
Abstract. The review summarises the main methods for theThe review summarises the main methods for the
preparation of nanostructured metals, alloys, semiconductorspreparation of nanostructured metals, alloys, semiconductors
and ceramics. The formation mechanisms of nanostructuresand ceramics. The formation mechanisms of nanostructures
based on two different principles,based on two different principles, viz.viz. the assembly principlethe assembly principle
(bottom-up) and the disintegration principle (top-down), are(bottom-up) and the disintegration principle (top-down), are
analysed. Isolated nanoparticles, nanopowders and compactanalysed. Isolated nanoparticles, nanopowders and compact
nanomaterials produced by these methods possess differentnanomaterials produced by these methods possess different
properties. The scope of application of various classes ofproperties. The scope of application of various classes of
nanostructured materials is considered and the topicality ofnanostructured materials is considered and the topicality of
the development of nanoindustry is emphasised. The bibliog-the development of nanoindustry is emphasised. The bibliog-
raphy includes 271 references.raphy includes 271 references.

I. Introduction

A large body of the available experimental data on nano-
materials and nanotechnologies provided the basis for the
generalisation of fundamental and applied results in reviews
and monographs.1 ± 20

Due to the development of the nanoscience in recent years,
the data on nanotechnologies and nanomaterials becomemore
abundant and new, sometimes unexpected, properties are
revealed. Hence, the present review begins with the author's
point of view on the nomenclature and comparative character-
isation of the concept of nanomaterials and other similar (often
related) notions.

The term nanotechnology refers to the methods used for
the construction of nanomaterials and nanodevices and meth-
ods of handling of nanoobjects. Nanotechnologies produce
nanometre-size particles. These technologies are based on
methods allowing the construction of objects with sizes that
are thousand or evenmillion times smaller than those visible to
the human eye. The systematic and purposeful development of
the fundamentals of nanotechnologies started several decades
ago. Nowadays, the results of investigations in this field are
introduced in industry. In the present review, emphasis is given
to procedures for the preparation of nanostructured materials,
their properties and promising fields of application.

Nanotechnologies aimed at preparing nanostructured
materials can arbitrarily be divided into the following two
groups: bottom-up and top-down. This classification takes
into account the key step (or the process) of nanotechnology
where a nanostructure is formed. The former group includes
methods, in which nanoparticles are formed from atoms and
molecules, i.e., the starting species are enlarged to nanometre
sizes; the latter group, methods in which nanometre sizes are
achieved by disintegration of larger particles, powders or
grains. The former group of methods of nanotechnology are
based primarily on the chemical approach, while the latter
group of methods, on the physical approach. In many cases,
nanomaterials with the same chemical composition but with
different properties can be prepared using these two different in
principle groups of technologies.

A decrease in the particle size of a solid below a certain
threshold leads to a considerable change in its properties. For
most known materials, the threshold at which a jumpwise
change in the properties occurs (the so-called size effect) varies
from 1 to 100 nm.

Of course, all materials composed of nanometre-size build-
ing blocks can be referred to as nanomaterials. Large mole-
cules, clusters, material particles or polycrystalline grains can
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serve as building blocks. However, in this case, the term
`nanomaterial' would be narrowed to the simple statement of
the block size, and it would be unclear why the development of
nanotechnologies is considered as a new technology revolu-
tion. Hence, it is necessary that the concept of a nanomaterial
include not only the size of building blocks, but also a jumpwise
change in properties of materials that occurs as the nanometre
size is achieved.

In some publications, the term nanomaterials refers to
highly dispersed, ultrafine-grain, superfine-grain or ultrathin
materials. This is unjustified because the concept of nano-
materials includes a quantitative parameter, viz., the size of a
particle, grain or building block, reflected in the prefix `nano'.
In the other above-mentioned systems, the building block size
is reflected only qualitatively (a small or supersmall size with-
out mentioning its particular value), i.e., the sizes are uncertain
and relative. Consequently, the use of the term nanomaterials
in relation to these systems should be avoided wherever
possible.

The concept of nanomaterials should not be also confused
with another commonly accepted concept of submicrocrystal-
line materials. The properties of submicrocrystalline materials,
like those of nanomaterials, differ from the properties of
coarsely crystalline, coarse-grain and single-crystalline materi-
als. However, the difference in the properties is associated
primarily with increased specific surface area which results in
acceleration of various processes, e.g., chemical reactions, but
does not lead to a decrease in the activation energy (i.e., to a
decrease in the temperature of the beginning of the reaction).
In submicrocrystalline materials, the particle, grain or building
block size is assumed to be smaller than a micrometre.
A micrometre, like a nanometre, is a quantitative character-
istic. However, there is a difference in principle between nano-
materials and submicrocrystalline materials. It is the nanostate
rather than the submicrocrystalline state that is intermediate
between themolecular and solid states. The properties of solids
are manifested at nanometre distances. This is also the physical
reason of substantial changes in the properties observed on the
nanometre-size scale. The fact is that the lengths at which the
main physical forces act in materials vary from 1 to 100 nm. It
should be noted that different types of interactions, viz.,
electron ± electron, electron ± phonon, phonon ± phonon,
magnon ±magnon, etc., are extended to different distances in
the samematerial. Hence these interactions can be observed for
different nanoparticle sizes. It is evident that the nanoparticle
size is of no fundamental importance for the same or different
materials.

Nanomaterials are often called nanocrystalline materials.
This is also not always justified. Crystalline particles or grains
serve as building blocks in nanocrystalline materials. However,
nanomaterials are, as a rule, thermodynamically non-equili-
brium systems and, consequently, their building blocks do not
necessarily have perfect crystal structures.21 It is more likely
that the situation is opposite. Building blocks in nanomaterials
often have highly defective structures. Sometimes, their state is
close to amorphous. In other words, the long-range order in
building blocks of nanomaterials can be violated, and multi-
particle correlations in the atom arrangement are determined
by the short-range order. Hence, the more correct and com-
plete name for nanomaterials should be `nanostructured mate-
rials'.

Different classifications of nanomaterials are associated
with their diversity. The most appropriate classification is
based on the size of building blocks or their constituent
structural elements. The main types of nanomaterials are
zero- (0D), one- (1D), two- (2D) and three-dimensional (3D).
Nanocluster materials and nanodispersions composed of iso-
lated nanoparticles belong to a zero-dimensional type; nano-

fibre (nanorod) and nanotubular materials, to a one-
dimensional type, the fibre (rod) or tube length varying from
100 nm to tens of micrometres. Nanometre-thick films belong
to two-dimensional nanomaterials. Nanoparticles in 0D, 1D
and 2D nanomaterials are often embedded in a liquid or solid
matrix or are deposited onto a support. Powders, fibre, multi-
layer and polycrystalline materials, in which 0D, 1D and 2D
particles are closely packed together to form interfaces, belong
to three-dimensional nanomaterials. A polycrystal containing
nanometre-size grains is an example of three-dimensional
nanomaterials. In such polycrystals, the total bulk is occupied
by nanograins, the free surface of grains is virtually absent, and
only grain interfaces are present. The formation of interfaces
and the `disappearance' of the nanoparticle surface in three-
dimensional nanomaterials is of fundamental importance for
the understanding of the nature of their properties. Actually,
the properties of a strongly agglomerated nanopowder can be
substantially different from those of a compact nanomaterial
consisting of particles of the same size as the powder. In the last
two decades, considerable attention was given to the prepara-
tion of 3D nanomaterials. It is three-dimensional nanomate-
rials that will be used in the hard-alloy production, the aircraft
construction and hydrogen power engineering in the nearest
future.

Nowadays, a rather wide range of nanomaterials is avail-
able.11 ± 20 In the present review,methods for the preparation of
dense three-dimensional and two-dimensional nanostructured
materials are considered.

II. Vapour condensation and gas-phase synthesis

One of the simplest procedures for the preparation of nano-
particles is based on vapour condensation in an inert atmos-
phere under reduced pressure. This method can be applied to
the preparation of nanoparticles of both simple and complex
compounds. Synthesis of nanoparticles of metal compounds,
for example, of oxides, nitrides, carbides, etc., requires that the
corresponding reaction gas (oxygen, nitrogen, carbon dioxide,
methane, etc.) be added. The simplest way to amaterial vapour
is evaporation. The atoms of vaporised substances rapidly lose
the kinetic energy and form nanoparticles. In the case of metal
compounds, the metal atoms react with the reaction gas.
Particles of the desired size can be formed by adjusting the
inert gas pressure. The formation of nanoparticles according to
this method was systematically studied for Zn, Cd, Se, As and
Au. Particles with sizes from 2 to 100 nm were prepared,22 ± 24

the optimum inert gas pressure being in the range from 40 to
400 Pa.

It is difficult to collect nanoparticles formed upon con-
densation because nanoparticles are not deposited under the
force of gravity but exist in the suspended state in the Brownian
motion. Nanoparticles are usually collected on a cold surface
or on filters.

Nanoparticles can also be prepared by dispersing ametal in
a liquid with the use of an electric arc followed by condensation
of a metal vapour in a liquid vapour.25 The features of
condensation in a supersaturated vapour, which proceeds
through the nucleation and nucleus growth, were considered
in the reviews.26 ± 28

The shapes of nanoparticles prepared by the gas-phase
method depend on their size. Nanoparticles with size <20 nm
are spherical in shape due to a change in the relative contribu-
tion of the surface energy to the total energy of nanoparticles as
their sizes decrease. Larger particles are faceted. Yet another
interesting fact associated with the small size of isolated nano-
crystals and related to the energy is the absence of dislocations,
which are energetically less favourable than disclinations.29
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In the gas-phase synthesis, nanoparticles are formed upon
cooling of a vapour ± gas mixture containing one, two or more
chemical elements along with an inert gas. Cooling occurs in
the condensation zone the size of which in a particular reaction
vessel can be controlled by varying the inert gas pressure.
The condensation zone increases with a decrease in pressure
and vice versa. The influence of the change in the inert gas
pressure on the resulting nanoparticle size is manifested both
directly and through the condensation zone size. An increase in
the gas pressure leads to an increase in density, acceleration of
heat removal, a decrease in the formation rate of crystallisation
centres in the gas phase, but an increase in the growth rate of
crystals and, consequently, the resulting particle size. In the
gas-phase synthesis of rather small particles (20 ± 30 nm), the
inert gas (usually, helium) pressure is maintained at 40 ± 60 Pa.

Preparation of nanoparticles of metal compounds requires
that a reaction gas be added to the inert gas medium. Single-
crystalline nanoparticles of metal compounds with different
morphologies are formed in these reactions. The particle shape
can be controlled by varying the composition of the gas phase.
For example, CdS can be prepared as prismatic plates, ribbons,
needles, whiskers, threads or tubes upon variation of the
temperature and deviation of the Cd : S ratio in the gas phase
from the stoichiometric ratio (1 : 1) toward an increase in the
cadmium content.30, 31 The intermediate clusters [CdS]n ,
[Cd2S]n and [Cd3S]n serve as the structural basis of the growth
of crystals of different shapes. Thus, the ratio of the starting
components of the gas phase and the temperature are the main
factors determining the particle shape, whereas their size more
strongly depends on the inert gas pressure.

Monodisperse nanoparticles with size <2 nm can be
prepared bymass separation of clusters in amass spectrometer.
For example, metal vapour is passed through a cell filled with
helium under a pressure of *1000 ± 1500 Pa and then intro-
duced into a vacuum chamber (*1075 Pa). The mass of
clusters is determined from the flight time by a particular
distance in the mass spectrometer. This method was used for
the preparation of antimony, bismuth and lead clusters con-
taining 650, 270 and 400 atoms, respectively. The helium gas
temperature in the case of Sb and Bi vapour was 80 K; in the
case of a Pb vapour, 280 K.32

Diamond nanoparticles can be synthesised from a gas
phase supersaturated with respect to carbon (CO2 , methane,
acetylene, propane and other hydrocarbons) under a sub-
atmospheric pressure.33, 34 Condensation of carbon from the
gas phase and diamond nucleation are favoured by an excess
surface energy at the solis ± gas interface. Deposition of dia-
mond nanoparticles is widely used for the construction of
diamond and diamond-containing films and coatings.35

Nanocrystalline powders of oxides Al2O3 , ZrO2 and Y2O3

were prepared by evaporation of oxide targets in a atmosphere
helium,36 magnetron sputtering of zirconium in a mixture of
argon and oxygen 37 and controlled oxidation of yttrium
nanocrystals.38 Highly dispersed powders of transition metal
nitrides can be synthesised by electron-beam heating of the
corresponding metal targets, evaporation being performed in
an atmosphere of nitrogen or ammonia at a pressure of
130 Pa.39

Metal carbide, oxide and nitride nanoparticles can be
synthesised by pulsed laser heating of metals in an atmosphere
of methane (for carbides), oxygen (for oxides), nitrogen or
ammonia (for nitrides) under reduced pressure.40 Pulsed laser
evaporation of metals in an atmosphere of an inert gas (He or
Ar) and reaction gases (O2 , N2 , NH3 and CH4) affords
mixtures of nanocrystalline metal oxides and oxide ± nitride
and carbide ± nitride mixtures. The composition and size of
nanoparticles in these mixtures can be controlled by varying
the pressure, the composition of the atmosphere, the laser pulse

power and the temperature gradient between the evaporated
target and the surface onto which condensation occurs.

Nanoparticles of Fe7Ni, Fe7Mn, Fe7Cr, Fe7Pt and
Fe7Co iron-rich alloys are prepared under argon at a pressure
of 400 Pa.41 Deposited particles are spherical in shape. Their
average size is 25� 5 nm. As a rule, nanoparticles are two-
phase (with bcc or hcc lattices), which corresponds to the
thermodynamic equilibrium between the components in these
alloys.

