 years ago, in July 1963, the detonation
synthesis of nanodiamonds was discovered. In the 40-
year history of nanodiamonds, the following three peri-
ods can be traced.

(i) The discovery of nanodiamond synthesis in
1963–1982, followed by a prolonged suspension of
active study.

(ii) Rediscovery of the synthesis in 1982–1993, with
intensified study and production of nanodiamonds
simultaneously at several research centers in the USSR.
In this period, production potential exceeded the scale
of application.

(iii) Unprofitable production of small batches of
nanodiamonds in 1993–2003, leading to the closure of
a number of research centers and the termination of
production.

However, some enthusiasts, who believe that nano-
diamonds will find wide application in industry, con-
tinue to work hard on this area. The interest in nanodi-
amonds is being gradually revived, which was demon-
strated by the organization of the International
Symposium in St. Petersburg.

In analyzing the history of the discovery of the syn-
thesis of nanodiamonds or ultrafine-dispersed dia-
monds (UDDs), it is necessary to take proper account
of the following facts.

(1) The history of the discovery of UDDs is part of
the general history of the development of explosive
technologies in the synthesis of superhard materials,
and this discovery is a natural result of the development
of previous studies.

(2) The history of the discovery of UDD synthesis is
simultaneously the history of many years of studies of
carbon condensation in a detonation wave, the proper-
1063-7834/04/4604- $26.00 © 20595
ties and application of UDDs, and the organization of
the commercial production of UDDs.

(3) In the history of any discovery, what is important
is the priorities. Pioneers always use the experience
gained by their predecessors, who are often little
known. This should be borne in mind.

The discovery of diamond synthesis under static
pressures at the end of the 1950s stimulated studies
aimed at determining the application of explosion
energy in diamond synthesis. For the first time, dia-
mond was detected in a preserved shock-compressed
graphite sample in the USA in 1961 [1].

In 1960–1980, a sort of “diamond club” of research
centers was formed in the USSR, where dynamic meth-
ods for producing superhard materials were devised.
This club incorporated the following institutes:

All-Union Research Institute of Technical Physics
(VNIITF, Snezhinsk, Chelyabinsk oblast);

Institute of Chemical Physics, Academy of Sciences
of the USSR (IKhF, Chernogolovka, Moscow oblast);

Institute of Hydrodynamics, Siberian Division,
Academy of Sciences of the USSR (IG, Novosibirsk);

Institute of Superhard Materials, Academy of Sci-
ences of the UkSSR (ISM, Kiev);

Institute of Problems of Materials Science, Acad-
emy of Sciences of the UkSSR (IPM, Kiev); and

Dnepropetrovsk Institute of Mines (DGI, Dnepro-
petrovsk).

Basic information on the history of the development
of dynamic methods for diamond synthesis is given in
the table. The history of the discovery of UDD synthe-
sis is unique. UDDs were discovered in the USSR three
times over 19 years by scientists from different research
centers.
004 MAIK “Nauka/Interperiodica”
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From the history of dynamic diamond synthesis

Authors Year Subject 

Yu.N. Ryabinin 1956 Unsuccessful attempts at dynamic synthesi

E.I. Zababakhin (VNIITF) 1960 Substantiation of the possibility of diamond
beginning of experimental research at the V

B.J. Alder and R.H. Christian 1961

M.N. Pavlovskiœ (VNIIÉF), K.K. Krupnikov (VNIITF),
A.N. Dremin, and S.V. Pershin (IKhF)

1963 Obtainment of the shock adiabat for graphite 

1968

P.J. De Carli and A.C.Jamisson 1961 Diamond synthesis with preservation of sho

K.V. Volkov, V.V. Danilenko, and V.I. Elin (VNIITF) 1962 The same, but in spherical and cylindrical a

1963 Diamond synthesis by compression of grap
(diamond yield ~20%)

1963 UDD synthesis from carbon of explosion p
charge mass)

G.A. Adadurov (IKhF) 1965 Diamond synthesis from graphite

Dupon Co.(USA) 1976 Commercial production of diamond microp
a graphite–copper mixture with a charge m

G.I. Savvakin (IPM) 1982 UDD synthesis

A.M. Staver and A.I. Lyamkin (IG) 1982 The same

O.N. Breusov, V.N. Drobyshev, G.A. Adadurov,
and A.N. Dremin (IKhF)

1983 Pilot-scale production of diamond micropo
100-g charges of a graphite or carbon black

G.V. Sakovich and coworkers (NPO “Altaœ) 1984 Pilot-industrial production of UDDs

1985 Application of wear-resistive chromium + U
and accessories, production of antiwear add

Collaborators of the VNIITF and FGUP Industrial Complex 
“Élektrokhimpribor” (Lesnoœ)

1990 Pilot-scale production of UDDs

V.V. Danilenko and V.I. Padalko (ZAO “ALIT,” Zhitomir) 1992 The same (TG40 charges of a mass of 10 k

V.V. Danilenko and I.A. Petrusha (ISM) 1994 Beginning of studies on UDD sintering und

V.V. Danilenko (ZAO “ALIT”) 1994 Ampoule-free sintering of high-density UD
single crystals

V.V. Danilenko, P.P. Tolochko, B.A. Vyskubenko,
and É.É. Lin (ZAO “ALIT,” VNIIÉF)

1986–1992 Experiments on UDD synthesis by explosio
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Specialists from the VNIITF, a research institute
where nuclear armaments were developed, were the
first in the USSR to launch studies on diamond synthe-
sis in 1960. The merit of these studies is due to Acade-
mician E.I. Zababakhin, an outstanding scientist who
headed the VNIITF (the institute was named after him).
Owing to his initiative and support, a group of scientists
in gas dynamics, including K.V. Volkov, V.V. Dani-
lenko, and V.I. Elin, carried out the following pioneer-
ing works in diamond synthesis in 1960–1965:

(i) for the first time, diamonds were obtained by
shock compression of graphite and carbon black in
spherical and cylindrical storage ampoules (1962);

(ii) for the first time, compression of a graphite–
metallic coolant mixture was used, which made it pos-
sible to increase the diamond yield by an order of mag-
nitude (1963);

(iii) for the first time, the superhard wurtzite modifi-
cation of boron nitride was obtained using explosion
(1963); and

(iv) for the first time, detonation synthesis of dia-
monds from carbon molecules of explosives was dis-
covered and investigated (1963) [2–4].

To simplify the diamond synthesis, the author pro-
posed and implemented (in 1962) ampoule-free synthe-
sis with explosions in the explosion chamber instead of
ampoule synthesis. Graphite was placed directly into a
cylindrical charge consisting of a trotyl–hexogen mix-
ture TG40; the charge was enveloped in a water jacket
to suppress graphitization and reduce the unloading
rate of the synthesized diamond.

Even the first experiment with such a setup resulted
in a sharp increase in the diamond yield. A control
experiment, carried out with a graphite-free charge in
July, 1963, confirmed the hypothesis that diamond was
synthesized from the carbon contained in the detona-
tion products (DPs).

Simultaneously, a comparison of the phase diagram
for carbon and the parameters at the Jouguet point for
the detonation of high-density charges of powerful
explosives (the values of pressure and temperature
obtained in DPs as a result of detonation-induced
decomposition of explosive molecules) proved that the
free carbon of DPs must condense in the form of dia-
mond (see figure). It can also be seen that, in order to
obtain free carbon in DPs, an explosive with a negative
oxygen balance should be used. Such explosive com-
pounds simultaneously serve as sources of energy and
carbon. As compared to diamond synthesis from graph-
ite, the advantage of condensation of atomic carbon of
DPs into diamond is that neither energy nor time expen-
ditures are required for the destruction or rearrange-
ment of the initial crystal lattice of graphite. Thus, the
main problem lies not in the formation of UDD but in
its storage (i.e., in creating conditions that prevent oxi-
dation and graphitization of the UDDs obtained).

Despite convincing theoretical premises, only the
experiment carried out in 1963 proved for the first time
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
that diamond is indeed formed in a detonation wave and
that the obtained substance can be preserved.

In 1963–1965, about 100 successful experiments
were carried out to analyze the effect of explosion con-
ditions, as well as the composition and configuration of
charges, on the UDD synthesis and the properties of the
UDDs produced [2–4]. It was shown that DP cooling as
a result of conversion of the potential energy of DPs
into kinetic energy of the envelope surrounding the
charge plays a decisive role in the UDD synthesis. It
was found that an elongated cylinder is the best shape
for TG40 charges; the explosion of such a charge in a
water jacket gives a UDD yield of 8–12% of the charge
mass for a UDD concentration in the batch mixture of
up to 75%.

At that time, experiments aimed at developing meth-
ods for diamond synthesis were absolutely classified;
for security reasons, the results were initially contained
only in secret reports from the VNIITF. In 1987, part of
those reports were forwarded to the other members of
the diamond club.

The UDD synthesis was analogously rediscovered
by A.M. Staver, E.A. Petrov, and A.I. Lyamkin under
the guidance of Academician V.M. Titov at the Institute
of Hydrodynamics, Siberian Division, Academy of Sci-
ences of the USSR (Novosibirsk) [5, 6], and by
G.I. Savvakin under the guidance of Academician
V.I. Trefilov at the Institute of Problems of Materials

Phase diagram of carbon and the detonation parameters.
The inset shows the pressure profile in a detonation wave:
A corresponds to the shock compression of the explosive
(chemical peak), AB corresponds to the decomposition of
explosive molecules with the formation of DPs and conden-
sation of the free carbon (for an explosive with a negative
oxygen balance) to UDDs at pressures higher than 20 GPa,
B is the termination of the decomposition (the Jouguet
point), and tp is the duration of the decomposition. In the
diagram, points A and B are indicated for the trotyl–hexogen
mixture TH36, M1 and M2 are possible melting lines of car-
bon, and ρ is the density (in g/cm3).
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Science, Academy of Sciences of the UkSSR (Kiev)
[7], who investigated ampoule-free diamond synthesis
through shock compression of graphitized carbon and
hydrocarbon materials (but without a water jacket).

In those experiments, the DP cooling required for
UDD storage was attained by shock compression of a
noble gas in an explosion chamber. The UDD yield was
4–6% for a UDD concentration in the charge of 40–
60%.

In the USA, UDD synthesis was reported for the
first time only in 1988 [8].

The development of this interesting trend in science
and technology was hampered by the following circum-
stances:

(i) security measures existing in the USSR and
extending to any research work on diamond synthesis;

(ii) the decision of the Soviet government regarding
the inexpediency of developing simultaneously explo-
sive methods and intense research work aimed at the
production of diamonds by catalytic synthesis;

(iii) the discovery of UDD synthesis at the VNIITF,
which specialized in fields far removed from diamond
production;

(iv) the lack of preparedness in the industry in gen-
eral in the 1960s to develop nanoscale materials and
nanotechnologies.

In 1984, a pilot-scale production of UDDs was orga-
nized for the first time at the Research-and-Production
Association (NPO) “Altaœ” headed by Academician
G.V. Sakovich; subsequently, a number of new fields of
application of UDDs that are not traditional for dia-
monds were proposed and investigated [4, 9]. It has
been proved that small UDD admixtures in various
materials noticeably improve the properties of these
materials and of coating. In all cases, UDD plays the
role of a powerful builder.

The First Interbranch Scientific Conference on
UDDs held at the NPO “Altaœ” in 1986 demonstrated
full agreement between the UDD data obtained at the
VNIITF in 1963–1964 and at the IG in 1982–1986.

At the end of the 1980s, the technology for UDD
purification by using nitric acid alone under pressure
was developed at the Special Technical Design Office
(SKTB) “Tekhnolog” (St. Petersburg), where a contin-
uous-operation unit was constructed. As a result of the
graphitization of UDDs, peculiar bulb-shaped graphite
with closed carbon bonds was obtained at the IG in
1993 [10].

Detailed studies of the properties and possible areas
of application of UDDs have been carried out at the
ISM and IPM (Kiev), NPO “Sinta” (Minsk), ZAO
“Almaznyœ Tsentr” (St. Petersburg), and VNIITF
(Snezhinsk). To ensure a preset level of controllable
parameters for various UDD powders and suspensions,
standard-engineering specifications (TU of Russia,
VNIITF, 1994; TU of Ukraine, ISM, 2001) were devel-
oped.
PH
In 1988–1998, extensive studies of the regularities
of carbon condensation in the form of UDDs during
detonation were performed by A.I. Lyamkin, A.M. Sta-
ver, V.F. Anisichkin, I.Yu. Mal’kov, E.A. Petrov,
A.P. Ershov, and V.M. Titov at the IG [5, 6].

The effect of UDD formation on the detonation
parameters was demonstrated in [11–13].

In 1986–1988, the present author investigated UDD
synthesis for the first time through the explosion of
heavy charges (with a mass of up to 20 kg) of various
explosives in large explosion chambers with a view to
organize large-scale production of inexpensive, high-
quality UDDs, which is essential for UDD application
on the industrial scale. It was shown that an increase in
the mass of TG40 charges does not change the UDD
yield but UDD grains become coarser (the specific sur-
face of UDD grains is reduced by half) and macro-
scopic lonsdaleite crystals form [4]. In 1991, a unique
experiment on UDD synthesis by exploding a TG40
charge with a mass of 140 kg in a water jacket was car-
ried out in a chamber 300 m3 in volume [14]. 

In 1992, the present author developed a technology
for producing UDDs and implemented it at the com-
mercial plant of the “ALIT” company (Zhitomir). The
main part of the plant was an explosion chamber 100 m3

in volume (designed by the present author [15]) with
water cooling of the UDDs.

In 1994, successful experiments on obtaining dia-
mond single crystals by sintering high-density UDD
grains were carried out in this chamber [4].

Even now, the UDD-manufacturing facilities cre-
ated in the USSR considerably exceed the current
demand in UDDs. In view of the absence of large-scale
application of UDDs in industry, the laboratory and
plant at the VNIITF and at the Krasnoyarsk Technical
University were closed and production at the NPO
“Altaœ” and at the industrial complex “Élektrokhimpri-
bor” was suspended.

At the beginning of the current century, the interest
in UDDs, which combine high values of dispersity,
chemical resistance, and adsorption activity, has
increased in connection with the intense development
of nanotechnologies round the world.

Detailed information on the synthesis, properties,
and applications of UDDs can be found in [4, 9, 16, 17].
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Abstract—Some information on the history of dynamic synthesis of diamond in Ukraine is considered. Basic
characteristics of ASM5 0.1/0 and ASM1 0.1/0 nanodiamond powders produced by static synthesis are
described. The characteristics and surface properties of nanodiamond powders produced by detonation synthe-
sis in Ukraine are presented. It is shown that the chemical activity of the particle surface can be controlled.
Applications of nanopowders produced by detonation synthesis in various technologies are considered. © 2004
MAIK “Nauka/Interperiodica”.
1. DIAMOND NANOPOWDERS 
PRODUCED BY STATIC SYNTHESIS

Diamond nanopowders (with grains smaller than
100 nm in size) have been produced by static synthesis,
studied, and applied in the Institute for Superhard
Materials (ISHM) for more than three decades.

Diamond nanopowders produced from static-syn-
thesis diamond are classified as submicropowders (with
grains smaller than 1 µm in size) with a narrow range
of grain size. They are produced in Ukraine according
to the DSTU 3992-95 state standard as nanopowders of
grades ASM5 0.1/0 and ASM1 0.1/0. This standard
allows up to 5% of particles 0.3–0.1 µm in size in the
ASM5 0.1/0 powder composition; the remaining parti-
cles should be 0.1 µm in size and finer. ASM1 0.1/0
powders can contain no more than 1% coarse fraction
(0.3–0.1 µm), and the major fraction (0.1 µm and finer)
is 99%. The grain composition of powders is measured
using a transmission electron microscope. Submi-
cropowders in the as-delivered condition are also regu-
lated in moisture content (less than 1%) and impurity
mass fraction (less than 2%). This is the cubic-structure
diamond containing no graphite, which is fully
removed by chemical cleaning. The specific surface of
nanometer powders is 40–45 m2 g–1 (as determined
from nitrogen adsorption); 60 and 40% of the particle
surface are associated with hydrophilic and hydropho-
bic centers, respectively [1].

Figure 1 shows electron-microscopic images of an
ASM5 0.1/0 powder containing ~20% of the 100-nm
fraction; the other particles are finer. Submicropow-
ders, as well as most of the available grades of
micropowders, are produced by crushing of larger dia-
mond particles, which has an effect on the particle
shape. This powder mostly contains thin (≤50-nm-
thick) platelike particles with polyhedral facets and
smooth or rough surfaces. There are aggregates of
platelike particles (2–3 particles) contacting by edge
1063-7834/04/4604- $26.00 © 20600
surfaces and aggregates of platelike particles layered
against each other, as well as flaky structures, such as
strongly deformed films 10–30 nm in size.

The technology of submicropowders is very labori-
ous and requires certain clean conditions. Such pow-
ders, in particular, the finest ones, aggregate into strong

1 µm

1 µm

Fig. 1. ASM5 0.1/0 powder synthesized under static condi-
tions.
004 MAIK “Nauka/Interperiodica”
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structures upon drying and require additional prepara-
tion of a dry product when producing pastes. For this
reason, it is a better practice to keep them as suspen-
sions.

Powders of granularity 0.1/0 in the form of pastes
with a diamond concentration of 2, 5, and 10 wt % are
most efficient in superfine lapping and polishing of
semiconductor objects. This is the main field of appli-
cation of such powders.

2. DYNAMIC SYNTHESIS OF DIAMOND

Diamonds have been synthesized using detonation
energy since 1961, when the first reports on initiating
the direct graphite–diamond phase transition were
made by the Du Pont Company (USA). In the following
years, various methods and schemes of the dynamic
impact on pure carbon and carbon-containing mixtures
were developed and tested in many countries. Ukrai-
nian scientists also developed unique methods and
equipment for such synthesis. The ISHM, Frantsevich
Institute of Materials Science Problems (IMSP),
Dnepropetrovsk Mining Academy, and other institu-
tions carried out experimental and theoretical studies of
the dynamic synthesis of diamond in metal–graphite
(carbon black) compositions using plane and cylindri-
cal loading. As reagents, both cast iron and Fe–C, Ni–
C, and Cu–C pressed mixtures were used. Experimen-
tal studies in the ISHM were performed using cylindri-
cal loading of reaction mixtures in large-scale cells in
collaboration with a research group from the
Lavrent’ev Institute of Hydrodynamics (Novosibirsk)
headed by A.A. Deribas and S.M. Staver.

The first diamonds were synthesized in the ISHM
using plane loading of cast iron by a research group
headed by Andreev in 1975 [2]. By initiating the direct
graphite–diamond phase transition, flaky structures
were obtained that reproduced the particle shape of the
initial graphite used and a 100-µm powder was pro-
duced. Figure 2 shows particles of this diamond, whose
crystal structure represents the cubic and hexagonal
(lonsdaleite) carbon modifications. The lonsdaleite
content in fine-grained diamond fractions reached 50%.
Electron microscopy and selected-area diffraction stud-
ies of powders detected individual lonsdaleite particles
[3]. These diamonds attracted particular interest due to
both their specific structure and morphology. Diamond
particles produced by dynamic synthesis were charac-
terized by a significantly developed surface, which
opened up new opportunities for their application [4].
Despite the mostly flat shape of the particles, these
powders could be classified, which made it possible to
carry out comparative tests with powders of static syn-
thesis and to specify their fields of application. The new
powders were especially efficient as components of
synthetic-fiber raising tools (texturing disks), as well as
in ARS3 polycrystals. However, this synthesis method
has not found commercial application because of the
laborious and expensive operation of chemical dissolu-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
tion of metal components of reaction mixtures and high
cost of disposable metal tooling (retaining devices), as
well as due to increased prices of explosive materials.

Simultaneously with the studies of the shock-wave
synthesis in metal–carbon powder systems, G.I. Savva-
kin (IMSP) studied diamond synthesis using explosive
detonation with a negative oxygen balance, as well as
with admixtures of carbon materials (graphite and car-
bon black). Results of successful experiments have
been published since 1978 [5, 6].

Under high-temperature compression for over 5 ×
10–6 s, transformations of noncrystalline carbon (lamp
black and detonation carbon black) were observed and
diamonds with average sizes of 10–20 nm were pro-
duced.

Diamond synthesis under detonation of explosives
with a negative oxygen balance, carried out by
K.V. Volkov, V.V. Danilenko, and V.I. Elin in Chelyab-
insk in the early 1960s [7], was commonly accepted as
a priority area of study in the former USSR. Later,
V.V. Danilenko continued his studies in Ukraine
(IMSP); in 1991, he established the ALIT Company in
Zhitomir. The ALIT has a blast chamber with a volume
of 100 m3 and is the largest manufacturer of nanodia-

(a)

(b)

Fig. 2. Diamond powders of grades (a) AV 7/5 and (b) AV 2/1
produced by shock-wave loading of cast iron.
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monds. The ISHM develops technologies for the chem-
ical cleaning and production of nanodiamond powders.

3. STUDIES OF THE CHARACTERISTICS 
AND PROPERTIES OF DIAMOND 
NANOPOWDERS SYNTHESIZED 

UNDER DETONATION CONDITIONS
Currently, ASUDO- and ASUDCh-grade diamond

nanopowders of detonation synthesis that differ in
purity are produced according to the TU 28.5-
05417377-094-2003 specification, and diamond–
graphite mixtures containing 35–60 wt % diamond
phase are produced according to the TU U 88.090.053-
01specification.

Diamond produced under detonation conditions fol-
lowing the ALIT technology is a single-phase material
with a cubic crystal lattice with parameter a = 0.357 nm.
According to x-ray diffraction data, coherent-scatter-
ing regions (subgrains) are 4 nm in size. The Raman
spectrum of diamond contains a weak broad asymmetric
peak at 1325.4–1325.8 cm–1 with a halfwidth of
~30 cm−1. A comparison of this spectrum with the stan-
dard spectrum shows a line shift of 6 cm–1 to lower wave
numbers, which can be explained by tensile stresses [8].

Powders in the as-delivered condition consist of
agglomerates 0.5–50 µm in size, composed (according
to data from electron microscopy) mostly of spherical
particles 15–20 nm in size (Fig. 3).

The powder specific surface measured using the
low-temperature adsorption method is ~200 m2 g–1, and
the pycnometric density is 3.3 g cm–3. The heuristic
relation d = 6/ρSspec between the specific surface Sspec,
density ρ, and average particle size d yields the average
size of diamond particles to be ~8 nm. Thus, the com-
parison of various methods shows that individual parti-
cles of detonation diamond are polycrystals.

The x-ray diffraction and coordination-shell diffrac-
tometry methods showed that the average size of coher-
ent-scattering regions of nanodiamond is 4.2 ± 2 nm

Fig. 3. Nanodiamond powder synthesized under detonation
conditions (400000 ×).
PH
[9]. These regions contain an insignificant number of
dispersed carbon atoms that do not enter the diamond
lattice. Those studies confirmed the polycrystalline
structure of the particles and demonstrated that the
shape of the interatomic-distance distribution in grain
boundaries is close to Gaussian, which suggests that
grain boundaries are amorphous.

Electron spin resonance studies of diamond samples
of various origin [10] showed that the effect of the sur-
face on the properties of diamond particles increases as
their size decreases.

The long-term studies performed at the ISHM have
shown that the most significant features of nanodia-
mond produced by detonation synthesis are associated
with its surface properties.

Currently, it is known that nanodiamond particles
are characterized by a supermolecular structure of vari-
able activity depending on the nature and number of
adsorbed functional groups.

Infrared spectroscopy of nanodiamonds shows that
an increased content (in comparison with that in
micropowders of static synthesis) of moisture in the
form of bound –OH groups and free water molecules,
as well as the presence of carbonyl and carboxyl
groups, is observed on the particle surface in as-deliv-
ered powders. The content of –CH2 and –CH3 groups in
powders is insignificant [11]. Auger spectroscopy
showed that the initial powders contain 0.5% nitrogen
and 5.4% or 6.0% oxygen (in ultrafine-dispersed dia-
monds UDD1 and UDD2, respectively) and that the bal-
ance is carbon. As for the incombustible residue (whose
quantity is less than 2%), the predominant impurities
are chromates, Ca and Al sulfates, and complex com-
pounds with silicon. It should be noted that the compo-
sition of the particle surface somewhat changes even
under the standard conditions and can be significantly
affected by thermal or physicochemical treatment. For
example [11], thermal treatment of powders in argon
results in substantial loss of OH groups (Fig. 4a), which
is confirmed by the change in IR absorption near
1640 cm–1 and the rupture of hydrogen bonds. The lat-
ter is illustrated by the change in the shape of the spec-
tral curve near 3580 cm–1 (Fig. 4b).

The electrophoretic charge of the particle surface
(ξ potential) is negative and exceeds that of static-syn-
thesis powders by an order of magnitude, which is obvi-
ously caused by an increase in the content of ionogenic
oxygen-containing groups.

Diamond nanopowders feature a significant hydro-
phily, which can be characterized by the water-vapor
saturation free energy ∆Gs per unit powder mass

 

where R is the gas constant, T is the temperature, n is
the quantity of water (in moles), and P and Ps are the
partial pressure and the saturated vapor pressure of
water, respectively. We estimated the nanopowder hydro-
phily degree as approximately –3000 mJ mol–1 g–1,

∆Gs RTn P/Ps mJ/mol g[ ] ,log=
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004



        

DETONATION DIAMONDS IN UKRAINE 603

                                                 
which is two times larger in magnitude than that for dia-
monds produced by static synthesis.

Among currently known types of diamond, detona-
tion-synthesis powders are distinguished by an
extremely large number of uncompensated surface
bonds and by high adsorption activity due to small par-
ticle sizes and the specific features of the powder pro-
duction. By using the Brunauer–Emmet–Teller method
of low-temperature nitrogen adsorption at a tempera-
ture of 200°C and a pressure of 1 × 10–4 Torr, we deter-
mined the adsorption potential of nanodiamond pow-
ders from adsorption isotherms; this potential takes into
account both the activity of surface centers and their
quantity.

The studies carried out by us have shown that the
chemical activity of the diamond particle surface caus-
ing ion-exchange processes of adsorption and desorp-
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Fig. 4. Infrared absorption spectra of nanodiamond samples
after thermal treatment.
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tion can be varied without changing the inherent chem-
ical inertness of diamond. It was established that the
adsorption potential of nanoparticles depends on the
chemical cleaning method applied and can be signifi-
cantly increased using thermal treatment or modifica-
tion (see table, Fig. 5). Figure 5 shows the distribution
function of the adsorption potential for two grades of
powder (differing in the initial surface characteristics)
after thermal treatment in argon at 200 and 700°C. The
thermal treatment is seen to affect the particle surface
activity significantly; the activity increases by a factor
of 3.5–4 after treatment at 700°C.

The studies have shown that this material is unique,
but its production poses severe problems, because it is
difficult to produce powders with strictly preset surface
properties and to preserve them.

4. APPLICATION OF DIAMOND NANOPOWDERS 
SYNTHESIZED UNDER DETONATION 

CONDITIONS

The unique surface properties of nanopowders
determine their application in electrochemical and
chemical coatings, pastes, and suspensions; as addi-
tives in polymeric, ceramic, and industrial rubber goods
and glues; as adsorbents and catalysts, in filters and
membranes; etc.

Fig. 5. Distribution functions of the adsorption potential of
powders of grades (a) UDD1 and (b) UDD2 for (B) the ini-
tial powders and powders after thermal treatment at (C) 200
and (D) 700°C.
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In the ISHM, nanodiamond powders of detonation
synthesis are applied in technologies of hard electro-
chemical composite coatings of diamond tools. In par-
ticular, a nanodiamond additive changes the structure
of nickel coatings with the formation of nickel den-
drites radiating outward from dispersed particles and
increases the microhardness of coatings by a factor of
1.9 and their wear resistance by 3–4 times. Such com-
posite coatings significantly improve the quality of gal-
vanic tools with various types of dimension and func-
tions (grinding wheels, core drills, faceplates, etc.) and
harden the work surfaces of flying grippers for printing
machines, sleeves of internal-combustion engines, etc.

Techniques have been developed for metallizing
static-synthesis diamond powders by composite chem-
ical coatings with nanodiamond additives and for met-
allizing nanodiamond itself by nickel to produce dia-
mond-containing cells 0.35–1.8 µm in size [12, 13].
The application of composites based on metallized nan-
odiamond to produce faceting disks for processing jew-
els at the Izumrud State Company increased the wear
resistance, elasticity, rollability, and cutting ability of
the disks by a factor of 1.5–1.8.

Studies of the catalytic and adsorption properties of
nanodiamond have shown that adsorption centers on
the particle surface are simultaneously catalytic cen-
ters. It was shown that electrochemical treatment of the
particle surface makes it possible to saturate it with
atomic oxygen, thereby significantly enhancing cata-
lytic oxidation of carbon monoxide into dioxide [14].
Since nanodiamonds have proved to be promising cata-
lysts of oxygen electrodes in fuel cells [15], those stud-
ies were further developed.

Techniques are being developed for sintering nan-
opowders and for applying them as structuring addi-

Control of the chemical activity of the diamond particle surface

Treatment of powders Powder 
grade

Adsorption potential 
(for nitrogen

adsorption) A, J g–1

Chemical cleaning:

treatment with a solution 
of NaOH and KOH

UDD1 419

sintering with a mixture 
of NaOH and KOH

UDD2 595

Thermal treatment
in argon

at 200°C UDD1 498

UDD2 634

at 700°C UDD1 1892

UDD2 2143

Modification by boric 
anhydride

Initial 506

UDD-20V 902
P

tives in the production of dense polycrystals from
static-synthesis diamonds [16].

One of the most interesting results is the technology
of polycrystalline micropowders whose porous parti-
cles have different nanostructures [17]. Such powders
are produced by crushing diamond nanopowder sinters
obtained under static conditions in the region of stabil-
ity of the diamond phase. The minimum pore size in
powder particles, estimated from the characteristics of
nitrogen adsorption, is 1.2 nm. In particles of a powder
of granularity 1/0, pores range in size from 1.2 to
2.5 nm. As the granularity increases, the largest pore
size increases to ~10 nm [18]. The important advan-
tages of polycrystalline powders are their large specific
surface area (~140 m2 g–1), which is close to that of the
initial nanopowder (~170 m2 g–1), and their high
adsorption activity (above 250 J g–1). These character-
istics make it possible to use polycrystalline powders as
adsorbents and catalysts; therefore, the search for their
most efficient fields of application is carried out in this
direction. As for the polishing ability of powders, they
can be used for the processing of both hard and soft
materials. Unconventional fields of application of nan-
opowders and polycrystalline micropowders produced
from them are also being searched for.

5. CONCLUSIONS

(I) The output of nanodiamond powders synthesized
under detonation conditions in Ukraine is ~100 kg per
month.

(II) Technologies of nanodiamond powders with
controlled properties have been developed. Problems
are experienced in connection with (a) instrumental
estimation of the powder quality under production con-
ditions and (b) conservation of the achieved surface
properties over a long period of time.

(III) In view of the significantly increased interest in
nanotechnology and the availability of a large variety of
nanopowders of different nature, the following promis-
ing nanodiamond applications can be given.

(i) Development of hardening and structurization
technologies for various materials, including coatings.
The problems arising in this case are associated with
(a) the introduction of nanoparticles in a dispersed form
into a material and (b) the achievement of a uniform
distribution of particles in a material.

(ii) Applications of nanodiamonds as sorbents, cata-
lysts, and fuel cells of current sources. In this case, the
regeneration of objects presents technological difficul-
ties.

(iii) Production of diamond and composite poly-
crystals with a nanostructure intended for use in con-
struction and as tools and for producing powders,
including porous ones. Problems are associated with
the presence of functional groups on the diamond par-
ticle surface and with the necessity of removing them to
produce dense sinters.
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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METHODS OF FABRICATION AND PROCESSING
OF DETONATION NANODIAMONDS

    
The State of the Art and Prospects 
of Detonation-Synthesis Nanodiamond Applications in Belarus

P. A. Vityaz
National Academy of Sciences of Belarus, Minsk, Belarus

e-mail: vitiaz@presidium.bas-net.by

Abstract—Technological features of the commercial production of detonation-synthesis nanodiamonds at the
SINTA Joint-Stock Company and the characteristics of the nanodiamonds and diamond-containing mixtures
produced are considered. Nanodiamond applications in the production of composite electrolytic coatings that
are based on chromium, nickel, gold, and silver, exhibit good service properties, and save on the use of noble
metals and electric power are exemplified. Nanodiamond applications for the modification of plastics, antifric-
tion lubricants, and oxide coatings grown by microarc oxidation of aluminum alloys are also considered. The
prospective application of nanodiamonds as a raw material in the synthesis of diamond powders and superhard
composites by static and shock-wave loading is demonstrated. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION
We consider the state of the art and prospects of

application of detonation-synthesis nanodiamonds in
Belarus. The commercial production of detonation-
synthesis nanodiamonds in Belarus developed thanks
to the developed infrastructure and highly skilled spe-
cialists in the country in the field of experimental-
industrial production of composite materials and wares
using high explosives. This industry was organized in
the Sinta Joint-Stock Company in 1993–1996 within
the “Diamonds” state scientific and technical program
and supported by leading Russian scientists and spe-
cialists in the field. The nanodiamond production
capacity of the Sinta Company is 107 carats per year.

2. COMMERCIAL PRODUCTION 
OF NANODIAMONDS

In the process of establishing and developing nano-
diamond production, the main problems encountered
were the application of explosives and “melanzh”
rocket oxidizer for the synthesis and chemical purifica-
tion of detonation products, the development of non-
polluting closed methods of separating nanoparticles
from liquid reactive media and the synthesis technol-
ogy, etc. Specialists from the Institute of Pulsed Tech-
nological Processes, the Institute of Powder Metal-
lurgy, “Akademicheskoe” Central Design Office
(Sosny), and others were brought in to solve these prob-
lems. A unique industrial system successfully designed
on the basis of the Sinta Company (Fig. 1) is currently
in operation, which employs original engineering solu-
tions and produces high-quality products. National
standards on diamond powders have been developed,
and the products have been state certified. The products
are delivered to more than thirty Belarus enterprises
1063-7834/04/4604- $26.00 © 20606
and are exported to Russia, Ukraine, Taiwan, India,
Germany, the USA, the Czech Republic, the Republic
of Korea, and other countries. It should be noted that
the technological aspects of nanodiamond production
are of particular interest to Belarus, in particular, for
practical recycling of certain types of ammunition and
the “melanzh” liquid rocket oxidizer. Synthesis meth-
ods using “supernumerary” explosives produced in
ammunition recycling were developed in the Sinta
Company in collaboration with the Institute of Pulsed
Processes. The urgent problem of recycling melanzh
rocket oxidizer was solved with the help of the “Aka-
demicheskoe” Central Design Office. This made it pos-
sible to reduce the cost of nanodiamond, to enhance
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Fig. 1. Functional diagram of the automated technological
system of the SINTA Company.
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Table 1.  Characteristics of diamond mixtures from the SINTA Company (standardized according to the TU RB
28619110.003-03 specification)
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ASh-A 87 32–55 55 3 2 7.5–9 Production of antifriction lubricant and 
polymer–diamond composites and modified 
ultrafine-dispersed diamonds (UDDs)

ASh-B 85 30–75 55 7 5 7.5–9 Production of basic-grade and modified 
UDDs and polymer–diamond composites

ASh-V 80 25–75 55 10 2–5 8–10 Production of basic-grade UDDs
acid recycling in chemical cleaning, and to improve
product quality.

A distinctive feature of the technology implemented
in the Sinta Company is dry detonation synthesis, in
which explosive charge detonation and collection and
evacuation of detonation products are carried out with-
out using water or other liquid media. This technology
provides an optimum functional coating of the surface
of nanodiamonds, which promotes their efficient use in
lubricant and polymer composites.

Variations of the detonation conditions in the avail-
able blast chambers, with a volume of 100 and 20 m3,
and of the temperature and velocity parameters of det-
onation product evacuation makes it possible to pro-
duce three types of diamond-containing mixtures; the
parameters of these mixtures are listed in Table 1.

The production of nanodiamonds has been devel-
oped simultaneously with the study of their structure,
properties, and potential fields of commercial applica-
tion in collaboration with scientific and education cen-
ters and a number of industrial enterprises. Methods
were developed for intentionally changing the proper-
ties of the functional coating of nanodiamonds and for
their doping with various elements in the form of adsor-
bates, mobile ions, metal-oxide and other surface struc-
tures. These methods significantly extend the range of
properties and structural characteristics of nanodia-
monds. The main characteristics of modified nanodia-
mond powders are listed in Table 2.

3. COMPOSITE ELECTROLYTIC COATINGS 
(CECs)

It is known that the use of nanodiamonds in galvanic
coatings makes it possible to grow composite layers
with optimum diamond contents, ≤1 wt %. The distinc-
tive features of such coatings are an increased micro-
hardness, the absence of microporosity (and, hence, pit-
ting corrosion), increased wear resistance, and a
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
decreased coefficient of friction. The most significant
results have been achieved for medical, processing, and
measuring tools and for pressing tooling with nickel–
diamond coatings. In these cases, the tool lifetime was
increased by a factor of 1.5–2.0 [1, 2].

Since gold and silver coatings are the most attractive
commercially, the influence of nanodiamonds on the
coating mechanism and on the properties of such coat-
ings has been studied in detail.

These studies were coordinated by the Belarussian
State University of Informatics and Radioelectronics. A
series of studies carried out in 1997–2003 showed that
the deposition of CECs with nanodiamonds offers the
following advantages.

(i) An increase in the reaction rate on electrodes,
above all, in the coating deposition rate, which can be

Table 2.  Characteristics of modified nanodiamond powders
from the SINTA Company (powders are standardized
according to the TU RB 28619110.001-95 and TU RB
28619110.003-03 specifications)

Characteristic

Diamond phase content, wt % 40–99

Total carbon content, wt % 65–95

Content of non-carbon (ash)
components, wt %

0.1–10

Specific surface,* m2 g–1 130–470

Adsorption capacity (for electro-
lyte ions), mg-equiv g–1

0.1–3.5

0.5–25

Electrokinetic potential, mV From –100 to +100

Thermal stability in air, K 423–1573

Resistivity, Ω cm–1 102–1014

* The specific surface is determined using the Brunauer–Emmet–
Teller method.
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explained by the activation influence of nanoparticles
on the electrode surface.

(ii) The diffusion layer thickness and concentration
polarization decrease and the physical–mechanical
properties are improved because of a decrease in the
hydrogen content and an increase in the internal
stresses, which changes the coating composition and
structure.

(iii) The relative wear resistance of coatings
increases with the nanodiamond content, which, in
turn, depends on the cathode current density.

The features of the formation of CECs based on
noble metals and nanodiamonds were ascertained,
which made it possible to relate the kinetic conditions
of deposition and the parameters of periodic currents
with the coating structure and properties. This, in turn,
allows one to optimize the deposition conditions and
develop a coating technology with an increased wear
resistance and a low and stable electrical contact resis-
tance. In particular, in the case of deposition of CECs
based on silver and nanodiamonds, the particle content
in the matrix increases from 0.1 to 0.6 wt % as the cur-
rent density increases from 1 to 3 A dm–2. In this case,
the introduction of nanodiamonds into an electrolyte
changes not only the electrolysis parameters (viscosity,
conductivity, pH, electrode polarization) but also the
crystallization mechanism itself. Nanoparticles dis-
persed in an electrolyte and contacting with electrodes
have a depolarizing effect, eliminate hydrogen bubbles
and surfactant films from the cathode, make the surface
smooth, and steadily refresh the electrolyte in the cath-
ode region. As a result, the degree of texturization and
the average size of coating grains decrease, while the
internal stresses, microhardness, and wear resistance
increase. In this case, the use of periodic currents and
programmed electrolysis conditions makes it possible
to optimize the deposition rate and physical–mechani-
cal properties and to obtain a microhardness of 1500–
1680 MPa, a contact resistance of 1.43–1.48 µΩ m–1,
and an increased wear resistance, by a factor of 2.6–3.2.
The deposition rate was increased by a factor of 2.5–5,
and the coating thickness was diminished by 2–3 times
without deterioration in the electrophysical and protec-
tive properties.

As a result of the studies carried out, three modifica-
tions of the “Kompozit” automated system were devel-
oped for the deposition of gold- and silver-based CECs
using unsteady electrolysis methods. Implementation
of the technology and equipment for producing con-
tacts with nanodiamonds using these methods in the
“Integral” Scientific Production Association made it
possible to significantly save on the use of electric
power and noble metals and reduce the coating cost by
15–20%. The equipment and technology were sold to
the Chinese People’s Republic and are successfully
employed for the production of contacts with gold and
silver galvanic coatings.

The studies carried out at the Institute of Powder
Metallurgy (National Academy of Sciences of Belarus,
NASB) have shown that chromium–nanodiamond coat-
P

ings grown by ion-plasma sputtering of a Cr + 5 wt %
nanodiamond composite target are characterized by a
subgrain size of 30–70 nm and that nanodiamond parti-
cles form a network over the subgrain boundaries [3].

A series of studies carried out at the Institute of
Mechanics and Reliability of Machines (NASB)
showed that modification with nanodiamonds during
microarc oxidation of AK5M2 aluminum alloys signif-
icantly increases the coating–substrate bond strength,
decreases the inhomogeneity of coating, and doubles
the rate of its formation. In the case of microoxidation,
the predominant phase of the oxide layer is high-tem-
perature α-Al2O3 and the microhardness and wear
resistance of the oxide layers increase by a factor of
1.5–2.0 due to the introduction of nanodiamond [4].
This method makes it possible to solve the known prob-
lem of growth of dense oxide coatings strongly bound
to a substrate for aluminum–silicon alloys.

4. ANTIFRICTION LUBRICANTS

Nanodiamonds synthesized under highly nonequi-
librium conditions have no distinct crystalline faceting;
their round shape and high affinity for a carbon base of
oils and lubricants, strengthened by surface modifica-
tion, provides their efficient application as constituents
of liquid, consistent, and solid lubricants. The introduc-
tion of isometric nanodiamond particles and graphite–
diamond conglomerates up to 10 nm in size into lubri-
cants makes it possible to change the mechanism of the
contact interactions of a friction pair, to increase the
surface layer microhardness, and to prevent metal–
metal contact at the friction surface. The self-accommo-
dation time is significantly shortened, after which the
wear intensity sharply decreases (by a factor of 2–4). The
friction surface takes on a characteristic high luster
caused by an appreciable decrease in roughness, and the
friction coefficient decreases by 15–20%. Diamond and
diamond–carbon clusters increase the lubricant viscosity
in thin films, and their dynamic strength and durability
increase appreciably, which, in turn, reduces leakages
through clearances and gaskets in internal-combustion
engines (ICEs) and diminishes friction loss, thereby
increasing the compression and service life of carburetor
and diesel ICEs and fuel economy.

Nanodiamond additives in solid lubricants allowed
no-wear operation of sliding bearings of vapor boilers
and turbine units in the power-supply system in Belarus.
The great potential of a new antifriction heterogeneous
material consisting of Sn–Zn–Pb bronze and cast iron
granules was applied in practice using a special consis-
tent lubricant with a nanodiamond additive. Only the
application of the consistent lubricant modified by nano-
diamonds provided no-wear operation of journal bear-
ings, the absence of seizure, and a decrease in the friction
coefficient paired with steel from f = 0.12–0.18 to
0.08−0.10 at specific loads of up to 300 MPa [5].
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5. MODIFICATION OF PLASTICS

Studies carried out at the Institute of Mechanics of
Metal–Polymer Systems, Institute of Physical and
Organic Chemistry (NASB), Research Institute of Pow-
der Metallurgy, Grodno State University, and other
institutions show the efficiency of introducing nanodia-
monds and diamond–graphite clusters into polymeric
composites and films based on polyamides, polyolefins,
fluoroplastics, etc.

Modification improves the mechanical characteris-
tics and, in many cases, provides unique tribo-technical
properties due to the formation of a space network of
physical bonds at the interface between the polymer
matrix and nanoparticles having enhanced adsorption
properties.

A technology for gas-flame deposition of single-
and multilayer polymer coatings with dispersed nano-
diamonds has been developed at the Institute of Powder
Metallurgy (NASB). In the case of single-layer sputter-
ing, the deposited material is a mechanical mixture of a
polyamide powder with ultrafine-dispersed diamonds
(UDDs) and also with metal and ceramic components.
The technology developed makes it possible to deposit
coatings of various thicknesses onto friction units with
various shapes and sizes.

Two-layer metal–polymer coatings with 0.5 wt %
UDDs produced by gas-flame deposition reliably pro-
tect bearings and rotors of immersed pumps and other
units against the joint influence of corrosion and wear,
which makes it possible to maintain good operating
characteristics over a long period of time [6].

Ultrafine-dispersed diamonds increase the density,
coating–substrate cohesion, and lubricant adhesion to
the friction surface, which increases the service life by
a factor of 1.5–2. Polymer coatings modified by nano-
diamonds are characterized by good antifriction prop-
erties, mechanical strength, non-toxicity, noiselessness,
good machinability by cutting tools, as well as high
resistance to liquid fuel, mineral oils and fats, organic
solvents, alkalis, and acids.

We also note the high efficiency of modifying plas-
tics with nanodiamonds at minimum cost. This line of
inquiry is treated independently in the fundamentally
oriented study program “NANOTECHNOLOGY” of
NASB for 2003–2005.

6. POLYCRYSTALLINE DIAMOND POWDERS

Continuous studies on cost reduction and improve-
ment of the physical–mechanical properties of detona-
tion-synthesis nanodiamonds makes the methods for
producing polycrystalline powders and compacts using
available and inexpensive nanodiamond powders as ini-
tial mixtures competitive. These studies are carried out
at the Concern of Powder Metallurgy of the Republic of
Belarus and at the Institute of Mechanics and Reliabil-
ity of Machines (NASB) using the shock-wave and
static consolidation methods, respectively.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
Among all the promising methods for producing
superhard composites containing nanodiamonds fabri-
cated by static thermobaric synthesis that are currently
being studied in the NASB [7], we briefly consider the
methods for producing nanostructural diamond poly-
crystals.

It has been ascertained that transparent diamond
polycrystals 100–750 µm in size can be formed by pro-
cessing a nanodiamond mixture in vacuum at moderate
temperatures (T = 100–1200°C; Fig. 2). The formation
of such particles can be caused both by the excess sur-

130 µm

100 µm

×400

(a)

(b)

(c)

Fig. 2. Polycrystalline diamond powders synthesized from
detonation-synthesis nanodiamonds: (a, b) powders pro-
duced using vacuum thermal treatment of nanodiamonds
and (c) a polycrystal cleaved surface obtained by crushing
of a compact after shock-wave consolidation of nanodia-
monds.
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face energy of the initial diamond-containing mixture
and by a widening of the region of diamond thermody-
namic stability for nanoparticles. X-ray diffraction
studies did not detect graphite in such powders with a
microhardness HV = 15–40 GPa at a load of 200 g; for
the largest particle (the sizes along the major and minor
diagonals are 750 and 300 µm, respectively), HV
exceeded 100 GPa [8, 9]. It seems that these synthe-
sized structures are nanodiamond-based colloid crys-
tals, which, depending on the treatment conditions, can
contain non-diamond carbon forms.

Let us consider the application of shock-wave con-
solidation for producing diamond polycrystalline com-
pacts from detonation-synthesis nanodiamonds.

Nanodiamond powders from the Sinta Company,
after cleaning and prepressing up to a density ρ ~
1.23 g m–3 in a stainless steel cell and 30-min vacuum
refinement at 700 K, underwent shock-wave treatment
using high explosives (trotyl–hexogen mixture or PVV-4
plastit) to produce polycrystalline compacts without
cracks. The first commercial applications of tools made
from such polycrystals for processing granites of high
and medium hardness permitted one to lower the spe-
cific consumption of diamonds by a factor of 2 and 3,
respectively. The diamond polycrystal cleaved surface
obtained by the crushing of compacts after shock-wave
consolidation is shown in Fig. 2.

7. FINISHING

Nanodiamond-based polishing pastes are efficiently
employed for superfine finishing with roughness Ra <
0.01 µm, the polishing of diamond and precious stones,
Si and Ge semiconductor wafers, the production of
optical units, etc. The molecular level of interaction
provides the formation of a perfect mirrorlike surface
without a defect layer. Suspensions and pastes based on
water, water–polymer, and oil are produced on a com-
mercial scale at the Sinta Company and the Institute of
Powder Metallurgy (NASB).

Further studies on nanodiamond applications in
Belarus are associated with the establishment of the
National Center of Nanomaterials, in which high tech-
nology materials and technologies will be developed for
key areas of the Belarussian economy: mechanical engi-
neering, electronic engineering, and petrochemistry.
P

It should be noted that the new century is proving to
be the century of nanoscale materials and nanotechnol-
ogies that are dissimilar to the technological practice of
the past and are likely to become the basis of a new glo-
bal technological level. It would be good to see detona-
tion-synthesis nanodiamonds occupy a worthy niche in
this nanoworld.

8. CONCLUSIONS

In closing, we point out that detonation-synthesis
nanodiamonds are produced on a commercial scale
with a capacity of 107 carats per year at the Sinta Com-
pany, Belarus. Nine types of nanodiamonds and dia-
mond-containing mixtures for protective coatings,
lubricant additives, modification of plastics, finishing,
etc., are produced.
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Abstract—The main theoretical aspects of detonation decomposition of powerful mixed explosives with a neg-
ative oxygen balance accompanied by the formation of nanodiamonds (ultrafine-dispersed diamonds, UDDs)
are described. The basic UDD synthesis parameters are considered, and the expediency of using trotyl–hexogen
alloys is shown. The conditions of diamond phase conservation in the detonation products are specified. Various
versions of industrial detonation synthesis of UDDs are considered. The most efficient technology of chemical
cleaning of UDDs (with nitric acid at high temperatures and pressures) for producing UDDs with the highest
purity is described. © 2004 MAIK “Nauka/Interperiodica”.
By comparing the explosive detonation parameters
with the carbon phase diagram and performing thermo-
dynamic calculations, it has been shown empirically
and then theoretically that free carbon in detonation
products (DPs) of powerful condensed carbon-contain-
ing individual explosives with a negative oxygen bal-
ance should condense in a diamond or liquid phase.

Thermodynamic calculations of the detonation and
subsequent adiabatic expansion of products have
shown that the conditions of diamond stability in
expanding DPs are conserved for a very short time. At
a DP density close to the initial explosive density, the
diamond stability conditions are followed by the graph-
ite stability conditions [1]. Since the relative drop in the
DP pressure during the adiabatic expansion signifi-
cantly exceeds the relative decrease in temperature, the
thermodynamic state of the carbon component falls in
the region of graphite stability at high temperatures,
which facilitates the diamond-to-graphite phase transi-
tion and prevents diamond conservation.

The diamond graphitization rate heavily depends on
temperature. At a certain temperature, the graphitiza-
tion rate decreases to the point where the amount of car-
bon undergoing the transition from the diamond to the
graphite phase becomes negligible at later stages of DP
expansion; i.e., the graphitization is “frozen.” This tem-
perature can be referred to as the temperature of graph-
itization or diamond phase freezing. In the case where
the temperature for the onset of graphitization is higher
than the temperature for its freezing, the diamond-to-
graphite phase transition takes place. If the temperature
for the onset of graphitization is much higher than the
freezing temperature, the entire diamond has time to
transform into graphite and ultrafine-dispersed dia-
mond (UDD) is not detected in the cooled DPs.
1063-7834/04/4604- $26.00 © 20611
The rate of decrease in the DP temperature during
expansion in the rarefaction wave is controlled by the
gas dynamics of this process, which in many respects
depends on the geometric configuration and size of the
explosive charge.

The general conclusion is that the optimum condi-
tions for the UDD formation in a detonation wave and
UDD conservation in the rarefaction wave are a rela-
tively high pressure and a low temperature of DPs at the
Chapman–Jouguet point.

Calculations using the standard values of the ther-
modynamic functions of graphite and diamond yielded
an abrupt change in the dependence of the detonation
rate on the initial density of carbon-rich explosives near
1250–1300 kg m–3 [2]. This feature was explained by
the fact that the phase state of the free carbon in DPs
changes with an increase in the initial explosive density,
which increases the detonation pressure.

A detailed mechanism explaining all the stages of
UDD synthesis has not yet been proposed. Three stages
can be distinguished in the detonation synthesis. The
first stage is the transformation of the explosive under
conditions of a high pressure and temperature. Due to
the detonation, free carbon must appear in DPs. The
pressure and temperature in the detonation wave should
provide the thermodynamic conditions necessary for
conservation of the produced diamond phase and for
preventing the diamond-to-graphite transition. For a
50/50 trotyl/hexogen (TH) mixture, these conditions
take place at 22 GPa and 3200 K. At the second stage,
the DPs expand rapidly and diamond particles are
cooled to a temperature lower than the graphitization
temperature. The third stage is characterized by intense
heat and mass exchange between the DPs and the
medium surrounding the explosive. The main parame-
ters determining the final temperature and the time after
004 MAIK “Nauka/Interperiodica”
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DB and UDD yields depending on the synthesis conditions

No. Quality parameters of end product

Synthesis conditions

inert gas medium aqueous medium ice armor
of a charge

1 DB yield, wt % 3–8 6–12 8–18

2 UDD content in DB, wt % 20–40 40–63 55–75

3 UDD yield per unit explosive mass, wt % 0.6–3.2 2.4–7.6 4.4–13.5

4 Content of incombustible impurities in DB, wt % 3–5 1.5–3.0 1–2
which this temperature sets in are the specific heat,
amount, and chemical activity of the medium.

Analysis of the experimental data on the detonation
synthesis of diamond allows us to draw conclusions
about the most important factors controlling the UDD
yield per explosive unit mass. These factors can be con-
ventionally classified into external factors (associated
with the detonation-synthesis conditions in the volume
bounded by the blast chamber walls) and internal fac-
tors related to the explosive parameters (mass, shape,
density, and chemical composition).

Experiments on UDD synthesis in various media
have shown that the diamond yield depends on the gas-
eous medium in which the explosive detonates; the
yield increases in the series vacuum–hydrogen–argon–
nitrogen–carbon dioxide. Moreover, the diamond yield
increases with the initial pressure of the gas filling the
blast chamber. This dependence is caused by the condi-
tions and the possibility of DPs cooling during and after
their expansion; i.e., the controlling factor in this case
is the amount of inert medium (coolant) per explosive
unit mass. Another important characteristic is the spe-
cific heat of the coolant; the yield becomes higher as
this parameter increases. Water, water-based foams,
and ice can be efficiently used as cooling media. The
use of metal cases does not affect the UDD yield appre-
ciably in comparison with water and ice jackets. Air in
the chamber causes full oxidation of carbon and the
absence of condensed products.

Among the wide variety of explosives, trotyl (TNT),
hexogen, octogen, and their mixtures are most appro-
priate for UDD synthesis. The characteristics of these
materials have been studied in sufficient detail, and they
are produced on a commercial scale. Processing of
these explosives does not pose any difficulties; explo-
sive charges with any shape can be produced by press-
ing and casting. The intensive formation of the dia-
mond phase occurs in the 70/30 TH mixture, which is
more powerful than pure TNT. The pressure in the ini-
tiating shock wave in such a mixture, as measured by a
manganin sensor, is higher than 25 GPa; the pressure
calculated at an initial mixture density of 1650 kg m–3

is 31 GPa. As the density of a charge of the same com-
position decreases, the diamond yield is lowered down
to complete disappearance. The time of formation of
the diamond phase is several tenths of a microsecond,
P

which corresponds to the chemical-reaction duration in
TH alloys. Hence, diamonds arise in the region of
chemical transformations up to the Chapman–Jouguet
plane under conditions of a high rate of change in the
pressure and temperature.

As a rule, explosive mixtures (TH) are used in
industrial diamond synthesis. The diamond yield from
individual trotyl and hexogen is very low. Thermody-
namic calculations have shown that the temperature of
hexogen DPs is lower than that of trotyl DPs at the
same expansion stages. For this reason, hexogen in TH
alloys is a coolant for trotyl DPs. Hence, hexogen is a
source of increased pressure and is a coolant. Dia-
monds are mostly formed from trotyl carbon. As the
DPs expand in the gas filling the blast chamber, strong
overheating (the formation of a hot core) in circulating
shock waves takes place in the central region of the
chamber; the temperature depends on the molecular
mass of the gas and the adiabatic exponent γ = Cp/Cv. In
the case of initial CO2, the core is less pronounced due to
the high gas density and the small value of γ (good com-
pressibility). To conserve the diamond phase, the DP
cooling rate should be within 3000–4000 K min–1 [3],
which can be provided by choosing an appropriate heat
capacity of the gas or water–gas medium in the blast
chamber.

The diamond production includes the following:
detonation synthesis, UDD chemical cleaning and
washing from acid, product conditioning, and diamond
modification. The production technique also includes
systems for entrapping and recycling acid vapors and
gases, preparation and recycling of nitric acid, and
water preparation.

The detonation synthesis is carried out in special
blast chambers, typically 1–20 m3 in volume. The
chambers are made from low- or high-alloy steels. The
optimum choice is a chamber made from high-alloy
steels (e.g., boiler steel) plated on the inside with a cor-
rosion- and shockproof alloy. Chambers are equipped
with gas-transport lines and a system for evacuating
and entrapping condensed DPs. The detonated (cast or
pressed) charge, as a rule, is a TH mixture with a ratio
from 40/60 to 70/30. The charge weight varies from 0.5
to 2.0 kg. The typical detonation conditions are listed in
the table. The largest mass of detonated charges is dic-
tated by the conditions of DP cooling, namely, by the
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volume, pressure, and composition of the gases and by
the strength characteristics and volume of the chamber.
For example, for chambers 11 and 100 m3 in volume,
explosive charges can reach 5 and 10 kg, respectively.

The non-carbon impurity content in the condensed
carbon (or else the so-called diamond blend, DB) for
any detonation type is substantially controlled by the
wall material of the blast chamber and the optimum
ratio between the chamber and charge volumes.

The use of a foam or water drops increases the heat
capacity of the medium in which the structure of carbon
particles forms during their condensation (in some
form) from the plasma, in comparison with the heat
capacity of a gas medium. The UDD yield increases in
comparison with the case of detonation in a gas
medium, because the cooling of the explosion products
is more intense and, hence, the UDD fraction that trans-
forms into graphite decreases. Charge detonation in
water or ice (in the case of the optimized gas medium
in the blast chamber) increases not only the quantity of
DB and the UDD yield per initial explosive amount but
also significantly changes the hydrophilic–hydrophobic
balance of surface-active centers. In this case, we rec-
ommend an ice-to-explosive ratio of (4–9) : 1.

The highest DB and UDD yield is observed for mix-
tures of octogen or hexogen with trotyl in which the
content of the latter is 60 to 70 wt % and the density is
≥1630 kg m–3.

Condensed carbon represents a complex physico-
chemical system containing diamond carbon and vari-
ous graphite-like structures [4–6]. Diamond crystals
are rather small (~4 nm) and are incorporated in various
aggregated particles. It is more correct to characterize
the UDD synthesis product as a cluster material with a
complex hierarchy of levels of aggregation of diamond
and non-diamond forms of carbon with specific relax-
ation of the energy-saturated surfaces. The excess sur-
face energy is compensated by chemically bound
molecular fragments containing heteroatoms (N, H, O).
The excess surface energy is compensated by the for-
mation of more or less stable absorbate and/or solvate
shells, whose composition depends primarily on the
medium in which the UDDs are synthesized. The spe-
cific features of the DB are a high dispersity, an imper-
fect carbon structure, a developed active surface, and,
hence, increased reactivity. Thus, the following basic
conclusions can be drawn that need to be taken into
account when solving the problem of purifying UDDs.

(i) Sufficiently pure UDD particles can be produced
using only intense influences capable of supplying
enough energy to rupture chemical bonds.

(ii) Chemical cleaning yields a material with an
outer shell structure depending on the applied method;
this structure can have a strong effect on the consumer
properties of the material.

(iii) Due to the highly developed surface, high rates
of chemical transformations can be expected.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
It is important that chemical cleaning is the most
expensive and complex stage in the UDD technology.
The developed methods of liquid-phase cleaning of
UDDs conserve the free-state dispersity of a carbon
material at all stages of its treatment. Reactive blend
suspensions in liquid oxidizing mixtures are homoge-
neous, colloidally stable, high-disperse, and low-vis-
cous. Free access of an oxidizer to solid-phase particles
is provided during the reaction, and the diffusion limi-
tation on the rate of the process is practically removed.

Oxidizing systems based on nitric acid (with a bal-
anced ratio of components and under the corresponding
operating conditions) efficiently oxidize as much as
99% of non-diamond carbon and transfer up to 90% of
non-carbon impurities into a soluble state. The oxida-
tion reaction products are mostly gaseous [7].

According to modern concepts, cleaned UDD is a
material consisting of ultrafine particles, each having a
diamond core coated by an outer peripheral stabilizing
shell of carbon–oxygen functional groups and a very
complex surface structure [8]. Chemical treatments
almost do not touch the diamond core structure, which
is a distinctive feature of this material; furthermore, an
outer boundary layer of UDD particles is formed anew
and controls the behavior of nanodiamond when it is a
component of a highly disperse system. Therefore, the
cleaning stage controls the formation of UDD con-
sumer properties and allows the production of various
modified types of the product. The method (recom-
mending itself well in industrial practice) based on
high-temperature liquid-phase oxidation of a diamond-
containing blend by aqueous solutions of nitric acid
under pressure makes it possible to solve all cleaning
problems within a single technological process and to
produce various commercial types of UDDs [9, 10]
with small amounts of ecologically dangerous wastes.
All the problems associated with the development,
organization, and safe operation of an autoclave reactor
unit continuously functioning under pressure are effi-
ciently solved.

The initial raw material for producing UDDs is a
diamond-containing blend prepared using any of the
available detonation synthesis methods (explosive det-
onation in a gas phase, water, or ice).

Apart from DB, the raw materials used in the tech-
nological process are technical nitric acid (50–98%),
air, and demineralized water. From the chemical view-
point, nitric acid is an oxygen carrier and provides
intense processes of oxidation. Simultaneously, an
aqueous solution of nitric acid is both a reaction
medium and a transporting agent. In this case, oxida-
tion is combined with acid dissolution of metal-con-
taining impurities and their transition to water-soluble
products.

The UDD cleaning process runs as follows: active
carbon begins to oxidize even at rather low tempera-
tures (80–180°C) under the action of a strong (50–99%)
nitric acid; the initial oxidizing processes take place
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of run-off
even at atmospheric pressure with the release of carbon
dioxide and nitrogen oxides.

After the transition of the active component of nan-
odiamond carbon to the gaseous state and incomplete
dissolution of the accompanying metal oxides, the tem-
perature should be increased to 220–280°C in order for
further oxidation of the residual non-diamond passive
carbon and practically total dissolution of metal oxides
to occur. Experiments have shown that weak (10–40%)
nitric acid is sufficient for this purpose and the higher
the temperature, the weaker the acid that can be used.

The block diagram showing the main stages of the
cleaning process and the flow structure is shown in the
figure.

In general, the UDD cleaning technology includes
the following.

(1) Preliminary preparation of DB (grinding, aver-
aging, removal of mechanical impurities, magnetic sep-
aration, fractionation, and drying to a certain moisture).

(2) Preparation of aqueous solutions of nitric acid.

(3) Preparation of mobile homogenized DB suspen-
sions in aqueous solutions of nitric acid.

(4) Continuous thermal-oxidation treatment of
blend suspensions in pressure devices. To this end, spe-
cial equipment and techniques for starts, tests, opera-
tion, and emergency and scheduled stops have been
developed. The process runs at the equilibrium pressure
in a cascade of flow-type devices under profiled tem-
PH
perature conditions. The pressure is 8–10 MPa, and the
temperature is up to 240°C.

(5) Separation of the products of thermal-oxidation
treatments. At this stage, operation in the pressure
equipment changes to operation in devices without
pressure. The thickened acid suspension is directed to
UDD washing from acids and water-soluble impurities.

(6) Organization of nitric-acid recycling.
(7) UDD washing from acids.
(8) Waste treatment.
(9) Production of normalized, stabilized UDD sus-

pensions in distilled water.
(10) Production of UDD in the form of a dry homo-

geneous powder.
Currently, the UDD cleaning technology employing

the thermal-oxidation method with liquid-phase high-
temperature oxidation in a nitric-acid medium provides
the highest and most stable cleaning characteristics;
this technology can be readily scaled and is the most
developed.
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Synthesis Mechanism and Technology of Ultrafine Diamond 
from Detonation1 
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Abstract—Ultrafine diamond (UFD) is a hybrid product of explosion mechanics and material science. In this
paper, we established the synthesis mechanism of UFD, built the direct-simulation Monte Carlo computing
method for the generation of liquid drops from free carbon through coagulation during detonation, and con-
structed the computing programs for explosion thermodynamics conditions and phase-transition dynamics. The
synthesis and purification technology were studied systemically. © 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

Ultrafine diamond (UFD) is formed from unoxi-
dized carbon in a negative oxygen balance explosive at
high pressure and high temperature produced during
detonation. Analysis by SAXS and TEM has shown
that the particle size distribution is mainly 1–60 nm and
the median size (D50) is 9–11 nm. It possesses some
properties of natural diamond and simultaneously some
properties of nanometric particles. This perfect combi-
nation is a special quality of UFD that differentiates it
from traditional manmade diamond and natural dia-
mond. Its excellent potential was predicted in the field
of material science, the improvement of material sur-
face, and even in medicine [1]. A lot of research work
on it has been performed in several countries, including
Russia [2], Japan, and the USA. Some research results
have already been put into commercial use. In China,
several institutes and universities are conducting
related research. The Beijing Institute of Technology is
one of them. A research group at this institute began
systematic research in 1990. Here, we give part of our
research work.

2. SYNTHESIS MECHANISM OF UFD

In the detonation process of a negative oxygen bal-
ance explosive, free carbon is released and then turns
into UFD. There are differing viewpoints on the mech-
anism of this process. It could not be decided in which
in which section of the detonation process UFD was
formed, in that involving the leading shock wave (von
Neumann peak), the chemical reaction zone (ending at
the point CJ), or the Taylor zone (Fig. 1). Most scholars
put their mechanism forward only through theoretical
analysis or experiment and neglected necessary calcu-
lation [3]. In our research, we managed to find the

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20616
forming mechanism of UFD through quantitative cal-
culation.

2.1. The Leading Shock Wave

Molecular calculation shows that the wave-front
energy can focus several electronvolts of energy on the
bands of the explosive molecule in 10–10 s and the
energy is sufficient to break the molecular bonds. This
splitting only occurs at the local “hot spots.” The explo-
sive molecule at first absorbs the energy from the split-
ting and then breaks into individual atoms, free radi-
cals, and fragments of molecules, in which the free car-
bon is included.

2.2. The Chemical Reaction

At the hot spots, the decomposed components of the
explosive are reunited and release chemical energy,
which makes the temperature rise and leads to decom-
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Fig. 1. Relation between the melting points and size (rs) of
UFD.
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position and reaction of the explosive. Consequently,
the chemical energy impels the leading shock wave to
move forward continually. As there is an oxygen defi-
ciency, part of the carbon in the explosive is left and
becomes free carbon after the detonation reaction.
When the free carbon collide with each other in the
reaction zone, the liquid state carbon will coagulate
into a bigger drop and the solid state carbon will again
leave after the collision. In a traditional carbon-phase
plot, the temperature and pressure of detonation should
sit in the solid zone. We found that the melting point of
carbon particles is related to the particle size; for
instance, the melting point of nanometer-sized metal
particles is lower than that of the block metal. On the
basis of former researcher work and by means of ther-
modynamics relations, we obtained the following rela-
tion between the melting point (T) and the ultrafine par-
ticle size (rs):

 (1)

where θ = T/Tm, Tm is the melting point of the block
material, ∆Hm is the melt enthalpy of the solid, ρ is the
density, γ is the surface tension, subscribe s indicates
solid phase, and subscribe l indicates liquid phase. The
above formula is the one order Tailor formula. By sub-
stituting the related parameters of diamond into for-
mula (1), we find that pressure has only a little influence
on the melt point, but the influence of the particle size
is greater (shown in Fig. 1). When the size is less than
10 nm, the melting point decreases rapidly. This can be
explained as follows: when the free carbon collide and
coagulate to make the drop bigger, the melting point
becomes higher until it reaches the detonation temper-
ature (TCJ). In Fig. 2, the CJ locations of five explosives
are given. It is clear that the CJ location of the
TNT60/RDX40 explosive is situated in the liquid-
phase zone, which indicates that the free carbon from
this explosive could coagulate into bigger drops.

The collision and coagulation of the free carbon can
be described by the Smoluchowski equation [4], which
can be solved by direct Monte Carlo simulation. For
this purpose, we worked out a computing program by
the C language and passed the test of analytic solution
of the Smoluchowski equation.

The results calculated using the DSMC program are
as follows.

(1) The number of atoms in the original cluster has
little influence on the coagulation.

(2) The results of numerical calculation are shown
as a solid line in Fig. 3. It shows that, when the coagu-
lation time is 1.18 × 10–9 s, the particle size (rs) is con-
centrated at 2 nm and located at the lower limit in com-
parison with the experiment data (2–4 nm). Here, the
distribution function of the coagulating particles is log-
arithmic. The distribution plotted from the calculation
is shown as a dotted line in Fig. 3. The above results
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illustrate that it is enough for the UFD to be coagulated
in the reaction zone (less than 10–9 s).

(3) The “melting point-size” effect. The calculation
of the coagulation is performed without any conditions.
Actually, when the particles become big enough, the
melting point will go up. In the calculated pressure and
temperature, the situation is already in the solid state.
Therefore, the particles cannot be coagulated after col-
liding. When this limiting condition is added to the pro-
cess, the time it takes for the particle size to be coagu-
lated to 5 nm increases to the 10–7 s range, which is
almost the same range as the detonation reaction time.
It is deduced that a limitation on the particle size would
come from a limitation on the coagulating process.

In the reaction zone, the explosive decomposes con-
tinuously and, correspondingly, free carbon is pro-
duced. Along with the growth, the carbon drop began to
crystallize into a solid. The following calculation will
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prove that the crystallizing process in this zone is very
slight.

2.3. The Tailor Expansion

In this section, the decomposition of the explosive is
completed. Although there is chemical reaction, the
effective heat is no longer able to support the leading
shock wave. The Tailor wave will make the temperature
and pressure decrease sharply. In this thermodynamic
situation, the crystallizing process starts. If the state is
located in the diamond stabilization zone, the diamond
will be turned out, and if the state is located in the
graphite zone, the crystallized diamond will be turned
into graphite (called graphitization). At the same time,
another kind of solid carbon will be formed. As the tem-
perature drops, the graphitization process of the dia-
mond will stop and the diamond will exist in a metasta-
ble state; this is the UFD we want to obtain.
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Fig. 4. The nucleation rate and the growing velocity of
UFD.

Table 1.  Purifying results of UFD by different technologies
(from XPS)

Purification
technology

Perchloric 
acid Nitric acid Permanganate 

kalium

C (diamond), % 89–92 86–92 90–94

Table 2.  Further purifying results of UFD (from XRF)

Element C Fe Cr Ti Ba

content, % 98.591 0.303 0.219 0.200 0.042

Element Cl S P Si Al

content, % 0.025 0.025 0.001 0.021 0.032

Element Cu Ca K Mg Na

content, % 0.316 0.025 0.030 0.042 0.128
PH
As the effective heat of the phase transition and the
volume effect are relatively small, the process can be
divided into two steps. In the first step, the mechanics
and the chemical reaction are considered and we can
find rules for the temperature, pressure, specific vol-
ume, and quantity of free carbon along with time. In the
second step, the crystal dynamics is considered on the
basis of the conditions gained in the first step.

