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The different aspects of nanostructured material (NM) stability such as thermal and
chemical stability as well as NM behavior under deformation and radiation are
characterized and analyzed in detail. Grain growth, phase transitions (including spinodal
decomposition), homogenization diffusion processes, relaxation of residual stresses, and
behavior of grain boundary and triple junction segregations are discussed in context of the
change of nanostructure and properties. Special interest is given to the availability of NMs
with ultra-fine grain size and their behavior during annealing as soon as to the possibility of
development of nanostructures with high thermal stability. Some unsolved problems are
emphasized. C© 2003 Kluwer Academic Publishers

1. Introduction
It is well known that almost all NMs except supramolec-
ular structures are usually far from equilibrium state
[1, 2]. Many features such as a large share of interfaces
and triple junctions, possible irregular distribution of al-
loying elements and admixtures, the occurrence of non-
equilibrium phases and supersaturated solutions, resid-
ual stresses, and excess concentrations of lattice defects
increase the Gibbs free energy. All these features are
closely connected with non-equilibrium conditions of
the NM preparation such as powder technology meth-
ods, controlled crystallization from molten state, se-
vere plastic deformation, and film/coating technology
(Table I) [2].

It follows from general considerations that the ther-
mal activation and other effects such as radiation, defor-
mation and chemical reactions lead to the enhancement
of diffusion, relaxation and recrystallization with par-
tial or total annihilation of the nanocrystalline structure,
non-equilibrium phases and residual stresses that are
responsible for the NM properties. There are many im-
portant characteristics of structural and functional NMs
which are strongly depended from thermal and other
stability. This is especially important for cutting materi-
als and for high-temperature friction applications; ther-
mal and diffusion barriers; high-temperature catalysts
and semiconductors; porous, emission and filter com-
ponents; structures with giant magnetoresistance and
so on. Therefore an understanding of factors that affect
NM stability and degradation is critical to identifying
the best strategies for future technology development.

Some recent papers and books (e.g. [1–10] were de-
voted for the most part to the grain growth in NMs.
The present review is an attempt to give a considera-
tion of the NM stability as a whole taking in account all
aspect regarding metals, alloys, intermetallics, oxides,

borides, nitrides, etc., both in nanostructured bulk and
film form.

2. Thermal stability
2.1. General considerations
Grain growth, relaxation of residual stresses, phase
transitions (including deomposition of non-equilibrium
phases and supersaturated solid solutions), and segre-
gation/homogenisation diffusion processes arise from
thermal effect. All these phenomena are familiar in
general materials science but in the case of NMs the
nanoscale peculiarities make their examination and
understanding not so easy. In addition, many differ-
ent methods of preparation (Table I) and many struc-
tural types of NMs (according to opinion [1] there are
12 types of nanostructure in NMs) complicate the inter-
pretation and comparison. It is also necessary to point
that some obtained results reflect not only the behavior
of consolidated bulks and films but that for individual
particles produced by mechanical alloying, sliding wear
and so on. All things considered, the present author tries
to point some general features and connect them with
preparation methods. Some aspects of NM thermal sta-
bility have analysed by present author earlier [11].

2.2. Grain growth
2.2.1. Experimental data
Figs 1–7 show some experimental results on the temper-
ature and duration effects on grain growth and hardness
in different NMs. From these data and other suitable in-
formation, the following considerations are noteworthy.