An yttrium oxide-doped zirconium oxide film with an
average crystallite size of 10 ± 30 nm was prepared by pulsed
laser evaporation of metals in an oxygen ion beam followed by
deposition of oxides onto a support at 350 ± 700 K.42

Nanopowders of ceramic materials can be prepared from
organometallic and organoelement compounds. For example,
nanocrystalline SiCxNy powders were prepared as follows. The
starting compound (hexamethyldisilazane) was mixed with an
inert carrier gas in a heated tubular reactor serving as an
evaporator. Its thermal decomposition affords a continuous
cluster or nanoparticle flow, which escapes from the reactor
into a working chamber and is condensed in a refrigerator
constructed as a rotating cylinder. Nanopowders of SiO2 , SiC
and Si3N4 can be synthesised by adding water, hydrogen or
ammonia, respectively, along with the same precursor to the
carrier gas. The success of the reaction is provided by a low
concentration of the organoelement compound in the inert gas,
fast expansion and cooling of the gas flow at the exit from the
reactor into the working chamber and a low pressure in the
working chamber.43

III. Plasmochemical synthesis

The plasmochemical synthesis is most commonly used for the
synthesis of highly dispersed boride, carbide, nitride and oxide
powders. This method makes use of low-temperature
(4000 ± 10 000 K) nitrogen, ammonia, hydrogen, hydrocarbon
or argon plasmas produced by arc, glow, high-frequency and
superhigh-frequency discharges. The characteristics of the
resulting powders depend on the nature of the starting mate-
rial, the technology and the reactor type. Particles of such
powders are most often prepared as single crystals with sizes
from 10 to 100 ± 200 nm and larger. For nanoparticles to be
synthesised by this method, the reaction should be far from
equilibrium and the rate of solid-phase nucleation should be
high, whereas the rate of nucleus growth should be low.
The plasmochemical synthesis provides high formation and
condensation rates of compounds and sufficiently high output.
Broad particle size distribution (i.e., low selectivity of the
process) and heavy contamination of the powder are the main
drawbacks of this method. Highly dispersed powders of
titanium, zirconium, hafnium, vanadium, niobium, tantalum,
boron, aluminium and silicon nitrides, titanium, niobium,
tantalum, tungsten, boron and silicon carbides and magne-
sium, yttrium and aluminium oxides were prepared by the
plasmochemical method.32, 36 ± 51

At high plasma temperature, all starting compounds pass
into the ionised gas state due to which the reaction rates are
high and the reaction times are short (1073 ± 1076 s). Active
particles are formed in arc, high-frequency and superhigh-
frequency plasma reactors. Arc plasma reactors are character-
ised by the highest power and efficiency; however, materials
prepared in such reactors are contaminated by electrode
erosion products. Electrodeless high-frequency and plasma
ultrasonic reactors are free from this drawback. In the next
step, quenching results in the isolation of the reaction products.
Powders with the desired composition and with a particular
particle shape and size can be prepared by varying the quench-
ing region and rate.
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Since nanoparticles synthesised by the plasmochemical
method have a large excess energy, their chemical and phase
compositions can be inconsistent with the equilibrium phase
diagram. Additional short-term annealing of the product in a
controlled atmosphere helps in preparing nanoparticles of the
required stoichiometry. For example, a tungsten carbide
powder was synthesised by the plasmochemical method from
tungsten oxide (WO3) and methane in a low-temperature
(*4000 ± 5000 K) hydrogen plasma flow.52 A nanocrystalline
powder with an average particle size of 20 ± 40 nm was
obtained. AnX-ray powder diffraction study (Fig. 1 a) showed
that the powder contained two carbide phases, viz., W2C
(>75 mass%) and WC (*5 mass%), and tungsten
(*18 mass%). Chemical analysis revealed the presence of
free carbon in the powder. To achieve the single-phase state,
the synthesised powder was additionally annealed under argon
at 800 ± 1000 K. The annealed powder contained only hexa-
gonal (space group P6m2) tungsten carbide (Fig. 1 b). The size
of coherent scattering regions in the annealed powder
remained virtually unchanged compared to that in the starting
powder, but the particle size determined by scanning electron
microscopy 53 increased to 60 ± 120 nm. This suggests agglom-
eration of nanoparticles in the annealed powder. The retention
of the nanoparticle size ofWC in the powder after annealing at
800 ± 1000 K is associated with high thermal stability of this
compound, as was demonstrated by magnetic susceptibility
measurements.53

The gas-phase synthesis involving laser heating of a reac-
tion mixture is a version of the plasmochemical synthesis.54, 55

This method is highly competitive with other methods due to
its reliability and high efficiency. Laser heating excludes con-
tamination of the reaction mixture and allows the control over
homogeneous nucleation. Other advantages of laser heating
are that surfaces inducing heterogeneous nucleation are absent
and the process can be controlled. A laser is a source of high-
intensity monochromatic radiation due to which a high degree
of its conversion to heat is achieved. The laser-induced syn-
thesis of nanocrystalline Si, Si3N4 and SiC powders was
described in detail.54 Silicon powders were prepared by pyro-
lysis of gaseous silane (SiH4) using a CO2 laser. Silicon grains

were spherical in shape with a diameter of 50� 20 nm and
consisted of several crystallites with the size of *15 nm.
Silicon nitride powders were synthesised from a gas mixture
of silane and ammonia. The resulting powder was amorphous,
and the grains were spherical with a diameter of 17� 4 nm, the
size distribution of grains being narrower than that in a silicon
powder (for Si3N4, the size distribution of grains varied from
10 to 25 nm). Unlike silicon nanoparticles, Si3N4 grains had no
internal structure. Silicon carbide was synthesised from gas
mixtures of silane with methane or ethylene. The grain size in
the resulting crystalline SiC powder varied from 18 to 26 nm;
the average size was 21 nm. The nanoparticle size was demon-
strated 54 to decrease as the intensity of the laser radiation
increased due to an increase in the temperature and the heating
rate of the reagent gases. Grains of nanopowders synthesised
by laser heating are characterised by a narrow size distribution
and a spherical shape.

The plasmochemical gas-phase synthesis with the use of
laser radiation for the plasma production and maintenance
proved to be efficient for the preparation of molecular clusters.
The latter have polymorphic cage atomic structures and
occupy special place among nanoparticles. Fullerenes, which
are allotropes of nanocarbon and differ from the known
carbon modifications (graphite and diamond), have received
most attention.56 ± 58

Fullerenes can be synthesised by sputtering of graphite in
an electric arc under helium at a pressure of 1.336104 Pa. Arc
burning affords soot that is condensed on a cold surface.
The soot is collected and treated with refluxing toluene or
benzene. The extract is concentrated to give a black rasidue
containing a mixture of fullerenes C60 and C70 (*10%±15%).
Electron-beam evaporation and laser ablation can be used
instead of electric arc sputtering. The diameter of the C60

fullerene molecule is 0.72 ± 0.75 nm. Crystallisation of C60

affords molecular crystals with a fcc lattice; the unit cell
parameter is 1.417 nm. Among carbon nanoparticles fullerene
C60 is characterised by higher stability, which has been pre-
dicted theoretically.59, 60

The plasmochemical synthesis was also used for the prep-
aration of other important molecular nanoclusters, such as
fullerene-like C48N12 ,61 the endohedral complex Ti@C28

(Ref. 62) and the stable charged cluster Ti8C
�
12 with the linear

size of*0.5 nm.63, 64

The clusters M8C12, where M=Zr, Hf, V,65, 66 Cr, Mo or
Fe,67 are called metallocarbohedrenes (Met ±Car). In these
compounds, transition metal and carbon atoms form a cage-
like structure. Metallocarbohedrenes were characterised and
the methods for their synthesis were summarised in
reviews.68, 69

Interestingly, the plasmochemical gas-phase synthe-
sis 63, 65, 66 produced predominantly the clusters M8C12 and
MmCn (M=Ti, Zr, Hf or V) with a ratio M :C& 1.5 ± 2.0
rather than nanoparticles of carbides TiC, ZrC, HfC or VC
with the structure B1. Analogous synthesis in Ta7C and
Nb7C systems affords the clusters TamCn and NbmCn, respec-
tively the composition of which is similar to that of M8C12

along with small amounts of nanoparticles MmCn (m& n) with
a cubic structure. Conventional plasmochemical synthesis
(without laser heating of a plasma) yields only carbide nano-
particles. Thus, the gas-phase synthesis in transition metal ±
carbon systems can afford both cubic structures and metal-
locarbohedrene-like structures.

Metallocarbohedrenes are formed at a high hydrocarbon
concentration and a high laser power.70 These conditions
favour an increase in the carbon content in the plasma.
A decrease in the hydrocarbon concentration or a decrease in
the laser power leads to a decrease in the carbon content in the
plasma. If carbon is present in a deficient amount, carbide
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Figure 1. X-Ray powder diffraction patterns of tungsten carbide pow-

ders prepared directly by the plasmochemical synthesis (a) and after

additional homogenising annealing (b).52

The resulting powder is multiphase; after additional annealing under

argon, a single-phase powder was obtained; the average nanoparticle size

of the powder was 20 ± 40 nm.
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nanoparticles MC with the cubic structure B1 are formed. The
carbon content in these particles is lower than that in the
molecular clusters MmCn . This suggests that the formation of
cubic or dodecahedral structures in systems M7C under
conditions of the gas-phase synthesis is determined primarily
by the kinetic rather than thermodynamic factors. The correct
answer to the question about the factors responsible for the
predominant formation of a particular structure is of practical
importance because it allows the targeted synthesis of the
desired modification of nanostructured materials.

A version of deposition from a plasma is based on magnet-
ron sputtering, which allows the use of not only metal or alloy
cathodes, but also of cathodes made of different compounds,
thus decreasing the substrate temperature by 100 ± 200 K. This
allows the synthesis of a wider range of nanostructured films.
However, the degree of ionisation, the kinetic energy of ions
and the deposition rate of the product in the case of magnetron
sputtering are lower than those obtained with the use of an arc
discharge plasma. Intermetallic Ni3Al films with an average
crystallite size of *20 nm were synthesised by magnetron
sputtering of the Ni0.75Al0.25 target and deposition of a metal
vapour on an amorphous substrate.71

Conventional methods for deposition of films are based on
chemical vapour deposition (CVD) and physical vapour dep-
osition (PVD). These methods have long been used for the
preparation of films and coatings for different purposes.
Generally, crystallites in these materials are rather large in
size, but nanostructures can be prepared in multilayer or
multiphase CVD films.8, 72 Vapour deposition is generally
associated with high-temperature reactions of metal chlorides
in an atmosphere of hydrogen and nitrogen or hydrogen
and hydrocarbons. The temperature range of deposition
of CVD films is 1200 ± 1400 K, and the deposition rate is
0.03 ± 0.2 mm min71. The use of laser radiation leads to a
decrease in the deposition temperature to 600 ± 900 K, which
is favourable for the formation of nanocrystalline films.

IV. Deposition from colloidal solutions

Chemical deposition from colloidal solutions is widely used for
the preparation of highly dispersed powders as well as of
discrete and continuous films. To prepare nanoparticles from
colloidal solutions, the chemical reaction between the solution
components is interrupted at a particular instant of time,73

after which the system is converted from the liquid (colloidal)
state to the solid (dispersed) state. The method for the
preparation of stable colloidal gold solutions and their optical
properties were described for the first time by Faraday.74

Deposition from aqueous colloidal solutions is used for the
synthesis of various metal chalcogenides (sulfides, selenides
and tellurides) having semiconducting properties. For exam-
ple, the synthesis of nanocrystalline sulfide powders involves
the reaction of water-soluble metal salts with a sulfidising
reagent (a sulfur atom donor). Hydrogen sulfide and sodium
sulfide are the simplest sulfidising agents. For example, depo-
sition from a mixture of solutions of cadmium perchlorate and
sodium sulfide by the reaction

Cd(ClO4)2+Na2S=CdS;+2NaClO4 (1)

affords nanostructured cadmium sulfide. The growth of CdS
nanoparticles can be interrupted by a jumpwise increase in pH
of the solution.

In the synthesis of sulfide nanoparticles of a specified
size, thiocarbamide (thiourea) and its derivatives (for example,
thiosemicarbazide, thiocarbazide, thioacetamide, allyl-
thiourea, acetylthiourea and sodium thiosulfate) are used as
sulfidising reagents. Each of them is characterised by particular
formation rates and properties of the resulting films (precip-

itates). In addition, each sulfidising reagent is characterised by
particular optimal deposition conditions of metal sulfide.
Metal sulfides are deposited as a result of the irreversible
reaction; the positive chemical affinity serves as the criterion
of the spontaneous formation of sulfide.75 [The chemical
affinity is equal to the product of the gas constant and the
absolute temperature (RT ) and the natural logarithm of the
ratio of the equilibrium constant of the process under consid-
eration to the product of the concentrations and activities of all
components.]

The sizes of PbS particles can be controlled using thiourea
and varying the chemical affinity for deposition of the sulfide
(Fig. 2). The sulfide particle size, which is equal to the size of
coherent X-ray scattering regions at a wavelength l, was
determined 76 ± 78 by the Williamson ±Hall method (Fig. 3)
from the dependence of the reduced broadening

b*(2y)=
b�2y� cos y

l

on the scattering vector

s=
2sin y

l
;

for the quantitative analysis, the X-ray diffraction line profile
was described by the pseudo-Voigt function.77, 79

The size of cadmium sulfide nanoparticles synthesised by
chemical deposition from colloidal solutions with thiourea
varied from 2 to 10 nm.77, 80 ± 83 The structures of nanofilms
were studied by a new X-ray diffraction method, the so-called
X-ray grazing incidence diffraction, which is also called X-ray
scattering under total external reflection conditions. This
method was used for studying deposition on a substrate and
the atomic structures of films several nanometres thick
(Fig. 4) 21, 78, 82 and for confirming the hydroxide mechanism
of the formation of cadmium sulfide films.82

After deposition of a cadmium sulfide film, the precipitates
contained hexagonal prismatic particles several micrometres in
size (Figs 5 and 6) 80 where self-organisation of nanoparticles
differed substantially from that observed in analogous com-
pounds prepared by chemical deposition 84 ± 87 and from that
found in SiO2 (Ref. 88) and TiO2 (Ref. 89). This is because
CdS nanoparticles of several nanometres in size, which form a
colloidal crystal several micrometres in size, are arbitrarily
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Figure 2. Linear approximation (solid line) of the dependence of the

particle size (coherent scattering region) on the chemical affinity for

deposition of lead sulfide powders.75

(1) X-Ray diffraction, (2) scanning electron microscopy.
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oriented with respect to each other, are irregular in shape and
are different in size. Cadmium sulfide nanoparticles are packed
closely together in coagulates with the size of *150 nm
(Fig. 7).80

Self-organisation is a common natural phenomenon.90, 91

In recent years, the self-organisation processes in chemis-
try 17, 18 have attracted considerable attention because these
processes are intended for the use in nanotechnologies for self-
assembly of highly efficient schemes for nanoelectronics.
The self-assembly mechanism of nanoparticles remains
unclear. Emphasis is given to the elucidation of the nature of
forces of interparticle interactions, which result in self-organ-
isation and ordering of nanoparticles to form one-, two- and

three-dimensional assemblies.87 Van der Waals, capillary,
electrostatic, steric, etc. forces are considered as such forces.