2.4. Calculation of the Crystal Dynamics 
of UFD Formation

In detonation, the crystallizing process of the liquid
carbon is carried out under the condition of supercool-
ing, which can be described by using the spontaneous
crystallization theory according to the processes of
nucleation and growth of the crystal nucleus.

From the von Neumann peak to the Tailor expansion
zone, a special computing program was worked out.
The yield (per explosive mass) of UFD was calculated.
The Id(t), Vc(t), and Yie(t) relations are shown in Figs. 4
and 5 (where Id is the nucleation rate of diamond, Vc is
the growth velocity of UFD, and Yie is the yield of
UFD). It can be seen from Fig. 5 that the yield of UFD
is only 1.1 × 10–6 up to the CJ point. This means that the
UFD was formed mainly in the Tailor expansion zone.

3. SYNTHESIS AND PURIFICATION 
TECHNOLOGY OF UFD

3.1. Detonation Synthesis

The raw materials used in our the synthesis of UFD
are a type of mixed explosive, TNT/RDX. The detona-
tion of the explosive provides not only a source of car-
bon but also the high pressure and high temperature
conditions needed to form UFD, which makes the
method of synthesis relatively simple. In order to gather
the detonation products (detonation soot) and to fill the
protective media, a pressurized metal vessel was used
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and beginning of Taylor zone and (G) graphitization point.
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004



SYNTHESIS MECHANISM AND TECHNOLOGY OF ULTRAFINE DIAMOND 619
Table 3.  Particle size distribution of UFD purified by different technologies (from SAXS)

Technology Perchloric acid Nitric acid Permanganate kalium

size interval, 
nm

f(D),
% nm

mass
fraction, %

cumula-
tive, %

f(D),
% nm

mass
fraction, %

cumula-
tive, %

f(D),
% nm

mass
fraction, %

cumula-
tive, %

1–5 100 34.9 34.9 66.2 23.9 23.9 79.2 27.1 27.1

5–10 95.1 41.4 76.3 100 45.2 69.1 100 42.8 69.9

10–18 23.1 16.1 92.4 28.6 20.6 89.8 30.3 20.8 90.7

18–36 2.2 3.5 95.9 4.3 6.9 96.7 1.8 2.8 93.6

36–60 2.0 4.1 100 1.5 3.3 100 3.1 6.4 100

Median size 
D50, nm

9.3 10.5 10.8
in the experiment as the explosion tank. It is clear that
the amount of explosives, the kind of protective media,
and the charge structure are key factors for determining
the synthesis rate of UFD.

3.2. Chemical Purification

The purification technology plays a very important
role in the production of UFD as it is the main factor in
production cost and affects product quality to a certain
extent. By means of XRD, TES, and laser Raman spec-
troscopy, it was found that the main impurity of the det-
onation soot is nanometric graphite and amorphous car-
bon, which can be cleaned away using oxidation tech-
nology. Normal-pressure perchloric acid technology
(as perchloric acid technology), high-pressure dilute
nitric acid technology (as nitric acid technology), and
permanganate kalium and sulfuric acid technology (as
permanganate kalium technology) are three of the prac-
tical methods used in our study.

The perchloric acid technology was used earlier. It
has the advantages of employing simple equipment and
having a good purification efficiency, but has the disad-
vantage that chlorine gas and other harmful gases, as
well as waste acid, are produced in the reaction process,
which can result in serious pollution of the environment.
It is limited in performing experiments. The nitric acid
technology from Russia is relatively advanced and has a
high level of automatic control. However, at high pres-
sure and high temperature, dilute nitric acid requires
expensive titanium as the reaction vessel to prevent cor-
rosion; thus, great expenditure is inevitable for the use of
this technology. However, a medium production line
with a yield of UFD 107 carat/year has already been set
up in the experimental area of our university. In compar-
ing the above two technologies, we see the permanganate
kalium technology can make up for some of their disad-
vantages. It is efficient, economical, safe, less polluting,
and is easy to put into commercial use. Most importantly,
this method can get better purification results than the
others discussed above. At present, this technology is
suitably applied in 105 carat/year scale production.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
The purifying results of UFD tested by means of
XPS are listed in Table 1, from which it can be seen that
the purity of UFD obtained from the permanganate
kalium technology is superior to that obtained from the
perchloric acid technology and the nitric acid technol-
ogy. If we perform further treatment, the purity of the
products can be improved even more. An example is
given in Table 2, which shows data from XRF.

Furthermore, there are some differences in the par-
ticle sizes of UFD purified through different technolo-
gies. Table 3 shows the test results by SAXS. It can be
seen that, of the three test sets of data, the particle size
distribution from the nitric acid technology is closer to
that from the permanganate kalium technology.

4. CONCLUSIONS AND PROSPECTS

(1) The synthesis mechanism of UFD was estab-
lished by qualitative analysis and quantitative calcula-
tions, including explosion thermodynamics, the coagu-
lating dynamics of a carbon drop, and the phase transi-
tion. The results show that the calculation can be used
to predict the formation process and the yield of UFD.

(2) The synthesis and purification technology of
UFD were studied systematically. The characteristics
of three purification technologies suitable for different
scales of production were discussed.

(3) It is believed that UFD that possesses some of
the properties of both diamond and nanometer particles
has great future potential.
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Abstract—The effect of selective inhibition of nanodiamond oxidation upon heating of detonation carbon in
air is used to extract nanodiamonds from the detonation products. The methods for cleaning nanodiamonds
from nondiamond carbon modifications are described depending on the synthesis conditions. © 2004 MAIK
“Nauka/Interperiodica”.
One of the most important problems in cleaning
synthetic diamonds is to remove them from carbon that
did not transform into the diamond phase. In the chem-
ical methods of cleaning, conditions are chosen under
which nondiamond carbon (graphite or soot) is more
reactive. Different reaction rates, e.g., oxidation rates,
are explained by the different reaction mechanisms
(formation of layered graphite compounds), by the
effect of graphite porosity or of the large surface of
soot, and by the significantly different oxidation activa-
tion energies (including oxidation in glow-discharge
plasmas). The carbon that condenses upon the detona-
tion of explosives is extremely dispersed and possesses
an imperfect structure; therefore, it is highly improba-
ble that the mechanisms of oxidation of different mod-
ifications of detonation carbon differ radically. The spe-
cific oxidation behavior of detonation carbon was con-
firmed in experiments on the oxidation of the products
of detonation of a trinitrotoluene–hexogen mixture in
an air glow-discharge plasma.

Glow discharge was initiated in a quartz tube 50 mm
in diameter and 600 mm long. The interelectrode dis-
tance was varied from 200 to 400 mm, and the dis-
charge current, from 0.1 to 2 A. The device was placed
in a volume pumped out to 10–2 mmHg. A system of
inlet valves and differential pressure gages allowed us
to maintain a controlled atmosphere of various gases in
the range 1–100 mmHg. To remove the diffusion
restrictions, samples to be studied were arranged as a
thin layer on the bottom of a flat alundum crucible in
the zone of the positive column of the glow discharge.
The oxidation products were examined by using x-ray
diffraction, standard techniques of chemical analysis,
and back chromatometric titration.

The kinetic-oxidation data for the detonation carbon
and the oxidation products show that the majority of
nondiamond carbon (more than 60% of its total content
under the experimental conditions) oxidizes at a high
rate. The rest of the carbon oxidizes at a rate that is
1063-7834/04/4604- $26.00 © 20620
close to the oxidation rate of diamonds. The imperfec-
tion of the nondiamond carbon, of course, has an effect
on the different oxidation rates, but it cannot com-
pletely explain this nonuniform reactivity. The oxida-
tion rate of diamonds increases with the content of
metallic impurities in the initial powders (originating
from the explosion chamber and detonator), which
indicates the necessity of taking their catalytic influ-
ence into account.

To study the kinetics of the isothermal oxidation of
various detonation-carbon modifications by atmo-
spheric oxygen, we took nanodiamonds (extracted
from the detonation products by boiling in a mixture of
sulphuric and nitric acids) and nondiamond carbon syn-
thesized under conditions unfavorable for the formation
of the diamond phase. To remove metallic impurities,
the powders were boiled in dilute acids. After having
been washed in water and dried, the powders had
almost equal specific surfaces (about 270 m2/g) and
contents of metal-containing impurities (less than
0.5%). Upon heat treatment in air, the diffusion restric-
tions were absent, which was indicated by the relative
powder mass loss being independent of the sample
weight. The experiments showed that, up to a certain
degree of transformation (α ≤ 0.3), the oxidation of all
samples proceeded as in a reaction in which all particles
retain their shape; as a result, we could use the Rogin-
skiœ– Schulz equation to calculate the reaction rate. The
diamond powder mass loss after the time τ of isother-
mal oxidation is given by [1]

 

where m0 is the initial powder mass, m is the powder
mass at the instant of time τ, A is a constant, σ0 is the
initial specific surface of the powder, and E is the oxi-
dation activation energy [1].

Using the temperature dependences of the reaction
rates, we calculated the oxidation activation energy for
nanodiamonds (about 180 kJ/mol) and the average oxi-

m/m0( )1/3
1 Aσ0τ E/RT–( )/3,exp–=
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dation activation energy for nondiamond carbon
(~160 kJ/mol). These results explain why it is difficult
to retain diamonds during the gasification of nondia-
mond carbon by heat treatment in air. Catalysts are tra-
ditionally applied to selectively oxidize untransformed
carbon for cleaning synthetic diamonds. The relatively
low oxidation temperatures of detonation carbon allow
us to apply another method, namely, selective inhibi-
tion of diamond oxidation. A study of the effect of
boron-containing compounds on the oxidation of deto-
nation carbon showed that the oxidation rate decreases
significantly. When using boric anhydride, we chose
conditions for which diamonds were completely
retained with a residual nondiamond carbon content of
less than a fraction of a percent. To reveal the mecha-
nism of the effect of the boron-containing compounds,
we studied the kinetics of oxidation of nanodiamonds
and nondiamond carbon in the presence of boric anhy-
dride at various temperatures. The results show that the
activation energy of oxidation remains almost
unchanged for nondiamond carbon and increases sub-
stantially for diamonds (to 250 kJ/mol). The selectivity
of oxidation inhibition makes it possible to separate the
diamond and nondiamond modifications of detonation
carbon. This finding was applied to develop a method
for cleaning nanodiamonds [2]. The optimum cleaning
conditions, including the temperature and the amount
of boric anhydride, depend on the characteristics of the
detonation carbon, such as the ratio of the quantities of
the diamond and nondiamond modifications and the
fraction of more ordered graphite-like carbon. The
table gives the conditions for removing nondiamond
carbon that make it possible to retain the maximum
amount of nanodiamonds depending on various param-
eters of their synthesis.

The extraction of nanodiamonds by using this
method of removing nondiamond carbon was per-
formed at the pilot bay of the Department of the Physics
of Nanophase Materials (Krasnoyarsk Scientific Cen-
ter) and of the Krasnoyarsk State Technical University.
The products made at the pilot bay are certified. Nano-
diamonds produced using this method and diamonds
produced by other manufacturers were compared by us
and other researchers. Chiganova et al. [3] showed that,
as compared to diamonds from acid cleaning, the oxi-
dation rate of the nanodiamonds thus produced is sig-
nificantly lower and the sedimentation stability of sus-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
pensions fabricated through ultrasonic dispersion of
powders in water is higher. Our technology provides
the minimum size of particle aggregates among the
powders studied in [4]. According to [5, 6], our technol-
ogy provides a significant output of individual diamond
particles about 4 nm in size, which was used to produce
two-dimensional diamond crystals.

Thus, the surface modification of nanodiamonds
upon cleaning by the method proposed in [2] can be
useful in a number of technical applications of nanodi-
amonds.
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Techniques of cleaning nanodiamonds depending on the syn-
thesis conditions

Charge
composition

Conservation 
medium

Average
temperature, K

Treatment 
time, h

Trinitrotolu-
ene/hexogen

CO2 770 2.5

40/60 N2 740 3.0

Trinitrotolu-
ene/hexogen

CO2 770 3.0

60/40 H2O 800 3.0

Ice (shell) 820 2.0

Graphite N2 920 4.0
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METHODS OF FABRICATION AND PROCESSING
OF DETONATION NANODIAMONDS
Thermal Oxidation Initiated in Explosive Detonation Products 
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Abstract—Thermal interactions between solid-phase mixtures of metal acetylacetonates with ultradispersed
diamond and explosive detonation products are investigated. It is shown that these processes occur through
combustion. The behavior of ultradispersed diamond and carbon (not transformed into the diamond phase) dur-
ing thermal oxidation initiated in air due to exothermal pyrolysis of metal acetylacetonates is examined. The
combustion reactions of solid-phase mixtures of this type can find application in the synthesis of new diamond-
containing materials. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Improvement in the technical and economic charac-
teristics of the processes of synthesis of ultradispersed
diamond (UDD) through explosive detonation is deter-
mined primarily by the optimization of the technologi-
cal parameters of the extraction of UDD from the dia-
mond–carbon blend (DCB). Ultradispersed diamond
has been produced using different techniques of elimi-
nating graphite from the blend (for example, boiling in
hydrochloric and sulfuric acids, oleum–nitric purifica-
tion, reactions with boron oxide and chromic mixtures
in sulfuric acid, heating in the presence of a catalyst,
etc.). Initially, the blend contains no less than 85% car-
bon, of which diamond accounts for 5–15%. The con-
tent of incombustible impurities is approximately equal
to 10%, and the content of gaseous products and mois-
ture is no more than 5%. The bulk density of the blend
falls in the range 0.02–0.20 g/cm3.

The choice of the purification method depends on
many factors, including the technique of synthesizing
the diamonds, the content of concomitant impurities,
and the specification and function of the diamonds.
Apart from the UDD and nondiamond carbon phases,
the blend contains specific impurities, such as iron
oxides and carbides, metallic iron, and other species
(up to 20 wt %). Moreover, proper allowance must be
made for the very high specific surface of detonation
diamonds and large amounts of surface functional (pre-
dominantly, carboxyl) groups and adsorbed gases in
UDD with ultrasmall particles. For these reasons,
extraction of the diamond phase is a complex problem.

The purification conditions are also determined by
the reactivity of the diamonds involved. The main
objective of the process is to extract a desired product
of specified purity with minimum loss. This process can
be rather efficient due to the relatively high chemical
stability of diamonds.
1063-7834/04/4604- $26.00 © 20622
In this work, we demonstrated that thermal interac-
tion between solid-phase mixtures of metal acetylacet-
onates with UDD and the explosive detonation prod-
ucts proceeds through combustion.

Earlier [1], it was established that reactions involv-
ing fullerenes and fullerene black proceed through the
same mechanism. With the aim of searching for new
activators of burning graphite out of the diamond-con-
taining blend, we investigated the behavior of the UDD
phase and carbon (not transformed into the diamond
phase) during thermal oxidation initiated in air due to
exothermal pyrolysis of metal acetylacetonates
(Me(acac)n, where acac = CH3COCHCOCH3; Me is
Na, Mg, Cr, Cu, Fe, or a platinum metal; and n is the
oxidation number of metals).

2. EXPERIMENTAL TECHNIQUE
The reactants were heated in air to the temperature

of the onset of pyrolysis of Me(acac)n (300–350°C).
This led to glowing of the reaction mixture, and further
reaction proceeded spontaneously. Upon heating in the
absence of UDD, volatile acetylacetonates Me(acac)n
almost completely sublimated without combustion. In
the absence of Me(acac)n, UDD did not undergo trans-
formation. It is possible that the oxygen chemisorbed
by the UDD surface initiates exothermal decomposi-
tion of Me(acac)n, which, in turn, activates gasification
of the UDD. The degree of gasification of UDD in the
thermal reactions under investigation is governed by
the type of metal ion in the acetylacetonate complexes.
The largest losses of diamond (more than 70%) were
observed during combustion of UDD in a mixture with
Cu(acac)2. The combustion of UDD in the presence of
acetylacetonates of platinum metals proceeded at a
high intensity. This can be associated with intensive
heat release, which is characteristic of thermal decom-
position of acetylacetonate complexes of platinum met-
004 MAIK “Nauka/Interperiodica”
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als in air. However, the degree of gasification of UDD
was considerably less than that in the case of
Cu(acac)2. Note that UDD was oxidized to a lesser
extent (~20–30%) during thermal reactions in a mixture
of UDD with acetylacetonates of Na, Mg, Cr, and Fe.

The combustion of the diamond–graphite blend
with an additive of Me(acac)n rapidly (for 3–5 min)
spread over the entire bulk of the material and led to a
substantial decrease in the weight of the reaction mix-
ture. It should be noted that all the acetylacetonates
studied in this work activated primarily the combustion
of nondiamond carbon.

Taking into account that the main metal contaminat-
ing the detonation diamond–carbon blend is iron (the
material of the explosion chamber), it is convenient to
use iron acetylacetonate as an activator of the combus-
tion of nondiamond carbon. Iron acetylacetonate can be
synthesized immediately in the blend through its treat-
ment with acetylacetonate.

3. RESULTS AND DISCUSSION

The products of the combustion of the
UDD/Fe(acac)3 and DCB/Fe(acac)3 mixtures are black
magnetic powders. In the first case, the g factor of the
line attributed to the metal in the electron magnetic res-
onance spectrum is close to the g factor of magnetite
(Fig. 1, line 3). Since the spectra of the iron-containing
products under investigation are not typical electron
paramagnetic resonance (EPR) spectra and differ from
the ferromagnetic resonance spectra of bulk materials,
we use the term “electron magnetic resonance.” The EPR

4
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3

1

4

100 200 300 400 500
B, mT

Fig. 1. Electron magnetic resonance spectra of (1) the
UDD/Fe(acac)3 initial mixture, (2) the products of thermal
oxidation of the UDD/Fe(acac)3 mixture upon heating
without combustion (heating of the reactants at a tempera-
ture corresponding to thermal decomposition of the metal
acetylacetonate under conditions of restricted access to air),
(3) the products of thermal oxidation of the UDD/Fe(acac)3
mixture through combustion, and (4) the products of com-
bustion of the UDD/Cu(acac)2 mixture.
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spectrum of the diamond radical is similar to the spec-
trum observed for the initial UDD. In the second case,
the line assigned to iron is broadened (Fig. 2, line 2). The
x-ray powder diffraction analysis of the sample revealed
that iron is present in the form of Fe2O3. The line of the
diamond radical is not observed. Apparently, this line is
screened by strong resonance from the metal. After the
residual black and metal-containing components were
removed from the combustion product through acid
treatment and subsequent washing with water, the spec-
trum of the final product exhibited electron paramag-
netic resonance of the radical of free UDD, whereas
resonance from the metal was not observed (Fig. 2, line
3). According to the x-ray powder diffraction data, the
material synthesized is ultradispersed diamond; no
graphite fractions and metal-containing impurities
were identified by electron paramagnetic resonance and
x-ray powder diffraction. The yield was 75% with
respect to the UDD produced from an identical amount
of DCB through traditional acid treatment. However,
preliminary burning of the bulk of nondiamond carbon
leads not only to a substantial decrease in the amount of
acids used in treatment but also to an acceleration of the
UDD extraction from DCB. The duration of the process
is 30–35 min. The UDD powder thus obtained has the
following characteristics: the particle size is 20–120 Å,
the specific surface is 200–400 m2/g, the moisture con-
tent is no higher than 5%, and the metal impurity con-
tent is no higher than 1.5%.

The combustion reactions of UDD/Me(acac)n solid-
phase mixtures can find application in the synthesis of
new diamond-containing materials. The products

0 100 200 300 400

B, mT

320 324 328

4

1
2
3

Fig. 2. Electron magnetic resonance spectra of (1) the
DCB/Fe(acac)3 initial mixture, (2) the products of thermal
oxidation of the DCB/Fe(acac)3 mixture through combus-
tion, (3) the products of thermal oxidation of the
DCB/Fe(acac)3 mixture through combustion with subse-
quent acid treatment, (4) the UDD radical in the initial
DCB, and (5) the UDD radical in the products of combus-
tion of the DCB/Fe(acac)3 mixture after acid treatment.
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formed during thermal decomposition of Me(acac)n
depend on the metal type, the reaction medium, and the
temperature conditions of the process. Diamond either
can be an inert diluent or can interact with the products
of thermal decomposition of the metal complexes. The
thermal decomposition of acetylacetonates of 3d transi-
tion metals in air brings about the formation of oxides,

100 200 300 400 500
B, mT

1

2

3

4

Fig. 3. Electron magnetic resonance spectra of the products
of combustion of (1) the UDD/Pd(acac)2 mixture, (2) the
UDD/Ir(acac)3 mixture, (3) the UDD/Ir(acac)3 mixture
heated without combustion under the same conditions as
those used for recording curve 2 in Fig. 1, and (4) the
UDD/Pt(acac)2 mixture.
PH
whereas the processes involving platinum metal com-
pounds produces the free metal [2]. In the EPR spectra
of the products of combustion of UDD/Me(acac)n
(Me = Pt, Ir, Pd) (Fig. 3), the resonance lines of metals
are observed at room temperature. We assume that
these lines are associated with dispersed metal parti-
cles, which is confirmed by the x-ray powder diffrac-
tion data. The lines attributed to the radicals in the prod-
ucts of combustion of UDD/Me(acac)n are somewhat
broadened compared to the lines assigned to free UDD.
This is most pronounced for the products of combus-
tion of UDD/Fe(acac)3, which can be explained by the
stronger magnetic properties of iron oxides.
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Abstract—The methods for dispersing nanodiamond powders of different purity grades and preparing nanodi-
amond powder suspensions suitable for fractionation are analyzed. The main physicochemical properties of
fractions separated from the synthesis products (blends) and purified nanodiamonds are investigated. It is found
that the size distribution of nanodiamonds in the blend is inhomogeneous: an increase in the particle size leads
to a decrease in the fraction of these particles. The advantages of nanodiamonds fractionated in size are dem-
onstrated for different applications. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

At present, nanodiamonds have found extensive
application in many industrial processes. In this
respect, particular research attention has been concen-
trated on the problems regarding the dispersion of the
grain-size composition and its constancy in different
media. However, there are only a few works concerned
with the investigation into the influence of the particle
size on the physicochemical and operational properties
of nanodiamonds. The formation of stable nanodia-
mond particles occurs through a complex multistage
mechanism [1, 2]. Since the particle surface is charac-
terized by a high activity, the grain-size composition of
the same nanodiamonds in various media can differ
substantially [3]. The removal of water from these par-
ticles leads to the formation of stable aggregates that
are difficult to disperse. In this work, I analyzed the
methods for dispersing nanodiamond powders of dif-
ferent purity grades with the aim of preparing suspen-
sions suitable for fractionation and investigated the
properties of separated nanodiamond fractions and the
synthesis products (blends).

2. ANALYSIS OF THE METHODS 
FOR DISPERSING NANODIAMOND POWDERS

One of the most universally employed methods for
dispersing nanodiamond powders is ultrasonic treat-
ment [4]. It has been found that the treatment of nano-
diamond powders with a cation-exchange resin leads
not only to a decrease in the amount of an incombusti-
ble residue (as was noted earlier in [5]) but also to the
formation of sedimentation-resistant suspensions of
treated nanodiamonds due to a deeper purification from
cation impurities. A similar situation takes place upon
treatment of nanodiamond powders with an anion-
1063-7834/04/4604- $26.00 © 20625
exchange resin. As is known, these effects are not
observed upon simple washing of nanodiamond pow-
ders with distilled water at different temperatures
(except for powders purified by gas-phase oxidation).

The nanodiamond powders studied in this work
were prepared at the Zababakhin All-Russia Research
Institute of Technical Physics, Russian Federal Nuclear
Center [6]. The nanodiamond powders were processed
using several methods, such as treatment with an AV-
17P anion-exchange resin, treatment with a KU 8-2 cat-
ion-exchange resin, ultrasonic treatment on an UZG 3-
10 setup, and combinations of these treatments. The
efficiency of each technique of producing sedimenta-
tion-resistant suspensions was evaluated from the accu-
mulation of nanodiamond sediments in a centrifugal
force field of an OS-6M centrifuge (Russia). The parti-
cle sizes were calculated from the data obtained and
relationship (1) (see below). Immediately prior to sed-
imentation measurements, all the studied suspensions
were diluted with distilled water to a nanodiamond
concentration of 5–10 g/dm3. The electrical conduc-
tivity of these suspensions was equal to 4–8 µS/cm.

According to microscopic investigations of nanodi-
amond powders prepared at the Zababakhin All-Russia
Research Institute of Technical Physics, Russian Fed-
eral Nuclear Center, nanodiamond crystallites are
approximately spherical in shape. On this basis and tak-
ing into account the data obtained in [7, 8], the particle
size (or, more precisely, the equivalent radius) was cal-
culated from the Talbot–Svedberg equation for spheri-
cal particles:

 (1)r
9η

2 ρ ρ0–( )ω2
-----------------------------

h2/h1( )ln
t

-----------------------.=
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Here, r is the radius of the spherical particle [m]; η is
the viscosity of the dispersive medium [Pa s]; ρ and ρ0
are the densities of the nanodiamond and dispersive
medium [kg/dm3], respectively; ω = 2πn is the rota-
tional speed of the centrifuge rotor (n is the number of
revolutions per second); (h2 – h1) is the distance passed
by the particle in the centrifugal force field [m]; and t is
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Fig. 1. Size distributions of nanodiamond particles prepared
by different dispersion methods. Designations of the meth-
ods for processing nanodiamond powders: A + US = treat-
ment with an anion-exchange resin and subsequent ultra-
sonic treatment, US = ultrasonic treatment, and K + A =
treatment first with a cation-exchange resin and then with an
anion-exchange resin.
P

the time of sedimentation of the particle from the level
h1 to the level h2 [s].

Figure 1 shows the size distributions of nanodia-
mond particles in the sample prepared by mixing equal
amounts of seven commercial batches stored for four
and six years.
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Fig. 2. X-ray diffraction patterns of blend fractions and sep-
arated nanodiamonds: (1, 3) fraction 3 and (2, 4) fraction 1.
Table 1.  Physicochemical properties of fractions separated from commercial nanodiamonds (prepared at the Zababakhin All-
Russia Research Institute of Technical Physics, Russian Federal Nuclear Center) 

Parameter Fraction 1 Fraction 2 Fraction 3

Size range, nm 250–7000 100–250 5–100

external appearance light gray readily
free-flowing powder gray powder black crystalline

aggregates

Pycnometric density, g/cm3 3.2 3.25 3.3

Incombustible residue, % 1.6 1.3 0.9

Oxidizable carbon, % 1.0 1.5 1.9

Viscosity of aqueous suspension 
(nanodiamond concentration, 10 g/l; 
temperature, 20°C), mPa s

1.04 1.07 1.12

Electrokinetic potential ξ, mV +16 +32 +41

Specific surface*, m2/g 170 Not determined 48

Sorption capacity with respect to 
benzene, mmol/g

17–18 15–16 12–13

* Determined by the Brunauer–Emmett–Teller method (nitrogen) at the Bakul’ Institute for Superhard Materials of the National Academy
of Sciences of Ukraine. The specific surface of an unfractionated powder is equal to 227 m2/g. 
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Table 2.  Physicochemical properties of fractions of the blend for the preparation of commercial nanodiamonds

Parameter Fraction 1 Fraction 2 Fraction 3

external appearance black readily
free-flowing powder

dark gray
free-flowing powder

black crystalline
aggregates

Pycnometric density, g/cm3 2.6–2.7 2.9 3.1

Incombustible residue*, % 2–3 0.4–1.0 0.1–0.5

Nondiamond carbon**, % 40–50 25 5–10

Activation energy for oxidation 
of nondiamond carbon, kJ/mol

55–60 70–75 90–95

Thermal stability, °C 160–165 200–210 >450

Sorption capacity with respect
to benzene (20°C), mmol/g

24–26 22–24 18–20

  * After acid treatment, the value depends on the initial content in the blend.
** The content of nondiamond carbon in the initial unfractionated blend amounts to 76%. 
The analysis of the experimental data obtained
allows us to draw the following inferences.

(1) The most finely dispersed suspensions of nano-
diamonds can be prepared only by combining the ultra-
sonic and ion-exchange resin treatments.

(2) The treatment with only ion-exchange resins is
more efficient than the ultrasonic treatment under the
operational conditions provided by the generator.

Moreover, prior to sedimentation measurements, it
is necessary to carry out additional purification of aque-
ous phases of suspensions from ion impurities precipi-
tated upon ultrasonic dispersion.

3. SEPARATION OF FRACTIONS 
FROM NANODIAMONDS OF DIFFERENT 

PURITY GRADES

Reasoning from the analysis of the particle size dis-
tributions of nanodiamonds, the nanodiamond particles
were conventionally divided into three fractions. The
results of this fractionation were considered in [6]. By
analogy, fractions of the blend were separated from the
synthesis products of nanodiamonds. The main physic-
ochemical characteristics of the fractions separated
from commercial nanodiamonds and fractions of the
blend are presented in Tables 1 and 2, respectively.

As can be seen from the x-ray diffraction patterns
(Fig. 2), the fractions of the blend are characterized not
only by different contents of nanodiamonds but also by
differences in the structure of nondiamond carbon. In
particular, the x-ray diffraction pattern of fraction 3
exhibits a weak peak that corresponds to d = 3.376 Å
(curve 1) and is assigned to the 2H crystalline modifi-
cation of graphite in the hexagonal crystal system. In
the diffraction pattern of fraction 1, this peak overlaps
with a diffuse halo in the angle range 2θBr = 18°–26°
(curve 2), which corresponds to the amorphous phase.
It was revealed that the amounts of the oxidizing agent
used for separating diamonds from the blend fractions
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
differed by a factor of 1.5. This fact and the experimen-
tal activation energies for the oxidation of nondiamond
carbon indicate that the chemical compositions of the
nondiamond components differ significantly.

4. PROSPECTS OF APPLYING FRACTIONATED 
NANODIAMONDS

In a number of cases, the fractionation of nanodia-
monds increases the efficiency of their application. For
example, the use of fraction 3 in gold electroplating
leads to an increase in the microhardness of the coating
by a factor of approximately 1.5 [9]. In the case of
nickel coatings on different metal matrices and in gal-
vanic cells of different designs, the use of fraction 3
ensures an increase in the microhardness as compared
to unfractionated nanodiamonds (Table 3).

According to the data obtained at the Bakul’ Insti-
tute for Superhard Materials of the National Academy
of Sciences of Ukraine, the abrasive capacity of pastes
prepared with fractions 3 and 1 of commercial nanodi-
amonds was higher than that of pastes prepared with
unfractionated nanodiamonds. The rate of stock
removal from a silicon sample at ASM 0.1/0 was equal

Table 3.  Microhardnesses HV0.05 of nickel coatings with
commercial nanodiamonds (kg/mm2) 

Sample 
no.

Type of nanodia-
monds in coatings

Data taken 
from [10]

After using
an electrolyte 
for two years

1 Without nanodia-
monds

370 348

2 Fraction 1 370–420 384

3 Fraction 2 360 379

4 Fraction 3 540–560 420

5 Unfractionated 470 365
4
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to 0.26–0.28 µm/min, and the roughness of the treated
silicon surface was Ra ≈ 0.03–0.1. For comparison, the
rate of stock removal from a silicon sample with the use
of a paste produced from unfractionated nanodiamonds
was equal to 0.05 µm/min.

Upon the addition of blend fraction 1 (0.3–1.0%) to
a VELS-2 engine oil, the friction coefficient for bronze
friction pairs decreased by a factor of no less than two,
whereas the unfractionated blend exhibited abrasive
properties.

5. CONCLUSIONS
Thus, it was demonstrated that the described meth-

ods of dispersing nanodiamond powders make it possi-
ble to prepare sedimentation-resistant suspensions and
to enhance the nanodiamond activity lost upon drying.
It was established that the size distributions of nanodi-
amonds and nondiamond carbon species are inhomoge-
neous and the physicochemical properties of nanodia-
monds differ from those of blends. This offers new pos-
sibilities for expanding the field of application of
nanocarbon materials and improving technological
processes: nondiamond carbon should be removed not
from a synthesis product but only from fractions whose
operational characteristics deteriorate in the presence
of nondiamond carbon.
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Abstract—The effect of the thermophysical parameters of a cooling medium on the macrokinetics of second-
ary physicochemical processes that occur in a hermetic chamber after the explosion of a solid explosive charge
is studied. The yields of condensed carbon and the content of the diamond phase in it are mainly determined by
the temperature of the medium in the chamber after explosion. The maximum yield of detonation diamond syn-
thesized from a trinitrotoluene–hexogen TG50/50 alloy is equal to ~10% of the initial explosive mass and is
achieved when the steady-state temperature of the medium in the chamber does not exceed Tm = 550 ± 50 K.
As this temperature increases, the yield of detonation diamond decreases approximately in inverse proportion
to the temperature, and, at Tm > 2800 K, there is virtually no diamond phase in the explosion products. The con-
version of condensed carbon due to the presence of the oxygen-containing components of the explosion prod-
ucts (CO2, H2O) begins at a temperature of the medium of above 1550 ± 150 K. The decrease in the final energy
release that is experimentally detected in calorimetric studies in the case of an explosion of solid explosives
with a negative oxygen balance in an inert gaseous medium or in the case where explosives are surrounded by
massive shells results from the endothermic conversion of condensed carbon, which absorbs a significant por-
tion of the explosion energy. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The diamond phase of carbon detected in the prod-
ucts of explosion of solid explosives with a negative
oxygen balance and the detonation synthesis of nanodi-
amonds developed using explosion chambers aroused
interest in the physicochemical processes that occur in
closed explosion chambers after detonation [1–7].

2. EXPERIMENTAL

To study the effect of the inert-gas mass and thermo-
physical processes on the yield of condensed carbon
(CC) and the content of ultrafine-dispersed diamonds
(UDDs), we used spherical explosion chambers 0.65–
1.2 m in diameter (space volume 0.14–800 m3).
Charges of a trinitrotoluene–hexogen TG50/50 alloy
0.05–140 kg in weight were exploded in vacuum, a
nitrogen or a helium atmosphere, the atmosphere of
explosion products (EPs), atmospheric air, and water
shells. The mass of a cooling gaseous or water medium
was varied from 104 to 20 times the explosive mass. The
experimental results are published in part in [3, 4, 7]. To
determine the parameters of the medium, we recorded
the pulse and quasi-static pressures with pressure trans-
ducers. Calorimetric measurements of explosions were
carried out using thermocouples placed on an explosion
chamber.

After each experiment, we collected a diamond-
containing mixture from the chamber, screened it
1063-7834/04/4604- $26.00 © 20629
through a vibrosieve with a cell size of ~0.3 mm to
remove mechanical impurities, and dried it at a temper-
ature of ~80°C in order to completely remove moisture.
The dried mixture was weighed to find the final CC
yield βcc = mcc/m and then was chemically cleaned with
an acid (for details, see [4]). After each experiment,
using the results of chemical cleaning, we determined
the yield of UDDs (the ratio of the UDD mass to the
explosive mass βd = md/m) and the UDD content in the
mixture (the ratio of the UDD mass to the mixture mass
md/mcc).

3. SPECIFIC FEATURES OF EXPLOSION 
OF AN EXPLOSIVE CHARGE 

IN A CLOSED CHAMBER

Analysis of the motion of a shock wave after the det-
onation of an explosive charge and the pressure profile
at the chamber wall allows us to arbitrarily divide the
explosion of the explosive charge in a chamber into
four qualitatively different stages [6–8] (Fig. 1): the
detonation of the explosive charge (stage I); the flight of
the EPs into the undisturbed gas medium (stage II); the
circulation of the shock wave and the turbulent motion
of the EPs with the medium in the space (stage III); and
the attainment of a quasi-static state and radiative–con-
vective cooling of the EPs–gas mixture (stage IV). For
explosive charges weighing up to 100 kg, the duration
of stage I is 10–20 µs. Stage II lasts from the instant the
004 MAIK “Nauka/Interperiodica”
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detonation wave reaches the outer boundary of the
explosive charge until the first shock wave reaches the
chamber wall. For chambers 2–3 m in diameter, this
time is equal to 200–800 µs. In the course of stage III,
shock waves gradually transform into acoustic pulsa-
tions with amplitudes of several atmospheres and peri-
ods specified by the medium temperature and the cham-
ber space size. For the chambers noted above, this time
is 25–100 ms. Stage IV (cooling of the EPs–gas mix-
ture) lasts several tens of seconds.

In the theoretical work [9], where turbulent mixing
was not taken into account, a strongly nonuniform
radial temperature distribution was found to occur in
the space after damping of the gas-dynamic processes.
These nonuniformities level off only after convective
mixing, which takes a long time. However, as shown in
[3, 10, 11], the low-density core that forms upon the
first flight of the EPs exists only until the second or
third wave circulation. The development of gas-
dynamic instabilities (the Rayleigh–Taylor and Richt-
myer–Meshkov instabilities) results in turbulent mix-
ing of the medium components on the molecular level.
After 7–15 passes of the shock wave, a multicomponent
medium consisting of the EPs and the ambient gas
forms, in which the spatial distribution of parameters
can be assumed to be virtually uniform. This assump-
tion is supported by the dynamics of after burning of the
EPs in atmospheric oxygen, which was studied experi-
mentally and theoretically in [3, 7, 11, 12].

Figure 1 shows (on a semilogarithmic scale) the
average EP temperature in the space of the chamber
filled with various media, beginning from the instant of
detonation to complete cooling. In stages II and III, the
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Fig. 1. Average EP temperature in a chamber 2 m in diame-
ter: (1) explosion of an explosive charge in vacuum,
(2) explosion in a gaseous medium, and (3) explosion of an
explosive charge surrounded by a water shell (mw/m = 10).
Tdet = 3270 K is the temperature of TG50/50 detonation;
Tmax is the maximum steady-state temperature of a mixture
of the EPs and the environment; and t1 and tmax are the
times of arrival of the first shock wave to the shell and of the
establishment of a quasi-static regime, respectively.
PH
temperature was determined from the EP internal
energy, which is equal to the total explosion energy
release less the kinetic energy of the moving EPs. In
stage IV, the temperature was determined from the gas-
medium pressure experimentally measured in the
chamber space.

As is seen from Fig. 1, the most rapid and strongest
gas-dynamic cooling of the EPs with a cooling flow
density of up to ~103 MW/m2 is detected for the explo-
sion in vacuum because of the high flight velocities.
However, very high temperatures are achieved when
the EPs impinge on the chamber wall [9]; after all
shock waves have been damped, the temperature in the
space is ~3500 K, which is close to the detonation tem-
perature. Therefore, detonation diamond and CC can-
not survive after explosion in vacuum [4, 6].

The slowest gas-dynamic cooling is observed for the
flight of the EPs surrounded by massive water shells
(mw/m = 10–20), and the maximum temperature of the
EPs in this case does not exceed 500–800 K because of
efficient energy removal by the water shells [4, 6]. The
explosion in an inert atmosphere is intermediate
between the explosion in vacuum and the explosion in
a water shell (in terms of the intensity of gas-dynamic
cooling), since the flight velocity of the EPs in the gas
atmosphere is lower than that in vacuum and greater
than that in the presence of a water shell. The maximum
temperature of the medium depends on the ratio of the
EP mass to gas mass; in particular, at mc/m = 10–20, we
have Tm = T0 + mQex/Cv (mc + m) ~ (2–3)T0 ~ 600–900 K,
where Qex is the specific energy released upon the
explosion of the explosive charge (calorific value of the
explosive), Cv is the specific heat of the atmosphere,
and T0 is the initial temperature.

4. COOLING OF THE HEATED MIXTURE 
OF THE EXPLOSION PRODUCTS 

AND THE AMBIENT GAS

As is seen from Fig. 1, the detonation products,
including CC and its diamond phase, are exposed to
high temperatures mainly during the longest stage
(stage IV); here, due to the relatively slow reaction of
CC gasification, the transformations can be highly pro-
found [13]. The medium heated by explosion and
restricted by a cold shell is intensely cooled (Fig. 1,
stage IV). Thermodynamic calculations [14] and exper-
imental data on the composition of the gas medium
show that, after the explosion of a solid explosive
charge, a significant amount of molecules of triatomic
gases (CO2, H2O) and highly dispersed carbon particles
are present in the chamber. According to [15, 16], these
molecules and particles have high radiant emittance.
Therefore, the cooling of this medium is characterized
by heat transfer by convection and radiation [15].

Based on an analysis of numerous experimental
data, it was shown in [7, 8] that the dependence of the
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heat flow density q(T) on the volume-averaged gas tem-
perature T follows a power law,

 (1)

The empirical parameters k and n depend mainly on the
dimensions of the chamber. For example, for chambers
2–12 m in diameter, n = 3–4.

The authors of [7, 14] solved the non-steady-state
heat balance equation for a gas in the closed space of an
explosion chamber and found that Cv ρdT/dt = –Fq(T)/V.
Using the empirical dependence of the heat flow den-
sity of a mixture of the EPs and gas on the temperature
given above, we obtain the dependence of the average
temperature T of the medium on time t: 1/T n – 1 =

1/  + Bt. Here, Cv is the volume-averaged specific
heat of the medium in the chamber; F and V are the sur-
face and volume of the chamber space, respectively;
Tm = T0 + mQex/Cv (m + m0) is the maximum tempera-
ture of the medium in the chamber after explosion; ρ =
(m + m0)/V is the average medium density in the cham-
ber; and B = (n – 1)Fk/(VCv ρ).

5. RETENTION OF CONDENSED CARBON
IN THE EXPLOSION PRODUCTS AND ITS 

DIAMOND PHASE

In [1, 2, 6], optimum conditions for the retention of
CC and detonation diamond were determined using the
generalized empirical criterion based on the “specific
heat of the medium” µ = (Cv 0ρ0Vp)/(p0mQex) =
(Cv 0M0x)/(mQex). Here, p and p0 are the working and
normal initial pressures in the chamber, respectively;
ρ0 and Cv 0 are the density and the specific heat of the
gas under normal conditions, respectively; and m and
Qex are the explosive mass and its calorific value,
respectively. In [6], this approach was extended to two-
phase systems of cooling diamond-containing EPs, in
particular, to the case of explosive charges in water
shells. This approximate engineering–physical
approach made it possible to describe the yields of CC
and UDDs as a function of the explosive mass, chamber
volume, and cooling conditions using the experimental
results. Note that the reciprocal to the generalized vari-
able µ, which was used in the papers mentioned above,
is equal to the maximum chamber volume–averaged
excess temperature (∆T ' = Tm' – T0) of the cooling
medium heated by the explosion of an explosive charge
and is calculated without regard for the EP mass at a
constant specific heat of the gaseous medium in the
space: µ–1 = mQex/Cv m0x = ∆Tm'. The maximum excess
temperature of the medium in the chamber is equal to
∆Tmax = mQex/Cv (T)(m + m0x).

q T( ) kT
n
.=

Tm
n 1–
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6. ANISOTHERMIC MACROKINETICS 
OF THE GASIFICATION OF CONDENSED 
CARBON IN THE EXPLOSION CHAMBER

In Fig. 2, the CC yield versus the maximum temper-
ature of the gaseous mixture in the chamber is plotted
for chambers 0.65, 2.0, 3.2, and 12 m in diameter
(obtained in this work) and for explosion chambers
having a volume of 0.18 and 3 m3 (borrowed from [2,
6, 17, 18]). The maximum medium temperature for
chambers 0.14, 4.2, 17, and 805 m3 in volume was
determined from the experimentally measured pres-
sures, whereas for the data from [2, 6, 17, 18] the max-
imum temperature was calculated using the relations
given in [7]. It is seen that, at Tm < 1550 ± 150 K, the
CC yield is maximum and, for TG50/50, is equal to
βcc = mcc/m = 12–14%. As Tm increases to 3000–3500 K,
the CC yield decreases virtually to zero (βcc < 0.5%)
upon the explosion of the TG50/50 charges in vacuum at
m/mc > 5. After the explosion of charges in vacuum in the
chambers 0.65–2 m in diameter, a high content of carbon
oxide is detected and the thermal effect of explosion is
smaller than Qex by 100–200 kcal/mol [3, 19].

According to [14, 19], the retention of CC in the EPs
is determined by the heterophase endothermic reactions
of gasification of CC with (a) carbon dioxide and (b)
steam, which can be represented by general formula (c):

C + CO2  2CO – Q1, (a)

C + H2O  CO + H2 – Q2, (b)

C + CO2 + H2O  3CO + H2 – Q, (c)

where Q1 = 41.2 kcal/mol, Q2 = 31.1 kcal/mol, and Q =
(Q1 + Q2)/2.
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Fig. 2. Final yields of CC and its diamond phase as func-
tions of the maximum medium temperature Tm in the cham-
ber. The curves of retained CC and UDDs (cc and udd,
respectively) are calculated using Eqs. (2) and (3), respec-
tively. The cc–udd curve shows the accumulation of nondi-
amond carbon modifications, and points represent the
experimental data.
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We assume that, in the stage of cooling of the
medium heated by explosion, there are no gradients of
the state variables (pressure, temperature, density, con-
centration) of the medium in the chamber because of
intense turbulent mixing of the components, which
were initially spaced. Therefore, we can apply the
ideal-mixing model and consider that the partial deriv-
atives of these parameters with respect to a spatial vari-
able are equal to zero. On the other hand, the EP tem-
perature, which strongly affects the chemical reaction
rates, varies from the detonation temperature Tdet ~
3500–4500 K to Tm and, during cooling, to T0 (Fig. 1).
We also assume that a considerable amount of the mate-
rial does not have time to react in stages II and III
because of their short duration and that the controlling
step of the secondary, relatively slow chemical reac-
tions of CC gasification is the longest stage (cooling).
This assumption allows us to apply the anisothermic
model of an ideal-mixing periodic reactor for momen-
tary explosion, which describes chemical reactions in
the reactor in terms of a set of ordinary differential
equations. This approach significantly simplifies the
kinetic study and makes it possible to obtain quantita-
tive relations for the yield of the final product [20].

The dependences obtained in the context of the dif-
fusion-kinetic theory of heterogeneous combustion and
gasification of solid carbon fuel [21, 22] are inadequate
for describing the processes that occur in the space of
an explosion chamber after the explosion of an explo-
sive charge, since these dependences have been derived
and experimentally checked for constant values of the
medium temperature and CO2 concentration. As noted
above, the gasification of carbon in the EPs in explosion
chambers is a non-steady-state process due to the
decrease in the temperature of the medium caused by its
cooling and the decrease in the concentration of
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Fig. 3. Trajectory of the retention of CC in the coordinates
{x2, T, t} in the anisothermic periodic reactor of ideal mix-
ing in which the medium temperature varies according to

the law 1/T2(t) = 1/  + B1t. The set of equations (2) and

(3) is solved numerically with the MatLab 5.3 software
package.

Tm
2

PH
reagents (carbon dioxide, steam, and CC). Since clus-
ters are sufficiently small (a detonation diamond cluster
contains ~103–104 atoms), we consider them as large
molecules [16] and apply the equations of the kinetics
of a homogeneous system to the gas–cluster heteroge-
neous system.

For the gasification of CC clusters, we use the mac-
rokinetic equation of a formally simple chemical reac-
tion [20]

 (2)

and write the heat balance equation making allowance
for a small endothermic effect for the CC conversion
(the thermal effect Q of the chemical reaction is non-
zero) in the form [14, 23]

 (3)

for 0 < t < ∞, 0 < x < a, and the initial conditions T(0) =
Tm and x1(0) = 0.

Here, a is the initial CC mass in moles; x1 is the cur-
rent mass of gasified CC in moles; T is the current
medium temperature; t is the time; ρ is the medium
density in the reactor; k0 is the preexponential factor;
Ea is the activation energy; ν is the formal chemical
reaction order; Tm is the initial medium temperature in
the reactor after heating; T0 is the temperature of the
reactor walls (Tm @ T0); F and V are the reactor surface
and volume, respectively; q is the density of the heat
flow from the reacting medium to the cold wall; and
Cv is the average specific heat of the medium.

The set of equations (2) and (3) gives the solution of
the kinetic problem of transformation of reagents in the
chemical reaction proceeding in an ideal-mixing peri-
odic reactor at a variable temperature obeying the

power-law dependence 1/Tn – 1 = 1/  + Bt charac-
teristic of the radiative heat transfer for triatomic mole-
cules of gases (CO2, H2O) and clusters [see Eq. (1)].
Obviously, the degree of transformation x2 = (a – x1)/a
is a single-valued function of the kinetic (Ea, k0, ν) and
thermophysical (B, n, Tm) parameters of the medium in
the reactor.

In Fig. 2, the results of simulation of CC gasification
[17, 23] are compared with the experimental data. The
calculation is seen to agree satisfactorily with the
experimental data on the retention of CC in explosion
chambers at Ea = 125 kJ/mol and ν = 0.7. In particular,
there is virtually no CC in the explosion chamber at
temperatures above 3500 K due to complete gasifica-
tion and CC is completely retained at temperatures
below 1550 K.

Figure 3 shows the phase surface of the ideal-mix-
ing periodic reactor with kinetic curves of CC retention
x2 = (a – x1)/a obtained by solving the set of equations (2)
and (3) numerically; these curves specify the depen-
dence of the amount of retained CC x2 on the time t

dx1/dt k0 Ea/RT–( ) a x1–( )ν
,exp=

Cv ρdT /dt

=  Fq T( )/V– Qk0 Fa/RT–( ) a x1–( )ν
exp+

Tm
n 1–
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and maximum temperature Tm upon cooling the
medium in the chamber to the initial temperature T0.
The computation was performed with the MatLab 5.3
software package.

It is seen from Fig. 3 that, as the temperature drops,
the reaction “freezes” (is retarded) and the CC (prod-
uct) concentration levels off (reaches a plateau). At con-
stant values of the kinetic parameters (Ea, k0, ν) and the
cooling rate (B, n), the height of this plateau is a single-
valued function of the maximum temperature of the
medium; the higher the temperature, the higher the
degree of the chemical reaction and the lower the con-
centration of the initial reagent. The faster the decrease
in the temperature (the increase in the cooling parame-
ter B in the cooling zone), the faster the decrease in the
reaction rate and the higher the degree of retention of
the initial material. The dependence of the yield of the
product on Tm (Fig. 3) has a specific shape: there is a
maximum temperature at which the yield of the final
product becomes virtually zero and a temperature
below which the yield is always equal to unity. As the
activation energy increases, the curve of the product
retention shifts toward higher temperatures.

7. MACROKINETICS OF THE DESTRUCTION 
OF THE DIAMOND PHASE IN THE CONDENSED 

EXPLOSION PRODUCTS

Natural and synthetic diamond crystals have a rather
high thermal stability. For example, according to [18],
the reverse transition of single-crystal tool diamond to
graphite (graphitization) at an initial pressure of 1 atm
or in vacuum proceeds at 1400–1700 K over a period of
several minutes. The diamond–graphite phase transi-
tion upon annealing of cleaned clusters of detonation
diamond in an inert gaseous atmosphere begins at a
temperature higher than 1000–1300 K [24].

Crude clusters of condensed EPs consist of a mix-
ture of the diamond and nondiamond carbon modifica-
tions [25]. Because of the presence of an outer closed
shell (onion-like carbon) and a “gas fur,” the CC clus-
ters differ significantly from pure UDD clusters in
terms of their structural and physicochemical proper-
ties and are close to nongraphitizing carbon black [26].
Therefore, the thermal–kinetic parameters (activation
energy, graphitization temperature, etc.) of the reten-
tion of a diamond mixture and pure UDDs can differ sig-
nificantly [24, 26] and the thermal resistance of the dia-
mond phase in crude condensed EPs is lower than that of
cleaned UDD clusters. The temperature of the onset of
oxidation of crude condensed EPs is 650 ± 50 K [26, 27],
and the oxidation is a two-stage process with maxima
at 670 and 770 K. These results of laboratory thermal
analysis agree well with the boundary temperature of the
onset of graphitization of a diamond mixture determined
from the experimental explosion data on detonation syn-
thesis of diamond, which is equal to 550 K (Fig. 2).
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Assuming that the transformation of the crystal lat-
tice of a detonation-diamond cluster into a nondiamond
phase, because of temperature fluctuations of carbon
atoms at lattice sites, obeys the Arrhenius law, we can
use formal kinetic equation (2) to describe graphitiza-
tion. The activation energy Ea for the diamond–graphite
transition in a CC cluster (which depends on its struc-
ture and size and the presence of functional chemical
groups on its surface) and the effective graphitization
reaction order νa are also unknown in general. There-
fore, they were also chosen to fit the experimental data
using mathematical simulation. The macrokinetics of
the retention of the diamond phase in the CC of explo-
sion products can be described sufficiently accurately if
we assume that the graphitization of the diamond phase
in the detonation carbon proceeds with an activation
energy of ~11.5 kJ/mol and has an order νa = 0.6.

Figure 2 generalizes the experimental data on the
yield of CC βcc and detonation diamond βd obtained in
chambers ranging in volume from 0.1 to 20 m3 upon the
explosion of TG50/50 explosive charges in various
cooling media (vacuum, inert gases, water shells, etc.)
[2, 4, 6, 28, 29]. Note that, since the explosive compo-
sition and detonation parameters (detonation rate, pres-
sure, temperature) did not change, the variation of the
yields of CC and UDDs is unambiguously caused by
different conditions of cooling of the detonation prod-
ucts.

A comparison of the calculated and experimental
data (Fig. 2), which were obtained by various authors
and are in good agreement, shows that the degree of
retention of both CC and detonation diamond decreases
with increasing maximum temperature of the medium,
Tm. As Tm increases, the rate of decreasing the fraction
of the diamond phase is maximal in the solid EPs. The
experiments indicate that, at a temperature of the
medium of below 450–600 K, the yield of UDDs is max-
imal (βd ~ 10% for TG50/50). As the temperature
increases, the yield of detonation diamond decreases vir-
tually in inverse proportion to Tm, and, at Tm = 2000 K,
we have βd = 1%. This dependence of the UDD yield on
the maximum temperature of the medium in the cham-
ber after explosion is described well by the simple
empirical formula βd = const/Tm – 0.2.

Subtracting the fraction of retained diamond hd =
(a0d – xd)/a0d from the retained fraction of CC hcc =
(a0cc – x1)/a, we obtain the fraction of nondiamond
modifications h = hcc – hd retained in the chamber after
explosion. As is seen from Fig. 2, the nondiamond car-
bon modifications (in particular, graphite) accumulate
with increasing temperature Tm. The yield of the nondi-
amond carbon modifications reaches a maximum
(~6%) at Tm ~ 1400 K and becomes almost zero at T ~
3500 K (Fig. 2, curve cc–udd). This is caused by the
fact that the amount of graphite, which is an intermedi-
ate product, is determined by two competing processes,
namely, graphite inflow due to diamond graphitization
and the consumption of graphite upon gasification of
4
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the solid phase. Because of the low activation energy
for the first reaction (~11 kJ/mol) and high activation
energy for the second reaction (~125 kJ/mol), the
graphitization rate is higher than the gasification rate at
moderate temperatures (T < 1000 K), which results in
the accumulation of a carbon nondiamond phase. At
high temperatures (T > 2500 K), where diamond is vir-
tually absent, the amount of retained graphite decreases
and is consumed for the formation of carbon oxide.

8. FINAL ENERGY RELEASE OF EXPLOSIVES 
WITH A NEGATIVE OXYGEN BALANCE 

IN AN INERT GAS ATMOSPHERE

Our study of the explosion stages of an explosive
charge in a chamber and the consideration of the mac-
rokinetics of the secondary physicochemical processes
show that the decrease in the final energy release of an
explosive Qex [3, 19] is a result of the endothermic gas-
ification of CC by the oxygen-containing EPs (CO2,
H2O), which proceeds against the background of a tem-
perature varying in time, since this gasification absorbs
a significant portion of the detonation energy. At small
values of mc/m, a high maximum temperature Tm is
reached and the endothermic gasification of CC devel-
ops to high degrees, which leads to a decrease in Qex.
With increasing mc/m, Tm decreases, the amount of

retained CC increases, and Qex increases. When  ~
1550 K is reached, no gasification occurs and the ther-
mal effect of explosion Qex is maximum and equal to
the heat of detonation Qdet. Therefore, calorimetric
measurements of the detonation energy release of solid
explosives should be performed at mc/m > (mc/m)* =

(Qdet /Cv (T)(  – 300)) – 1 ~ 3.5 (see also [19]); in this

case, Tm <  and, therefore, CC gasification does not
occur and Qdet is not changed.

9. CONCLUSIONS

Thus, by considering four separate stages of the
explosion of a solid explosive charge in a closed cham-
ber and using the anisothermic periodic reactor of ideal
mixing, we have developed a macrokinetic model of
retention of CC and its diamond phase that form during
detonation and quantitatively described their yields
depending on the thermophysical parameters of the
medium in an explosion chamber. The maximum yield
of detonation diamond synthesized from the trinitrotol-
uene–hexogen TG50/50 alloy is equal to ~10% and is
achieved at a steady-state temperature in the chamber
not exceeding Tm = 550 ± 50 K. When this temperature
is exceeded, the yield of detonation diamond decreases
approximately in inverse proportion to the temperature,
and, at Tm > 2800 K, there is virtually no diamond phase
in the EPs.

Tm*

Tm*

Tm*
PH
Considerable conversion of CC in the presence of
the oxygen-containing EP components (CO2, H2O)
begins at a boundary temperature of the medium
exceeding 1550 ± 150 K. The decrease in the final
energy release (experimentally detected in calorimetric
studies) upon the explosion of solid explosives with a
negative oxygen balance placed in an inert gaseous
medium or surrounded by massive shells results from
the endothermic CC conversion, which absorbs a sig-
nificant portion of the explosion energy.

The approach described above helped us to choose
optimum cooling conditions for producing UDDs.
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Abstract—The experimental data available in the literature and the results obtained by the author in research
into the structure of nanodiamonds and the physicochemical and chemical properties of their surface are gen-
eralized. An account is given of the problems concerning the chemical state and modification of the nanodia-
mond surface in gaseous and liquid media and the influence of modification on the sorption and catalytic prop-
erties of nanodiamonds, their compactibility, and sintering. The similarity and difference in the behavior of nan-
odiamonds and diamond macrocrystals in oxidation processes are discussed. The activation energies of
oxidation of nanodiamonds by different reagents are determined in the absence and presence of catalysts. ©
2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The particular interest expressed by researchers in
nanosized objects stems from the fact that their proper-
ties differ significantly from those of bulk materials.
Nanoobjects can exhibit radically new effects and phe-
nomena and even a different phase diagram. In particu-
lar, Badziag et al. [1] showed that nanodiamond
(ultradispersed or cluster diamond) is the most stable
carbon compound with a particle size of up to 5 nm.

Nanodiamonds synthesized upon explosion of con-
densed explosives with a negative oxygen balance in a
closed volume [2, 3] represent a special type of dia-
mond material. This is a typical nanomaterial whose
particles have a mean size of ~4 nm and are predomi-
nantly spherical in shape.
1063-7834/04/4604- $26.00 © 20636
According to the core theory [4], each nanodiamond
particle, like any solid particle, is a supramolecule with
a single-crystal diamond core surrounded by a shell
(“coat”) consisting of functional groups. These func-
tional groups are chemically bound to the core and
determine the chemical state of the nanodiamond sur-
face. Nanodiamond supramolecules can be subdivided
into classes according to the nature of the functional
groups (Table 1). Judging from the crystallite sizes and
the ratio between the number of surface carbon atoms
Nsurf and the total number of carbon atoms Ntotal in a par-
ticle, nanodiamonds can be considered a diamond sub-
stance in a colloidal state. For a mean diamond particle
size of 4.2 nm, the fraction of surface atoms is approx-
imately equal to 15% [5, 6]. This leads to a breaking of
Table 1.  Genealogical series of diamond polycondensation products with due regard for changes in the composition and size
of macromolecules (according to the data taken from [5]) 

Size Hydrocarbons CnHx Alcohols CnOxHx Ketones CnOx N/Nsurf

Molecules

3.5 Å Adamantane Tetrahydroxyhexaoxoadamantane

Tetrahydroxyadamantane Hexaoxoadamantane 1

Condensed polyadamantanes

<1 nm with –H groups with –OH groups with =O groups 1.3–13

Colloidal particles

Nanodiamonds with shell

1–102 nm from hydride groups from hydroxyl groups from carbonyl groups 13–103

Crystals

Diamond microcrystals with shell

0.1–102 µm from hydride groups from hydroxyl groups from carbonyl groups 103–106

Diamond macrocrystals with shell

>0.1 nm from hydride groups from hydroxyl groups from carbonyl groups >106
004 MAIK “Nauka/Interperiodica”
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1 µm

2.5 nm(a)

(b) (c)

10 µm

10 µm

Fig. 1. Electron micrographs of nanodiamonds [14]: (a) arrangement of carbon atoms in a particle, (b) aggregation of nanodiamond
particles with the formation of chain structures, and (c) induced self-assembling of nanodiamonds into dodecahedra.
the symmetry in the spatial arrangement of carbon
atoms and a decrease in the lattice spacing [3]. There-
fore, the properties of nanodiamonds should be gov-
erned by the state of their surface to a considerably
greater extent as compared to the properties of large-
sized diamond crystals, in which the fraction of surface
atoms is very small.

It is known that nanodiamonds have a highly defec-
tive structure. However, this does not hold true for the
nanodiamond particle as a whole. According to high-res-
olution transmission electron microscopy, carbon atoms
are arranged regularly in the particle core (Fig. 1a) and
the diamond structure is disordered in peripheral
regions of nanodiamond microblocks [3]. In [7–9], it
was demonstrated that the single-crystal core of nano-
diamond supramolecules is free of defects and only the
shell of diamond particles is distorted. The characteris-
tics of the shells of nanodiamonds synthesized by sev-
eral manufacturers, who used different cooling condi-
tions for explosion products and different procedures of
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
subsequent diamond purification, are compared in
Table 2. As is known, these factors affect both the ratio
between carbon atoms in the sp3- and sp2-hybridized
states in the shell and the structure and chemical com-
position of the shell. Indeed, the data presented in the
table indicate that there are differences not only in the
chemical composition of the shells but also in their
thickness, i.e., in the number of carbon layers and in the
interplanar distance ls in the shell. The presence of non-
diamond carbon in nanodiamond particles was experi-
mentally confirmed by Gubarevich et al. [10, 11].

2. CHEMICAL COMPOSITION 
OF NANODIAMONDS

Apart from carbon, detonation nanodiamonds con-
tain a considerable number of heteroatoms, whose con-
tent depends on the conditions of synthesis, purifica-
tion, and subsequent treatment of nanodiamonds [2, 3].
Nanodiamond consists of carbon to the extent of 80–
4
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Table 2.  Influence of the cooling conditions for the diamond-containing blend on the composition and structure of the shell
of nanodiamond particles (according to the data taken from [9]) 

No.
Medium of nanodiamond

condensation (manufacturer
of nanodiamonds)

Characteristics of shells

chemical composition ls, Å (∆l, %) number
of carbon layers

1 H2O (Khoros) Amorphous shell 4

Adamantane-like clusters (≤50%) 1.88 (9)

Structured water on the surface
of nanodiamond crystals

2 CO2 (Research and Production 
Association “Altaœ”)

Amorphous shell with a graphite
order (85%)

1.88 (9) >4

Dangling bonds

3 CO2 (ATM “Krasnoyarsk”) Graphite component (50%) 2

Small-sized graphite clusters 1.96 (5)

Amorphous carbon

C–H bonds

4 Ice (ATM “Krasnoyarsk”) Graphite-like component is absent 1

Crystalline surface of diamond
with dangling bonds

1.94 (6)

C–H bonds (~5%)

Note: ls is the distance between carbon layers in a distorted shell. The fractional decrease in the interplanar distance in the shell as com-
pared to that in the diamond particle core (lv  = 2.06 Å) is given in parentheses. 
88%, and this carbon predominantly forms the diamond
phase. Moreover, nanodiamond contains oxygen (10%
and more), hydrogen (0.5–1.5%), nitrogen (2–3%), and
an incombustible residue (0.5–8.0%). In turn, the
incombustible residue consists of oxides, carbides, and
salts of different elements, such as Fe, Ti, Cr, Cu, K, Ca,
Si, Zn, Pb, etc. [12]. These compounds, together with
nondiamond carbon, belong to the group of solid-phase
impurities that are difficult to remove.

As regards other elements (oxygen, nitrogen, hydro-
gen), it is believed that they enter into the composition
of volatile impurities that are difficult to remove [2].
Actually, part of these elements enter into the composi-
tion of molecules (CO, CO2, N2, H2O, etc.) that are
sorbed on nanodiamonds and can either form an
adsorbed layer on an accessible surface or be incorpo-
rated into closed pores. However, the other part of the
elements necessarily enter into the composition of
functional surface groups. They are not impurities but
make up an integral part of the nanodiamond supramol-
ecule, much as oxygen, nitrogen, and other elements
enter into the composition of functional derivatives of
hydrocarbons. Functional groups can be destroyed and
replaced by other groups, but they always persist on the
surface of nanodiamonds, as well as on the surface of
PH
macrocrystals and powder grains of diamonds of other
types.

3. NANODIAMOND AGGREGATION

Nanodiamonds are prone to aggregation with the
formation of primary and secondary structures due to
the presence of a large number of functional groups on
the nanodiamond surface[2, 3, 13–16]. The formation
of aggregates depends on the thermal conditions, con-
centrations, and physicochemical properties of the sur-
face of the particles. Note that the nature of a shell
formed by functional groups substantially affects the
colloidal properties of nanodiamonds. Nanodiamond
particles in dry powders and suspensions can form
more stable primary (up to 1–5 µm) and less stable sec-
ondary (up to 200 µm) aggregates. After chemical puri-
fication of nanodiamonds, particles a few microns in
size are formed as a result of agglomeration. Heating in
an inert atmosphere at temperatures above 873 K leads
to the growth of nanodiamond particles, which take the
shape of spherulites (150–200 µm).

Aggregates have a fractal structure. The x-ray dif-
fraction patterns of aggregates after oxidation with
hydrogen peroxide always exhibit a reflection from the
(002) plane of nondiamond carbon. It seems likely that
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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soluble aggregates transform into new aggregates with
closed pores. These aggregates can be disrupted by
ultrasound (for example, in distilled water). Networks,
fibers, threads, and chains (Fig. 1b) can be formed in
suspensions. Belobrov [14] suggested that diamond
nanoparticles have a dipole moment, which vanishes
after the formation of supramolecular structures. The
spontaneous crystallization from suspensions brings
about the formation of soft quasicrystals (up to 50 µm)
of different habits. Furthermore, the self-assembling
under specific conditions from specially prepared sus-
pensions results in the growth of dodecahedral nanoc-
rystals that possess good faceting (Fig. 1c) and are sta-
ble in an electron beam [14].

4. SHELL OF FUNCTIONAL GROUPS 
ON THE SURFACE OF NANODIAMOND 

PARTICLES

Since nanodiamonds have a developed surface and a
large ratio Nsurf/Ntotal, the nature of the functional groups
forming the shell can be elucidated using IR absorption
spectroscopy.

According to IR absorption spectroscopy, the nano-
diamond surface treated under different conditions can
contain different functional groups, such as oxygen-
containing (hydroxyl, carbonyl, ether, anhydride, etc.),
nitrogen-containing (amine, amide, cyano, nitro, etc.),
sulfone, and other groups [2, 3, 15–19]. Bogatyreva et al.
[20] revealed that, in addition to carboxyl and carbonyl
groups, the nanodiamond surface contains methyl and
methylene groups, but in an insignificant amount. Sak-
ovich et al. [3] showed that nanodiamonds involve bound
and sorbed water. Sorbed water is not removed even dur-
ing drying of powders at a temperature of 393 K. Appar-
ently, this water is contained in closed pores formed
upon aggregation.

The IR spectra of nanodiamonds prior to and after
treatments under different conditions are shown in Fig. 2.
These spectra were thoroughly interpreted in our earlier
work [21]. All the spectra exhibit absorption bands of
carbonyl- (1730–1790 cm–1) and hydroxyl-containing
(1640, 3400 cm–1) groups. The broad band with a max-
imum at 1100–1140 cm–1 is most likely caused by a
superposition of bands associated with impurity nitro-
gen centers of the A, B1, B2, and C types and also with
the vibrations of the ≡C–O–C≡ group. (The –NO2
groups at the Csecond and Cthird atoms, the –SO2OH
groups, and the –OH groups in –COOH and at the Cthird
atom absorb in the same range, which somewhat
reduces the reliability of the interpretation.)

A comparison of the IR spectra depicted in Fig. 2
shows that the location and intensity of the absorption
bands attributed to the carbonyl groups depend on the
conditions of nanodiamond treatment. Treatment in a
nitrogen atmosphere at 973 K leads to decomposition
of the carbonyl and carboxyl groups, as can be judged
from the decrease in the intensity of the absorption
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
bands. After treatment at 673 K, irrespective of the
nature of the modifying gas, the maximum of the band
at a frequency of 1730 cm–1 is shifted to the range
1780–1790 cm–1, which indicates the formation of the
groups

–C(O)–O–C(O)–, (–O–)2C=O. 

According to Sakovich et al. [3], it is this latter
group that is characteristic of purified nanodiamonds,
whereas the large variety of other groupings stem from
technological contamination. We cannot agree both
with this statement and with the term “impurity func-
tional groups” [2], because nanodiamonds under real
conditions are always in contact with a gaseous or liq-
uid medium and interact with it, which necessarily
affects the functional groups forming the nanodiamond
shell. Indeed, even contact of natural-diamond powders
with hydrogen at room temperature brings about the
formation of C–H bonds [22].

Judging from the small differences in the IR spectra
of nanodiamonds treated under different conditions, we
can assume that not all surface groups are accessible
even to gaseous reactants. This is confirmed by our
experimental data on the concentrations of proton-
donor groups on the nanodiamond surface. The con-
tents of proton-donor groups (i.e., acid functional
groups) on the nanodiamond surface after treatments
under different conditions were calculated from data on
the acid–base titration of nanodiamonds with alkali
(Table 3). As can be seen from the data presented in
Table 3, the number of acid groups increases with an

1660 1780

1650 1790 

1640
17601140

1140

1120

15001100

1730
1900

N2, 973 K

CO2, 673 K

Air, 673 K

CH4, 673 K

Air, 673 K
CH4, 673 K

Initial

Fig. 2. IR absorption spectra of nanodiamonds treated under
different conditions.
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increase in the time of treatment with oxygen and
decreases upon treatment with hydrogen. This is in
agreement with the general regularity revealed in many
works. Actually, the interaction of oxygen with groups
located on the nanodiamond surface results in their oxi-
dation and transformation into oxygen-containing
groups, which are predominantly acid groups. On the
other hand, treatment with hydrogen at high tempera-
tures is attended by the reduction or decomposition of
many oxygen-containing groups. However, even after
high-temperature treatment with hydrogen for 4 h, a
considerable number of acid groups are retained on the
nanodiamond surface. Gubarevich et al. [23] showed
that, depending on the conditions of nanodiamond
treatment, the concentration of protogenic groups var-
ies from 0.34 to 2.52 µg-equiv m–2, whereas the con-
centration of active hydrogen changes from 0.49 to
7.52 µg-equiv m–2.