1. Numerous studies of kinetics have revealed a lot
of diverse information. It was shown that in many cases
the grain growth mechanism can not be based on the
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T ABL E I Main methods of consolidated NM preparation

Group Variation Object

Powder technology Gleiter’s method (vapour-phase deposition) and compacting;
conventional pressing and sintering; rate-controlled sintering;
electric-discharge sintering; hot working (hot pressing, forging,
extrusion, etc.); high static and dynamic pressure at room and high
temperatures

Elements, alloys, compounds

Severe plastic deformation High pressure torsion
Equal channel angular pressing
Rolling/extrusion of manylayer composites

Deformable metals and alloys

Transformation-induced hardening
Controlled crystallization from
amorphous state

Conventional and high pressures Amorphous materials

Film/coating technology PVD and CVD
Electrodeposition Sol-gel methods

Elements, alloys, compounds

Figure 1 Kinetics of grain growth of nano-Cu obtained by sliding wear
[12].

unique value of exponent n (i.e., as L ∼ tn where L
is the grain size and t is time) because the data re-
vealed fit for several values of n (1/2, 1/3 or 1/4)
(Fig. 1) [12]. The annealing of the NbAl3 nanocrystals
obtained by mechanical alloying [13] and Fe33Zr67 or
(Fe, Co)33Zr67 alloys obtained by crystallisation from
an amorphous state [14] tended to the relationship of
L ∼ t1/3. The detail investigation of annealing of nano-
RuAl prepared by mechanical alloying has shown that

Figure 2 Grain size of nano-RuAl as a function of annealing at different
temperatures. Points indicates measured data and dashed lines are fitted
with Equation 1 [15].

isothermal grain growth fits the following relationship

L2(t) − L2
max

L2(0) − L2
max

= exp

[
− 2qt

L2
max

]
(1)

where q is the rate constant; L(t), L(0) and Lmax are
the grain size at annealing time t , initial grain size and
maximum that respectively (Fig. 2) [15].

2. The exponent n can depend not only on subjects
but on temperature interval also (1/n = 0.05–0.5) [1, 7].
The deviation from ideal value of 0.5 (this value is
deduced from known parabolic relationship for grain
growth in coarse-grained materials) is connected with
many factors such as pores and impurity doping, tem-
perature change of the grain growth mechanism, initial
grain size distribution and so on. Therefore, the acti-
vation energy (Q) values for isothermal grain growth
have also a wide dispersion. For example the Q values
for nanocrystalline Fe prepared by mechanical attrition

Figure 3 The time-dependence of grain size at ambient temperature
for nanocrystalline copper specimens obtained by evaporation—
condensation with following consolidation (Gleiter’s method) and dif-
fered by relative bulk density: a–93%; b–96%; c–97% [17].
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in two intervals of annealing temperature (T < 500◦C
and T > 500◦C) were found to be of 125 kJ/mol and
248 kJ/mol respectively [5]. Both values are lower
than corresponding ones for grain boundary diffusion
(∼175 kJ/mol) and the lattice diffusion (∼270 kJ/mol)
in Fe.

3. Some results show that the grain growth in several
specimens of Cu (Fig. 3), Ag, and Pd [16, 17] as soon
as of nitride multilayers [4] can be observed under long
duration at room and near temperatures. The effect of
pores as Zener drags on the inhibition of grain growth
is also evident (Fig. 3).

4. The log-normal or normal distributions of grain
size are typical for many NMs in initial and annealed
state. However, abnormal grain growth has been ob-
served in some cases including long-temperature en-
durance [17]. Such behavior can be considered as a
possible result of non-uniformity of the initial grain
size distribution in the as-prepared specimens or/and
of non-uniform admixture segregation [1, 17].

5. Cryomilling of Fe-Al powders leads to a signifi-
cant increase of thermal stability as compared with pure
nanocrystalline Fe (Fig. 4) [18]. This situation may be
to connected with a pinning by fine particles of FeAl2O4
and a solute segregation mechanism. Some interstitial
impurities such as oxygen and nitrogen result also at the
oxide and nitride formation, and that is why the start
of grain growth shifts to the high-temperature interval
in the case of Ag-O, Ti-N and Mo-N systems [16, 19].
The grain boundary pinning by oxide and nitride phases
seem to be likely present.

6. The superior thermal stability of the duplex mi-
crostructure has been observed for the Cu-Ag, Ag-MgO
and TiN-Si3N4 nanocomposites both in the bulk and
film form [16, 20, 21].