Colloidal metal oxide particles are formed by hydrolysis of
salts.92 ± 95 For example,

TiCl4+2H2O=TiO2;+4HCl. (2)

Nanocrystalline titanium, zirconium, aluminium and yttrium
oxides can be prepared by hydrolysis of the corresponding
chlorides or hypochlorites. Titanium oxide nanoparticles can
also be prepared by hydrolysis of titanyl sulfate followed by
calcination of the amorphous precipitate at 1000 ± 1300 K.
Coagulation of nanoparticles can be prevented by addition of
polyphosphates, amines and hydroxide ions to colloidal
solutions.
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Figure 3. Dependence of broadening of reflections b*(2y ) on the scattering vector (s) for submicrocrystalline PbS with a particle size of 300� 50 nm (1)

and nanocrystalline PbS with a particle size of 60� 25 nm (2).75

The Miller indices for the structure B1 are given.
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Figure 4. X-Ray diffraction spectra of cadmium sulfide films prepared at

325 K by deposition from the reaction mixture during different periods of

time.82

The concentrations of the components of the reaction mix-

ture /mol litre71: [CdCl2] is 0.005, [(NH2)2CS] is 0.025, [NH3] is 1.50,

[NaOH] is 0.074; the deposition time /min: (1) 2, (2) 3, (3) 3.

10 mm

Figure 5. A photomicrograph of a precipitate of cadmium sulfide CdS.80

Most of particles are well-faceted hexagonal prisms with approximately

the same size of*2.5 mm.
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Deposition from colloidal solutions is highly efficient for
the synthesis of isolated nanoparticles and allows the prepara-
tion of nanoparticles characterised by a very narrow size
distribution.

Metal and semiconductor clusters with a narrow size
distribution can be prepared inside pores of molecular sieves
(zeolites), isolation of clusters inside the pores being retained
upon heating to very high temperatures. This method was used
for the synthesis of, for example, the semiconductor clusters
(CdS)4.96 The properties of clusters prepared in zeolite pores
were considered in a review.97 Larger semiconductor nano-
particles can be synthesised upon attachment of additional
molecules to the starting clusters pre-stabilised by organic
ligands. This synthesis of large nanoparticles can be considered
as polymerisation of inorganic compounds.

Isolated nanoparticles can also be obtained by ultrasonic
treatment of colloidal solutions containing large particles.

Deposition from colloidal solutions can be used for the
synthesis of nanocrystalline heterostructures, viz., nanopar-
ticles with mixed composition where the core and the shell are
formed by semiconductors with different structures of the
electron levels (for example, CdSe/ZnS or ZnS/CdSe,
HgS/CdS, ZnS/ZnO and TiO2/SnO2 ). For this purpose, con-

trolled deposition of a semiconductor onto pre-synthesised
nanoparticles of a semiconductor of another type should be
performed.98 ± 101

An important problem encountered in the deposition from
colloidal solutions is prevention of coalescence of the resulting
particles and clusters. The chemical synthesis of large stabilised
metal clusters with the use of colloidal solutions was described
in detail in a review.102 Generally, colloidal particles and
clusters are stabilised by ligands L represented usually by
polymers. The reaction scheme for the synthesis of ligand-
stabilised metal clusters Mn is as follows:

(3)

Metallic gold, platinum and palladium clusters synthesised by
this method contain from 300 to 2000 atoms and have cubic or
hexagonal close-packed structures. Ligand-stabilised clusters
contain the metal core and the external shell formed by the
metal atoms that are partially coordinated by ligandmolecules.
For example, reduction of palladium acetate in acetic acid with
hydrogen in the presence of phenanthroline affords stabilised
palladium nanoclusters.103 The phenanthroline molecules
form a shell around the core consisting of the palladium
atoms (Fig. 8).

Highly dispersed powders can be prepared by calcination
of precipitates from colloidal solutions consisting of agglom-
erated nanoparticles at 1200 ± 1500 K. For example, a nano-
crystalline silicon carbide powder (D* 40 nm) was obtained
upon hydrolysis of organosilicon compounds followed by
calcination in argon at 1800 K.104 Highly dispersed titanium
and zirconium oxide powders are often synthesised by deposi-
tion with oxalates.

Nanopowders can also be prepared by cryogenic drying of
colloidal solutions.9, 11 In this case, a solution is sprayed into a
chamber containing a cryogenic medium where the solution is
frozen as small particles. Then the gas pressure is reduced to a
value lower than the equilibrium pressure above the frozen
solvent. Then the material is heated (with continuous evacua-
tion of gases) to remove the solvent. As a result, thinnest
porous granules possessing the same composition are formed.
Calcination of the latter affords powders.

Various nanostructured mixtures can be synthesised by
deposition. An efficient procedure was developed 105, 106 for the

nM++ n e7 Mn MnLm .
mL

1 mm

Figure 6. A photomicrograph of a typical colloidal crystal prepared by

chemical deposition of CdS.80

The crystal side length is*2.5 mm.

10 nm

Figure 7. A photomicrograph of coagulates in a chemically deposited

CdS powder.80

Nanoparticles with the size of 7 nm densely fill the volume inside the

coagulates.

10�A

Figure 8. A photomicrograph of a stabilised palladium nanocluster

formed by seventeen closely packed atom rows and coated by an eight-

layer shell composed of phenanthroline molecules.103

The cluster boundaries are indicated by arrows.

Nanotechnologies Properties and applications of nanostructured materials 441



synthesis of nanocrystalline composites of tungsten carbide
and cobalt, which are intended for the preparation of nano-
structured solid alloys. Since the synthesis begins in solution,
mixing of the components (WC and Co) occurs at the molec-
ular level. Colloidal solutions of tungsten and cobalt salts [for
example, (NH4)6(H2W12O40) . 4H2O, CoCl2 , Co(NO3)2 and
Co(AcO)2] are dried by spraying. Then the resulting powder is
subjected to low-temperature carbothermal reduction in a
suspended state due to which high dispersity is retained. This
technology is covered by a patent 107 under the name the spray
conversion process (SCP). A carbidised powder is amorphous.
To retard the grain growth and decrease solubility of WC in
cobalt, up to 1 mass% of non-stoichiometric vanadium car-
bide was added to the mixture. The solid alloy prepared from
this nanocrystalline composite is characterised by an optimum
combination of high hardness and stability. The hardness (HV)
of this alloy is as high as 21.5 GPa, whereas the maximum
hardness of the alloy with the same composition prepared from
a WC powder is at most 19.5 GPa.105 ± 108 An increase in the
percentage of vanadium carbide in the alloy leads to an
increase in the hardness and a decrease in the grain size of
WC. The size distributions of grains in samples of WC alloys
containing 6 mass% Co, which were sintered from a nano-
structured mixture with 0.83 mass% VC, and in samples of a
WC alloy with 6 wt% Co and an additive of 0.32 mass% VC
are shown in Fig. 9.109 As can be seen from Fig. 9, the average
grain size of WC in the alloy prepared from an amorphous
nanopowder is 250 nm; in the usual alloy, the grain size is
almost twice as large (450 nm).

Each WC7Co nanoparticle with the size of *75 mm was
demonstrated 109, 110 to consist of several millions of nano-
crystalline WC grains with the size <50 nm distributed in a
cobalt matrix (Fig. 10). This nanocrystalline WC±Co powder
with a carbide grain size of 20 ± 40 nm is produced in the USA
on a commercial scale under the trademark NANOCARBTM.

Sintering of a nanostructured mixture of tungsten carbide
with 6.8 mass%Co and 1 mass%VC afforded alloys in which
60% of WC grains had sizes of <250 nm and 20% of WC
grains, sizes of <170 nm. An alloy containing, in addition to
tungsten carbide, 9.4 mass% Co, 0.8 mass% Cr3C2 and

0.4 mass% VC had an even finer grain structure. After sinter-
ing at 1670 K, 60% of tungsten carbide grains in the alloy had
sizes of <140 nm and 20% of grains, sizes of <80 nm. Thus,
the use of nanostructured WC±Co mixtures synthesised by
chemical deposition from colloidal solutions proved to be very
efficient for the preparation of nanostructured solid alloys.

Oxide semiconductor films are formed upon deposition
onto a support from colloidal solutions. The method involves
the preparation of the solution, deposition, drying and anneal-
ing. Deposition of oxide nanoparticles afforded ZnO, SnO2 ,
TiO2 and WO3 semiconductor films.111 ± 115 Nanostructured
films containing different semiconductor nanoparticles can be
synthesised by co-deposition of the latter. The procedure for
the preparation of nanocrystalline ZrO2 films was docu-
mented.116

Pulsed electrodeposition is an efficient procedure for the
application of coatings and films. This method is also widely
used for the preparation of nanostructuredmetals. A support is
soaked in a solution containing ions of an element to be
precipitated, and the time-variable (pulsed) potential differ-
ence is created between the support and the electrode placed in
the solution. The pulsed voltage favours the formation of a
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Figure 9. The size distribution of grains in samples of a tungsten carbide

alloy; 6 mass% Co.109

(1) An alloy sintered from a nanostructured mixture of WC and Co with

0.83 mass% VC, which was prepared by co-deposition from a colloidal

solution followed by drying and carbothermal reduction (the sample

contained 1000 grains); (2) a usual fine-grain WC alloy with 6 mass%

Co and 0.32 mass% VC, the sample contained 948 grains.
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Figure 10. Distribution of nanometre-sized tungsten carbide grains in

large particles of an amorphous mixture of WC with 6 mass% Co and

0.83 mass% VC, which was prepared by deposition from a colloidal

solution followed by drying and carbothermal reduction.109, 110

(1) A particle of a WC7Co composite powder with the size of 75 mm, (2)

fragments of the particle after powder milling, (3) a polycrystalline cluster

composed of WC grains in a cobalt matrix, (4) a grain of carbideWC with

the size of 30 nm.
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homogeneous coating. A study of the influence of the deposi-
tion parameters on the structure and properties of a nickel
coating 117 demonstrated that the size distribution of grains is
narrow, the nickel grain size varying from 13 to 93 nm.Heating
of the resulting coating to 380 K did not result in grain growth.
The cited study showed also that the grain size and the chemical
composition of the nanocrystalline alloy Ni17xCux deposited
at room temperature can be controlled by varying the para-
meters of the pulsed mode and adding organic compounds to
the reaction solution.

V. Pyrolysis

In the preparation of nanocrystalline metal powders and their
compounds by pyrolysis (thermal decomposition), complex
organoelement and organometallic compounds, polymers and
metal hydroxides, carbonyls, formates, nitrates, oxalates,
amides, imides and azides are generally used as the starting
compounds. These compounds contain all or almost all
chemical elements, which should be present in the target
product. Heating of the starting compounds to a particular
temperature results in their decomposition to form the target
product and evolution of gaseous compounds.

Highly dispersed metal powders are synthesised by thermal
decomposition of various salts.118 For example, metal powders
with an average particle size of 100 ± 300 nm were prepared by
pyrolysis of iron, cobalt, nickel and copper formates under
vacuum or in an inert gas at 470 ± 530 K. Other combinations
of pyrolysis and condensation are also used for this purpose.
Decomposition of organometallic compounds occurs in a
percussion fuse, after which free metal atoms are condensed
from a supersaturated vapour, or during supersonic gas flow
from a chamber through a nozzle into vacuum.119 The prepa-
ration of nanocrystalline metal powders by reduction of metal
hydroxides, chlorides, nitrates and carbonates in a hydrogen
flow at<500 K can be considered as a modification of
pyrolysis. Low impurity content and a narrow size distribution
of particles are advantages of this method.

Thermal decomposition combined with reduction is used
for the preparation of supported metal catalysts. This techno-
logy is widely employed in industry. In this case, a porous
material (silica gel, zeolite, etc.) is impregnated with a solution
of hydroxide or another compound of the required metal.
The impregnated porous support is dried and then calcined in a
hydrogen flow to reduce the metal. As a result, catalytically
active metal nanoparticles are formed in pores of the support.

However, pyrolysis is most often used for the preparation
of nanocrystalline powders of ceramic materials, such as
various oxides, carbides, nitrides, borides, carbonitrides, boro-
carbides, borocarbonitrides, etc.

The synthesis of oxide nanomaterials starting from
metal carboxylates and their chemical modification products
by ethylene glycol was documented.120 The compound
Ti(OCH2CH2O)2 proved to be an efficient precursor for the
synthesis of titanium dioxide nanofibres with a diameter from
20 to 100 nm.121 Titanium glycolate nanofibres were synthes-
ised by heating hydrated titanium dioxide Ti(OH)4 with ethyl-
ene glycol in air. Then titanium glycolate nanofibres were
subjected to thermal decomposition in air at a temperature
from 400 to 900 8C to prepare TiO2 nanofibres. Depending on
the thermal decomposition temperature, titanium dioxide had
a crystal structure of either anatase or rutile, themorphology of
the precursor being retained.

A nanocrystalline powder of titanium carbide TiC can be
synthesised by pyrolysis of the coordination organometallic
compound (Z-C5H5)2TiMe2 under argon or by pyrolysis of the
polymer [(C6H4O2)2Ti]n under argon with the use of hydrogen
as the reducing agent.122

Nanocrystalline SiC powders can be prepared by thermal
decomposition of polycarbosilanes and polycarbosiloxanes;
nanocrystalline silicon nitride Si3N4 is produced by pyrolysis of
polysilazanes.123 ± 125 Since polycarbosiloxanes contain oxygen
atoms, their pyrolysis is performed under hydrogen according
to the scheme

(4)

Initial heating is carried out using a high-temperature
plasma or laser radiation followed by additional annealing of
pyrolysis products at* 1600 K.

Nanocrystalline boron carbide B4C is obtained upon
decomposition of poly(vinylpentaborane) [C2H3(B5H8)]n .
Polyborazine-, polyborazole- and polyvinylborazine-type
boron-containing polymers were suggested 125 for the use in
the synthesis of highly dispersed boron nitride powders and as
additives to a titanium powder for the synthesis of nanocrystal-
line composites TiN+TiB2 . A nanocrystalline aluminium
nitride powder with an average particle size of 8 nm was
synthesised by decomposition of [Al(NH2)3NH]n in ammonia
at 900 K.126

To stabilise the composition and structure of the powders
prepared by pyrolysis of monomeric and polymeric com-
pounds, it is necessary to perform their additional annealing;
the annealing temperature of nitrides and borides varies from
900 to 1300 K and that of oxides and carbides, from 1200 to
1800 K. The main drawback of thermal decomposition is that
the selectivity of the reaction is rather low so that the reaction
product represents a mixture of the final product and inter-
mediates.

Nowadays, thermal decomposition is applied to the syn-
thesis of multicomponent amorphous and nanocrystalline
ceramic materials. For example, the complex ceramic material
Si3B1C4.3N2 was synthesised by decomposition of polyvinylsi-
lazane (B[C2H4SiMeNH]3)n at 523 K for 1 h and at 623 K for
3 h followed bymilling of the product and its dehydrogenation
at 1673 K for 2 h.127 The influence of annealing on nano-
crystallisation and the free volume change in ceramics were
examined in detail for the Si7C7B7N system by X-ray
diffraction methods and positron annihilation.128

A nanostructured mixture of WC and Co can be prepared
by pyrolysis of various precursors.122 In particular, heating can
simultaneously afford WC and Co

(NH4)8[H2Co2W11O40] WC+Co, (5)

[CoEn]3WO4 WC+Co, (6)

where En is ethylenediamine.