In many works, it has been noted that the procedure
of cooling a diamond-containing blend affects the com-
position and number of functional groups on the nano-
diamond surface. This effect can be explained by the
formation of nanodiamond shells with different ratios

Table 3.  Content of proton-donor groups on the surface of
nanodiamond samples treated under different conditions

Treatment conditions

Content of proton-donor
groups, 10–3 mol/g

potentiometric 
titration visual titration*

Initial sample 0.548 0.346

Air, 673 K, 2 h 1.006 0.921

Air, 673 K, 5 h 1.467 1.231

Hydrogen, 1073 K, 2 h 0.735 0.570

Hydrogen, 1073 K, 4 h 0.689 0.440

* Visual titration leads to underestimated results due to the diffi-
culties encountered in determining the equivalence points in the
presence of colloidal nanodiamond particles in an aliquot. 

Table 4.  Effect of the chemical modification of nanodia-
monds on the limiting pressure Plim and the density ρ of pel-
lets under cold pressing 

Parameter

Sample

initial

modified

H2 CO2
HNO3 (con-
centrated) 

Plim, kg/cm2 800–900 300–400 1200 1200

ρ, g/cm3 1.2 1–1.15 1.23–1.3 1.3–1.4
P

between carbon atoms in the sp3 and sp2 states (Table 2)
and, hence, with different abilities to form functional
groups.

5. CHEMICAL MODIFICATION 
OF THE NANODIAMOND SURFACE

It follows from the foregoing that the functional
groups always form a shell on the surface of nanodia-
mond particles. The nature of the functional groups
depends on the conditions and methods of synthesis,
separation, and purification of the nanodiamonds. With
the aim of imparting specific properties to nanodia-
mond particles, this shell can be modified by chemical
reactions, a number of which were noted above. These
are gas-phase and liquid-phase oxidation (or reduction)
reactions, intermolecular (or intramolecular) decompo-
sition of functional groups upon heating, exchange
reactions in groups or replacement of one group by
another group, detachment of groups with capture of
surface carbon atoms and a change in the surface struc-
ture and the degree of hybridization of carbon atoms,
and grafting of organic compounds to the surface.

In particular, Voznyakovskiœ et al. [24] showed that
the formation of a hydrocarbon shell on the nanodia-
mond surface by the grafting of organosilyl groups
increases the stability of suspensions in nonpolar liq-
uids. The chemical modification of the nanodiamond
surface strongly affects the sintering of nanodiamonds.
Shul’zhenko and Bochechka [25] found that the chem-
ical modification of initial nanodiamonds, in combina-
tion with other factors, leads to a decrease in the degree
of graphitization of diamonds upon sintering and,
hence, to an increase in the strength and hardness of the
polycrystals. The modification of nanodiamonds in an
oxidizing or reducing medium [19, 26] affects the opti-
mum conditions of cold pressing (Table 4). Nanodia-
monds modified with hydrogen are sintered into com-
pact (vitreous) pellets, whereas nonmodified nanodia-
monds under the same conditions are sintered only
along the periphery of a pressed pellet.

6. SORPTION PROPERTIES 
OF NANODIAMONDS

Nanodiamonds possess a high sorption capacity
owing to the well-developed surface, which, according
to data obtained by different authors, varies from 150 to
450 m2 g–1. A dry powder adsorbs a large amount of a
gas [2, 3]. Bogatyreva et al. [20] revealed that, for two
batches of nanodiamonds with identical specific sur-
faces and degrees of purification, the adsorption poten-
tials with respect to nitrogen differ by approximately
40%. It is evident that the adsorption potential is gov-
erned by the chemical properties of the surface and the
sorbate nature rather than by the aforementioned
parameters. Indeed, the same nanodiamond sample
interacting with different sorbates possesses different
sorption properties [2]. For example, the sorption
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004



SURFACE CHEMISTRY OF NANODIAMONDS 641
capacity of a dry UDD-STP nanodiamond powder is
equal to 9 mol kg–1 for benzene and 10.5 mol kg–1 for
chloroform. Moreover, different fractions of the same
diamond batch also differ in capacity. Note that nanodi-
amonds sorb proteins well [27].

The sorption properties of nanodiamonds in suspen-
sions depend on the surface charge of aggregates [28].
This charge is associated with the oxygen-containing
groups that are located on the nanodiamond surface and
exhibit acid properties. The sign and magnitude of the
charge are determined by the concentration and disso-
ciation constant of oxygen-containing groups, the pH
of the solution, and the concentration of the supporting
electrolyte.

Since nanodiamonds contain surface protogenic
groups, they also possess cation-exchange properties.
Specifically, the exchange capacity of nanodiamonds

Table 5.  Transformations of organic solvents upon high-
temperature treatment of the diamond-containing blend
(Nnd/Nd = 1.52) 

Solvent Compounds found
in the extract

Nnd/Nd (after 
treatment)

Tetralin Tetralin (initial)

trans-Decalin

cis-Decalin

Naphthalene 0.79

Alkylbenzenes (traces)

trans-Decalin trans-Decalin (initial)

cis-Decalin

Bicyclo [4.3.0] nonane with 
a methyl substituent

1.94

Butylcyclohexane

Note: Polycyclic aromatic nitrogen-containing compounds are
found in the extracts. 
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
with respect to heavy-metal ions (Fe2+, Ni2+, Cr6+) sub-
stantially depends on the procedure of their purification
or chemical modification, i.e., on the hydrophilic–
hydrophobic properties of their surface and also on the
cation concentration in the solution [20, 27].

7. THERMAL DESORPTION 
FROM THE NANODIAMOND SURFACE

The high adsorption capacity of nanodiamonds is
responsible for the large amount of physically sorbed
and chemisorbed gases and vapors on the surface of nan-
odiamonds particles. Nozhkina et al. [29] demonstrated
that nanodiamonds contain up to 10% volatile impurities
and that heat treatment under vacuum (0.01 Pa) consid-
erably decreases their content. In this case, the optimum
annealing temperature is equal to 673 K. Upon heating of
nanodiamonds at temperatures in the range 573–773 K,
as much as 1.3 m3 kg–1 of gases, predominantly in the
form of carbon dioxide and nitrogen, are removed from
the diamond surface [3]. Judging from the activation
energies of desorption (48.5, 23.0 kJ mol–1), Sakovich et
al. [3] made the inference that the physically adsorbed
gases are removed. This inference holds true for nitro-
gen but is invalid for carbon dioxide. It is quite possible
that part of the removed carbon dioxide was adsorbed
physically. However, first, the activation energy of CO2
desorption is nearly twice as high as that of nitrogen.
This suggests that the CO2 desorption is a chemical
rather than physical process. Second, it is known that
carboxyl groups (whose content on the nanodiamond
surface is rather high) begin to decompose already at
473 K.

The complex differential thermal analysis of nano-
diamonds modified under different conditions revealed
that, upon heating of samples in air in the temperature
range 300–1250 K, the thermograms exhibit endo-
thermic and exothermic effects and also effects associ-
ated with an increase and a decrease in the mass [2, 19].
At temperatures up to 373 K, the mass noticeably
Table 6.  Apparent activation energies ε of nanodiamond oxidation in the low-temperature (I) and high-temperature (II) ranges

No. Oxidizing agent Temperature separating 
ranges I and II, K

ε, kJ/mol

range I range II

1 O2 + N2 (20% O2) 675 24.7 ± 1.7 96.4 ± 4.2

2 O2 + N2 (10% O2) 775 24.7 ± 1.7 96.4 ± 4.2

3 O2 + N2 (4% O2) 775 25.6 ± 5.8 91.3 ± 13.0

4 CO2 900 36.5 ± 7.1 120.4 ± 15.0

5 CO2, K2CO3 840 18.9 ± 5.0 88.8 ± 5.0

6 H2O 935 22.2 ± 13.4 152.2 ± 7.0

7 H2O, K2CO3 700 20.5 ± 12.1 126.7 ± 10.0
4
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increases in the case of diamond samples preliminarily
modified with water vapors and methane and remains
virtually unchanged for diamond samples modified with
carbon dioxide or a mixture of carbon dioxide with
methane. In the temperature range 575–725 K, a
decrease in the mass is observed for ultradispersed dia-
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Fig. 3. Temperature dependences of the mass loss during
oxidation of nanodiamonds: (a) oxidation with a mixture of
oxygen and nitrogen at (1) 20% O2, (2) 10% O2, and (3) 4%
O2; (b) oxidation with carbon dioxide (1) without a catalyst
and (2) with K2CO3; and (c) oxidation with water vapors (1)
without a catalyst and (2) with K2CO3.
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monds modified with nitrogen or methane. Note that this
effect is more pronounced for diamonds modified with
nitrogen. An increase in the temperature above 725 K
leads to a decrease in the sample mass. Upon a gradual
increase in the temperature, the thermograms exhibit
several thermal effects: a broad endothermic peak at tem-
peratures below 773 K, two broad exothermic peaks in
the temperature range 773–1120 K, and an endothermic
peak at 1130–1225 K. It should be noted that the shape
of the peaks and the temperature of their maxima sub-
stantially depend on the nature of the modifier gases.

As follows from the results obtained, the prelimi-
nary modification of nanodiamonds affects their stabil-
ity in air. The oxidation of nanodiamonds treated with
water vapors begins already at 675 K, whereas nanodi-
amonds modified with a mixture of CH4 and CO2 oxi-
dize at temperatures higher than 775 K. These data also
indicate that chemical transformations of surface
groups on nanodiamonds and even their oxidation can
proceed at temperatures of 573–773 K.

8. CATALYTIC ACTIVITY OF NANODIAMONDS
Finely dispersed nanodiamonds, which possess a

high surface energy and a developed specific surface
involving proton-donor groups, are catalytically active
in different reactions.

For example, investigation into the composition of
high-temperature extracts from a diamond-containing
blend revealed that these extracts involve products of
solvent transformation (Table 5). The most pronounced
transformations were observed for tetralin and decalin.
It was found that the extracts contain products of
isomerization, dehydrogenation, disproportionation,
and cracking. Moreover, high-temperature treatment of
the diamond-containing blend with decalin leads not to
an expected decrease but to an increase in the ratio
between the number of nondiamond carbon atoms Nnd
and the number of diamond carbon atoms Nd in a solid
residue (from 1.52 to 1.94). This fact indicates that
decalin undergoes polycondensation.

Nanodiamonds are catalytically active in oxidation
processes, for example, in the oxidation of CO to CO2,
because the nanodiamond surface is easily saturated
with oxygen and activates it [27].

9. NANODIAMOND OXIDATION
Nanodiamonds in oxidizing media exhibit a specific

behavior as compared to diamond crystals and even
diamond micropowders. This is explained by the high
relative content of functional surface groups [2, 19].
The specific features manifest themselves in the fact
that the temperature dependences of the mass loss for
nanodiamonds in various oxidizing agents exhibit sub-
stantially different behaviors in two characteristic tem-
perature ranges (Fig. 3). In the low-temperature range,
the change in the nanodiamond mass only weakly
depends on the temperature, even though the change in
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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the mass is already noticeable at 300–350°C. By con-
trast, in the high-temperature range, the rate of mass loss
drastically increases with an increase in the temperature.
The oxidative ability of the oxidizing agents studied
changes in the following order: air @CO2 > H2O. The
addition of potassium ions appreciably promotes nano-
diamond oxidation with water vapors and increases the
rate of oxidation with carbon dioxide insignificantly, as
is the case with diamonds of other types.

The results obtained were used to calculate the
apparent activation energies for oxidation of nanodia-
monds (Table 6). The temperatures separating the low-
and high-temperature ranges for different oxidation
conditions are also listed in Table 6. As follows from
this table, the activation energies for the same oxidizing
agent in the two temperature ranges differ by a factor of
3 to 6. Probably, this can be associated with the compet-
ing processes of oxidation and transformation of differ-
ent functional groups in the low-temperature range.
Most likely, the crossover to the high-temperature
behavior is due to the formation of a shell composed
predominantly of hydroxyl functional groups. The acti-
vation energies for oxidation of nanodiamonds in the
presence of a catalyst are less than those for the noncat-
alytic process. On the whole, the activation energies for
oxidation of nanodiamonds in the high-temperature
range are less than those of kimberlite diamonds by a
factor of more than 2.

10. CONCLUSIONS

Thus, the brief overview of the data characterizing
the chemical state of the nanodiamond surface clearly
demonstrated that the physical and chemical properties
of nanodiamonds strongly depend on the nature of the
shell of functional groups on the surface of diamond
particles. Consequently, the properties of nanodia-
monds can be controlled by modifying the shell of
functional groups. Moreover, the data presented in this
paper indicate that nanodiamond is not a diamond-like
material but is a typical diamond whose surface (like
the surface of other types of diamond) necessarily con-
tains different functional groups that saturate free
valences of surface carbon atoms. The distinguishing
feature of ultradispersed diamonds is that, in the series
of functional derivatives of diamond cores, they are
intermediate in the ratio Nsurf/Ntotal and the crystallite
size between low-molecular species (similar to func-
tional derivatives of adamantane) and high-molecular
species (such as diamond macrocrystals with a specific
shell of functional groups on the diamond surface).
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MODIFICATION OF SURFACE 
AND THE PHYSICOCHEMICAL PROPERTIES 

OF NANODIAMONDS
Self-Organization in Nanocomposites Based
on Detonation Nanodiamonds
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Lebedev Research Institute of Synthetic Rubber, Federal State Unitary Enterprise,

Gapsal’skaya ul. 1, St. Petersburg, 198035 Russia
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Abstract—The effect of modifying detonation nanodiamond additives on the stress–strain properties of poly-
mer nanocomposites is investigated using polysiloxane polyblock copolymers as an example. It is shown that
the formation of a physical network of supramolecular structures (due to self-organization initiated by force
fields of highly active nanoparticles) can lead to an increase in the physicomechanical parameters in the range
of small strains (up to 100%) without changing the chain microstructure. The use of composites involving fillers
of the H type (with a high surface activity) and the L type (with a low surface activity) provides a maximum
efficiency of interaction of the force fields induced by supramolecular structural units. The force interaction
results in a more “efficient” supramolecular organization of the polymer and ensures a synergetic increase in
the physicomechanical parameters with the use of L–H fillers. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In modern polymer materials science, particular
attention has been concentrated on the problem of
improving the elastic properties under small strains. It
is common practice to use filled composites for this
purpose. However, in cases where it is necessary to
retain the physicochemical parameters of polymers (for
example, gas permeability, strength of adhesion con-
tact), the use of composites with high degrees of filling
becomes impossible. This circumstance necessitates
modifying polymers with finely dispersed materials
(particle size, 10–100 nm), i.e., preparing nanocompos-
ites [1].

Polysiloxane polyblock copolymers of the (AB)n

type, which consist of rigid (with a high vitrifying tem-
perature) (A) and flexible (B) polysiloxane blocks,
exhibit a number of practically valuable properties.
These copolymers have been used for synthesizing
film-forming materials with a broad spectrum of possi-
ble applications (from protective coatings to selectively
permeable membranes) [2].

The purpose of this work was to elucidate how the
modifying additives of finely dispersed materials affect
the physicochemical properties of films formed by pol-
ysiloxane polyblock copolymers.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

2.1. Polymer

A typical example of a polysiloxane block copoly-
mer is provided by the ladder phenylsilsesquioxane–
poly(dimethylsiloxane) (LPS–PDMS) polyblock
1063-7834/04/4604- $26.00 © 20644
copolymer. For the copolymer used in this work, the
ratio between the lengths of the sequences of units of
rigid (x) and flexible (y) blocks was x : y = 25 : 61. The
weight content of flexible PDMS blocks was equal to
42 wt %.

2.2. Finely Dispersed Materials

Detonation nanocarbons, namely, technical-grade
diamond-containing nanocarbon (TDNC) and detona-
tion nanodiamonds (DND), were synthesized at the
Special Design Bureau “Tekhnolog” (St. Petersburg).
Samples of A-300 finely dispersed silicon oxide were
prepared at the Kalush Chemical Plant. Glass spherules
(GS) were supplied by the New Glass Technologies
Company (St. Petersburg). The polydispersity of fillers
was investigated using dynamic light scattering. The
highest degree of dispersion was achieved by ultrasonic
treatment of suspensions of finely dispersed particles [3].

Ladder phenylsilsesquioxane–poly(dimethylsilox-
ane) films were prepared according to the dissolution
procedure described earlier in [4].

3. RESULTS AND DISCUSSION

3.1. Individual Fillers

At the preliminary stage of this work, it was neces-
sary to determine the reference dispersity parameters
for each filler in a liquid medium. As the reference
parameter, we chose the degree of dispersion of fillers
in water, because, in this case, it is possible to attain the
highest degree of dispersion of hydrophilic nanoparti-
004 MAIK “Nauka/Interperiodica”
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cles [5]. The polydispersity distributions constructed
from the dynamic light scattering data are depicted in
Fig. 1. It can be seen from this figure that the chosen
fillers can be actually attributed to nanodispersed mate-
rials.

At this stage (in accordance with nanocomposite
theory), only individual modifiers were used to fill
block copolymers. However, it was found that the phys-
icomechanical characteristics of the prepared films
with optimized compositions (filler, 5 wt %) are worse
than the parameters of the initial unfilled film. The dete-
rioration of the properties can be associated with the
structuring of polymer macrochains in response to
force fields of highly active filler particles. The structur-
ing processes correlate with both the aggregation of
hydrophilic particles in a nonpolar medium and the
related nonuniform distribution of filler particles over
the bulk of the polymer matrix. This situation will be
considered in the next subsection in greater detail.

3.2. Individual Modified Fillers

The aggregation of particles with hydrophilic sur-
face functional groups (for the most part, groups with
labile protons) in nonpolar media can be suppressed
through chemical modification of their surface in such
a way that these groups will be blocked by nonpolar
groups. In this work, the chemical modification of the
surface was accomplished according to the silylation
reaction [6]. The modified fillers are denoted by the let-
ter “m.”

As follows from the results of dynamic light scatter-
ing investigations, the structure of suspensions of mod-
ified particles in toluene solutions of the LPS–PDMS
copolymer remains stable over a period of at least 12 h.
This made it possible to use these solutions for prepar-
ing films. The physicomechanical parameters of the
prepared films with optimized compositions are listed
in Table 1. As can be seen, the use of individual modi-
fied fillers increases the physicomechanical parameters
of the films by 20–30% in the practically important
strain range (up to 300%) with retention of satisfactory
elastic properties. It should be emphasized that this
effect is achieved at a filler content of no more than
5 wt %. Note also that there is no correlation between
the stress–strain parameters of the LPS–PDMS films
and the type of hydrophobized modifier used. And vice
versa, these properties depend on the type of initial
modifier. Let us now consider the origin of this differ-
ence in greater detail.

Recent investigations in the field of nanosystems
have revealed that the physical properties of materials
change monotonically with an increase in the degree of
dispersion to a threshold value where a number of phys-
ical and physicochemical properties undergo a jump-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
wise change, which is not predicted by the Gibbs ther-
modynamics [7]. For many materials, such a jump is
observed with an increase in the degree of dispersion to
particle sizes of less than 10 nm. A rough estimation
shows that, at this particle size, the fraction of highly
active surface atoms becomes appreciable (2–5%) [8],
which is responsible for the substantial change in the
surface properties. Therefore, we can assume that the
effect of a finely dispersed material used as a filler is
determined, to a large extent, by the fraction of particles
with sizes of less than 10 nm rather than by the mean
diameter calculated for the distribution as a whole.

Under this assumption, we will analyze the physico-
mechanical parameters of the composite materials syn-
thesized.

First, we consider the nonmodified finely dispersed
composites. The fractions of components with particle
sizes of less than 10 nm were calculated from the light
scattering data (Table 2). It can be seen from Table 2
that, for the studied modifiers, the content of particles
with diameters of less than 10 nm varies from 0 for
glass spherules to a maximum value of 86% for the
A-300 finely dispersed silicon oxide. This suggests that
there is a clear correlation between the polydispersity

90
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D, nm

W
, %
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Fig. 1. Polydispersity distributions of initial particles:
(1) A-300 finely dispersed silicon oxide, (2) detonation nan-
odiamonds, and (3) glass spherules. The dispersive medium
is water.

Table 1.  Strength parameters of film materials filled with
individual modified finely dispersed compounds (T = 20°C)

Sample 
no.

Filler
composition

M100, 
MPa

M300, 
MPa

P,
MPa L, %

1 Initial sample 2.6 4.4 6.0 500

2 5% A-300m 3.9 5.4 5.9 400

4 5% GSm 3.6 5.5 6.0 390

6 3% DNDm 3.1 4.3 5.2 505

Note: M100 is the resistance force at a strain of 100%, M300 is the
resistance force at a strain of 300%, P is the conventional
strength, and L is the elongation.
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parameter of the fillers and the aforementioned physi-
comechanical characteristics of the films prepared with
these fillers.

Then, we consider the modified fillers. Figure 2
shows the polydispersity distributions of the modified
fillers in a nonpolar medium. It can be seen from Fig. 2
that, after the modification, the fillers remain nanodis-
persed materials. The statistical data obtained from
these distributions are presented in Table 2. As follows
from this table, the mean particle diameter drastically
increases (by a factor of approximately 5) for the mod-
ified A-300 filler and, in contrast, decreases for the
modified detonation nanodiamonds and modified glass
spherules. The origin of such a change in the mean
diameter of detonation diamond particles can be
explained within the model illustrated in Fig. 3.

According to the proposed model (with due regard
for the data available in the literature), the detonation
nanodiamonds can be regarded as aggregates of fractal
nature [9]. Under the assumption that a fractal aggre-
gate can be simulated by a spherical particle, the rela-
tionship for the effective radius of such a particle can be

written in the following form: R' = r0 , where N is
the number of primary particles in the aggregate, df is
the fractal dimension, and r0 is the effective cluster

N
1/d f

Table 2.  Characteristics of the polydispersity distributions
of finely dispersed particles

Parameter of polydis-
persity distribution A-300 Detonation

nanodiamonds
Glass 

spherules

Mean particle diame-
ter D, nm

11.2
(51.8)*

23
(17.9)

39
(20.3)

Content of particles 
with a size ≤10 nm, %

86
(0)

8
(43.0)

0
(27.0)

* Parameters for particles of modified nanofillers are given in
parentheses.
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Fig. 2. Polydispersity distributions of modified particles:
(1) A-300 finely dispersed silicon oxide, (2) detonation nan-
odiamonds, and (3) glass spherules. The dispersive medium
is toluene.
P

radius. The aggregate is stabilized both through the
hydrogen bonds formed by different functional groups
on the inner surface of particles and through zeolite-
type water molecules. The silylation reaction results in
the breaking of stabilizing bonds, which leads to a
change in the polydispersity parameters. As follows
from the fractal model of detonation nanodiamond
aggregates, they can break down into N initial particles.
However, owing to the steric hindrances to the silyla-
tion reaction, only the loosest aggregates can break
down, after which the system again transforms into the
stable state.

Therefore, the difference between the physicome-
chanical parameters of the LPS–PDMS composites
containing the initial and hydrophobized individual
modifiers is a consequence of the change in the size dis-
tribution of the modifier particles due to the silylation
reaction (a decrease in the fraction of particles less than
10 nm in size). From this inference it immediately fol-
lows that the larger the fraction of particles less than
10 nm in size, the stronger the grounds to assign a
finely dispersed material to nanofillers.

3.3. Composite Fillers

Following modern concepts, elastomeric materials
modified by dispersed fillers are considered to be hier-
archic systems with size levels [10, 11]. The polymer
volume involving at least one filler particle adjacent to
a layer of the matrix is chosen as the lower size level. It
can be expected that the higher the surface activity of
the particle, the larger the amount of matrix material in
a structural unit of the first level and, hence, the larger
the volume ratio of the relevant structural units. If the
filler is composed of two finely dispersed materials
with low (L type) and high (H type) surface activities,
this filler represents a system of two hierarchies corre-
sponding to two types of structural units of particles. In
this case, the topological distribution of structural units
over the volume is characterized by the formation of
ensembles that involve large-sized structural units of H
particles in the environment of small-sized structural
units of L particles. It is reasonable to assume that the
supramolecular structure thus formed is more isotropic
than the structure containing individual fillers of the H
type. As a result, the physicomechanical characteristics
of films modified by a composite filler can turn out to
be higher than those obtained with the use of individual
fillers; i.e., the synergy effect can manifest itself.

In order to verify the validity of the proposed model
of polymer materials with optimum physicomechanical
parameters, we prepared a number of films with com-
posite fillers. The modified glass spherules were used as
the L component, and the technical-grade diamond-
containing nanocarbon and modified detonation nano-
diamonds served as the H component. The use of the
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004



        

SELF-ORGANIZATION IN NANOCOMPOSITE 647

                                             
C
O H

H
OH

O

O
H H

H H
O

R

C
O

O

O

Si

Si

Si

Si

CH3
CH3

CH3

CH3

CH3H3C

H3C CH3

CH3

CH3

CH3

CH3

R

Fig. 3. Schematic drawing of the chemical modification of detonation nanodiamond particles. R is a functional group (–OH, –NH2,
–COOH, etc.) containing an active proton.
technical-grade diamond-containing nanocarbon
among the modified fillers is fairly justified. The deto-
nation nanodiamonds are synthesized in such a way
that the technical-grade diamond-containing nanocar-
bon can be treated as modified detonation nanodia-
monds [12]. It should be noted that the modification is
accomplished directly in the course of detonation syn-
thesis, and, hence, its efficiency is very high. Therefore,
we can assume that particles of diamond allotropy in
the technical-grade diamond-containing nanocarbon
retain the highest degree of dispersion, which is pro-
vided by the synthesis, and, as a consequence, the high-
est surface activity.

The physicomechanical parameters of the prepared
films with optimized compositions are presented in
Table 3. The composition was optimized so that, in
accordance with the purpose of our investigation, the
content of the H component would be minimum and the
total filler content would be no higher than 5 wt %. A
comparison of the data presented in Tables 1 and 3
showed that the use of composite fillers ensures an
increase in the physicomechanical parameters in the

Table 3.  Effect of composite modifiers on the strength
parameters of the ladder phenylsilsesquioxane–poly(dimeth-
ylsiloxane) polyblock copolymer (T = 20°C)

Sample 
no. Filler composition M100, 

MPa
M300, 
MPa

P, 
MPa L, %

1 Initial sample 2.6 4.4 6.0 500

7 1% A-300m, 4% GSm 3.4 5.2 5.9 400

8 2.5% TDNC, 2.5% GSm 4.3 6.4 7.0 300

9 1% DNDm, 4% GSm 3.2 5.2 5.8 350
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
strain range of interest at the level attained with individ-
ual fillers. The sole exception is provided by film 8
(with technical-grade diamond-containing nanocarbon
as the H component), which is characterized by an
appreciable increase in the stress–strain parameters (by
a factor of ≈1.7). It should be noted that a comparable
increase in these parameters for the films with both
composite and individual fillers was achieved at a con-
siderably lower degree of filling with respect to the H
component in the former case (1 and 5 wt %, respec-
tively). This can be associated with the difference in the
supramolecular structures formed by modifiers of these
two types. The use of the composites containing the H-
and L-type fillers provides a maximum efficiency of
interaction of the force fields induced by supramolecu-
lar structural units. In turn, the interaction of the force
fields results in a more efficient supramolecular organi-
zation of the polymer. Most likely, it is this circum-
stance that is responsible for the large stress–strain
parameters obtained for the composite filler with tech-
nical-grade diamond-containing nanocarbon.
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Abstract—In this communication, a new method for the deaggregation of detonation nanodiamond (ND) and
some preliminary results using this method are presented. ND is firstly graphitized in nitrogen at 1000°C and
then oxidized by air at 450°C to remove the surface graphite layer formed. The sample after such treatment was
suspended in water by ultrasonics, and the particle-size distributions were measured. It has been found that the
diameters of more than 50% of the ND particles can be reduced to less than 50 nm. © 2004 MAIK
“Nauka/Interperiodica”.
1 Nanodiamond (ND) prepared by explosive detona-
tion is a unique sort of synthetic diamond. The first
papers on this type of diamond were published in 1988
[1, 2]. One distinct feature of this kind of diamond is the
nanometer-sized particles. As measured by electronic
microscopy, the diameters of the fundamental particles
are in the range 4–6 nm [3]. But it can also be seen from
the TEM image of ND that a large number of nanoparti-
cles aggregate to form fractal clusters with diameters of
hundreds of nanometers or even of several micrometers.
However, the nature of the aggregation of ND is not very
clear. When ND is dispersed in water by ultrasonics, only
a small portion of the ND powder can be transferred into
particles with diameters less than 100 nm [4].

As accepted by many researches, in nanomaterials,
there are two kinds of aggregation: the “soft aggrega-
tion” caused by the adsorption of particles and the “hard
aggregation” caused by chemical bindings between par-
ticles. From the HRTEM images of ND [3], it is evident
that each nanosized particle is a diamond single crystal-
lite with a unique lattice image and that there is an
unclear boundary between two crystallites. We believe
that this is, perhaps, a cocrystalline phase between the
two crystallites, which causes the aggregation of the par-
ticles. We think this is a special kind of hard aggregation,
which may be stronger than the aggregation caused by
ordinary chemical bindings. Apparently, it is impossible
to deaggregate such bonding between diamond crystal-
lites by ordinary chemical methods.

Kuznetsov et al. [5, 6] reported that the HRTEM
images of ND heat-treated at temperatures higher than
1000°C in vacuum show that graphitization occurs on
the surface of ND crystallite. We deem that, when two
diamond crystallites bound together by a cocrystalline
are heat-treated, graphite layers could be formed on

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20649
their surfaces and the boundary regions. If the temper-
ature of heat treatment is not too high and the period of
treatment is not too long, it is possible to confine the
formation of only a thin layer of graphite on the surface
of diamond particles, including their grain boundary.
Now, if we can use some suitable method to remove the
graphite layer, then the aggregated diamond crystallites
can perhaps be deagglomerated. We call this method
the graphitization–oxidation method.

ND powders were prepared by the detonation of a
50/50 TNT/RDX charge using water as the cooling and
protective medium. The obtained black powder (deto-
nation soot) was treated with a mixture of boiling nitric
and sulfuric acid to remove the nondiamond compo-
nents. For graphitization, the ND was heat-treated in N2
at 1000°C for 1 h, after which the color of the sample
changed completely to dark black, indicating that
graphitization occurred. For oxidation, the sample is
treated in air at 450°C for several hours. It is worth not-
ing that, only after slight oxidation, i.e., heated in an air
flow at 450°C for about 2 h, does the black color of the
graphitized diamond particles fade and is the original
color of ND completely recovered. So, we can confirm
that graphitization of ND at 1000°C for 1 h only pro-
duces a thin layer of graphite on the surface of ND crys-
tallites.

The ND sample after the graphitization–oxidation
treatment was dispersed in water by ultrasonics. The
particle size distributions of ND in the obtained suspen-
sions were measured on a N-4 Plus dynamic laser scat-
tering apparatus (Coutler Co.), and the results are
shown in Fig. 1. It can be seen that, in the suspension of
the ND after graphitization–oxidation treatment, more
than 50% of the particles have diameters less than 50 nm
(Fig. 1b), which is much greater than that in the suspen-
sion of the untreated ND (Fig. 1a). So, it is believed that
the graphitization–oxidation method has some effect on
004 MAIK “Nauka/Interperiodica”
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the deaggregation of ND. However, it can also be seen
that, after the graphitization–oxidation treatment, some
particles with larger diameters (approximately 1000 to
2000 nm) are also formed.

The samples were examined by FTIR spectrometry
(on a Bio-Rad FTS-165 IR spectrometer). From the
spectra (Fig. 2), we can see that the characteristic band of
the carbonyl group (ν = 760 cm–1) disappears after
graphitization and reappears after oxidation, while the
characteristic band (ν = 1100 cm–1) of the ethereal group
(C–O–C) is enhanced after graphitization and oxidation,
which means that more bridged oxygen bonds are
formed. Whether these bridged oxygen bonds are formed
on the surfaces of diamond crystallites or between the
crystallites is not clear, but we suppose at least a portion
of such bridged oxygen bonds are formed between the
diamond crystallites, which results in the formation of
agglomerates with larger diameters. If our above sugges-
tion is correct, this means that, during oxidation, more
aggregates caused by bridged ethereal bindings are
formed. We deem that, in order to deaggregate such a
type of bonding, some suitable chemical reactions must
be used to cleave the interparticle ethereal bonding.
Some preliminary experiments in this aspect were car-
ried out in our laboratory. Several chemical reactions
usually used to cleave organic ethers were tested for this
purpose, and the samples were examined after treatment
by a simple method; that is, the sample was suspended in
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Fig. 1. Particle distribution of aqueous suspensions pre-
pared from (a) original ND and (b) from ND after graphiti-
zation–oxidation treatment.
PH
water by ultrasonics and the amount of the ultrafine par-
ticles (with diameters less than 100 nm) in the aqueous
suspensions were determined by the centrifugal sedi-
mentation method. The suspension was centrifuged at a
speed of 4000 rpm for 30 min, and the amount of parti-
cles remaining in the suspension was determined by
weighing the residue after drying. The preliminary
results indicate that, among the many chemicals used,
hydroiodic acid may be the most effective; after reflexing
in HI acid solution for 24 h, the amount of ultrafine par-
ticles can be remarkably increased. These experiments
are still in progress, and the detailed results will be pub-
lished later.

In summary, a new method for the deaggregation of
detonation ND is developed. In this method, the ND is
first heat-treated to set off surface graphitization and
then air oxidation is used to remove the thin surface
graphite layer. So, this method is called the graphitiza-
tion–oxidation method. The preliminary experimental
results of deaggregation of ND using this method indi-
cate that it has some positive effects on the deaggrega-
tion of ND. Since the graphitization–oxidation process
is rather complicated, further investigation is needed to
verify the mechanism and usefulness of this method.
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Abstract—Heat-treatment-induced conversion of nanodiamond to nanographite is investigated. Graphitization
starts at the surface region around a heat-treatment temperature of 900°C, then it proceeds inward in the particle,
and finally it is completed around 1600°C, where nanographite particles form a polyhedron with a hollow
inside. The change in the electronic feature is subjected to the structural change induced by the heat treatment.
In the intermediate stage of graphitization, where graphene sheets are small and defective, charge transfer takes
place from graphitic π-band to nonbonding edge states. Electrophoretic deposition of nanodiamond particles
provides a technique for fabricating isolated single nanodiamond particles on a substrate. Successive heat treat-
ment at 1600°C converts a nanodiamond particle to a single nanographene sheet laying flat on a highly oriented
pyrolytic graphite substrate. Weak interaction between the nanographene sheet and the substrate is expected to
give a model system of nanographene, for which theory predicts the presence of nonbonding π-electron states
of the edge origin and its related unconventional nanomagnetism. © 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

Nanosized carbon systems, such as fullerenes, car-
bon nanotubes, and nanographene, are of current inter-
est in supramolecular chemistry, mesoscopic physics,
and molecular device applications. Among them, nano-
diamond, whose structure is governed by the sp3 carbon
bond network, has unique features different from the
other nanosized carbon systems having π-electron net-
works. In addition, the surface of nanodiamond is sub-
jected to a structural reconstruction or the effect of
functional groups attached to the surface. In the case of
diamond whose surface carbon atoms are bonded to
hydrogen atoms, the electron emission is expected to be
associated with negative electron affinity [1]. In the
meantime, theoretical works have recently predicted
the emergence of unconventional magnetism around
the grapheme–diamond interface [2]. In this context, it
is interesting to investigate the conversion of nanodia-
mond to nanographite, where the interface between the
graphite and diamond phases is expected to impart
structural and electronic features different from both
phases. The finiteness in size is also considered to affect
the conversion mechanism and resulting structures.

Another challenging issue in nanoscience is the fab-
rication of a single nanographene sheet, which is
ascribed to the nanosized extreme of a condensed poly-
cyclic aromatic molecule in the language of organic
chemistry, by using nanodiamond as a starting material.
In recent theoretical and experimental works [3–6], it

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20651
has been revealed that nanographene has a nonbonding
π-electron state of edge origin, which gives rise to the
appearance of unconventional nanomagnetism.

In the present paper, we have investigated the pro-
cess of the conversion of nanodiamond to nanographite
in the heat-treatment temperature (HTT) range up to
1600°C from structural and electronic aspects by
means of x-ray diffraction, high-resolution transmis-
sion electron microscope (HRTEM), scanning electron
microscopy (SEM), Raman scattering, scanning tun-
neling microscopy (STM), atomic force microscopy
(AFM), magnetic susceptibility, and ESR. Electro-
phoretic deposition of nanodiamond and subsequent
heat treatment was found to produce an isolated single
nanographene sheet.

2. HEAT-TREATMENT-INDUCED CONVERSION 
OF NANODIAMOND TO NANOGRAPHITE

Diamond is converted to graphite thermally by the
heat treatment. In such a heat-treatment-induced con-
version, nanodiamond behaves differently from bulk
diamond due to the smallness of the particles. We have
investigated the conversion process induced by heat
treatment of nanodiamond particles having a mean size
of 5 nm in an argon atmosphere [5, 7]. Raman spectra,
which are sensitive to the presence of graphite with the
G and D peaks located in the 1590 and 1350 cm–1

regions, respectively, prove the presence of the gra-
phitic ingredient even in the HTT range of 900°C,
although no evidence of graphite is indicated in
004 MAIK “Nauka/Interperiodica”
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HRTEM and x-ray diffraction experiments. This sug-
gests that only the surface region of nanodiamond par-
ticles is graphitized around that temperature, where
nanographene domains are too small to be stacked as in
bulk graphite. Graphitization proceeds inward upon
further elevation of HTT at the expense of the nanodia-
mond phase, as proved the appearance of graphitic
structures in HRTEM and x-ray diffraction. Figure 1
shows the variation of the structural parameters as a
function of HTT. The graphite fraction grows steeply
above ~900°C and becomes 100% around HTT =
1600°C. The growth in in-plane size (La) is followed by
the development of a c-axis stacking structure, as
shown in Figs. 1d and 1e. At around HTT = 1600°C,
where graphitization is completed, the size of nan-
ographite becomes La × Lc ≈ 3 × 2.5 nm, which gives a
mean number of stacked graphene sheets of ~7.
HRTEM observations visualize the shape of a nan-
ographite particle obtained by heat treatment at
1600°C. The particle forms a polyhedron with a mean
size of 7–8 nm and a hollow inside, where each facet
consists of a stacking of 3–7 graphene sheets, which is
in good agreement with the x-ray diffractions. The
interlayer distance Ic, which is a good indication of reg-
ularity of the graphitic structure, is considerably larger
than that of bulk graphite (Ic = 0.3345 nm) in the begin-
ning of graphitization around HTT = 1200°C, suggest-
ing the presence of remnant corrugated features of the
graphene sheets. The value of Ic ~ 0.353 nm at HTT =
1600°C is still larger than that of bulk graphite, though
Ic decreases as the HTT is elevated. This is due to the
turbostatic nature of the graphene sheets. Interestingly,
the interlayer distance tends to be smaller as we go
from the surface to the center of the polyhedron [8].

Next, we discuss the change in the electronic struc-
ture upon heat treatment. The magnetic properties
impart clues for characterizing the electronic proper-
ties. Figure 2 presents the ESR linewidth ∆H, g value,
orbital susceptibility χorb, and localized spin concentra-
tion ns as functions of the graphite fraction. The orbital
susceptibility is negligibly small (<10–7 emu/g) for the
samples with HTT < 900°C, suggesting the absence of
an extended π-electron network.

The increase in the graphite fraction upon elevating
the HTT increases the absolute value of χorb succes-
sively, and above HTT ≥ 1400°C it becomes larger than
that expected for the graphene sheet having the in-plane
size obtained from the Raman spectra with the assump-
tion that χorb of the samples can be obtained by extrap-
olating the values of condensed polycyclic aromatic
hydrocarbons consisting of a small number of benzene
rings. This means that the samples with HTT ≥ 1400°C
have the extended π-electron system, as bulk graphite
has. However, the absolute value is still smaller than
that of bulk graphite even at HTT = 1600°C. This is
considered to be associated partly with the presence of
a remnant corrugation of graphene sheets. In addition to
this, the anomalous electronic structure generated
around the edges of nanographene, which is theoreti-
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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cally predicted as the nonbonding π-electron state of
edge origin, can also be responsible for the modifica-
tion of the orbital susceptibility. The Raman spectra
give a hint in considering this context. Figure 3 presents
the positions of the G peak, D peak, and the peak in the
1620 cm–1 region as functions of the graphite fraction,
which correspond the E2g2 mode, the disorder-induced
line, and a shoulder related to the disorderedness of
graphite. The G peak position is lower than that of bulk
graphite in the samples with HTT < 900°C. This down-
shift is caused by bond angle disorder present in the
sp3-bonded fraction, which forces the graphene sheet to
be nonplanar. The increase in the graphite fraction
shifts the peak position above the peak position of bulk
graphite, resulting in a stiffening of the graphitic lattice.
Such stiffening happens in general when charge trans-
fer from acceptor to graphite makes the bonding π band
partly vacant. According to previous works [3, 4], non-
bonding edge states are present around the peripheries
of nanographene sheets. In the present samples, edge
states are broadened by the structural disorder in the
nanographite particles. Charge transfer from the π band
to the edge states generates holes, resulting in an
upward shift of the G peak, in addition to the reduction
in the orbital susceptibility, which demonstrates the
importance of the edge states in the electronic structure
of the nanographite. In this connection, it should be
noted that the presence of holes is confirmed by the
thermoelectric power in nanographite [6].

Localized spins also reflect the electronic structure
modified by the heat treatment. According to the spin
concentration plotted as a function of the graphite frac-
tion shown in Fig. 2d, the spin concentration decreases
upon an increase in the graphite fraction. The as-pre-
pared nanodiamond particles have many defects, as
they are prepared in nonequilibrium conditions pro-
duced by explosion-induced transient high pressure.
Therefore, a large number of defects are considered to
be responsible for the localized spins for HTT < 900°C.
This is supported by the fact that the g value is quite
close to the g value of microcrystalline diamond, where
the spins are attributed to the paramagnetic centers cre-
ated by the defects in the sp3 network [9]. Further heat
treatment reduces the spin concentration, with the ESR
linewidth broadened and the g values shifted down-
wards to below the g value of the free electron spins. In
the sample of HTT = 1600°C, where graphitization is
completed, the ESR signal is split into sharp and broad
signals with different g values, which are assigned to
the defect spins and π-electron spins, respectively. In
the intermediate range with 1200 < HTT < 1400°C, the
graphene sheets are strongly corrugated with the pres-
ence of defects, in which the defects and π-electron
spins are coupled to each other, giving rise to the line-
width broadening. Completion of graphitization wipes
defects away from the extended π-electron region,
resulting in the splitting of the ESR signal into the two
peaks. Interestingly, the spin-lattice relaxation rate is
accelerated above HTT = 1400°C. In the sample with
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
HTT = 1600°C, the interaction between edge-state
spins and conduction π electrons plays an important
role in accelerating the spin-lattice relaxation process.
In contract, the presence of defects hinders the interac-
tion, since the relaxation rate has been slowed down.

3. ELECTROPHORETIC DEPOSITION 
OF NANODIAMOND AND THE FORMATION 
OF AN ISOLATED SINGLE NANOGRAPHENE 

LAYER

Nanodiamond particles suspended in a solution can
be electrophoretically deposited on a substrate in a con-
trolled way for producing isolated single nanodiamond
particles [10]. Successive heat treatment of isolated
nanodiamond particles is expected to produce isolated
nanographite particles on a substrate. Based on this
procedure, we prepared an isolated single nan-
ographene sheet on a highly oriented pyrolytic graphite
(HOPG) substrate. As-prepared diamond particles are
covered with functional groups containing oxygen,
such as carbonyl, carboxylic, lactone, and epoxide. In
aqueous and organic suspensions, the dissociation of
surface carboxyl groups leads to the formation of neg-
ative charges. However, it is found that it is very diffi-
cult to isolate single particles due to the trend of particle
clusterings.

The improved electrophoretic experiments are car-
ried out with electrodes of HOPG, where nanodiamond
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of isolated single graphene sheets prepared by heat treatment of nanodiamond particles at 1600°C.
particles are suspended in an isopropyl alcohol solvent
mixed with acetone, water, and iodine as additives. Two
HOPG electrodes measuring 6 × 5 × 0.5 mm are placed
15 mm apart from each other in the solution. Nanodia-
mond particles are positively charged in the solution
due to free protons, which are produced by the reaction
[11]

CH3COCH3  CH3C(OH)CH2, 

CH3C(OH)CH2 + I2  CH3COCH2I + H+ + I–,

and are attached to nanodiamond particles. Judging
from SEM observations of the cathode and anode after
electrophoretic deposition, we note the presence of
nanodiamond particles both on the cathode and anode.
However, the density of particles deposited on the
anode is very low (~10%) compared with that deposited
on the cathode. These findings suggest that the majority
of particles are positively charged with their surface
adsorbing H+ ions, though some particles remain with
P

the original negative surface charge that diamond parti-
cles take in pure organic solvents without any additives
[12]. Thus, the density of deposited nanodiamond par-
ticles is subject to the concentration of the additives, the
voltage applied, and the deposition time. At low applied
voltages (~ –0.07 V/cm), the seeding of nanoparticles
takes place, whereas high voltages, such as –67 V/cm,
favor an aggregation phenomenon. Interestingly, at a
very low concentration of iodine (~ 0.1 mg/l), a simple
dipping of electrodes into the suspension without any
applied voltage does not result in any deposition. This
suggests the feasibility of electrophoretic deposition for
seeding nanodiamond particles. It is interesting to note
that the density of particles decreases as the deposition
time increases. This behavior is attributed to a desorp-
tion process that occurs simultaneously with the depo-
sition process. In other words, it seems that nanodia-
mond particles interact weakly with the surface of the
substrate and, consequently, spontaneous separations
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Fig. 5. (a) Image of a single nanographene sheet, (b) lattice image of a single nanographene sheet, and (c) cross-sectional analysis.
The hexagon represents a benzene ring. The section profile is in the horizontal direction across the center of the particle.
are possible, leading to the redissolution of particles in
the suspension.

The next task is to seed single isolated nanodiamond
particles on a substrate from which we obtain isolated
single nanographite on the basis of the condition estab-
lished by the experiments presented above. Isolated
nanodiamond particles on a substrate, which are pre-
pared under the conditions of 5 mg/l iodine, an applied
voltage of –6.67 V/cm, and a deposition time of 30 s for
this purpose, are imaged by AFM as shown in Fig. 4a.
From the observed images, it is revealed that the nano-
diamond particles are well dispersed, with the interpar-
ticle distances large enough to get isolated single parti-
cles on the substrate.

The nanodiamond particles are heat treated in an
argon atmosphere for 30 min at HTT = 1600°C, which
has been suggested to be the appropriate condition for
obtaining nanographite particles from the experiments
presented in the last section. The obtained particles are
imaged by STM as shown in Figs. 4 and 5 [13]. The
particles are flat with their planes parallel to the HOPG
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
substrate, where the mean in-plane size of the particles
is estimated as ~10 nm. The cross-sectional profile
shown in Fig. 5c gives the height of the plane from the
substrate to be 0.35–0.37 nm, which is considerably
larger than the interlayer distance of bulk graphite
(0.3345 nm). Therefore, the obtained particle can be
assigned to a single nanographene sheet laying flat on
the HOPG substrate. Comparison between the lattice
images of the nanographene sheet and the HOPG sub-
strate, which have an in-plane lattice constant of
0.25 nm, suggests that the nanographene sheet is placed
epitaxially on the substrate, since the lattice image of
the nanographene sheet is well registered to that of the
HOPG substrate. This is the first observation of a single
nanographene sheet to the best of our knowledge. The
number of carbon atoms involved in this nanographene
sheet is estimated at roughly N ~ 3000.

From the viewpoint of organic chemistry, this is the
largest polycyclic condensed aromatic molecule ever
observed.
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Simply heating nanodiamond particles at 1600°C
yields hollow polyhedral nanographite particles, as dis-
cussed in the last section. It is surprising to obtain a sin-
gle nanographene sheet instead of spherical or polyhe-
dral nanographite particles. A trace of oxygen in argon
gas in the heat-treatment process might have reacted
with the surface of diamond, resulting in part of the par-
ticles being oxidized during the heat treatment and thus
the observed flat shape. The surface of a nanodiamond
particle in contact with the HOPG substrate is more sta-
ble to oxidation as compared to the free exposed part.
Also, the part that is in contact with the HOPG substrate
converts to graphite faster than the free part. The newly
converted graphite interacts with the flat HOPG sub-
strate, giving rise to the flat single nanographene sheet.

Finally, we discuss the electronic feature of the nan-
ographene sheet obtained in the experiment. From the
observed distance between the nanographene sheet and
the substrate, the interlayer interaction (γ1) becomes
reduced by 26–50% when the interlayer distance is
elongated from the bulk to 0.35–0.37 nm, where γ1 =
0.39 eV for the bulk. Therefore, the nanographene sheet
obtained in the experiment interacts weakly with the
substrate, which is absolutely different form graphene
layers produced on metal or carbide surface, as the
graphene in the latter is subjected to strong electronic
interaction with the substrate through the hybridization
of the electronic states [14, 15]. The quantum size
effect is also expected to prevail in the electronic struc-
ture of the nanographene sheet. The energy discreteness
∆ is of the order of W/N, where W = 6γ0 is the bandwidth
of the π band and the intralayer resonance integral is
γ0 = 3.16 eV. Therefore, the estimated energy discrete-
ness of 75 K is expected to modify the electronic prop-
erties at low temperatures through the quantum size
effect. More interestingly, in terms of the electronic fea-
tures, the present nanographene sheet, which is rather
independent of the substrate, will be a good target for
investigating the nonbonding edge state and its related
unconventional nanomagnetism.

4. SUMMARY

Heat-treatment-induced conversion of nanodia-
mond particles having a mean size of ~5 nm to nan-
ographite in an argon atmosphere is investigated from
structural and electronic aspects. Graphitization starts
at the surface region around HTT = 900°C, then pro-
ceeds inward in the particle, and finally is completed
around HTT= 1600°C, where nanographite particles
form a polyhedron with a mean size of ~7 nm and a hol-
low inside. The change in the electronic feature is sub-
jected to the structural change induced by the heat treat-
ment. In the intermediate stage of graphitization, where
graphene sheets are small and defective, charge transfer
takes place from graphitic π-band to nonbonding edge
states. Electrophoretic deposition of nanodiamond par-
ticles provides a technique for fabricating single iso-
lated nanodiamond particles on a HOPG substrate. Suc-
PH
cessive heat treatment at HTT = 1600°C converts a nan-
odiamond particle to a single nanographene sheet
laying flat on a HOPG substrate. The mean size of the
nanographene sheets obtained is estimated as ~10 nm,
suggesting the presence of ~3000 carbon atoms in a
sheet. This is the largest condensed polycyclic aromatic
molecule ever reported in organic chemistry. A weak
interaction between the nanographene sheet and the
substrate, which is reduced by 25–30% as compared to
bulk graphite, is expected to give a model system of
nanographene, in which theory predicts the presence of
nonbonding π-electron states of edge origin and its
related unconventional nanomagnetism.
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MODIFICATION OF SURFACE 
AND THE PHYSICOCHEMICAL PROPERTIES 

OF NANODIAMONDS
Electron Emission Properties of Detonation Nanodiamonds1 
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Abstract—This paper summarizes the results of systematic studies of field electron emission from detonation
nanodiamond coatings corresponding to nanodiamond powders of different modifications. The role of the
chemical composition of the surface of detonation nanodiamond particles in field emission mechanisms is dis-
cussed. Field emission–related electronic properties of single diamond nanodots are studied using tight-binding
calculations and continuum electrostatic simulations. © 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

Extensive studies of field electron emission from
diamond have been carried out over the past several
years (for a review, see [1]). It was observed experi-
mentally that coating metal field emitters with diamond
films (CVD, natural diamond, HPHT, etc.) could signif-
icantly enhance electron emission [1]. However, the
mechanism of electron emission in such structures is
not completely understood because they are complex.
The properties of the surface (e.g., electron affinity),
new interfaces (e.g., grain boundaries), material inho-
mogeneities, and/or doping can have dramatic effects
on the emission behavior of these composite emitters.

Diamond nanodots (DND) produced by detonation
are the smallest (2–5 nm in size) currently observed
particles of diamond matter and have many properties
that are still unknown. Deposition of the detonation
DND on the top of field emission tips allows one to
obtain information about the electronic properties of
DND from field emission experiments along with infor-
mation about structure and composition from nonde-
structive high-resolution transmission electron micros-
copy.

2. DETONATION NANODIAMOND COATINGS

Detonation DND were deposited onto sharp field
emission tips (Si and Mo; curvature radius 10–100 nm)
by pulsed electrophoresis in a suspension of diamond
nanoparticles in alcohol (for details, see [2–4]). The
resulting deposits of diamond nanoparticles were found
to depend upon applied voltage, suspension concentra-
tion, pulse duration, and tip geometry. This procedure
resulted in sufficient control to prepare metal needles
with deposits varying from isolated diamond nanodots
to continuous nanodiamond films of varying thickness.

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 0657
Three different types of detonation diamond [5],
shown in Table 1, were investigated. Detonation dia-
mond nanoparticles were prepared in the Russian Fed-
eral Nuclear Center All-Russian Institute of Technical
Physics (VNIITF, Snezhinsk).

Emission J–F (current density vs. electric field)
characteristics were measured. To compare different
coatings of different types of nanodiamond, two param-
eters were chosen: the emission threshold field (Fth) and

integral normalized transconductance ,

which is a measure of the steepness of the J–F charac-
teristics. As can be seen from Table 1, all three types of
nanodiamond coatings showed an improvement in the
emission threshold, the smallest threshold being
observed for the NdP1 coating. However, the effect of
the coatings on the normalized integral transconduc-
tance (steepness) was different for different coatings.
While the NdO coating resulted in much steeper J–F
characteristics, as compared to the bare Si emitter,
emitters with detonation nanodiamond and NdP1 coat-
ings showed very shallow characteristics in the higher
current region (low transconductance). Additional
hydrogen-plasma treatment was used to modify surface
properties of emitters with NdO and NdP1 coatings (for
details, see [2]). Figure 1 shows emission characteris-
tics before and after the plasma treatment. As can be
seen, the effects of hydrogen plasma are very different
for the two types of nanodiamond.

For the NdO coating, the emission threshold
remarkably decreased after hydrogen-plasma treatment
and the J–F characteristic shifted to the left. The emis-
sion threshold improvement was 35% relative to the
NdO emitter before hydrogen-plasma treatment and
45% relative to the bare Si field emitter. The hydroge-
nated NdO coating was found to be the best emissive
coating in this series of experiments, having both the

gn = 
1
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Table 1.  Properties of three types of detonation nanodiamond particles [5] and field electron emission parameters of corre-
sponding nanodiamond coatings

Nanodiamond type USDD2 USDD3 USDD4

Alternative name Nd NdP1 NdO

Description Standard USDD2 with additional acid and 
high-temperature treatment

USDD3 with additional 
ozone treatment

Impurities O, N, H ~ 8–10% O, N, H ~ 2–4% N, O ~ 6%

pH of 10% water suspension 5.6–6.2 3.5–4.5 1.6–2.0

Field electron emission parameters

Change in field emission threshold compared 
to bare Si field emitter, %

–15 –25 –15

Change in normalized integral transconduc-
tance compared to bare Si field emitter, %

–37 –30 +33
lowest emission threshold and highest transconduc-
tance.

For the NdP1 coating (Fig. 1b), the emission thresh-
old did not change after treatment in hydrogen plasma.
However, the high-current part in the emission charac-
teristics shifted upwards, indicating an increase in
transconductance.

The difference in the emission properties of NdO
and NdP1 nanodiamond coatings reflects the impor-
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Fig. 1. Hydrogen plasma effect on emission characteristics
of detonation nanodiamond coatings: (a) NdO and (b)
NdP1.
P

tance of surface modification. The emission results can
be interpreted in terms of the two-barrier metal–dia-
mond–vacuum emission model. In this model, elec-
trons are injected from the conductive electrode (e.g.,
field emission tip) into diamond through an interface
barrier. Then, the electrons move to the diamond–vac-
uum interface and escape to vacuum through the sur-
face barrier (e.g., the electron affinity). The transpar-
ency of both barriers determines the emission thresh-
old. During electron transport in diamond, there are
several physical phenomena resulting in the “resis-
tance” of the diamond film, such as negative and posi-
tive space charge effects, scattering, hopping conduc-
tance, etc. These resistive effects limit the supply of
electrons to the surface, which result in shallow or sat-
urated current–voltage characteristics in the higher cur-
rent region (e.g., lower transconductance).

Nanodiamond of NdO type was treated by ozone,
and, correspondingly, it contains larger amounts of
oxygen on the surface. Oxygen, being an electronega-
tive element, is known to increase the electron affinity
of a diamond surface. Hydrogen-plasma treatment
replaces oxygen with hydrogen, which is known to
decrease the electron affinity of diamond. Based on the
Fowler–Nordheim equation for field emission, the shift
of emission characteristics in Fig. 1a corresponds to a
decrease in the effective surface barrier of 0.9 eV.

Nanodiamond of NdP1 type (without ozone treat-
ment) apparently contains smaller amounts of oxygen
but larger amounts of H and N atoms on the surface. Its
emission threshold before H-plasma treatment is lower
than NdO; however, the transconductance is lower due
to resistive (e.g., negative space charge) effects at
higher currents. After H-plasma treatment, the emission
threshold did not change; however, the resistance
effects became smaller (the transconductance
increased). This could indicate the role of nitrogen in
the resistance effects, since oxygen-rich samples did
not show the resistance effects and the hydrogen con-
tent after plasma treatment under the same conditions
should be similar in both samples.
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3. FIELD EMISSION FROM A SINGLE 
NANODIAMOND PARTICLE

We attempted to reduce the possible variables by
performing experiments with controlled deposits of
nanodiamond particles (USDD4—NdO type) with an
individual size of about 5 nm. Both the geometry of the
underlying metal surface and the diamond particle were
observed with atomic resolution using a transmission
electron microscope. In the experiments reported here,
isolated diamond nanoparticles were deposited onto
Mo tips (Fig. 2a) and characterized by field emission,
and then the resulting data were compared to that of the
bare metal tip before deposition (of the same speci-
men). Next, a thicker nanodiamond coating was depos-
ited onto the same tip with subsequent field emission
measurements. The results of these experiments are
summarized in Table 2.

Comparing the I–V curves of the bare Mo tip with the
same tip with a deposit of one isolated diamond nanopar-
ticle yields a substantial increase (~30%) in the threshold
voltage (Fig. 3b, Table 2). However, after the additional
deposition of nanodiamond and the formation of a
thicker nanodiamond film, a drastic decrease in the
threshold voltage (~48%) and increase in the transcon-
ductance (~115%) are obvious (Fig. 3b, Table 2).

4. SIMULATION OF FIELD EMISSION–RELATED 
PROPERTIES

As part of our efforts to develop a reasonable quan-
titative model of electron emission from diamond nano-
particles, the electronic structure of diamond nanodots
containing between 34 and 1600 carbon atoms was cal-
culated using a self-consistent tight-binding Hamilto-
nian [6, 7]. Analysis of these results indicates that, for
cluster sizes larger than approximately 2 nm, quantum
confinement effects have relatively little effect and the
electrostatic potential distribution is essentially insensi-
tive to cluster size for clusters larger than 1 nm. The cal-
culated electron affinity (EA) of hydrogenated diamond
dots with the majority of their surface area correspond-
ing to (111) facets was approximately –1.4 eV. This
result is close to the experimental value of –1.27 eV [8]
and the theoretical value of –2.0 eV calculated using
first-principles density functional theory by Rutter and
Robertson [9] for a bulk hydrogenated (111) diamond
surface. In the present paper, we address the effect of
size on EA in more detail.

It has been demonstrated that the electron affinity of
diamond depends on the polar groups on the surface
[8]. The sign and magnitude of the surface dipole layer–
induced potential drop due to specific polar groups
enhances and uniquely determines the electron affinity
(Fig. 3a). Figure 3b illustrates continuum electron elec-
trostatic potential distributions within a dielectric
sphere with two oppositely charged layers on the sur-
face. The distance between charged layers (0.5 Å) and
the related charge density (0.145e per carbon atom)
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
corresponds to the C–H dipole strength on a (111) dia-
mond surface obtained from tight-binding simulations.
The positive potential drop within the particle shifts the
electron energy spectrum upwards and, hence,
decreases the EA. Switching the polarity of the charged
layers results in an increase in the EA.

For qualitative understanding of the possible effect
of size on EA, we assume that introducing a curvature
to the initially flat dipole layer corresponding to the
macroscopic surface will result in a larger separation of
the positively charged H centers for the outer layer
(Fig. 3a) and, therefore, inferior conditions for emis-
sion. We also assume that the surface area per carbon
atom for nanodiamond is similar to that of macroscopic
surfaces. Recently, it has been demonstrated that
atomic geometrical parameters of hydrogen terminated
nanodiamond do not differ appreciably from those for
bulk diamond [10]. Given the above assumptions, the
effect of size on the potential drop can be evaluated
through the equation for the potential distribution
inside a spherical capacitor:

Fig. 2. (a) A single, isolated, tightly bound detonation dia-
mond nanodot on the tip of a needle; field emission charac-
teristics from the isolated nanodiamond particle shown in
(a) and (b) a nanodiamond film compared to a bare tip.
Inset: schematic of the experimental setup.
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Fig. 3. Illustration of the size effect of electron affinity properties of a nanodiamond particle. (a) Dipole-induced negative electron
affinity for a hydrogenated diamond surface. Dipoles are shown for macroscopic flat and “curved” nanoparticle surfaces. Electro-
static potential profile along a radius of a nanodiamond particle calculated for a dielectric sphere with two oppositely charged layers
with (b) uniformly distributed charge and with (c) pointed charges on the surfaces. (d) Coulomb potential profile for two diamond
clusters calculated with a self-consistent tight-binding Hamiltonian.
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Here, q and d correspond to the charge and length of a
dipole, A is the surface area per carbon atom (5.4 Å2),

U
qd
Aεa

--------- R
R d+
-------------.=
P

R is the radius of the inner sphere (carbon atoms), and
εa is the absolute dielectric permittivity. Figure 4 illus-
trates the dependence of the voltage drop on the size of
the particle using continuum electrostatic simulations.
An appreciable effect takes place only for particles with
Table 2.  Geometrical and emission parameters of nanodiamond field emitters

Characteristics Bare Mo Single particle ND film

Geometrical Metal tip radius, nm 50 50 50

ND thickness, nm 0 2.3 20

Field emission Threshold voltage, V 172 222 89

Transconductance, nA/V 7.63 7.09 16.4

Fowler–Nordheim analysis Apparent work function, eV 4.05 5.57 2.71
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radii less than ~1 nm. Self-consistent tight-binding sim-
ulations indicate a less pronounced size effect for the
simulated particles having the shape of truncated octa-
hedrons. A slight decrease (~0.1 V) in the potential can
be seen only for a particle less than 1 nm in diameter
(Fig. 3d). This can be attributed to the fact that simu-
lated particles are faceted and their surfaces are flat
rather than spherical as is assumed in the continuum
electrostatic calculations above. Therefore, based on
the present results, the effect of size on the EA of a
nanoparticle is sensitive to the shape of the particle.

Finally, we point out the presence of small potential
spikes in the vicinity of the dipole observed in tight-
binding simulations (Fig. 3d). Macroscale descriptions
of the negative EA for diamond often neglect these
spikes, implying that conduction band electrons experi-
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Fig. 4. Illustration of the size dependence of the potential
drop within a nanodiamond particle changing the electron
affinity. Dipole characteristics are d = 0.5 Å and q = 0.14e;
the area per carbon atom is A = 5.4 Å2.
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ence no barrier to transport into vacuum. These spikes
are associated with particular dipoles. Figure 3c shows
analogous spikes in the potential profile obtained from
continuum electrostatic simulations when continuous
charge-layer distribution interface/boundary conditions
on surfaces corresponding to dipole layers are substi-
tuted by discrete point-charge interface/boundary con-
ditions.
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Abstract—The specific features of the stabilization of suspensions formed by detonation nanodiamonds in
polar and nonpolar media are investigated. It is demonstrated that the polydispersity of nanodiamond particles
in an aqueous medium periodically changes in an ultrasonic field. The conditions are determined under which
the optimum dispersity can be maintained for a long time. A technique is devised for chemical modification of
the nanodiamond surface through the grafting of organosilyl groups. This technique makes it possible to prepare
finely dispersed suspensions of nanodiamonds in nonpolar organic media. A model is proposed for an aggregate
that consists of detonation nanodiamond particles and is stabilized through hydrogen bonds formed by func-
tional groups of different types. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Detonation nanodiamonds occupy a special place
among the known nanocarbons and compare favor-
ably with these nanomaterials owing to the implemen-
tation of their pilot production in Russia already in the
1980s (with a total production rate of up to 2 tons per
year) [1, 2].

In many fields of their practical application, detona-
tion nanodiamonds are used in the form of suspensions.
However, the high surface activity leads to the aggrega-
tion of detonation nanodiamond particles even in liquid
polar media and, consequently, restricts, to an extent,
the possibility of achieving the theoretically predicted
properties. Furthermore, in a number of practical situa-
tions, it is necessary to use suspensions of detonation
nanodiamonds in nonpolar media, even though the nan-
odiamond surface is hydrophilic [3] and is not solvated
by low-molecular liquids. In this respect, an efficient
way of stabilizing the degree of dispersion and the
structure of suspensions of detonation nanodiamonds in
nonpolar media is to modify their surface.

In this work, we investigated the suspensions of det-
onation nanodiamonds in polar and nonpolar media
with the aim of revealing the factors responsible for
their stabilization.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

In our experiments, we used the detonation nanodi-
amonds synthesized at the Special Design Bureau
“Tekhnolog” [4]. The surface of detonation nanodia-
monds was modified by chemical grafting with the use
1063-7834/04/4604- $26.00 © 20662
of the silylation reaction in an equimolar mixture of
Me3SiCl–(Me3Si)2NH and Me2ViSiCl–(Me3Si)2NH
(where Me = –CH3, Vi = –CH=CH2).

In order to choose the optimum conditions for the
removal of an adsorption layer from the detonation nan-
odiamond surface, the kinetics of mass loss in detona-
tion nanodiamonds under high vacuum and elevated
temperatures was investigated by mass spectrometry.
Examination of detonation nanodiamonds taken from
different lots revealed that the composition of the
adsorption layer is determined by the chemical compo-
sition of the environment at the instant the detonation
nanodiamond particles precipitated. From the practical
standpoint, a satisfactory degree of surface cleaning is
provided by preliminary heating (T = 350°C) under
high vacuum for 4 h. In all the experiments performed,
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Fig. 1. Relative size distributions of detonation nanodia-
mond particles in water (1) prior to and (2, 3) after ultra-
sonic treatment for (2) 5 and (3) 10 min.
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the detonation nanodiamonds were preliminarily
treated under the above conditions.

3. RESULTS AND DISCUSSION

The polydispersity distributions of detonation nano-
diamond particles in water are depicted in Fig. 1. Math-
ematical processing of the data presented in Fig. 1
showed that the detonation nanodiamonds, in terms of
their degree of dispersion, belong to nanomaterials: the
sizes of ~90% of the particles fall in the range 18–32 nm
(Fig. 1, curve 1). The initial form of the polydispersity
distribution persists for 15 min, after which particles
with the largest sizes settle out of the suspension. In
order to stabilize the initial degree of dispersion, the
suspension of detonation nanodiamonds was treated in
an ultrasonic field. It was found that the degree of dis-
persion of the system depends on the time of exposure
to an ultrasonic field. The treatment for the first five
minutes results in the shift of the polydispersity distri-
bution (Fig. 1, curve 2) toward the large-size range.
Upon exposure to an ultrasonic field for the next five
minutes, the polydispersity distribution virtually
regains its original form (similar to the initial curve in
Fig. 1); however, a number of aggregates are retained
(Fig. 1, curve 3). This degree of dispersion is observed
upon treatment in an ultrasonic field for 20 min. Expo-
sure for longer times again leads to aggregation. Such
diverse effects of the ultrasonic field on the polydisper-
sity distribution can be associated with the complex
processes occurring in the system due to the formation
and collapse of cavitation bubbles initiated by the ultra-
sonic field. Most likely, this can be explained by the
surface physicochemical processes resulting in a
change in the surface activity of detonation nanodia-
monds and also by a structural change in the medium (a
change in the fluctuation free volume). Probably, the
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
initial decrease in the degree of dispersion is caused by
the removal of solvation shells, which promotes the
aggregation. Further exposure to the ultrasonic field
leads to dispersion of the newly formed aggregates.
Upon ultrasonic treatment for 20 min, the polydisper-
sity distribution is stabilized for approximately 2 h,
after which detonation nanodiamonds begin to aggre-
gate. Therefore, in order to ensure an optimum degree
of dispersion of detonation nanodiamonds for a long
time, the suspension should be periodically rather than
permanently exposed to an ultrasonic field. It should be
taken into account that, in each cycle, part of the deto-
nation nanodiamond particles (in our experiments,
approximately 11 wt %) remain in indestructible aggre-
gates and settle out of the suspension.

The dispersion of detonation nanodiamonds in non-
polar media necessitates chemical modification of the
surface. An efficient method of blocking reactive func-
tional groups on the solid surface is based on the silyla-
tion reaction. The properties of the surface thus modi-
fied are governed by the grafted trimethylsilyl groups.
This implies that, after the modification, the surface
becomes hydrophobic and free of adsorbed water mol-
ecules and hydroxyl functional groups. Moreover, upon
the surface modification with trimethylsilyl groups, the
degree of dispersion of detonation nanodiamond parti-
cles in a nonpolar organic liquid becomes comparable

Effect of ultrasonic treatment and surface modification on the
mean diameter Dn of detonation nanodiamond particles

Parame-
ter

Initial deto-
nation nan-
odiamonds

Ultrasonic 
treatment 
for 5 min

Ultrasonic 
treatment 
for 10 min

Modified
detonation 

nanodiamonds

Dn, nm 23.0 95.6 31.2 15.0
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Fig. 2. Schematic drawing of the chemical modification of detonation nanodiamond particles. R is a functional group (–OH, –NH2,
–COOH, etc.) containing an active proton.
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to that in an aqueous medium. In some cases, it is expe-
dient to use the grafting of groups containing double
bonds in order to stabilize the surface of detonation
nanodiamond particles in nonpolar organic media. This
can be accomplished through the replacement of trime-
thylchlorosilane by dimethylvinylchlorosilane in a sily-
lating mixture. Such a modification of the surface of
detonation nanodiamonds results in a paradoxical
effect that is difficult to predict, namely, an increase in
the degree of dispersion of detonation nanodiamonds in
polar media (see table). For the purpose of elucidating
this effect, we propose a model of an aggregate that
consists of detonation nanodiamond particles and is
stabilized through hydrogen bonds formed by func-
tional groups of different types (Fig. 2). According to
the proposed model (with due regard for the data avail-
able in the literature), the detonation nanodiamond par-
ticles can be regarded as aggregates of fractal nature.
Under the assumption that a fractal aggregate can be
simulated by a spherical particle, the relationship for
the effective radius of such a particle can be written in

the following form: R = , where N is the number
of primary particles in the aggregate, df is the fractal
dimension, and r0 is the effective cluster radius. The
aggregate is stabilized both through the hydrogen
bonds formed by different functional groups on the
inner surface of particles and through zeolite-type
water molecules. The silylation reaction results in the
breaking of stabilizing bonds, which leads to a change
in the polydispersity parameters. As follows from the
fractal model of detonation nanodiamond aggregates,
they can break down into N initial particles. However,
owing to the steric hindrances to the silylation reaction,
only the loosest aggregates can break down, after which
the system again transforms into the stable state.

r0N
1/d f
PH
4. CONCLUSIONS

Thus, it was found that treatment of aqueous sus-
pensions of detonation nanodiamonds in ultrasonic
fields diversely affects the polydispersity distribution of
nanodiamond particles. In particular, the polydispersity
of nanodiamond particles in an aqueous medium peri-
odically changes depending on the time of exposure to
an ultrasonic field. The optimum exposure conditions
that provide a high degree of dispersion of particles in
aqueous suspensions were determined.