7. The recrystallization features at heat treatment up
to 1000◦–1100◦C have been studied for individual, al-
loyed and multilayer films of TiN, ZrN, NbN, and CrN
[4, 22–24]. The dependences of hardness on thickness
(h), layers (bilayer periodλ = 100) and alloying for ZrN
films are demonstrated on Fig. 5 [23]. It is evident that
the decrease of h to a value of 0.1 µm is accompanied by
the recrystallization start lowering to about 200 K. The

Figure 4 Grain size of cryomilled powders Fe-Al after 1 h heat treat-
ment. Legend indicates powder composition in weight percent, cryogenic
media in parentheses, and milling time [18].

Figure 5 Statistical distribution curves for ZrN films: (a) h = 2 µm;
(b) h = 0.1 µm; (c) ZrN/TiN, 20 layers; (d) alloyed film (Zr0.5 Ti0.5)N
[23]. Duration of vacuum annealing was of 20 min.

recrystallization start in multilayer films is nearly the
same as for individual films with a thickness of about
0.1 µm. However, the recrystallization rate in the mul-
tilayer case can be lower because of a possible effect
of residual compressive stresses and interphase bound-
aries. The comparison of the recrystallization rates for
the individual and alloyed and films revealed that grain
growth in the latter is lower. The behaviour of other
type films (TiN, AlN, NbN, and CrN) is essentially the
same. Very interesting result has been revealed in the
case of TiN/AlN multilayer films with very low λ [24].
As is clear from Fig. 6, the thermal stability of multi-
layer with λ of 2.9 nm was reported to be higher then
that for sample with λ = 16 nm.
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Figure 6 Hardness of TiN/AlN multilayers with different bilayer period
(λ) as a function of annealing temperature in Ar atmosphere (t = 2 hr;
the whole thickness of films was about 300 nm) [24].

Figure 7 Hardness films (thickness of 2 µm) as a function of annealing
temperature [22]. Key: � TiN/ZrN (λ = 100); � TiN/ZrN (λ = 200); ×
(Ti,Zr)N; • ZrN; ◦ TiN.

8. An annealing of NMs is accompanied by the
change of many physical-mechanical properties such as
strength, hardness (see Figs 6 and 7), electrical and elas-
tic characteristics and so on. However, the changes are
determined not only by grain growth but also by other
structure parameters such as microstrains, residual
stresses, relaxation of elastic strain, spinodal decompo-
sition (see in Fig. 7 data for (Ti,Zr)N films), ordering,
etc. The numerous similar examples of the property
thermal stability of metallic NMs prepared by severe
plastic deformation can be found in book [9]. It is well
known that the defects initiated by deformation are not
so thermal stable and annihilate mainly before recrys-
tallization. A relatively high thermal stability has been
observed for the Cu + 0.5%Al2O3 nanoalloy processed
by internal oxidation and severe plastic torsion [25].

2.2.2. Some theoretical approximations
It follows from general considerations that grain growth
can be stopped by the grain boundary mobility control
and due to an action of a thermodynamic driving force.

Figure 8 Variation of the molar Gibbs free energy G of a binary alloy
polycrystal with grain size L at fixed P, T, and fixed overall solute
concentration xβ = 0.05. The dotted line denotes the Gibbs free energy
og the solid solution single crystal with the same xβ [28].