VI. Mechanosynthesis

Mechanosynthesis is one of the most efficient `dry' chemical
technologies requiring no or a minimum amount of solvents
for chemical reactions. The mechanical treatment of solid
mixtures is accompanied by dispersion of substances, acceler-
ation of the mass transfer, mixing of the components at an
atomic level and, as a consequence, activation of their chemical
reaction.129, 130 The mechanisms of mechanochemical reac-
tions are characterised by the involvement of many steps.
The most important steps are as follows: initial deformation
of the crystal structures of the reactants, the formation,
accumulation and interactions of point and linear defects,
disintegration of substances, the formation ofmetastable states
in the contact zone of different phases, chemical homogenisa-
tion and relaxation of the reaction products to the equilibrium
state.131 The reactivity of solids in the course of their deforma-
tion and decomposition is the subject of mechanochemistry.

[ SiMe2O ] SiC.
H2

n

Nanotechnologies Properties and applications of nanostructured materials 443



Mechanical milling can result in a decrease in the size of
microcrystalline blocks to 10 nm (and smaller), which is
equivalent to a decrease in the diffusion length necessary for
the reaction.129 Simultaneous mechanical treatment of several
components of the mixture causes deformation mixing and
mechanochemical reactions. The characteristic features of low-
temperature mixing of solid reactants associated with the
formation of intermediate metastable states and the possibil-
ities of the mechanochemical synthesis of various compounds
were covered in detail in the reviews.129, 130

The mechanical milling is an efficient procedure for the
preparation of large amounts of nanopowders of various
materials, such as metals, alloys, intermetallides, ceramics
and composites. Complete solid-state solubility of elements
mutual solubility of which under equilibrium conditions is
negligibly small can be achieved by mechanical milling and
mechanical fusion.132, 133 Various mills (reactors) in which the
specific mechanical energy imparted to a powder can be as high
as 102 ± 103 kJ g71 are most popular for mechanical activation
of powders and mechanochemical processes.

During mechanical milling of powders, the plastic defor-
mation is developed by the dislocation mechanism and it is
initially localised in slip bands containing multiple disloca-
tions. As a particular stress level is achieved, these dislocations
annihilate, are combined and recombine as small-angle grain
boundaries, which separate individual grains, entrapping
impurity atoms. In this step of milling, particles with a
diameter of 20 ± 30 nm are formed, and their number increases
as the particles are ground. In plastic metals, intergrain
boundaries are formed by the polygonisation mechanism.134

In the next step of milling, the orientation of individual
crystallites with respect to each other becomes random due to
a slip along the grain boundaries. This behaviour in the course
of milling is typical of metals and intermetallides with a bcc
lattice.133

The mechanical action during milling of materials is pulsed
in character. Hence, the stress field does not act during the
entire residence time of particles in the reactor but only at the
instant of their collision. During a short period after the
collision, partial relaxation occurs. Hence, the character of
formation of the stress field in time and the kinetics of
subsequent relaxation processes should be taken into account
in the mechanochemical synthesis. The mechanical action is
not only pulsed, but also local, because it occurs not in the total
bulk of the solid, but only where the stress field appears and
then relaxes.

Let us consider some results of milling and mechanochem-
ical synthesis with the use of high-energy planetary and
vibration mills. A nanocrystalline powder of barium titanate
(BaTiO3) with an average particle size of 25 nm was prepared
by the mechanical treatment in a planetary ball mill.135

According to the results of electron microscopy, BaTiO3

nanoparticles contain almost no dislocations. Nanoparticles
were combined to form dense aggregates up to 1 mm in size,
which in turn form large agglomerates >2 mm in size.
The agglomeration is a characteristic property of nanocrystal-
line powders prepared by mechanical milling.

Mechanochemical synthesis of transition metal boride,
carbide, silicide and sulfide powders from powdered mixtures
of metals with boron, carbon, silicon and sulfur, respectively,
was performed by the so-called explosion method in vibration
mills.136 In essence, the explosion mechanosynthesis is analo-
gous to the self-propagating high-temperature synthesis; how-
ever, unlike the latter method, the fast reaction in the explosion
mechanosynthesis is initiated by mechanical activation of
powders of the starting components (metal and carbon,
boron, silicon or sulfur) for a few minutes rather than by a
short-term powerful thermal pulse. X-Ray diffraction and
electron microscopic studies of boron, titanium, zirconium,

hafnium, vanadium, tantalum and tungsten carbide powders
prepared by the mechanochemical synthesis in eccentric and
planetary ball mills demonstrated that the average particle size
in these powders varied from 6 to 20 nm.137 Metal powders
were mechanically milled in planetary and vibration mills
under oxygen and nitrogen, respectively to prepare nano-
crystalline oxides and nitrides with a particle size of several
nanometres.138

The mechanochemical synthesis of nanocrystalline car-
bides TiC, ZrC, VC and NbC with an average particle size of
7� 1 nmwas carried out by 48-hmilling in a planetary ball mill
of a mixture of metal and carbon powders.139 The formation of
carbides starts 4 ± 12 h after the beginning ofmilling. The study
of thermal stability of dispersed nanocrystalline carbides
demonstrated 139 that niobium carbide is the most heat-resist-
ant of all the synthesised carbide nanopowders. The grain size
of NbC increases from 7 ± 10 to 30 nm as the temperature
increases from 300 to 1300 K. Vanadium carbide is the least
thermally stable. Extensive recrystallisation at 1000 ± 1200 K
resulted in the VC grain growth to 90 nm.

Vibration ball milling of mixtures of metal powders for
300 h afforded nanocrystalline (the grain size was 5 ± 15 nm)
Fe7Ni and Fe7Al alloys with bcc lattices.140

The synthesis of amorphous nanocrystalline Ni3Al pow-
ders by mechanical milling of an ordered intermetallic alloy
Ni3Al was documented.141 The coarse-grained (with a particle
size of 445 mm) powder had an ordered Cu3Au-type cubic
structure (L12) with a long-range parameter of 0.96. After its
ball milling for 5 h, superstructure reflections in the X-ray
diffraction pattern disappeared (complete ordering of the
powder) and the structure reflections corresponding to the fcc
lattice broadened. The average crystallite size and the lattice
strains were estimated 141 from the broadening of the structure
reflections of a Ni3Al powder by the Willamson ±Hall
method.142 ± 144 After 5-h milling, the average crystallite size
was 19 nm, and the microstrain was 261074 (0.02%).
An increase in the milling time to 50 h led to a further broad-
ening of the most intense structure reflections (111) and (200)
and the disappearance of other structure reflections. The size of
the coherent scattering regions decreased to 8 ± 10 nm. A study
of the milled powder by scanning and transmission electron
microscopy demonstrated that the nanoparticle size was
2 ± 3 nm, and the electron diffraction pattern for nanoparticles
is typical of an amorphous state. Thus, mechanical milling of a
coarse-grained powder of the ordered intermetallide Ni3Al
initially resulted in its disorder (the formation of a disordered
fcc alloy with an A1-type structure) followed by the formation
of a nanocrystalline fcc alloy and, in the final step ofmilling, an
amorphous Ni3Al powder with an average nanoparticle size of
*2 nm.

The mechanochemical synthesis can be combined with the
synthesis of a nanostructured mixture.145 In an argon-filled
ball mill, a nanostructured mixture of cobalt and tungsten
carbide grains with an average size of 11 ± 12 nm is formed
after milling of a mixture of course-grained (*75 mm) tung-
sten, graphite and cobalt powders for 100 h. In the solid alloy
prepared by cold pressing followed by sintering of this mixture
at 1310 K,most ofWC grains had a size of<200 nm, i.e., they
were several times smaller than those in usual alloys of the same
composition. The sintered samples of the alloy had a hardness
of *18 GPa and a relative density of 80% of the theoretical
value. It was hypothesised 145 that the lower sintering tem-
perature of a nanostructured powdered WC7Co mixture
compared to that of a coarse-grained mixture is a consequence
of the lower melting point of nanocrystalline cobalt compared
to that of the coarse-grained metal.

A complex methodologically correct study of the mecha-
nosynthesis of a nanocrystalline cubic titanium carbide powder
was documented.146 The results of this study deserve a more
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detailed discussion. Metallic titanium and graphite powders in
a ratio of 44 : 56 were milled in a sapphire ball mill at room
temperature under argon.

After milling for 26103 s, the X-ray diffraction pattern of
the reaction mixture (Fig. 11) showed only broad reflections
corresponding to elemental Ti and C. After milling for
116103 s, the reflections corresponding to graphite almost
disappeared; after milling for 156103 s, reflections of a new
cubic phase with the structure B1 (titanium carbide) appeared.
This is consistent with the results of investigation 139 in which
the formation of carbide phases was observed after milling of
powdered mixtures of transition metal and carbon for four ±
six hours. An increase in the milling time to 46104 s led to the
complete disappearance of X-ray reflections of titanium metal
and an increase in the intensities of reflections of titanium
carbide. Further increase in the milling time was accompanied
by an increase in mechanical deformation of powder particles
and a sharp decrease in the grain size, as evidenced by a
noticeable broadening of X-ray reflections. Milling for
726104 s afforded nanocrystalline titanium carbide and sub-
sequent increase in the milling time to 106 s did not lead to
changes in the resulting carbide.

The changes in the grain size of powders during milling are
illustrated in Fig. 12. The formation of nanocrystalline tita-
nium carbide involves four steps presented in Fig. 13. The
starting powder (Fig. 13 a) consists of randomly distributed
particles of different size and shape. In the first step (themilling
time up to 116103 s), very large (with the size of *1 mm)
composite Ti/C particles are formed (Fig. 13 b). A metallo-
graphic study demonstrated that these particles consist of
numerous titanium and carbon layers. The second step (the
milling time from 116103 to 26104 s) involves a solid-phase

reaction during which titanium and carbon react almost
completely with each other to form large titanium carbide
grains from 800 to 1000 nm in size. In the third step (themilling
time from 26104 to 86104 s), extensive dispersion of large
titanium carbide grains affords a finely dispersed powder with
a rather broad size distribution of grains (from 5 to 100 nm);
the carbide grains form particles with the size of 5 ± 10 mm
(Fig. 13 c). In the last step (the milling time from 86104 to
16106 s), the nanocrystalline powder is homogenised with
respect to the grain size resulting in the average grain size of
*2� 1 nm; the grains agglomerate to form spherical particles
with the size no larger than 300 nm (Fig. 13 d ).
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Figure 11. Changes in the X-ray diffraction pattern of powdered

44Ti+56C mixtures prepared at different milling times.146

The changes in the X-ray diffraction patterns are associated with changes

in the phase composition resulting from the formation of titanium carbide

andwith disintegration of carbide particles to nanometre sizes. Themilling

time /s: (1) 26103, (2) 66103, (3) 86103, (4) 116103, (5) 156103,

(6) 226103, (7) 46104, (8) 86104, (9) 726104.
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titanium and carbon particles (44 : 56) vs. the milling time in the mecha-

nosynthesis of titanium carbide.146

(1) The particle size determined from the broadening of X-ray reflections;

(2) the particle size determined by electron microscopy.
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Figure 13. Photomicrographs of particles of the staring powderedmixture

of titanium and carbon (44 : 56) (a) and a powder after ball milling during

different periods of time (b ± d ) see the text.146
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The titanium carbide powder thus prepared was sintered in
an activated plasma. The sintering afforded compact titanium
carbide samples with high densities (up to 5.2 g cm73) and
hardnesses (up to 3.2 GPa), the average grain size of <70 nm
being retained.

The results of the study 146 demonstrated high efficiency of
the mechanosynthesis of nanocrystalline titanium carbide.
However, it should be noted that the authors' hypothesis that
the composition of the starting mixture is identical with that of
the synthesised titanium carbide casts doubt, because if this
were the case, the superstoichiometric carbide TiC1.27 or the
carbide Ti0.79C1.00 with a defect metal sublattice would be
synthesised. The lattice period of the synthesised titanium
carbide (0.4326 nm) is somewhat smaller, whereas the meas-
ured density (5.2 g cm73) is higher than the corresponding
parameters (0.4328 nm and 4.91 g cm73, respectively) of the
conventional stoichiometric carbide TiC1.0. An excess of
carbon atoms in the carbide and its high density can be
attributed to the presence of interstitial carbon atoms in the
structure B1.

VII. Detonation-induced synthesis

Shock waves is yet another type of mechanical action that
creates the conditions for both disintegration of the starting
compounds and the synthesis of the final product. Detonation
of explosives (the explosion energy) is widely used for perform-
ing phase transitions and the synthesis of new compounds.
The detonation-induced synthesis of nanopowders proceeds
under dynamic conditions where kinetic processes play an
important role.

The detonation-induced synthesis of diamond from rhom-
bohedral graphite using a shock wave (the pressure of up to
30 GPa was achieved) was documented.147 The shock-wave
treatment of mixtures of graphite andmetals (the duration of a
shock wave was 10 ± 20 ms and the produced pressure was
20 ± 40 GPa) afforded 148 diamond powders. These powders
were shown to contain single crystals with the size no larger
than 50 nm along with assemblies and tightly bound agglom-
erates with the size of up to 5 mm consisting of individual
crystals with sizes of 1 ± 4 and 10 ± 160 nm, respectively.

The `dry synthesis' based on detonation of condensed
carbon-containing explosives with a negative oxygen balance
followed by cooling of the detonation products under an inert
atmosphere was documented.149, 150 Presently, this process is
used for industrial production of diamond nanopowders for
different technical purposes. The synthesis is performed in
explosion chambers with a volume of no smaller than 2 ± 3 m3.
In the so-called `aqueous synthesis', which is another version of
the detonation-induced synthesis of diamond powders, the
diamond particles are cooled with water.

Diamond powders are formed in the zone of chemical
decomposition of the starting compounds within <0.4 ms.
These powders consist of compact cubic particles with an
average size of *4 nm. Large (up to 1 mm) diamond particles
can be prepared with the use of powerful explosives.151

The detonation-induced synthesis of various morpholog-
ical forms of carbon as well as of aluminium, magnesium,
titanium, zirconium and zinc oxide nanopowders was
described.152, 153 A shock wave passing through a layer of the
starting compound (highly porous metal, a chemical com-
pound or a metal hydroxide sol or gel) causes compression
and heating of highly porous metals or decomposition of the
starting compound to form oxide followed by stabilisation of
oxide phases. After the escape of the shock wave on the free
surface of the starting compound, materials disperse in the gas
atmosphere of the explosion chamber. In a CO2 atmosphere,
carbon nanotubes, spherical carbon particles and thread-like
MgO crystals were obtained. The average diameter of thread-

like MgO crystals was 60 nm, and the length to diameter ratio
reached 100.

Reactions with chemical compounds as the starting
reactants are performed with the use of gaseous and liquid
media neutral with respect to the final products, due to which
the compounds are rapidly cooled and high-temperature and
metastable crystal modifications are stabilised. For example,
an yttrium oxide-stabilised cubic ZrO2 nanopowder was syn-
thesised 152, 153 by the detonation method. The average particle
size was 30 nm.