A technique was developed for chemical modifica-
tion of the surface of detonation nanodiamonds through
the grafting of organosilyl groups. This technique
makes it possible to prepare finely dispersed suspen-
sions of nanodiamonds in nonpolar organic media.

A model was proposed for an aggregate that consists
of detonation nanodiamond particles and is stabilized
through hydrogen bonds formed by functional groups
of different types.
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MODIFICATION OF SURFACE 
AND THE PHYSICOCHEMICAL PROPERTIES 

OF NANODIAMONDS
Formation of the Energy State and Adsorption Capacity 
of the Surface of Nanodiamond Powders during Preparation
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** Shevchenko National University, Vladimirskaya ul. 64, Kiev, 01033 Ukraine

Abstract—This paper reports on new results of the investigation into the energy state and adsorption capacity
of the surface of nanodiamond powders. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Considerable progress achieved in the development
of technologies for producing powders of ultradis-
persed diamond (UDD) and the great variety of its prac-
tical applications have brought to the fore the necessity
of thoroughly investigating the surface properties of
this unique material. Of particular interest is the dia-
mond–carbon product obtained at the first stage of the
complex technology of nanodiamond powders devel-
oped at the Institute for Superhard Materials of the
National Academy of Sciences of Ukraine [1].

The present work is a continuation of our investiga-
tions into the surface properties of nanodiamond pow-
ders at different stages of their synthesis and treatment
[2]. For the first time, we have examined the adsorption
capacity, the energy state, and the chemical composi-
tion of functional groups on the surface of the initial
synthesis product, the diamond–carbon material, and
the nanodiamond powders. The experiments were per-
formed using the synthesis product prepared by detona-
tion of oxygen-deficient explosives (Alit, Ukraine) [3].

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

Samples were prepared by sequential extraction of
UDD from the product of its synthesis. Sample 1 is the
initial product of the synthesis. Sample 2 (UDAG) is
the diamond–carbon product obtained by treatment of
the synthesis product in a hydrochloric solution. Sam-
ple 3 (ASUDO) is the UDD powder produced by
sequential treatment in a mixture of sulfuric and chro-
mic acids, a sodium hydroxide solution, and a mixture
of hydrochloric and nitric acids at the boiling tempera-
tures of the reacting mixtures. Sample 4 (ASUDCh) is
the UDD powder after deep electrochemical purifica-
tion in a 1 N HCl solution [4]. After treatment, the pre-
cipitates were washed with distilled water at the boiling
temperature and dried at 100°C.
1063-7834/04/4604- $26.00 © 20665
In this work, we determined the following physico-
chemical characteristics of nanodiamond powders: the
specific surface S, the adsorption potential A, and the
specific adsorption potential A1.

The adsorption and structural characteristics and the
parameters characterizing the energy state of the sur-
face of the studied sample were calculated by the
Brunauer–Emmett–Teller method from the isotherms
of low-temperature nitrogen adsorption, which were
measured with an Akusorb-2100 instrument [5]. The
degree of energy surface inhomogeneity (the adsorp-
tion potential distribution) was determined from the
absorption isotherms over the entire range of relative
pressures. The adsorption potential A and the specific
adsorption potential A1 were calculated from the
adsorption potential distribution according to the
method described in [6].

The chemical composition of the groups adsorbed
on the surface of powders was determined by compar-
ing the thermal desorption spectra. The spectra were
recorded on an MI 1201 mass spectrometer in the tem-
perature range 20–600°C.

3. RESULTS AND DISCUSSION

The adsorption and structural characteristics of the
nanodiamond powders prepared with the use of the
above purification techniques are presented in Fig. 1.

As can be seen from Fig. 1, the sequential extraction
of the UDD powders is accompanied by a decrease in
the specific surface of the samples. The observed
decrease in the specific surface occurs primarily as a
result of a decrease in the weight fraction of nondia-
mond carbon species and possible interaction of the
particle surface with the reactant. The deep purification
slightly increases the specific surface due to the
removal of impurities adsorbed on the surface. The
adsorption potential for the synthesis product is three
times less than that for the UDAG material, which can
004 MAIK “Nauka/Interperiodica”
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be associated with the removal of the major portion of
metal impurities and the surface activation. The specific
surface of the UDAG powder is somewhat less than that
of the ASUDO powder. The deep purification of dia-
mond powders leads to an increase in the specific sur-
face of the ASUDCh powder owing to the purification
of the surface with reactive atomic oxygen and ClO–

ions. The adsorption potential of the ASUDCh powder
is higher than that of the ASUDO powder by a factor of
1.3. Changes in the specific adsorption potential are
similar to those in the adsorption potential. The chemi-
cal action on the energy state of the surface is reflected
in the adsorption potential distribution. After chemical
treatment, this distribution covers a wide range of ener-
gies. In this case, the energy distribution of active cen-
ters on the surface of powders can be treated as homo-
geneous (if a distribution exhibits one or two maxima,
this distribution is considered to be heterogeneous).
The energy distribution of active centers on the surface
of the ASUDO powder is more homogeneous than that
on the surface of the initial synthesis product. The
intensity ratio of the maximum and minimum energy
peaks is equal to 33 for the synthesis product and 3.2
for the UDAG powder. After removal of nondiamond
carbon species, the adsorption potential distribution
slightly shifts toward the low-energy range and
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Fig. 1. Adsorption and structural parameters of nanodia-
mond powders: (a) specific surface, (b) adsorption poten-
tial, and (c) specific adsorption potential.
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P

becomes less homogeneous (the intensity ratio of the
maximum and minimum peaks is equal to 8.9). The
deep purification results in a similar distribution. It
should be noted that, in this case, the adsorption poten-
tial distribution becomes more homogeneous and the
energy range proves to be wider (the intensity ratio of
the maximum and minimum peaks is equal to 5.8).

The chemical composition of the groups adsorbed on
the sample surface was determined from a comparison of
the intensities of the thermal desorption spectra (Fig. 2).

It was found that water and hydrochloric acid
vapors, chlorine, and atomic and molecular oxygen spe-
cies are desorbed from the UDAG surface. On the other
hand, water vapors and atomic and molecular oxygen
species are predominantly desorbed from the surface of
the ASUDO and ASUDCh powders. Figure 2a shows the
thermal desorption spectra of water on the UDAG
(curve 1), ASUDCh (curve 2), and ASUDO (curve 3)
surfaces. Water vapors whose adsorption proceeds
through the physical mechanism are desorbed in the
temperature range 25–150°C. After removal of nondia-
mond carbon species, the desorption intensity of phys-
ically adsorbed water decreases by a factor of 9.6. In
turn, the deep purification leads to an increase in the
intensity of the water desorption peak by a factor of 4.4
as compared to that for the ASUDO powder.
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Fig. 2. Thermal desorption spectra of samples on the sur-
face of nanodiamond powders: (a) water vapors on the
(1) UDAG, (2) ASUDCh, and (3) ASUDO surfaces;
(b) (1) hydrochloric acid vapors and (2) chlorine on the
UDAG surface; and (c) (1) atomic and (2) molecular oxy-
gen on the UDAG surface.
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Therefore, an increase in the intensity of the H2O
desorption from the surface of the ASUDCh powder by
a factor of 1.6 in the temperature range 50–100°C as
compared to that of the ASUDO powder confirms the
formation of the hydrophilic surface of the UDD pow-
der upon electrochemical treatment. The thermal des-
orption spectra of hydrochloric acid vapors and chlo-
rine on the UDAG surface are depicted in Fig. 2b. It can
be seen from this figure that the UDAG powder actively
adsorbs the hydrochloric acid vapors and chlorine. The
maximum of their desorption is observed at a tempera-
ture of 250°C. The appearance of the chlorine desorp-
tion peak is most likely caused by the dissociation of
hydrochloric acid vapors.

The thermal desorption spectra of atomic and
molecular oxygen species on the UDAG surface are
shown in Fig. 2c. As can be seen, the amount of atomic
oxygen is considerably larger than that of molecular
oxygen. These data indicate that the diamond–graphite
product is an active adsorbent of chlorine and hydro-
chloric acid vapors and can be used in oxidation catal-
ysis owing to the presence of atomic oxygen on the sur-
face.

The energy characteristics of the surface (adsorption
potential, adsorption potential distribution, specific
adsorption potential) and the hydrophilic–hydrophobic
balance of the surface can serve as criteria for the
choice of the field of application of commercial nano-
diamond powders [1]. The energy homogeneity of the
surface of nanodiamond powders ensures good adhe-
sive properties. These properties make it possible to
improve the sintering of polycrystals, to prepare high-
quality fine-grained composite electrochemical coat-
ings, etc. In turn, the hydrophily of the nanodiamond
surface favors a decrease in the degree of aggregation
instability. Consequently, the nanodiamonds can be
used in preparing polishing suspensions and electro-
lytes for producing composite coatings. In this respect,
the energy homogeneity in combination with the hydro-
phoby of the surface of ultradispersed powders are nec-
essary factors for the preparation of polycrystals, com-
posites with organic binders (sealing materials, rub-
bers, etc.), and pastes. The energy homogeneity in
combination with the hydrophily of the surface are
required in the production of aqueous nanodiamond
suspensions (used for polishing) and electrolytes for
composite electrochemical coatings. The energy heter-
ogeneity in combination with the hydrophily of the sur-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
face are necessary for the manufacturing of special
adsorbents.

The UDAG powder can be used as a technical adsor-
bent for chlorine production. Moreover, modified
derivatives of this powder are promising as catalyst
materials.

Depending on the requirements imposed on the
manufacturing of particular products, we designed
three types of materials:

(1) ultradispersed diamond powders ASUDO and
ASUDCh (TU U 28.5-05417377-094-2003),

(2) aqueous diamond suspensions based on ASUDO
and ASUDCh (TU U 88.090.052-01), and

(3) ultradispersed diamond–graphite product
UDAG (TU U 88.090.051-01).

4. CONCLUSIONS
A flexible technology for synthesizing nanodia-

mond powders with controlled physicochemical
parameters of their surface was developed in Ukraine.
The designed powders ASUDO and ASUDCh are
intended for the manufacturing of polycrystalline mate-
rials, special adsorbents, suspensions, pastes, compos-
ites, and coatings.

The possibility of using the UDAG material in oxi-
dation catalysis and as adsorbents for the production of
chlorine was justified for the first time.
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Abstract—The sintering of diamond nanopowders produced by detonation and static synthesis and degassed
through vacuum thermal treatment is studied at an initial pressure of 8 GPa in the temperature range 1200–
1600°C. Chemical modification of the initial nanopowders, in combination with thermal treatment in vacuum
and encapsulation of the working volume, is shown to suppress graphitization of diamond during sintering,
thereby increasing the strength and hardness of polycrystals thus obtained. © 2004 MAIK “Nauka/Interperi-
odica”.
1. INTRODUCTION

In powder metallurgy, in order to activate sintering,
powders are frequently made finer by grinding.
According to the Hall–Petch relation, a decrease in the
grain size of polycrystals thus obtained results in
increased values of the elastic limit, yield strength, and
flow stress, which improves the physical-mechanical
properties of sintered samples [1].

Experience with diamond micropowder sintering
suggests that the finer the powders, the worse the phys-
ical-mechanical properties of polycrystals obtained by
sintering. The most probable reason for this effect is the
interaction between diamond particles and gases in
pores that are desorbed from the particle surface during
sintering.

It was shown in [2] that the excess pressure pro-
duced by desorbed air at a sintering temperature of
1600°C and an external pressure of 8 GPa is significant
(>0.5 GPa) in the sintering of diamond powders of
ASM 10/7 grade and becomes equal to the external
pressure when grains in powders are less than 0.9 µm in
size. For this reason, before sintering in a high-pressure
apparatus (HPA), diamond powders with particles
smaller than 5 µm in size should be degassed and the
working volume should be encapsulated. Degassing is
of particular importance in sintering powders whose
particles are smaller than 100 nm in size, i.e., nanopo-
wders.

In this paper, we present data on the sintering of dia-
mond powders synthesized under detonation or static
conditions (SC) and subjected to degassing.
1063-7834/04/4604- $26.00 © 20668
2. EXPERIMENTAL TECHNIQUE

Experiments on sintering are performed on powders
of ASM5 0.1/0 grade produced at the Bakul’ ISM pilot
plant (National Academy of Sciences, Ukraine) and on
diamond nanopowders produced under detonation con-
ditions [3] (ultrafine-dispersed diamonds, UDDs).

Physically adsorbed gases on the surface of powders
are desorbed through thermal treatment of briquettes in
vacuum (residual pressure of 10–3 Pa) at 500°C over 2 h
[4]. According to [5], water and CO2 physically
adsorbed on the surface of dispersed diamond nanopo-
wders are almost fully removed at this temperature. The
working volume is sealed either mechanically or by
soldering the metallic container in vacuum [6].

The nature of functional groups adsorbed on the sur-
face of diamonds is established using IR spectroscopy.
Absorption spectra are recorded using a Specord IR
spectrometer and KBr pellets.

Sintering at high pressures is performed in an HPA
of toroid type with a central recess 20 mm in diameter.
The heating current and the voltage applied to the
heater are measured using a recording meter [7]. The
temperature is estimated from the predetermined rela-
tion between the power input and the voltage across a
Pt 6% Rh–Pt 30% Rh thermocouple (without consider-
ing the effect of the pressure). The pressure is deter-
mined at room temperature using the known phase
transformations in Bi. A briquette of diamond nanopo-
wder (subjected to vacuum thermal treatment and
encapsulated) is placed in the central part of the high-
pressure chamber, a high pressure of 8.0 ± 0.5 GPa is
applied, and the temperature is increased to a given
value and is kept constant to within ±30°C. After a des-
ignated period of time, the temperature is decreased to
room temperature and the pressure is relieved.
004 MAIK “Nauka/Interperiodica”
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After sintering, samples are chemically cleaned of
the container material and their density is measured by
hydrostatic weighing in water [8]. The confidence
interval was 0.01 g/cm3 at a reliability level of 95%.

The crystal structure is studied using transmission
electron microscopy and x-ray diffraction.

The hardness and fracture toughness are determined
using the indentation method.

3. RESULTS AND DISCUSSION

The dependence of sintering of detonation-pro-
duced diamond nanopowders on the degassing method
applied is studied as follows. First, powders are com-
pacted. Then, the compacts are annealed in vacuum,
which causes gases to desorb from the surface of parti-
cles of nanopowders. The working volume is not encap-
sulated; therefore, the inverse process (sorption of air)
proceeds with time. Then, sintering is performed in the
HPA.

It is established that, as the amount of gases des-
orbed from the surface of particles of diamond nanopo-
wders is increased during sintering, the density of the
polycrystals thus obtained decreases and their physical-
chemical properties deteriorate primarily due to the
graphitization of diamond nanoparticles [4].

Physical desorption of gases from the surface of dia-
mond nanoparticles that is provided by thermal treat-
ment and sealing in vacuum suppresses graphitization
but does not rule it out entirely. As the sintering temper-
ature is increased, graphitization is enhanced due to
chemical bonding of carbonyl and hydroxyl groups
chemisorbed on the surface of diamond nanoparticles
with the carbon of the diamond cores of the particles.

Chemical modification of the surface of nanoparti-
cles, performed by annealing powders in an atmosphere
of inert gas, in combination with thermal treatment in
vacuum, removes carbonyl groups and significantly
decreases the amount of hydroxyl groups on the surface
of nanoparticles, as follows from IR-spectroscopic data
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
(Fig. 1). For this reason, the degree of graphitization of
powders in sintering decreases, with the consequence
that the density of sintered polycrystals and, therefore,
their strength and hardness increase as the sintering
temperature is raised (the hardness of a sample is pro-
portional to its density). The maximum hardness of the
samples obtained is 28 GPa [4].

In [9], in addition to the method in which initial nan-
opowders are synthesized under detonation conditions,
another method was proposed to form a nanostructure
in diamond polycrystals. In this method, fine diamond
powders synthesized under SC are used in which the
particles are strongly deformed and do not form a nano-
structure. In the working volume of the HPA, the grain
structure is rearranged due to large plastic deformations
and strong shear stresses that arise because the load is
not hydrostatic. Note that the quantity of surface impu-
rities and structural imperfections in the initial powders

Fig. 1. IR absorption spectra of diamond nanopowders:
(1) starting UDD powder, (2) after modification of the sur-
face and thermal treatment in vacuum, and (3) after 12 h of
storage in air following modification of the surface and ther-
mal treatment in vacuum.
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Characteristics of the structure and phase composition of diamond nanopowders and polycrystals produced from them by sin-
tering (obtained from x-ray diffraction data)

Sample Coherent-scattering 
region size, Å

Microstresses, 
GPa

(111) diffraction 
peak width, deg I003/I111

Starting SC-synthesized powder ASM5 0.1/0 206 0.82 0.612 –

Starting detonation UDD powder 48 – 1.773 –

Polycrystal obtained by sintering ASM5 0.1/0
(p = 8 GPa, T = 1600°C; m.s.)

42 4.56 4.918 0.185

Polycrystal obtained by sintering ASM5 0.1/0
(p = 8 GPa, T = 1400°C; v.s.)

145 2.74 0.746 –

Polycrystal obtained by sintering UDDs
(p = 8 GPa, T = 1600°C; m.s.)

39 3.77 2.023 0.304

Note: I003/I111 is the intensity ratio of the (003) rhombohedral graphite peak and (111) diamond peak; m.s. stands for mechanical sealing;
and v.s. stands for vacuum soldering.
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Fig. 2. Structure of a polycrystal obtained by sintering SC-synthesized diamond powder ASM5 0.1/0. (a) Bright-field image,
(b) SAD pattern of this area, (c) dark-field image, and (d) microfractograph.
is much less in this case in comparison with that in det-
onation powders.

The chemical modification of the surface of nano-
particles, in combination with thermal treatment in vac-
uum, in preparing powders for sintering excludes
graphitization of the powders during sintering (when
the working volume is sealed by soldering the metallic
container in vacuum) or significantly suppresses it (in
the case of mechanical sealing), as can be seen from the
table.

The application of high pressures (in combination
with purification and degassing in vacuum) in sintering
diamond nanopowders synthesized under SC with par-
ticles approximately 100 nm in size makes it possible to
form nanostructural elements 10–50 nm in size in poly-
crystals, as follows from electron-microscopic exami-
nation (Fig. 2). These elements arise from plastic frag-
mentation of strongly deformed grains during sintering.
P

The data on the plastic fragmentation of diamond
nanoparticles synthesized under SC correlate well with
x-ray diffraction data, which indicate that, as the sinter-
ing temperature is increased, coherent-scattering
regions decrease significantly (by a factor of 5.3 at
1600°C in comparison with the starting powders; see
table).

Diamond nanopowders synthesized under SC were
used to fabricate cutting plates, and their testing
showed that such plates hold great promise for micros-
cale surface machining. For example, in machining an
aluminum disk, the final roughness Ra of its surface was
0.012 µm [9].

4. CONCLUSIONS

(1) Chemical modification of initial detonation pow-
ders with particles 3–5 nm in size, in combination with
thermal treatment in vacuum and encapsulation of the
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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working volume, brings about the removal of carbonyl
groups and a significant decrease in the quantity of
hydroxyl groups on the surface of nanoparticles,
thereby suppressing diamond graphitization during sin-
tering, which, in turn, results in an increased strength
and hardness of the polycrystals thus obtained.

(2) It has been found that polycrystals with grains
10–50 nm in size can be obtained from diamond nanop-
owders synthesized under SC (with initially highly
deformed particles approximately 100 nm in size) and
sintered at high pressures after prior purification and
degassing in vacuum and encapsulation of the working
volume.

(3) A polycrystalline diamond material has been
fabricated on the basis of SC-synthesized diamond nan-
opowders of ASM5 0.1/0 grade. Testing of cutting
plates made of this material showed that such plates
hold great promise for microscale machining.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Abstract—Magnetic methods of quantitative determination of impurities in nanodiamond powders (NDPs) are
discussed. For two types of NDPs, it is shown that the magnetic susceptibility depends on their treatment. ©
2004 MAIK “Nauka/Interperiodica”.
Nanodiamond powders (NDPs) are applied in vari-
ous branches of industry. NDPs are characterized by
stable quality, which depends not only on the fabrica-
tion conditions but also on the efficiency of removing
concomitant products and impurities from NDPs. For
this reason, much attention in the technology of NDPs
is given to methods of quantitative control of their
purity.

The existing methods for checking purity that are
applied to diamond-containing materials (x-ray diffrac-
tion, IR spectroscopy) are laborious and practically
impossible to apply in the case where the impurity con-
tent is less than 1%. The application of weight analysis
in combination with chemical treatments for purity
testing presents severe difficulties.

Magnetic methods find wide use in solid-state
chemistry where the effect of chemical bonds on the
properties of solids is studied. Obviously, these meth-
ods can also be used for solving simpler problems. In
this work, we apply methods of magnetochemistry [1]
(more specifically, the static magnetic susceptibility
method) to determine the amount of impurities in dia-
mond powders (in particular, with the aim of removing
undesirable impurities) at different stages of thermal or
chemical treatment.

This method for testing is based on the fact that dia-
monds exhibit stable properties. Diamonds do not form
chemical compounds and contain almost no impurities.
Due to its crystal structure, pure diamond exhibits sta-
ble magnetic properties, which are virtually indepen-
dent of ambient temperature. Diamond is diamagnetic,
and its magnetic susceptibility does not vary [2]. There-
fore, the magnetic susceptibility of pure diamond can
be used as a standard for comparison in determining the
purity of diamond powders and of NDPs in particular.

The magnetic analysis is based on the additivity of
the magnetic susceptibilities of the components of real
NDPs and of the experimentally measured magnetic
susceptibilities of individual impurities and compo-
nents making up diamond powders [3]. This method
1063-7834/04/4604- $26.00 © 20672
makes it possible to determine the impurity content
without resorting to a weight analysis by measuring
only the magnetic susceptibility of a powder before and
after various treatments.

For this purpose, the balance equations are used for
the content β of various impurities in a diamond pow-
der,  = 1, and for the magnetic susceptibility of
the powder,

 (1)

where βi and χi are the content and magnetic suscepti-
bility of the ith component of the powder, respectively,
and χini is the magnetic susceptibility of the powder.

The content of the ith impurity βi in a NDP can be
found as

 (2)

where χi + 1 and χi – 1 are the magnetic susceptibilities of
the powder before and after removal of the ith impurity.

Thus, in order to estimate the content of an individ-
ual impurity in a NDP, one needs to measure the mag-
netic susceptibility of the NDP before and after certain
thermal, chemical, and other treatments [4].

The error of the magnetic method is determined by
the error in measuring the magnetic susceptibility [5].
A decrease in the mass of a powder due to its purifica-
tion has almost no effect on the accuracy of the mag-
netic analysis.

We studied ultrafine-dispersed diamond (UDD)
powders with particles less than 20 nm in size. Spectral
microanalysis of UDD powders and an IR absorption
study of the incombustible remainder of UDD powders
showed the presence of a wide variety of impurities that
deteriorate UDD powders and affect their magnetic

βii 1=
n∑

χ ini βiχ i,
i 1=

n

∑=

βi

χ i 1+ χ i 1––
χ i χ i 1––

--------------------------,=
004 MAIK “Nauka/Interperiodica”



        

MAGNETIC METHODS OF PURIFICATION CONTROL 673

                                                                                                             
Calculated and experimental values of the magnetic susceptibility of UDD powders

UDD powder

Magnetic susceptibility
χ, 10–8 m3/kg Measurement 

error of χ, %

Diamond content
in UDD powder, %

Accuracy
of determination

of diamond content, %calculation experiment calculation experiment

1 –0.48 –0.46 4.2 99.5 99.7 0.2

2 –0.59 –0.63 6.8 98.0 97.5 0.5

3 –1.99 –2.12 6.5 80.0 78.4 2.0
susceptibility under physical, thermal, or chemical
treatments [4, 6].

Thus, the magnetic susceptibility of an UDD pow-
der χn includes the magnetic susceptibilities of pure
diamond χ1, metallic inclusions χ2, graphite χ3, carbon
material χ4, and silicon χ5. The relative contributions
from these components are characterized by the quan-
tities β1, β2, β3, β4, and β5. The balance equations take
the form

 

 

The relative contribution from metallic inclusions
(component 1) can be found from

 (3)

where χ2–5 is the magnetic susceptibility of the UDD
powder after the removal of metallic inclusions. The
relative contributions from the other components or the
UDD powder can be determined in a similar way using
Eqs. (2) and (3). The determination of the content of
carbon impurities in an UDD powder is the most diffi-
cult, because these impurities are diamagnetic.

To test the validity of the magnetic method, we per-
formed experiments on mixtures composed of a pure
UDD powder and pure graphite. The graphite content
in the mixtures was 0.5, 2.0, and 20.0%. Given the mag-
netic susceptibilities of diamond in the UDD (–0.44 ×
10–8 m3/kg) and of graphite (–8.2 × 10–8 m3/kg) and the
experimentally measured specific magnetic susceptibil-
ity of the mixtures, we determined the content of dia-
mond in the mixtures from Eqs. (2) and (3) and com-
pared it with the calculated values (see table). From the
table, it can be seen that the error in measuring χ does
not exceed 6.8% and that the diamond content in the
mixtures is determined to an accuracy better than 2%
(0.2–0.5%). Therefore, the magnetic method can be
used to determine the contents of individual compo-
nents in UDD powders.

Thus, based on the fact that the magnetic properties
of pure diamond and impurities are stable, we propose
the following general scheme of successive treatments
of diamonds accompanied by measurement of χi and
calculation of the content βi for each impurity using the
equations presented above:

βini 1 β1 β2 β3 β4 β5,+ + + += =

βiniχ ini β1χ1 β2χ2 β3χ3 β4χ4 β5χ5.+ + + +=

β1

χ ini χ2–5–
χ1 χ2–5–
-----------------------,=
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χini  χ1  χ2  χ3 …  χk …  χn. (4)

As an example of application of the magnetic method,
the figure shows how the magnetic susceptibility of
NDPs obtained from two different samples, namely,
sample A with basically metallic inclusions and sample
B with basically carbon-containing impurities, is
affected by treatments.

As seen from the curve for sample A, treatments 1
and 2 reduce the metal content, treatment 3 removes
graphitized carbon (thereby increasing χ3), and treat-
ment 4 causes metallic inclusions to dissolve, with the
consequence that a pure diamagnetic diamond powder
is obtained, whose magnetic susceptibility χ4 remains
unchanged after check treatment 5.

The χ curve for sample B suggests that the amount
of metallic inclusions is small (treatments 1, 2) and that
the greater part of the impurities is graphitized carbon
(treatments 3, 4). The equality of χ4 and χ5 after treat-
ment 5 is indicative of the stable quality of the final
powder.

The results obtained allow the following conclu-
sions to be drawn.

1 2 3 k n

A

B

12

8

4

0

–4

–8

0 1 2 3 4 5

χ, 10–8 m3/kg

Diamond powder treatment no.

Magnetic susceptibility of nanodiamond powders with basi-
cally (A) metallic and (B) carbon-containing impurities
after various treatments. The numerals on the abscissa axis
indicate the number of the treatment.
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(1) The magnetic susceptibility of pure diamonds,
including nanodiamonds, is virtually independent of
chemical and physical treatments.

(1) The magnetic properties of real NDPs are dic-
tated by the amount of impurities and their magnetic
properties.

(3) Quantitative magnetochemical analysis of impu-
rities in NDPs can be performed by combining mea-
surements of the magnetic susceptibility of NDPs with
successive selective treatments.
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Abstract—The graphite–diamond phase transition under shock-wave-induced electrodynamic compression
has been studied. A sample of a carbon-containing material was loaded by axisymmetric collapse of a copper
liner. The liner was acted upon by ponderomotive forces generated by pulsed electric currents with amplitudes
of 2–4 MA. The collapse of the cylindrical copper liner with a velocity of ~1 km/s produced stepped loading of
the carbon material in an ampoule from 5 to 40 GPa over 4 µs. Purification of the preserved material yielded
agglomerates containing polycrystalline diamond. The average size of diamond polycrystals in the agglomer-
ates is 1–2 µm, and the agglomerate yield is ~3%. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The development of methods for generating high
pulsed pressures is of considerable scientific signifi-
cance and practical importance. Such methods are
widely employed in studying the equations of state and
phase transformations of substances, as well as in the
production of superhard materials. Investigation of the
phase state of carbon and the synthesis of diamond are
still attracting the interest of researchers dealing with
practical applications [1–3]. Currently, high pulsed
pressures and shock impact compression are reached
primarily with the use of explosives. However, explo-
sive-based technologies suffer a number of shortcom-
ings, the most serious of them being the infrastructure
required for them. Therefore, the development of alter-
native shock-compression methods not based on explo-
sives is an urgent problem of scientific and practical
importance. Electrodynamic Z-pinch compression of
metal liners is a promising method of obtaining high
pulsed pressures [4]. Such experiments on electrody-
namic acceleration of massive copper liners and shock
impact compression of graphite were carried out at the
Institute of Electrophysical Problems, Russian Acad-
emy of Sciences.

2. EXPERIMENT

The electrodynamic compression setup consists of a
high-voltage capacitive energy storage, which, when
shorted to the discharge chamber (Fig. 1) of an electro-
dynamic test bench, generates pulsed currents of up to
10 MA in amplitude. Test sample 5 in steel ampoule 4 is
coaxially aligned inside copper liner 3 by means of steel
1063-7834/04/4604- $26.00 © 20675
adapters 2. Adapters 2 provide continuous electric con-
tact between the copper liner and electrodes 1 during the
passage of the current pulse and inward liner collapse.
Prior to generation of a current pulse, the discharge
chamber is evacuated to a base pressure of 1–5 kPa.
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Fig. 1. Discharge chamber of the electrodynamic bench:
(1) discharge chamber electrodes, (2) adapters, (3) copper
liner, (4) steel ampoule, and (5) carbon-containing material.
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Characteristics of samples, loading parameters, and yield of the diamond phase

Sample
composition

Density,
kg/m3

Porosity, 
%

Pressure, GPa/duration, µs
Diamond yield,*

in percentage
of the carbon phase

state**

1 2 3 4

Graphite 1700 25 4.5/1.6 13/1.1 18/0.7 25/0.7 <1

Graphite/copper 1 : 1 mass 3400 6 10/1.2 27/1.0 32/0.6 38/0.6 6

  * Residue after oxidizing acidic purification by a solution of potassium bichromate in sulfuric acid.
** Number of state identifies shock impact multiplicity (Fig. 2).
Steel ampoule 4 with the carbon-containing mate-
rial under study is loaded by a high-velocity axisym-
metric collapse of copper liner 3. The liner is deformed
by the ponderomotive forces generated by the pulsed
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Fig. 2. Diagram of loading of a graphite sample of density
1700 kg/m3 by a copper liner collapsing with a velocity of
0.95 km/s (the steel shell of an ampoule is considered to be
part of the copper liner). (a) Spatial–temporal X(T) shock-
wave-loading diagram; the shock-wave-front trajectories cor-
respond to (1) compression, (2) reflection from the axis, (3)
secondary compression, and (4) secondary reflection from
the axis. (b) Shock-wave-loading diagram plotted in the pres-
sure–mass velocity coordinates, P(U); points 1, 2, 3, and 4
are states of the sample on the adiabats of the corresponding
shock waves.
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electric current passed through it. As follows from the
calculations performed in [4] and experimental find-
ings, the liner acceleration takes up ~60 µs. The veloc-
ity of the inner liner surface at collision with the
ampoule is 0.95 km/s.

The characteristics of the samples studied, the load-
ing parameters, and the content of the diamond phase in
the shock-compressed samples are listed in the table.

Figure 2 illustrates the calculation of the shock-
wave impacts in a sample resulting from collapse of the
liner. The calculation was performed in the plane-wave
approximation disregarding dissipative losses [5]. The
collapse of cylindrical shock waves generates still
higher pressures, which depend on the running radius
and dissipative losses.

A spatial and temporal analysis of the loading
(Fig. 2a) shows that the given liner dimensions and a
collapse velocity of 0.95 km/s provide a loading time of
~4 µs. During this time, the sample is acted upon by
four shock impacts. The calculated pressures in the
shock waves and the loading times are listed in the
table. The maximum pressure reached (Fig. 2b) is not
high enough to ensure a complete phase transition in
the graphite (25 GPa) but is sufficient for this transition
to occur in a graphite/copper mixture (38 GPa) [1, 3],
which is borne out by the presence of the diamond
phase in the compressed sample material.

After the loading, the material was extracted from
the ampoule and chemically oxidized with a sulfuric
acid solution of potassium bichromate K2Cr2O7 to
remove the metal and oxidize the graphite. The residue
was dried and analyzed. The estimate of the yield pre-
sented in the table is the lower bound because of the
nonuniform compression of the ampoule and severe
conditions of chemical oxidation, which resulted in a
partial oxidation of the diamond phase. Additional
glow-discharge plasma-chemical oxidation performed
in an air flow produced a dark-gray residue (with a yield
of ~50%) consisting of smooth, porous particle aggre-
gates 50–100 µm in size.

The morphology of the particles making up the puri-
fied sample material was studied with a scanning elec-
tron microscope by measuring the backscattered elec-
tron flux, whose intensity is governed by the atomic
number of the surface material.
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Figure 3 shows an image of the end of the track
obtained by shear deformation of a thin layer of the
purified material pressed between glass plates. We
readily see two crystals of pyramidal shape that braked
upon loosing the masking carbon mass and came to a
stop. The darker particles with a lower reflection coef-
ficient are carbon grains. The lighter particles are of sil-
icate glass. Additional identification was provided by
an x-ray microprobe. The masking carbon mass appar-
ently contains several more crystals, because the track
behind it is broader. We estimated the size of the crys-
tals of the diamond phase from the width of extended
tracks (whose length was 102–103 times the grain size)
as 1–2 µm.

3. CONCLUSIONS

The electrodynamic compression setup described
above provides stepped loading (up to 30–40 GPa in

1

2

3

20 µm

Fig. 3. End of the track on glass produced by an aggregate
taken from a purified sample: (1) individual diamond poly-
crystals, (2) aggregate, and (3) track.
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magnitude and up to 4 µs long) of the material under
study in a volume of ~4 cm3. Reactor graphite subjected
to these loading conditions was shown to contain a dia-
mond phase with polycrystalline diamond grains up to
1–2 µm in size.

The yield of the diamond phase depends on the
graphite density and the graphite/metal mixture compo-
sition. Use of a metal/graphite mixture permits one to
increase the pressure and provides conditions favorable
for the phase transition and preservation of the diamond
phase under unloading.

The purification techniques employed in this study
permitted isolation of up to 3% of the carbon mass in
the form of aggregates consisting of grains of the dia-
mond phase, amorphous carbon, and graphite.
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Chemical State of Carbon Atoms on the Surface 
of Nanodiamond Particles
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Abstract—Auger electron spectroscopy study of the chemical state of carbon atoms on the surface of nanodi-
amond particles is performed. Auger spectra of nanodiamond particles indicate that carbon atoms in nanodia-

mond are in the same state as those in graphite, i.e., in the  state, but the π band is displaced 1 eV in
energy below the Fermi level. The surface of nanodiamond particles is inert with respect to the ambient
medium. © 2004 MAIK “Nauka/Interperiodica”.
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1. INTRODUCTION

The growth of diamond films from the gas phase
encounters certain problems. One of these is the uncer-
tainty in the beginning of growth on a silicon substrate.
Depositing nanodiamond (ND) particles on a silicon
surface makes it possible to reduce the nucleation time
appreciably [1, 2]. These results indicate that carbon
atoms on the ND particle surface are in a certain chem-
ical state Cd that favors the nucleation and growth of
diamond. Identification of this chemical state is of
interest for understanding the mechanism of diamond
growth from the gas phase. Identification of the chemi-
cal state in this case implies the establishment of the
bond type in terms of sp2 or sp3 hybridization. Natu-
rally, only the topmost layers of ND particles are of
importance, since the growth of diamond films is appar-
ently controlled by the interaction of atoms and radicals
with the surface. The surface of ND particles was stud-
ied in [3] using XPS, PES, and Raman spectroscopy;
however, no unambiguous conclusions were drawn in
that study as to the hybridization type of carbon in the
topmost layer of ND particles.

Auger spectra of carbon atoms (CKVV) exhibit fea-
tures characteristic of sp2 and sp3 hybridized states [4–
8]. This is due to the fact that the structure of Auger
spectra depends on the energy position of occupied
states in the valence band and on the delocalization of
holes in the process of Auger relaxation. Moreover, the
information provided by these spectra is related to the
two-monolayer-thick surface layer [9]. Therefore, this
method is most attractive for the study of the chemical
state of carbon atoms in the topmost layers of carbon
films. However, the Auger spectra of carbon atoms are
poorly studied and one should identify not only the
chemical state of atoms in each specific case but also
the spectral features associated with the structure of the
valence band.
1063-7834/04/4604- $26.00 © 0678
Accordingly, the aim of this study is to determine
the chemical state of carbon atoms on the surface of ND
particles from the Auger spectra.

2. EXPERIMENTAL

The work was carried out using a VG Scientific
MK-II electron spectrometer with x-ray excitation of
Auger emission. Samples produced at the Kiev Institute
for Superhard Materials and in Snezhinsk and Krasno-
yarsk were studied. The ND powders were mixed with
alcohol using ultrasound, and a silicon plate was placed
in the solution at a depth of 1 mm. After drying in air, a
continuous coating was formed on the plate containing
alcohol, water, and various gases from the air. These
adsorbates were removed in the preparation chamber of
the spectrometer by pumping down for about 4 h at
room temperature or at a temperature of 600 K. A tung-
sten wire that could be heated to 2300 K was placed in
the preparation chamber in order to obtain atomic
hydrogen from H2 or carbon atoms from CH4. The
residual pressure in the analysis chamber and in the
preparation chamber was 5 × 10–10 Torr. A sample could
be moved between the chambers through a lock. Spec-
tra were recorded in steps of 0.25 eV, and the transmis-
sion energy was 50 eV.

The following samples were studied.
(1) ND particles before and after in situ treatment by

atomic hydrogen and heating to 1100 K.
(2) A natural (110) diamond after in situ treatment

by atomic hydrogen at 1000 K.
(3) A natural (110) diamond after ex situ treatment

by atomic hydrogen in an ASTeX-PDS19 growth setup
at 1100 K for 8 min under growth conditions but in the
absence of CH4.

(4) A sample obtained after interruption of the dia-
mond growth process in the ASTeX-PDS19 setup.
2004 MAIK “Nauka/Interperiodica”
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3. RESULTS AND DISCUSSION

From XPS studies of oxides and metals, it is known
that their surfaces always adsorb carbon-containing
molecules from the environment (adventitious carbon,
AC). It is difficult or even impossible to detect such sur-
face contaminations of carbonic materials by using C1s
XPS spectra.

Figure 1 compares the Auger spectra of the stan-
dards with sp2 and sp3 bonds and the spectrum of a car-
bon-containing contamination on the silicon surface.
Samples of highly oriented pyrolytic graphite (HOPG),
polyethylene, and fullerenes were prepared in air. The
spectra of these samples differ appreciably. The AC
spectrum is similar in structure to that of the polyethyl-
ene, which indicates that the bonds in AC are of the sp3

type. The difference in the low-energy features of these
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Fig. 1. Comparison of the experimental Auger spectra of
HOPG, polyethylene, methane, and carbon adsorbed on a Si
substrate.
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Fig. 2. Comparison of the experimental Auger spectra of
HOPG, polyethylene, and ND particles with the self-convo-
lution of the density of states of the graphite valence band:
(1) π ∗  π, (2) σp ∗  π, (3) σp ∗  σp, (4) π ∗  σs, (5) σp ∗  σs, and
(6) σs ∗  σs. Labels a and b indicate the regions of the most
characteristic differences between the experimental Auger
spectra of nanodiamonds and graphite.
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spectra can be due to the fact that the AC molecules are
not completely bonded to the solid and have dangling
bonds. Apparently, if the surfaces of polyethylene,
fullerene, and HOPG were to be covered by AC, their
spectra would coincide with the AC spectrum.

One should bear in mind that the “information
depth” of carbon Auger spectra is 1–2 monolayers. We
observed a typical AC spectrum only for samples with
sp2 bonding (melamine C3N6H6 and CNx films), which
indicates that AC is present on the surface of carbon–
nitrogen compounds.

Figure 2 compares a carbon Auger spectrum of ND
particles with the spectra of polyethylene and HOPG.
The Auger spectrum of ND particles shown in Fig. 2
was observed in all experiments (curves 1–4), which
indicates that, in all cases, carbon atoms on the surface
are in the same chemical state and that this state is inert
with respect to AC.

In order to determine the type of chemical bonding
of carbon atoms in this state, it is necessary to identify
the Auger spectrum. Figure 2 compares the experimen-
tal Auger spectra of ND particles and HOPG with the
theoretical spectrum obtained by self-convolution of
the graphite density of states taken from [10]. Simula-
tion of the experimental spectrum showed that the elec-
tronic structure of carbon atoms in ND particles is the

same as that in graphite, , under the assumption
that either the self-convolution π ∗  π is absent or the π
band is displaced downwards of the Fermi level by
1 eV. The latter assumption provides better agreement
with the experimental data (Fig. 3).
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Fig. 3. Comparison of the self-convolution of the density of
states of the valence band of graphite and that of ND parti-
cles (the π band is shifted downwards of the Fermi level by
1 eV). The curve notation (1–6) is the same as that in Fig. 2.
Labels a and b indicate the regions of the most characteris-
tic differences between the calculated spectra of nanodia-
monds and graphite.
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4. CONCLUSIONS
(1) The N(E) features in the CKVV Auger spectrum

of ND particles and of natural (110) diamond after
atomic-hydrogen treatment coincide and differ appre-
ciably from those of the spectra of the standards with
sp2 and sp3 bonds.

(2) According to our interpretation of N(E) of the
CKVV Auger spectrum for ND particles, carbon atoms
on the surface of ND particles have the same electronic

configuration as those in graphite, , but with
the π level displaced 1 eV below the Fermi level.

(3) The chemical state of carbon atoms on the sur-
face of ND particles is inactive with respect to atmo-
spheric contaminations. As in the case of molecular
sieves, considerable gas adsorption by nanodiamond
powders is apparently due to their large surface rather
than to chemical interactions.
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Abstract—The effect of chemical–mechanical modification (CMM) on the ζ potential and size distribution of
nanodiamonds was studied. Results show a significant change in the functional groups on its surface after CMM
treatment by the anionic surface modifier DN-10. The amount of hydroxyl groups decreases, and two peaks
connected with the stretching vibration of carboxylate appear instead of those of carbonyl. The ζ potential goes
up significantly, and the size drops to some extent. If treated further with CMM1, a new absorption peak appears
at 1382.19 cm–1 that is connected with the vibration of some distinctive functional groups that cause an increase
in the ζ potential and a decrease in size. © 2004 MAIK “Nauka/Interperiodica”.
* 1. INTRODUCTION

Owing to its excellent mechanical, medical, and
electronic characteristics, nanodiamond has been
applied in the fields of run-in engine oil, wear-resistant
plating layers of parts, and wear-resistant alloying parts
to some extent. It has great application potential in such
sectors as the ultrafine polishing of silicon wafers and
other manmade crystals and the modification of plas-
tics, rubber magnetic memory devices, and cold cath-
ode displays [1–4]. In these applications, the dispersion
and stability of nanodiamond in various suspensions
are the decisive preconditions of its application. When
used for ultrafine polishing of crystals, aggregates may
cause nicks on the surface of a work piece. When used
for electroplating or nonelectrolytic plating, aggregates
result in an inadequate particle distribution and a
decrease in the wear-resistant properties.

In aqueous systems, a particle always carries elec-
tric charges due to the ionization, absorption of ions, or
preferential substitution of ions [5]. The ζ potential of
an ultrafine particle is often used to evaluate the variety
and intensity of charge, and it is a very important index
reflecting the repulsive force intensity among particles
and the dispersion stability. There exist functional
groups, such as –COOH, –OH, –NH2,on the surface of
nanodiamond [6]. The type and intensity of the func-
tional groups affect its sorption behavior and ionization
properties. The status of charge exerts great influence
on the stability of nanodiamond suspensions.

It was pointed out in [4] that the ζ potentials for dif-
ferent fractions of ultrafine-dispersed diamond are dif-
ferent.

* This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20681
The chemical–mechanical modification (CMM)
treatment is a type of process that simultaneously
involves particle fragmentation and surface modifica-
tion. Good results were achieved by the CMM treatment
of calcium carbonate CaCO3 and wollastonite [7, 8].

This paper presents some results on the effect of
CMM on the surface functional groups, ζ potential, and
size distribution of nanodiamonds.

2. EXPERIMENTAL

A gray powder of the nanodiamond sample L (pro-
duced by Lingyun Nanomaterials Co., Ltd, China) was
investigated. Before measuring the ζ potential, an ade-
quate amount of the nanodiamond powder should be
dispersed into deionized water to obtain a suspension.
If there is precipitation, the supernatant can be used to
measure its ζ potential, as the ζ potential is independent
of particle size. All ζ-potential and most size-distribu-
tion measurements were conducted using a
ZETASIZER3000HS; other size measurements were
conducted using small angle x-ray scattering (SAXS)
and CILAS 1064 Liquid. The primary size distribution
was studied with SAXS, which ran at 35 kV and 30 mA.
The x-ray source was generated by CoKα, and the filter
was iron. The size parameters, such as the mean size,
the median size, and the distribution, can be obtained
from the SAXS results. The CMMs of nanodiamond
were carried out in a stirring mill. In the process of stir-
ring, the anionic surfactant DN-10 was added to the
mill to modify its surface characteristics. The mass
ratio of DN-10 to nanodiamond was 5 : 100, and the
peripheral velocity of the stirring vane was about
4.5 m/s. CMM1 is a further treatment after CMM,
004 MAIK “Nauka/Interperiodica”
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which employs the same equipment as CMM but a
more acidic environment. The infrared spectral analysis
in this work was conducted using Nexus 470.

3. RESULTS AND DISCUSSION

3.1. ζ Potential of Sample L

The ζ potential with the pH curve for sample L is
presented in Fig. 1 (see curve 1). Its isoelectric point
(IEP) was found at 4.3. The ζ potential is positive in the
pH range 3–4.3 and negative in the range 4.3–11. Its
absolute value is more than 30 mV in the pH range 7–
11, which ensures a stable suspension without coarse
particles.

The infrared spectrum of sample L (see curve 1,
Fig. 2) reveals a very strong absorption peak located at
1117.43 cm–1. It may be connected with the stretching
C–OH vibration of the hydroxyl and/or the C–N vibra-
tion of the amine on the nanodiamond surface. It may
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during its purification. The absorption peak at
1764.89 cm–1 may be connected with a distinctive
absorption of carbonyl for carboxyl. There is a very
strong absorption peak around 3450 cm–1; it may be
induced by the stretching O–H and/or N–H vibration.
The absorption peak located at 1629.29 cm–1 may be
due to the combinational action of I ϑ  C=O and II δ
N−H + ϑ  C–N. It may also be induced by the functional
group C–N=O. It can be suggested from the above anal-
ysis and a comparison of absorption intensities of the
peaks that there are less –NH2 groups and more
−COOH groups on the nanodiamond surface. As a
result, the particles demonstrated electronegativity in a
neutral water system. With an increase in pH, the
charge intensity is reinforced because of the absorption
of OH– and the ζ potential becomes more negative.
With a decrease in pH, the ζ potential becomes increas-
ingly positive until it demonstrates electropositivity at
pH = 4.3 as a result of the absorption of H+.

3.2. CMMs of Nanodiamond

The ζ potential versus pH curve after the CMM
treatment by DN-10 for sample L is represented by the
curve 2 in Fig. 1. Curve 3 in Fig. 1 represents sample L
with chemical–mechanical modification through fur-
ther CMM1 treatment. CMM1 is also a type of CMM,
the purpose of which is to change its surface functional
groups.

After sample L is treated with CMM and CMM1,
the ζ potential with the pH curve goes up and the IEP
shifts to the right. The ζ potential of nanodiamond
increases significantly in the acid range and is greater
than 30 mV in the pH range 3–5 for the sample treated
with CMM1. As a result, the stability of the nanodia-
mond suspension in this range improves greatly. There-
fore, the suspension in the above pH range could be
kept for a long time without obvious precipitation.

After the CMM treatment, the absorption peaks at
1629.29 and 1764.89 cm–1 of carbonyl for sample L dis-
appear and are substituted by the peaks at 1611.74 and
1324.48 cm–1 caused by the stretching vibration of car-
boxylate. The intensity of the absorption peak located
at 1117.43 cm–1 decreases significantly, and it shifts
30 cm–1 towards the lower wave-number values. This
peak is connected with the stretching C–OH and C–N
vibrations. The intensity of the absorption peak at
3405.94 cm–1 also decreases significantly. The CMM
treatment exerted little influence on the C–N groups,
but it could make it easily for some functional groups to
be linked to the C–OH groups. This suggests that the
amount of C–OH bonds on the nanodiamond surface
drops. It is the drop in the amount of –OH groups that
causes the decrease in the intensity of the absorption
peak. The changes mentioned above are the main rea-
sons why the ζ potential for sample CMM shifts
upwards in the acid range. The absorption peaks of the
stretching vibration of carboxylates for sample CMM1
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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disappear completely and are substituted by peaks of
carbonyl again. Compared with sample L, a new
absorption peak at 1382.19 cm–1 for sample CMM1
appears, in connection with the stretching vibration of
some distinctive functional groups, which causes the
increase in the ζ potential.

3.3. Effect of CMM on Size Distribution

After CMM and further treatment (CMM1), the size
distribution of sample L changes markedly (listed in
Table 1). Before the CMM treatment, the fraction of
particles less than 100 nm in size for sample L is only
0.77 wt %, the average size is 2260 nm, and the maxi-
mum size is 12 000 nm. Here, the particle size refers to
that of the secondary particle, i.e., the aggregate parti-
cle size due to various kinds of forces. The results of the
SAXS analysis of sample L (listed in Table 2) show that
the mean size of the primary particles is only 12 nm and
all the particles are less than 60 nm in size. Here, we
refer to the particle before aggregation (measured using
SAXS) as the primary particle. The mean size of the
secondary particle measured by ZETASIZER3000HS
is 100–200 times coarser than that measured by SAXS;
namely, the index of aggregation of the nanodiamond
sample L is 100–200.

The formation of nanodiamond aggregates and their
properties are very complicated. Some are soft aggre-
gates caused by van der Waals forces among particles,
and some are hard aggregates caused by chemical
bonds among particles. It is very difficult to disperse
them, especially the latter. Detonation is a very compli-
cated process of high pressure–high temperature transi-
tion involving many chemical reactions. Under those
conditions, carbon droplets are easily conglutinated in
the cooling and phase transformation process and then
hard aggregates form. Nanodiamond has a large spe-
cific surface, which results in a huge surface energy. In
order to lower the free energy of the system, the fine
particles congregate to aggregates with a large size
spontaneously. A significant improvement in the nano-
diamond size distribution is observed after the CMM
treatment: the mean sample size drops from 2260 to
670 nm, and, after further treatment (CMM1), it drops
further to 95.6 nm and most of the particles are finer
than 100 nm.

Under usual stirring–grinding conditions, smaller
particles are formed due to the media grinding and
shearing action. However, these smaller particles easily
congregate to form larger ones as a result of the demand
to reduce the free energy of the system once the stirring
stops. So, usual stirring and grinding has little effect on
the decrease in size for ultrafine particles. The reason
why the nanodiamond aggregates can be effectively
crushed during the CMM process may be attributed to
the combined action of mechanical grinding and chem-
ical absorption during the stirring and grinding. With
the addition of DN-10 to the process of stirring and
grinding, smaller aggregates form due to the grinding
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
of media and shearing action and, at the same time, the
temperature of the nanodiamond aggregate surface
rises and its activity improves, which results in reaction
between the DN-10 molecules and active spots on the
nanodiamond aggregates. The surface electrical proper-
ties change markedly because of the chemical absorp-
tion of DN-10. The ζ potential of nanodiamond parti-
cles increases sharply in the pH range 3–7, and the
enforced repulsive forces among the particles protect
them from aggregating. As a result, the mean nanodia-
mond size drops.

After treatment of sample L with CMM and further
treatment with CMM1, its particle size could be further
reduced with the addition of 0.5 mg/l gallic acid. Table 3
presents its size distribution. No particles greater than
88.5 nm in size are found. The mean volume size of
nanodiamond is 52 nm. The suspension can be used for
ultrafine polishing of crystals and composite electroly-
sis plating and electroplating of parts.

Table 1.  Size distribution of nanodiamond before and after
treatments

Samples Mass fraction 
(<100 nm), %

Mean size, 
nm

Maximum 
size, nm

Sample L 0.77 2.260 12000

After CMM 7.57 670 3000

After CMM1 81.6 95.6 205.6

Table 2.  SAXS results for sample L

Size interval, nm Mass fraction, % Cumulative, %

1–5 20.1 20.1

5–10 43.0 63.1

10–18 25.2 88.3

18–36 4.7 93.0

36–60 7.0 100

Table 3.  Size distributions after the addition of gallic acid

Size range, nm Volume, % Number, %

17.8–21.8 0 0

21.8–26.6 3.2 10.5

26.6–32.5 10.6 22.8

32.5–39.7 19.8 28.4

39.7–48.5 24.3 21.0

48.5–59.3 23.0 11.8

59.3–72.5 16.6 5.4

72.5–88.5 2.5 0.1

88.5–108.5 0 0
4
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4. CONCLUSIONS
(1) After treatment with CMM, the amount of –OH

groups decreases, and if there is further treatment with
CMM1, a new absorption peak appears at 1382.19 cm–1

that is connected with certain distinctive groups. The ζ
potential increases in the acid range, and the stability of
its suspension significantly improves.

(2) After treatment with CMM and CMM1, the aver-
age volume size drops from 2260 to 95.6 nm. If further
dispersed with the addition of 0.5 mg/l gallic acid, the
mean volume size reaches 52 nm.
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Abstract—A method for preparing ultrafine-dispersed diamond (UDD) powders with a uniform distribution of
metal ion impurity over the bulk of a powder is developed. The uniformity and composition of a UDD sample
is demonstrated using x-ray diffraction and chemical analysis. © 2004 MAIK “Nauka/Interperiodica”.
The study of phase transitions between allotropic
modifications of carbon has recently become a rapidly
developing area of the physics of phase transitions [1–
4]. This is due both to the nontrivial properties of car-
bon itself (it is a chemical element with four strong
valences) and to the practical importance of studying
the stability of carbon materials for technical applica-
tions. Accordingly, study of the transformation of
ultrafine-dispersed diamond (UDD) into other modifi-
cations of carbon or its compounds [5–7] is of interest.
A key problem is the definition of the factors affecting
such a transformation.

By studying diamond properties, it was established
a long time ago that the presence of certain metals
strongly affects phase transitions in carbon. This fact
forms the basis of the high-pressure high-temperature
(HPHT) technology of industrial production of artifi-
cial diamonds [8]. The effect of metals on the graphite–
diamond phase transition is still not clearly understood;
however, it has been firmly established that this effect is
not reduced to simple recrystallization (i.e., to dissolu-
tion of the thermodynamically unstable phase and pre-
cipitation of the stable phase in the unchanging solvent)
[9–11]. In this respect, studies of the effect of carbide-
forming elements, such as Fe, Co, and Ni, on phase
transitions in UDDs is of special interest, since these
elements are widely used as catalysts for UDD produc-
tion using HPHT technology. The problem is to deposit
metal impurities directly on the cluster surface, i.e., to
realize the intercalation process.

The distribution of a metal over a UDD powder
essentially depends on the method applied to introduce
the metal into the UDD; if powders are mixed in the
usual way, the impurity distribution over the mixture is
highly nonuniform and the metal concentration at the
surface of UDD aggregates cannot be controlled. Thus,
for further studies, it is important to develop a method
of producing dry UDD powders with a uniform and
controlled metal distribution over the surface of dia-
mond particles.
1063-7834/04/4604- $26.00 © 20685
We suggest a method for producing a uniform distri-
bution of metal compounds over a UDD. To this aim, a
UDD must be transferred to a state with the maximum
possible dispersity. It is known that such a state occurs
in UDD hydrosols where the dispersed phase consists
of strong aggregates 100–200 nm in size. These aggre-
gates contain about 104–105 UDD clusters with an aver-
age size of about 4 nm per unit (micelle) of the dis-
persed medium [12]. Chemically bonded functional
groups (typically, carboxyl group –COOH) were iden-
tified at the surface of the aggregates [13]. The presence
of such groups can easily be demonstrated by measur-
ing the pH value in high-purity aqueous UDD suspen-
sions. Carboxyl groups and ions of heavy metals form
salts. Since the concentration of carboxyl groups at the
surface of UDDs is approximately constant, metal ions
are uniformly distributed over the surface of UDD con-
glomerates. Naturally, for multiply charged ions
bonded to several carboxyl groups, one can reasonably
assume that surface compounds are more stable. When
the water is removed from the system, the particles
coagulate, forming greater aggregates, as in the case of
pure UDD. However, since the metal ions are bonded to
the surface of the original UDA aggregates, the salt
phase is not separated. After drying, a UDD powder is
formed with intercalated metal ions at the UDD sur-
face.

In practice, the doping is performed as follows.
(1) An aqueous solution of a metal salt is prepared

(in our case, a 0.1 M solution of iron, cobalt, nickel, or
copper acetate or nitrate).

(2) The prepared solutions are mixed with a subacid
UDD suspension with a concentration of about 5 wt %
and pH = 3–4. It is preferable to use high-purity UDDs,
e.g., those prepared by ion-exchange cleaning.

(3) The suspension is rinsed with distilled water,
allowed to settle, and dried. After the sediment has
deposited, one can qualitatively estimate the degree of
transition of the metal to the UDD-bonded form judg-
ing from the color of the clarified liquid. If the color
004 MAIK “Nauka/Interperiodica”
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that is characteristic of metal ions is absent, one can cal-
culate the amount of absorbed impurity.

Gravimetric and x-ray fluorescence analysis showed
that UDD powders prepared in this way can contain up
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Fig. 1. Diffractograms of (a) the original UDD powder and
UDD powders intercalated by (b) copper, (c) nickel, (d) iron,
and (e) cobalt.
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Fig. 2. Diffractograms of UDD powders after annealing in
hydrogen at 500°C. The maxima corresponding to metallic
phases are marked with asterisks.
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to 10% metal [14]. However, according to x-ray diffrac-
tometry, no other crystalline phases other than diamond
were detected in the powders.

It is seen in Fig. 1 that the diffraction curves for the
powders under study contain only the maxima corre-
sponding to UDD, whereas after thermal treatment (at
500°C) of intercalated UDD powders in a hydrogen
atmosphere the diffractograms exhibit only the reflec-
tions from metallic phases of intercalated impurities
(Fig. 2). This fact can only be interpreted under the
assumption that metal impurities are distributed uni-
formly in the UDD powders but thermal treatment
causes impurities to agglomerate into x-ray-detectable
metallic phases.

REFERENCES
1. M. S. Dresselhaus, G. Dresselhaus, and P. Eklund, Sci-

ence of Fullerenes and Carbon Nanotubes (Academic,
New York, 1996).

2. D. Ugarte, Nature 359 (22), 707 (1992).
3. Y. Shibayama, H. Sato, T. Enoki, et al., J. Phys. Soc. Jpn.

69 (3), 754 (2000).
4. N. R. Greiner, D. S. Phillips, J. D. Johnson, and F. Volk,

Nature 333, 440 (1988).
5. V. L. Kuznetsov, A. L. Chuvilin, Yu. V. Butenko, et al.,

Chem. Phys. Lett. 222, 343 (1994).
6. A. E. Aleksenskii, M. V. Baidakova, A. Ya. Vul’, et al.,

Phys. Solid State 39, 1007 (1997).
7. F. Banhart, J. Appl. Phys. 81 (8), 3440 (1997).
8. P. Wesolowski, Y. Lyutovich, F. Banhart, et al., Appl.

Phys. Lett. 71 (14), 1948 (1997).
9. N. Setaka, in Synthetic Diamond: Emerging CVD Sci-

ence and Technology, Ed. by K. E. Spear and J. P. Dis-
mukes (Wiley, New York, 1994), pp. 57–90.

10. G. Bocquillon, C. Bogicevic, C. Fabre, and A. Rassat, J.
Phys. Chem. 97, 12924 (1993).

11. A. Ya. Vul’, V. M. Davidenko, S. V. Kidalov, et al.,
Pis’ma Zh. Tekh. Fiz. 27 (9), 72 (2001) [Tech. Phys.
Lett. 27, 384 (2001)].

12. F. Z. Badaev, O. A. Besedina, P. M. Brylyakov, et al.,
Dokl. Akad. Nauk SSSR 310, 402 (1990).

13. L. M. Martinov and Y. I. Nikitin, Colloid J. USSR 52,
245 (1990).

14. A. E. Aleksenskiœ, M. V. Baœdakova, M. A. Yagovkina,
and A. Ya. Vul’, in Abstracts of International Symposium
on Detonation Nanodiamonds: Production, Properties,
and Applications (St. Petersburg, 2003), p. 75.

Translated by I. Zvyagin
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004



  

Physics of the Solid State, Vol. 46, No. 4, 2004, pp. 687–695. Translated from Fizika Tverdogo Tela, Vol. 46, No. 4, 2004, pp. 670–678.
Original Russian Text Copyright © 2004 by Artemov.

              

APPLICATIONS 
OF NANODIAMONDS
Polishing Nanodiamonds
A. S. Artemov

Lebedev Physical Institute, Russian Academy of Sciences, Leninskiœ pr. 53, Moscow, 119991 Russia

e-mail: artpol@mail1.lebedev.ru

Abstract—The results of polishing (using suspensions of nanodiamonds (NDs) produced by detonation syn-
thesis at different plants) of the surfaces of 23 solid materials having different chemical compositions, produc-
tion processes, structure, electronic properties, hardness, reactivity, and application are described. Atomic force
microscopy is used to compare the roughness of these surfaces with the surfaces of such materials subjected to
polishing with diamond synthetic micropowders (of grades 1/0, 0.25/0, 0.1/0) and to chemical–mechanical pol-
ishing (CMP) with amorphous colloid silica. Stable ND suspensions are shown to cause a number of effects,
namely, polishing, scratching, plastic flow of surface layers, and CMP. The aggregative state of solid particles
is shown to be of importance. Polishing with NDs is found to be accompanied by mechanical nanoscratching,
which can be leveled by the introduction of certain etchants into an ND suspension. The use of amorphous
nanoparticles is the only technique that does not induce deformation in the surface layer of a material. © 2004
MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The application of ultrafine-dispersed diamonds
(UDDs) and nanodiamonds (NDs) in modern electronic
engineering is important for the development of both
the theory and technology of polishing solid materials
and in various fields of electronics.

Although the application of diamonds synthesized
by detonation for the polishing of materials [1–4]
seems to be obvious, they have not been applied in
industry for two reasons. First, in empirical approaches,
the physical–mechanical processes that occur in ele-
mentary acts of contact between nanocrystalline parti-
cles and solid surfaces have not been taken into
account. Second, the empirical approaches were based
on the principle of mechanical polishing (MP), accord-
ing to which a solid particle with a small size and high
hardness affects a solid material having lower hardness,
without regard for colloid-chemical concepts, which
serve as the basis for chemical–mechanical polishing
(CMP). Therefore, it is still unclear which property of
solid particles, namely, the minimum size (colloid size
range) or the aggregative state (amorphous or crystal-
line), is responsible for the quality of a polished surface
that is geometrically (minimum roughness) and struc-
turally (without scratches) perfect.

The transition from submicron to nanometer sizes of
topological elements in micro- and optoelectronics is a
necessary stage in the design of new devices based on
surface layers 5–15 nm thick with a minimum geomet-
rical relief varied from a fraction of a nanometer to sev-
eral nanometers. Moreover, high geometrical and struc-
tural uniformity of a surface area of a few tens to sev-
eral hundreds of centimeters squared is necessary for
high-quality dielectric and epitaxial layers, lithography,
1063-7834/04/4604- $26.00 © 20687
sputtering, the stabilization of electrophysical surface
properties, etc. Therefore, this work fits the sequence of
production processes in modern electronics: nanopol-
ishing–nanoepitaxy–nanostructures.

The goal of this work is to obtain experimental data
to answer four basic questions: What materials can be
promising for polishing with UDDs? What are the
physicochemical features and possibilities of UDDs for
polishing solid surfaces? Which branches in modern
industry call for high-precision surfaces produced with
UDDs? What are the economic benefits of UDDs as
compared to the existing polishing technologies?

2. EXPERIMENTAL

2.1. Ultrafine-Dispersed Diamonds

We applied UDDs and NDs supplied from manufac-
turers in the form of powders, suspensions, and pastes.
We studied both as-delivered products and suspensions
based on them (Table 1).

2.2. Materials

Criteria for choosing the materials and the fields of
their application are given in Tables 2 and 3. Apart from
polishing with UDD composites, the materials were also
subjected, for comparison, to mechanical polishing with
synthetic diamond micropowders of grades 1/0, 0.25/0,
and 0.1/0 and to CMP with compositions of amorphous
colloid silica; these techniques are, as a rule, two stages
of the pre-final and/or final polishing, which are well
known and widely approved in electronics and optics.
The time of polishing with UDDs (NDs) in each stage of
sample preparation was 3–12 h. Samples of different
004 MAIK “Nauka/Interperiodica”
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Table 1.  UDD products for polishing materials

No. Manufacturer Product Solid phase
content, wt %

Particle or aggre-
gate size, nm pH Sedimentation 

stability, month
Suspension

characteristics

1 Alit, Kiev pdd 1.8 500–1000 6 12 Powder suspension

2 The same " 1.0 " " " The same

3 The same swp 1–3/12 1.8 1000–3000 12 12 Suspension of com-
pacted aggregates

4 The same " 1.0 " " " The same

5 Sinta, Minsk Sn-1.4 1.4 4–6 7 3 Neutral aqueous sus-
pension from 8 wt % 
aqueous suspension

6 The same Sbas-1.4 1.4 " 12 " Alkaline aqueous sus-
pension from 8 wt % 
aqueous suspension

7 The same Cac-1 1 " 2 " Acid aqueous suspen-
sion from powder

8 SKTB Tekhnolog, 
St. Petersburg

UDD–CTB 2–4 300–500 7 1 Ultrasound-treated 
aqueous suspension

9 The same UDD–TAH 5–10 Up to 100 7 <1 Separating aqueous 
suspension

10 The same UDD–CTP 7 <1 Separating aqueous–
alcohol suspension

11 SAKID, 
St. Petersburg

0.25/0 Up to 250 7 – Aqueous opaque sus-
pension from statically 
synthesized diamonds

12 The same 0.1/0 Up to 100 7 – The same
shape and geometrical size were then used in practice or
subjected to experimental examinations. The crystallo-
graphic orientation was accurate to <1°.

2.3. Equipment

We used machine tools with various kinematics for
individual and batch processing: V1M3, SPP-2M, ShP-
350, 4PD-200, SD-150, Malvern Multipol, etc.

2.4. Polishers

Polishers of two types were applied: woven polish-
ers based on polyether, polypropylene, polyamide,
polyether + polyamide mixture, and some specific pol-
ishers and nonwoven polishers, such as polytex, poly-
vele, artificial leather, etc. They had different mechani-
cal strength, chemical stability, thickness, surface treat-
ment, and fillers.

2.5. Methods of Surface Examination

The surface roughness was studied using optical
microscopy (MII-4 and other microscopes), and tech-
nological control was performed visually and with an
MBS microscope. An atomic force microscopy (AFM)
study using a Nanoscope-IIIa microscope was per-
formed in the height and deflection modes to analyze
P

highly smooth surfaces. The smoothness criterion was
taken to be the root-mean-square deviation of the asper-
ity heights σ over a certain length of the roughness pro-
file. In each sample, we usually studied from 3 to 12
areas having typical and specific relief features and rep-
resented by two- or three-dimensional images taken
from regions having area s with sides varying from 0.3
to 13 µm. The images were processed using the Fem-
toSkan program developed at the Center of Promising
Technologies, Moscow.

3. RESULTS AND DISCUSSION

The mechanical energy of abrasive particles inter-
acting with a solid surface in the form of contact pulses
causes changes in the surface morphology, crystalline
and electronic structure, and chemical composition.
When abrasive microparticles are replaced by nanopar-
ticles, the contact zone in which a material is subjected
to multiple elastic and plastic deformation decreases.
Among the three basic properties (geometrical, struc-
tural, mechanical) of a surface, we concentrated on the
relief roughness (parameter y), which is one of the
numerous standard geometrical parameters, and on cer-
tain specific features of surface deformation upon
microabrasive action. We found the following features
of interaction between ultrafine-dispersed diamonds
and a solid surface.
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Table 2.  Materials for polishing with UDDs (criteria and fields of application)

Chemical composition Elemental: Si, Ge, W, Mo, Nb, Cu

Oxides: α-Al2O3, SiO2, ZrO2 : Y2O3(ZOY)

Oxygen-containing: Gd3Ga5O12(GGG), Y3Al5O12(YAG), LiNbO3(LNO),
MgO : Al2O3(MgAl2O4), SrTiO3

Fluorides: CaF2

Carbides: SiC

Nitrides: AlN, Si3N4

Solid solutions: II–VI and III–V compounds

Method of preparation Czochralski technique: Si, Ge, Nb, LiNbO3, GGG, III–V compounds

Verneuil technique: MgAl2O4

Modified Kyropoulos technique: α-Al2O3

Oriented crystallization: YAG, CaF2

Melting in a cold container: ZOY

Electron-beam floating-zone melting: W, Mo

Gas-phase sublimation: Cds, ZnSe

CVD : ZnSe (polycrystal)

Dry pressing followed by sintering: AlN

Structure cubic, hexagonal, and trigonal crystals: W (100)(111), Mo (100)(101), Nb (100), Si (100), Ge 
(111); CdS (0001), ZnSe (100), GaAs (100), GaSb (100), GGG (111), YAG (111), LNO y + 127°, 
SrTiO3 (100) and bicrystals, α-Al2O3 (0001), ZOY (100), SiC : 6H, CaF2 (111)

Polycrystals: Si, Cu, ZnSe CVD

Amorphous: SiO2 (KU-1), glass K-8

Composites: AlN ceramics

Electrical properties Conductors: W, Mo, Nb, Cu

Semiconductors: Si, Ge, II–VI and III–V compounds, SiC

Dielectrics: SiO2, Si3N4, CaF2, α-Al2O3, etc.

Application Microelectronics

Optoelectronics

Acoustoelectronics;

HTSC electronics

Optics
3.1. Polishing

For proper treatment conditions and polishers, most
machine tools provided surface smoothing for all mate-
rials with the formation of a mirrorlike surface without
macroscopic defects (chips and cracks). Polishing is
accompanied by the removal (loss) of materials. The
loss rate depends on the type of machine and polisher
used, the conditions employed, the preliminary treat-
ment, and the material hardness; the rate varies over
wide limits and is one of the parameters of a polishing
process.