Aside from the well known considerations on effect of
Zener drag, pinning of grain boundaries by pores, so-
lute atoms or inclusions, and decrease of grain bound-
ary energy [1, 2, 7, 26, 27], it seems to be necessary
to call attention to some other points. For example, the
alloy effects in nanostructures have been analysed in
[28–30] and it was shown that a minimum on the to-
tal molar Gibbs free energy for some alloys can exist
in the nanocrystalline region (Fig. 8). This result has
been obtained in both the Langmuir-McLean approxi-
mation [28] and in the Fowler-Guggenheim one [30].
The availability of this minimum implies a possibil-
ity to inhibit the grain growth process and stabilise the
nanocrystalline structure if the initial grain size values
are lower than those which correspond to of the Gibbs
free energy minimum. In addition to the above-stated
information on nano-RuAl (Fig. 2) [15, 27], there are
also some other examples of the grain growth preven-
tion in nanocrystalline alloys Y-Fe [31], Pd-Zr [29], and
Ni-P [1, 32]. The grain growth decrease in these cases is
considered to be connected with the segregation effect.

Another possibility of thermodynamic stabilisation
of grain growth in NMs has been pointed out in [33].
Taking into account that grain growth is accompanied
by the ‘injection’ of vacancies into the bulk of material
and thus by of the Gibbs free energy increase, it is
possible to estimate the critical grain size LC below
which ‘locking’ of grain growth occurs

LC/2 =
[

24NkTZ (δβd)2 m

DSD

]1/3

(2)

Where δ, β and m are the grain boundary character-
istics: thickness, the relative excess free volume and
mobility; N is the Avogadro number; Z is coordination
number; kT has usual manner; DSD is the bulk self-
diffusion coefficient, and d is characteristic vacancy
sink spacing. For LO < LC the generated vacancy su-
persaturation inhibits grain growth but at LO > LC grain
growth can be realised by common way following for
example to the parabolic law (∼t2).

It should be noted that the vacancy generation dur-
ing the grain boundary growth has been observed in
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the positron-annihilation study of recrystallization of
ultrafine powder [34] and confirmed by a molecular
dynamics simulation [35].

If the dislocation availability in NMs is unlikely and
the vacancy sinks are provided by grain boundaries
(LC/2 ∼ d) the relationship (2) changes to

LC/2 = 24NkTZ (δβ)2 m

DSD
(3)

Taking for Al the values m = 2 × 10−14 m4 J−1 S−1

(T = 300◦C) and DSD = 1.3 × 10−17 m2/s one obtains
LC/2 of the order 100 nm that is typical maximum grain
size in NMs [33].

Using of the relationships (2) or (3) it is profitable to
take in mind the estimation of the characteristic length
of the lattice-dislocation stability 



 = αGb/2τp (4)

where α is the coefficient of the dislocation geometry of
0.1–10, G is the shear modulus, b is the Burgers vector,
and τp is the Peierls stress [36]. In the case of L < 


the lattice dislocations tend to leave the crystals. The

 values (in nm) for edge dislocations in some metals
[36] and titanium nitride [37] are the following

Cu Al Ni Fe TiN
25 10 10 2 ∼1

When LC < 
 it is a good reason to use the relationship
(3) but in the situation of LC > 
 the Equation 2 is
better to apply. However, in both cases it is necessary
to remember the approximate nature of the relationships
(1–4).

One more feature of the NM nanostructure lies in a
great number of triple junctions. The inhibition of the
triple junction effect on grain growth has been demon-
strated in [8, 38, 39]. Molecular dynamics simulation
also suggested that the triple junction drag is impor-
tant at the small grain size, low temperature and high
symmetry grain misorientations [40]. The main con-
clusion is that the triple junction effect must always be
considered in the case of the NM thermal stability.

Thus the theoretical considerations as regarding to
the inhibition of grain growth by the grain boundary
mobility control [8, 38–40] and the thermodynamic
driven force (e.g. [28, 33]) suggest that there is pos-
sibility to create the thermally stabile NMs with very
fine grain size. Some experimental evidence relating
to films of TiN/AlN (Fig. 6) [24], Cu and Au [41] as
well as to nanocrystalline alloy Ni80P20 [42]) confirm
this statement. A phenomenological description of the
grain growth stagnation for nanocrystalline films and
powders has been discussed in [43]. However, many
details of these approaches (i.e., the more precise def-
inition of optimal grain size, comparison of different