VIII. Self-propagating high-temperature synthesis

Self-propagating high-temperature synthesis (SHS) is rapidly
propagating combustion of solids (of a metal and carbon in the
synthesis of carbides or of a metal under nitrogen in the
synthesis of nitrides) at a temperature from 2500 to
3000 K.154, 155 Since the particle size in the self-propagating
high-temperature synthesis products is usually 1 ± 5 mm, it was
believed that this method is inapplicable to the preparation of
compounds in the nanocrystalline state.

It was suggested 156 that titanium carbide nanopowders
would be synthesised by the SHS method in the presence of an
inert diluent preventing the particle growth, e.g., using a
Ti+C+mNaCl mixture, where m=0.2 ± 0.7. The particle
sizes of the starting Ti, C and NaCl powders were at most 50,
0.1 and 150 mm, respectively. Pellets with a diameter of 30 mm
and a height of 40 mm were pressed from the powder mixture.
The synthesis was carried out in a standard reactor under
argon at a pressure of 0.5 MPa. Combustion was initiated by a
current pulse (the voltage was 15 ± 20 V and the pulse duration
was 1.0 ± 1.5 s), which was supplied to the sample with a
tungsten wire. The combustion temperature decreased from
2500 to 1950 K C as the amount of sodium chloride increased
(as m changes from 0.2 to 0.7).

The combustion was accompanied by spontaneous homo-
genisation of the staring mixture due to melting of Ti and
NaCl. A microscopic study demonstrated that the resulting
titanium carbide particles are distributed in a NaCl melt and
are isolated from each other by a thin layer of this melt, which
prevented their further growth. No intermediate phases were
found. The titanium carbide particle size decreased with the
increase in the amount of NaCl in the starting mixture. After
washing off NaCl, the titanium carbide powder was studied by
X-ray diffraction and electron microscopy. The resulting
titanium carbide had the cubic structure B1 with a lattice
parameter of 0.433 nm. The powder consisted of particles of
irregular shape with a size from 20 to 300 nm; the average
particle size was*100 nm. The optimum amount of NaCl for
the synthesis of titanium carbide nanoparticles (m) was
found 154 to be 0.4 (or *30 mass%). The chemical composi-
tion of titanium carbide synthesised in the study 156 was not
determined.

IX. Compaction of nanopowders

A method for the preparation of compact dense three-dimen-
sional (3D) nanocrystalline materials named after Gleiter, who
was the first to suggest this method,157 involves the following
steps: condensation of nanoparticles under a low-pressure inert
gas atmosphere, deposition of particles onto a cold surface of a
rotating cylinder and scraping of nanoparticles from the
cylinder surface to a collector.158 After evacuation of the inert
gas from the chamber, a nanocrystalline powder was pre-
pressed (under a pressure of *1 GPa) and finally pressed
under a pressure of up to 10 GPa. This method can be used for
the preparation of cylinders with a diameter from 5 to 15 mm,
a thickness of 0.2 ± 3.0 mm and a density of 70%±90% of the
theoretical density of the corresponding material. In partic-
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ular, the density of nanocrystalline metal powders reaches
97%; the density of nanoceramics, 85%.3 Depending on the
evaporation and condensation conditions, compact nanoma-
terials consist of particles with an average size from 1 ± 2 nm to
80 ± 100 nm. This method was applied to the preparation of
compact nanocrystalline nickel with an average particle size of
60 nm.159

The contact of substances with the environment in the
synthesis of nanopowders and their pressing is excluded due to
which compact nanocrystalline samples remain uncontami-
nated. The apparatus described in the papers cited 157, 158 can
be used for the preparation of compact nanocrystalline oxides
and nitrides.

The porosity of nanoceramics prepared by pressing of
powders is determined primarily by the pores located at triple
joints of crystallites and the grain boundaries.2 Powders of
lower dispersity are less compressible.160 A uniform porosity
distribution is achieved by pressing ceramics at high temper-
ature at which no extensive recrystallisation occurs. For
example, conventional sintering of a highly dispersed zirco-
nium oxide powder with a particle size of 40 ± 60 nm at 1370 K
for 10 s afforded a material with a relative density of 72% and
an average grain size of 120 nm. Hot pressing at the same
temperature under a pressure of 1.6 GPa afforded a material
with a relative density of 87% and an average grain size of
130 nm.161 Compact oxide ZrO2 with a relative density of
>99% and an average grain size of 85 nm was obtained when
the temperature was lowered to 1320 K and the sintering time
was increased to 5 h.162 The most dense (with a relative density
of 98%) samples of titanium nitride could be obtained by
sintering samples pressed from finely dispersed nanopowders
with a grain size of * 8 ± 25 nm and a minimum deviation of
the grain size from these values.163

Sintering of powders at a high (up to 10 GPa and higher)
pressure holds promise for the preparation of dense compact
finely grained materials.164, 165 For example, a TiN powder
with an average particle size of 40 nm was sintered at 3 and
4 GPa at a temperature from 1000 to 1800 K. The maximum
density of sintered samples was achieved at 1670 K.
An increase in the pressure was accompanied by an increase
in the density to 94%of the theoretical value, the crystallite size
was 200 ± 300 nm. It should be noted that the crystallite size in
samples sintered at 1400 ± 1500 K was at most 60 nm, and the
relative density of samples was as high as 92%±93%.

Pressing followed by high-temperature sintering holds
promise for the synthesis of compact nanomaterials, partic-
ularly, of ceramic materials. To prevent grain enlargement
during sintering of pressed samples, it is necessary to use high-
density pressing and low sintering temperature T4 0.3Tm

(Tm is the melting point). The preparation of high-density
compact materials presents a serious problem because it is
difficult to press nanopowders by conventional static pressing
methods. Poor compressibility of nanopowders is associated
with adhesion forces the contribution of which to interparticle
interactions sharply increases with a decrease in the particle
size.

The magnetic pulse method is rather efficient for compac-
tion of nanopowders.166 ± 168 This method consists of concen-
trating the force action of magnetic field of powerful pulse
currents, resulting in the appearance of compression waves
with an amplitude of up to 5 GPa and a duration of a few
microseconds. The parameters of compression waves can
rather easily be controlled in this method. The magnetic pulse
pressing is environmentally safe, it is much safer than dynamic
methods.

Unlike stationary pressing methods, the magnetic pulse
method results in extensive heating of powders due to rapid
energy release caused by particle friction during packing under
the action of a compression wave. If particles are sufficiently

small (4300 nm), the time of their heating is substantially
shorter than the characteristic duration of pulse compression
waves. Under the same pressure, the magnetic pulse method
sometimes allows the preparation of denser compact samples
than those prepared by stationary pressing. Aluminium nitride
powders prepared by electric explosion (see below) are pressed
by the magnetic pulse method under a pressure of 2 GPa to the
density of 95% of the theoretical value; Al2O3 powders, to the
relative density of 86%. This method is applied to the prepa-
ration of articles of different shape, which, as a rule, require no
additional mechanical treatment. In particular, articles of a
complex shape with a density of>95%of the theoretical value
were formed from powders of superconducting oxide
ceramics.167 In the general case, interparticle forces are effi-
ciently overcome in the case of rapid motion of a powder
medium under the action of pressure pulses due to which the
resulting samples have higher density than samples prepared
by static pressing. Heating of nanopowders lasts for a short
while, which favours a decrease in its recrystallisation at high
temperature and the retention of a small particle size.

The magnetic pulse method was used for pressing nano-
crystalline Al2O3 (see Refs 169 and 170) and TiN powders.171

An increase in the pressing temperature to *900 K was
demonstrated 171 to be more efficient than an increase in the
pressure in cold pressing. Compact samples of nanocrystalline
titanium nitride with a grain size of *80 nm and a density of
*83% of the theoretical value were prepared under a pulsed
pressure of 4.1 GPa at 870 K. A decrease in the pressing
temperature to 720 K was accompanied by a decrease in the
density to 81%.

A comparative study of compaction of ultradispersed TiN
powders by magnetic pulse pressing, high-pressure pressing
and conventional pressing was reported.172 The average
particle sizes of the starting powders were 70 and 80 nm.
A decrease in the particle size led to a decrease in the degree
of compression of samples. An increase in the pressing pressure
was accompanied by an increase in the relative density.
An increase in the density becomes slower at a pressure of
>4 GPa, the density being no higher than 85% even at 7 GPa.
It was noted that cold pressing according to different proce-
dures gives very similar results at a pressure of >1 GPa.
At 1 GPa, the density of samples prepared by the magnetic
pulse method appeared to be somewhat lower than that of
samples prepared by static pressing.

Gas-tight ceramic tubes with an external diameter of up to
15 mm and a length of up to 100 mm were produced from
nanopowders by radial magnetic pulse pressing.173 Powders
were placed in a cylindrical gap between a rigid metallic rod
and an external cylindrical copper shell. The pressing was
performed by radial compression of the external shell under
current pulses, the developed pulse pressure being 2 GPa.
Aluminium oxide nanopowders and an Y2O37ZrO2 mixture
with an average particle size of 10 ± 30 nm were used as the
starting materials. Radial magnetic pulse pressing of these
nanopowders afforded tubes with a relative density of ceramics
of >95%.

Ceramic nanopowders can be compacted by dry cold
ultrasonic pressing.174, 175 Under the action of an ultrasonic
field with a power of several kilowatts, interparticle frictions
and frictions between particles and walls of the press form
decrease, agglomerates and large particles are disintegrated,
the surface activity of the powder particles increases and the
volume distribution of particles becomes more uniform. This
results in an increase in the density of pressed articles, accel-
eration of diffusion processes, limitation of the grain growth in
subsequent sintering and retention of the nanostructure. For
example, ultrasonic pressing of an Y2O3-stabilised ZrO2 nano-
powder followed by sintering of samples in air at 1923 K
afforded a ceramic material with a relative density of *90%.
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The average particle size in the initial nanopowder was
*50 nm.

An interesting procedure for sintering of ceramic compact
nanomaterials based on heating of sintered samples with the
use of microwave radiation was documented.176, 177 Heating is
performed bymillimetre-range radiationwith frequencies from
24 to 84GHz in a technological gyrotronic device with a power
of several kilowatts. The volume energy absorption of micro-
wave radiation provides simultaneous uniform heating of
samples because the heating rate is not limited by heat
conductivity, as opposed to conventional sintering methods.
This allows the preparation of sintered ceramics with a
homogeneous microstructure.

Compact samples of Al2O3 were prepared by cold isostatic
and magnetic-pulse pressing of a nanopowder with an average
particle size of 26 nm.177 The relative densities of the pressed
samples were 52% and 70%, respectively.Microwave sintering
at maximum temperatures of 1570 and 1770 K afforded
samples of Al2O3 with a density of 99% of the theoretical
value and an average crystallite size of*80 nm.

Conventional sintering methods do not always allow
strong connection of different ceramic materials. For example,
it is impossible to prepare a mechanically stable composite of
ZrO2 andAl2O3 , which is reqired for the design of devices such
as thermal barriers, by conventional methods. This problem
can be solved with the use of nanocrystalline materials and
microwave sintering.177 Oxides ZrO2 and Al2O3 are bound to
each other with the use of a sintered interlayer made from the
nanosized composite ceramic material 60 vol.% ZrO2+
40 vol.% Al2O3 with an average grain size of 100 nm. The
relative density of the interlayer was 96%±98% of the theo-
retical value. Microwave heating of the ZrO2/interlayer/Al2O3

structure over a short period of time to 1700 K afforded a
stable composite consisting of oxides ZrO2 and Al2O3 .

X. Crystallisation of amorphous alloys

The above-described methods are based on the assembly
principle, i.e., belong to `bottom-up' nanotechnologies. Meth-
ods of `top-down' technologies are described below.

Nanostructures can be formed in amorphous alloys by
crystallisation.178 Amorphous metal alloys can be prepared by
rapid (at a rate of5 106 K s71) cooling of alloys on the surface
of a rotating disc or drum. This method is called spinning.
Nanostructures are created by annealing in such a way as to
form a large number of crystallisation centres and the crystal
growth rate is low.

The amorphous magnetically hard alloy Fe90Zr7B3 can be
referred to as an example.178 The amorphous alloy was
prepared by spinning and then subjected to relaxation anneal-
ing at 673 K for 2 h. A nanocrystalline structure formed when
the alloy was additionally annealed at 873 K under vacuum
(1075 Pa) for 1 h. The transformation of the Fe90Zr7B3 alloy
from the amorphous to the nanocrystalline state results in a
change in the X-ray diffraction pattern (Fig. 14): very broad
diffuse X-ray reflections become sharp and narrow.178 The
grain size of the crystalline bcc phase a-Fe(Zr) that is formed in
the amorphous matrix was*10 nm (results of high-resolution
electron microscopy). Considerable attention was given to
investigation of the structure of an amorphous matrix contain-
ing a-iron nanoparticles.178 In particular, a study of the atomic
structure of the matrix by modern electron ± positron annihi-
lation methods revealed a high content of zirconium concen-
trated at the nucleation sites of the bcc phase a-Fe(Zr).

Crystallisation of amorphous alloys is extensively studied
in view of the possibility of constructing nanocrystalline
ferromagnetic Fe7Cu7M7Si7B alloys (M=Nb, Ta, W,
Mo or Zr) with a very low coercive force and high magnetic
permeability, i.e., of magnetically soft materials. The magnetic

properties of thin films of the Ni7Fe alloy were demon-
strated 179 to be improved as the effective magnetocrystalline
anisotropy decreases. This can be achieved by increasing the
number of grains involved in exchange interactions in thin
magnetic films. In other words, a decrease in the grain size
results in an increase in exchange interactions, a decrease in
magnetocrystalline anisotropy and, consequently, an improve-
ment of the properties of magnetically soft materials. More
recently, this idea has been implemented in targeted crystal-
lisation of multicomponent amorphous alloys.

Silicon-containing steels are magnetically soft materials.
Initial attempts to improve the properties of these materials by
crystallisation of amorphous alloys were undertaken for alloys
of the Fe7Si7B systemwith addition of copper. However, no
alloys with nanocrystalline structures could be obtained in this
system. It is only after the introduction of Group IV ±VII
transition metals along with Cu that a nanostructure was
prepared by crystallisation of this system.180 Crystallisation
of amorphous Fe7Cu7Nb7Si7B alloys at 700 ± 900 K
afforded an alloy with a homogeneous nanocrystalline struc-
ture. In this alloy, grains of the bcc a-Fe(Si) phase with the size
of *10 nm and copper clusters with the size of <1 nm are
uniformly distributed in an amorphous matrix.

Positron annihilation studies demonstrated 79 that
(Fe3Si)95Nb5 alloys are thermally stable due to segregation of
Nb atoms at the interfaces. Due to the high melting point,
niobium hinders complete recrystallisation of the alloy.