When a diamond synthetic powder of grade 1/0 is
applied, the surface of a material is covered by numer-
ous, differently oriented continuous straight-line
scratches covering the entire surface. When UDD sus-
pensions are used, the character of the scratches
changes sharply (Fig. 1), e.g., for W, Ge, α-Al2O3,
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
ZOY, etc., and scratches of different types are observed,
namely, scratches that are uniform in width, scratches
that widen in the middle or narrow toward one of their
ends, dot-and-dash or dot (polished) scratches, and
short (much less than the sample diameter) and long
(straight-line and arched) scratches. Usually, scratches
do not occupy the whole surface and there are extended
areas that are free of optically resolvable small
scratches.

All surfaces have regions with deep scratches
[0.68 nm for Ge (Sn-1.4 suspension), up to 6.0 nm for
GGG (pdd suspension), 0.8 nm for AlN-3.2 (UDD–
CTB suspension), etc.] and large differences in height
between valleys and ridges (hmax): 19.8 nm for Ge
(0.1/0 micropowder), 66 nm for W (1/0 micropowder),
7.7 nm for STO (0.1/0 micropowder), and 0.9 nm for
CdS (0.25/0 micropowder). However, in all cases, σ
decreases by several times with decreasing diamond-
4
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particle size from the micro- to nanoscale and is equal
to 10–18 nm for Si (pdd suspension); 0.7 nm for Ge
(Sn-1.4); 0.5 nm for W (Sn-1.4); and 0.8–0.7 nm for
YAG, ZOY, and LNO (pdd). There are also regions over
which the change in height is several tenths of σ (0.3–

Table 3.  Hardness of materials subjected to polishing with
nanodiamond suspensions

No. Material Mohs’ scratch 
hardness

Microhardness H, 
kgf/mm2

1 CaF2 4.0 168

2 LiNbO3 5.5 450–500

3 Cd3Ga5O12 6.5

4 SiO2 7.0 770

5 Si 7.0 1100

6 ZrO2 : Y 8.0 1455, (111)

1532, (110)

1694, (100)

7 Y3Al5O12 8.5 1550, MP (100)

1770, CP (100)

1720, MP (111)

1930, CP (111)

8 α-Al2O3 9.0 2200, ⊥  C

1940, || C
9 SiC : 6H 9.25–9.5 2350, (0001)
P

0.2 nm) or even several hundredths of σ for both rough
(with 1/0, 0.25/0, 0.1/0 micropowders) and fine (with
UDDs) treatments. The number of such regions in the
former case is smaller than in the latter, and the values
of σ depend on the direction of the section. Therefore,
σ does not reflect the real state of a relief and the spe-
cific features of the formation of roughness. To estimate
them, it is useful to take into account the width l of large
and small scratches, the roughness of their walls, and
the roughness of short and relatively long (0.3- to
14-µm) horizontal regions.

3.2. Scratching

Analysis of AFM images (Fig. 2) shows that, irre-
spective of the hardness and other properties of all
materials, their polishing with UDDs (or NDs) occurs
with the formation of nanoscratches, whose width, as
well as σ, decreases with decreasing diamond particle
size: for W, l = 1.7–3 µm for 1/0 micropowder, l = 2.2 µm
for UDD–CTB, and l = 0.15 µm for Sn-1.4 and for
CaF2, l = 1.8 µm for 1/0 micropowder, l = 0.5 µm for
0.25/0 micropowder, and l = 0.1 µm for Sn-1.4. The
rounded shape of the scratch edges and narrow gaps
between them [see Ge (Sn-1.4 suspension); KU-1,
LNO, GGG, and ZOY (pdd suspension)] as compared
to their shapes after polishing with a diamond
micropowder of grade 1/0 indicates that their formation
is accompanied by pushing of the material along its sur-
face (tangentially). The fact that l is significantly larger
than the particle size for polishing with Sn-1.4 and
0
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Fig. 1. Polishing of the surfaces of materials with nanodiamond suspensions.
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Fig. 2. Surfaces of materials with nanoscratches after polishing with neutral ND suspensions.

0

0

UDD–CTB suspensions indicates that the relief (σ,
hmax) forms under the action of both the primary parti-
cles and their aggregates. The ratio of these two param-
eters is slightly different for different materials and
compositions. For the processing of Ge, CdS, STO, and
other materials with 0.1/0 suspensions, the values of l
correlate with the average sizes of the particles and
their aggregates; the values of hmax do not exceed
20 nm, and the values of σ are several nanometers. In
the case of pdd, where the size of aggregates sintered
from initial nanoparticles is 1–3 µm, analogous fea-
tures are detected: l varies from several tenths of a
micrometer to several micrometers and σ varies from
several tens of nanometers to several nanometers.
Hence, the removal of micro- and nanoscratches pro-
duced by polishing with UDDs and the simultaneous
formation of nanoroughness occur mainly through the
action of primary particles and the decomposition of
their aggregates into individual particles. In the
dynamic process of failure on this scale, nanoscale
wear debris should correspond to nanoroughness [5].
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3.3. Plastic Flow

After having been polished with submicron and
nanodiamond suspensions [(100) ZnSe (0.25/0
micropowder), CdS and STO (0.1/0 micropowder),
ZOY (pdd suspension), Ge (Sn-1.4 suspension)], the
surfaces have rounded hillocks and flat regions sepa-
rated by gentle valleys or curved lines (Fig. 3), whose
profiles have no characteristic sharp asperity fluctua-
tions; rather, they are similar to submicron-wavelength
waves with hmax varying from several nanometers to
several tens of nanometers and with σ varying from
several tenths of a nanometer to several nanometers
(Fig. 3). The scratches retained, e.g., on Ge have rather
gentle edges and consist of adjoined hillocks, whose
flat regions have σ ! 1 nm.

The observed specific features of the relief can be
explained by the plastic flow of surface layers in crys-
tals, which is caused by high local temperatures and
results, because of poor heat removal from contact
zones, in heating of large regions. This hypothesis is
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Fig. 3. Plastic flow of the surfaces of materials polished with UDD suspensions.
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based on the conclusions drawn in [6], where it was
established that dislocations form during microscopic
abrasive polishing. In this case, the local temperatures
are as high as the threshold value for plasticity, which
P

is about 500°C for Ge and 700°C for Si. According to
[7–9], the process of polishing of Si with abrasive par-
ticles 0.25–0.8 µm in size or smaller is not accompa-
nied by brittle fracture with allowance for fracture
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Fig. 4. Chemical–mechanical polishing of materials subjected to polishing with chemically active ND suspensions.
anisotropy. In other words, this processing creates
structural (linear) defects in a surface layer and the
spherical shape of the particles favors their elastic con-
tact with the surface. Therefore, the factors that can
decrease the roughness of treated surfaces and suppress
the formation of subsurface structural defects are as fol-
lows: appropriate combination of the particle size
(nanoparticles) and shape (spherical particles), condi-
tions of particle motion across a surface which control
the friction in a contact zone (technological regimes,
polisher types), and an increase in the importance of
liquid friction and the simultaneous removal of macro-
ICS OF THE SOLID STATE      Vol. 46      No. 4      200
scopic and linear defects formed (chemically active
aqueous suspensions with a certain ND concentration).

3.4. Chemical–Mechanical Polishing

Figure 4 shows the surfaces of some materials sub-
jected to the action of chemically active ND suspen-
sions. It is seen that, here, σ is significantly smaller than
in the case of mechanical polishing with neutral sus-
pensions of the same ND concentration. The effect of
polishing depends on the material: it is virtually identi-
cal to CMP with amorphous silica for CaF2, LNO, and
4
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Fig. 5. Effect of the aggregative state of solid nanoparticles on the surface relief and structure of Ge and Si.
Si3N4 and is similar to chemical–mechanical polishing
with a predominant mechanical component (YAG,
GGG, and KU-1). Large scratches produced by ND
particles on the surfaces are difficult to remove (STO,
ZOY), and their removal is accompanied by the appear-
ance of new scratches. Indeed, the activation of ND
(UDD) suspensions with the corresponding chemical
P

etchants changes the character of the effect from
mechanical to chemical–mechanical under the MP con-
ditions, i.e., at high flow rates, nonlaminar flows, and
fixed or movable solid particles. Naturally, the particles
should have the same size (i.e., they should be graded
in size) and their concentration in the working zone
should be uniform over the entire sample area and be
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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time-independent at each local point (sedimentation
stability of suspensions). In this case, chemical–
mechanical processes cause an increase in the specific
surface of the material (the average roughness
decreases further, and its uniformity over the area
increases); a decrease in the surface roughness to nano-
sized mechanical and chemical products of wear and an
increasing fraction of elastic deformation due to the
dissolution of the structural defects formed intensify
the process and, what is more important, decrease the
temperature required for chemical dissolution (ZOY,
LNO, SiC, α-Al2O3).

3.5. Effect of the Aggregative State of Solid Particles

The results obtained allow us to answer one of the
main questions in modern polishing: What is more
important in producing a perfect surface (Fig. 5), the
size of the solid particles or their aggregative state
(nanocrystalline or amorphous)? From the geometrical
standpoint, there is no significant difference in the
absolute value of y between the two processes to be
compared, although the number of relatively deep
nanoscratches and the nonuniformity of y over the area
in the case of using even stable ND suspensions are
slightly larger than in the case of colloid–chemical pol-
ishing with amorphous spherical particles. From the
structural standpoint, conclusions are obvious only for
the processes of nano- and microscratching (character-
ized by the values of hmax and l); the structure of a thin
surface layer after polishing with NDs needs to be stud-
ied using modern experimental techniques. However,
based on the results of nanoindentation reported in
[10], we can assume that the contribution from the dis-
location mechanisms to the processes of mass transfer
decreases (especially in the early stages of nanoinden-
tation) and the contribution from the vacancy–intersti-
tial mechanism increases as the load applied to an
indenter decreases to 10 µN, which corresponds to a
decrease in the size of diamond particles to 10 nm (Sn-
1.4, Sbas-1.4, Sac-1); such particles create 100-nm
indentations in Si. The study of these processes by
using a device combining AFM and nanoindentation
will allow one to gain a better understanding of the
shape formation in the surface layers of various materi-
als upon polishing with nanodiamonds. However, it is
certain that, unlike polishing with ND suspensions,
CMP with amorphous particles of the same size does
not introduce macroscopic defects (scratches) and dis-
locations into the surface layer.

CONCLUSIONS

Thus, we can formulate requirements for UDDs to
be applied in the process of polishing:
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
(1) UDD particles must be carefully graded in size,
e.g., up to 10 nm, 10–50 nm, etc., after an experimental
check in the process of polishing;

(2) to create polishing compositions, it is better to
store UDDs in the form of aqueous suspensions;

(3) the surface and bulk physicochemical properties
of UDDs must be reproducible from batch to batch;

(4) to avoid surface contamination, UDDs must
have no chemical impurities according to the technical
specifications of microelectronics;

(5) the cost of UDDs must be comparable to that of
diamond micropowders and pastes synthesized under
static conditions.

Apart from the materials under study, polishing with
ND suspensions is promising for other solids, e.g., in
silicon microelectronics (for planarization, etc.), opto-
electronics, acoustoelectronics, HTSC electronics
(preparation of wafers for single- and bicrystals, etc.),
laser engineering (fabrication of laser cavities), optics
(germanium IR optics, etc.), precision engineering
(high-precision metal working), and many other mod-
ern industries.

The economic benefits of NDs are based on the
lower cost of their production as compared to that of
synthetic microdiamonds and on the increase in their
output to several tons a year.
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Abstract—Features of the codeposition process of Ni, Ni–Fe, Co–P, Co–Fe–P, Ni–P, Ni, and Cu matrices with
ultradispersed diamond particles from a sulfate, chloride, acetate, glycine, citrate, and sulfamate baths were
investigated in view of applications in magnetic recording systems. The cation and anion surfactants were used
to study the liophobic colloid systems and the behavior of ultrafine particles, to prevent agglomeration and sed-
imentation, and to control particle incorporation into the metal matrix. The mechanical properties of composite
films were described from the point of view of applications in high-tech devices. It was determined that wear
resistance increased by 2–2.5 times, the microhardness increased by 2 times, and the coefficient of friction and
corrosion current decreased by a factor 1.5 and 1.6, respectively. The application of nanodiamond particles in
the technology of composite functional layers of hard disks, magnetic heads, micromotors, and microme-
chanical components makes it possible to considerably increase the reliability of storage information systems.
© 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

The problems of static and dynamic friction, as well
as wear of functional layers, are fundamental for high-
tech devices and magnetic recording systems, in par-
ticular, for magnetic hard disks, heads, micromotors,
and micromechanical systems of positioning. This is
connected with the increasing requirements of record
density (longitudinal and track), the decrease in bit
dimensions, and the minimization of displacements
and errors [1].

One of the approaches to solving the problem of
friction and wear of mechanically moving elements of
micron dimensions for high-tech devices is the use of
composite materials, in particular, codeposited metal
and alloy with inert hard particles by electrolysis or
electrochemical processes [2–5]. The methods of elec-
trochemical synthesis of magnetic films for magnetic
recording systems have been well known since 1960s
[6]. From this period, the method was considered to be
competitive with vacuum methods of film deposition.
The same situation took place in the mentioned period
related to hybrid and silicon ICs. However, finally, it
became obvious for both cases that every method
should be considered from the viewpoint of concrete
fields of application. At present, electrochemical meth-
ods, due to their obvious advantages, allow for fabrica-
tion of magnetic films not only in the traditional fields
of application (magnetic tapes, disks, heads). One of
the most exciting applications of the electrodeposition
methods is the microelectromechanical system, which

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20696
has tremendous future potential. Micromotors have
already been created and used in storage devices for
precise positioning of magnetic heads. Indeed, the
peculiarities of the electrodeposition process make it
possible to fabricate high-quality 3D structures (LIGA
process) [7].

The aim of the present work is to carry out inte-
grated research into the technology and application of
composite soft and hard magnetic films, as well as com-
posite conducting films with inclusion of nanodiamond
particles.

2. EXPERIMENTAL DETAILS

The electrodeposition of composite coatings con-
taining ultrafine diamond particles was performed from
sulfate, glycine, acetic, and Watts baths. Soft magnetic
(NiFe, CoFeP, CoP) and hard magnetic (CoNiP, CoW,
CoP) alloys, as well as the conductive matrix of Cu and
Ni, were investigated. The influence of the ampholyte
(pyridine carboxylic acid, aminoacetic acid), cation-
active (monoethanol amide) and anion-active (CTAC,
SLS), was estimated. The concentration of ultrafine
diamond particles was varied from 0 to 20 g/dm3 (dry
substance). Nanodiamond particles were obtained by a
detonation process [8].

The amount of codeposited ultrafine diamond parti-
cles was determined both by integral Coulombmetric
analysis with the express analyzer AH-7529 (USSR)
and by local Auger spectroscopy on a PHI-660 (Perkin
Elmer Corp., USA). The Vickers microhardness of
coating was measured at a load of 0.5 N with a
004 MAIK “Nauka/Interperiodica”
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MICROMET-II (Buehler-Met, CH). The structure of
the deposits was examined by TEM (EM-125, USSR).
The coefficient of friction and the wear were evaluated
using a FRETTING II test machine (KU Leuven, BE)
[9]. A ball-on-flat geometry was used for the low ampli-
tude oscillating sliding wear tests. Corundum balls
10 nm in diameter (Ceratec, Nl) were loaded on top of
the vibrating surface of samples with a constant normal
force of 2 N. Displacement strokes of 100 and 500 µm
were used at frequencies of 8 and 2 Hz, respectively.
The tests were performed in ambient air at 20°C and a
relative humidity of 50%. Wear volumes were esti-
mated by RM600 laser profilometry (Rodenstok, D)
after 100 000 fretting cycles.

3. RESULTS AND DISCUSSION

In general, during the electrolytic codeposition, the
suspended diamond particles interact with the surface
of the growing film due to hydrodynamic, molecular,
and electrostatic forces [9]. This complex process
results in the formation of composite coatings. Auger
profiles and local x-ray analysis demonstrate that
ultrafine diamond particles are effectively incorporated
into the metal matrix (Fig. 1).

Visually, the composite coatings are gray. Pitting
was not noticed on the surface. A structural investiga-
tion shows (Fig. 2) that pure Ni coatings contain twins,
dislocation aggregates inside the grains, and a concen-
tration of solitary dislocations and dislocation walls
20 nm thick along the grain boundaries. The average
grain size is about 500 nm. For composite coatings, the
grain size reduces up to 30–100 nm. An accumulation
of ball-type dislocations along the grain boundaries
takes place. Thus, for the first time, it was determined
that, during codeposition of matrix and nanodiamond
particles, nanocrystalline Ni electrodeposits were
formed. The electron diffraction patterns of the coating
confirm the presence of cubic carbon according to
ASTM 6-675, which indicates the incorporation of dia-
mond particles into the nickel matrix.

Based on the experimental data [5], the qualitative
codeposition model of the composite coatings with
ultrafine particles is proposed. The specific characteris-
tics of the behavior of the ultrafine particles are consid-
ered in the model. The model worked out is based on
the assumption that the codeposition of ultrafine parti-
cles proceeds through the following stages (Fig. 3):

(1) coagulation of ultrafine particles in the plating
solution;

(2) formation of quasistable aggregates and, there-
fore, a change in the system dispersion constitution;

(3) transport of the aggregates to the cathode surface
by convection, migration, and diffusion;

(4) disintegration of the aggregates in the near-cath-
ode surface;

(5) weak adsorption of ultrafine particles and aggre-
gate fragments onto the cathode surface;
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
(6) strong adsorption of spersion fraction (embed-
ment).

Hydrophobic colloidal systems are thermodynami-
cally unstable due to the surplus surface energy. They
exist owing to stabilization by protective ionic and
molecular layers. In general, in the bulk suspension, the
particles encounter one another due to Brownian
motion, gravity, and convection. The forces between
them determine whether the encounters result in the
particles sticking together or remaining free.

The behavior of dispersed systems is described by
the DLVO theory. The stability or coagulation rate of
suspensions depends on the sign and magnitude of the
overall potential energy of interaction between the par-
ticles. The positive electrostatic repulsion energy Ur(h)
decreases by an exponential law, whereas negative
molecular attraction energy Ua(h) is in inverse propor-
tion to squared distance. As a result, at small distances
(h  0, Ur(h)  const, Ua(h)  –∞) and large
distances (the exponent diminishes much more rapidly
than the power function), the attraction energy between
the particles prevails. The electrostatic repulsion energy
prevails at intermediate distances. The primary mini-
mum 1 corresponds to direct sticking of particles. In
this case, the particles are irreversibly stuck (coales-
cence). The secondary minimum 2 corresponds to
attraction through an interlayer of the environment. In
this case, the aggregates may be counteracted relatively
easily. The maximum corresponding to intermediate
distances characterizes the potential barrier which pre-
vents sticking of the particles. Forces of interaction are
extended for hundreds of nanometers.

In the consideration of interaction between the par-
ticles, the following conclusions from the DLVO theory
should also be mentioned. The height of the energy
maximum and the depth of the primary and secondary
maxima depend on the parameters of the systems,
namely, the zeta potential, particle size, electrolyte con-
centration (and valence), and the Hamaker constant. At
low electrolyte concentrations, the energy maximum
may reach high values; this prevents particle aggrega-
tion. With an increase in the electrolyte concentration,
the height of the energy maximum decreases and disap-
pears at a critical concentration (which depends on the
valence of the electrolyte). The coagulation becomes
more rapid. Thus, to enhance the stability of the suspen-
sion, one needs to reduce the electrolyte concentration
and increase the zeta potential.

The transport of the particles toward the cathode
surface occurs by convection, migration, diffusion, and
Brownian motion.

Migration is the movement of cations, anions, or
charged particles through the solution under the influ-
ence of an applied potential between the electrodes in
the solution. Diffusion is the second process. Electrode
reaction depletes the concentration of the oxidant or
reluctant at the electrode surface and produces a con-
centration gradient there. This gives rise to the move-
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Fig. 1. (a) AES sputter-etch elemental profiles and (b) local x-ray analysis of pure and composite Ni coatings containing nanodia-
mond particles.
ment of species from the higher to lower concentration.
Unlike migration, which only occurs for charged parti-
cles, diffusion occurs for both charged and uncharged
particles. Convection includes thermal and stirring
effects, which can arise extraneously through vibration,
shock, and other types of stirring and temperature gra-
dients. At last, Brownian motion, as is known, is
strongly affected by the particle size and may be
neglected in the case where the particle size is above
1 µm.

The stirring mode is required to be the transition
mode between the turbulent flow and the laminar flow
P

in the bulk of the plating bath. Such a mode is of great
practical significance, because laminar flow does not
provide sufficient stirring of the electrolyte suspension.
Alternatively, at a stirring rate corresponding to the tur-
bulent mode, conditions that totally prevent particle
embedment appear.

In the near-cathode region, the aggregate is influ-
enced by forces of different nature and direction. The
motion of the aggregate is determined by the resultant
force, and the integrity of the aggregate, by the sum of
the force values. For the investigated system, the fol-
lowing forces are considered:
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Fig. 2. TEM micrographs of pure and nanocrystalline composite Ni coatings [5].
(1) mechanical forces associated with interaction
with the fluid flow and other particles, gravity, and
buoyancy;

(2) electrical forces connected with the electric field
presents in the plating solution during the electrodepo-
sition process;

(3) molecular forces acting on the particle in the
vicinity of the cathode surface.

Mechanical forces. The law of viscous friction is
followed in the region of laminar liquid flow in the
boundary hydrodynamic layer, and the boundary condi-
tions are V = 0 at y = 0 and V = V0 at y = ∞.

If the particle moves in a flow having a transverse
velocity gradient of liquid movement, rotational motion
can be imparted to the particle because different veloc-
ities of the flow pass the particle from the top and from
the bottom. The transverse particle migration appears
as the result of the rotational motion. The transverse
particle migration results from a pressure drop on the
side where the sum of the tangential velocity compo-
nents of flowing past and rotating the particle reaches a
maximum. The transverse particle migration is always
directed toward this maximum. In the case under con-
sideration, the particle moves away from the cathode
surface.

When the particle is trapped by the cathode, the lon-
gitudinal force by the flow of the plating solution
affects the particle. If this force exceeds the friction
force keeping the particle on the cathode surface, the
particle will detach from the growing deposit.

Besides the forces connected to interaction between
the particle and hydrodynamic flow, the gravity and
buoyancy contribute to the particle motion. The sum of
the forces of gravity and buoyancy results in the sedi-
mentation force.
CS OF THE SOLID STATE      Vol. 46      No. 4      2004
Collisions between the particles in the near-cathode
region may change the particle trajectory promoting or
preventing movement of the particle to the cathode.
Moreover, the particle in the electrolyte may collide
with the particle trapped by the cathode and prevent
embedment.

Electric forces. The ions in the double layer around
the particle interact with the electric field in the plating
solution. This results in particle motion along the lines

CATHODE

DEPOSIT

Weak adsorption

Hydrodynamic
boundary layer

Bulk of the plating
solution Coagulation

Movement toward�
the cathode�

Strong adsorption

Disintegration
of the aggregates

Fig. 3. Mechanism of codeposition of a metal matrix and
nanodiamond particles.
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of the electric field. The motion is affected by the fluid
permittivity, particle size, intensity of the electric field
in the place where the particle is located, and the zeta
potential. The sign and value of the zeta potential are
determined by both the particle nature and the constitu-
tion of the electrolyte and can be changed through the
addition of surfactants to the plating solution. In the
near-cathode region, the cathode itself ambiguously
affects the electrophoretic particle motion. On the one
hand, modification of the electric-field lines in the near-
cathode region slows the particle movement, and, on
the other hand, the cathode surface itself increases the
intensity of the electrophoretic movement. It should be
emphasized that this is not a possible measurement of
the zeta potential in the near-cathode region because it
depends on many factors and can change not only the
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Fig. 4. Physicomechanical properties of the composite coat-
ings: (a) coefficient of friction, (b) wear volume, and
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P

value but also the sign. Therefore, it is difficult to eval-
uate the contribution of electrophoretic particle motion
to the codeposition process.

In the near-cathode region, the osmotic pressure of
the electrolyte affects the particle motion. Electroos-
motic motion is the phenomenon of liquid movement
through a porous body under the application of an elec-
tric field. Assuming the particles in the near-cathode
region to be porous bodies, the ionic species moves
through this “body” due to the electric field in the plat-
ing solution. In turn, the ion flow exerts pressure on the
particles and assists particle movement toward the cath-
ode surface. It should be mentioned that the electroos-
motic motion of particle is influenced by the same
parameters as for electrophoretic motion (see above).

Molecular forces. In the immediate vicinity of the
cathode surface, the van der Waals attractive force
appears; it occurs with all types atoms or molecules and
arises from the charge fluctuations within an atom or
molecule associated with the motion of its electrons.

A strong repulsive force appears at short distances,
when the electrolyte concentration exceeds a certain
value. This force is called the structural or hydration
force. It originates from the thin solvent layer being
present near the interfaces. This solvent layer is ordered
by the hydration of cations adsorbed on the surfaces as
the interfaces approach each other. The hydration force
results from a change in the structure of the solvent
between the interfaces and prevents the interfaces from
closely approaching each other.

As the particle aggregate approaches the near-cath-
ode region, the force field increases. If these forces
exceed a certain critical value keeping the particles in
the aggregated state, the aggregates will disintegrate.
Further, single particles and the aggregate chips interact
with the cathode and can be adsorbed weakly onto the
cathode. The weak adsorption step assumes interaction
between the particle and cathode surface through
adsorbed layers of ions and solvent molecules. Further,
the electric field helps to uncover the particle. The thin
interlayer between the cathode surface and particle dis-
appears. This leads to strong field-assisted adsorption,
and the particle is overgrown with the deposit.

In terms of functionality, the most important proper-
ties are friction and wear resistance. For composite sys-
tems, the mechanical properties are determined by the
phase composition of the materials, i.e., by the matrix-
to-particle ratio. The dependence of the amount of
codeposited diamond particles on particle concentra-
tion in the plating bath shows that the investigated sys-
tem may be described by Guglielmi’s model [10]. The
evolution of the coefficient of friction is shown in Fig.
4. Among the coatings tested, composite nickel coat-
ings containing ultrafine diamond particles show a
lower coefficient of friction. The wear volume for pure
Ni and composite coatings is shown for fretting tests
performed with 100000 cycles. The amount of particles
in the coatings affects the wear rate. The friction behav-
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Fig. 5. Some applications of nanodiamonds in magnetic recording systems: (a) thin film magnetic heads, (b) hard disk, and
(c, d) MEMS elements [11].
ior of multiphase materials has been described in the lit-
erature. The main problem with these approaches is that
they are static and apply to ideal surfaces because, dur-
ing wear of a multiphase material, the topography
changes continuously in practice. Localized wear of the
matrix takes place in the first phase. After that, the par-
ticles become more loaded. This dynamic process may
lead to an increased wear resistance of composite mate-
rials. Of course, the fretting wear properties of coatings
are also influenced by the size, shape, and distribution
of the reinforcing phase.

Some composite elements of magnetic recording
systems are shown in Fig. 5.

4. CONCLUSIONS

This investigation into composite coatings contain-
ing nanodiamond particles has led to the following sci-
entific results and common conclusions.

(1) The grain size of electrolytic nickel coatings is
affected by the codeposition of ultrafine diamond parti-
cles. Nanocrystalline Ni deposits may be formed by the
codeposition of ultrafine diamond particles.

(2) The microhardness of the composite coatings
increases up to 420 kg/mm3 (250 for pure metal).

(3) The embedment of ultrafine diamond particles
results in both a decrease in the coefficient of friction
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
from 0.43 to 0.33 and an increase in the wear resistance
by a factor of 2.

(4) Composite films with the nanodiamond particles
obtained may be applied for components of magnetic
recording devices and elements of microelectrome-
chanical systems.

(5) The tribology problem (friction, wear, lubrica-
tion) for high-tech devices, in general, and for magnetic
recording systems, in particular, is a fundamental prob-
lem. In the future, the place of micro- and nanotribol-
ogy will become more important. The tribology prob-
lem for high-tech devices can be solved through joint
efforts of scientists working in the field of nanodia-
mond manufacturing, device designs, and composite-
coating technology.

(6) The application of composite electrochemical
coatings and layers, in general, and nanodiamonds, in
particular, solves the tribology problem. As for micro-
electromechanical systems, the application of compos-
ite coatings and layers is the only way.

(7) Particle incorporation of fine homogeneous
sizes, compared with geometric limits, for mechanical
high-tech devices is the key task for applying compos-
ite coatings in movable micromechanical systems.
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Abstract—The results obtained upon the electrochemical deposition of composite coatings containing
ultrafine-dispersed diamonds produced by detonation synthesis are generalized. The main advantages of such
coatings over the well-known composite electrochemical coatings are revealed. © 2004 MAIK “Nauka/Inter-
periodica”.
1. INTRODUCTION

The life of most mechanisms, units, and friction
pairs depends substantially on the time of retention of
the surface operating properties of a mating pair. One of
the well-known methods of improving the physical-
mechanical properties of a surface is its galvanic (elec-
trochemical) modification through the deposition of a
metallic film having the necessary properties, such as
high wear resistance, high corrosion resistance, and a
uniform film thickness (which is ensured by the high
throwing power of an electrolyte). However, modern
engineering imposes more stringent requirements on
friction pairs and ordinary metallic films of individual
metals or their alloys often cannot satisfy them.

In the past few years, the next generation of elec-
trodeposited coatings, namely, electrochemical com-
posite coatings (ECCs), have aroused considerable
interest [1, 2]. The introduction of hard disperse parti-
cles (oxides, nitrides, borides, carbides, classic dia-
monds) into electrochemical coatings is known to
increase their microhardness and wear resistance. This
effect is caused by a decrease in the crystallite (domain)
sizes in a deposited metal and a large number of super-
hard particles in a coating. Particles deposited along
with a metal serve as crystallization centers; therefore,
the smaller the particles, the finer the structure of a
coating. The microhardness (and the related wear resis-
tance) increases in proportion to d–0.5, where d is the
crystallite size.

The number of deposited particles that serve as pas-
sive fillers reaches 40% of the weight of a deposited
metal. Being hard or superhard materials, they increase
the hardness and wear resistance of a coating to high
levels. However, because of their high content in a coat-
ing and their dielectric properties, they strongly affect
the electrophysical properties of the coating. Therefore,
as a rule, such ECCs cannot be applied in electronics
and electrical engineering. In machine building, such
particles often cause high brittleness of coatings, thus
decreasing their wear resistance. One of the disadvan-
1063-7834/04/4604- $26.00 © 0703
tages of such coatings is possible high wear of the other
member of a friction pair, since most fillers are crystals
whose cutting edges project from the codeposited
metal.

Researchers have aimed at searching for new fillers
that could substantially increase the wear resistance,
microhardness, adhesion and cohesion, and corrosion
resistance of films when their content in the films is
low. Moreover, the basic electrophysical properties of
these films must remain unchanged.

In the mid 1980s, researchers found that metals
could be codeposited with nanodiamonds produced by
detonation synthesis (ultrafine-dispersed diamonds
(UDDs)) upon their chemical or electrochemical reduc-
tion from aqueous solutions [3–5].

Indeed, UDDs have a set of unique properties that
distinguish them from both the well-known fillers and
carbon materials. UDDs have ultrasmall sizes (4–
6 nm), a shape close to ovular or spherical, an
extremely large specific surface (up to 450 m2), and a
high surface energy. Moreover, their cutting edges do
not project from the surface.

UDD particles have complex structure [6]: a 40-Å
core of the classic cubic diamond and a carbon shell 4–
10 Å thick around the core, which is made up of transi-
tion amorphous (according to x-ray diffraction data)
carbon structures. This shell consists of sp2-hybridized
carbon atoms and has a nonuniform ordering of struc-
tural fragments. The surface layer, which contains het-
eroatoms in addition to carbon atoms, is saturated with
numerous different functional groups, predominantly
oxygen-containing groups. The nondiamond compo-
nents of pure UDDs are inherent components rather
than impurities and substantially determine their spe-
cific properties.

Because UDD particles are ultrasmall, the surface
interphase interactions considerably increase in impor-
tance. The presence of highly polar and reactive groups
2004 MAIK “Nauka/Interperiodica”
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Table 1.  Properties of chromium coatings

Coating
UDD content in 
an electrolyte, 

g/l

Wear resistance
Friction 

coefficient
Microhard-

ness, kg/mm2

Temperature 
in the friction 

zone, °C
coating 

wear, µm
counterface 
wear, µm

Chromium without a disperse phase – 20.2 27.0 0.15 610 185

Chromium with statically synthe-
sized diamonds (less than 0.5 µm)

15 5.6 47.0 0.24 790 170

Chromium with UDDs 2 8.9 29.0 0.14 710 165

4 4.8 26.5 0.10 920 165

10 2.9 25.4 0.09 1480 160

16 2.0 24.0 0.09 2100 155

20 5.3 30.4 0.13 1900 175

50 7.7 27.2 0.14 1630 180
concentrated in a small volume at the surface specifies
an active effect of UDD particles on the environment.

Contrary to ordinary highly disperse powder fillers,
UDD particles are more likely to be a specific structure-
forming material rather than a filler. During deposition,
suspended UDD particles interact with the surface of a
growing coating via hydrodynamic, electrostatic, and
molecular forces. Using Auger and infrared spectros-
copy, it has been found that UDD particles penetrate a
deposited metallic film in the form of individual parti-
cles and, most often, as agglomerates.

A special modification of the surface of cleaned
UDDs and their introduction into an electrolyte in the
form of an aqueous suspension makes it possible to cre-
ate stable, highly disperse suspensions even in strong
electrolytes. UDDs can be in a suspended state due to
gas release and thermal convection during the deposi-
tion of metal–diamond ECCs.

Since UDD particles are ultrasmall, they are suffi-
ciently densely and uniformly distributed in a coating
even when their content is very small (several tenths of
a percent [7, 8]), as opposed to all well-known fillers
[1, 2].

2. CHROMIUM PLATING

Originally, the electrochemical deposition of chro-
mium with UDDs was developed [3, 4]. This process
then provoked considerable interest, since chromium
coatings were most often applied to provide high wear
resistance for tools and parts. In the studies performed
at that time, only the quality of the UDDs differed (as a
rule, researchers were not aware of this fact) and,
hence, the results varied greatly, ranging from positive
to negative [9]. Nevertheless, chromium–diamond
coatings have been commercially applied for many
years (e.g., at the Élektrokhimpribor integrated indus-
trial plant, Lesnoœ).
P

For chromium plating with UDDs, electrolytes that
are intended for solid-state chromium plating or self-
regulating (buffer) electrolytes are used. The best
results (high quality and a simple procedure) have been
obtained in a classical electrolyte containing 250, 2.5,
and 15–30 g/l of CrO3, H2SO4, and UDDs, respectively.
The UDD content in a coating is 0.3–1.0 wt %.

Table 1 gives the properties of chromium coatings
having different disperse phases. Wear tests have been
performed on a friction machine using the shoe–roller
scheme with a drip feed of a low-viscosity oil.

Dolmatov et al. [10] studied the electrochemical
deposition and quality of chromium–diamond ECCs
with nanodiamonds of different nature, namely, UDDs
produced at the SKTB Tekhnolog and diamonds of
ASM 0.1/0 grade produced by static synthesis and
milled to nanoparticles (crystal size of about 100 nm).

Experiments showed that the optimum amount of
UDDs required for the maximum wear resistance was
15–20 g/l and that an increase in the UDD concentra-
tion to 50 g/l did not change the wear resistance.

A coating prepared from the standard electrolyte
without additions loses 15% of its weight in a 20-h
wear test on an LTI device; this characteristic for a coat-
ing with UDDs is 2–3%, and for a coating with dia-
monds of ASM 0.1/0 grade, 1–2%. However, the chro-
mium coating containing ASM diamonds abrades the
counterface 1.5–3.0 times faster than does the chro-
mium coating with UDDs.

3. COPPER PLATING

The process of copper plating has been studied
using a simple acid electrolyte consisting of two com-
ponents: copper sulfate and sulphuric acid.

Polarization curves measured for an electrolyte con-
taining 0.1–5.0 g/l UDDs showed that UDDs did not
change the nature and mechanism of the electrode pro-
cess. The step-by-step mechanism of copper discharg-
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Table 2.  Physical–mechanical properties of copper deposits

No. Electrolyte
composition i, A/dm2 Current

efficiency, %
The number of 
pores per 1 cm2

ρ, 
Ω mm2/m × 103

Microhard-
ness, kg/mm2

Elasticity, 
% Wear, %

1 CuSO4 – 80 g/l 0.5 96.20 – 22.69 – 11.25 42.80

H2SO4 – 100 g/l 0.7 96.60 30 21.89 76.00 10.00 65.80

1.0 99.07 26 21.06 107.80 7.50 –

1.2 97.44 24 24.20 110.00 5.00 –

2 In the presence 
of UDDs 0.1 g/l

0.5 – – – – – 11.40

0.7 94.50 28 23.06 76.47 20.00 8.26

1.0 97.13 18 20.93 79.91 17.50 –

1.2 98.42 10 23.00 72.00 11.50 –

3 In the presence 
of UDDs 0.2 g/l

0.5 – – – – – 6.45

0.7 98.60 18 20.03 77.70 17.50 7.08

1.0 99.81 10 21.85 106.49 15.00 –

1.2 99.07 6 28.83 108.50 7.50 –

4 In the presence 
of UDDs 0.5 g/l

0.5 – – – – – 7.50

0.7 97.51 12 23.62 98.11 15.00 7.72

1.0 100.51 6 21.39 113.60 14.50 –

1.2 101.30 5 24.16 104.00 7.50 –

5 In the presence 
of UDDs 0.7 g/l

0.7 95.71 6 23.70 107.20 15.00 –

1.0 100.70 5 21.63 124.60 10.00 –

1.2 99.04 5 25.60 93.44 1.50 –

6 In the presence 
of UDDs 1.0 g/l

0.7 100.00 28 24.14 97.50 10.00 –

1.0 101.40 5 22.12 142.30 8.75 –

1.2 96.26 4 26.95 140.20 2.50 –

7 In the presence 
of UDDs 2.0 g/l

0.7 99.66 6 28.78 133.27 10.00 –

1.0 100.00 3 25.73 151.20 7.50 –

1.2 93.67 3 32.14 150.50 1.50 –

8 In the presence 
of UDDs 5.0 g/l

0.7 98.00 – 27.81 124.57 4.00 –

1.0 99.00 – 25.30 153.57 5.00 –

1.2 100.00 – 39.32 115.21 5.00 –
ing and the nature of the controlling step of polarization
also did not change.

The more uniform distribution of a metal over the
surface of an electrode characterizes the throwing
power of the electrolyte. The throwing power of an
electrolyte with UDDs was found to be substantially
higher (by a factor of three) than that of the pure elec-
trolyte.

One of the basic properties determining the quality
and wear resistance of coatings is their porosity. As the
amount of pores increases, the access for an electrolyte
or gases to the base metal becomes easier and corrosion
becomes more intense.

The application of UDDs significantly affects the
porosity of copper coatings, which indicates that UDDs
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
affect the structure and density of deposits adsorbing on
the surface of an electrode. The introduction of UDDs
into an electrolyte results in a decrease in the amount of
pores from 10 cm–2 (0.1 g/l UDD) down to their com-
plete disappearance (5.0 g/l UDD). When UDDs were
introduced into an electrolyte, all samples were coated
with a rainbow corrosion-resistant oxide film. No
weight loss in the samples was detected during corro-
sion tests. The coating had a higher density, finer struc-
ture, and higher corrosion resistance as compared to the
UDD-free coating.

The effect of the electrolysis conditions (current
density) and electrolyte composition on the wear resis-
tance of deposits (a 10-µm-thick copper coating) was
studied. When UDDs are introduced into an electrolyte,
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Table 3.  Corrosion resistance (weight loss, mg/dm2) of 6-µm coatings measured in a salt spray atmosphere in a climatic
chamber (according to GOST (State Standard) 9.308-85); the coatings are deposited from an electrolyte containing 10 g/l ZnO,
100 g/l NaOH, 4 g/l organic additions, and 8 g/l UDDs

Hours Unprotected 
steel

Pure Zn 7.5-µm
coating (produced in 

Germany from a 
chloride electrolyte)

6-µm
cadmium
coating

Zn–UDD 
coating

Zn–UDD coating
with chromate treatment

Phosphatized
Zn–UDD coating

60 127 40 14 24 – –

150 Corrosion begins at the edges 
of one of six samples

–

200 No corrosion in five samples –

350 Corrosion begins at 
the edges of three of 
six samples
the wear resistance of deposited copper samples
becomes smaller than that of the samples deposited
from the pure electrolyte by a factor of 9 to 10.

As the concentration of the UDD addition increases
to 5 g/l, the microhardness increases from 108 (deposi-
tion from the pure electrolyte) to 154 kg/mm2.

The introduction of 0.1–1.0 g/l UDD increases the
electrical resistivity by 5–10% at current densities of
0.7 and 1.2 A/dm2; for UDD contents above 2 g/l, this
increment is 25–31%.

Table 4.  Physicochemical and electrotechnical properties of
tin coatings deposited from a sulfuric-acid electrolyte con-
taining 40 g/l SnSO4, 60 g/l H2SO4, and 5 g/l OS-20 at 20°C
as functions of the UDD content in the electrolyte and the
current density

UDD con-
centration, 

g/l

Cathode cur-
rent density, 

A/dm2

Solder 
spreading 
coefficient

Electrical 
resistivity, 
Ω mm2/m

Porosity, 
cm–2

0 0.5 2.0 0.172 45

0 1.0 1.8 0.184 17

0 1.5 2.1 0.231 16

0 2.0 2.5 0.304 19

1.0 0.5 2.1 0.166 36

1.0 1.0 1.9 0.168 12

1.0 1.5 1.8 0.231 9

1.0 2.0 2.0 0.192 6

15 0.5 2.1 0.171 5

15 1.0 2.1 0.176 2

15 1.5 1.8 0.222 0

15 2.0 2.0 0.276 1

40 0.5 1.8 0.167 3

40 1.0 2.1 0.180 1

40 1.5 2.1 0.236 2
P

Table 2 gives the basic physical-mechanical proper-
ties of copper deposits.

The data considered indicate that the application of
UDDs is a positive factor that increases the throwing
power of the electrolyte by a factor of 3, decreases the
porosity of a coating to almost zero, increases the cor-
rosion resistance of a coating, and increases its wear
resistance by a factor of 9 to 10.

To obtain such high properties, the following elec-
trolyte composition and electrolysis conditions are rec-
ommended: 80 g/l CuSO4 · 5H2O, 100 g/l H2SO4, and
2–5 g/l UDD; room temperature (20 ± 2°C); and a cath-
ode current density ic = 1 A/dm2.

4. GALVANIZING

Alkaline zincate and weakly acid chloride electro-
lytes were mainly used in the studies on galvanizing
steels [11]. The optimum concentration of UDDs was
experimentally found to be 10 g/l (the UDD content in
a coating was 0.7 wt %).

Corrosion tests were performed in a climatic cham-
ber at an air temperature of 35°C; for spraying and cre-
ating a salt spray atmosphere, a 3% aqueous solution of
sodium chloride was used.

The corrosion tests showed that the best Zn–UDD
coatings were produced using a zincate electrolyte con-
taining 12 g/l ZnO, 120 g/l NaOH, and 7–10 g/l UDD
at a current density of 1–2 A/dm2. The resistance of
such coatings to seawater is 60–62% higher than that of
any zinc coating.

Polarization curves in the presence of UDDs in
weakly acid electrolytes exhibit a potential shift toward
positive values (∆ϕ = 5–40 mV), which indicates partial
depolarization of the double electrical layer.

As the UDD concentration in the electrolyte
increases, the grain size of deposits decreases.

The passivation of Zn–UDD coatings using the stan-
dard chromate treatment or passivation radically
improves the corrosion resistance (Table 3). Corrosion
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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is observed only in the zinc coating; no corrosion of the
steel substrate is detected.

5. TINNING

Tinning is widely applied in the electronic, electri-
cal manufacturing, and food industries. The existing tin
coatings have low wear and corrosion resistance and a
low throwing power of the electrolyte. The application
of UDDs significantly improves these properties (Table
4); the porosity of a coating sharply decreases and the
corrosion resistance increases at virtually the same
spreading coefficient of solder and electrical resistivity.
The wear resistance of such coating increases by a fac-
tor of 3.

6. SILVERING

After testing various silver-containing electrolytes,
researchers concentrated their attention on the cyano-
gen–thiocyanogen silvering electrolyte. Investigations
were carried out at various concentrations of UDDs,
Ag+, and additions. The optimum current density
depends substantially on the Ag+ content in the electro-
lyte.

The wear resistance of silver–diamond coatings was
determined by their abrasion upon reciprocating
motion of the samples under a load [GOST (State Stan-
dard) 16875-71]. The results obtained are given in
Table 5. As is seen, the wear resistance of coatings
increases with the UDD concentration. Even at a thick-
ness of 1.5–2 µm, a highly wear-resistant silver film can
be produced, which allows one to apply thinner silver
coatings in many cases and improve the quality of the
products.

Testing of samples (electric contacts) that were
coated with a 24-µm-thick silver layer using the stan-
dard method and a cyanic silvering electrolyte at the
Élektroapparat plant (St. Petersburg) showed that the
silver weight loss for 24 h was ~22%. Electric contacts
with a 5-µm-thick covering, coated using the method
proposed by us from a cyanogen–thiocyanogen electro-
lyte with 0.5 g/l UDD, exhibited a silver mass loss of
~4.5% for 24 h. Testing of the same parts under actual
industrial conditions in a VGB-220 high-voltage switch
(220 kV, 3200 A) in the course of 6000 switching oper-
ations supported the laboratory results and the applica-
bility of this technology for electrical machines.

7. GILDING

In radio electronics, gilding is applied for fabricat-
ing various contacts to provide contact resistance under
the severest operating conditions.

UDDs in gilding are used to increase the wear resis-
tance and hardness at retained high electrophysical
properties. Cyanic acid (citrate), cyanic alkaline, and
iron–cyanogen electrolytes were used in gilding [12].
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
The introduction of 0.5–10 g/l UDD into these electro-
lytes makes it possible to deposit dense, fine-grained,
light-colored, half-brilliance golden coatings contain-
ing 0.01–1.0 wt % diamond. Such coatings have high
wear resistance (Table 6) and high electrophysical and
processing characteristics as compared to pure gold
coatings.

Table 5.  Wear resistance of silver–diamond coatings

UDD concen-
tration, g/l

Coating 
thickness, µm

Wear time,
h

Coating weight 
loss, %

0 5 20 33.3

0.2 1.7 20 6.7

0.5 1.3 20 5

1.0 1.3 40 2.5

2.0 1.5 25 No loss

Table 6.  Effect of the UDD concentration in an electrolyte on
the wear resistance of gold coatings deposited from a citrate
gilding electrolyte that has no organic additions and contains
8 g/l (for metal) KAu(CN)2 and 80 g/l C6H8O7 · H2O at temper-
ature 20°C, electrolyte pH 4.5, and current density 0.5 A/dm2

No. UDD
concentration, g/l

Coating weight loss, 10–5 g/h 
(LTI device, 1335-N load)

1 0 93.2

2 0.1 44.0

3 0.5 4.8

4 1 0.4

5 2 2.5

6 5 5.6

7 10 12.3

Table 7.  Results of wear tests of samples (1 cm2, ~2 µm
thick, with UDDs) coated with nickel (the UDD content in
the electrolyte is 5 g/l)

Current density, A/dm2 1 (without 
UDD)

1 (with 
UDD)

1.5 (with 
UDD)

Gain in the nickel coating 
weight after electrolysis 
(before wear test)

22.7 11.0 16.0

Weight loss (mg) during 
wear test after

3 h 15.0 0.35 2.0

4 h 0.2 0.25 0.3

3 h 0.2 0.15 0.1

2 h 1.2 0.2 0.2

Total for 12-h wear test 16.6 0.95 2.6

Weight loss, wt % 73.1 8.6 16.3
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Table 8.  Properties of oxide–diamond films on grade-16082 AlMgSi alloy containing 0.7–1.3% Si, 0.5% Fe, 0.1% Cu, 0.4–
1.0% Mn, 0.6–1.2% Mg, 0.25% Cr, 0.2% Zn, and 0.1% Ti; the plate area 1 cm2

Coating UDD content 
in electrolyte

Specific gain
in film weight, mg/cm2

Specific wear resistance 
(for 10 h), ∆m2/cm2

UDD-free oxide film 0 14 11.3

UDD-containing oxide film 0.05 17 9.8

4.0 32 3.8

15.0 43 0.9

30.0 51 No wear
8. NICKEL PLATING

Nickel coatings are widely applied, especially for
machine elements and tools. According to the data from
[13], the lifetime of nickel–diamond coatings is
20 times that of a pure nickel coating.

Dolmatov et al. [14] used a classical nickel-plating
electrolyte containing 150–200 g/l NiSO4, 10–15 g/l
NaCl, 20–30 g/l MgSO4, and 25–30 g/l H3BO3. The
deposition conditions were as follows: pH = 4.8–5.2,
t = 18–20°C, and a current density of 1–6 A/dm2. The
results of wear tests are given in Table 7. As is seen, the
introduction of 5 g/l UDD into the electrolyte leads to
an increase in the wear resistance of the coating by a
factor of 4.5–8.5.

9. ANODIC OXIDATION

Anodic oxidation is the basic method of protecting
from corrosion, increasing strength and wear resis-
tance, and creating dielectric properties on the surfaces
of parts made of aluminum and its alloys. Anodic oxi-
dation is widely applied in various fields of machine
building and the aircraft industry. An oxide coating is a
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218 258 288 308 378 418 458
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–E, mV

Fig. 1. Polarization of Sn in an acid electrolyte: (1) without
UDDs, (2) 0.5 g/l UDD, (3) 1 g/l UDD, and (4) 2 g/l UDD.
P

nonmetallic matrix, namely, a porous film comprising
mainly aluminum trioxide. As a rule, aluminum is oxi-
dized in an acid medium and, sometimes, in an alkaline
medium.

We found that, when UDDs are introduced into an
electrolyte to perform anodic oxidation, they move to
an anode (aluminum and its alloys) and penetrate into
pores forming during surface oxidation because of their
negative charge. They are retained in pores after dis-
charging due to not only mechanical forces but also to
van der Waals and other physicochemical forces [15].
The filling is so dense that the gain in the oxide film
weight increases by a factor of 2–3.5. The wear resis-
tance of such a film increases by a factor of 10–13, and
its corrosion resistance and insulating properties
increase substantially.

Thus, the application of UDDs for producing anodic
oxide films on aluminum and its alloys results in the
films filling with insoluble nanodiamonds during elec-
trolysis and in a substantial improvement in the proper-
ties of the deposited nonmetallic inorganic composite
coating. The optimum UDD content in an oxidizing
electrolyte is 2–15 g/l. The degree of filling oxide films

i, A/cm2

–E, mV
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–460 –220 300
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Fig. 2. Polarization of Cu in an acid electrolyte: (1) without
UDDs, (2) 0.5 g/l UDD, (3) 1 g/l UDD, and (4) 2 g/l UDD.
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with UDDs depends on the electrolysis temperature
and current loads in addition to the diamond concentra-
tion in the electrolyte.

The presence of UDDs does not affect the film
growth rate; they only fill a film during electrolysis. The
enhanced properties of oxide–diamond coatings depos-
ited according to the method proposed and the simplic-
ity of the process make this method competitive among
the well-known methods of producing filled oxide
films.

Table 8 gives the wear-resistance data for a grade-
16082 AlMgSi alloy (Germany) and an electrolyte con-
taining sulfuric acid (200 g/l H2SO4). Wear tests were
carried out on a friction machine upon reciprocating
motion of samples under a load of 200 g/cm2. The wear
resistance was determined as the weight loss of a sam-
ple after abrasion for 10 h.

Polarization curves recorded for all processes
described above show that the presence of UDDs in an
electrolyte facilitates the discharge of metals at a cath-

0 40 80 120 160 200
–400

–450

–500

–550

–600

–650

–700
Potential, mV

t, min

1

2

Fig. 3. Measurement of the no-current potential during
chemical nickel plating with glycine in solutions (1) with
and (2) without UDDs.
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ode; that is, the curves shift toward positive potentials
(see Figs. 1 and 2 for tin and copper, respectively).
Moreover, UDDs do not change the kinetics of the pro-
cess; they mainly affect adsorption phenomena.
Although the polarization curves shift toward positive
potentials, their slope (polarizability) increases, which
indicates that the throwing power of the electrolytes
increases. The presence of UDDs, as a rule, strongly
facilitates hydrogen release, which is clearly illustrated
by the curves recorded during chemical nickel plating
with and without UDDs (Fig. 3).

10. CONCLUSIONS

The effect of UDDs produced by detonation synthe-
sis on important commercial galvanic processes, such
as chromium plating, copper plating, galvanizing, tin-
ning, gilding, silvering, and anodic coating of alumi-
num and its alloys, has been studied. For the investiga-
tion, we used the traditional, most widely applied elec-
trolytes.

In all processes under study, the service properties
of deposited coatings become substantially improved.
For example, the introduction of UDDs into an acid
copper-plating electrolyte leads to pore-free copper
coatings. As compared to the UDD-free coatings, their
microhardness is higher by a factor of 1.5, elastic prop-
erties are higher by a factor of 2, wear resistance is
lower by a factor of 9 to 10, and corrosion resistance is
much higher. Moreover, the throwing power of an
UDD-containing electrolyte is three times that of the
electrolyte without UDDs. The wear resistance of a
chromium–diamond coating increases three to ten
times. The corrosion resistance of zinc–diamond coat-
ings (zincate electrolyte) increases two to three times,
and the throwing power of the electrolyte increases by
33–57%. The application of UDDs for tinning sharply
decreases the porosity of a coating (by a factor of 3 to
9), increases the corrosion resistance of the coating, and
increases its wear resistance by a factor of 3. The elec-
trophysical properties of such coatings remain virtually
unchanged. The wear resistance of silver coatings
increases three to ten times, and their microhardness
rises up to 180 kg/mm2. The wear resistance of an
anodic film with UDDs increases 10–13 times, and the
gain in weight (filling) of such a coating increases by a
factor of 2–3.5. Moreover, its corrosion resistance and
insulating properties become higher.
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Abstract—A two-stage technology of compaction of ultrafine-dispersed diamonds (UDDs) is developed and
successfully applied for ampoule-free sintering of dense UDD granules in lead under a pressure of up to
100 GPa. Standard strength tests of polycrystals (fractions 80/63, 125/80) thus obtained showed a wide spread
in strength (from grade AS4 to AS80), which is indicative of highly inhomogeneous sintering conditions. A sin-
gle-crystal diamond is obtained for the first time by using shock-wave compaction; the crystal is a transparent
twinned octahedron 0.6 mm in size with an impurity content of less than 0.05%. This result is unexpected and
encourages us to believe that this method can be used to manufacture jewellery-grade diamonds (larger than
2 mm in size). The pressure and temperature conditions of sintering are analyzed. © 2004 MAIK “Nauka/Inter-
periodica”.
Detonation-produced ultrafine-dispersed (nanos-
cale) diamonds (UDDs) find many applications, in par-
ticular, in the fabrication of hard, wear-resistant poly-
crystals through shock-wave compaction. This
extremely complicated method shows considerable
promise; indeed, detonation can be used not only for
producing UDDs but also for their sintering (during the
same explosion); furthermore, shock-wave technology
of ampoule-free sintering is profitable in terms of both
productivity (amount of UDDs per explosion) and the
ratio of the cost of the raw material (UDDs) to the cost
of the final product (polycrystalline or single-crystal-
line diamonds). In contrast to the situation in many
other UDD application areas, there is a ready market
for polycrystal diamonds with a nanostructure and the
area of application of diamond polycrystals is expand-
ing rapidly.

In this paper, we discuss ampoule-free liquid-phase
sintering of UDD granules under explosion conditions.

Up to now, attempts to produce strong diamond
polycrystals through sintering UDDs under both static
[1, 2] and dynamic conditions [3] have not met with
success. Clinkers obtained under static conditions
exhibit low strength, which can be explained by their
high porosity and by graphitization. It was concluded in
[1] that the maximum pressure of 10 GPa attainable
with conventional compression molds is insufficient for
sintering UDDs.

Our first experiments (performed as long ago as
1964) on sintering UDDs in a mixture with lead in
cylindrical ampoules showed that UDDs are graphi-
tized [4]. The reasons for the graphitization are the high
initial porosity of UDDs, the presence of oxygen
adsorbed on the surface of particles (because oxygen is
a graphitization catalyst), and the short duration of high
pressure, which is insufficient for sintering UDDs and
1063-7834/04/4604- $26.00 © 20711
for cooling the sintered UDDs under pressure to pre-
vent graphitization.

The theory of sintering of ultrafine powders (UFPs)
with particles less than 1 µm in size has not yet been
thoroughly worked out. Certain general features of
UFP sintering are considered in [5, 6].

Before sintering, UFPs should be pressed to attain a
minimum porosity. Compression of UFPs is hampered
by the fact that UFPs contain conglomerates that act as
hard frameworks during compaction. In this case, com-
paction proceeds in steps associated with the successive
formation and disintegration of frameworks.

The toughness of conglomerates increases as they
decrease in size down to individual particles. The
strength of particles is much higher than that of bulk
diamond crystals. For example, the strength of ultrafine
diamond particles is very high and approaches theoret-
ical estimates (100–200 GPa), because there are no dis-
locations in them. The high hardness of particles and
their clusters is testified to by the fact that cold com-
pacting of UDDs under a static pressure of 8 GPa
increases the density of the material only to 60% of the
theoretical value [1], which is close to the density of
closely packed rigid spheres of the same diameter.

The structure of UDDs can be described in terms of
the cluster model (Fig. 1) [1, 5], in which a porous
material is divided into microscopic regions of closely
packed particles [clusters with a maximum number
(8 to 12) of contacts between particles]. It is assumed
that the clusters are randomly distributed and that the
number of interparticle contacts in the boundary
regions is minimum (four or less) [5].

As UDDs (as well as any UFP) are sintered, micro-
scopic regions form in which the Laplace pressure in
capillaries far exceeds the average level. Near such
regions, tensile stresses arise and cause pores to
004 MAIK “Nauka/Interperiodica”
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increase in size. If we assume that the Laplace pressure
is proportional to the number of contacts, then the pres-
sure in the clusters will differ from that in the regions
between the clusters by several orders of magnitude.
For example, in a powder with particles 14 nm in size,
the pressure is 0.8 GPa in a cluster and 0.08 MPa in the
regions between conglomerates of clusters. Due to this
difference in pressure, a local compression of clusters
arises and the size distribution of pores over the volume
of the material changes.

Therefore, there are two types of boundaries in sin-
tered UFPs: one of them (type I) exists in clusters and
is analogous to grain boundaries, and the other (type II)
occurs between clusters and corresponds to pore
boundaries [1]. Thus, compression and sintering are
characterized by similar inhomogeneous processes and
the structures arising during them.

In UFPs, the recrystallization (in clusters) and sin-
tering of clusters are correlated at low temperatures,
(0.1–0.3)Tm, whereas in coarse-grained systems col-
lecting recrystallization occurs at 0.7Tm. These pro-
cesses are controlled by the generation and migration of
nonequilibrium vacancies [6], whose concentration on
the boundaries can reach high values corresponding to
the state near the melting point.

In solid-state sintering of UFPs, two mass transfer
mechanisms are operative, namely, mutual slip of clus-
ters (coagulation) and liquid-phase coalescence. Exper-
iments show that sintering and contraction occur in two
steps. In the first step, recrystallization proceeds rapidly
through both mechanisms mentioned above or through
one of them depending on the temperature. The second
step is slow and is similar to collecting recrystallization
in character.

Solid-state sintering of UDDs does not proceed very
rapidly (for several seconds [1, 2]) and is likely not to
go to completion within the duration of shock compres-
sion (several microseconds). Even when the impact-

Fig. 1. Models of the UDD structure. (a) Three-level model
of the structure of original UDD powders: (I) a strong spher-
ical diamond particle with a density of 3.3 to 3.4 g/cm3 cov-
ered with amorphous carbon and adsorbed impurities, (II) a
cluster of closely packed particles (the number of nearest
neighbors is 8 to 12) with a density of 1.8 to 2.2 g/cm3

(approximately 60% of the particle density), and (III) loose
conglomerates of clusters with a density of less than
0.4 g/cm3. (b) Model of the UDD granule structure before
sintering; particles are covered with adsorbed hydrogen.

(a)

(b)

I II III
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0 2–10 15–40 500–5000
PH
molding duration was increased to 425 µs (by increas-
ing the explosive charge), no strong polycrystals were
produced through solid-state sintering of diamond
powders [7]. Therefore, in sintering UDDs through
shock-wave compaction, conditions should be provided
for more rapid liquid-phase sintering.

Since a UDD powder has a nonuniform density
(Fig. 1), its microscopic regions heat to different tem-
peratures under shock-wave compaction; looser con-
glomerates heat to a greater extent than more compact
clusters of particles, and graphitization after unloading
is more probable in the former case. Therefore, the
granules to be sintered should have as uniform a struc-
ture as possible.

Thus, the high density of particles in a cluster, the
small radius of contacting particles, and, as a conse-
quence, the high Laplace pressure favor sintering of the
cluster even at low temperatures and pressures. There-
fore, preparatory to explosion sintering, it is advanta-
geous to perform slow recrystallization of clusters
under static conditions.

We developed and successfully tested a two-step
technique for sintering nanoscale diamonds, according
to which UDD clusters are first sintered under static
conditions (in the course of thermochemical purifica-
tion and production of high-density granules) and then
the clusters in granules are subjected to shock-wave liq-
uid-phase sintering.

High-quality sintering of UDDs can be attained only
after prior removal of amorphous carbon and impurities
from the surface of particles. The UDD particle surface
is cleaned with hydrogen at 850°C for 2 h with subse-
quent cooling in a hydrogen atmosphere in order for the
particle surface to adsorb the hydrogen (Fig. 1). After
this cleaning, the x-ray diffraction peaks increase in
intensity and electron-microscopic examination shows
that selective isolation occurs, with distinctions
between clusters and their aggregates becoming more
noticeable.

The density of granules of UDDs cleaned with
hydrogen is found to be high (up to 2.7 g/cm3), which
indicates that clusters are sintered further during gran-
ulation.

Let us consider the conditions under which shock-
wave liquid-phase sintering occurs. Shock-wave com-
paction of a porous material brings about a collapse of
pores, which is accompanied by rapid plastic deforma-
tion of the substance surrounding the pores and intense
local heat generation [8]. In solid ceramic powders
characterized by a high limit of elasticity, the heat
release is sufficiently intense to cause melting of the
substance filling a pore. Then, the molten substance is
cooled, because the temperature at different points of
the compressed powder levels out. Thus, in shock-wave
compressing, the temperature of a filled pore first
becomes equal to a high value Tpor and then decreases
to an equilibrium value Te.
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Since diamond particles are virtually incompress-
ible, we can assume that they are not heated; therefore,
heat is released only in the pore volume and the temper-
atures Te and Tpor are given by

(1)

(2)

where v 00 and v  are the initial and final specific vol-
umes, respectively; p is the pressure; cp is the average
specific heat capacity; and v 0 is the specific volume of
the single crystal. If a diamond power is compressed to
a pore-free state, we have v  = v 0.

Due to the high heat conductivity of diamond, the
equilibrium temperature is reached very rapidly, in time
t = d2/D, where d is the diameter of a particle and D =
1 cm2/s is the thermal diffusivity of diamond.

For diamond powders with particles of diameter d <
26 nm (i.e., for UDDs), according to our calculations
[4], thermal equilibrium is established immediately
behind the shock wave.

As the porosity and dispersity of a powder are
increased, the difference between Tpor and Te becomes
smaller, because the ratio of the volume of the heated
deformed surface layers (filling the pores) to the total
volume decreases. If the volumes of pores and UDD
particles are assumed to be equal, we obtain Tpor = Te for
UDDs. Under this assumption, the following two con-
clusions can be drawn.

(1) In the case of UDDs, diamond particles do not
play the role of “internal” heat sinks and the tempera-
ture after unloading is virtually equal to the temperature
behind the shock wave. Therefore, in order to prevent a
compressed UDD granule from graphitization, it
should be cooled by an external cooler, e.g., by a colder
metal surrounding the granule. Our calculations
showed [4] that the time required for UDD granules
0.2, 0.4, and 0.6 mm in diameter to be cooled from

Te p v 00 v–( )/2cp,=

Tpor T p/ 1 v 0/v 00–( ),=

1
2 3 4

5
6 6

1

Fig. 2. Setup for ampoule-less sintering of UDD granules in
lead. (1) TG40 charges, (2) mixture of lead and UDD gran-
ules, (3) lead, (4) tube, (5) plane lens, and (6) synchronous
circuit for setting off charges. The setup put in a water
jacket.
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2000 to 1000 K by molten lead at 613 K is 13, 45, and
80 µs, respectively.

(2) Equation (2) and the equilibrium temperatures
for shock compression found from experimental shock
adiabats for diamond powders [4] can be used to esti-
mate the shock compression temperatures of UDDs of
the same porosity, because Tpor for diamond is equal to
Te for UDDs. We used this method to estimate the com-
pression temperatures of UDD granules of density 1.8
and 2.0 g/cm3 in our experiments on sintering UDDs
(the corresponding setup is shown schematically in
Fig. 2).

Fig. 3. Phase diagram of carbon, shock adiabats, and pro-
cesses caused by shock-wave compression of UDD gran-
ules embedded in lead in the setup shown in Fig. 2. Shock
adiabats: (I) diamond single crystal, p0 = 3.5 g/cm3;

(II) lead, p0 = 11.3 g/cm3; (III) UDD, p00 = 2.0 g/cm3;

(IV) UDD, p00 = 1.8 g/cm3; (V) UDD, p00 = 0.6 g/cm3; and
(VI) graphitization curve of diamond. The values of p and T
are indicated for (1) lead under contact loading with a shock
wave produced by setting off TG40 charges, (2) UDD with
p00 = 1.8 g/cm3 in lead at point 1, (3) same but for UDD

with p00 = 2.0 g/cm3, (4) UDD in lead after compression
caused by the secondary reflected shock wave, (5) same but
for lead, (6) lead after its unloading in water starting from
point 5, (7) same but after full unloading, and (8) UDD after
unloading (starting from point 4) and cooling by molten
lead.
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The results of these experiments are presented in
Fig. 3. In the p–T plane, shock adiabats of diamond
powders and a diamond single crystal in the ranges p <
100 GPa and T < 5000 K represent a fan of straight lines
whose slope increases with UDD density. UDDs with a
density of 0.6 g/cm3 are strongly heated (to 7200 K
under a pressure of 23 GPa [4]); therefore, such highly
porous UDDs cannot be compressed to a pore-free state
and it is difficult to prevent their graphitization.

The experimental conditions are as follows. The
lead is subjected to a plane detonation wave generated
by setting off a charge of density 1.67 g/cm3 and char-
acterized by a pressure of 42 GPa and a temperature of
2100 K [9]. The shock wave compresses UDD granules
to pressures of 35 GPa (p00 = 2 g/cm3) and 30 GPa
(p00 = 1.8 g/cm3). As a result, the granules are heated to
4600 K and melt.

Due to the cumulative effect of the colliding shock
waves, the pressure in the lead and granules increases
further to 100 GPa but the temperature remains virtu-
ally unchanged. As a result, since the slope of the fusion
curve of diamond is positive, the state of the molten
UDD falls within the region of solid diamond in the
phase diagram and crystallization begins. The crystalli-
zation heat is absorbed by the colder lead. The granules
continue to cool further in the lead in the course of
unloading, which proceeds in two steps. First, the lead
is unloaded by water (in 20 µs) and then the water is
unloaded (in 80 µs).

The optimum initial UDD porosity for the liquid-
phase sintering to occur is likely to correspond to the
case where the pressure of the pore-free state is reached
at the melting point of UDD particles. Melting of a
UDD, as of any UFP, exhibits the following two spe-
cific features: it starts from the surface and occurs over
a temperature range, where the percentage of melted
particles varies from zero to 100% [10]. The melting
point of UDDs is 20–30% lower than that of bulk dia-
mond, as is the case with other UFPs [11].

Melting of UDDs under pressure and, in particular,
under shock-wave pressure has not yet been studied.

Depending on the specific pressure and initial
porosity of a given granule (near their optimum values),
the following two scenarios can be proposed for sinter-
ing. (1) Only the surface layers of UDD particles, rather
than the entire particles, are melted; as a result, a poly-
crystal with a nanostructure is obtained. (2) The UDD
particles in a granule are fully melted; therefore, a sin-
gle crystal can form in crystallization under pressure.

In both cases, to prevent the graphitization of poly-
crystals and single crystals and the formation of cracks
in them, the duration of cooling by the surrounding
metal in the course of relatively slow unloading must be
sufficiently long.

After refining the technologies of hydrogen cleaning
and granulation of UDDs, we performed experiments
on sintering UDDs without using a protecting ampoule.
P

The experimental setup is shown schematically in
Fig. 2. The granules ranged in density from 1.8 to
2.7 g/cm3 and in size from 0 to 600 µm. A certain quan-
tity of granules (approximately 0.4 kg) was mixed with
molten lead, and then a block thus obtained was com-
pressed in a chamber (ALIT company) by setting off
two 5-kg TG40 charges.

After acid treatment, the mixture of sintered gran-
ules and the UDDs synthesized in these experiments
were analyzed. The results are as follows.

(1) Isolated transparent diamond single crystals
0.6 mm in size in the form of twinned octahedra were
obtained, which is an unexpected result. The crystal
composition was investigated at the Institute of Prob-
lems of Materials Science (National Academy of Sci-
ences of Ukraine). The crystal was found to consist of
99.9% carbon, 0.1% oxygen, and 0.01% titanium. No
other elements were detected. In particular, Fe, Ni, and
Mn are absent; i.e., the single crystals are not catalytic
diamonds.

A relatively large single crystal was produced
through shock-wave compaction for the first time.
Therefore, a small part of the compressed UDD gran-
ules were under conditions that were optimal for pro-
ducing and preserving single crystals. Since UDDs are
in thermal equilibrium, i.e., any region of a compressed
granule is at the same equilibrium temperature, it is
likely that a fraction of the granules in our experiments
were fully melted and then cooled relatively slowly by
the surrounding molten lead.

Earlier, only highly disperse polycrystals had been
obtained under explosion conditions. We believe that,
in the future, the optimum density of UDD granules
will be found, experiments will be performed on a
larger scale, and a higher uniformity of compression
and unloading will be attained, which will make it pos-
sible to produce jewellery-grade diamonds (larger than
2 mm in size).

(2) At the pilot plant of the Institute of Superhard
Materials (National Academy of Sciences of Ukraine),
grades 80/63 and 125/80 µm were separated and stan-
dard strength tests were performed with them (50
grains of each grade). The compression strength was
measured using a DA-2M device. Particles were found
to vary in strength; for certain grains, the fracture load
was as high as 4.7 kg, which corresponds to grinding
diamond powers of grade AS80 [4] and suggests that
high-quality sintered UDD granules can be produced.

The large scatter in the strengths of the polycrystals
can be explained by the fact that the properties of the
granules and the compression conditions were nonuni-
form.

(3) In order to partly separate microscopic polycrys-
tals from fragile UDD aggregates, ultrasonic machining
of an aqueous suspension of such a mixture was per-
formed followed by sedimentation. The powdery sedi-
ment, as well as sintered granules, was black in color,
and its particles could scratch the polished surface of a
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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corundum single crystal and had clearly defined pro-
files [4]. A comparison of the grain-size distributions of
a UDD and a sediment, performed under identical con-
ditions using a Seisin granulometer (Japan company),
showed that these distributions are different; the sedi-
ment contains many more particles of a size within the
range 1–20 µm [4].