T ABL E I I Average grain size (L , nm) and hardness (HV, GPa) of as prepared and annealed nitride/boride films [51]

As prepared Tanneal = 700◦C Tanneal = 1000◦C

Film Structure type L HV L HV L HV

TiN NaCl 9.9 ± 8.8 36–40 13.0 ± 6.6 38–42 10.2 ± 7.0 33–40
Ti(N,B) NaCl 5.4 ± 4.0 53–59 8.1 ± 4.4 52–58 7.9 ± 3.8 32–42
Ti(B,N) AlB2 2.9 ± 1.1 46–52 3.7 ± 1.2 47–54 3.4 ± 1.9 38–45

methods for the grain growth inhibition and so on) need
further accurate study.

2.3. Phase transitions
The non-equilibrium processing of NMs results not
only in nanocrystalline structure but also in the pres-
ence of the non-equilibrium phases and supersaturated
solid solutions. These metastable structures are espe-
cially an inherent feature of NMs prepared by mechani-
cal alloying and film/coating technology. The formation
of supersaturated solid solutions and non-equilibrium
phases has been observed in the systems of Fe-Cu, Fe-
Ni, Fe-Ti, Fe-A1, W-Cu, Ni-Al, TiN-TiB2, TiN-AlN,
and so on (e.g. [4, 18, 37, 44–51]). The significant
increase of the component mutual solubility has been
revealed. The polymorphic phase stability in thin mul-
tilayers of Co/Cr and Al/Ti has been analysed in [52].
Unfortunately, the thermal stability data of these sub-
jects is not so comprehensive. There is some infor-
mation for the Fe-Cu, Fe-Ni, and TiN-TiB2 systems
[44, 46, 47, 49–51]. In the case of the Fe-Cu system
it was pointed that Fe solution in Cu resulted in the
increase of thermal stability but back process did not
effect on grain growth [44].

The non-reactive magnetron sputtering of mixed
TiN + TiB2 targets allows to prepare the nanostructured
one-phase nitride/boride films with both NaCl structure
and AlB2 one [4, 37, 50, 51]. Both the substoichiometric
phases {Ti(N,B,C,O)<1} and superstoichiometric ones
{Ti(B,N,C,O)>2} do not decompose after annealing up
to 1000◦C and retain their nanostructures after anneal-
ing (see further Table II) [51].

A theory of phase transformation in nanosized crys-
tals developed in [53]. It was shown that the nucle-
ation barrier and critical size of phase transformation
are mainly dependent on the strain energy, interphase
boundary energy and the grain size. The last effect can
be ignored when grain size is more than 100 nm. These
considerations were useful for the explanation of the
different behaviour of martensitic transformation be-
tween nanocrystals of Fe-Ni and Ni-Ti alloys.

The interesting example of non-equilibrium phase
changes is spinodal decomposition which observed
in the systems of nanostructured alloys TiN-ZrN,
TiC-ZrN, and TiN-AlN [4, 6, 22, 54]. Fig. 7 demon-
strated the hardness increase for alloyed (Ti,Zr)N film
after annealing at 1000◦–1200◦C a result of spinodal
decomposition of TiN-ZrN solid solution which is ac-
companied by formation of a nanocrystalline structure
verified by X-ray examination [22].

Such behaviour of the (Ti,Zr)N film at annealing
gives us an interesting example of smart material which
under high-temperature conditions can not only retain
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hardness but also increase it partly. The annealing of
nanocomposite (Ti,Al)N–Si3N4 at 800◦C has revealed
also the maximum hardness value and the minimum
grain size which can be also attributed as a result of
spinodal decomposition of (Ti,Al)N [55].