The preliminary (before crystallisation annealing) rolling
deformation of amorphous Fe7Cu7Nb7Si7B alloys
(or their low-temperature annealing) allows a decrease in the
grain size to*5 nm.181

Crystallisation of rapidly solidifying aluminium alloys
Al7Cr7Ce7M (M=Fe, Co, Ni or Cu) containing 92 at.%
Al gave a structure containing an amorphous phase and
icosahedral aluminium-rich nanoparticles with the size of
* 5 ± 12 nm.182

XI. Severe plastic deformation

Severe plastic deformation is a very attractive procedure for
the preparation of compact nano- and submicrocrystalline
materials.19, 183 ± 186 This method is based on the formation of
strongly fragmented and disoriented structures with signs of a
recrystallised amorphous state. Large deformations of materi-
als can be achieved with the use of the following methods:
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Figure 14. Changes in the X-ray diffraction pattern upon the transforma-

tion of the alloy Fe90Zr7B3 from the amorphous (1) to the nanocrystalline

(2) state.178

The grain size of the bcc phase a-Fe(Zr) is*10 nm.
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twisting under quasi-hydrostatic pressure, equal-channel
angular pressing, rolling and three-dimensional forging.
These methods consist of performing multiple intense plastic
shear deformation of materials, the true logarithmic deforma-
tion (e) being 4 ± 7. The use of severe plastic deformation allows
not only a decrease in the average grain size but also the
production of massive samples with a virtually pore-free
structure, which cannot be achieved by compaction of nano-
powders.

Twisting under high pressure of disc-shaped samples with
the radius R and the thickness l creates shear deformations.
The geometric shape of samples is such that the main bulk of
materials is deformed under quasi-hydrostatic compression
and, hence, the samples are not destroyed in spite of a high
degree of deformation. The true logarithmic deformation
achieved upon twisting under high pressure is calculated by
the equation 183

e=ln
yR
l
, (7)

where y is the twist angle in radians. The results of numerous
investigations demonstrated that after several turns, the struc-
ture of samples is disintegrated both at the periphery and in the
central part so that it becomes homogeneous throughout the
bulk.19

The most homogeneous structure is formed upon steady-
state simple shear deformation. In this method, a material is
pressed through two channels of equal cross-section intersect-
ing at an angle of 2F=90± 1508. The intersection plane of the
channels contains a homogeneous localised simple shear
deformation with an intensity of

DG=2cotF. (8)

Multiple cycling treatment of a material according to this
scheme provides superhigh intense deformations

G=NDG=2NcotF,

whereN is the number of cycles. The resulting sample exists in a
homogeneous stressed deformed state, but its cross-section
sizes remain unchanged. The true logarithmic deformation is
calculated by the equation

e=arsh
G
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. (9)

It is most reasonable to use angles 2F close to 908, at which the
maximum intensity of deformations is achieved, an increase in
the contact pressure being insignificant. A grease is used to
minimise contact frictions. This deformation scheme is called
equal-channel angular pressing. This methodwas described for
the first time by Segal 187 and was developed further.188, 189

The results of investigations of the structures and proper-
ties of submicrocrystalline materials were analysed in
reviews.19, 185, 190 Annealing of nanocrystalline materials leads
to evolution of their microstructures, which can arbitrarily be
divided into two steps. In the first step, annealing at a temper-
ature equal to approximately one third of the melting point
leads to stress relaxation, the transformation of the grain
boundaries from the nonequilibrium to a more equilibrium
state and a slight grain growth. In the second step, further
increase in the annealing temperature or an increase in the
annealing time cause collective recrystallisation (grain enlarge-
ment). The first annealing step can readily be observed from
the results of microhardness measurements of plastically
deformed materials, for example, of Cu, Pd and Ti (Fig. 15).

The severe plastic deformation was applied to obtain nano-
and submicrocrystalline structures of metallic Cu,191 ± 193

Pd,194 ± 197 Fe,198 Ni 191, 193, 199 and Co,200 aluminium-,184 mag-
nesium- 201 and titanium-based 202, 203 alloys and a number of
brittle compounds. Interestingly, after plastic deformation of
similar strength, the grain size in brittle compounds was
smaller than in metals. For example, a compact nanocrystal-
line sample with a grain size of *30 ± 40 nm was prepared for
the first time 204, 205 from a coarsely dispersed nonstoichiomet-
ric powder of carbide TiC0.62 (with a particle size of*2 ± 5 mm)
by twisting under quasi-hydrostatic pressure.

The synthesis of nanocrystalline titanium monoxide by
twisting under quasi-hydrostatic pressure of 8 GPa was docu-
mented.206 The size of coherent scattering regions estimated
from the Williamson ±Hall plot was *40 nm. In addition, it
was found that the cubic lattice parameter of titanium mon-
oxide was increased by 0.0004 nm after mechanical treatment
(Fig. 16), which is indicative of a substantial change in the
concentration of titanium vacancies.206 Particular attention is
given to structural vacancies in this compound, because they
are responsible for the properties of the monoxide.
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Figure 15. Plots of the microhardness of plastically deformed metals

Cu (1), Pd (2) and Ti (3) vs. the annealing temperature.
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Figure 16. Plot of the lattice parameter of titanium monoxide aB1 vs. the

concentration of structural vacancies in the metal sublattice for the

equilibrium state (1) and the stoichiometric monoxide subjected to a

pressure of 8 GPa at high temperature (2).206

The increase in the lattice parameter of titaniummonoxide TiO1.23 (I ) and

the decrease in the concentration of titanium vacancies (II ) after severe

shear deformation under a pressure of 8 GPa at room temperature are

indicated by arrows.
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XII. Electric explosion

Nanopowders can be prepared by electric explosion of
conductors caused by passing a powerful current pulse
with density of 104 ± 106 A mm72 and duration of
1075 ± 1077 s.207 ± 209 For this purpose, a wire with a diameter
of 0.1 ± 1.0 mm is used. An electric explosion of a conductor is
accompanied by a sharp change in the aggregation state of
metal as a result of intense energy release and by the shock
wave generation, enabling rapid (at a rate of higher than
16107 K s71) heating of metals to high temperatures
(T>104 K). In the initial step of electric explosion, heating
of conductors is accompanied by their linear expansion at a
rather low rate (1 ± 3 m s71). In the explosion step, the metal is
overheated to a temperature higher than the melting point,
expansion of the compound occurs at a rate of up to
56103 m s71 and the overheated metal is explosively dis-
persed.210 The pressure and temperature at the shock wave
front achieve several hundreds of megapascals (thousands of
atmospheres) and *104 K, respectively. Condensation in a
flow of rapidly expanding vapour affords very small particles.
Powders with a particle size from 100 mm to 50 nm can be
prepared by controlling the explosion conditions. The average
particle size monotonically decreases with an increase in the
current density and decrease in the pulse duration. Metal and
alloy powders can be prepared by electric explosion in an inert
atmosphere. Finely dispersed powders of metal oxides, nitrides
and carbides or their mixtures can be prepared by intoducing
additional reagents (air, a mixture of oxygen and an inert gas,
nitrogen, distilled water, decane, paraffin or a technical oil)
into a reactor. Copper powders with the maximum of the size
distribution corresponding to *20 nm and aluminium pow-
ders with an average particle size of*50 nm were prepared by
electric explosion at a pressure of 200 Pa.208

According to experimental data,211 submicrocrystalline
powders prepared by electric explosion of a wire have a very
high excess energy. For example, the excess energy of alumi-
nium powders with an average particle size of 500 ± 800 nm is
100 ± 200 kJ mol71 and of silver powders with an average
particle size of *120 nm is 40 ± 80 kJ mol71, which is several
times higher than the heat of melting of a massive substance.
This excess cannot be attributed to a contribution of only the
surface energy. The observed accumulation of a large excess
energy by finely dispersed powders prepared by electric explo-
sion 211 remained unexplained. It was hypothesised 212 that the
excess energy is accumulated as the surface energy, internal
defects and charge states. The size distribution of powders is
logarithmically normal, and the maximum of distribution is in
the range of 10 ± 500 nm. Particles of metal and alloy powders
prepared by electric explosion are spherical, whereas particles
of nitride powders are faceted.

In recent years, the electroerosion method was developed
for the preparation of nano- and submicrocrystallinemetal and
alloy powders.

XIII. Ordering of non-stoichiometric compounds
as a method for the construction of nanostructures

Group IV, V and VI transition metal carbides hold promise for
the construction of nanocrystalline ceramic materials having
rather high hardness, low fragility and stability against crack-
ing. These ceramics belong to highest-melting compounds and
they are inferior only to diamond and cubic boron nitride in
hardness.

Group IV and V transition metal monocarbides MCy are
strongly non-stoichiometric compounds.213 ± 215 In the disor-
dered state, these compounds have the cubic structure B1 and
contain up to 50% structural vacancies in the non-metal
sublattice.51, 213 ± 220 At temperatures below 1300 K, the struc-

ture B1 becomes unstable, and non-stoichiometric carbides
undergo first-order disorder ± order phase transitions accom-
panied by a jumpwise change in the volume and the formation
of ordered phases with complex superstructures.213 ± 221 Since
the ordering is a diffusion process, the transformation occurs
during a particular temperature-dependent period of time.
Carbides are synthesised at 1400 ± 1800 K, which is above the
disorder ± order phase transition temperatures (Ttrans). Cool-
ing of carbides to room temperature is accompanied by order-
ing. In the rapid cooling, ordering is not completed and non-
stoichiometric carbide persists in ametastable disordered state.
A difference in the lattice parameters of disordered and
ordered phases gives rise to stresses, which can lead to cracking
of crystallites at interfaces. Nanostructured powders of non-
stoichiometric carbides can be prepared by decreasing the
domain size of the ordered phase.

An idea of the nanostructure formation by atom-vacancy
ordering of non-stoichiometric compounds was applied for the
first time to non-stoichiometric vanadium carbide.222

The latter was chosen for investigation because ordering in
this compound is the most pronounced.221, 223, 224 In nano-
crystalline solids and nanopowders, not only bulk effects
(associated with the particle size), but also surface effects
(associated with the state and structure of interfaces) 9 ± 12

play an important role. This is why particular attention was
given to the surface state of compounds in the studies on
physicochemical properties of vanadium carbide.222, 225

Particles of nanostructured powdered vanadium carbide
VC0.875 were obtained by carbothermal reduction of oxide
V2O5 followed by cooling to room temperature. Vanadium
carbide is nanostructured, and its nanoparticles are curved and
petal-shaped. The petals are joined to each other to form a
coral-like structure (Fig. 17). An electron microscopic study
revealed small deviation of the nanoparticle size. Nanostruc-
tured vanadium carbide is unique because this structure has
not been found earlier.

The crystal structure of vanadium carbide was studied by
X-ray diffraction using CuKa1, 2 radiation.225, 226 The X-ray
diffraction spectra of disordered, coarse-grained ordered and
nanostructured carbide VC0.875 are presented in Fig. 18.
The X-ray diffraction pattern of a VC0.875 nanopowder
(Fig. 18 c) shows, along with structure reflections of the basic
phase B1, only superstructure reflections corresponding to the
cubic ordered phase V8C7 with the space group P4332.
The lattice parameter of the disordered phase is

500 nm

Figure 17. Morphology of particles of the vanadium carbide powder

VC0.875 .222

Particles with the size of *1 mm are two-dimensional nanocrystallites

having a shape of curved petal discs with a diameter from 400 to 600 nm

and thickness of*15 ± 20 nm.
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0.8337� 0.0001 nm. The idealM8C7-type cubic superstructure
with the space group P4332 has the doubled (compared to the
disordered basic phase B1) lattice parameter.219, 220, 224 Hence,
the lattice parameter of the basic phase aB1 of the vanadium
carbide under study is 0.41685 nm. This parameter is substan-
tially (by 0.00047 nm) larger than the lattice parameter of
disordered carbide VC0.875 . Such a large difference can be
observed only in the case of the maximum (or nearly max-
imum) degree of ordering.217, 219, 220

The intensity of superstructure reflections of coarsely
crystalline ordered carbide VC0.875 decreases with the increase
in the diffraction angle 2y (Fig. 18 b), whereas the intensity of
superstructure reflections of the nanopowder in the angle range
2y>1008 even increases rather than decreases (Fig. 18 c). This
fact remains unexplained.

In spite of the nanometre thickness of nanocrystallites, an
analysis of X-ray reflections did not reveal their broadening.
Since all atoms in the crystallite scatter coherently, the absence
of broadening of X-ray lines is consistent with the presence of a
rather large number of atoms in nanocrystallites, as evidenced
by a large size of the latter in two other dimensions.

Electron ± positron annihilation is the most efficient and
sensitive method for studying defects at interfaces and on the
surfaces of nanoparticles. The positron trapping by such
defects as vacancies or nanopores results in an increase in the
positron lifetime compared to that in defect-free materials 227

and in changes in the Doppler broadening spectra of annihila-
tion g quanta.228 The defect type can be judged from the
lifetime.

The positron lifetime was measured with the use of a
VC0.875 carbide powder pre-calcined at 400 K to remove

water.222, 225 For comparison, the positron lifetimes were
measured in a coarse-grained sintered sample of VC0.875 .
The positron lifetime spectra are shown in Fig. 19. The average
positron lifetime in the nanopowder is substantially longer
than that in the polycrystal. The spectrum of the coarse-
grained sample of vanadium carbide shows only a short-
lifetime component with 157� 2 ps, which corresponds to
positron annihilation of a structural vacancy in the carbon
sublattice.229, 230 The spectrum of the nanocrystalline sample
contains a short-lifetime component along with a long-lifetime
component with 500 ps and a relative intensity of 7%.
The long-lifetime component is attributed 227 to positron
annihilation in defects on the particle surface. The positron
trapping by a structural vacancy is evidence of the absence of
long-distance diffusion of positrons. In this case, the intensities
of the components are proportional to the volume fractions of
phases containing different types of defects. Thus, the relative
intensity of the long-lifetime component is consistent with the
volume fraction of the surface

DVsurf= d
S

V

in the nanopowder. The surface layer was estimated to have
thickness d=0.5 ± 0.7 nm or 3 ± 4 atomic monolayers.
The results of determination of the positron lifetime show
that the inner part of vanadium carbide nanocrystallites
contains only non-metal structural vacancies and the surface
layer involves vacancy agglomerates as defects.