Thus, the results of our preliminary study suggest
that it is worthwhile to continue investigations of
shock-wave ampoule-less sintering of UDDs with the
aim of developing a technology for the industrial pro-
duction of high-quality diamond single crystals and
diamond polycrystals with nanostructure.
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Abstract—Nanoparticles with a modified surface are prepared from nanodiamonds produced in Russia. The
properties of modified nanodiamonds and their hydrosols and organosols are investigated by biophysicists with
the aim of preparing nanoparticles with controlled properties for solving biological problems. © 2004 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

In recent years, we have analyzed the possibility of
using nanodiamonds in biological investigations [1–3]
and reached the conclusion that, despite undeniable
advantages, detonation nanodiamonds have a number
of disadvantages from the biological and biochemical
standpoints. These are the impossibility of preparing
stable hydrosols without ultrasonic treatment, the diffi-
culties encountered in preparing hydrosols with speci-
fied concentrations of nanodiamonds, the formation of
nanodiamond aggregates upon autoclaving of hydro-
sols (which is a widely accepted method of sterilization
in biology and medicine), and the formation of nanodi-
amond aggregates in the course of freezing of hydro-
sols and subsequent thawing of ice (this technique is
frequently used for stabilizing the properties of biolog-
ical materials during long-term storage). In this respect,
we attempted to modify the surface of nanoparticles in
order to render their properties desirable for biological
investigations.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

The nanodiamonds used in our experiments were
synthesized at the Department of Physics of Nanodis-
persed Materials, Krasnoyarsk Research Center, and
the Federal Research and Production Center Altaœ
(Biœsk). The nanodiamonds were chosen because there
are two types of powders that, after addition of water
and treatment with an ultrasonic disperser, form or do
not form hydrosols that are stable over a long period of
time. The nanodiamonds synthesized at the Department
of Physics of Nanodispersed Materials (Krasnoyarsk
Research Center) according to the procedure described
in [4] and chemically purified using the technique pro-
posed in [5] possess the ability to form stable hydro-
sols. The Federal Research and Production Center Altaœ
has manufactured several types of nanodiamonds with
different properties. We performed the experiments
1063-7834/04/4604- $26.00 © 20716
with samples 1-3/91 and 30/92, which are incapable of
forming stable hydrosols.

As is known, many physicochemical properties of
nanodiamonds substantially depend on the composition
and properties of the particle surface formed in the
course of synthesis and chemical purification [6].
Apparently, it is almost impossible to affect the physic-
ochemical properties of nanodiamonds through modifi-
cation of the diamond core. Therefore, the properties of
nanodiamonds can be changed only by modifying the
nanoparticle surface. We used this approach and suc-
ceeded in preparing modified nanodiamonds free of the
above disadvantages.

In this work, we compared the characteristics of the
initial and modified nanodiamonds and did not dwell on
the technique of their modification. It should be noted
that all modified nanodiamonds possess similar charac-
teristics that do not depend on the properties of the ini-
tial nanodiamonds, which can differ significantly in
terms of the colloidal stability of the nanoparticles. For
this reason, we do not duplicate results of the same type
and present data for only one type of modified nanodi-
amond sample, with the manufacturer indicated.

An important parameter characterizing the nanopar-
ticle stability in hydrosols is the electrostatic repulsion
energy (ξ potential). Depending on the pH of hydrosols
and the purification procedure, the ξ potentials for the
nanodiamonds synthesized at the Department of Phys-
ics of Nanodispersed Materials (Krasnoyarsk Research
Center) vary from –30 to –38 mV [6, 7]. The ξ potential
for the modified nanodiamonds is shifted to the range
from –50 to –52 mV. According to the calculations car-
ried out by Chiganova [7], these changes lead to a con-
siderable increase in the electrostatic repulsion energy
of particles. This energy is proportional to the square of
the potential of a diffuse layer, which is taken equal to
the electrokinetic potential in dilute electrolyte solu-
tions: Ue ~ Ψδ2. Probably, the increase in the electro-
static stability of a disperse system provides aggrega-
tive stability for hydrosols formed by modified nanodi-
amonds. It is quite possible that a decrease in the
004 MAIK “Nauka/Interperiodica”
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surface impurity concentration, which is characteristic
of modified nanodiamonds (Table 1), has a specific
effect. Although the factors responsible for the
observed changes are as yet not entirely clear, we man-
aged to produce modified nanodiamonds with radically
new properties.

3. HYDROSOLS

As a rule, hydrosols of nanodiamonds can be pre-
pared only after ultrasonic treatment of a mixture of a
powder with water. In this case, hydrosols that are reli-
ably stable over a long period of time can be produced
at a content of no higher than 1 wt % [8]. Despite the
“rigid” preparation procedure with the use of ultra-
sound, part of the nanodiamond particles form a sedi-
ment, which leads to a change in their content in the
suspension. With the aim of determining the true con-
tent of nanodiamonds, it is necessary to dry the hydro-
sol aliquot and to measure the weight of the particles.
As a rule, nanodiamonds can be used only once to pre-
pare a hydrosol. Already after the first removal of the
dispersive medium and drying of the sample, in the
majority of cases, it is impossible to reproduce the
hydrosol without additional mechanical dispersion
even with ultrasonic treatment.

The powders of the modified nanodiamonds are
characterized by a high colloidal stability of the parti-
cles and form stable hydrosols even when water is sim-
ply added without ultrasonic dispersion. After repeated
removal of the dispersive medium and subsequent addi-
tion of water to the dry modified nanodiamond powder,
we once again obtain a stable hydrosol (Fig. 1).

Investigations into the properties of nanoparticles
revealed that the most significant difference in the sta-
bility of hydrosols with time is observed between the
initial nanodiamonds manufactured at the Federal
Research and Production Center Altaœ and the modified
nanodiamonds. As was noted above, these nanodia-
monds do not form stable hydrosols even after ultra-
sonic dispersion. The modified nanodiamonds prepared
from these particles form hydrosols upon simple addi-
tion of water. Particles (clusters) in hydrosols formed
by the modified nanodiamonds cannot be completely
sedimented even through centrifugation at 16000 g for
10 min (Fig. 2). This indicates a high colloidal stability
of the particles (clusters). It should be noted that the
ultrasonic treatment favors a further increase in the col-
loidal stability of the modified nanodiamonds in hydro-
sols.

From the biological viewpoint, the advantages of
hydrosols formed by modified nanodiamonds are the
high colloidal stability in solutions used in biological
investigations (buffer solutions, culture media, physio-
logical liquids) and the possibility of achieving a uni-
form distribution of nanoparticles in an agar gel.

The hydrosols of the initial and modified nanodia-
monds substantially differ in behavior in the course of
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
freezing–thawing cycles. During the formation of ice
crystals upon freezing of nanodiamond hydrosols,
nanoparticles are displaced from the aqueous phase and

Table 1.  Percentage of impurities in powders of the initial and
modified nanodiamonds (prepared at the Department of Phys-
ics of Nanodispersed Materials, Krasnoyarsk Research Center)

Chemical
element

Initial nanodiamond 
powder

Modified nanodiamond 
powder

Fe 5.7 1.20

B 1 1

Na 0.216 0.417

Ca 0.396 0.291

K 0.076 0.075

Cu 0.1 0.08

Al 0.03 0.02

Sr 0.055 0.02

Ti 0.2 0.1

Mg 0.034 0.002

Ni 0.006 0.004

Cr 0.0046 0.002

Sn 0.0016 0.0014

Pb 0.0015 0.0013

Mo 0.0004 0.0003

Mn 0.00033 0.00025

V 0.00012 0.000044

Ag 0.0000093 0.000003
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Fig. 1. Variations in the content of modified nanodiamonds
in liquid supernatants of hydrosols for 12 cycles of removal
and addition of the dispersive medium. The data are calcu-
lated from the optical densities of the hydrosols formed by
modified nanodiamonds (prepared at the Federal Research
and Production Center Altaœ) after their centrifugation at
16000 g for 10 min. The optical density of the initial hydro-
sol (the first addition of water to the modified nanodiamond
powder) without centrifugation is taken as 100%.
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form large-sized aggregates. Upon thawing of ice, the
nanodiamond aggregates precipitate and their repeated
transformation into the colloidal state becomes prob-
lematic. The formation of ice in hydrosols of modified
nanodiamonds is not accompanied by the precipitation
of large-sized nanoparticle aggregates, and, hence,
modified nanodiamonds retain the colloidal stability
after the thawing of ice.

Column chromatography (gel filtration), without
changing the properties of the sorbent matrix, can be
performed with hydrosols of modified nanodiamonds.

0 2 4 6 8 10 12 14 16
×1000 gWithout ultrasonic treatment

Ultrasonic treatment
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Fig. 2. Contents of modified nanodiamonds (prepared at the
Federal Research and Production Center Altaœ) in ultra-
sound-treated and untreated hydrosols after centrifugation.
The data are calculated from the optical densities of the ini-
tial hydrosols and liquid supernatants after centrifugation at
different accelerations for 10 min. The optical densities of
the initial hydrosols without centrifugation are taken as
100%.
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Fig. 3. Chromatograms of samples on the column with an
AcA 22 gel: (1) the hydrosol of modified nanodiamonds
(prepared at the Department of Physics of Nanodispersed
Materials, Krasnoyarsk Research Center) and (2) ferritin.
P

In the chromatogram measured upon gel filtration with
a column 1 × 46.5 cm in size at a flow rate of 5 ml/h, the
emergence of particles is characterized by one peak
(Fig. 3). We can assume that the modified nanodiamond
particles pass through a free volume of columns with-
out penetrating into the pores of gel sorbent particles.
The asymmetry of the peak most likely indicates a pos-
sible weak interaction of particles with the surface of
gel spherules. Chromatography of nanodiamond hydro-
sols under the same conditions leads to their irrevers-
ible location in the upper part of the gel into which the
sample is injected.

The use of modified nanodiamonds substantially
simplifies the preparation of hydrosols with a specified
concentration of nanoparticles. The high colloidal sta-
bility of the modified nanodiamonds permits us to
remove the restriction on a particle concentration of 1%
in stable hydrosols.

4. ORGANOSOLS

Stable colloidal systems of modified nanodiamonds
can be prepared not only in water but also with other
dispersive media. Table 2 presents the dispersive media
(the parameters of solvents were taken from [9]) in
which it is possible to obtain colloidal systems of mod-
ified nanodiamonds.

Dry powders of the initial and modified nanodia-
monds are incapable of forming colloidal solutions
(organosols) in pure organic solvents. However, unlike
the initial nanodiamonds, the modified nanodiamonds
can form organosols in the case when organic solvent–
water mixtures are added to a dry powder. For example,
the addition of the modified nanodiamond powder to a
35–40% ethanol solution leads to the formation of an
organosol without ultrasonic treatment.

The high colloidal stability of the modified nanodi-
amonds ensures the stability of nanoparticles in mix-
tures formed upon addition of their hydrosols to
organic solvents. In a number of cases, it is possible to
produce stable organosols with a high content of
organic solvents (for example, a 80% ethanol solution).
When the content of an added organic solution exceeds
the threshold value, a finely dispersed precipitate is
formed in the solution. The precipitate can be trans-
formed into the colloidal state by decreasing the
organic solution concentration through the addition of
water.

The high stability of modified nanodiamond hydro-
sols, which is virtually independent of the particle con-
centration, enables one to prepare organosols with a
high content of the dispersed phase.

As a rule, modified nanodiamond organosols pos-
sess high colloidal stability over a wide range of tem-
peratures, namely, from the boiling point to the freezing
point of the dispersive medium. After the thawing of
ice, the organosol retains the colloidal stability. In par-
ticular, the modified nanodiamond–ethanol organosol
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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is stable to a temperature of –82.5°C [the temperature
was specified with a ScienTemp kelvinator (USA)] and
also after the thawing of ice obtained by freezing in liq-
uid nitrogen.

Earlier, we demonstrated that nanodiamonds can be
used in biotechnologies, namely, in the rapid separation
of a recombinant protein from a crude protein extract
[1] and in the creation of planar luminescent biochips
[2]. These applications are based on the ability of nan-
odiamonds to adsorb protein molecules. The results of
investigations into the adsorption of marker protein
cytochrome C demonstrated that modification of the
nanoparticle surface does not result in a change in their
sorption properties.

It should be noted that modified nanodiamonds are
not ideal objects. This is indicated by the decrease in
their colloidal stability upon multiple drying of hydro-
sols, which is apparently associated with the aggrega-
tion of nanoparticles (Fig. 1). However, despite this
fact, modified nanodiamonds offer a number of consid-
erable advantages over nanodiamonds in biological
investigations. The use of modified nanodiamonds
allows one to prepare stable hydrosols with a controlled
weight concentration of particles. The autoclaving of
modified nanodiamond hydrosols does not lead to pre-
cipitation or aggregation, which permits their use in
research that requires aseptic (sterile) conditions. The
retention of the colloidal stability by modified nanodi-
amond hydrosols after freezing–thawing cycles, in

Table 2.  Solvents forming dispersive mixtures used for pre-
paring stable colloidal solutions of modified nanodiamonds
(prepared at the Department of Physics of Nanodispersed
Materials, Krasnoyarsk Research Center)

Solvent δ δd δo δa δh η

Acetone 9.4 6.8 5 2.5 0

1,2-Dichloroethane 9.7 8.2 4 0 0 0.79

Ethanol 11.2 6.8 4 5 5 1.2

Dimethylformamide 11.5 7.9

Acetic acid 12.4 7.0 1.26

Dimethyl sulfoxide 12.8 8.4 7.5 5 0 2.2

Water 21 6.3 Large

Designations: δ is the solubility parameter (calculated from the boil-
ing point), δd is the dispersion solubility parameter, δo is the orien-
tational (polar) solubility parameter (approximate values), δa is the
proton-acceptor solubility parameter (approximate values), δh is the
proton-donor solubility parameter (approximate values), and η is
the viscosity at 20°C.
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addition to the aforementioned properties, allows us to
consider them to be similar to other reactants used in
biological investigations. In some cases, this makes it
possible to retain techniques and stereotypes estab-
lished in biology.

5. CONCLUSIONS

Thus, the results obtained in this work can be sum-
marized as follows.

(1) Modified nanodiamonds with useful properties
that are lacking in the initial materials were prepared
from nanodiamonds fabricated in Russia.

(2) The modification of the properties of nanodia-
monds was aimed at adapting them to biological inves-
tigations. Moreover, the modified nanodiamonds can
most likely be used in all fields of application of nano-
diamond sols with a high colloidal stability, minimum
sizes of the nanoparticle clusters, and a specified con-
centration of nanoparticles.
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Abstract—Various routes to grow nanocrystalline diamond films by the chemical vapor deposition technique
are reviewed. Among the various routes, NCD films deposited on mirror-polished silicon substrates by biased
enhanced growth by microwave plasma chemical vapor deposition are described in detail. The qualitative con-
centration of NCD was assessed by Raman spectroscopy and x-ray diffraction patterns of the films. The hard-
ness of the films approaches that of natural diamond at optimized conditions while still having a low amount of
stress (<1 GPa). © 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

Conventional polycrystalline diamond films com-
posed of micrometer-sized diamond crystal (microc-
rystalline diamond, MCD) grown by chemical vapor
deposition (CVD) have surface roughness, which limits
its uses in many potential areas. For example, the high
surface roughness is a major problem for machining
and wear applications [1, 2]. Two solutions can be sug-
gested to overcome the problem of high surface rough-
ness: either postpolishing can be adopted or naturally
grown smooth films can be developed without signifi-
cantly compromising their useful properties. However,
postpolishing is expensive and time-consuming [3–5],
and it may be considered better to concentrate on as-
grown smooth and hard films [4–7]. Nanocrystalline
diamond (NCD) films, which have superb tribological
properties, can be a better alternative of postpolished
conventional chemical vapor deposited diamond films.
Moreover, smooth NCD films will be used as a DNA
chip, electrochemical electrode, heat sink, SAW filter,
MEMS, NEMS, etc. Some studies (growth method
properties and applications) that have been carried out
on NCD in various laboratories all over the world can
be found in detail in the most recent review article [8].

A common feature of the majority of the deposition
techniques of CVD diamond films is a high concentra-
tion of the hydrogen gas (H2) used as one of the constit-
uents with some hydrocarbon gas, such as CH4. The
high concentration of H2 results in the generation of a
large flux of atomic hydrogen, which is generally
believed to play a central role in the various diamond
CVD processes. The growth of diamond is described to
take place mostly via surface processes of addition and
abstraction of radicals from the gas phase [9, 10].
Before realizing the importance of growing a naturally
smooth surface, the aim in the area of CVD diamond

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20720
was to maximize the crystalline quality of CVD dia-
mond. However, diamond grown under nonoptimum
conditions, such as with a lower hydrogen concentra-
tion or higher carbon activity in the plasma, gives films
with small grain size, e.g., several nanometers.

In the already existing ways to grow smooth NCD
films, a number of techniques and conditions have been
employed. As the need to have as-grown smooth dia-
mond films arose in the last few years, new routes have
also emerged that are mostly aimed at growing smooth
NCD films. In this paper, based on the literature, some
of the growth routes of NCD are briefly discussed fol-
lowed by a description of some properties of NCD films
grown particularly using biased enhanced growth.

2. NANOCRYSTALLINE DIAMOND
GROWTH ROUTES

2.1. Hydrogen Deficient Gas Phase

One such process that has been studied in detail was
developed at Argonne National Laboratory, USA [11,
12]. In this process, carbon dimer (C2) is used as a reac-
tive species in hydrogen deficient (CH4/Ar or C60/Ar)
microwave plasma CVD [11]. C2 is produced by replac-
ing molecular hydrogen by argon and using CH4 or C60
as precursor gases and also by using N2/CH4 as the
reactant gases in a microwave plasma CVD (MPCVD)
system. The NCD films grown on diamond-seeded sub-
strates by this technique are composed of 3-to -15-nm
diamond crystallites with up to 1–10% sp2 carbon
residing at the boundaries [10]. Lin et al. [13] studied
the CH4/H2/Ar process in a hot filament CVD
(HFCVD) system and proposed a compositional map,
which demarcates regions with well-faceted diamond
growth, NCD, and nondiamond deposition. Well-fac-
eted MCD (2–10 µm) grow up to 90% Ar. They
reported a change in the microstructure from MCD to
004 MAIK “Nauka/Interperiodica”
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NCD, with a grain size smaller than 50 nm, with the
addition of 95.5% Ar.

The effects of adding nitrogen to CH4/H2 have also
been reported. Wu et al. [14, 15] grew NCD films using
N2/CH4/H2 in an MPCVD system. NCD films with a
grain size of 8 nm embedded in the a-C matrix were
obtained without any hydrogen. The diamond crystal-
lite size in their films increases from 20 to 50 nm as the
hydrogen is increased from 5 to 10 sccm, respectively.

Lee et al. [16, 17] developed a low-temperatures
process (350 < T < 500°C) for a low power but high
growth rate (up to 2.5 µm/h) NCD film by MPCVD.
They used CO-rich CO/H2 mixtures and obtained
smooth NCD films with a grain size of 30–40 nm. The
temperature at which the peak growth rate is obtained
in this temperature window decreases as the CO/H2
ratio decreases. Recently, Teii et al. [18] also reported
the growth of NCD films 20 nm in size at low pressure
(80 mTorr) at 700°C by inductively coupled plasma
employing CO/CH4/H2 and O2/CH4/H2. In this case, a
positive biasing of 20 V was applied to the substrate to
reduce the influence of ion bombardment. The films
consisted of ball-shaped grains 100 nm in size that are
further composed of 20-nm NCD grains.

2.2. Biased Enhanced Nucleation/Growth
Using a CH4/H2 Gas System

In the case of the growth route for NCD by hydrogen
deficient plasmas (Section 2.1), the substrates were
mostly pretreated externally before deposition either
ultrasonically or mechanically using diamond or other
abrasive powders. There is another well-established
method to nucleate diamond internally in the conven-
tional growth of MCD films called biased enhanced
nucleation (BEN) [19], in which the substrates are a
biased, negatively hydrocarbon-rich mixture of hydro-
carbon–hydrogen precursor gases. This method, which
results in a high density of diamond nucleation
(1010 cm–2 or greater), is the first step and is followed by
another one step or two steps to grow heteroepitaxial
diamond films. In order to achieve overgrowth of dia-
mond on these nuclei, the BEN process is followed by
conventional growth in which the bias is turned off and
the growth is continued with a lower percentage of
hydrocarbon in the gas phase. It was observed that, in
the later stages of growth, when the biasing is turned
off and the ratio of hydrocarbon to hydrogen is
reduced, only the stable part of the nuclei continue to
grow, while remaining get etched off in the process due
to the increased concentration of hydrogen in the gas
phase [20].

To obtain an NCD film, Sharda et al. [21–23] sug-
gested achieving higher densities of diamond nucle-
ation, similar to the BEN process, and, second, in the
later stages, maintaining the same high density and
continuing their growth throughout the process. In
order to materialize this idea, they extended the BEN in
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
an MPCVD system for the whole growth process and
termed their process biased enhanced growth (BEG), in
which they obtained diamond nucleation and growth on
silicon substrates in a single process. The details of the
BEG process will be described later.

2.3. Diamond Seeding

Yang et al. [24] grew transparent diamond films
with a crystallite size below 70 nm in hydrogen and
methane microwave plasma CVD on quartz substrates
ultrasonically pretreated by 0.5 µm diamond powder
for 30 min. Grain size and surface roughness were
observed to decrease with increasing methane concen-
tration. A significant reduction in grain size seems to
occur at 3% methane, which further reduces at 4%
methane even though the nanodiamond concentration
in the films also increases. The crystallite size, as esti-
mated by TEM, was 30 nm near the interface and
increased to 65 nm near the growth side.

In another method, a diamond layer can be coated
on substrates by dielectrophoresis or the spraying
method. Zhu et al. [25] attached thin nanostructured
diamond films to silicon substrates by the spraying or
brushing technique using commercially available 10- to
100-nm micropolycrystalline diamond particles (pro-
duced by explosives), with each of the particles consist-
ing of 1- to 20-nm crystallites and the associated grain
boundaries in an aqueous suspension. Gohl et al. [26]
deposited a nanodiamond powder coating by the dielec-
trophoresis technique. They used a nanodiamond pow-
der of size 1–10 nm produced from shock synthesis on
a Si tip array, rough Si stumps, and flat standard mirror-
polished Si substrates. Xu et al. [27] deposited a nano-
structured diamond coating on etched silicon substrates
by the dielectrophoresis method using ~5-nm nanodia-
mond powder (produced by explosives) by suspending
them in ethanol. Maillard-Schaller et al. [28] deposited
diamond nanoparticles 4–5 nm in size on flat Si(100)
substrates by electrophoresis/dielectrophoresis. Hiraki
[29] grew diamond films at 200°C by nanodiamond
seeding.

3. BIASED ENHANCED GROWTH
OF NCD FILMS

In this section, we will discuss the growth of NCD
by the BEG process in detail. The NCD films were
grown by the BEG process in a 2.45 GHz device (Seki
Technotron Corporation, Japan; formerly, Applied Sci-
ence and Technology, USA) made in the MPCVD sys-
tem. The mirror-polished Si(100) substrates were kept
on a Mo holder resting on a graphite susceptor. No dia-
mond powder of any other ex situ treatment was per-
formed prior to the depositions. The substrate assembly
was immersed in 5% methane and hydrogen plasma. In
a special arrangement of the substrate assembly, a
quartz shield was used to cover the conducting parts of
the substrate holder assembly (other than the substrate).
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This assembly enhances the bias current density when
a negative bias is applied to the substrate at low micro-
wave powers without affecting the microwave plasma.
The whole growth was performed for 60 min in a single
stage run without breaking the bias to the substrate,
unlike in the conventional two- or three-stage process
for the heteroepitaxial growth of diamond [30, 31]. The
applied biasing voltage was varied from 200 to 320 V
with all other parameters kept constant. Films were
grown at a pressure of 30 Torr (~4000 Pa) with a micro-

300 nm

Fig. 1. High-resolution SEM micrograph of an NCD
sample.
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Fig. 2. Typical Raman spectra of an NCD film and MCD
film.
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wave power of 1000 W at 600°C. The substrate temper-
ature was measured using a thermocouple at the back-
side of the substrate holder.

Structural characterization of the films was carried
out using Raman spectroscopy, x-ray diffraction
(XRD), scanning electron microscopy (SEM), and
atomic force microscopy (AFM). The laser Raman
spectra were obtained in the range 1000–1700 cm–1

with a step of 1 cm–1. An Ar+ laser (λ = 488 nm) with a
spot size 200 µm in diameter was used for recording the
spectra. The hardness of the films was measured by a
nanoindentor (UMIS-2000) using a Berkovich dia-
mond pyramid.

The stress in the films was calculated by measuring
the radius of curvature of the substrates before and after
the deposition using a modified Stoney equation. The
curvature of the films was measured by an Alpha-500
profilometer. The length of a scanned sample segment
was 5 mm.

4. PROPERTIES OF NCD FILMS GROWN
BY BIASED ENHANCED GROWTH

A high-resolution SEM photograph of the NCD film
grown at –200 V is shown in Fig. 1. Careful observation
of the micrograph reveals that the film consists of
bunches of sharp faceted nanocrystallites less than
30 nm in size. The transmission electron microscopic
examination of the same film showed nanocrystallites
confined in the form of oriented nanodiamond tubes
10–30 nm in size with a height of a few hundreds of
nanometers. Although this structure resembles the
columnar or dendritic kind of growth, nanocrystals
being confined in nanodiamond tubes is a unique fea-
ture of the new approach and method presented in this
article. These nanodiamond tubes, having a high pack-
ing density of crystallites, appeared to be nearly paral-
lel to the film growth direction. The corresponding
electron diffraction patterns were indexed to diamond,
with the [111] and [220] diamond textured rings having
their texture maxima parallel to the [111] and [220] Si
diffraction spots, respectively, when superimposed.
This indicates that the majority of the NCD crystallites
are preferentially oriented to the Si substrate. On the
other hand, the film grown at –320 V, 5% CH4/H2, and
a substrate temperature of 600°C showed a very differ-
ent microstructure. This film also had a high packing
density but of randomly oriented diamond crystallites
2–5 nm in size. The detailed structure of the NCD film
will be published elsewhere [32].

Figure 2 shows the typical Raman spectra of the
nanocrystalline films and conventional polycrystalline
diamond film. The most significant feature in the
Raman spectrum of the NCD film is the intense peak
near 1150 cm–1 without any feature near 1332 cm–1, an
unambiguous signature of cubic crystalline diamond.
Although the origin of this peak is assigned to the
trans-polyacetylene [33], it is widely accepted to be
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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related to NCD [34]. The absence of any peak near
1332 cm–1, in spite of having an intense NCD feature,
could be due to a high density of defects incorporated
in the films but could also be a sign of uniformly dis-
tributed short-range sp3 crystallites in the films [17, 35].
The other significant bands, near 1350 and 1580 cm–1,
are well-known graphitic D and G bands. The Raman
feature near 1500 cm–1 may be related to the disordered
sp3 carbon in the films [34]. The intensity of this band
increases in proportion to the intensity of the NCD fea-
ture in the films, as observed by others also [35]. A high
density of defects and a significant amount of graphitic
carbon are, in fact, expected in the growth of uniformly
distributed short-range nanocrystals of diamond
because of their large grain boundary area.

Figure 3 shows the Raman spectra of the films
deposited on Si(100) at biasing voltages of 200 and
320 V. It should be noted that deposition did not take
place when the biasing voltage was lower than 200 V.
As can be seen, the intensity of the NCD Raman feature
almost vanishes in the films grown at 320 V. Moreover,
there is a drastic variation in the position of the gra-
phitic G band in the film grown at 320 V. It appears that
the relative concentration of sp3 to sp2 carbon of the
films decreases with biasing voltage in the films. This
suggests that the relative intensity of the NCD Raman
feature decreases as the biasing voltage increases. In
fact, the NCD Raman feature appeared to have almost
vanished in the films grown at 320 V. Moreover, there
was a drastic variation in the position of the graphitic G
band in the films grown at 320 V. Overall, it appears that
the relative concentration of sp3 to sp2 carbon of the
films decreases with biasing voltage in the films. How-
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ever, it should be noted that no peaks associated with
graphite could be identified in our films.

The XRD patterns of the films at biasing voltages of
200 and 320 V are shown in Fig. 4. The calculated inter-
planar spacing corresponding to the peaks at 2θ ~
44.05, 75.25 ± 0.20° in the XRD patterns of the films
match closely with the interplanar d values of the (111)
and (220) planes of cubic diamond, respectively. It
should be noted that the full width at half maximum
(FWHM) of the diamond peaks in the films is in general
high as compared to the MCD films. This is well corre-
lated with the fact that diamond nanocrystallites are
present in our films. It should be noted that no peaks
associated with graphite or features related to amor-
phous carbon could be identified in our films.

Figure 5 illustrates the summary of the properties
grown at different biasing voltages. The hardness of the
films decreases with an increase in biasing voltage.
Although not shown here, the hardness of NCD films
grown by the BEG process at 200 V approaches the
hardness of natural diamond when the thickness is
increased to 4 µm [22]. The Raman peak ratio In/Ig (the
ratio of the 1150 cm–1 feature to graphite G band) varies
in the same fashion as the hardness of the films, indicat-
ing that the relative concentration of NCD in the films
may be responsible for the hardness of the films. The
stress in the films increases with increasing bias voltage
and increases drastically in the film grown at 320 V. The
samples grown at 320 V were visibly bent and
accounted for an enormous stress in the films [36]. It
should be mentioned that no bending was observed in a
sample treated in a separate experiment at a bias volt-
age of –320 V for an hour using only hydrogen, i.e.,
without any methane in the gas phase. This means that
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the bending occurs solely due to the stress generated in
the carbon film deposited on the wafers. To the best of
our knowledge, there have not been any reports of such
an enormous amount of stress in carbon films. This may
be mainly because the films deposited by other groups,
if there was a compressive stress greater than 2 GPa,
delaminated soon after the deposition due to weak
adhesion [37, 38]. However, in our case, a strong adhe-
sion of the films to the substrate is developed, making
it possible to observe such a large amount of stress. The
strong adhesion in our films may be a result of subplan-
tation of carbon ions with an optimized flux density
into the substrate in the initial stages of growth. The
layer thickness does not vary much while increasing the
biasing voltage from 200 to 260 V but increases drasti-
cally at 320 V, almost the same as the stress in the films
varied with the biasing voltage. The rms surface rough-
ness of the films first decreases slightly in the film
grown at 260 V, followed by a significant increase in the
film grown at 320 V.
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It should be noticed here that, unlike the case of the
growth of ta-C and DLC films by energetic carbon spe-
cies [38–41], the hardness and stress in the films follow
reverse trends with deposition parameters (except in a
few cases in temperature series). For example, the hard-
ness in the films decreases with an increase in the bias-
ing voltage and increases with an increase in the meth-
ane concentration, whereas the value of the stress in
both series follows exactly the reverse trends. There-
fore, interestingly, in our case, the NCD film grown
under optimum conditions for longer deposition time
by the BEG process in the MPCVD system shows the
highest hardness with the lowest stress. Another advan-
tage from this new route of growth is that any thickness
can be grown because of the strong adhesion of the
films to the substrate. The layer thickness first increases
gradually up to 35 min of growth, followed by a linear
increase with time, as expected. The calculated growth
rate under optimum conditions is as high as approxi-
mately 1 µm/h.

5. CONCLUSIONS

Nanocrystalline diamond films appear to be quite
attractive as smooth diamond films. Several routes for
the growth of chemical vapor deposited NCD films
were reviewed. Some important results were also high-
lighted in the growth of NCD films on mirror-polished
Si substrates by a particular route in the microwave
plasma CVD system termed biased enhanced growth.
In a special arrangement made in the microwave
plasma CVD system, it was shown that the growth of
NCD occurs when a certain negative voltage is applied
to the substrate. The NCD characteristics, as assessed
by Raman spectroscopy and XRD, decrease, the hard-
ness decreases, and the stress in the films increases as
the bias voltage is increased.
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Abstract—The electrochemical behavior of composite materials based on nanodiamond and carbal is investi-
gated in the course of cathodic intercalation of lithium from an LiPF6 solution in a mixture of propylene car-
bonate and diethyl carbonate. The amount of lithium intercalated into the composite increases monotonically
with an increase in the content of nondiamond carbon. It is concluded that, in the studied composites, the elec-
trochemically active phase is graphite-like carbon distributed over the nano-(micro-)diamond skeleton. The
intercalation capacity of carbal is approximately equal to 33 mA-h per gram of graphite-like carbon. © 2004
MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Nanodiamond–pyrocarbon composite (NDC) mate-
rials [1] can serve as model objects for the investigation
of various phenomena observed in carbon nanomateri-
als. In NDC materials, 4- to 5-nm diamond particles are
bound through a graphite-like carbon matrix to form a
composite. The matrix has the form of a thin layer (less
than 1 nm thick) on the surface of the diamond parti-
cles. The NDC samples differ in the ratio between the
diamond and graphite-like phases, and their specific
surface varies from 220 to 350 m2/g. These materials
are characterized by a high open porosity. In recent
years, NDC has been investigated as a promising mate-
rial for field-emission cathodes, sorption, and sub-
strates for the deposition of diamond films [1].

In this work, we investigated the cathodic intercala-
tion of lithium into composite electrodes. Carbon-
based electrodes are widely used in lithium-ion accu-
mulators [2]. In these accumulators, the negative elec-
trode is an intercalation compound of lithium with car-
bon. During charging of the negative electrode, i.e.,
during cathodic polarization of the electrode in a lith-
ium salt solution in an organic solvent, Li+ discharges
and, then, lithium is incorporated (intercalated) into the
carbon crystal lattice:

xLi+ + xe– + 6C  LixC6.

Upon intercalation of lithium into graphite, the x value
changes in the range from 0 to 1. Consequently, the
intercalation capacity of graphite amounts to one lith-
ium atom per six carbon atoms or, with allowance made
for the Faraday law, 372 mA-h/g. The intercalation
capacity is an important characteristic of the accumula-
tor: the greater the intercalation capacity, the better the
1063-7834/04/4604- $26.00 © 0726
accumulator. The intercalation and deintercalation
should proceed at sufficiently high rates. In this case,
the accumulator can be charged and discharged using
heavy currents.

The above features of the NDC materials make them
interesting for the study of the electrochemical interca-
lation of lithium. Actually, these materials possess a
developed surface of pores, which are covered with a
layer of graphite-like carbon; as a result, the entire sur-
face of the pores is accessible for the processes under
investigation.

2. EXPERIMENTAL TECHNIQUE

The NDC samples contain particles of detonation
nanodiamond (the volume content is 28 vol %) that are
bound through a graphite-like (pyrocarbon) matrix. The
procedure for synthesizing NDC materials was
described earlier in [1]. In the NDC-10, NDC-30, and
NDC-40 samples, the contents of graphite-like carbon
were equal to 9.1, 23, and 28%, respectively, and the
effective thicknesses of the graphite-like layer were 0.2,
0.6, and 0.8 nm, respectively.

Moreover, we studied samples of carbal material.
This material is a composite in which diamond particles
are also bound through a pyrocarbon matrix [3]. Carbal
is an analog of NDC, but its structural units are of a dif-
ferent size. The size of diamond particles is equal to
0.3 µm, the specific surface is 8 m2/g, the thickness of
the graphite-like layer on the surface of diamond grains
varies from 10 nm to 1 µm, and the pyrocarbon content
is 29%.

The electrodes were examined in model cells con-
taining one working electrode, two lithium counterelec-
2004 MAIK “Nauka/Interperiodica”
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trodes, and a lithium reference electrode [4]. All the
electrodes used were isolated from each other by sepa-
rators fabricated from a PORP porous polypropylene.
The working electrodes were preliminary dried under
vacuum at a temperature of 130°C for 8 h.

The model cells were assembled in a glove box in an
argon atmosphere. A 1 M LiPF6 solution in a 1 : 4 mix-
ture of propylene carbonate and diethyl carbonate was
used as an electrolyte. The water content in the electro-
lyte was measured according to the Fischer method and
did not exceed 50 ppm.

The cycling of the composite electrodes (cathodic
intercalation and anodic deintercalation of lithium) was
performed under galvanostatic conditions at a current
density of 0.02–0.12 mA/cm2 (3 mA per gram of graph-
ite-like carbon). The voltage across the lithium elec-
trode was varied in the range from 2.00 to 0.01 V.

The spectra of the electrochemical impedance in the
frequency range from 0.01 Hz to 100 kHz were mea-
sured on a Solartron (Model 1250) spectral analyzer
equipped with an electrochemical interface (Model
1286).

3. RESULTS AND DISCUSSION

The charge–discharge curves of the NDC-10, NDC-
30, NDC-40, and carbal samples are shown in Fig. 1.
For all samples, the charge–discharge curves have a
shape typical of the curves obtained for nongraphitized
carbon. Specifically, the charge–discharge curves have
no clearly defined plateaus in the vicinity of the lithium
potential (0 V). Cathodic polarization is accompanied
not only by lithium intercalation (i.e., the process
responsible for the reversible capacity) but also by
reduction of the electrolyte (the process responsible for
the irreversible capacity). This concurrent process is
most pronounced during the first cycle. The reduction
of the electrolyte at the electrode surface results in the
formation of an inert film. The film prevents further
reduction of the electrolyte but does not hinder the
intercalation–deintercalation of lithium, because it is
conductive with respect to the Li+ ions. The ratio of the
anodic quantity of electricity to the cathodic quantity
(the Coulomb efficiency of cycling) for all NDC sam-
ples is equal to 1.5–2.0% during the first cycle. Note
that the Coulomb efficiency of cycling of the carbal
sample during the first cycle is one order of magnitude
higher than that for the NDC samples.

The amount of lithium incorporated into the NDC
sample increases monotonically as the content of non-
diamond carbon increases from the vanishingly small
value for the NDC-10 sample to the value correspond-
ing to ~10 mA h per gram of graphite-like carbon for
the NDC-40 sample. Therefore, it can be concluded
that, in the NDC samples, the electrochemically active
phase is graphite-like carbon distributed over the nano-
diamond skeleton.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
A similar situation occurs with field electron emis-
sion from NDC materials [5] when graphite-like layers
serve as emission centers. The presence of diamond
nanoparticles determines the geometry of these layers
(quasi-two-dimensionality) and its attendant quantum-
well effect.

The charge–discharge curves of the carbal sample
differ significantly from those of the NDC samples both
in the shape and the amount of accumulated electricity.
The deintercalation capacity of carbal amounts to
approximately 33 mA-h per gram of graphite-like car-
bon, i.e., approximately 10% of the theoretical limit for
the LiC6 stoichiometry. An increase in the intercalation
capacity for the carbal sample can be explained by the
greater thickness of the graphite-like carbon film (in the
NDC samples, the film is considerably thinner: it can
comprise only a few graphite layers, and, therefore, the
intercalation possibilities for lithium are reduced to a
minimum) and the higher degree of ordering of graph-
ite layers deposited on coarser diamond particles in
carbal.

Figure 2 shows the impedance loci measured for the
carbal electrode in a working solution before (curve 1)
and after (curve 2) the intercalation of lithium. Each
locus represents a distorted semicircle and corresponds
approximately to the equivalent circuit presented in the
inset. The elements of this circuit were determined by
minimizing the mean-square deviation of the modulus
of the measured impedance from the modulus of the
impedance calculated with a computer program [6].
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Fig. 1. Charge–discharge curves of negative electrodes in an
LP-20 electrolyte: (1) NDC-10 (9.1% graphite-like carbon),
(2) NDC-30 (23% graphite-like carbon), (3) NDC-40 (28%
graphite-like carbon), and (4) carbal. The current densities
are 3 and 6 mA per gram of graphite-like carbon for the
NDC and carbal samples, respectively.
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The physical meaning of the elements constituting
the equivalent circuit is not determined completely. It
can be assumed that the resistance R0, which remains
unchanged upon the intercalation of lithium, accounts
for the bulk resistance of the composite electrode and
the electrolyte; the circuit (R1C1) corresponds to the
electrode–electrolyte interface; and the circuit (R2C2)
characterizes the intercalation of lithium. After the
incorporation of lithium, the differential capacitance C2

C1

R0

R1 R2

C2

50
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–Im Z, Ω
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2

Fig. 2. Impedance loci of the carbal electrode in a working
solution (1) prior to and (2) after intercalation of lithium.
The inset shows the equivalent circuit of the electrode.
P

for the carbal electrode increases by one order of mag-
nitude. The variations in the loci for the NDC sample
are considerably less pronounced, which can be
explained by the smaller amount of intercalated lith-
ium.

At present, it is difficult to evaluate the prospects for
using (nano)diamond–pyrocarbon composites in chem-
ical sources of electric energy. However, the first results
indicate that investigation of the intercalation of lithium
is an informative method for evaluating the electrical
and electrochemical characteristics of the composites.
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Abstract—A suspension of ultrafine-dispersed nanodiamond was used for introducing (in particular, selec-
tively) high-density centers of diamond nucleation on various substrates. High-quality doped diamond films to
be used as electrochemistry electrodes were deposited from the gas phase in a microwave discharge on certain
substrates treated using ultrafine-dispersed nanodiamond. A uniform distribution of nucleation centers with
concentrations greater than 1010 cm–2 on silicon substrates was obtained. Electrochemical current–potential
curves were measured for continuous films. Diamond meshes of different transparency were grown using selec-
tive nucleation. Successful production of high-quality doped diamond meshes gives grounds to consider them
the most promising electrodes for use in electrochemistry. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

One of the most promising applications of semicon-
ductor diamond is its use as electrodes for electrochem-
ical processes [1]. The method of realizing hole con-
duction in diamond is well known and consists in dia-
mond doping with boron, which is quite easily
activated even at room temperature [2–5]. In this case,
the resistivity is controlled by the density of boron
atoms in the diamond crystal lattice, the defect density,
the average crystallite size, and the properties of inter-
crystallite regions, where charge carriers are scattered.

The service life of a diamond film electrode is deter-
mined not only by the electrochemical stability of the
diamond itself but also by the properties of the intercrys-
tallite regions (the film is polycrystalline). Diamond
electrodes are most sensitive to microscopic punctures.
Indeed, the thickness of a diamond coating must be as
small as possible to reduce costs. However, since the ini-
tial nucleation is nonuniform, the density of diamond
nucleation centers is also nonuniform; therefore, films
that are several microns thick must be grown in order to
“heal” all the punctures. Our measurements show that
even the presence of submicron punctures in a film can
result in degradation of the entire electrode due to the
penetration of the electrolyte into the substrate, its etch-
ing, and the separation of the diamond film. On the other
hand, with increasing film thickness, the problem of film
separation arises due to large internal stresses caused by
the difference between the coefficients of thermal
expansion of the substrate and the film.
1063-7834/04/4604- $26.00 © 0729
Thus, the development of a technique for homoge-
neous nucleation with a nucleation center density
exceeding 109 cm–2 is of fundamental importance for
producing diamond electrodes. The mechanical grind-
ing by diamond powders that is traditionally employed
cannot be applied because of the low homogeneity and
high defect density. We believe that the introduction of
nucleation centers by using detonation nanodiamonds
and polymers (photoresists) would be the most appro-
priate technique for this purpose. In this method, a nan-
odiamond powder (of ASDU grade) is mixed with a
photoresist and then is deposited on a substrate. At the
beginning of the deposition, the substrate is treated by
a hydrogen plasma, with the result that the polymer is
removed and the remaining nanodiamond particles
become nucleation centers.

The development of a technique for selective depo-
sition of doped diamond films [6, 7] is an important
problem, since in discontinuous films there is practi-
cally no internal stress (or it is strongly reduced), the
working area is increased, and one can use free meshes
as electrodes without substrates susceptible to etching.
Experiments on the deposition of boron-doped dia-
mond films or on selective growth of diamond films are
well known; however, we are not aware of any studies
where the possibility of selective deposition of high-
quality conducting submicron diamond films is demon-
strated.

The present study deals with the gas-phase deposi-
tion (including selective deposition) of high-quality
2004 MAIK “Nauka/Interperiodica”
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boron-doped diamond films in a resonator-type reactor
in which the process is activated by microwave dis-
charge. We also studied the possibility of using the pre-
pared samples as electrodes for electrochemical appli-
cations. Diamond films were deposited from a H2 +
C2H5OH + B(CH3O)3 gas mixture in a microwave
plasma. The morphology and the crystalline structure
of the deposited films were studied. We measured and
analyzed the current–potential curves for diamond
films deposited on different substrates placed in an inert
electrolyte solution.

2. EXPERIMENTAL

2.1. Selective Deposition

The substrates were Si(100) plates with a resistivity
of 4.5 Ω cm and linear dimensions of 15 × 15 × 0.4 mm.
To obtain a high density of nucleation centers, we used
seeds of nanocrystalline ultrafine-dispersed diamond
following the method described above. In order to
improve the homogeneity of the original distribution of
nucleation centers, a nanodiamond suspension in a pho-
toresist was deposited on the surface by centrifuging.
The nanodiamond concentration and the deposition
modes were chosen so as to produce a homogeneous
distribution of nucleation centers with a density of
1010–1011 cm–2. For selective deposition of diamond
films, the photoresist film containing a diamond nanop-
owder was selectively removed from specific surface
areas by using standard lithographic techniques.

2.2. Mechanical Deposition

A number of metal substrates for the deposition of
continuous diamond films were prepared by using the
standard procedure of mechanical grinding of the metal
surface by a nanodiamond suspension.

2.3. Experimental Setup

The resonator-type microwave setup used in our
experiments was constructed according to the classical
scheme: an mw waveguide, a gas pipe, and a discharge
chamber. In the course of the deposition, the plasma
emission spectrum was measured by using a spectro-
scopic system.

We used a 6-kW magnetron (frequency 2.45 GHz)
as a source of mw energy in our setup. The discharge
was ignited immediately above the substrate on which
a diamond film was deposited.

Films were deposited from H2 + C2H5OH +
B(CH3O)3 mixtures. Boron- and carbon-containing
substances were transported to the chamber by passing
hydrogen through alcohol with dissolved trimethyl
borate. The liquid phase was placed in a special temper-
ature-stabilized evaporator, and the percentage of the
vapor in the gas mixture was controlled by the temper-
ature and pressure in the evaporator chamber.
P

2.4. Diamond-Film Deposition Conditions

The deposition conditions were as follows: the mw
power varied from 700 to 1200 W, the H2 flow rate was
10 l/h, the content of C2H5OH + B(CH3O)3 in the gas
mixture varied from 7 to 13.6%, the content of
B(CH3O)3 in the liquid mixture was 3%, the chamber
pressure was 80 Torr, and the substrate temperature was
~800°C. To burn the photoresist out, each sample was
subjected to prior annealing in a hydrogen atmosphere
at a pressure of 45 Torr and a temperature of 600°C for
10 min.

2.5. Sample Properties

The structure and properties of the deposited dia-
mond films were studied. The morphology of the films
was monitored by scanning electron microscopy
(SEM), and the phase composition, by Raman spectros-
copy. The density of nucleation centers was estimated
with a tunneling microscope. The electrode characteris-
tics of the films (current–potential curves) were mea-
sured in an electrochemical cell in a solution of an inert
(0.5 M H2SO4) electrolyte.

3. DISCUSSION

Using the deposition method described in the previ-
ous section, we were able to achieve densities of the
nucleation centers exceeding 1010 cm–2, which was
demonstrated by scanning electron and tunneling
microscopy studies. However, it is seen from Fig. 1a
that micropunctures can appear in the film due to inho-
mogeneity, which can arise during the nanodiamond
deposition on the substrate. Although the micropunc-
tures are healed as the film thickness increases, they are
potential sites for the appearance of macropunctures,
resulting from etching of the intercrystallite nanodia-
mond (Fig. 1b). The appearance of such macropunc-
tures leads to fast etching of the substrate material and,
as a result, to the separation of some parts of the dia-
mond coating of the electrodes and to a change in the
properties of the electrochemical cell.

As noted above, an important characteristic of high-
quality electrodes is the resistivity, which depends both
on the carrier density (i.e., on the boron ion density in
the lattice) and on the carrier mobility, which is limited
by scattering from intercrystallite boundaries and
defects. The same factors determine the important
properties of fabricated electrodes, such as the corro-
sion resistance, stability, background current, and the
interval of potentials where the current remains suffi-
ciently low and these characteristics can be measured.

Current–potential curves for inert (0.5 M H2SO4)
electrolyte solutions are considered a basic characteris-
tic of the behavior of diamond electrodes.

We performed a series of experiments on the growth
of polycrystalline diamond films on substrates of a
number of metals and alloys. The results from cyclic
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Fig. 1. SEM images of (a) micropunctures on the surface of a continuous diamond film, (b) a macropuncture on the surface of a
continuous diamond film, and (c) a selectively deposited doped diamond film.
voltammetry of samples on titanium, tungsten, and
molybdenum substrates are shown in Fig. 2; the poten-
tial (in volts) with respect to the normal hydrogen elec-
trode is plotted on the x axis, and the current (in A cm–2),
on the y axis.

Micron-thick diamond films were obtained through
the deposition on titanium substrates. However, SEM
analysis revealed the presence of micro- and macro-
punctures and microcracks in these films, which are
apparently due to the difference in the coefficients of
thermal expansion of the contacting materials resulting
in the formation of residual stresses in diamond films
upon cooling after deposition. When such films were
placed in an active medium during electrochemical
tests, they degraded quickly (Fig. 2a). The results of the
studies reported in [8, 9] show that the deposition of an
additional buffer carbide layer for diamond films grown
on titanium makes it possible to achieve good adhesion
of a film to the substrate and to grow high-quality dia-
mond films with virtually no microdefects. However,
the growth of a carbide layer depends on a number of
factors (for example, on the titanium quality) and pre-
sents a separate complicated problem. Applications of
such additional methods of improving the diamond film
adhesion to the substrate material are beyond the scope
of this work and are not discussed in this study.

Doped diamond films deposited on tungsten showed
excellent properties, such as the width of the low-cur-
rent region (the ideal-polarizability range) and the
smoothness of the current–potential curves (Fig. 2b).
However, long tests of these electrodes showed slow
degradation of the films in an active medium, which is
manifested as an increase in the background currents
and a narrowing of the ideal-polarizability region with
time.

Current–potential curves for doped diamond films
on molybdenum substrates (Fig. 2c) are less smooth
than those for diamond films on tungsten, but the films
on molybdenum do not degrade with time under the
same conditions. Therefore, of all the metals under
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
study, molybdenum is the best substrate material for
making diamond-film electrodes.

For a further increase in the service life of diamond-
film electrodes, it is possible not to put the substrate
into an electrolyte solution; e.g., the substrate material
can be separated from the diamond film by etching.
However, this leads to a considerable decrease in the
strength characteristics of the diamond membrane, in
particular, due to the presence of internal stresses,
which always appear during the growth of polycrystal-
line films.

One can exclude the factor of internal stresses by
depositing diamond films selectively, which simulta-
neously increases the electrode surface area. Selective
deposition can be realized by using our method of intro-
ducing nucleation centers; in this case, we can produce
practically any film pattern directly during film deposi-
tion. The characteristic scale of the pattern is restricted
only by the growth of the internal well walls.

The boron density in diamond films affects the film
quality and, therefore, its chemical stability. One of our
goals was to determine the boron density that provides
both a high conductivity and sufficient chemical stabil-
ity of the films. Hall effect measurements performed by
us for a number of diamond films with different doping
impurity densities show that the optimal boron density
is about 1018 cm–3. For greater boron densities in a film,
a strong degradation of its structure occurs, resulting in
a decrease in the stability of diamond films against the
action of an electrolyte. With decreasing boron density
accompanied by a decrease in conductivity, no visible
improvement in the diamond quality was observed.

The doped films of the highest quality were obtained
at a pressure of 80 Torr, a power of 900 W, and a con-
centration of the liquid mixture in hydrogen of 13.6%.
A SEM photograph of one of such samples is shown in
Fig. 1c.

Current–potential curves for selectively grown
boron-doped diamond films were not measured. This
will be the subject of future studies.
4
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Fig. 2. Current–potential curves for a 0.5-M H2SO4 electro-
lyte solution and films grown on (a) Ti, (b) W, and (c) Mo.
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4. CONCLUSIONS

It has been shown that boron-doped high-quality
diamond films can be deposited both uniformly and
selectively by using nanodiamond powders and the
method described above; these films can be used as
electrodes in electrochemistry. The optimum growth
parameters have been found, and the conditions for sta-
ble production of such films have been determined. The
application of the seed technique has made it possible
to obtain a uniform distribution of nucleation centers
with concentrations no less than 1010 cm–2.

Our measurements of the current–potential curves
for a number of metals have indicated that molybdenum
plates were the best for their use as substrates in the
production of diamond electrodes for electrochemistry
without additional adhesive preparation of the sub-
strate. The possibility of further improvements of the
electrode parameters by using free diamond meshes for
the same applications has been demonstrated.
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APPLICATIONS 
OF NANODIAMONDS

            
Modification of the Physical Properties 
of Chemical Vapor-Deposited Nanostructure Diamond

by Argon–Hydrogen Plasma Surface Treatment1 
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Department of Environmental Technology and Urban Planning, Nagoya Institute of Technology,
Nagoya, 466-8555 Japan

e-mail: hayashi.yasuhiko@nitech.ac.jp

Abstract—Nanostructure diamond (NSD) film with a hardness as high as 70 GPa and an average surface
roughness of 10 nm has been synthesized by the two-step negative substrate bias method combined with post-
growth Ar–H2 plasma irradiation. The Ar–H2 plasma irradiation has been confirmed to improve the uniformity
of grain size and shape and increase the hardness of the NSD film. © 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

Compared with the polycrystalline diamond film,
the nanostructure diamond (NSD) film is very attractive
for many industrial applications due to their unique
bulk and surface properties, such as a high optical band
gap, high hardness, high thermal conductivity, and low
electrical conductivity by doping [1–3]. The smoother
surface and the wide band gap provide the opportunity
to act as ideal transparent protective films on optical
components [4]. Polishing of polycrystalline diamond
with either chemical or mechanical methods seems to
be impractical due to its extreme hardness and chemical
inertness. Thus, efficient approaches have to be
exploited to grow the transparent diamond film through
reducing micrometer-scale diamond grains to nanome-
ter scale [5]. Moreover, the possibilities of microelec-
tromechanical systems (MEMS) and nanoelectrome-
chanical systems (NEMS) devices by using ultra-
nanocrystalline diamond (UNCD) have been explored
by Gruen et al. [6].

Nanocrystalline diamond has been successfully
grown with a microwave plasma-enhanced chemical
vapor deposition (MPECVD) using either CH4–H2 or
Ar–CH4 gas mixtures and a fullerene–argon mixture as
a precursor [1, 7–9]. The morphology of the diamond
film depends on the reactant gases, their mixing ratios,
negative substrate bias, and the substrate temperature.
CVD diamond films are most commonly grown using
low partial pressures of CH4 in H2. As the partial pres-
sure of CH4 increases, the crystalline morphology dis-
appears and diamond-like carbon (DLC), which con-
tains a both low quality and graphite-like phase, is
formed. In recent years, it has been found that growth

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20733
under specific conditions between these two extremes
can yield high-quality diamond films containing small
NSD in disordered graphite.

It is well known that grain size is one the important
factors influencing the properties of NSD films. How-
ever, the nucleation mechanism and properties of
NSD films remain poorly understood because of the
difficulty in locating and controlling nucleation sites.
In this report, we investigate the properties of an NSD
film deposited by a MPECVD with a two-step nega-
tive substrate bias and post-growth H2–Ar plasma irra-
diation. The two-step substrate bias (SB) process,
consisting of a high negative SB at bias-enhanced
nucleation (BEN) for a short time followed by a lower
negative SB at bias-enhanced growth (BEG), makes it
possible to control hydrogen ion energy in the plasma,
which is expected to play a dominant role in surface
modification and hardness of the NSD film [9, 10]. We
will discuss the effect of the substrate temperature at
the BEG step and H2–Ar plasma irradiation after NSD
deposition.

2. EXPERIMENTAL

The NSD films were deposited in a 2.45 GHz
MPECVD system with a two-step negative substrate
bias to reduce the residual stress and the surface rough-
ness. The mirror-polished Si(100) substrates, pretreated
in an aqueous solution of HF (HF : H2O = 1 : 1 by vol-
ume) to remove the oxide, were set on a molybdenum
(Mo) holder. Then, they were cleaned with H2 plasma
for 20 min at 900°C. The CH4 concentration, micro-
wave power (MP), and total pressure were maintained
at 5%, 1000 W, and 30 Torr, respectively. The growth
time at the BEN and BEG steps were 5 and 60 min,
004 MAIK “Nauka/Interperiodica”
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respectively. The substrate temperature was varied
from 400 to 800°C while keeping the substrate bias at
BEN of –300V. After deposition, NSD films were
treated by the mixture of Ar–H2 plasma irradiation
with different Ar/(H2+Ar) ratios at MP of 1000 W for
30 min.

The surface morphological features of the nucle-
ation stage in NSD films were examined using a Seiko
Instruments SPI-3800N CAFM system with a Pt probe
in a vacuum of 10–7 Torr. Structural characterizations of
the films were carried out with Raman spectra in the
back-scattering geometry using the 514.5 nm line of an
Ar+ ion laser at room temperature in the spectral range
from 900 to 1800 cm–1 with a resolution of 1.0 cm–1.
The crystallographic structure and crystallinity of
NSD films were investigated by x-ray diffraction
(XRD) with a quite shallow incident x-ray angle using
Cu Kα radiation. The hardness of the films was mea-
sured by a nanoindentor (UMIS-200) using a Berkov-
ich diamond pyramid. The deposition rate was around
600–1800 nm/h, and, in order to minimize the sub-
strate effect on the hardness measurements, maximum
loading force did not exceed 10 mN. Therefore, the
indentation depth was kept within the critical depth
(the maximum penetration depth should not exceed
10% of the film) beyond which there would be severe
effects in the hardness measurement of the film from
the substrate. Both the UMIS and indenter tip were cal-
ibrated using a fused silica standard with known mate-
rial properties.

3. RESULTS AND DISCUSSION

We first investigated the surface morphology of
NSD films in detail. CAFM shows a clear morphologi-
cal change with variation of the substrate temperature,
as shown in Figs. 1a–1d. For a substrate temperature of
600°C, large cauliflower-like clusters 100–130 nm in
diameter, composed of many small and uniform grains
30–50 nm in diameter, were obtained, as shown in
Fig. 1c. The morphology of the cluster changes from
cauliflower-like to columnar above 700°C. The size and
shape of the clusters strongly depend on the substrate
temperature. We clearly find, as shown in Fig. 1a, a high
uniformity of the trapezoidal (columnar) shape clusters
composed of small grains, 200 nm square and 100 nm
high, which are connected with each other and enhance
the alignment of nuclei below 500°C. In other words, a
high density (or coverage) of {100}-oriented, textured
grains has been obtained. For a substrate temperature
above 700°C, some portion of the small grains coa-
lesces together to form crystallites, while the boundary
of the crystallite contains individual grains. The current
value of the conducting region increased with an
increase in the substrate temperature. Comparison of
the CAFM current image of NSD films deposited
between 400 and 700°C revealed that the conductive
difference is at least one order of magnitude. Thus, the
P

surface graphitization of the depositing NSD film
might be produced from films deposited above 700°C.
The average roughness (Ra) and root mean square
(RMS) roughness, as shown in the inset to Fig. 2a,
decreased from 9.8 and 12.5 nm to 9.0 and 11.3 nm,
respectively, as the substrate temperature was
increased from 400 to 500°C. However, both the Ra
and RMS again increase as the substrate temperature is
increased above 600°C. Figures 1e and 1f show the
typical surface morphologies of NSD films deposited
at 500°C, as shown in Fig. 1b, and irradiated by Ar–H2
plasma with Ar concentrations of 50 and 100%,
respectively. It is clear that a significant morphological
change was observed with Ar–H2 plasma irradiation as
compared to the cauliflower-like surface morphology
of the NSD film deposited at 500°C, as shown in
Fig. 1b. Moreover, both the Ra and RMS of CAFM,
which are shown in the inset to Fig. 2b, remained
almost unchanged and the relation between the surface
roughness and Ar concentration could not be estab-
lished. Both the Ra and RMS slightly decrease and the
density of small clusters increases with the introduc-
tion of the Ar–H2 plasma irradiation after NSD deposi-
tion. The uniformity of the size and shape of the grains
is improved by the Ar–H2 plasma irradiation. There-
fore, the surface of NSD film turns out to be smoother.
We also observed a significant difference in the grain
boundary from the NSD film (not shown here) irradi-
ated by only H2 plasma (Ar = 0). The surface rough-
ness of CAFM increased with an increase in the H2
plasma exposure time.

Figure 2a shows the hardness–penetration curves of
NSD films with different substrate temperatures
indented to a maximum load of 10 mN. The inset to
Fig. 2a illustrates the CAFM roughness of NSD films
as a function of the substrate temperature. The data
show that the hardness of the NSD film is constant over
the 35- to 60-nm penetration depth range and that there
is almost no influence of the substrate on the measured
hardness values. The hardness increases with an
increase in the temperature up to around 600°C and
decreases with a further increase in temperature. The
maximum hardness of 68 GPa was obtained from the
NSD film deposited at 500°C. The hardest NSD film
was obtained where the CAFM values of Ra and RMS
were minimum. Figure 2b shows the hardness–penetra-
tion curves of the Ar–H2 plasma–irradiated NSD films
with different Ar concentration. The inset to Fig. 2b
illustrates the CAFM roughness of NSD films as a func-
tion of the Ar concentration during Ar–H2 plasma irra-
diation after NSD deposition. The as-grown NSD film
was deposited at a substrate temperature of 600°C, and
the initial hardness of NSD film was 60 GPa. It is clear
that the film hardness increased from 60 to 70 GPa with
an increase in the Ar concentration during Ar–H2
plasma irradiation. Here, it is worth noting that the
hardness of the film irradiated by only H2 plasma
(40 GPa) decreases significantly as compared to that of
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Fig. 1. CAFM surface morphologies of the NSD films deposited at (a) 400, (b) 500, (c) 600, and (d) 700°C and the NSD films irra-
diated by Ar–H2 plasma with Ar concentrations of (e) 50 and (f) 100% scanned in 1 × 1 µm2.
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the nonirradiated film (60 GPa). This result indicates
the importance of little or no H2 during Ar–H2 plasma
irradiation.

Visible Raman data obtained for NSD films show
similar line shapes composed of four main peaks
located at 1140, 1350 (D peak), 1460, and 1580 cm–1
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(G peak). Both the G and D peaks are attributed to sp2-
bonded carbon. The peak at 1140 cm–1 has been attrib-
uted to nanocrystalline diamond; however, the interpre-
tation of this peak is still not fully confirmed. In com-
parison with the nonirradiated film, although the peak
at 1460 cm–1 decreases, the Ar–H2 plasma irradiation of
NSD films does not lead to a significant change in the
overall Raman features. On the other hand, both the
1140 and 1460 cm–1 peaks disappeared while the G and
D peaks still remained from the NSD film subjected to
only hydrogen plasma (Ar = 0).

XRD results reveal that our NSD films mostly con-
sisted of cubic diamond (111). Although, both diamond
(111) and diamond (220) were reported from the NSD
film deposited by the continuous BEN method, there
was no signal at 2θ = 75° of signature of diamond (220)
in our films. It should be noted that the NSD film com-
posed of highly (111)-oriented diamond was achieved
by using a two-step negative bias method. XRD spectra
of films irradiated by Ar–H2 plasma with different Ar
concentrations show that the absolute intensity of dia-
mond (111) is weaker than those of nonirradiated films
and diamond (220) is observed in all irradiated films.
Thus, the NSD film gradually changes from (111)-ori-
ented diamond to a randomly oriented phase through
Ar–H2 plasma irradiation.

4. CONCLUSIONS

In conclusion, the NSD films composed of (111)-
oriented diamond nanocrystals were grown by the
two-step negative substrate bias method. A maximum
hardness as high as 70 GPa with the smallest Ra and
RMS of the CAFM is obtained at a substrate temper-
ature of 500°C. The hardness of the film increased
with post-growth Ar–H2 irradiation due to improve-
ment of the uniformity of smaller grain size and the
smooth surface of the NSD film. The hardness and
flatness of the film irradiated by only H2 plasma, how-
ever, decreased in comparison with the nonirradiated
film. Thus, we confirmed that the introduction of Ar–
H2 plasma after NSD deposition is effective for
increasing the hardness of films. Our results demon-
strated that hard NSD films can be produced from -
Ar–H2 plasma irradiation after NSD deposition with
little or no H2 using MPECVD.
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Application of Modified Nanodiamonds as Catalysts 
of Heterogeneous and Electrochemical Catalyses
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Abstract—The possible use of modified nanodiamond powders in heterogeneous and electrochemical oxida-
tion catalyses is analyzed. It is shown that the efficiency of oxidation catalysis depends on the content of atomic
oxygen. The inference is drawn that the electrochemical modification of the surface of nanodiamond powders
in a hydrochloric solution and the promotion of the surface with palladium are promising for the preparation of
both catalysts of the oxidation of CO to CO2 and electrodes of low-temperature fuel elements. © 2004 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION
The chemical nature and adsorption properties of

the surface of carbon-containing materials are the fac-
tors responsible for the mechanism of catalytic pro-
cesses. In our previous works [1, 2], it was demon-
strated for the first time that submicron synthetic dia-
mond powders are catalysts of the oxidation of carbon
monoxide to carbon dioxide.

The aim of this work was to analyze the possibility
of using modified nanodiamond powders in heteroge-
neous and electrochemical catalyses. For this purpose,
we chose two reactions typical of oxidation catalysis,
such as gas-phase oxidation of carbon monoxide CO to
carbon dioxide CO2 and electrochemical oxidation of
hydrogen.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

Samples of ASUDO nanodiamonds prepared by
detonation of oxygen-deficient explosives (Alit,
Ukraine) served as the object of investigation.

The catalytic activity of nanodiamonds in the reac-
tion of CO oxidation to CO2 was examined using a con-
tinuous-flow setup and chromatographic analysis of the
reaction products. The experiments were performed
with a gas mixture containing 2 wt % CO, 20 wt % O2,
and 78 wt % He2. The temperature of complete trans-
formation of CO into CO2 was used a measure of cata-
lytic activity.

The electrocatalytic activity in the hydrogen oxida-
tion was studied for the initial nanodiamond surface
and the surface modified in a 0.1 N sulfuric acid solu-
tion. The catalytic activity in the electrochemical oxida-
1063-7834/04/4604- $26.00 © 20738
tion of hydrogen was investigated with the use of a
P-5848 potentiostate in a hydrogen atmosphere at a film
diamond electrode. The electrode was prepared from a
mixture of the studied powder and a fluoroplastic lacquer
(10 : 1) applied to the end of the pyrographite electrode
pressed into a fluoroplastic casing. A disk-shaped float-
ing diffusion electrode 10 mm in diameter was used as
a nickel mesh coated with a mixture of the studied pow-
der and the fluoroplastic lacquer.

The exchange current density i0, which was deter-
mined by the extrapolation of the hydrogen overvolt-
age–current density (η'–i) curve to η = 0, was used a
measure of electrocatalytic activity.

The nanodiamond surface was modified through
thermal and electrochemical treatments and through the
deposition of metallic palladium in microquantities
onto this surface. The two-stage thermal treatment of
nanodiamonds was carried out in a hydrogen atmo-
sphere, followed by cooling under special conditions.
The electrochemical treatment was performed in a
0.1 N hydrochloric acid solution and a 1 N potassium
hydroxide solution [3, 4]. The nanodiamond surface
was promoted with palladium in microquantities
through the contact replacement of palladium salts in
the solution. The surface state of the initial and modi-
fied nanodiamond powders was evaluated using the
Brunauer–Emmett–Teller method and mass spectrome-
try. The mass and thermal desorption spectra were
recorded on an MI 1201 mass spectrometer in the tem-
perature range 20–600°C under vacuum at a residual
pressure of 10−6 Pa [1, 5, 6].
004 MAIK “Nauka/Interperiodica”
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3. RESULTS AND DISCUSSION

We investigated the catalytic oxidation of CO to
CO2 on the initial and modified nanodiamond surfaces.

Figure 1a shows the dependences of the degree of
transformation of CO into CO2 on the temperature of
the initial surface and the surface electrochemically
modified in the hydrochloric acid and potassium
hydroxide solutions.

It was found that the oxidation of CO to CO2 on the
initial nanodiamond surface begins at a temperature of
230°C. The maximum degree of transformation of CO
into CO2 is observed at 380°C and amounts to 80%.
Upon electrochemical modification of the nanodia-
mond surface in hydrochloric acid, the onset of CO oxi-
dation to CO2 is shifted from 230 to 80°C and the
degree of transformation is equal to 30–40%. The elec-
trochemical modification in an alkali solution leads to
passivation of the nanodiamond surface. As a conse-
quence, no complete transformation of carbon monox-
ide into carbon dioxide occurs.

The deposition of palladium in amounts no greater
than 0.001 wt % onto the nanodiamond surface results
in a considerable decrease in the temperature of the
complete transformation of CO into CO2 from 300 to
180°C (Fig. 1b).

The degree of transformation of CO into CO2 sub-
stantially depends on the ratio of the different oxygen
species on the nanodiamond surface. The largest contri-
bution is made by atomic oxygen. The thermal desorp-
tion spectra of atomic oxygen on the initial and modi-
fied surfaces are depicted in Fig. 2a.

It can be seen from Fig. 2a that the thermal desorp-
tion spectrum of atomic oxygen on the nanodiamond
surface electrochemically treated in the hydrochloric
acid solution exhibits a peak in the temperature range
20–100°C. The second peak is observed at approxi-
mately 500°C. In the range 150–600°C, the intensities
of thermal desorption of atomic oxygen from nanodia-
monds treated in the hydrochloric acid and alkali solu-
tions coincide with each other. As is known, the desorp-
tion processes observed at temperatures below 150°C
occur through the physical mechanism. The desorption
processes at temperatures above 150°C predominantly
proceed by the chemical mechanism. Therefore, the
electrochemical treatment of nanodiamonds in the
hydrochloric acid solution leads to saturation of the
nanodiamond surface with atomic oxygen. It can be
seen from Fig. 2a (curve 2) that, in this case, the amount
of atomic oxygen remains constant over the entire
range of temperatures. The amount of atomic oxygen
desorbed from the initial surface and the surface elec-
trochemically treated in the alkali solution is substan-
tially smaller.

The thermal desorption spectra of atomic oxygen on
the initial and palladium-promoted surfaces of nanodi-
amond powders are shown in Fig. 2b. As can be seen
from this figure, the amount of atomic oxygen desorbed
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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(1) the initial surface and the surfaces electrochemically treated in (2) hydrochloric acid and (3) potassium hydroxide solutions,
(b) atomic oxygen on (1) the initial surface and (2) the surface promoted with palladium, (c) water on (1) the initial surface and the
surfaces electrochemically treated in (2) hydrochloric acid and (3) potassium hydroxide solutions, and (d) water on (1) the initial
surface and (2) the surface promoted with palladium.

(d)
from the powders promoted with palladium is signifi-
cantly larger than that from the initial powders.

Thus, promotion of the nanodiamond surface with
palladium makes it possible to saturate the surface with
atomic oxygen, which, in turn, accelerates the catalytic
oxidation of CO to CO2.

It is of interest to elucidate the mechanism of forma-
tion of atomic oxygen on the nanodiamond surface upon
modification and promotion. One of the main sources of
atomic oxygen can be water vapors. Figures 2c and 2d
depict the thermal desorption spectra of water vapors
on the surface of the initial, modified, and promoted
nanodiamond powders.