The observedmorphology of the nanocrystalline powder of
non-stoichiometric vanadium carbidemay be a consequence of
grain cracking at the interfaces between the disordered and
ordered phases. Actually, high-temperature X-ray diffraction
measurements demonstrated 221 that a jumpwisee increase in
the lattice parameter of the fcc sublattice by 0.0004 nm occurs
at 1413� 20 K as a result of the disorder ± order phase
transition. The domain size of the ordered phase is *20 nm.
It was shown 223 that ordering occurs according to the mech-
anism of the first-order phase transition at 1368� 12 K.
At 300 K, the parameter aB1 of the basic crystal lattice of
quenched disordered carbide VC0.875 is 0.0002 nm smaller than
that of ordered carbide with the same carbon content.
The difference between the volumes of the disordered and
ordered phases is responsible for the appearance of stresses and
subsequent cracking at the interfaces.
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Figure 18. X-Ray powder diffraction patterns of disordered (a), ordered

coarse-grained (b) and nanostructured carbide VC0.875 (c) (CuKa1, 2
radiation, the intensity is shown on the logarithmic scale; the structure

reflections of the phase B1 are indicated).226

The superstructure reflections in the X-ray diffraction patterns (b) and (c)

correspond to the cubic ordered phase V8C7: aB1 /nm: (a) 0.41638, (b)

0.41682, (c) 0.41685.
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crystalline (2) powders of ordered carbide V8C7 ;222

t is the current time.

Nanotechnologies Properties and applications of nanostructured materials 451



The nanostructure formation can proceed according to
another mechanism. Unlike the above-considered mechanism
associated with the presence of domains of disordered and
ordered phases, the mechanism under discussion involves the
formation of antiphase domains of the ordered phase. The first-
order disorder ± order phase transition affords domains of the
ordered phase between which stresses occur due to a mismatch
of the atomic structures of antiphase domains. In due course,
stresses lead to cracking of grains of the initial disordered phase
at the antiphase domain boundaries of the ordered phase.

According to this mechanism, the nanostructure formation
of a non-stoichiometric VC0.875 powder (see Fig. 17) can be
attributed to the VC0.875?V8C7 phase transition. Nanocrys-
tallites of ordered non-stoichiometric vanadium carbide are
formed as curved discs with a diameter of <600 nm and
thickness of 15 ± 20 nm through cracking of particles with the
size of up to 1 mm. The inner part of nanocrystallites consists of
ordered carbide V8C7 with a high degree of long-range order
and a negligibly small amount of dissolved oxygen. The surface
layer of nanocrystallites with a thickness of 0.5 ± 0.7 nm con-
tains chemisorbed oxygen and a large amount of vacancy
agglomerates, i.e., has a loose structure.

The ordering allows the nanostructure formation in com-
pact samples of non-stoichiometric compounds.

The structures of annealed and quenched compact samples
of VC0.875 were studied by X-ray diffraction. After both
annealing and quenching, the X-ray diffraction spectra con-
tain, along with the structure reflections, weak additional
reflections (Fig. 20). The positions of additional reflections
correspond to superstructure reflections and are assigned to
the ordered cubic phase V8C7 with the space group P4332.
The superstructure reflections for annealed and quenched
samples are similar in the integral intensity but strongly differ
in the width.

According to the equilibrium phase diagram of the V ±C
system,231 the ordered V8C7 phase is formed after the disor-
der ± order phase transition at 1380 K; the experimental phase
transition temperature is 1413� 20 K.221 Rapid cooling from
1420 and 1500 to 300 K could result in quenching of non-
stoichiometric vanadium carbide VC0.875 and its retention in a
metastable state. However, even quenching from 1500 K gives
rise to the ordered V8C7 phase, the relative intensities of
superstructure reflections being approximately equal to those
for samples obtained after quenching from 1420 K or anneal-
ing at 1370 K (see Fig. 20).

As a consequence of ordering, each grain of the basic
disordered phase is divided into domains of an ordered phase.
The degree of ordering in domains is high, whereas the mutual
spatial arrangement of domains is random to a degree allowed
by the ratio between the structures of the ordered phase and the
disordered matrix. X-Ray diffraction studies showed that the
width of structure reflections is independent of the conditions
of thermal treatment of compact VC0.875 samples. Hence, the
grain size of the basic phase presumably remains unchanged
upon ordering. However, the superstructure lines are substan-
tially broadened, which can be attributed to a small domain
size of the ordered phase formed under different conditions of
thermal treatment. Since the width of reflections depends on
the domain size and the resolution of the instrument used for
measurements, the domain size can be determined by measur-
ing the broadening. Let us assume that the deformation
broadening is absent in the first approximation and the
observed broadening b is associated only with a small domain
size, i.e., b= bs . In this case, the broadening

bs(2y): 2bs(y),

measured in radians is related to the average domain size hDi
by the Scherrer equation.

The largest broadening of superstructure reflections is
observed for a sample quenched from 1500 K; the least broad-
ening, for a sample annealed at 1370 K. This suggests that the
ordered phase in the former sample has the minimum domain
size. Annealed vanadium carbide is characterised by the
maximum domain size because annealing followed by slow
cooling provide more favourable conditions for the domain
growth. The determination of the broadening bs and an
estimation of the average domain size of the ordered phase
gave the following results: the domain size in annealed samples
(see Fig. 20 a) is 127� 10 nm with 95% confidence probabil-
ity; in samples prepared by quenching from 1420 K (see
Fig. 20 b) and 1500 K (see Fig. 20 c), the domain sizes are
60� 9 and 18� 12 nm, respectively, with the same confidence
probability.

Thus, annealing and quenching of compact samples of non-
stoichiometric carbide VC0.875 from Ttrans� 100 K are accom-
panied by the nanostructure formation, the nanostructure
being composed of domains of the ordered phase. The higher
the annealing (quenching) temperature or the higher the cool-
ing rate, the smaller the domain size. The nanostructure
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Figure 20. X-Ray diffraction patterns of compact samples of VC0.875

prepared by hot pressing and subjected to additional thermal treatment

(CuKa1, 2 radiation, the structure reflections of the phase B1 and the

superstructure reflections of the phase V8C7 are indicated).226

(a) Annealing at 1370 K for 2 h followed by slow cooling to 300 K; (b)

quenching from 1420 to 300 K at a cooling rate of 100 K s71; (c)

quenching from 1500 to 300 K at a cooling rate of 100 K s71; all X-ray

diffraction patterns show superstructure reflections of the ordered cubic

phase of V8C7; the most broadened superstructure reflections are seen in

the X-ray diffraction pattern of a sample of VC0.875 quenched from

1500 K.
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formation in compact non-stoichiometric VC0.875 is associated
with the VC0.875?V8C7 phase transition.

The disorder ± order transitions accompanied by a change
in the volume can be used for the formation of the nano-
structured state not only in strongly non-stoichiometric com-
pounds, but also in substitution solid solutions. It was
suggested 232 that polymorphic phase transitions would be
used for the nanostructure formation in compact compounds.

XIV. Properties and application of nanomaterials

The properties of nanomaterials are substantially different
from those of other materials because the properties of nano-
particles differ from those of large particles. In addition,
nanoparticles interact with each other in a fashion different
from that of large particles because the distances at which
interactions occur in electron, phonon andmagnon subsystems
are comparable with the sizes of nanoparticles. The properties
of the latter differ from those of atoms or associations of atoms
but are still different from the properties of compounds
consisting of a large number of atoms (solid materials).
In addition, nanoparticles have no thermodynamically equili-
brium atomic-molecular structure due to which their proper-
ties can assume a number of values for the same particle size
depending on the conditions of synthesis and the temperature
prehistory.

Due to high energy of nanoparticles, their structures are
not necessarily equilibrium. Accumulation of experimental
data on this problem is presently underway. For example, it
was demonstrated 21 that the structure of cadmium sulfide
nanoparticles differs from those of this compound in the
wurtzite (equilibrium under normal conditions) and sphalerite
phases. The atomic structure of nanoparticles is actually
disordered to a large degree although the short-range order is
almost completely retained. The atomic structure of cadmium
sulfide nanoparticles can be represented as disordered super-
imposed close-packed planes consisting of cadmium and sulfur
atoms. The three-dimensional model of CdS nanoparticles
containing 3038 cadmium atoms with a disordered structure
of the metal sublattice (ACABCBC) was described.21

The particle height (h) is 2.3 nm, the distance (d ) between the
lateral faces is 5.7 nm, and the aspect ratio of the particle sizes
d/h* 2.5. Calculations by the Debye equation demonstrated a
good agreement between X-ray diffraction spectra and exper-
imental data. A lattice with the space group P6/mmm can be
considered as an average crystal lattice of the cadmium sulfide
nanophase (Fig. 21).

The properties of isolated nanoparticles along with a
disorder are also determined to a large extent by the contribu-
tion of the surface layer. For a spherical particle with a
diameter D and surface layer thickness d, the surface layer
fraction (DV ) in the total particle bulk (V ) is

DV
V
� p

6
D3 ÿ p

6
�Dÿ 2d�3

h i�p
6
D3

�ÿ1
&

6d
D

.

If the surface layer thickness is equal to 3 ± 4 atomic
monolayers (0.5 ± 1.5 nm) and the average nanocrystallite size
is 10 ± 20 nm, up to 50%atoms of a substance are located in the
surface layer.222 Hence, the properties of nanoparticles are
determined by their large specific surface area and the strong
effect of the near-surface atoms. The coordination of these
atoms and their interatomic distances differ from those of
atoms located far from the surface. In many cases, the near-
surface atoms have high energy, resulting in a decrease in the
temperature of chemical reactions between nanoparticles, and
the reaction intensity increases as a consequence of a large
specific surface area of nanoparticles.

Interactions between nanoparticles differ from those
between microparticles. The interfaces between nanoparticles
make a large contribution to the properties of assemblies of
nanoparticles. For example, the structure of high-angle inter-
faces between nanoparticles often determines the mechanical
properties of nanomaterials. The electric andmagnetic proper-
ties depend to a large degree on the ratio between the coherence
lengths of electron, phonon and magnon interactions and the
distances between the centres of nanoparticles. In many cases,
the nicrostructures of nanomaterials are determined by inter-
actions between nanoparticles. For example, the van derWaals
forces are responsible for the mutual arrangement of nano-
particles. The interactions result in self-organisation of nano-
particles in nanomaterials.17, 18, 80, 87

In studies of compact nanomaterials, solid materials are
considered as assemblies of interacting grain-boundary
defects. For example, the symmetry properties of polycrystals
in relation to changes in the characteristic scale of structural
heterogeneity, i.e., the grain size, are analysed 233 using the
calibration field theory,234, 235 which was developed for the
description of the structural and physical properties of materi-
als with defects. An increase in the grain size to several nano-
metres was demonstrated 233 to lead to the topological
transition from isolated waves of orientation shear instability,
which are characteristic of the usual polycrystalline state, to
spatially periodic defect structures. This topological transition
in an assembly of grain-boundary defects is accompanied by a
sharp change in the connectivity characteristics and scaling
parameters. The validity of this approach is associated with the
fact that the concentration of defects in nanomaterials is so
high that interactions occur between the defects. For a few
nanomaterials in which the concentration of defects is low the
application of the calibration field theory is unjustified.

The use of the size effects is convenient for analysing
changes in different properties of solids. Actually, there is
abundant evidence of the influence of the nanostate on the
magnetic properties of ferromagnets, the Curie temperature,
coercive forces, the saturation magnetisation and the magnetic
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Figure 21. The experimental X-ray diffraction spectrum of a CdS powder

(a) and linear spectra of different structures.21

(a) The linear spectrum of a disordered structure, the space group of the

average lattice isP6/mmm; (b) the linear spectrum of the wurtzite structure

B4, the space group P63mc; (c) the linear spectrum of the sphalerite

structure B3, the space group F�43m.
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susceptibility of weak para- and diamagnets, the memory
effects on the elastic properties of metals, substantial changes
in the heat capacity and hardness, changes in the optical and
luminescence characteristics of semiconductors and the plasti-
city of boride, carbide, nitride and oxide materials, which are
rather brittle in the usual coarse-grained state.

It has long been known that the properties of small particles
differ from those of massive substances. This fact is used in
industry. Aerosols, colouring pigments and colouration of
glass melts by colloidal metal particles for the preparation of
colour glasses can be referred to as examples. Suspensions of
metal nanoparticles (generally iron or its alloys) with the size of
30 nm and larger are used as engine oil additives for restoring
worn-out details of internal combustion engines directly dur-
ing operation. Small particles and nanometre-sized elements
are used in the production of different aircraft materials, for
example, of radio-absorbing ceramics the matrices of which
contain randomly distributed metal nanoparticles.

Polymerised rhombohedral fullerene Rh7C60 has the
Curie temperature of 500 K and the hysteresis curve typical
of ferromagnets.236 A light magnet operating at room temper-
ature can be constructed from this nanomaterial. In fullerene
crystals, C60molecules are linked to each other byweak van der
Waals forces, whereas the presence of nitrogen atoms in the
fullerene-like nanomaterial C48N12 is responsible for the
appearance of strong covalent bonds. Hence, the latter mate-
rial can be employed when a combination of strength and
elasticity is required.

Carbon nanotubes show high mechanical stability. Hence,
they can be used for the construction of high-strength compo-
sites. It is expected that nanotubes will find application in the
construction of various mechanical nanodevices.237 Carbon
nanotubes are already used as nanoindenters in microhardness
measurements and as probes in atomic-force microscopes.238

Carbon nanotubes exhibit semiconductivity or metal conduc-
tivity depending on the arrangement of carbon atoms in their
walls. Due to this fact, these nanotubes are used as conducting
elements in nanoelectronics.

Various structures having different properties can be
prepared by connecting carbon nanotubes. The synthesis of
such structures is of importance for application in electronic
technique. Carbon nanotube T-junctions 239 can operate as
contact devices. Due to a defect structure, Y-nanotubes 240

allow current to pass in one direction at the junction of teeth
and operate as diodes.241 The stem of Y-nanotubes has a
diameter of *60 nm. The diameter of branches is *40 nm.
If a controlling voltage is applied to one tooth of an Y-nano-
tube, the latter will operate as a current stabiliser.
The possibility of controlling the current holds promise for
the use of Y-nanotubes in nanoelectronics.

Bundles of multilayer carbon nanotubes with a diameter of
20 ± 30 nm that were grown on a substrate coated with a SiO2

layer, can find application in next generation integrated micro-
circuits and in microelectromechanical devices.242 Nanotubes
can be used as atomic-molecular pumps for depositing indi-
vidual molecules, atoms or ions onto the surface.243 The results
of investigations and applications of various carbon and non-
carbon nanotubes were summarised in reviews.244 ± 246

Catalysis of chemical reactions is an important field of
application of metal, alloy and semiconductor nanoparticles.

High catalytic activity of small particles is attributed to the
electronic effect. Actually, the number of atoms in an isolated
metal particle is small and, consequently, the distance between
the energy levels d&EF=N (EF is the Fermi energy andN is the
number of atoms in the particle) is comparable with the energy
kT. In the limit, when d> kT, the energy levels are discrete and
the particle loses metallic properties. Nanoparticles begin to
exhibit catalytic activity at d& kT. For metals, the Fermi

energy is 10 eV. At *300 K, d is 0.025 eV and, hence,
N& 400. The particle consisting of 400 atoms has a diameter
of*2 nm.