As can be seen from Figs. 2c and 2d, the amount of
water physically adsorbed on the surface of the pow-
ders electrochemically treated in hydrochloric acid is
1.5 times larger than that on the initial surface. The pro-
motion of the nanodiamond surface with palladium in
microquantities leads to a sixfold increase in the
amount of physically adsorbed water.
PH
The electrochemical oxidation of hydrogen was per-
formed with the initial and modified nanodiamond
powders and also with hydrophobic carbon black, tung-
sten carbide, and vanadium carbide powders. The pow-
ders of interest had close specific surfaces (140 m2/g).
It was revealed that the two-stage thermal treatment of
nanodiamonds in a hydrogen atmosphere leads to an
increase in the exchange current density by a factor of
1.8–2.0 as compared to the initial nanodiamonds [7].

The electrocatalytic activities in the hydrogen oxi-
dation on the surfaces of hydrophobic carbon black,
tungsten carbide, vanadium carbide, initial nanodia-
monds, and nanodiamonds modified in the hydrochlo-
ric acid solution are compared in Fig. 1c. As can be
seen, the modified surface of nanodiamonds is charac-
terized by the highest electrocatalytic activity. For iden-
tical specific surfaces, the rate of catalytic oxidation of
hydrogen with a nanodiamond catalyst is 1.6 times
higher than that with vanadium and tungsten carbides.

Let us now analyze the thermal desorption spectra
of atomic oxygen on the surface of the initial nanodia-
mond powders and the powders heat treated in a hydro-
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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gen atmosphere. It follows from this analysis that ther-
mal treatment of nanodiamonds in a hydrogen atmo-
sphere results in an appreciable decrease in the amount
of physically adsorbed atomic oxygen and a substantial
increase in the amount of chemisorbed atomic oxygen.
At the same time, the two-stage thermal treatment of
nanodiamond powders leads to a significant increase in
the amount of hydrogen chemisorbed on their surface.
It seems likely that chemisorbed species of hydrogen
and atomic oxygen contribute to the increase in the rate
of electrochemical oxidation of hydrogen.

4. CONCLUSIONS

Thus, it was established that the developed methods
for modifying nanodiamond powders provide a means
for saturating the nanodiamond surface with atomic
oxygen formed upon dissociation of chemisorbed
hydroxyl groups.

The results obtained in this work demonstrated that
modified and palladium-promoted nanodiamond pow-
ders are promising materials for use as both catalysts of
the oxidation of carbon monoxide to carbon dioxide
and electrodes of low-temperature fuel elements.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Abstract—This paper reports on the results of analyzing the possibility of synthesizing explosive decompres-
sion-resistant rubbers based on a Therban hydrogenated acrylonitrile–butadiene rubber containing a mixture of
technical-grade detonation carbon (from 0.14 to 27.10 wt %) and fillers with different degrees of dispersion and
anisometry. The addition of detonation carbon affects both the α relaxation associated with the segmental
mobility and the slow λ relaxation of ordered microblocks. A new class of highly elastic materials that are resis-
tant to explosive decompression is designed and synthesized using technical-grade detonation carbon in a mix-
ture with fillers of different compositions and structures. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The synthesis of rubbers and industrial rubber prod-
ucts that have to be resistant to explosive decompres-
sion in equipment for the oil and gas industry is a com-
plex problem in materials science [1–4]. The mechani-
cal behavior of rubbers under different operating
conditions, including the action of explosive decom-
pression, is governed by their relaxation properties [5,
6]. The effect of fillers of different types and degrees of
dispersion on the slow λ relaxation associated with the
mobility of structural microblocks was revealed by
relaxation spectrometry in [7]. Radically new materials
can be synthesized with the use of ultradispersed fillers
(nanoparticles) [8], specifically of technical-grade det-
onation carbon consisting of very small carbon and
graphitized diamond particles 4–6 nm in size with a
specific surface of 173–440 m2/g.

In this work, we studied composites based on rub-
bers and fillers of different types, degrees of dispersion,
and anisometries (Tables 1–3). The properties of the
rubbers were evaluated from the changes in the physi-
comechanical and relaxation characteristics and from
the resistance to explosive decompression.

2. EXPERIMENTAL TECHNIQUE

The relaxation properties were examined by mea-
suring the following dependences and quantities:

(i) the temperature dependences of the mechanical
loss tangent  in the range from –100 to 200°C
(pendulum elastometer; frequency, ~40 Hz; Lebedev
Research Institute of Synthetic Rubber, Laboratory of
S.K. Kurlyand);

δtan
1063-7834/04/4604- $26.00 © 20742
(ii) the stress relaxation σ/σ0 under uniaxial com-
pression at a temperature of 23 ± 3°C, where σ0 and σ
are the initial (within 5 min) and current stresses,
respectively; and

(iii) the elastic modulus E and the gain KE = E/E0,
where E and E0 are the elastic moduli of the filled and
unfilled rubbers, respectively [9].

The physicomechanical properties were evaluated
from the ratio Ap/Ap0, where Ap and Ap0 are the specific
fracture energies (the area under the stress–strain
curve) for the filled and unfilled rubbers, respectively.

In order to estimate the resistance to explosive
decompression, the rubbers were treated in carbon
dioxide under the following conditions: pressure,
5.8 MPa; temperature, 23 ± 3°C; and depressurization
rate, 0.35 MPa/s. The resistance of the rubber to explo-
sive decompression was assessed by the external
appearance and from the changes in the weight ∆m, the
volume ∆V, and the ratio ∆m/∆V for rubber samples
subjected to explosive decompression (Table 3).

3. RESULTS AND DISCUSSION

The introduction of technical-grade detonation car-
bon at low contents (from 0.14 to 1.67 wt %) into com-
mercial rubbers based on polymers of different types
with an elastic modulus E ranging from 2.5 to 8.0 MPa
(Table 1) leads to a considerable increase in the tear and
abrasive resistances for the majority of the studied rub-
bers. This is associated with the increase in the rate of
slow processes of λ relaxation [10]. For high-modulus
rubbers (E ≥ 13 MPa) based on the Therban rubber
(Table 2), an increase in the detonation carbon content
from 0.26 to 27.10 wt % also results in an increase in
the tear resistance, a rise in the rate of processes of λ
004 MAIK “Nauka/Interperiodica”
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Table 1.  Characteristics of commercial rubbers at low contents of technical-grade detonation carbon

Rubber 
no.

Polymer and technical 
carbon types

(content, wt %)

Detonation
carbon content,

wt %

Change in parameters after introduction of detonation carbon, %

conventional 
tensile strength

ultimate
elongation tear resistance abrasive

resistance

1 SKN-18 (49.68) 0.14 21 <10 36 48

P-234 (28.31)

2 SKN-18s (37.03) 0.24 <10 <10 31 54

P-803 (48.15)

3 SKI-3 (55.63) 0.28 14 22 <10 <10

P-234 (10.28) 1.67 <10 24 28 <10

4 SKN-26ASM (28.35) 0.26 <10 <10 29 35

SKN-40ASM (12.15)

P-514 (6.32)

P-702 (10.73)

5 SKÉPT (42.51) 0.21 <10 <10 68 33

P-324 (24.49)

P-803 (12.35)

6 SKÉP-50 (58.37) 0.38 <10 <10 34 38

P-324 (32.10) 0.58 28 35

Table 2.  Characteristics of filled rubbers based on the Therban rubber at different contents of technical-grade detonation carbon

Rubber 
no.

Detonation
carbon content,

wt %

Change in parameters (as compared to parameters
of unfilled rubber 12), %

t, h KE = E/E0 Ap/Ap0
conventional 

tensile strength
ultimate

elongation hardness tear
resistance

12 – 1 1 1 1 ~1920 1 1
15 – 87 –33 50 460 6 3.4 3.0
7 0.26 56 –19 38 330 8 2.2 2.8
8 0.53 57 –19 41 350 6 2.7 3.5
9 9.50 56 –31 45 550 5 3.5 2.8

10 17.30 50 –40 53 670 4 3.8 2.4
11 27.10 57 –52 53 780 2 3.9 4.9

Note: t is the time required to reach the ratio σ/σ0 = 0.85 at T = 23 ± 3°C.

Table 3.  Correlation between the relaxation characteristics and the resistance to explosive decompression for Therban-based
rubbers

Rubber 
no.

Content of different
fillers, wt %

α transition Resistance to explosive
decompression

t, h B, N/m

∆T, °C T, °C tanδ visual
assessment

∆m/∆V,
102 g/cm3

12 – 28 –10 1.35 Many bubbles 0.4 ~1920 10
13 44.6 27 –10 0.82 One bubble 10 7 47
15 43.9 25 –5 0.75 Normal state 80 6 56
14 44.2 22 –5 0.65 " 20 5 67
11 40.6 (including 27.1 wt % 

detonation carbon)
7 3 0.50 " 22 2 88

Note: ∆T is the transition temperature range at tanδ = 0.5; t is the same as in Table 2.
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relaxation, and a decrease in the time required to reach
the ratio σ/σ0 = 0.85. At a detonation carbon content of
27.10 wt %, the specific fracture energy Ap increases
drastically. This is explained by the developed surface
of detonation carbon and the formation of a extended
network of bonds due to the adsorption interaction of
the polymer with functional groups on the filler surface.

The explosive decompression leads to an increase in
the rubber volume [4, 11] due to the work done by the
sorbed gas after sharp depressurization in the course of
the adiabatic process. As a result, the rubber transforms
into a three-dimensional strained state [6]. The change
in the weight (weight gas swelling) is governed by the
sorption properties. In turn, the change in the volume is
associated with the sorption, elastic, and strength prop-
erties, which depend on the relaxation characteristics
and determine the specific fracture energy of rubbers.
As was shown in [9], rubbers absorb the energy of the
gas upon expansion. Rubbers resistant to explosive
decompression should satisfy a number of contradic-
tory requirements and possess a low sorption capacity;
sufficiently high elasticity, strength, and elastic modu-
lus; a high resistance to media involved in oil produc-
tion; etc. In our work, rubbers resistant to explosive
decompression were synthesized on the basis of a
Therban hydrogenated acrylonitrile–butadiene rubber
doped with a mixture of technical-grade detonation car-
bon and fillers of different types, degrees of dispersion,
and anisometries.

It can be seen from Table 3 and Fig. 1 that, for rub-
bers 11, 14, and 15 resistant to explosive decompres-
sion, the temperature dependences of the mechanical
loss tangent in the α transition range (mechanical vitri-
fication) exhibit peaks with a lower intensity and the
temperature range of this transition is narrower as com-
pared to those for rubbers that are not resistant to explo-
sive decompression. Moreover, the so-called free vol-

11
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15

1.4

1.0

0.6

0.2

0
–100 –50 0 50 100 150 200

T, °C

ta
n

δ

Fig. 1. Temperature dependences of the mechanical loss
tangent  for different rubbers. Numbers near the
curves correspond to the rubber numbering in Table 3.

δtan
PH
ume of polymers decreases and the ordering of polymer
chains becomes more pronounced [8, 12], which leads
to a decrease in the segmental mobility. In turn, a shift
of the α transition toward the high-temperature range
should decrease the gas sorption [11]. The parameter
∆m/∆V (Table 3) can be used to evaluate the fracture
strength not only on the surface but also in the bulk of
the rubber under explosive decompression. This param-
eter characterizes the ratio between the contribution of
the gas sorption and the contribution of the changes in
the elastic and strength properties of the rubber upon
gas expansion. An increase in the resistance of rubbers
to explosive decompression is accompanied by an
increase in the parameter ∆m/∆V and the tear resistance
and a decrease in the time required to reach the ratio
σ/σ0 = 0.85.

An increase in the content of fillers of different types
and anisometries results in a progressive increase in the
gain KE (Fig. 2). As in [9], the dependence of the ratio
Ap/Ap0 on the filler content exhibits a maximum. The
maximum increase in the ratio Ap/Ap0 (by a factor of
~4.9) and the gain KE (by a factor of 3.5) is observed at
a detonation carbon content of ~27.1 wt %.

4. CONCLUSIONS

Thus, a new class of highly elastic materials that are
resistant to explosive decompression was designed and
synthesized using technical-grade detonation carbon in
a mixture with fillers of different compositions and
structures.
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Model of Formation of Three-Dimensional Polyurethane Films 
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Abstract—The possibility of increasing the strain resistance of three-dimensional polyurethane films modified
by detonation nanodiamonds is analyzed. It is found that the physicomechanical characteristics of polyurethane
foams modified by nanodiamonds at a content of several thousandths of a weight percent change significantly.
Models of the hardening of polyurethane films are proposed. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Polyurethane foam is a polymer material that has
found very wide application in various fields of indus-
try and possesses a unique combination of service prop-
erties. However, the rigorous criteria used in modern
technologies have required that the physicomechanical
characteristics of polyurethane foams be changed in a
specified manner. In particular, one of the requirements
consists in increasing the strain resistance of polyure-
thane foams. Purposeful changes in the properties of
polyurethane through chemical modification have been
investigated in sufficient detail. However, it is of inter-
est to modify the physicomechanical properties of
polyurethane foams without substantially changing the
chemical composition of the material. This can be
accomplished using nanotechnologies.

Recent progress achieved in nanotechnologies has
made it possible to synthesize a great number of
ultradispersed and nanometer-sized systems [1–3]:
metallic powders, ceramics, etc. Nanodispersed materi-
als are considered to mean substances that contain more
than 20% particles whose size is less than 10 nm. Car-
bon-containing nanomaterials possess a special phase
composition, which, in combination with the specific
structure of single particles and cluster aggregates, can
provide a significant modifying effect at ultralow
degrees of filling of the polymers. Among the nanodis-
persed materials, we chose nanodiamonds prepared by
detonation synthesis.

Commercial production of nanodiamonds through
detonation synthesis makes it possible to prepare sam-
ples with a specified chemical composition and a stable
crystal structure of the nanoparticles. In this respect,
study of the ultradispersed products of detonation syn-
thesis is of practical importance.

In this work, we investigated the effect of detonation
nanodiamonds on the properties of three-dimensional
polyurethane films.
1063-7834/04/4604- $26.00 © 200746
2. EXPERIMENTAL TECHNIQUE

In our experiments, we used nanodiamonds of the
following four modifications: (1) nanodiamonds with a
particle size ranging from 170 to 200 nm, (2) aminated
nanodiamonds with a particle size of 20 nm, (3) sily-
lated nanodiamonds with a particle size of 20 nm, and
(4) technical-grade diamond-like carbon (TDC) with a
50% diamond allotropy.

The nanodiamond and technical-grade diamond-
like carbon samples used were synthesized at the Spe-
cial Design Bureau “Tekhnolog” (St. Petersburg). The
aminated and silylated nanodiamond samples were pre-
pared at the Federal State Unitary Enterprise “Lebedev
Research Institute of Synthetic Rubber” (St. Peters-
burg).

The polymer matrix (polyurethane foam) was syn-
thesized by the polycondensation reaction of a polyol
and isocyanate in an open vessel with a volume of
0.05 m3. The apparent density and the strain resistance
of the polyurethane foam were determined according to
standard techniques. Prior to the introduction of the
modifiers into the polymer matrix, they were dispersed
in the polyol in order to provide a uniform distribution
in the matrix.

3. RESULTS AND DISCUSSION

Upon introducing 0.1 wt % nanodiamond with a
particle size ranging from 100 to 120 nm, the absorptiv-
ity of the polyurethane foam increases by a factor of
more than 2.5. This indicates that the number of open
pores in the polyurethane foam sample increases. In
turn, this leads to a decrease in the strain resistance of
the polyurethane foam. With an increase in the content
of nanodiamonds to 0.25 wt %, the strain resistance
increases to a value characteristic of the initial polyure-
thane foam (1.3 MPa). In this case, the absorptivity
increases by one-third as compared to that of the initial
04 MAIK “Nauka/Interperiodica”
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polyurethane foam and, correspondingly, the fraction
of surface defects of the film increases.

Detonation nanodiamonds possess a high surface
activity [4]. This can lead to the aggregation of particles
in nonpolar media and, hence, to a nonuniform distribu-
tion of the pores throughout the bulk of the polyure-
thane foam. In order to suppress the undesirable effect
of particle aggregation, we performed amination and
silylation of nanodiamonds. These reactions resulted in
a decrease in the particle diameter from 170 nm (deto-
nation nanodiamonds) to 20 nm (aminated and silylated
nanodiamonds).

The introduction of aminated and silylated nanodia-
monds enhances the absorptivity of the polyurethane
foam by 42%. This can be explained by the fact that
nanodiamonds with 20-nm particles obtained after ami-
nation and silylation do not form film defects and do
not prevent the formation of a closed surface during
foaming. Upon introducing 0.05 wt % aminated nano-
diamond, the strain resistance of the polyurethane foam
exceeds the durability of the initial sample at the same
absorptivity. An increase in the content of silylated nan-
odiamonds to 0.15 wt % increases the absorptivity of
the polyurethane foam and decreases the strain resis-
tance from 1.1 to 0.54 MPa.

The introduction of a more active modifier (TDC)
increases the strain resistance of the polyurethane
foam from 1.47 MPa (0.05 wt % TDC) to 1.96 MPa
(0.15 wt % TDC). With an increase in the TDC content,
the absorptivity of the polyurethane foam increases by
48–70% as compared to the absorptivity characteristic
of the initial sample of polyurethane foam.

The efficiency of using TDC to modify polyure-
thane films is associated with the specific features of its
synthesis. During detonation synthesis, diamond nano-
particles adsorb finely dispersed carbon from the envi-
ronment. Therefore, TDC can be regarded as nanodia-
mond that is modified in the course of synthesis. The
content of the active phase (nanodiamonds) in TDC
amounts to 50%. Hence, at a TDC content of 0.05 wt %,
the content of the active phase in the polyurethane foam
sample is equal to 0.025 wt %.

According to the theory developed for composite
materials [5], the efficiency of a complex filling agent
can exhibit synergetic properties. As a complex filling
agent, we used a mixture of TDC with glass spher-
ules.1 It should be noted that glass spherules can serve
as an inactive filling agent [6].

In the case when the process is performed using a
mixture of glass spherules with TDC, the absorptivity

1 Glass spherules with a mean effective diameter of 10 µm were
provided by the Special Design Enterprise STROM (Moscow).
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
of the sample decreases to 23% and the strain resistance
increases to 1.96 MPa at a TDC content of 0.025 wt %.
The observed effect of the modifier at such a low content
can be described in the framework of nanocomposite
theory based on the concept that particles of the nano-
structured material exert a significant influence [2, 7].

Upon introducing TDC into the polyurethane foam
sample, the density of the polyurethane foam increases
and its absorptivity decreases. This indicates a decrease
in the pore size.

Porous systems, in particular, polyurethane foam,
are gas-filled polymers in which phase separation
occurs at the polymer–air boundary. The appearance of
open pores is a result of the formation of defects on the
film surface. An increase in the content of nanodia-
monds leads to an increase in the number of open pores.
In turn, this leads to an increase in the density of film
defects, which decreases the strain resistance.

The effect of the modifier introduced in small
amounts on the strength characteristics of the polyure-
thane foam film can be explained in terms of the theory
of structural information [8].

4. CONCLUSIONS

Thus, it was demonstrated that the introduction of
TDC into the polyurethane foam increases the strain
resistance (in contrast to nanodiamonds, whose intro-
duction deteriorates the strength characteristics). The
maximum effect was achieved upon introduction of a
complex filling agent at a low TDC content.
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Abstract—The electrochemical behavior of compacts of micro- and nanodisperse diamond powders were stud-
ied by using model redox K3[Fe(CN)6]–K4[Fe(CN)6] and Ce(SO4)2–Ce2(SO4)3 systems in aqueous electro-
lytes. The current–voltage curves for compacts of microdisperse diamonds and the kinetics of reactions on these
compacts in a solution of the [Fe(CN)6]3–/4– system are similar to those obtained by using a metal electrode. For
nanodisperse diamonds, the same reactions are essentially irreversible. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The search for corrosion-resistant and, at the same
time, electrochemically active electrode materials stim-
ulates study of new unconventional materials for possi-
ble applications in various fields of electrochemistry.
Diamonds are materials that possess unique chemical
and physical stability. Important progress made in
recent years in the field of synthesizing diamonds and
controlling changes in their properties, including their
electrical properties, has made it possible to use boron-
doped semiconductor diamond samples (polycrystal-
line films, single crystals) as electrode materials for
electroanalysis, electrosynthesis, and electrolysis.
These materials have an ideal polarizability over a wide
range (which is very important for electrode materials),
low background currents, and high sensitivity and
selectivity to small reagent concentrations [1–3]. How-
ever, these materials are expensive and the zonal-secto-
rial structure of the crystals (nonuniform distribution of
acceptor impurities in growth pyramids and face layers)
results in poor reproducibility of their electrochemical
characteristics. Accordingly, we studied the electro-
chemical behavior of compacts produced at high pres-
sures and temperatures from diamond powders of dif-
ferent dispersity in aqueous electrolyte solutions to
assess the possibilities for their application in electro-
chemistry.

2. EXPERIMENT

We studied polycrystals obtained by sintering nano-
disperse diamond (ND) powders and microdisperse
1063-7834/04/4604- $26.00 © 20748
diamonds (MDs) with a particle size of 2–20 nm and
200–250 µm, respectively, at a pressure of 8 GPa and a
temperature of 1600°C. The basis for ND production is
the detonation of explosives with a negative oxygen
balance realized in closed space in a medium inert to
carbon. We used ND that was produced by the ALIT
company and subjected to additional chemical cleaning
and modification of the particle surface. Vacuum degas-
sing of the powders and vacuum sealing of the sintering
chamber were performed before sintering. MDs were
synthesized under static conditions in the Mg–Zn–C–B
system at a pressure of 8 GPa and a temperature of
1700°C. Due to boron doping during synthesis,
microfine diamond powders were hole semiconductors.

We estimated the dc resistivity of the materials stud-
ied, and its values were found to lie in the range (1–5) ×
103 Ω cm for different samples. The electrode was a
tablet-shaped compact 8 mm in diameter with a thick-
ness of 2 mm for MDs and 5 mm for ND. The Ohmic
contact was obtained by depositing silver glue on the
reverse side of the tablet. The compact was placed in a
Teflon cartridge with a window (to ensure contact
between the electrode and an electrolyte) having a sili-
cone gum obturator on its perimeter. Isolation of the
tablet from an electrolyte and the current supply was
realized by using a pressure screw. All data are normal-
ized to the visible electrode surface. The actual surface
area of the electrode exceeds its visible area by a factor
of approximately three. All potentials were measured
relative to a saturated silver chloride electrode; a plati-
num foil was used as the counter electrode. Measure-
ments were performed using a standard three-electrode
004 MAIK “Nauka/Interperiodica”
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electrochemical cell with separated cathode and anode
spaces and a PI-50-1.1 potentiostat with a PR8 pro-
grammer. The electrochemical activity of the electrodes
under study was estimated from cyclic-voltammetry
data in the polarization rate V range 2–100 mV/s for
solutions of the K3[Fe(CN)6]–K4[Fe(CN)6] and
Ce(SO4)2–Ce2(SO4)3 redox systems in 1 M KCl and
0.5 M H2SO4, respectively.

3. RESULTS AND DISCUSSION

Our studies showed that both ND and MD elec-
trodes in the 0.5-M H2SO4 background electrolyte have
high corrosion stability and the ideal electrode polariz-
ability in a wide range of potentials (from –1.3 to
+1.5 V).

We measured cyclic current–voltage curves for ND
and MD electrodes in a KCl background electrolyte;
the curves exhibit peaks of current at potentials of +0.7
and +0.64 V on the forward and reverse branches,
respectively.

The potential difference between the anodic (Epa)
and the cathodic (Epc) current peaks for V ≤ 10 mV/s
corresponds to reversible one-electron charge transport.
The dependence of the magnitude of the current peaks
on the polarization rate is linear. The anodic (Ipa) and
cathodic (Ipc) peak currents are equal. Therefore,
according to the theory of cyclic voltammetry [4], we
can conclude that the electrode reaction is reversible.
We could not establish the nature of this reaction. Sim-
ilar peaks (for currents which were approximately
5 times smaller) were observed on current–voltage
curves for a graphite electrode measured simulta-
neously in the same electrolyte. Observation of this
wave on graphite, ND, and MD electrodes indicates
that a conducting carbon (probably, graphite-like)
phase is present at the boundaries of diamond crystals.

After adding the [Fe(CN)6]3–/4– depolarizer (10–2 M)
to the KCl solution, the measured discharge I–E curves
for this system with MD electrodes exhibited current
peaks (Fig. 1a). From Fig. 1, we see that the potentials
of the peaks do not depend on the polarization rate V,
the dependence of Ip on V 1/2 is linear (Fig. 1b), the dif-
ference Epa–Epc is equal to 0.06 V (which corresponds
to one-electron charge transport), and the anodic and
cathodic peak currents are equal. These features indi-
cate that the discharge of the redox system with an MD
electrode is reversible. We determined the anodic and
cathodic reaction rate constants K0 and the diffusion
coefficient D of the reagents to be K0 = 1.6 × 10–3 cm/s
and D = 1.2 × 10–5 cm2/s.

The discharge of the redox system with an ND elec-
trode (Fig. 2) occurs at the same potentials as in the
case of an MD electrode; the current peaks transform
into the limiting currents, which are about 5 times
smaller than the peak currents for an MD electrode at
the same reagent concentrations. Moreover, the anodic
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
currents are two times smaller than the cathodic cur-
rents. These features and the dependence of the half-
wave potential on the polarization rate demonstrate the
irreversibility of the electrode reaction in the redox sys-
tem under study.

For the Ce3+/4+ redox system, the nature of the MD
and ND electrode response is much more complicated
and requires further study. We can only note that there
are weakly pronounced waves on the cyclic current–
voltage curves with the limiting currents at potentials
+1.2 V and +1.1 V on the forward and reverse branches,
respectively, which corresponds to the discharge of the
system. However, in both cases of ND and MD elec-
trodes in an electrolyte, additional waves are observed
at more negative potentials; there are no such waves in
the background electrolyte without a depolarizer. The
behavior of the compacts studied differs from the
behavior of larger (3–4 mm) boron-doped diamond sin-
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Fig. 1. (a) Cyclic current–voltage curves for the 10–2 M
[Fe(CN)6]3–/4– + 1 M KCl system with an MD electrode at
different polarization rates. (b) Dependence of the cathodic
(Ipc) and anodic (Ipa) peak currents at the MD electrode on

the polarization rate for the 10–2 M [Fe(CN)6]3–/4– + 1 M
KCl system.
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gle crystals [3], which exhibit a more pronounced
response for this system, though the reaction of Ce3+

oxidation occurs at a higher voltage (Epa = +1.7 V).

4. CONCLUSIONS

Thus, pressed compacts of ND and MD powders can
be used as indicator electrodes in electrochemical stud-
ies. The electrochemical characteristics of MD elec-
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Fig. 2. Cyclic current–voltage curves for the 10–2 M
[Fe(CN)6]3–/4– + 1 M KCl solution with an ND electrode at
different polarization rates.
P

trodes in the model [Fe(CN)6]3–/4– redox system are
similar to those of metal electrodes. The advantage of
MD electrodes is their stability to corrosion, the avail-
ability of the material, the possibility of producing elec-
trodes that are large in size and have a complicated
geometry, and the more uniform distribution of an
acceptor (boron) impurity in the material. New, but so
far unobserved, properties of ND electrodes due to their
nanostructure are also quite possible.

A disadvantage of ND and MD electrodes is their
low electrocatalytic activity. Therefore, it is expedient
to look for new methods of activating the ND surface
and to study model reactions at this surface with the
aim of using ND and MD electrodes for electrosynthe-
sis and electroanalysis.
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Abstract—In the present study, two new methods are proposed for the polishing of silicon wafers using
ultrafine-dispersed diamonds (UDDs). The first proposed polishing method uses a polishing tool with an
ultrafine abrasive material made through the electrophoretic deposition of UDDs onto a brass rod. Dry polishing
tests showed that the surface roughness of the silicon wafer was reduced from Ra = 107 to 4 nm after polishing
for 30 min. The second method uses a new polishing pad with self-generating porosity. By polishing with the
new pad in combination with the polycrystalline UDD in a water suspension, it is possible to achieve the spec-
ified surface roughness of the silicon wafer much faster than when using a conventional pad made of foamed
polyurethane. The tests showed that the surface roughness of the silicon wafer was reduced from Ra = 107 to
2 nm after polishing for 90 min. © 2004 MAIK “Nauka/Interperiodica”.
1 1. INTRODUCTION

To improve the surface roughness and remove resid-
ual damages of subsurface layers of silicon wafers after
cutting, conventional polishing technologies employ
methods of chemical–mechanical polishing (CMP).
CMP has comparatively low productivity because it
uses abrasive materials with soft grains, such as colloi-
dal silica or oxidized cerium.

To increase the efficiency of polishing of hard mate-
rials, several alternative approaches propose to use
ultrafine-dispersed diamonds (UDDs) as abrasives.
UDDs produced by detonation of explosives with a
negative oxygen balance [1] can be obtained after
chemical treatment in forms of pastes, powders, and
water suspensions with various types and sizes of
grains. For example, the typical sizes of the monocrys-
talline UDD grains in water suspensions lie in the range
4–50 nm and the polycrystalline UDD in water suspen-
sions have grain sizes of several micrometers. The
UDD-based slurries have shown superior chemical sta-
bility and lubricity; however, these slurries have not
been applied widely for precise polishing on the mass-
production basis.

In the current study, we propose two new methods
for precise polishing using UDDs in water suspensions
and investigated its polishing characteristics in a num-
ber of experiments.

The first proposed method uses a new grinding
wheel with an ultrafine abrasive material made through
the electrophoretic deposition of monocrystalline
UDDs onto an electrode [2]. In this series of experi-

1 This article was submitted by the authors in English.
1063-7834/04/4604- $26.00 © 20751
ments, we tested various types of grinding wheels and
evaluated their characteristics for precise polishing of
silicon wafers.

The second proposed method uses a new polishing
pad, in which the porosity can be generated naturally
during polishing. In this series of experiments, we com-
pared the polishing performances using the new polish-
ing pad and a conventional foamed polyurethane pad in
combination with the monocrystalline UDD in a water
suspension and the polycrystalline UDD in a water sus-
pension for the precise polishing of silicon wafers.

2. EXPERIMENTAL EQUIPMENT

The polishing experiments were conducted using
laboratory-scale equipment. The polishing machine
consisted of two rotary shafts independently driven by
electric motors and a container filled with abrasive
materials. The silicon wafer was fixed on the bottom of
the container associated with Spindle B. The abrasive
grinding wheels and the polishing pads were fixed on
Spindle A, where a polishing load of 2 N was applied.
The profiles of finished surfaces were measured using a
diamond stylus (measuring machine, Taylor Hobson
“Talysurf 4”).

3. PRECISE POLISHING USING ULTRAFINE 
ABRASIVE GRINDING WHEELS

3.1. Experimental Conditions

In this series of tests, we evaluated the characteris-
tics of the ultrafine abrasive grinding wheels for dry
polishing and wet polishing of the silicon wafers.
004 MAIK “Nauka/Interperiodica”
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Table 1.  Experimental conditions (ultrafine abrasive grinding wheel)

Abrasive grain UDD (0.5 wt %)

Binder (a) Sodium alginate (0.25 wt %)

(b) Sodium alginate (0.2 wt %) + CMC (0.5 wt %)

Work piece Silicon wafer

Polishing load, N 2

Spindle A, rpm 450

Spindle B, rpm 165

Polishing conditions (a) Wet polishing

(b) Dry polishing

Polishing time (max), min 90

Table 2.  Experimental conditions (new polishing pad)

Pad (a) Foamed polyurethane pad

(b) New pad with self-generating porosity

Work piece Silicon wafer

Slurry (a) Monocrystalline UDD in water suspension

(b) Polycrystalline UDD in water suspension

UDD in slurry, wt % 5

Polishing load, N 2

Spindle A, rpm 250

Spindle B, rpm 50

Polishing time (max), min 180
The grinding wheels were made using the electro-
phoresis phenomenon. The monocrystalline UDD
grains, put into sodium alginate or into a mixture of

Dry polishing (UUD + SA + CMC)
Dry polishing (UDD + SA)
Wet polishing (UDD + SA)
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Fig. 1. Results of polishing tests using ultrafine grinding
wheels.
PH
sodium alginate with carboxymethylcellulose (CMC),
were deposited during 60 min on a brass electrode
rotating with a speed of 50 rpm. An applied electric
potential was varied within the range 10–100 V. The
grinding wheel was dried and machined.

Depending on the solution type and the UDD con-
centration in the solutions, the maximum thickness of
an abrasive UDD material reached 1.5 mm. The manu-
facturing conditions are summarized in Table 1.

3.2. Experimental Results and Discussion

Polishing tests with manufactured ultrafine grinding
wheels were conducted in two different environments,
wet and dry. It was found that the surface roughness
decreased gradually with polishing time for both cases;
however, the absolute values of surface roughness were
larger in the case of wet polishing than in the case of dry
polishing.

In the first series of tests, we used grinding wheels
made from a mixture of the monocrystalline UDD and
sodium alginate without the addition of CMC. The test
results are shown in Fig. 1. The minimum surface
roughness achieved after 80 min of dry polishing was
Ra = 6 nm. In the case of wet polishing, the grinding
wheel broke suddenly after 60 min.
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Another series of tests was performed with the
grinding wheel made from the monocrystalline UDD
grains in a mixture of sodium alginate and CMC. As
shown in Fig. 1, the surface roughness of the silicon
wafer in this case decreased from Ra = 107 to 4 nm after
dry polishing for 30 min.

For small-size silicon wafers, the method showed
relatively good polishing performance; however, the
overall performance of this method was unsatisfactory
due to many uncertain factors, which influenced the
manufacturing process of the ultrafine abrasive grind-
ing wheel. It was found that the quality of the grinding
wheels was strongly affected by such parameters as the
adhesiveness of UDD to the brass electrodes. The wet
polishing was not found effective in comparison with
the dry polishing. Certainly, this method requires many
improvements.

4. PRECISE POLISHING USING PADS 
WITH SELF-GENERATING POROSITY

4.1. Experimental Conditions

The polishing tests were conducted using the new-
type of polishing pad on the equipment described in
Section 2. The experimental conditions are listed in
Table 2.

Being made from petroleum pitch mixed with halite,
the new pad with self-generating porosity has high
manufacturability. The molten petroleum pitch was
mixed with pulverized halite grains of uniform size and
was later solidified and flattened by turning operations
in order to create a flat polishing pad. The optical
micrographs of the pad are shown in Fig. 2. Self-gener-
ation of porosity was achieved in the boundary layer of
the pad when the halite grains protruding from the sur-
face of the pitch were dissolved by the UDD slurry dur-
ing polishing. It was found that the pad with self-gener-
ating porosity and the foamed polyurethane pad had
similar viscoelastic and mechanical characteristics.

In this series of experiments, we used silicon wafer
samples with an initial surface roughness of Ra =
107 nm. The following combinations of polishing
materials were tested:

(1) the new pad with self-generating porosity and
the slurry of the monocrystalline UDD in a water sus-
pension;

(2) the new pad with self-generating porosity and
the slurry of the polycrystalline UDD in a water suspen-
sion;

(3) the foamed polyurethane pad and the slurry of
the monocrystalline UDD in a water suspension; and

(4) the foamed polyurethane pad and the slurry of
the polycrystalline UDD in a water suspension.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
4.2. Experimental Results and Discussion

The polishing tests showed that, in the case where
the UDD in water suspensions with the new self-gener-
ating porosity pad is used, the surface roughness of the
silicon wafer rapidly decreased at the beginning and
slowly decreased during the rest of the polishing pro-
cess.

The test results for the pad with self-generated
porosity are plotted in Fig. 3, and the results for the
foamed polyurethane pad are shown in Fig. 4. After
polishing for 90 min using the new polishing pad with
the polycrystalline UDD in a water suspension, the sur-
face roughness of the silicon wafer decreased from Ra =
107 to 2 nm (Fig. 3). A twofold longer polishing time,
about 180 min, was required to achieve the same sur-
face roughness using the foamed polyurethane pad with
the polycrystalline UDD in a water suspension. More-
over, the surface was more scratched in this case than it
was in the case of the polycrystalline UDD in a water
suspension and the pad with self-generating porosity.

0.2 nm 0.2 nm
(‡) (b)

Fig. 2. Optical micrographs of the new pad with self-gener-
ating porosity: (a) surface, (b) cross section.
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Fig. 3. Surface roughness obtained using the new polishing
pad with self-generating porosity.
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The optical micrographs of the final polished surfaces
and the surface profiles are presented in Fig. 5 for the
case of the pad with self-generated porosity.
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Fig. 5. Optical micrographs of surfaces polished by the new
polishing pad with self-generating porosity: (a) prior to pol-
ishing, Ra = 107 nm; (b) polycrystalline UDD, t = 90 min,
Ra = 2 nm; and (c) monocrystalline UDD, t = 90 min, Ra =
12 nm.
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Fig. 4. Surface roughness obtained using the foamed poly-
urethane pad.
P

The fast decrease in surface roughness by polishing
using the polycrystalline UDD in a water suspension
may be explained by the peculiar polishing mechanism,
where many new cutting edges could be created after
cleaving of the polycrystalline UDD grains during the
polishing process.

Thus, using the polycrystalline UDD suspensions in
combination with the new polishing pad, it is possible
to achieve the specified surface roughness of the silicon
wafer much faster than when using the foamed polyure-
thane pad.

5. CONCLUSIONS
In this study, we proposed two methods for precise

polishing of silicon wafers and investigated the effec-
tiveness of the methods using the UDD in water sus-
pensions as abrasives.

The first polishing method uses ultrafine abrasive
grinding wheels manufactured with monocrystalline
UDDs. The surface roughness of the silicon wafer was
reduced from Ra = 107 to 4 nm after 30 min of dry pol-
ishing by the ultrafine abrasive grinding wheels. The
method showed satisfactory results for dry polishing of
silicon wafers, but the overall performance of the
method was poor. We concluded that this method still
requires improvement and that it cannot be recom-
mended at the current stage of research.

The second method uses a new-type of polishing
pad with self-generating porosity. Polishing was done
with monocrystalline and polycrystalline UDDs in
water suspensions. In addition, we used a conventional
foamed polyurethane pad for comparison of the polish-
ing performances. The tests showed that the surface
roughness of the silicon wafer was reduced from Ra =
107 to 2 nm after polishing by the new-type of polish-
ing pad and the polycrystalline UDD for 90 min. As
compared with polishing by the conventional foamed
polyurethane pad, we showed that the same surface
roughness of the silicon wafer could be achieved after a
twofold shorter polishing time using the pad with self-
generating porosity. Although the cutting ability per
UDD grain is very small, we considered that many
UDD grains per unit of polishing area are responsible
for the high polishing performance.

The results of silicon-wafer polishing showed that
the pad with self-generating porosity could be effec-
tively used in combination with the polycrystalline
UDD in water suspensions.
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Abstract—Superhard nanodiamond–SiC ceramics are prepared by infiltrating liquid Si into porous nanodia-
mond compacts under pressure. Synthesized samples are 2.2 mm thick and 3–4 mm in diameter. The effect of
particle size of dynamically synthesized nanodiamond powders on silicon infiltration and SiC phase formation
is studied. It is established that silicon does not penetrate into the pores of nanodiamond powders if the original
particle size is smaller than 0.5–1.0 µm. The critical pore size for infiltration is 100–200 nm. A study of the
microstructure of the samples showed the presence of the nanometer- and submicron-scale SiC phase. The
ultrasound velocities are measured in the prepared compacts, and the elastic moduli are calculated. © 2004
MAIK “Nauka/Interperiodica”.
The mechanical and operating characteristics of dia-
mond-containing compacts can be improved by using
nanodiamonds synthesized under dynamic conditions.
For example, the nanodiamond hardness (Knoop micro-
hardness, 120–140 GPa) noticeably exceeds the hard-
ness of diamond single crystals (60–120 GPa) [1]. The
efficiency of polishing of solid materials by nanodia-
mond powders is 2–3 times higher than in the case where
microcrystalline natural and synthetic diamond powders
are used [2]. In contrast to the particles of microcrystal-
line diamond powders, the particles of polycrystalline
nanodiamond powder are strong aggregates with a nano-
structure [2]. The size of the crystalline grains forming
nanodiamond aggregates is usually about 10 nm. In [3,
4], it was demonstrated that nanodiamond-based bulk
materials can be fabricated by infiltrating silicon into
nanodiamond polycrystalline powders.

Our aim is to study the infiltration of silicon into
nanodiamonds and the sintering of nanodiamond pow-
ders differing in particle size. Data on the mechanical
characteristics and microstructure of nanodiamond–sil-
icon carbide composites are obtained.

Experiments on the synthesis of bulk nanodiamond-
based samples were made at pressures of 8–9 GPa and
temperatures of 1800–2100°C using a high-pressure
chamber of the “toroid” type [5]. The duration of
annealing under pressure was about 20 s. Pellets of a
nanodiamond powder of DP grade (Rudolf Spring Ltd;
dynamic synthesis from graphite) and silicon (about
18 wt %) were placed one above the other in a graphite
crucible (heater). The heater was isolated from the
hard-alloy elements of the high-pressure chamber and
1063-7834/04/4604- $26.00 © 20755
from the container material by molybdenum screens
and boron nitride cartridges, respectively. The density
of the samples was determined with a picnometer with
an accuracy of ±0.1 g/cm3. The propagation velocities
of longitudinal and transverse waves in the samples
were measured with an accuracy of 1.0–1.5% or better.
Ultrasonic studies were performed by directly measur-
ing the traveling time of an ultrasonic signal through a
sample at a frequency of 10 MHz. To calculate Young’s
modulus E, the bulk modulus of elasticity Ks, and Pois-
son’s ratio µ, we used the following relations for a
homogeneous isotropic medium:

Ks ρVl
2

1.33ρVt
2
, E– 3Ks/ A 1–( ),= =

µ 0.5 A 2–( )/ A 1–( ),=

Table 1.  Effect of the original nanodiamond powder grain
size on silicon infiltration depth

Original powder grain size, 
µm Silicon infiltration depth, mm

0–0.05 0

0–0.25 0

0.5–1.0 1.2

1–2 2.2*

2.2–3.5 2.2*

4–6 2.2*

* The thickness of the diamond compact is 2.2 mm.
004 MAIK “Nauka/Interperiodica”



 

756

        

EKIMOV 

 

et al

 

.

                                    
where ρ is the density and A = , with Vl and Vt

being the velocities of longitudinal and transverse
acoustic waves, respectively. Microhardness Hv was
measured by using a Vickers pyramid with an indenter
load of 4.9 N. The microhardness of the (111) face of
natural light-brown diamond single crystals was found
to be 90–150 GPa.

Nanodiamond powders differing in particle size
were infiltrated by silicon and sintered in the form of
cylinders 2.2 mm high and 3.0–3.5 mm in diameter.
The samples consisting of diamond and SiC (Si) were
prepared in the dynamic regime: infiltration of silicon
into the nanodiamond material began near the silicon
melting temperature (about 900°C at a pressure of
8 GPa) when the temperature was increased to the
required value. The amount of silicon placed in the
reaction chamber was chosen so as to fill all pores of the
diamond compact and to avoid the formation of graph-
ite-like carbon. The sintering process was terminated
with annealing at a temperature of 1800–2100°C for
20 s. Table 1 lists data on the infiltration of silicon into
porous diamond compacts. From these data, it follows
that infiltration of silicon into nanodiamond porous

Vl
2
/Vt

2

D + SiC SiC D 

100 nm

D SiC

Fig. 1. Microstructure of the nanodiamond–SiC composite
material. Diffraction patterns are obtained for the regions
indicated by arrows; D stands for nanodiamond.
PH
compacts did not occur if diamond powders with parti-
cle sizes smaller than 0.5–1.0 µm were used. The
graphitization of diamond and the formation of SiC
prevent the penetration of silicon into small pores.
Studies of the sample microstructure (Figs. 1, 2) show
the presence of the SiC phase on two scales, namely, on
a nanometer (near the nanodiamond grain surface) and
submicron scale (inside the pores). The critical pore
size for infiltration was estimated from the SiC-phase
interlayer thickness using scanning and transmission
electron microscopy to give 100–200 nm. The thick-
ness of the SiC-phase interlayers was determined at the
boundary between the impregnated and nonimpreg-
nated parts of a compact. X-ray phase analysis showed
that all prepared samples consisted of two phases: the
nanodiamond phase and the SiC phase; no substantial
recrystallization of nanodiamonds was observed. The
presence of submicron SiC crystals inside large pores
can result from recrystallization of nanometer-sized sil-
icon carbide grains in the carbon solution in liquid sili-
con. Table 2 lists the measured mechanical characteris-

100 nm

100 nm

(a)

(b)

(111)SiC

D + SiC

Fig. 2. Microstructure of nanocrystalline SiC interlayers in
the composite. (a) Bright-field image and (b) dark-field
image for the (111) SiC reflection (see inset).
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Table 2.  Physical properties of diamond compacts

Original diamond 
powder grain size, 

µm
ρ, g/cm3 Vickers micro-

hardness Hv, GPa Vl, km/s Vt, km/s E, GPa Ks, GPa µ

0.5–1 3.4 60 ± 5 14.546 9.406 690 320 0.14

1–2 3.4 69 ± 7 15.310 9.793 754 363 0.15

2.2–3.5 3.45 66 ± 10 15.705 8.153 604 546 0.32

4–6 3.45 70 ± 10 14.571 10.070 720 260 0.041

Diamond + Co 4.0 [7] 63.7–78.4 [6]* 13.0–16.5 [8] 890 [7]

* Knoop microhardness.
tics of the prepared compacts. It follows that the micro-
hardness of compacts decreases as the particle size of
the original powders is decreased, which is probably
due to the fact that the size of imprints in the indenta-
tion was close to the particle size for coarser grained
fractions of nanodiamond powders. The sample micro-
hardness is comparable to the hardness of diamond
compacts prepared using traditional methods. The
velocity of longitudinal ultrasonic waves in compacts
(15.3–15.7 km/s) appeared to be maximal for the sam-
ples prepared by infiltrating silicon into nanodiamond
powders with a particle size of 1.0–3.5 µm. For com-
parison, Table 2 lists data on the microhardness and
ultrasound velocity for a polycrystalline diamond that
was sintered with cobalt additives [6–8]. The values of
Poisson’s ratio and of the bulk modulus calculated for a
sample with a particle size of 2.2–3.5 µm (Table 2)
appear to be anomalously high for covalent structures
(diamond) and seem to indicate elastic anisotropy of
the synthesized samples [9]. Anisotropy of the sample
properties can be due, e.g., to the anisotropy of pressure
in the toroid-type chamber with one loading axis.
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Abstract—Recombinant apoobelin and recombinant luciferase are separated from bacterial cells of Escheri-
chia coli with the use of detonation nanodiamonds. The application of nanodiamonds has a number of points
in its favor, namely, (i) simplifies the procedures for purifying the proteins, (ii) decreases the time of their sep-
aration to 30–40 min, (iii) eliminates the necessity of using special chromatographic equipment, and (iv) makes
it possible to prepare high-purity apoobelin and luciferase materials with protein yields of 35–45 and 45–60%,
respectively. The possible mechanisms of interaction of protein molecules and nanodiamond particles are ana-
lyzed. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Detonation nanodiamonds [1] are of particular inter-
est to biochemists, because these materials exhibit
unique physicochemical properties, such as a highly
developed surface of particles (270–280 m2/g) with a
large number of surface ionogenic (carboxyl, carbonyl,
hydroxyl, ether) groups, hydrocarbon fragments, and
metal microimpurities [2, 3]. Taken together, these fac-
tors allow one to treat nanodiamonds as new sorbents
suitable for the separation and purification of proteins.

In this work, we used nanodiamonds to separate
recombinant Ca2+-activated photoprotein apoobelin
and recombinant luciferase from bacterial cells of
Escherichia coli.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

The nanodiamonds used in our experiments were
synthesized at the Department of Physics of Finely Dis-
persed Materials, Krasnoyarsk Research Center [3].

The choice of the proteins under investigation was
motivated by the fact that they belong to luminescent
systems of different types, substantially differ in func-
tional molecular structure, and can be separated by dif-
ferent methods. The Ca2+-activated photoproteins are
light-emitting EF proteins that occur in marine Coe-
lenterata organisms and generate photons in the visible
spectral region upon interaction with calcium ions [4].
These proteins are stable enzyme–substrate complexes
that consist of a small single-subunit apoprotein mole-
cule (nearly 20 kDa), a substrate (coelenterazine) mol-
ecule, and oxygen. Luciferases are light-emitting pro-
teins contained in marine luminous bacteria. These pro-
teins are heterodimers (consist of α and β subunits),
1063-7834/04/4604- $26.00 © 20758
have a molecular mass of approximately 80 kDa, and
involve flavin as a cofactor in the structure [5]. The
apoobelin and luciferase genes were cloned and
expressed in Escherichia coli cells, which permitted us
to separate the producer strains of these proteins [6, 7].
Photoproteins and luciferases have been widely used as
light-emitting indicators in bioluminescent analysis
[5, 8].

Upon expression of particular genes in Escherichia
coli cells, recombinant proteins synthesized by the cells
are accumulated in the form of insoluble aggregates,
so-called inclusion bodies [9]. This property underlies
the method of separating these proteins, including apo-
photoproteins [10, 11]. The universally accepted tech-
nique of purification involves separation of the inclu-
sion body fraction after cell disruption (for example, by
ultrasound or a French press), extraction of the recom-
binant protein from this fraction by a highly concen-
trated denaturing chaotropic agent (urea, guanidine–
HCl), chromatographic purification, and protein refold-
ing after removal of the chaotropic agent. The purifica-
tion of recombinant apoobelin according to such a pro-
cedure takes at least two days [6, 11]. On the other
hand, many recombinant proteins, such as luciferases,
can be accumulated in a cytosol fraction of synthesiz-
ing cells without the formation of inclusion bodies [7].
Compared to proteins, luciferases have a more complex
structure and are more sensitive to disrupting factors,
for example, to chaotropic agents and heavy metal ions.
Therefore, these features should be taken into account
in the purification of luciferases. These proteins have
been purified without denaturing agents by using a pro-
cedure that includes several chromatographic stages
and takes at least two or three days [5].
004 MAIK “Nauka/Interperiodica”
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3. RESULTS AND DISCUSSION

The apoobelin protein was separated with the use of
nanodiamonds according to the following procedure.
Cell proteins were extracted from a biomass with a cha-
otropic agent (6 M urea) for 1 h. The cell debris was
removed by centrifugation. The nanodiamond particles
were resuspended in a supernatant and then sedimented
through centrifugation. The sediment of particles with
adsorbed proteins, including apoobelin, was washed
twice with a buffer in order to remove unadsorbed inert
proteins. The apoobelin protein was desorbed from the
particle surface with a buffer containing SH reagent
(dithiothreitol) at a concentration of 10 mM. The apoo-
belin product prepared according to the above proce-
dure has a high degree of purity (Fig. 1), and the apoo-
belin yield is no less than 35–45%.

The technique of purifying the luciferase protein
involved the following stages. The biomass was dis-
rupted in water by ultrasound, and the cell debris was
removed through centrifugation. The nanodiamond
particles were added to the supernatant, stirred, and
sedimented through centrifugation. The sediment was
washed twice in order to remove unadsorbed inert pro-
teins. The luciferase protein was desorbed from the par-
ticle surface with a 20-mM desorbing buffer. According
to the electrophoretic data (Fig. 2), the final product has
a high degree of purity and the luciferase yield is 45–
60%.

1 2

Fig. 1. Electrophoresis images of the recombination apoo-
belin samples at the stages of separation from bacterial cells
of Escherichia coli with the use of nanodiamond particles:
(1) the initial extract and (2) the final product. The arrow
indicates the position of the apoobelin.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
It should be noted that the technique of protein puri-
fication with the use of nanodiamonds is characterized
by high rapidity. After preparing the initial extracts, the
separation procedure takes no more than 30–40 min. It
seems likely that this technique can be more correctly
regarded as adsorption–desorption chromatography in
the bulk. The technique enables one to simplify the sep-
aration of proteins substantially, to decrease the time
consumption, and to eliminate the necessity of using
special chromatographic equipment. The advantage of
nanodiamond application is that, in addition to efficient
protein separation, the protein can be concentrated,
because it can be desorbed using very small amounts of
an eluent. For example, from cells with a very low
apoobelin concentration (30–300 µg per 1 g of biom-
ass), it is possible to extract a concentrated, virtually
homogeneous apoobelin material with a yield of 40–
50% for 30–40 min. This cannot be achieved in the case
of column chromatography, because compounds are
washed out with an eluent whose volume is determined
by the retention parameters of the column and the mass
transfer. It should also be noted that the use of nanodi-
amonds ensures the complete separation of luciferase
from endogennic NADH : FMN oxidoreductase. This
fact is very important, because contamination with oxi-
doreductase, which contributes to the operation of a
luminescence bienzyme system [5], reduces the quality
of luciferase in analytical applications.

1 2 3

Fig. 2. Electrophoresis images of the recombination
luciferase samples at the stages of purification from a biom-
ass of bacterial cells of Escherichia coli with the use of nan-
odiamond particles: (1) the initial extract and (2, 3) the final
luciferase products prepared upon sequential desorption of
the enzyme from the nanoparticle surface with an eluating
buffer. The arrow indicates the positions of the α and β
luciferase subunits.
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The data obtained in purifying the apoobelin and
luciferase proteins with the use of nanodiamonds allow
us to propose possible mechanisms of the interaction of
protein molecules with the particle surface. An analysis
of the data on the elution of apoobelin with the SH
reagent and investigations into the treatment of the
nanoparticle surface with a selective blocker of SH
groups, namely, 5,5'-dithiobis(2-nitrobenzoic acid),
and a chelator (EDTA) of bivalent ions demonstrate that
protein molecules can interact with nanodiamonds
through the formation of S–S bridges (approximately
10% of molecules) and coordination bonds (approxi-
mately 40% of molecules). The remaining protein mol-
ecules (50%) most likely interact with nanodiamond
particles through other mechanisms. For example, mul-
tipoint interaction of protein molecules with different
functional groups on the particle surface is a very pos-
sible mechanism. Apparently, the interaction can occur
through the formation of ionic, hydrophobic, and cova-
lent bonds (except for S–S bonds) or their possible
combinations. This is confirmed by the fact that
repeated treatment or an increase in the SH reagent con-
centration do not lead to an increase in the apoobelin
yield at the elution stage, and the luciferase desorption
efficiently proceeds with an increase in the buffer
molarity. The occurrence of the interaction between
proteins and particles through different mechanisms
should be recognized more as an advantage, as it allows
us to treat nanodiamonds as universal sorbents capable
of providing different chromatographic operations.

In the above cases, protein purification with nanodi-
amonds was performed in the bulk. The use of nanodi-
amonds as a new material for column chromatography
also seems to hold considerable promise. Actually, we
prepared a nanodiamond-based sorbent that makes it
PH
possible to carry out the column chromatographic anal-
ysis at normal pressures. The applicability of this sor-
bent to the adsorption–desorption of protein molecules
was demonstrated using the cytochrome C protein as an
example.
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Abstract—An “aluminum oxide film–adhesive layer–nanodiamond–luciferase” supramolecular structure is
prepared on a flat plate. It is demonstrated that, in this structure, the enzyme retains the catalytic activity. The
structure prepared can be treated as a luminescent biochip prototype for use in bioluminescent analysis. © 2004
MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

In recent years, considerable attention has been
focused on the development of new techniques for solv-
ing applied problems in biology, protein chemistry, bio-
physics, molecular biology, ecology, etc. In particular,
the design of various indicator recording systems based
on the use of protein molecules with marker properties
holds much promise. Among marker proteins are light-
emitting proteins, which are capable of generating pho-
tons in the visible spectral region. The attractiveness of
these testing methods is related to their high sensitivity,
rapidity of analysis, simplicity of recording a light sig-
nal, broad potential application, etc. [1–4].

Earlier [5], we developed a luminescent biochip
prototype based on detonation nanodiamond particles
and light-emitting protein obelin. When interacting
with Ca2+ ions, this protein generates visible-light pho-
tons and, hence, the biochip can be used for their
recording in different-type liquids, including biological
liquids [5]. At the same time, it is of interest to create
similar indicator test systems on the basis of other light-
emitting proteins. This will permit one to develop the
concept regarding the mechanisms of interaction of
protein molecules with the surface of nanodiamond
particles, on the one hand, and to expand the field of
possible applications of such bioluminescent sensor, on
the other. In particular, for this purpose, it is possible to
use luciferases of marine bacteria, which have found
wide application in bioluminescent analysis as
monoenzymes in bienzyme [luciferase–nicotinamide
adenine dinucleotide (NADH) : flavin mononucleotide
(FMN) oxidoreductase] and related systems [6]. Pro-
teins of this group have a molecular mass of approxi-
mately 80 kDa, are heterodimers (consist of α and β
subunits), and involve flavin as a cofactor in the struc-
ture.
1063-7834/04/4604- $26.00 © 0761
In the present work, we designed a luminescent bio-
chip prototype based on detonation nanodiamond parti-
cles and bacterial luciferase.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The nanodiamonds used in the experiments were
synthesized at the Department of Physics of Finely Dis-
persed Materials (Krasnoyarsk Research Center) and
were purified by the gas-phase method in the presence
of boron oxide [7]. Hydrosols from nanodiamond parti-
cles were prepared according to the procedure proposed
in our earlier work [5]. Luciferase and NADH : FMN
oxidoreductase samples were produced using the pro-
cedures described in [8, 9]. The luciferase activity was
measured with a bienzyme reaction and photoreduced
FMN [9]. The measurements were performed on a
BLM 8801 bioluminometer (Special Design Bureau
“Nauka,” Krasnoyarsk) calibrated against the Hast-
ings–Weber radioactive reference sample [10]. One
luminescence unit corresponded to 107 photons/s.
When determining the luciferase activity according to
the bienzyme reaction, the reaction mixture in the mea-
suring cell contained 4 mM Tris-HCl buffer (450 µl, pH
7.0), 4.7 × 10–6 M C14 aldehyde (10 µl), 7.8 × 10–5 M
FMN (10 µl), NADH : FMN oxidoreductase (1–3 µl;
enzyme activity, 1 E/ml), and the sample to be studied
(5–50 µl). The reaction was initiated by the addition of
10–2 M NADH (5 µl). In the case when the luciferase
activity was determined with photoreduced FMN, the
reaction mixture contained the aforementioned buffer
(450 µl), 4.7 × 10–6 M C14 aldehyde (50 µl), and the
sample to be studied (5–50 µl). The reaction was initi-
ated by the introduction of reduced FMN (7.8 × 10–5 M,
500 µl).
2004 MAIK “Nauka/Interperiodica”
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3. RESULTS AND DISCUSSION

At the first stage of our investigations, we demon-
strated that the addition of an aqueous solution of
luciferase to a suspension of nanodiamond particles
and subsequent stirring of the mixture leads to fast and
complete adsorption of the enzyme on the particle sur-
face. After sedimenting nanodiamonds by centrifuga-
tion at 16000 g for 1–3 min, no luciferase activity is
observed in a supernatant. The protein-to-nanodiamond
ratio necessary for complete adsorption of the enzyme
from the solution can be calculated from the adsorption
capacity of nanoparticles. With the use of marker pro-
teins (bovine serum albumin, cytochrome C), we found
that 1 mg of nanodiamond particles can adsorb 0.3–
0.5 mg of the protein on the surface. After adsorption,

Aldehyde Luciferase

hν FMNH2

Nanodiamond

Aluminum oxide film

Aluminum
Adhesive layer

Fig. 1. A hypothetical “aluminum oxide film–adhesive
layer–nanodiamond–luciferase” supramolecular structure
of the biochip for the components arranged in monolayers.
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Fig. 2. Variations in the luminescence signal intensity upon
multiple measurements with the use of a flat plate involving
the supramolecular structure in which a nanodiamond–
luciferase complex acts as an indicator element: (1) the
plate in the reaction mixture in a measuring cell and (2) the
reaction mixture after removing the plate.
P

luciferase molecules are firmly retained on the nanodi-
amond surface and are not washed off upon multiple
washing of the particle sediment with water and the
20 mM Tris-HCl buffer (pH 7.0). The enzyme adsorbed
on nanodiamond particles can exhibit catalytic activity
both in the bienzyme reaction and with photoreduced
FMN. However, in both cases, luciferase molecules are
partially desorbed from the surface of nanodiamond
particles. After the reaction is performed and particles
are removed from the reaction mixture, this mixture is
characterized by a luciferase activity. At the same time,
the particles hold a considerable number of enzyme
molecules on their surface. When nanodiamond parti-
cles are washed free of the reaction mixture compo-
nents and reaction products, they can be used again in
luminescence measurements. It was experimentally
found that one sample of nanodiamond particles can be
used to carry out ten or more measurements. Note that
part of the enzyme molecules are desorbed in each
experiment. Most likely, this is associated with the con-
formational transformations of enzyme molecules,
which occur at the instant they are involved in the cata-
lytic reaction. This assumption is confirmed by the fact
that the individual components of the bioluminescent
reaction (C14 aldehyde, FMN, NADH), their combina-
tions, and the addition of oxidoreductase do not result
in the desorption of luciferase from the nanodiamond
surface.

At the next stage, we analyzed the possibility of fab-
ricating a luminescent biochip prototype in which a
nanodiamond–luciferase complex acts as an indicator
element. An aluminum plate was used in the biochip
design. It was revealed that aluminum oxide films do
not adsorb luciferase molecules from protein solutions
and nanodiamond particles with adsorbed enzyme mol-
ecules from suspensions. Therefore, as in the biochip
based on nanodiamond particles and obelin [5], the
nanodiamond–luciferase complex was attached to the
plate by an adhesive layer, which was preliminary
applied to the aluminum oxide film. A hypothetical
“aluminum oxide film–adhesive layer–nanodiamond–
luciferase” supramolecular structure of the biochip is
shown in Fig. 1. This structure with the nanodiamond–
luciferase complex as an indicator element is not
washed out from the plate by water and the 20 mM Tris-
HCl buffer (pH 7.0). This suggests a sufficiently high
stability of the structure and a strong adhesion to the
plate surface. The luciferase activity on the plate pre-
pared was also examined by two techniques (in the
bienzyme reaction and with photoreduced FMN). For
this purpose, the plate was placed in the measuring cell
with the buffer and the reaction was initiated by adding
the required components. In both cases, the lumines-
cence signal was observed in the system. Thereafter,
the plate was removed from the measuring cell and the
luminescence signal was recorded once again. Despite
the absence of the plate, the luciferase activity was
observed in the reaction mixture. This indicates that, as
in the experiments with suspensions, part of the enzyme
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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molecules are desorbed from the chip surface in the
course of the reaction. The plate was washed with a
stream of distilled water in order to remove the reaction
products and the remaining desorbed protein. Then, the
plate was placed in a pure measuring cell with the
buffer and the luminescence was measured in the sys-
tem. It was found that the intensity of the luminescence
signal from the plate decreases with each subsequent
measurement (Fig. 2). However, this decrease is not a
serious obstacle to the use of the proposed test systems
in the bioluminescent analysis. Actually, the intensity
of the luminescence signals from the plate is suffi-
ciently high and can be recorded despite the decrease in
the amount of enzyme on the chip surface.

4. CONCLUSIONS

Thus, the results obtained in this work demonstrated
the possibility of fabricating a luminescence biochip
whose main element consists of detonation nanodia-
mond particles with a light-emitting luciferase protein
on the surface. The test system proposed can be used in
bioluminescent analysis. Stronger fixation of enzyme
molecules to the surface can be achieved using chemi-
cal (covalent bonding with chemical reactants) and bio-
logical (protein–protein interactions with additional
molecules) methods. Verification of the aforemen-
tioned potentialities of these methods is a subject for
further investigation.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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Abstract—It is believed that materials based on ultrafine (nanoscale) diamond powders can possess high-level
physical-mechanical and performance parameters characteristic of a nanocrystalline state. In certain cases,
however, conventional methods for compacting ultrafine-dispersed diamonds (UDDs) fail and cannot be used
to fabricate materials with desired properties. The difficulties associated with the ultrafine-dispersed state of the
initial diamond powders can be surmounted by modifying the chemical and phase composition of the UDD sur-
face. The possible use of UDDs as a catalyst that is conductive to the occurrence of chemical and phase trans-
formations in certain substances at high pressures is analyzed. Sintering UDDs in the region of metastability of
diamond makes it possible to produce porous polycrystalline aggregates with large specific surface area and
very hard transparent particles. © 2004 MAIK “Nauka/Interperiodica”.
The synthesis of composites and polycrystals based
on ultrafine-dispersed diamonds (UDDs) is currently
one of the promising technologies in the science of dia-
mond materials. This conclusion is derived from the
following facts.

(1) Highly efficient technologies of fabrication and
purification of diamonds have been developed [1].

(2) Structural and phase transformations in
ultrafine-dispersed media occur at lower values of the
external factors than in the case of “bulk” powders.

(3) It is believed that nanocrystalline materials
based on ultrafine (nanoscale) diamond powders can
possess high-level physical-mechanical and perfor-
mance parameters [2].

(4) The area of use of such materials expands as
more disperse initial raw materials are employed.

However, in producing nanostructural materials,
conventional methods for compacting and sintering
UDDs fail in certain cases. The main reasons for low
physical and mechanical parameters of UDD-based
compacts are as follows: high dispersion of UDDs,
their polycrystalline structure, large specific surface
area, high impurity content, low compressibility and
high porosity of samples, and the tendency of powders
toward graphitization at moderate sintering tempera-
tures [3]. The compressibility and density of initial
compacts can be increased using modified UDDs or by
centrifuging powders in various media [4].

In a number of papers, it was reported that the
inverse transformation of diamond into graphite is
1063-7834/04/4604- $26.00 © 20764
observed when UDDs are sintered in the region of ther-
modynamic stability of diamond. Graphitization can be
significantly suppressed by introducing B2O3, SiO2, or
B in the working mixture, which is favorable for the
formation of glasses with oxygen-containing com-
pounds located on the UDD surface.

The glassy phase promotes sintering, decreases
porosity, and increases the mechanical strength of com-
pacts as compared with samples sintered without
admixtures.

Sintering of UDDs with copper, aluminum, and phe-
nolformaldehyde resin has been investigated at high
pressures and moderate temperatures [5]. The samples
obtained by sintering with various binders were used to
polish optical glass (K-8) that was preliminarily pol-
ished with a diamond paste of grade 3/2. An instrument
was developed that made it possible to attain a rough-
ness RZ of 5–6 nm by polishing the glass surface for 5–
10 min [6].

Modification of the surface of UDD powders by
changing its chemical composition can improve the
physical and mechanical properties of compacts. For
example, CH4, C2H5OH, and H2 promote sintering at
high pressures and high temperatures and thereby sig-
nificantly increase the microhardness of samples [7].
The mechanical strength of a sample is determined by
its residual porosity and the spatial distribution of
stresses in the sinter, which, in turn, depends on the
geometric parameters of the initial compact and the
form of the high-pressure press mold.
004 MAIK “Nauka/Interperiodica”
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We studied compacted UDDs modified by adding B,
Ti, and Si. These admixtures bind oxygen (which pro-
motes graphitization of diamond) and, at the same time,
favor the formation of carbides during heat treatment.
The hardness of such samples is 25–30 GPa, and their
sintering pressure and temperature are lower than those
of samples obtained from unmodified powders [7].

It is found that, in the case where UDDs modified
with non-diamond carbon are compacted under static
high-pressure conditions, the structure and properties
of compacts depend on the structure and dispersion of
the non-diamond carbon. For example, in the case of
sintering of UDDs modified with graphite that resulted
from surface graphitization of UDDs and is bound to
the surface of nanodiamonds, micrometer-sized dia-
mond particles are produced and arranged predomi-
nantly in the pores of compacts. When powders mixed
with disordered non-diamond carbon are subjected to
thermal treatment under the same conditions, a com-
pact material with a microhardness of the order of 55–
65 GPa and a density of 2.5–2.7 g/cm3 is formed on the
basis of the UDD charge. The structure of this material
is shown in Fig. 1. Studies of UDDs sintered (under
static high-pressure conditions) with various grades of
graphite used in fabricating diamond powders showed
that, in this case, UDDs can catalyze the graphite–dia-
mond phase transformation. This transformation is pre-
ceded by amorphization of the graphite and a subse-
quent formation of intermediate diamond-structure
polytypes and cubic diamond. Similar processes are
observed in thermobaric treatment of UDDs mixed
with a powder of hexagonal boron nitride h-BN [8, 9].
In the initial stage of the transformation, amorphization
of the initial h-BN occurs. As the treatment temperature
is increased, first wurtzite-structure boron nitride W-
BN and then cubic boron nitride c-BN arise. The trans-
formation of graphite-like boron nitride into the cubic
modification occurs within a wide temperature range
(600–1600°C) at a pressure of 7 GPa. The distinctive
feature of the graphite–diamond polymorphic transfor-
mation and the h-BN–c-BN transformation in the pres-
ence of UDDs is that these transformations are charac-
terized by lower temperatures of formation of dense
(diamond-like) phases and occur without conventional
catalysts.

The effect of nanodiamonds on the physicochemical
transformations that occur during ceramic sintering has
been investigated. In particular, it was reported in [8]
that a number of structural and phase transformations
dependent on the temperature of charge sintering were
observed to occur when UDDs and AlN were sintered
at high static pressures. X-ray diffraction data indicate
that, in addition to the initial powders, corundum Al2O3
forms in the sintered material at a moderate tempera-
ture of treatment (1000–1400°C). Graphitization is
insignificant, and the (111) diffraction peak of diamond
narrows and increases in intensity. The density of sam-
ples in this case is 3.0–3.1 g/cm3. As the treatment tem-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
perature is increased to 1450–1500°C, the UDD and
AlN interact strongly with oxygen and the corundum
content in samples increases. Starting with 1800°C, a
new phase, aluminum oxynitride Al–O–N, appears in
addition to the initial components (UDD, AlN, Al2O3);
the corundum content decreases sharply and vanishes
as the temperature is increased. The maximum density
of samples is 3.1–3.25 g/cm3, and the hardness is 13–
20 GPa for an indenter load of 200 g.

UDDs can also be used to fabricate nanostructural
polycrystalline powders. Both purified UDD powders
and those modified with non-diamond carbon can be
employed for this purpose. They are sintered at a high
pressure in the region of stability of diamond or graph-
ite depending on the prior treatment. Then, clinkers are
dispersed and subjected to chemical purification. In this
way, individual granules ranging in size from fractions
of a micrometer to tens of micrometers can be obtained,
with their specific surface area being smaller than that
of the initial UDD [10].

By performing thermal treatment of UDDs at low
pressures (p ~ 1.33 × 10–1 Pa) in the temperature range
1000–1200°C, variously shaped particles transparent to
visible light can be obtained that range in size from 100
to 750 µm (Fig. 2). In this case, the treatment of the
charge should be performed under conditions that
obstruct recrystallization of the graphite, which can
also occur at high sintering temperatures and low pres-
sures. X-ray diffraction analysis of particles obtained at
moderate sintering temperatures showed reflections
corresponding to graphite-like phases; an increase in
the charge sintering temperature gives rise to an anneal-
ing of metastable structures. The phase composition of
the products of vacuum treatment of UDDs depends on
the initial charge, its preliminary processing, and the
mode of the subsequent thermal treatment. The largest
particles are faceted and do not differ in appearance
from diamond crystals synthesized under static condi-
tions. For the most part, the microhardness varies from

10 µm

Fig. 1. Microstructure of a polycrystal produced under
static compression over 15 s (pressure 7 GPa, temperature
2300°C).
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10 to 40–50 GPa; the maximum values (100 GPa) are
obtained in indenting the largest, most perfect particle
(the diameters of the long and short diagonals are 750
and 300 µm, respectively) [10].