As a rule, nanoparticles exhibit catalytic activity in a very
narrow size range. For example, rhodium catalysts, which are
synthesised by decomposition of the Rh6(CO)16 clusters depos-
ited on the surface of dispersed silica, catalyse benzene hydro-
genation only if the particle size is 1.5 ± 1.8 nm, i.e., only Rh12
particles are actually catalytically active in this reaction. High
selectivity of the catalytic action is typical also of nanoparticles
of such popular catalysts as palladium and platinum. For
example, a study of ethylene hydrogenation at 520 K under a
hydrogen pressure of 1 atm catalysed by platinum deposited
on SiO2 or Al2O3 revealed a pronounced maximum of the
reaction rate corresponding to the platinum nanoparticle size
of *0.6 nm. Such a high sensitivity of the catalytic action to
the size of small particles demonstrates the importance of the
development of selective procedures for the preparation of
nanoparticles with an accuracy to one atom. Materials char-
acterised by a very narrow size distribution of nanoparticles are
required not only for catalysis, but also for nanoelectronics.

A detailed analysis of the size effect of small metal and alloy
particles deposited on a support was performed;247 the
reviews 248 ± 250 deal with catalysis involving metal alloys and
palladium.

A new field of catalysis on nanoparticles, viz., photo-
catalysis with the use of semiconductor particles and nano-
structured films, holds promise for purification of water from
organic contaminants by photocatalytic oxidation and miner-
alisation. For example, colloidal solutions of semiconducting
oxide and sulfide nanoparticles (without deposition on a
substrate) and the nanocrystalline heterostructures ZnS/CdSe,
HgS/CdS, ZnS/ZnO and TiO2/SnO2 are used in the photo-
catalytic synthesis and destruction of organic compounds as
well as in decomposition of water.98 ± 101

Polymeric composites containing metal nanoparticles are
used as conducting film composite materials, the possible
amount of the filling agent in the matrix being as high as
90 vol.%. Hybrid metal ± polymer composites can be synthes-
ised by the nanoparticle formation in a polymeric
matrix.251, 252 Coloured light guides for computer techniques
are produced by introducing metal ions into polymeric fibres.
The optical properties of polymers filled with metal, alloy or
semiconductor (CdS, CdSe, InP or InAs) nanoparticles are of
interest. Such polymers are easily subjected to mechanical
treatment and can be used for the preparation of films.
Hence, such polymers hold promise as optical elements and
light filters.

Multilayer nanostructures are widely applied in the micro-
electronic device manufacturing. Layered inhomogeneous
nanostructures, viz., superlattices consisting of alternating
solid superthin layers (with a thickness from several to one
hundred crystal lattice parameters or *1 ± 50 nm) of two
different compounds, can be referred to as an example. This
crystal structure contains, along with a usual lattice of periodi-
cally arranged atoms, a superlattice consisting of repeated
layers with different compositions. Since the nanolayer thick-
ness is comparable with the de Broglie wavelength of the
electron, the quantum size effect is manifested in the electronic
properties of superlattices. The use of this effect in multilayer
nanostructures allows the design of fast-operating electronic
devices with a high information capacity. The double-barrier
diode AlAs/GaAs/AlAs consisting of a gallium arsenide layer
with a thickness of 4 ± 6 nm, which is located between two
aluminium arsenide layers with a thickness of 1.5 ± 2.5 nm, is
an example of the simplest electronic devices.

Magnetic nanostructures showing giant magnetoresistance
are of interest. These nanostructures are multilayer films
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composed of alternating layers of ferromagnetic and non-
magnetic metals. For example, ferromagnetic Co7Ni7Cu
layers and non-magnetic Cu layers alternate in the Co7
Ni7Cu/Cu nanostructure. The layer thickness is approxi-
mately equal to the electron free path, i.e., to several tens of
nanometres. The magnetic configuration of multilayer nano-
structures can be changed by varying the external magnetic
field intensity from 0 to a particular value H so that the
conductivity varies in a very broad range. These films can be
used as magnetic field detectors. In the nanostructure under
consideration, the largest giant magnetoresistance was
achieved for very thin (*0.7 nm) copper layers.

In modern microcircuits produced on a large scale,*1000
electrons are required for transistor switching on/off. Due to
miniaturisation of microcircuits, the number of required elec-
trons would be decreased to ten in the nearest future.253

Besides, studies aimed at constructing single-electron transis-
tors are presently underway.254

A device consisting of two condenser plates and a metal-
lised ball hanged between these plates was developed. Under
the action of direct-current voltage applied to the plates, the
ball swings and transfers the charge. In the nanoversion, such
nanopendula (or electronic shuttles) can operate at a frequency
of *100 MHz and transfer individual electrons.16, 255 Such
devices would be expected to serve as elements of quantum
computers or current interrupters.

Semiconducting heterostructures consisting of two ormore
different materials are of particular interest. In these hetero-
structures, a transition layer, viz., the interface between two
materials, plays an important role. Moreover, the interface in
semiconducting heterostructures can be used as a technical
device.256

Molecular-beam and liquid-phase epitaxies allow the
growth of heterostructures with a sharp interface. Two inter-
faces can be located so close to each other that the quantum size
effects become to play the key role. Such structures are called
quantum wells. In quantum wells, the thickness of the medium
layer is several tens of nanometres, resulting in electron level
splitting due to the size quantisation effect. This effect, which is
manifested as a characteristic stepwise structure of optical
absorption spectra of the semiconducting heterostructure
GaAs ±AlGaAs with a hyperfine GaAs layer (a quantum
well), was observed for the first time in 1974.257 In this study,
it was also found that characteristic energies are shifted as the
thickness of the quantum well (a GaAs layer) decreases.
In quantum wells, superlattices and other structures with very
thin layers, large deformations are not necessarily accompa-
nied by the appearance of dislocations and, hence, corres-
pondence of the lattice parameters is not required.258

The fundamental characteristics of semiconducting crystals,
such as the gap width, the effective masses and the charge
carrier mobility, can be controlled with the use of heterostruc-
tures, particularly double structures, including quantum wells,
quantum wires and quantum dots.

In three-dimensional semiconductors, the density of states
N(E ) is a continuous function. A decrease in the dimension-
ality of a semiconductor results in a change in the energy
spectrum from continuous to discrete due to its splitting
(Fig. 22). The quantum well is a two-dimensional structure in
which the charge carrier motion is restricted in the direction
perpendicular to the layers, but the charge carriers can freely
move in the plane of the layers. In quantum wires, the charge
carrier motion is limited in two directions and the charge
carriers freely move only along the wire axis. Quantum dots
are quasi-zero-dimensional (`0'D) structures. In such struc-
tures, the charge carrier motion is limited in all three directions
and these structures are characterised by completely discrete
energy spectra.

The sizes of quantum dots obtained by molecular-beam
epitaxy and lithography vary from 100 to 10 nm; smaller
quantum dots (1 ± 10 nm) the surface of which is protected by
organic molecules preventing particle aggregation can be
prepared by methods of colloid chemistry.259

Only nanotechnologies allow a decrease in the size of
elements of electronic devices to several nanometres with the
use of quantum dots. Time instability of nanostructures at high
temperatures is a practical problem to be solved in the
construction of quantum dots. Stability of quantum dots is
determined by quantum jumps or diffusion of small amounts
of atoms, which occur very rapidly on the surface and at
interfaces of quantum electronic elements. As a result, destruc-
tion of elements or even their migration on a substrate is
observed at room temperature.260 The problem of stability of
nanoelectronic circuits can be solved with the use of multi-
component materials including metal oxides, carbides and
nitrides. These compounds have high melting points and low
diffusion mobility of atoms and, consequently, show high
thermal and time stability.

Special lenses and mirrors with multilayer coatings of
alternating thin layers of elements with higher and lower
densities (for example, of tungsten and carbon, molybdenum
and carbon or nickel and carbon) are used in X-ray and UV
optics. Two layers have thicknesses of *1 nm; the layers
should be smooth at the atomic level. Multilayer X-ray lenses
and mirrors are required in X-ray lithography, which is one of
the fields of nanotechnology, and in astrophysical studies.
The formation of X-ray mirrors was described in sufficient
detail;261 this study dealt with multilayer Ni/C nanostructures
with a period of *4 nm. The Fresnel zone plates with a
minimum zone width of *100 nm and diffraction lattices
with a period of <100 nm are yet other optical devices with
nanometre-sized elements intended for use in X-ray diffraction
microscopy.

Heterostructures F/S are formed by alternating nanolayers
of a ferromagnet (F) and a superconductor (S). Ferromagnetic
interlayers of F are generally constructed of Fe, Co, Gd or Ni
the Curie temperatures of which are higher than the super-
conducting transition temperature of metals (Nb, Pb or V) that
form an S layer. Experimental studies of such heterostructures
were initiated by Hauser et al.262 The construction of F/S-type

N Na b

3D 2D

N N

E E

c d

1D 0D

Figure 22. The density of states of N charge carriers as a function of the

dimensionality of the semiconductor.12

(a) A three-dimensional semiconductor, dN/dE*E71/2; (b) a quantum

well, dN/dE* const; (c) a quantum wire, dN/dE*E1/2; (d) a quantum

dot, dN/dE* d(E ).

Nanotechnologies Properties and applications of nanostructured materials 455



superlattices can be performed with the use of molecular-beam
epitaxy, electron-beam coating ormagnetron spraying at direct
current.263 It should be noted that F/S-type heterostructures
with layers of atomic thickness can be applied in next gen-
eration electronics as logical elements and superconducting
current switches.264, 265 In this case, the superconductivity can
be controlled with a weak external magnetic field.266 The
properties of multilayer F/S systems including the supercon-
ducting transition temperature depend on the thicknesses of
the ferromagnetic and superconducting layers. The thickness
of a ferromagnetic layer is generally <1 nm, and the thickness
of a superconducting layer varies from 10 to 40 ± 50 nm.266 In
F/S heterostructures, the superconducting transition temper-
ature (Tc) not only monotonically decreases but also oscillates
as the thickness of the F layer increases. For example, an
increase in the thickness of the iron layer in the three-layer
system Fe/Nb/Fe from 0.1 to 0.8 nm initially leads to a
lowering of Tc from 7 to 4.5 K. Then the temperature rises to
5 K as the layer thickness increases to 1.0 ± 1.2 nm followed by
a decrease in the temperature to 3.2 ± 3.4 K as the thickness
further increases to 3 nm. In F/S heterostructures, metal and
alloy (NbxTi17x /Co or V/FexV17x) layers can alternate with
each other. Superconductor/ferromagnetic semiconductor (for
example, NbN/EuO/Pb or NbN/EuS/Pb) heterostructures
with the Josefsson tunnel transition 267 are also of interest.
The layer thickness of the ferromagnetic superconductor
(EuO, EuS) in these heterostructures is 10 ± 50 nm and the
thickness of superconducting layers is >200 nm.

Ceramic nanomaterials are widely used for the production
of components operating at high temperatures, under non-
uniform thermal stresses and in corrosive media. Due to
superplasticity, these nanomaterials can be used for the prep-
aration of complex-configuration products with highly precise
dimensions, in particular, for aerospace technique. Due to
biocompatibility and high stability, hydroxylapatite-based
nanoceramics are applied in orthopedy for the production of
artificial joints and in dental surgery for the production of
dental prostheses. Nanocrystalline ferromagnetic alloys
Fe7Cu7M7Si7B (M is a Group IV ±VI transition metal)
have found use as soft magnetic materials for transformers
with a very low coercive force and high magnetic permeability.

A method for the manufacture of a detonation diamond
nanopowder is implemented in Russian industry. As a result of
high pressure and temperature developed during explosion in
special chambers, nanodiamond is synthesised from carbon-
containing explosives catalysed by particles and metal vapour
from ammunition shells.

Ultrasonic pressing of nanopowders is particularly efficient
in the construction of complex-shaped articles such as sockets,
conical gears, helices, etc.268 The resulting ceramic articles have
homogeneous microstructure and density.

The hydrothermal synthesis belonging to `mild chemistry'
methods holds promise for the preparation of nanoceramics.
The synthesis proceeds at high temperature and pressure.
Oxide nanoceramic materials, for example, TiO2 , ZrO2 and
HfO2 ,269 including nanorods can be obtained by this
method.270 Nanocrystalline titanium, zirconium and hafnium
dioxide powders and composites on their basis have found use
as catalysts, gas sensors, dielectric ceramics, dyes, solid electro-
lytes, diffusion barriers and optical coatings. The development
of the hydrothermal synthesis would be expected to expand the
field of application of oxide nanoceramics.

To summarise, the analysis of the scope of modern nano-
technologies and prospects of application of different classes of
nanostructured materials shows the topicality of the develop-
ment of nanoindustry.

XV. Conclusion

Studies performed in the last decades provided a deeper insight
into the mechanisms of size effects. Emphasis has long been
placed on nanoparticles the properties of which are intermedi-
ate between those of isolated atoms and polycrystalline solids.
The development of methods for the production of compact
nanomaterials composed of nanometre-sized building
blocks enabled researchers to investigate the properties of
solids in the nanostructured state. Nowadays, the following
methods are mainly used for the preparation of compact
nanomaterials: compaction of isolated nanoclusters, which
are obtained by evaporation and condensation, precipitation
from solutions or decomposition of precursors, crystallisation
of amorphous alloys, severe plastic deformation and ordering
of strongly non-stoichiometric compounds and solid solutions.
Each method has advantages and drawbacks, and neither is
universal.

For a theoretical interpretation of experimental results
obtained in studies of isolated nanoparticles and compact
nanomaterials, the separation of the surface (associated with
interfaces) and bulk (associated with particles sizes) effects is of
considerable importance. Nowadays, this problem is far from
being solved.

Nanomaterials are characterised by exceptionally high
diffusion mobility of atoms along the grain boundaries. This
mobility is 5 ± 6 orders of magnitude higher than that in usual
polycrystals. However, the mechanisms of diffusion processes
in nanomaterials are far from being completely understood,
and different explanations of these processes were provided in
the literature. The microstructure of nanocrystals, i.e., the
structure of interfaces and the atomic density, and the influence
of nanopores and the free volume on the properties of nano-
crystals are still debated.

The above-considered data suggest that new nanomaterials
stable at high temperature will be constructed based on multi-
component systems with the use of refractory metals and
compounds. Metal oxides, nitrides and carbides with high
melting points and thermal stability will be of particular
importance in future nanotechnologies. These compounds
will find application as components of nanocrystalline materi-
als.The construction of stable-operating systems, which retain
their properties throughout the service life, becomes possible
with the use of the above-mentioned compounds.

Studies in the field of nanotechnologies and investigations
of the nanostate of substances should provide the basis for a
new interdisciplinary area of knowledge based on fundamental
laws of physics, chemistry and biology.271
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