Thus, a number of new effects inherent in the
ultradisperse state of the substance have been detected.
In particular, it has been found that thermobaric treat-
ment of UDDs, graphite, and boron nitride powders can
bring about the formation of diamond and cubic boron
nitride, respectively, in the region of catalytic synthesis
of superhard materials. Sintering of variously modified
UDDs under analogous conditions brings about the for-
mation of compact materials with a relatively high
microhardness, which is determined by the disperse
nanostructure. Sintering at low pressures makes it pos-
sible to fabricate composites that are suitable for final
polishing of various materials and to produce compacts
from which one can obtain (after dispersion and subse-
quent chemical purification) fairly strong porous poly-
crystalline particles with a disperse nanostructure. The
thermobaric treatment of a UDD-based charge in the
region of stability of graphite brings about the forma-
tion of filaments and transparent particles up to several
hundred micrometers in size, with the microhardness of

50 µm

Fig. 2. UDD-based large particle on the surface of a com-
pact after sintering in vacuum.
P

such particles reaching the value characteristic of dia-
mond single crystals. Nanoscale diamonds allow one to
extend the range of diamond and diamond-containing
composites and to improve the efficiency of the existing
technology of superhard materials.
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Abstract—The physical-mechanical properties of polycrystals produced on the basis of ultrafine-dispersed
diamonds (UDDs) at high static pressures with the use of thermal treatment in vacuum are investigated. The
properties of the polycrystals are shown to depend on the sintering conditions and sintering technique, as well
as on the modification of the starting powders. With the addition of metals (Co, Ti) to UDD powders, the
mechanical strength of compacts increases, their structure improves, and their parameters can be optimized at
lower thermobaric treatment temperatures. By studying the products of thermal treatment of UDDs in vacuum,
it is established that the compacts and individual particles that form during thermal treatment differ significantly
in microhardness. © 2004 MAIK “Nauka/Interperiodica”.
To date, highly efficient methods have been devel-
oped for the large-scale manufacture of ultrafine-dis-
persed diamonds (UDDs) under detonation of explo-
sive materials [1]. Furthermore, diamond thus obtained
is more finely dispersed than diamond powders pro-
duced using other methods. For this reason, the fabrica-
tion of polycrystals from such UDDs is of considerable
interest [2]. Studies dedicated to this subject show that,
in sintering UDD powders, the particle packing is dif-
ferent from that in coarse-grained powders and diffu-
sion is important. Therefore, sintering should be per-
formed at the maximum possible pressures and temper-
atures. However, even in this case, the formation of
grain boundaries is retarded by surface impurities [3].
Consolidation of diamond nanoparticles at high tem-
peratures is accompanied by the transformation of dia-
mond into graphite. Graphitization occurs in the ther-
modynamic region of stability of diamond and begins
at a temperature (1000°C) that is too low for diamond
powders to sinter [4]. The formation of high-density
compacts from unmodified UDDs is likely to start at
significantly higher pressures and temperatures, which
cannot be reached with the high-pressure apparatus
commonly used to synthesize and sinter superhard
materials [1].

The sintering of nanopowders is significantly
affected by impurities present on the UDD surface.
Variations in the chemical and phase composition of the
UDD surface and in the amount of impurities on it can
affect both the physical-mechanical properties of sin-
tered materials and the regime of sintering. It was
shown in [5, 6] that the addition of 1–3 wt % boron and
certain glass-forming oxides to a UDD-based charge
mixture increases the temperature of the onset of graph-
itization and the duration of UDD exposure at high tem-
peratures without increasing the density and strength of
1063-7834/04/4604- $26.00 © 20767
compacts. It is expected that the addition of compo-
nents active with respect to carbon to a UDD-based
charge mixture will decrease the sintering parameters
and improve the properties of the sintered materials.

The objective of this work is to study the effect of
variations in the regime of thermobaric compaction on
the properties of unmodified UDD samples and sam-
ples modified with metals (Co, Ti). An attempt is also
made to produce nanocrystalline materials at low pres-
sures, in particular, under vacuum conditions.

We took as dopants cobalt (because it is a catalyst
for carbon) and titanium (because it shows an affinity
for carbon and adsorbs oxygen in the course of thermal
treatment). Furthermore, modified UDDs are used to
attain a uniform distribution of additives over the
charge mixture.

The UDD powders modified with Co and Ti (up to
10 wt %) and the deep-cleaned unmodified UDD pow-
ders used by us were prepared at the Sinta NP ZAO
(Minsk). Original samples 3–5 mm in diameter and 2–
4 mm high are compacted at a pressure of 0.1–0.3 GPa.
Experiments are performed either under a static pres-
sure of 7 GPa on a high-pressure apparatus of the “anvil
with a hollow” type at temperatures of 1000–2300°C or
in vacuum (1.33 × 10–1 Pa) at a temperature of 1100°C.

The microhardness of samples is measured on a
PMT-3 device under a load of 2 N, and the density is
determined using hydrostatic weighing in CCl4. The
microstructure is examined on unetched microsections
and cleaved faces of samples using a Mikro-200 metal-
lographic microscope and a CamScan scanning micro-
scope analyzer. X-ray structural analysis is carried out
on a DRON-3 diffractometer.

In the first stage of the work, we studied the compac-
tion of deep-cleaned unmodified UDD powders at high
004 MAIK “Nauka/Interperiodica”
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pressures. It is established that, at a sintering tempera-
ture of 1300°C, the microhardness of a sample is
20 GPa at a density of 2.73 g/cm3. The maximum micro-
hardness (30–35 GPa) at a density of 2.85–2.90 g/cm3

is reached at sintering temperatures of 1600–1800°C,
and the microstructure of a sample in this case contains
micropores 2 to 5 µm in size accounting for up to 5%
of the microsection area and pores 10 to 18 µm in size
accounting for up to 15%. Thermobaric treatment at
temperatures above 1800°C activates graphitization,
which decreases the density and microhardness of
samples.

In the second stage, we studied the sintering of
UDDs modified with Co and Ti. For samples modified
with Co, the density and microhardness of sinters
increase as the sintering temperature is increased to
1300°C. At a pressure of 7 GPa and a temperature of
1300°C, the microstructure of a sample exhibits pin
holes 2.5 to 5 µm in size accounting for up to 30% of
the entire area and the maximum microhardness is 25 to
31 GPa at a density of 2.83 g/cm3 (Fig. 1a). An x-ray

(a)

(b)

Fig. 1. Microstructure (200×) of a sample produced from a
UDD powder modified with cobalt. Sintering is performed
under a pressure of 7 GPa over 15 s at a temperature of
(a) 1300 and (b) 2300°C.
PH
diffraction study revealed a small quantity of graphite.
As the sintering temperature is increased further, the
density and microhardness decrease. For example, the
microstructure of a sample sintered at a pressure of
7 GPa and a temperature of 2300°C (Fig. 1b) contains
a developed network of microcracks and has no pin
holes; the microhardness is 14–16 GPa, and the density
is 2.7 g/cm3. An x-ray diffraction study showed the
presence of graphite in the sample.

For UDD-based samples modified with Ti, the den-
sity and microhardness also increase as the sintering
temperature is increased to 1300°C. The microstructure
of a sample sintered at a pressure of 7 GPa and a tem-
perature of 1300°C exhibits pin holes 1 to 2 µm in size
accounting for up to 10% of the entire area (Fig. 2a).
The maximum microhardness of the sample is 28–
31 GPa at a density of 2.74 g/cm3. The x-ray diffraction
data show that the intensity of the (002) reflection of
graphite is higher than that in the case of a UDD-based
sample modified with Co and sintered under the same

(a)

(b)

Fig. 2. Microstructure (200×) of a sample produced from a
UDD powder modified with titanium. Sintering is per-
formed under a pressure of 7 GPa over 15 s at a temperature
of (a) 1300 and (b) 2300°C.
YSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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conditions and that the sample modified with Ti con-
tains titanium carbide.

A scanning microscopy study revealed that the
cleaved faces of samples are covered with thin films
10- to 30-µm long. According to microanalysis data, the
titanium content is maximum in the films (3.5 wt %);
near the film–matrix interface, the titanium content
decreases to 2 wt % and then again increases up to 2.5–
3.0 wt % with distance away from the interface into the
matrix. The microstructure of a sample sintered at a
pressure of 7 GPa and a temperature of 2300°C exhibits
micropores 1 to 2 µm in size and pores 10 to 25 µm in
size (up to 20%), as well as microcracks (Fig. 2b). The
microhardness of the sample is 26–29 GPa. On the
whole, the UDD-based samples modified with Ti are
more fragile, as indicated by chips and microcracks that
arose around the periphery of indentations in measur-
ing the microhardness. No chips and microcracks are
observed in measuring the microhardness of the UDD-
based samples modified with Co.

Thus, the samples produced from modified UDD
powders at a sintering temperature of 1300°C exhibit
higher values of microhardness and density than those
produced from unmodified UDD powders. These
parameters decrease as the sintering temperature is
raised.

In the third stage of the work, we studied the prop-
erties of the products of UDD sintering in vacuum. For
this purpose, we used samples produced from deep-
cleaned UDD powders not modified with metals. The
samples thus obtained have a microhardness of 0.8–
1.0 GPa and a density of 1.1–1.2 g/cm3 and contain
graphite. Certain samples contain transparent particles,
filaments, and scales 100 to 750 µm in size with a
microhardness of 10–50 GPa. The microhardness of a
particle 700 to 750 µm in size with a habit characteristic
of diamond is measured to be 100 GPa. X-ray structural
analysis did not reveal graphite in these particles.

Thus, we have established in this work that prior
modification of UDDs with Co and Ti affects the micro-
structure and properties of the polycrystals obtained
from them. The addition of Co favors graphitization of
UDDs at high sintering temperatures but does not affect
it at sufficiently low sintering temperatures. The addi-
tion of Ti favors the formation of graphite at low tem-
peratures; however, at higher temperatures, the hard-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
ness of samples changes only insignificantly, which can
be due to the formation of titanium carbide. The
regimes of thermobaric treatment for which optimum
properties of samples are attained also depend on the
modifying additive. For UDD powders modified with
Co and Ti and sintered at 1300°C, the density of the
samples increases from 2.73 to 2.83 g/cm3 and their
microhardness increases from 20 to 31 GPa in compar-
ison with the respective characteristics of unmodified
UDD powders. In the case of thermobaric sintering at
temperatures above 1800°C, samples with reduced den-
sity and microhardness are obtained, due to graphitiza-
tion, for all kinds of powders used in this work.

In the case where samples are produced from
unmodified UDD powders by sintering in vacuum, the
microhardness of the samples is of the order of 1.0 GPa
and the density is 1.1–1.2 g/cm3. The sintering products
contain particles that are aggregates of UDDs. The
microhardness of such particles is 10–100 GPa, which
is one to two orders of magnitude higher than that of the
matrix without UDD aggregates.
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Abstract—Electroluminescence (EL) in an electrolyte–insulator–semiconductor system is used to study oxide
layers in Si–SiO2–Si3N4 and Si–SiO2 structures prepared using various techniques. The EL spectra of all the
structures contained the 2.7-eV emission band characteristic of the radiative relaxation of excited sililene centers.
A comparative study of the conditions conducive to the formation of such luminescence centers in various struc-
tures containing SiO2 layers was made, and their nature was refined. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Investigation of the electroluminescence (EL) in
layers of SiO2, whose spectrum contains a number of
bands in the region 250–800 nm [1–10], is of funda-
mental interest both in terms of the electronic processes
taking place in such layers and their application poten-
tial. The latter aspect gains particular significance in
view of the intense developments in the field of flat
solid-state screens. Viewed from this standpoint, the
use of EL in SiO2 layers integrated in Si–SiO2 or asso-
ciated systems appears particularly promising, because
this would make it possible to combine the achieve-
ments reached in solid-state screen fabrication with pla-
nar silicon technology and, thus, promote progress in
the visual presentation of information.

This communication reports on a comparative study
of the spectral response of the EL in SiO2 layers depos-
ited on silicon. Attention was focused on the 2.7-eV
emission band and the nature of centers responsible for
this band, which is typical of SiO2 layers. This band is
seen in a variety of structures containing such layers
and is one of the strongest in the emission spectrum. A
comparison of the conditions conducive to the appear-
ance of this band in various structures with SiO2 layers
may help to better understand the character of the elec-
tronic processes occurring in these layers in strong
electric fields and to define the nature of the corre-
sponding luminescence centers more precisely.

2. CHARACTERIZATION OF THE STRUCTURES 
AND EXPERIMENTAL TECHNIQUE

We studied Si–SiO2 structures prepared using the
following methods:

(1) thermal oxidation of KDB-10 single-crystal sili-
con by standard technologies (dox = 110 nm);

(2) SIMOX technology based on implanting
190-keV oxygen ions (to a dose of 1.8 × 1018 cm–2) into
the silicon bulk at a temperature of 650°C, followed by
1063-7834/04/4604- $26.00 © 200770
annealing at 1320°C for 6 h and etching off of the outer
silicon layer (dox = 400 nm);

(3) thermal oxidation of KÉF-5 (100) silicon in
humid oxygen at 950°C (dox = 250 nm) with subsequent
implantation of argon ions into the bulk of the oxide
layer; the dose of implanted ions was 1013–3.2 ×
1017 cm–2, and their energy (130 keV) was chosen such
that the maximum of the implanted ion distribution was
at the center of the oxide layer;

(4) galvanostatic anode oxidation (AO) of KDB-10
single-crystal silicon (dox = 100 nm);

(5) deposition of a silicon nitride layer 80 and
100 nm thick (in a low-pressure reactor) from a silane
plus ammonia mixture on Si–SiO2 structures thermally
prepared in dry oxygen at a temperature of 1100°C on
KDB-10 (100) substrates (Si–SiO2–Si3N4 structures
with oxide thicknesses of 40, 77, and 100 nm).

The EL spectra were measured in the region 250–
800 nm in the electrolyte–insulator–semiconductor
system following the technique described in consider-
able detail in [1]. This system is advantageous in that it
permits the injection of electrons and their heating in
SiO2 layers within a broad range of fields, which is a
necessary condition for the excitation of EL centers [1–
3]. Also, the possibility of controlled etching-off of the
oxide layer while simultaneously measuring the EL
spectral response makes it possible to determine the
spatial distribution of EL centers in SiO2 layers.

3. EXPERIMENTAL RESULTS

Figure 1 presents EL spectra of the Si–SiO2 struc-
tures prepared by thermal oxidation of silicon mea-
sured at various electric fields in the oxide layer. The
EL in the 2.7-eV band was observed under application
to the oxide layer of an electric field Eox above a certain
threshold level E*, which gave rise to collision ioniza-
tion (CI) in the bulk of the oxide layer. The strength of
this field is related to the oxide layer thickness dox
04 MAIK “Nauka/Interperiodica”



        

ELECTROLUMINESCENCE IN SiO

 

2

 

 LAYERS IN VARIOUS STRUCTURES 771

                                                                                                                               
through E* = C1 + C2/dox [3]. The appearance of the EL
in the 2.7-eV band was shown in [3] to be due to the
presence in the oxide layer of hot electrons with an
excess energy of over 9 eV, which are necessary to ini-
tiate CI in the SiO2 matrix. The region of localization of
the EL and, hence, of the luminescence centers (LC) in
this band coincided with that of the maximum probabil-
ity of the CI process and shifted with increasing electric
field from the Si/SiO2 interface toward the outer bound-
ary of the oxide layer. The termination of CI (due to a
decrease in the electric field strength in the oxide layer
or field-induced degradation of the Si–SiO2 structure)
was accompanied by EL quenching. Preliminary appli-
cation of a field Eox > E* to the Si–SiO2 structures did
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Fig. 1. EL spectra of Si–SiO2 structures obtained by thermal
oxidation of silicon in “dry” oxygen at 1100°C and plotted
for various values of the electric field in the oxide layer Eox:
(1) 13.0, (2) 13.95, (3) 14.1, and (4) 14.9 MV/cm. The oxide
layer thickness is 110 nm. The calculated value of E* is
13.9 MV/cm.
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Fig. 2. EL spectrum of Si–SiO2 structures prepared by
SIMOX technology.
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not initiate subsequent EL formation in the 2.7-eV band
for fields Eox < E*, which do not cause CI. This means
that it is the CI process that accounts for the formation
of 2.7-eV LCs in the bulk of the oxide layer and their
subsequent excitation by hot electrons, whose energy
can be lower than 9 eV. Also, the LCs formed were
found to be short lived, because the termination of CI in
the SiO2 layer was accompanied by a practically com-
plete disappearance of these centers.

The EL spectra of the Si–SiO2 structures prepared
using the SIMOX technology exhibited a number of
essential differences (Fig. 2). The 2.7-eV EL band in
these structures was the strongest in the spectrum, and
its intensity was about 400 times higher than that of the
analogous band in the spectra of thermally prepared Si–
SiO2 structures. Note that this emission band was
observed in electric fields substantially lower than
those needed for the CI process in the bulk of the oxide
layer to set in. This implies the formation of 2.7-eV
LCs directly in the course of the preparation of the
structures. The EL spectra measured in parallel with the
etching-off of the oxide layer indicated the 2.7-eV LCs
to be localized primarily near the Si–SiO2 interface.
Note that the EL spectrum also contained an emission
band of energy (4.4 ± 0.1) eV, which could be fitted
well by a Gaussian with an FWHM of (0.4 ± 0.1) eV.
No other emission bands were observed to exist.

Figure 3 presents EL spectra of Si–SiO2 structures
subjected to argon ion implantation into the oxide layer.
These EL spectra contained three emission bands at
1.9, 2.7, and 4.4 eV. The EL bands at 2.7 and 4.4 eV
were present in the EL spectra starting from an implan-
tation dose of 1013 cm–2 and were observed in electric
fields that did not cause CI in the oxide layer. A further
increase in the implantation dose up to 1017 cm–2

reduced the intensities of these emission bands, which
was replaced by a strong increase as the 3.2 × 1017 cm–2

dose was reached. Note that the intensity ratio of the
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Fig. 3. EL spectra of Si–SiO2 EL structures after argon ion

implantation to dose D equal to (1) 1013, (2) 1014, (3) 1016,
and (4) 3.2 × 1017 cm–2.
4



 

772

        

BARABAN 

 

et al

 

.

       
emission bands at 2.7 and 4.4 eV remained the same in
all cases. It was established that the LCs responsible for
the 2.7- and 4.4-eV bands are located 30–100 nm away
from the Si–SiO2 boundary [4], i.e., that the maximum
of their distribution is closer to the boundary with sili-
con than the maximum of the implanted argon. A
higher implant dose brought about a broadening of the
LC distribution and a shift of its maximum towards the
boundary with silicon [4]. Annealing (500–1100°C,
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Fig. 4. Effect of anodic oxidation on the EL spectrum of a
Si–SiO2–electrolyte system. The oxide growth rate is
(1) 1.5 and (2) 0.01 nm/min, and (3) is the EL spectrum of
a Si–SiO2 structure prepared by the anodic process in a non-
oxidizing electrolyte.
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Fig. 5. EL spectra of (1) Si–SiO2(400 Å)–Si3N4(800 Å),
(2) Si–SiO2(770 Å)–Si3N4(800 Å), (3) Si–SiO2(1000 Å)–
Si3N4(1000 Å), (4) Si–SiO2(1000 Å)–Si3N4(1000 Å) after
etching the Si3N4 layer off with hydrofluoric acid, and
(5) Si–Si3N4.

0

P

10 s) of the Si–SiO2 structures after the implantation
(except for the implantation to a dose of 3.2 × 1017 cm–2)
resulted in a decrease in the intensity of both EL bands.

The silicon AO process used to prepare Si–SiO2
structures was accompanied by luminescence [11, 12]
whose spectrum contained a clearly resolved emission
band at 2.7 eV (Fig. 4). In silicon produced by galvano-
static AO, this band appeared in the course of formation
of the oxide layer starting with a thickness of ~40 nm
[1]. Termination of the AO by replacing the oxidizing
electrolyte (ethylene glycol with KNO3) with an aque-
ous solution of a neutral electrolyte (1-N solution of
Na2SO4) brought about almost complete quenching of
this band (Fig. 4). Replacing this solution with the start-
ing electrolyte resulted in recovery of the band. The EL
spectrum (recorded in the neutral electrolyte) of the Si–
SiO2 structures prepared by AO was similar to that of
thermally formed structures. The 2.7-eV band was
observed in this case only in electric fields exceeding a
certain critical level and initiating CI in the bulk of the
oxide layer. However, here, the critical field was again
about half that observed in the case of thermally pre-
pared Si–SiO2 structures. Preliminary application of a
field to AO-produced Si–SiO2 structures at levels high
enough to initiate CI in the oxide layer did not generate
EL in the 2.7-eV band in weaker electric fields.

Figure 5 displays EL spectra of the Si–SiO2–Si3N4
structures. The EL spectrum obtained in the conditions
excluding the possibility of the onset of CI in a SiO2
layer (Eox < E*) contained in this case a clearly pro-
nounced band at ~2.7 eV, whose intensity increased
with the thickness of both the SiO2 and the Si3N4 layer
and depended superlinearly on the density of the cur-
rent flowing through the structure [5]. The latter obser-
vation indicates that the excitation mechanism of this
band is related to the electron heating processes taking
place in the oxide layer. The EL spectrum obtained
after the silicon nitride layer had been etched off did not
contain the 2.7-eV EL band, which gives one grounds
to connect its appearance to the formation of the lay-
ered insulator, because the EL intensity of the silicon
nitride layer itself was an order of magnitude lower
(Fig. 5).

4. DISCUSSION OF THE RESULTS

A common feature of the above EL spectra of the
various structures containing SiO2 layers is the pres-
ence of the 2.7-eV emission band, which can be
approximated by a Gaussian with an FWHM of (0.35 ±
0.05) eV. This suggests that the LCs responsible for this
band are related to defects that have the same nature in
all cases considered. Such defects are most likely the
so-called sililene centers (O2=Si:), which actually rep-
resent doubly oxygen-coordinated silicon atoms. As
follows from the literature, defects of this type feature
two radiative transitions, at ~ 2.7 and ~4.4 eV, whose
HYSICS OF THE SOLID STATE      Vol. 46      No. 4      2004
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excitation energy is ~5 eV [13]. Note that the room-
temperature intensity of the radiative transitions of
energy 2.7 eV exceeds that of the 4.4-eV transition.
These centers may form in various structures through a
variety of mechanisms, whereas their excitation in all
the above cases occurs through interaction with hot
electrons that are created in insulating layers in strong
electric fields and possess an excess energy above 5 eV.

The formation of sililene centers in thermally pro-
duced Si–SiO2 structures is apparently directly con-
nected with the CI process. The generation of electron–
hole pairs in the bulk of the oxide layer brings about the
rupture of two Si–O bonds in one silicon–oxygen tetra-
hedron with the formation of short-lived O2=Si:
defects. The termination of CI is accompanied by resto-
ration of the broken bonds (which is stimulated by their
spatial proximity) and, hence, by LC destruction. The
threshold character of the dependence of the 2.7-eV EL
band intensity on electric field in the oxide layer
(Fig. 6) should be assigned to specific features of elec-
tron transport in strong electric fields, which originate
from the CI-induced electron multiplication and cre-
ation of an additional hot-electron excess-energy dissi-
pation channel connected with the appearance of the
2.7-eV EL band. The numerical modeling of electron
transport in SiO2 including the above features was per-
formed in the Boltzmann kinetic approximation using
the Monte Carlo macroparticle approach [14, 15] to
derive the dependence of the 2.7-eV EL band intensity
on the electric field in the oxide layer. The qualitative
agreement between the numerical calculations and our
experimental data (Fig. 6) supports the assumption that
the EL in the 2.7-eV band is connected with CI pro-
cesses occurring in the bulk of the oxide layer. The
4.4-eV band, which is likewise characteristic of the sil-
ilene centers, cannot be clearly identified in this case
because of its substantially lower intensity.

The formation of sililene centers in SIMOX-grown
structures can be associated with aggregation of silicon
clusters near the Si/SiO2 interface in the course of fab-
rication of the structures [16]. The high concentration
of doubly oxygen-coordinated silicon defects permits
reliable observation of the 4.4-eV band, the second
characteristic feature of these defects. This observation
is an additional argument for the validity of our ideas
concerning the nature of the centers responsible for the
EL at 2.7 eV.

To explain the mechanisms of formation of the sil-
ilene centers in argon-implanted structures, we have to
take into account that the energy of implanted ions can
dissipate through interaction with the atomic and elec-
tron subsystems of the oxide layer. The interaction with
the electron subsystem is accompanied by electron–
hole pair generation, and the interaction with the
atomic subsystem causes structural distortions of the
SiO2 matrix. Energy dissipation in the outer part of the
oxide layer is channeled equally through interaction
with the electron and atomic subsystems. In the bulk of
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
the oxide layer, the most probable mechanism of
energy dissipation of the implanted argon involves cou-
pling to the atomic subsystem, which brings about
intense rupture of Si–O bonds near the maximum of the
implanted-argon distribution and a displacement of Si
and O atoms into the oxide layer (to a distance of 80–
170 nm for the O atoms and of 30–70 nm for the Si
atoms away from the maximum of the argon distribu-
tion, as estimated in [4]). This process forms two off-
stoichiometric SiOx regions, with x > 2 and x < 2, in the
bulk of the oxide layer [17]. The sililene centers form
in the oxygen-depleted SiO2 region through the rupture
of two Si–O bonds in the same silicon–oxygen tetrahe-
dron and the displacement of oxygen atoms into the
bulk of the oxide layer, and this is what accounts for the
stability of the defects thus produced. The decrease in
the EL band intensity at 2.7 and 4.4 eV brought about
by annealing can be assigned to a partial recovery of the
broken silicon–oxygen bonds in the bulk of the oxide
layer, which entails a decrease in the concentration of
the doubly oxygen-coordinated silicon atoms.

The assumption that the 2.7-eV EL band is associ-
ated with the sililene centers is supported in studies of
the silicon AO processes. The AO of silicon displays a
linear section in the kinetics of the oxide layer forma-
tion [1], which is accompanied by luminescence at
2.7 eV. The defects responsible for the 2.7-eV EL band
are created directly in the region of formation of the
oxide layer, where the probability for the sililene cen-
ters to arise is high. Because the electron energy
required to excite sililene centers exceeds 5 eV, the
radiation observed by us should be localized within the
oxide layer at a certain distance from the interface
injecting the electrons, i.e., from the electrolyte. The
minimum distance is actually the sum of two compo-
nents, more specifically, of the electron tunneling
length from the electrolyte to the oxide layer and of the
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Fig. 6. Intensity of the 2.7-eV EL band as a function of the
electric field in the oxide layer (1) obtained by numerical
modeling [14, 15] and (2) measured experimentally.
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distance required to heat the electrons to an excess
energy of ~5 eV. Silicon AO in this stage of kinetics
occurs under a constant electric field strength of
~20 MV/cm in the oxide layer [1]. The tunneling
length, determined by the height of the potential barrier
for electrons (~4.4 eV) and by the electric field at the
SiO2–electrolyte interface, is ~2 nm. The distance
required for electron heating to occur, as obtained by
numerical modeling of the electron transport in SiO2

[18], is ~8 nm. Thus, within the linear section of the
kinetics (starting from a layer thickness of ~40 nm), the
oxide layer forms in the bulk of SiO2 ~10 nm away
from the outer boundary, which agrees with the avail-
able literature data [19].

The occurrence of EL in the 2.7-eV band in Si–
SiO2–Si3N4 structures in electric fields not high enough
for the onset of CI in the bulk of the oxide layer origi-
nates from the process employed to deposit a silicon
nitride layer on the Si–SiO2 structures. This process is
accompanied by the formation of a transition layer con-
taining sililene centers. The thickness of the transition
layer (and, hence, the concentration of sililene centers)
increases with the thickness of the oxide and silicon
nitride layers. In its chemical composition, the transi-
tion layer actually represents a layer of silicon oxyni-
tride (SiNxOy), which is characterized by a high con-
centration of sililene centers and the 2.7-eV lumines-
cence [20]. The LCs in the transition layer are excited
in this case by the hot electrons forming in the silicon
nitride layer. Under typical conditions of EL excitation,
the electric fields produced in the silicon nitride layers
are 6–9 MV/cm; these fields heat electrons to an energy
exceeding 5 eV [21], which is sufficient to excite the
sililene centers at the SiO2/Si3N4 interface.

5. CONCLUSIONS

Identification of the sililene centers (O2=Si:) with
the LCs responsible for the 2.7- and 4.4-eV lumines-
cence permits one to describe, from a common stand-
point, the totality of the experimental data on the lumi-
nescence observed in this spectral region in silicon–
insulator structures containing SiO2 layers. Further-
more, our study of the luminescence yielded additional
information on the growth of the silicon–insulator
structures and on the electronic processes occurring in
them in strong electric fields. Viewed as candidates for
the development of flat solid-state electroluminescent
screens operating in the 2.7-eV EL band, the best prom-
ise is held by SIMOX-grown structures and Si–SiO2

structures obtained by thermal oxidation of silicon with
subsequent argon implantation into the oxide layer;
thus far, these structures exhibit the highest emission
intensity in this band.
PH
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Abstract—Ultrasonic studies of the temperature behavior of the velocity and damping of sound for the xx and
zz longitudinal and yx and zx transverse waves in K3Na(CrO4)2 have been carried out in the temperature interval
185–295 K, which includes the region of the ferroelastic phase transition. The acoustic parameters for both
shear and longitudinal waves were found to have anomalies in the region of the phase transition with a Curie
temperature of 235.5 K. A theoretical analysis of the softening of the elastic moduli c44 and c66 was performed
on the basis of the Landau expansion in terms of the strain tensor components ε4 and (ε2 – ε1)/2 considered as
the linearly coupled primary and secondary order parameter, respectively. The absolute values of the elastic
moduli c11, c33, c44, c66, c12, and c14 at 295 K were calculated. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

K3Na(CrO4)2 belongs to crystals with the structural
formula A3B(CO4)2, where A and B are Li, K, Na, Rb,
Cs, or NH4 and CO4 stands for the SO4, CrO4, or SeO4
tetrahedra. Many members of this family undergo fer-
roelastic phase transitions. K3Na(CrO4)2 passes
through two structural phase transitions at 239 and
853 K [1]. On the basis of x-ray diffraction measure-
ments [2, 3], it was suggested in [1] that the low-tem-
perature transition can be represented by the scheme

  2/m and that the observation of ferroelastic
domains below 239 K indicates the transition to be of
ferroelastic nature. This stimulated a study of the tem-
perature variation of the dynamic elastic moduli of the
crystal in the vicinity of Tc. However, earlier ultrasonic
measurements were performed only for the elastic
modulus c44 [2], as the strong ultrasound scattering
from the domain structure permitted study above the
phase transition only. Nevertheless, the noticeable soft-
ening of this modulus observed to occur as one
approached the Curie point was attributed to the fer-
roelastic character of the transition. The temperature
behavior of the elastic moduli for the K3Na(CrO4)2
crystal was studied in [4] by Mandelshtam–Brillouin
scattering of light in the interval 140–300 K. In the
vicinity of Tc, one observed a noticeable softening
(which was similar in magnitude) of the moduli c44 and
c66 and a break in the temperature dependences of c11
and c33. As in the ultrasonic experiments, light scatter-

3m
1063-7834/04/4604- $26.00 © 20775
ing from the domain structure confined the studies of
c66 and c44 to the region below the Curie point. Based
on the change in the crystal symmetry, the phase transi-
tion was interpreted in [4] as first order, although no
temperature hysteresis of the velocity was observed. It
was suggested in [4] to describe the phase transition in
terms of Landau theory with a mixed order parameter
introduced in [5]. This interpretation does not, however,
fit well with the group-theoretical description of fer-
roelastic phase transitions proposed later in [6].

We present here the results of ultrasonic studies of
the K3Na(CrO4)2 crystal carried out in the interval 185–
295 K, which includes the Curie point. We measured
the temperature variations in the velocity and damping
coefficient (with respect to their room-temperature val-
ues) for longitudinal acoustic waves propagating along
the x and z crystallographic axes of the trigonal system
and x-polarized transverse waves moving along the y
and z axes. The interpretation of the experimental data
obtained was based on the phenomenological model [6]
involving two linearly coupled order parameters. Our
acoustic studies identified one of these parameters as
primary, (i.e., responsible for the phase transition) and
the other as secondary. These studies were comple-
mented by room-temperature measurements of the
absolute velocities of a number of acoustic modes,
which permitted calculation of six elastic moduli of the
K3Na(CrO4)2 crystal.
004 MAIK “Nauka/Interperiodica”
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2. THEORETICAL MODEL

According to the group-theoretical analysis per-
formed in [6], the ferroelastic phase transition from

point group  to group 2/m is a first-order transition
described by two order parameters, one of which is pri-
mary, i.e., responsible for the phase transition itself, and
the other is secondary, i.e., linearly coupled with the
primary parameter. Depending on the actual properties
of a crystal, the primary, η1, and secondary, η2, order
parameters can be the strain tensor components ε4 and
(ε2 – ε1)/2, respectively, or vice versa. Because of the

symmetry being  and of the transition being first-
order [6], the Landau expansion should contain an
invariant of third order in η1. Thus, the Landau expan-

sion for the   2/m ferroelastic phase transition
can be written as

(1)

where cη1, cη2, and cη1η2 are elastic moduli of the sec-

ond order and  and  are elastic moduli of the
third and fourth order, respectively. The modulus cη1
scales with temperature as cη1 = c0(T – T0), where T0 is
a characteristic temperature. Using Eq. (1), one can
readily verify that the effective elastic moduli associ-
ated with the primary and secondary order parameters,
respectively, and acting here as the inverse susceptibil-
ities behave differently with temperature above Tc. To
derive an expression for the elastic modulus  related
to the primary order parameter, one has to add the term
–η1H1, accounting for the interaction of η1 with the cor-
responding field H1, to expansion (1). Furthermore,
limiting ourselves to the case of T > Tc, we drop in
Eq. (1) the terms that involve the third and fourth pow-
ers of the primary order parameter. Thus, in the pres-
ence of a field, the equilibrium equations can be cast as

(2)

(3)

Deriving the inverse susceptibility from Eq. (2)

(4)

and substituting ∂η2/∂η1 into Eq. (4) with the use of
Eq. (3), one readily obtains an expression for 

(5)

3m
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PH
where

(6)

In a similar way, one can derive an expression for the
temperature behavior of the modulus  related to the
secondary order parameter:

(7)

Note that the corresponding expressions for a second-
order phase transition were derived in a general form,
for instance, in [7, 8].

As follows from Eqs. (5) and (7), the effective mod-
ulus related to the primary order parameter depends lin-
early on temperature above the phase transition point,
whereas the dependence of  on T deviates from a
straight line. The difference in the theoretical tempera-
ture dependences between the effective elastic moduli
related to the primary and secondary order parameters
makes it possible to experimentally determine which of
the two coupled order parameters, ε4 or (ε2 – ε1)/2, is
primary for K3Na(CrO4)2.

3. EXPERIMENT AND RESULTS

Transparent, yellowish crystals of K3Na(CrO4)2
were grown in an aqueous solution at a constant tem-
perature of 315 K. The crystal composition was moni-
tored by chemical and x-ray diffraction analysis. The
6 × 5 × 5-mm sample chosen for measurements was
parallelepiped-shaped, with the edges parallel to the
trigonal crystallographic axes. The crystal orientation
was set to no worse than 1°.

The measurements were performed using two mod-
ifications of the pulse echo method at a frequency of
4 MHz. The technique of Williams–Lamb [9] was used
to measure the absolute velocities of sound at room
temperature and the temperature behavior of the param-
eters of longitudinal acoustic waves (damping was
insignificant in these cases). The temperature behavior
of the parameters of transverse waves was investigated
by studying the interference of a pulse that has passed
through the sample with that reflected from its front
face. This technique was developed for acoustic mea-
surements in strongly absorbing media [10]. All mea-
surements were carried out under slow cooling and
heating of the sample. Below 245 K, the rate of temper-
ature variation did not exceed 0.05 K min–1. The tem-
perature gradient in the sample was not over 0.02 K cm–1.
The relative error was 0.01% for the velocity and 6%
for the damping. The error of room-temperature mea-
surements of absolute velocities was 0.4 and 0.7% for
the longitudinal and transverse waves, respectively.

The experimental data obtained for the absolute
velocities at room temperature permitted calculation of
the six elastic moduli of K3Na(CrO4)2, which are listed

T0' T0

cη1η2
2

c0cη2
------------.+=

c̃η2

c̃η2 c0 T T0'–( )/ T T0–( ).=

c̃η2
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Elastic moduli of K3Na(CrO4)2 (in units of 1010 N m–2) at 295 K

c11 c33 c44 c66 c12 c14

6.04 ± 0.05 6.44 ± 0.05 1.51 ± 0.04 3.11 ± 0.06 –0.18 ± 0.15 0.29 ± 0.04

Note: The relations used for the calculations are c11 = , c33 = , c44 = , c66 = , c12 = c11 – 2c66, and 2  = (c11 +

c44) + , where ρ = 2772 kg/m3 [5] is the specific weight of the crystal.

ρv xx
2 ρv zz

2 ρv zx
2 ρv yx

2 ρv yy
2

c11 c44–( )2
4c14

2
+

in the table. All the moduli, except c33, are in good
agreement with the data [4] obtained using the
Mandelshtam–Brillouin light scattering technique.
However, the ultrasonic method provides a higher accu-
racy than the optical one.

Figures 1–4 graphically display the temperature
behavior of the velocity and damping of sound for the
transverse zx and yx modes and longitudinal xx and yy
modes obtained under cooling and heating of the sam-
ple. One sees clearly pronounced anomalies in the
velocities of all waves below 240 K. For longitudinal
waves, however, the changes were considerably weaker
than those for transverse waves. The velocity anomalies
were accompanied by a growth of the damping coeffi-
cient, which was likewise noticeably larger for the
transverse modes. No temperature hysteresis was
observed within the experimental accuracy either for
the velocity or for the damping coefficient (Figs. 1–4),
just as in studies of the low-temperature phase transi-
tion in K3Na(CrO4)2 using other methods.

The changes in the transverse-wave velocities dis-
played in Figs. 1 and 2 agree both in character and mag-
nitude with the anomalies in the moduli c66 and c44
reported in [2, 4]. However, the observed decrease in
the longitudinal-wave velocity (Figs. 3, 4) is at odds
with the data from [4], where only a change in the slope
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Fig. 1. Relative temperature variations in the velocity ∆vzx
and in the damping coefficient ∆αzx for a transverse x-polar-
ized ultrasonic wave propagating along the z axis. Filled sym-
bols correspond to cooling, and open symbols, to heating.
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of the temperature dependences of c11 and c33 at Tc was
revealed.

4. DISCUSSION OF THE RESULTS

The experimentally observed decrease in the trans-
verse-wave velocity (Figs. 1, 2) corresponding to a soft-
ening of the c44 and c66 elastic moduli [c66 = (c11 – c12)/2
above the phase transition point] is in agreement with
the theoretical predictions outlined in Section 2. A rel-
atively weak softening of c44 and c66 in K3Na(CrO4)2
compared to other proper ferroelastics (see, e.g., [7])
should most likely be attributed to this phase transition
being first-order. However, this transition should be
classed among weak first-order transitions, because no
noticeable temperature hysteresis was observed in the
elastic properties of the crystal under heating and
cooling.

To properly identify the primary and secondary
order parameters with strain tensor components, we
used ultrasonic measurements to calculate the tempera-
ture dependences of the elastic moduli c44 and c66 pre-
sented in Fig. 5. We readily see that, within the experi-
mental accuracy, the modulus c44 linearly depends on
temperature in the interval from 235.5 to 238 K,
whereas the temperature dependence of the elastic
modulus c66 exhibits a clearly pronounced nonlinear
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Fig. 2. Relative temperature variations in the velocity ∆vyx
and in the damping coefficient ∆αyx for a transverse x-polar-
ized ultrasonic wave propagating along the y axis. Filled sym-
bols correspond to cooling, and open symbols, to heating.
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character. Thus, in accordance with Eqs. (5) and (7),
one should accept that ε4 is the primary parameter η1,
with the related effective modulus  = c44, and that
(ε2 – ε1)/2 is the secondary order parameter, with the
corresponding modulus  = c66. Also, cη1η2 should
obviously be equal to c14. By extrapolating the c44(T)
straight line to the intercept with the temperature axis,
one can find the temperature  entering Eq. (5). We

find from Fig. 5 that  = 228 ± 0.5 K and c0 = 0.155.

Using the value of  thus found, one obtains good
agreement between the experimental temperature
dependence c66(T) and theoretical relation (7) by setting
the temperature T0 equal to 214 K. The comparatively

large difference between T0 and  (∆T = 14 K) indi-
cates a fairly strong coupling between the primary and
secondary order parameters. Note, however, that the
value of ∆T thus found is considerably larger than the
value following from Eq. (6), 0.2 K.

Another Landau expansion was employed in [4] to

describe the low-temperature   2/m transition in
K3Na(CrO4)2. The combination εs = a(ε1 – ε2) + bε4,
where a and b are numerical coefficients, was used as
the only order parameter [5]. The elastic modulus
related to this order parameter has the form c2s = (c44 +

2c66 – )/2 [5]. The temperature
dependence of the modulus c2s, which was calculated
from ultrasonic measurements, is also displayed in
Fig. 5 for comparison. The modulus c14 was derived

from the expression  = (c11 + c44) +

, where ρ is the specific weight of
the crystal and v yy is the velocity of the yy mode. As

c̃η1
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sonic wave propagating along the x axis. Filled symbols
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PH
seen from Fig. 5, the c2s(T) curve approaches a linear

dependence c2s ~ (T – ) corresponding to the Landau

expansion used in [4]. Note that the temperature  ≅
228 K coincides with the above temperature . Thus,
a comparison of the theoretical approaches employed in
the present study and in [4] suggests that, while both
versions of the Landau expansion are valid for descrip-
tion of the ferroelastic phase transition in K3Na(CrO4)2,
expansion (1) is better substantiated from the group-
theoretical standpoint.

As follows from the expressions for the second-
order elastic-modulus tensor of a crystal of symmetry

, the strains ε1 and ε3 are not related linearly with
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the primary order parameter and, hence, near the phase
transition, the xx and zz acoustic modes should not
undergo noticeable anomalies comparable in magni-
tude to those of the zx and yx modes. Our measurements
support this conclusion (Figs. 3, 4). Nevertheless, the
graphs presented in Figs. 3 and 4 differ from the results
obtained in [4] using Mandelshtam–Brillouin scatter-
ing, where only breaks in the c11(T) and c22(T) curves
were revealed. This difference could be assigned to a
slow relaxation of the order parameter with a time τ sat-
isfying the conditions ωτ ! 1 for ultrasonic frequencies
and ωτ @ 1 for thermal phonons, as was proposed in
[11] for the (NH4)LiH3(SO4)4 crystal.

Interestingly, the observed anomalies in the temper-
ature dependences of the shear elastic moduli in
K3Na(CrO4)2 appear to be more characteristic of
improper ferroelastic transitions. The reason for this
remains unclear, because the proper character of the
transition in K3Na(CrO4)2 follows directly from the

symmetry change   2/m.

5. CONCLUSIONS
Thus, we have presented the results of an acoustic

study of crystalline K3Na(CrO4)2 performed in the
interval 185–295 K. The velocity and damping of lon-
gitudinal and transverse sound waves propagating
along the crystallographic axes of the crystal were
found to have anomalies near the ferroelastic phase
transition. The phase transition temperature derived
from the ultrasonic measurements is 235.5 K. The Lan-
dau expansion with two linearly coupled order parame-

3m
PHYSICS OF THE SOLID STATE      Vol. 46      No. 4      200
ters, ε4 and (ε2 – ε1)/2, was analyzed for the phase tran-
sition under study. Acoustic measurements showed ε4
to be the primary order parameter responsible for the
phase transition.
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Abstract—The in-plane anisotropy of the refractive index and absorption coefficient in the blue–green spectral
region in ZnSe/BeTe type-II heterostructures with no common atoms at the interface has been studied by ellip-
sometry in reflection. It was established that the relative difference (anisotropy) in the refractive index and
absorption coefficient remains nonzero throughout the range covered and reaches 0.6% for the refractive index
and 85% for the absorption coefficient. It was found that, in contrast to excitonic transitions involving a heavy
hole, the anisotropy in absorption for the light-hole exciton is larger in magnitude and is of the opposite sign.
© 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Recent studies of the ZnSe/BeTe type-II periodic
heterostructures have revealed that the photolumines-
cence (PL) signal of the spatially indirect exciton is lin-
early polarized in the plane of the structure [1, 2], with
the degree of polarization being about 80% along the

[110] and [ ] crystallographic axes. This effect is
due to the local symmetry of the interface separating
the two zinc-blende substances being lower than the
symmetries of the original semiconductors.

In contrast to the original, bulk semiconductor with
zinc-blende structure and Td point symmetry, an ideal
interface and, hence, a single heterojunction has C2v

symmetry. This lowered point symmetry of the hetero-
junction allows manifestations of an in-plane anisot-
ropy in the optical properties, and this is what was seen
in [3] in the linear polarization of in-plane PL of the
indirect exciton localized near the interface.

The PL spectra of the indirect exciton relate only to
the local properties of a given interface and do not yield
any information on the optical properties of a sample as
a whole. The optical constants of semiconductor het-
erostructures are measured, as a rule, using reflection
and transmission spectroscopy. However, reflectance
spectra alone do not provide an independent measure-
ment of the real and imaginary parts of the refractive
index of light. To determine both of them, one needs to
obtain two spectra of the same sample measured in
reflection and transmission.

This communication reports on studies of
ZnSe/BeTe superlattices (SL) grown on GaAs sub-
strates. Because these substrates exhibit strong light

110
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absorption in the spectral region of interest to us here,
it was impossible to measure transmittance spectra.
Therefore, we studied the optical anisotropy of our
samples using ellipsometry in reflection. The period of
the heterostructures studied was considerably smaller
than the wavelength in the spectral region used; there-
fore, the optical properties of such structures can be
described by the effective refractive and absorption
indices or by the effective permittivity tensor [4].

The reflection ellipsometry was employed to mea-
sure the spectral response of the effective refractive and
absorption indices of ZnSe/BeTe superlattices in the
blue–green spectral region. It was found that the effec-
tive refractive and absorption indices in the [110] and

[ ] crystallographic directions differ throughout the
spectral range covered.

2. EXPERIMENTAL

We studied ZnSe/BeTe SLs with a type-II band off-
set that were MBE-grown on semi-insulating GaAs
substrates in the [001] direction. The thickness of the
ZnSe layers in an SL was 100 Å, that of the BeTe layers
was 50 Å, and the total SL thickness was 3000 Å, which
adds up to 20 ZnSe/BeTe periods. Because the lattice
misfit between the ZnSe, BeTe, and GaAs compounds
does not exceed 0.4%, these heterostructures are prac-
tically unstrained. No purposeful doping of the samples
studied was undertaken. Figure 1 shows the band dia-
gram of the type-II SLs of interest. In these SLs, the
electrons are localized in the ZnSe layers and the holes,
in the BeTe layers. We studied ZnSe/BeTe SLs with
inequivalent interfaces (Zn–Te, Be–Se). Such an inter-

110
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face has point symmetry C2v and lowers the symmetry
of the sample as a whole to C2v [3].

Figure 2 presents reflectance spectra of linearly
polarized light from a ZnSe/BeTe SL obtained in the
region of spatially direct exciton transitions, i.e., transi-
tions in the ZnSe layers, and normalized against the
light source intensity and spectral response of the
detector. The reflectance spectra were measured for
nearly normal incidence of light on the sample (the
angle of incidence did not exceed 12°). The sample
temperature was 77 K; the sample was mounted in a
cryostat on a copper finger immersed in liquid nitrogen,
thus providing heat exchange between the liquid nitro-
gen and the sample. To exclude the effect of light
refraction at the interface between the liquid nitrogen
and the cryostat windows, the sample itself was not
immersed in liquid nitrogen. The light beams striking
the sample and reflected from it were passed through
linear polarizers with parallel axes. The measurements
were conducted for two different orientations of the
polarizer axes relative to the sample crystallographic
axes. In one case, the light was linearly polarized in the
[110] direction; i.e., the light polarization plane was
parallel to the [110] crystallographic axis of the sample
(Fig. 2a). In the other case, the light was linearly polar-

ized in the [ ] direction (Fig. 2b).
The reflectance spectra are seen to contain the line

of the spatially direct exciton localized in the ZnSe lay-
ers (e1–hh1). A comparison of the reflectance spectra
measured for the different light polarizations reveals a
difference in the amplitude of the exciton resonance
line for the two polarizations. The amplitude of the res-
onance obtained with light polarized along the [110]

axis (Fig. 2a) is larger than that for the [ ]-polarized
light. Furthermore, the spectrum obtained with the

[ ] polarization (Fig. 2b) exhibits a feature associ-
ated with a light-hole spatially direct exciton (e1–lh1),
which is not seen with the [110] polarization. This dif-
ference between the reflectance spectra suggests that
the refractive index of light near the excitonic reso-
nance depends on the mutual orientation of the sample
and the plane of polarization of light, a feature indicat-
ing anisotropy in the optical properties in the plane of
the structure.

Analysis of the reflectance spectra alone does not
permit one to independently measure the coefficients of
refraction and absorption of light (or the real and imag-
inary parts of the permittivity). To establish which of
these two parts behaves anisotropically and to measure
their spectral response, we made use of ellipsometry in
reflection.

This method is based on deriving the optical proper-
ties of solids from the changes that the polarization of a
plane light wave undergoes in reflection from the sur-
face of a sample under study. We used reflection ellip-
sometry in a setup with a rotating compensator (phase
shifting plate) [5]. This setup of the ellipsometer makes
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100 Å 100 Å

50 Å50 Å

BeTe BeTe

2.5 eV

2.8 eV

4.4 eV

0.9 eV

DT DT
IT IT

ZnSe ZnSe ZnSe

GaAs
(substrate)

Fig. 1. Band diagram of the ZnSe/BeTe periodic hetero-
structure (superlattice) with a type-II band offset. The struc-
ture contains 20 periods. DT is a spatially direct optical
transition in ZnSe layers of energy E ~ 2.8 eV, and IT is a
spatially indirect optical transition of energy E ~ 1.9 eV.
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Fig. 2. Reflectance spectra of linearly polarized light from a
ZnSe/BeTe superlattice obtained in the spectral region cor-
responding to spatially direct optical transitions in ZnSe
layers: (a) reflectance spectrum of light linearly polarized
along the [110] crystallographic direction of the sample and

(b) same with light linearly polarized along [ ]. Angle of
incidence θ0 = 12°, and sample temperature T = 77 K.
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it possible to perform a full measurement of the polar-
ization state of light (the azimuthal angle of the polar-
ization ellipse, the length ratio of its axes, the sign of
this ratio), which is necessary for determining the opti-
cal constants of thin films with thicknesses comparable
to the wavelength of light in the spectral range covered.

According to the accepted terminology (see, e.g.,
[6]), the linearly polarized monochromatic plane wave
is called the s (p) wave if its electric vector is perpen-
dicular (parallel) to the plane of light incidence on the
sample. The plane of light incidence is defined by the
rays striking and reflected from the sample. In our ellip-
sometric measurements, linearly polarized light
impinged on the sample at a given angle and the polar-
ization of the light reflected from the sample was mea-
sured. The known states of polarization of the light
wave before and after reflection from the sample could
then be used to find the ratio of the complex amplitude
Fresnel reflection coefficients [6]:

(1)

Here, rp and rs are the complex amplitude Fresnel
reflection coefficients for the p and s waves, respec-
tively; ρabs is the modulus of the Fresnel coefficient
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Fig. 3. Spectral responses of ρabs and ∆ measured at an

angle of incidence θ0 = 53.64° for the case where the [ ]
crystallographic axis of the sample is (1) parallel or (2) per-
pendicular to the plane of incidence. Sample temperature
T = 77 K.

110
P

ratio (the angle ψ related to ρabs through  = ρabs is
frequently considered in place of ρabs); and ∆ is the
argument of the Fresnel coefficient ratio. The modulus
of the Fresnel coefficient ratio, ρabs, shows the extent to
which the reflection of the p wave is weaker than that of
the s wave for a given energy of the photons striking the
sample. The argument ∆ of the Fresnel coefficient ratio
is the phase difference between the p and s waves upon
reflection from the sample. Thus, ellipsometry mea-
surements performed at a given wavelength of light and
for the given angle of light incidence on the sample
with the orientation of the sample crystallographic axes
relative to the incidence plane yielded two independent
real quantities characterizing the optical properties of
the heterostructure under study. The measured complex
quantity ρexp for the given wavelength of light permits
one to find the optical constants of the sample (the
refractive index, the absorption coefficient) at the same
spectral point.

3. EXPERIMENTAL RESULTS

We carried out ellipsometric measurements in the
range 50° < θ0 < 65° of angles of light incidence on the
sample. The angles of incidence were set to within
±0.02° and monitored continually in the course of the
experiments. Two measurements were performed for a

given angle of incidence, with the [ ] crystallo-
graphic axis of the sample oriented parallel and perpen-
dicular to the incidence plane. The ellipsometric mea-
surements were carried out at the sample temperature,
77 K. To monitor the angle of light incidence carefully,
the sample, rather than being immersed in liquid
nitrogen, was fixed to a copper finger placed in liquid
nitrogen.

Figure 3 plots the dependences of ρabs and ∆ on the
incident frequency measured ellipsometrically for the

incidence angle θ0 = 53.64° with the [ ] crystallo-
graphic axis of the sample oriented parallel and perpen-
dicular to the plane of incidence. The graphs clearly
indicate there is optical anisotropy in the plane of the
structure, because, all other conditions being equal, the
measured values of ρabs and ∆ depend on the mutual ori-
entation of the plane of light incidence and of the crys-
tallographic axes of the sample. Note the characteristic
feature that the observed optical anisotropy reaches a
maximum at energies close to that of the spatially direct
exciton in the ZnSe layers (E ≈ 2.8 eV) and remains
nonzero practically throughout the spectral range cov-
ered. The periodic pattern of the quantities plotted in
Fig. 3 over a broad spectral range can be identified with
the interference of light in the ZnSe/BeTe SL under
study, because its thickness, 3000 Å, is comparable
to the wavelength of light in the spectral range used
(λ = 4200–6200 Å).

ψtan

110

110
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4. TREATMENT OF EXPERIMENTAL DATA

Because the SL period is much less than the wave-
length of light in the spectral range studied (Kd0 ! 1,
where K is the wave vector of light, d0 is the ZnSe/BeTe
SL period), we can consider this SL in the approxima-
tion of an optically anisotropic, uniform effective
medium [4] and describe its coupling with light through
the effective permittivity tensor. The semiconductor
compounds making up the SL under study crystallize in
the zinc-blende structure having Td symmetry.

As already mentioned, the existence of inequivalent
interfaces in the ZnSe/BeTe SL, with each of them hav-
ing C2v point symmetry, lowers the symmetry of the
sample as a whole to C2v [3]. Hence, the permittivity
tensor of the SL under study becomes diagonal when
referred to the C2 twofold symmetry axes, i.e., to the

[110], [ ], and [001] crystallographic directions. To
find the principal values of the permittivity tensor of the
SL from experimental ellipsometric data, we express
the ratio of the complex Fresnel amplitude reflection
coefficients for the p and s waves through the angle of
incidence of light on the sample, the SL thickness, the
principal values of the permittivity tensor of the SL, and
the permittivity of the substrate.

The problem of the reflection of polarized light
from a sample consisting of a uniform isotropic layer
of a given thickness deposited on a uniform isotropic
substrate can be solved using the transfer matrix for-
malism described, for instance, in [6]. This problem
can be generalized to the case of the reflection of
polarized light from an anisotropic uniform layer–iso-
tropic substrate system. Note that because the surface
of the ZnSe/BeTe SL under study is (001) oriented,
one of the principal axes of the permittivity tensor
coincides in direction with the normal to the sample
surface, with the other two axes of the tensor lying in
the sample plane. In the case where one of the two in-
plane principal axes of the permittivity tensor is per-
pendicular to the plane of incidence and the other is
parallel to it, the p and s components of the polarized
light are reflected by an anisotropic sample indepen-
dently of each other. For this orientation of the permit-
tivity tensor axes of the ZnSe/BeTe SL with respect to
the plane of incidence, the Fresnel reflection coeffi-
cients of the sample under study acquire a simple ana-
lytical form.

Introducing an orthogonal reference frame such that
the plane of incidence coincides with the yz plane and
the xy plane is parallel to the sample surface (with the z
axis being perpendicular to the sample surface), we

110
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obtain the following expressions for the complex
Fresnel amplitude reflection coefficients rp and rs:

(2)

Here, r01p and r12p are the p-wave complex amplitude
reflection coefficients of the outer medium–anisotropic
layer interface and of the anisotropic layer–substrate
interface, respectively; βp is the phase incursion of the
p wave acquired in transit through the anisotropic layer;
and r01s, r12s, and βs are the analogous quantities for the
s wave. Expressing these quantities through the princi-
pal values of the permittivity tensor of the SL under
study, we come to

(3)

(4)

In Eqs. (3) and (4), θ0 is the angle of light incidence
on the sample, ε0 is the permittivity of the outer
medium, εxx and εyy are the principal values of the per-
mittivity tensor of the ZnSe/BeTe SL, d is the total
thickness of the SL, εsub is the substrate permittivity,
and λ0 is the wavelength of light in vacuum.

Thus, Eqs. (2)–(4) relate the unknown components
of the permittivity tensor of the ZnSe/BeTe SL to the
experimentally measured ratio ρexp of the complex
Fresnel amplitude reflection coefficients for the struc-
ture under study. The fact that the thickness of the
ZnSe/BeTe system is of the same order of magnitude as
the wavelength of light in the spectral range of interest
makes expansion of the exponential in Eq. (2) in the

ρtheory

rp

rs

----,=

rp

r01 p r12 p 2iβp( )exp+
1 r01 pr12 p 2iβp( )exp+
-----------------------------------------------------,=

rs

r01s r12s 2iβs( )exp+
1 r01sr12s 2iβs( )exp+
---------------------------------------------------.=

r01s

ε0 ε0 θ0sin
2

– εxx ε0 θ0sin
2

––

ε0 ε0 θ0sin
2

– εxx ε0 θ0sin
2

–+
------------------------------------------------------------------------------=

r12s

εxx ε0 θ0sin
2

– εsub ε0 θ0sin
2

––

εxx ε0 θ0sin
2

– εsub ε0 θ0sin
2

–+
---------------------------------------------------------------------------------=

βs 2πd
λ0
----- εxx ε0 θ0sin

2
– ,=












r01 p

εyy ε0 ε0 θ0sin
2

– ε0 εyy ε0 θ0sin
2

––

εyy ε0 ε0 θ0sin
2

– ε0 εyy ε0 θ0sin
2

–+
------------------------------------------------------------------------------------------=

r12 p

εsub εyy ε0 θ0sin
2

– εyy εsub ε0 θ0sin
2

––

εsub εyy ε0 θ0sin
2

– εyy εsub ε0 θ0sin
2

–+
-------------------------------------------------------------------------------------------------=

βp 2πd
λ0
----- εyy ε0 θ0sin

2
– .=












4
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small parameter d/λ0 impossible. Therefore, analytic
representation of the principal values of the permittivity
tensor of the ZnSe/BeTe SL through the experimentally
measured quantity ρexp appears to be an intractable
problem, because the quantities involved are related by
a transcendental equation. For this reason, the principal
values ε[110] and  of the permittivity tensor of the

SL under study were found numerically in the follow-
ing way.

We introduce the following notation for the mea-
sured values of the complex Fresnel amplitude reflec-

tion coefficients. Let  and  be the values found
at the angle of incidence θ0 = 53.64° in the case where

the [ ] crystallographic axis of the sample under
study is perpendicular and parallel to the plane of inci-

dence, respectively. In measurements of , the [110]
direction corresponds to the permittivity εxx in Eq. (3),

and, in measurements of , this direction is associ-
ated with εyy in Eq. (4). For all the wavelengths for

which  and  were measured, the unknown

ε
110[ ]

ρexp
1( ) ρexp

2( )

110

ρexp
1( )

ρexp
2( )

ρexp
1( ) ρexp

2( )

 ZnSe/BeTe SL el–lh1
el–hh1

el–lh1
el–hh1

BeTe Xvall

BeTe Xvall

2.0 2.2 2.4 2.6 2.8 2.9
Energy, eV

0.05

0.10

0.15

0.20

2.5

2.6

2.7

2.8

2.9

k
n

Fig. 4. Dependences of the refractive index n and absorption
coefficient k of the ZnSe/BeTe superlattice on light fre-
quency. Solid lines refer to the optical constants obtained
for the [110] crystallographic direction of the structure.

Dashed lines relate to the optical constants in the [ ]
direction. Sample temperature T = 77 K.

110
P

complex permittivities ε[110] and  corresponding

to the [110] and [ ] directions of the structure were
varied until the error function F defined as

(5)

reached a minimum. Here,  and  are the mea-
sured values of the ratio of the complex Fresnel ampli-
tude reflection coefficients for the two sample orienta-
tions relative to the light incidence plane and ρtheory are
the analogous values calculated from Eqs. (2)–(4). For
the permittivity of the substrate, we used the values for
undoped GaAs taken from [7]. The total SL thickness
was 3000 Å. For each wavelength of light of the spec-
tral range under study, the minimum of the error func-
tion F in Eq. (5) was found using the steepest descent
method under simultaneous variation of the real and
imaginary parts of the permittivities of the ZnSe/BeTe

SL that correspond to the [110] and [[ ]crystallo-
graphic directions.

In what follows, we consider not the principal val-
ues of the permittivity tensor but rather the corre-
sponding refractive index and absorption coefficient
defined as

(6)

Here, n[110] and  are the refractive indices of the

ZnSe/BeTe SL in the [110] and [ ] crystallographic
directions and k[110] and  are the absorption coef-
ficients for these crystallographic directions.

5. REFRACTIVE INDEX 
AND ABSORPTION COEFFICIENT

Figure 4 presents the spectral responses of the
refractive index and the absorption coefficient of the
ZnSe/BeTe SL extracted from experimental data. One
clearly sees the following features. Both for the [110]

(solid lines) and [ ] (dashed lines) crystallographic
directions, a strong line of the heavy-hole exciton tran-
sition (e1–hh1) in the first quantum confined subband
stands out. The feature associated with the e1–lh1 light-
hole exciton transition is also observed in the responses

of the optical constants along [110] and [ ], but in
the latter direction the e1–lh1 feature is substantially
smaller in amplitude. The spectral responses of the
refractive index and of the absorption coefficient
obtained for the ZnSe/BeTe SL were used to determine
the resonance energies of spatially direct excitonic tran-
sitions. The transition energy is Ehh = 2.818 eV for the

ε
110[ ]

110

F ε 110[ ] ε
110[ ],( ) ρexp

i( ) ρtheory–
2
,

i 1=

2

∑=

ρexp
1( ) ρexp

2( )

110

n 110[ ] ik 110[ ]+( )2 ε 110[ ] ,=

n
110[ ] ik

110[ ]+( )2 ε
110[ ] .=

n
110[ ]

110
k

110[ ]

110

110
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heavy-hole exciton and Elh = 2.850 eV for the light-hole
exciton.

In the interval from 2.45 to 2.65 eV, the spectral
responses of the refractive index and of the absorption
coefficient exhibit a feature (BeTe Xvall) that is appar-
ently due to electron transitions from the valence band
of BeTe to its conduction-band X valley [8]. The BeTe
compound is an indirect-gap semiconductor [9], but
because the electrons with wave vectors along the
growth axis of the structure are quantum confined to the
BeTe layers, these transitions should be direct in the
wave-vector space.

To get a better idea of the character and extent of the
in-plane optical anisotropy in the ZnSe/BeTe SL, we
consider the spectral responses of the difference
between the optical constants corresponding to the

[110] and [ ] crystallographic directions of the het-
erostructure under study. The anisotropy of the refrac-
tive indices, which is defined as δn =  – n[110],
remains nonzero practically throughout the spectral
range covered and reaches its maximum δnmax ≈ 0.035
at an energy E = 2.838 eV. Note that the anisotropy of
the refractive index passes through zero at the energy of
the e1–hh1 heavy-hole exciton resonance, which corre-
lates with the absence of noticeable splitting between
the e1–hh1 heavy-hole exciton resonances for light

polarized along the [110] and [ ] directions (Fig. 5).
The anisotropy of the absorption coefficient δk =

 – k[110] attains its maximum, δkmax ≈ 0.03, at a
photon energy E = 2.861 eV (Fig. 5). The absorption
coefficient anisotropy is seen to have opposite signs for
transitions involving the heavy (e1–hh1) and the light
(e1–lh1) holes. As with the anisotropy of the refractive
index, the anisotropy of the absorption coefficient
remains nonzero practically throughout the spectral
range under study.

The responses plotted in Fig. 5 clearly exhibit fea-
tures apparently associated with spatially direct transi-
tions in the BeTe layers, more specifically, from the
valence band to the X valley (BeTe Xvall). At lower ener-
gies (in the interval 2.0–2.4 eV), the optical constant
anisotropy originates from the spatially indirect transi-
tions in the ZnSe/BeTe SL involving an electron local-
ized in the ZnSe layer and a hole localized in the BeTe
layer. Furthermore, at a photon energy of 2.13 eV, the
anisotropy in the absorption coefficient passes through
zero and the anisotropy in the refractive index is close
to zero (Fig. 5). Thus, within the spectral range cov-
ered, the ZnSe/BeTe SL has an “isotropic” point (IP),
which is in agreement with calculations of the matrix
elements of spatially indirect optical transitions in type-
II heterostructures [10].

The relative magnitude of the refraction anisotropy,
which is defined as ∆n = (  – n[110])/(  +
n[110]), reaches a maximum of 0.6% at an energy E =

110

n
110[ ]

110

k
110[ ]

n
110[ ] n

110[ ]
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2.836 eV. The relative anisotropy in the absorption
coefficient ∆k = (  – k[110])/(  + k[110]) reaches

85% in the spectral region corresponding to spatially

k
110[ ] k

110[ ]

IP

IP

 ZnSe/BeTe SL el–lh1
el–hh1

el–lh1

el–hh1

BeTe Xvall

BeTe Xvall

2.0 2.2 2.4 2.6 2.8 2.9
Energy, eV

–0.04

–0.02

–0.02

0.04

0.02

0

0

0.02

0.04

δn
 =

 (
n [

11
0]

 –
 n

[1
10

])
δk

 =
 (

k [
11

0]
 –

 k
[1

10
])

Fig. 5. Spectral response of the difference between the opti-

cal constants along the [ ] and [110] crystallographic
directions of the ZnSe/BeTe superlattice (δn is the differ-
ence between the refractive indices, δk is the difference
between the absorption coefficients). Sample temperature
T = 77 K.
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Fig. 6. Reflectance spectrum of polarized light from a
ZnSe/BeTe superlattice. The light incident on the sample is
s polarized. The [110] crystallographic axis of the sample
makes an angle of 45° with the plane of incidence. The
reflected light is measured in p polarization. Sample tem-
perature T = 77 K.
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direct transitions in the BeTe layers. Such a large differ-
ence between ∆n and ∆k stems from the smallness of
the light absorption coefficient in the ZnSe/BeTe SL in
the spectral range under study.

Figure 6 displays the reflectance spectrum of polar-
ized light from a ZnSe/BeTe SL measured in the fol-
lowing way. The light was passed through a linear
polarizer with the axis perpendicular to the plane of
incidence, reflected from the sample at an angle θ0 =
53.57°, and, on passing through one more linear polar-
izer whose axis was parallel to the plane of incidence,
impinged on a detector. The sample was oriented such
that its [110] crystallographic axis made an angle of 45°
with the plane of light incidence on the sample. The
reflectance spectrum shown is normalized against the
spectral responses of the light source and the detector
for the corresponding directions of polarization. With
the sample oriented in this way relative to the polarizer
axes, the nonzero amplitude of the reflected light can be
due only to optical anisotropy, which transfers part of
the radiation from the s to p polarization. The reflec-
tance spectrum shown in Fig. 6 is the total (absorption
plus refraction) sign-independent characteristic of the
optical anisotropy of the sample and demonstrates the
birefringence effect in the ZnSe/BeTe SL. The graph is
dominated by the feature due to e1–h1 exciton transi-
tions in the ZnSe layers. This is in agreement with the
spectral responses of the anisotropy in the optical con-
stants of the ZnSe/BeTe SL (Fig. 5), which imply that
it is in the spectral region of spatially direct transitions
in the ZnSe layers that the optical anisotropy reaches a
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Fig. 7. Reflectance spectra of linearly polarized light from a
ZnSe/BeTe superlattice. Circles and squares refer to the
reflectance spectra of s- and p-polarized light, respectively,
calculated from measured spectral responses of the optical
constants of the ZnSe/BeTe superlattice. The calculation
was performed for an angle of incidence θ0 = 53.57°. Solid
and dashed lines are reflectance spectra of s- and p-polar-
ized light obtained at the same angle of incidence. Sample
temperature T = 77 K.
PH
maximum in absolute value. The reflectance spectrum
of Fig. 6 reveals a minimum of the signal (anisotropy)
at a photon energy of 2.13 eV, which corresponds to the
isotropic point derived earlier from the spectral
responses of the anisotropy in the refractive index and
the absorption coefficient of the ZnSe/BeTe SL (Fig. 5).

The spectral responses of the optical constants of the
ZnSe/BeTe type-II SL measured in this study permit
one to calculate the absolute values of the reflectance of
polarized light using Eqs. (2)–(4). Figure 7 compares
reflectance spectra of polarized light from the
ZnSe/BeTe SL, which were calculated and measured
for the angle of incidence θ0 = 53.57° with the [110]
crystallographic axis of the sample oriented parallel to
the plane of incidence. We readily see that the calcu-
lated and measured spectral responses of the reflec-
tance of linearly polarized light from the ZnSe/BeTe SL
agree satisfactorily throughout the spectral range cov-
ered. The agreement between the calculated and mea-
sured reflectance spectra becomes very good in the
spectral region where the optical anisotropy of the het-
erostructures under study is maximal, i.e., in the region
of the excitonic resonances (E ≈ 2.8 eV, see Figs. 5, 6).

6. CONCLUSIONS

We reported on the first measurement of the refrac-
tive index and absorption coefficient of light on
ZnSe/BeTe type-II periodic heterostructures with
inequivalent interfaces by using ellipsometry in reflec-
tion. It has been found that the lowering of the symme-
try of heterostructures with different anion and cation
compositions caused by inequivalent interfaces gives
rise to the appearance of a lateral optical anisotropy,
which manifests itself in the refractive index and the

absorption coefficient along the [110] and [ ] crys-
tallographic directions in the ZnSe/BeTe SL being dif-
ferent. The magnitude of the optical anisotropy remains
nonzero throughout the spectral range covered and
reaches its maximum near the excitonic resonances.
The observed optical anisotropy in the refraction and
absorption of light is assigned [3] to the mixing of light-
and heavy-hole states at the interfaces, which gives rise
to a difference between the matrix elements of the opti-
cal transition for two different sample orientations rel-
ative to the plane of polarization of incident light.
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