2.4. Relaxation and diffusion
2.4.1. Behaviour of residual stresses
A general analysis of relaxation processes in some
nanocrystalline compounds is given in review [56]. It is
known that relaxation of residual stresses comes before
grain growth. The stress relaxation is accompanied by a
decrease in XRD peak width because of the inhomoge-
neous strain reducing. In the case of NMs obtained by
severe plastic deformation, high energy consolidation
methods, and film/coating technology (see Table I) the
relaxation processes are of particular importance.

Table II shows the annealing effect on grain size and
hardness of nitride/boride films prepared by magnetron
sputtering [51]. As it was pointed early, the annealing of
such films did not result in decomposition of nonequi-
librium Ti(N,B) and Ti(B,N) phases. From Table II it is
obvious that the grain size change is not considerable
but there is some decrease of hardness. The hardness
evolution can be attributed to the residual compressive
stresses relaxation.

The intrinsic residual compressive stresses in nanos-
tructured nitride and other films can be very significant
due to the differences in the thermal expansion and
elastic properties between the film and the substrate
[4, 6]. For example, in nitride films the value of residual
compressive stresses can be of 10 GPa [6]. The stress
relaxation involves migration, redistribution, and anni-
hilation of different defects as well as a grain boundary
sliding which as a whole have diffusion nature. The ap-
parent activation energies (eV at−1) of stress relaxation
for some nitride films are the following [6]:

TiN Ti(N,C) CrN
250◦–430◦C 400◦–900◦C 450◦–900◦C 240◦–670◦C

1.23 2.1 2.1–3.1 2.1–3.1

The absolute values of these data are near to the value of
energy activation of nitrogen self diffusion in nitrides
(which is more likely to be grain boundary diffusion
rather than volume diffusion). Discussion of relaxation
processes and evolution of nanostructures in metals, al-
loys, and intermetallics prepared by severe plastic de-
formation can be found in [9].

2.4.2. Homogenisation processes
The diffusion processes in NMs have been discussed
in details in [2, 6, 9]. The information about interdiffu-
sion is very important for the analysis of the multilayer
thermal stability. As applied to nitride multilayers, in-
terdiffusion studies of single-crystal TiN/NbN super-
latties (λ = 4.4–12.3 nm) give the following values of
the apparent activation (Qa) for metal interdiffusion in
different temperature intervals [56, 57]

T ◦C <830 830–875 900–930
Qa(eV) 1.2 ± 0.1 2.6 ± 0.1 4.5 ± 0.1

It is clear that the temperature dependent change of Qa
values reflects the shift of an interdiffusion mechanism,

i.e., from the defect-mediated and grain boundary diffu-
sion to the volume one. From this interdiffusion infor-
mation, the lifetime of 8-nm period nitride multilayer
is considered to be equal as 1 hr at 900◦C [58]. This es-
timation seems reasonable and agrees in the main with
the hardness thermal stability.

However, notice that there are some contradictory
data on the long-term thermal stability of multilayers.
On the one hand, it has been observed that the high
hardness values of TiN/NbN and TiN/ZrN multilayer
films (λ = 20 nm) disappeared after a long storage at
room temperature (about 1–1.5 year and may be more)
[4]. On the other hand, the two years ambient exposi-
tion did not change the giant magnetoresistance effect
in the Fe/Cr superlattices (λ = 1.5–2.5 nm) [59]. It is
likely that some difference in the nitride subjects be-
haviour [4, 57, 58] is connected with preparation con-
ditions, namely, with cathodic are plasma deposition
on steel substrates (Tsubstr = 300◦C) [4, 22] and mag-
netron sputtering on MgO (001) single-crystal substrate
(Tsubstr = 700◦C) [57, 58].

3. Radiation, deformation, and
chemical stability

3.1. Radiation effect
The information on the radiation effects in NMs is
not at all comprehensive but tends to widening (e.g.
[60–63]). Nanocrystalline ZrO2-bulks (Lo ∼ 70 nm)
showed no amorphization, defect agglomeration or
grain growth after irradiation with 4 MeV Kr ions
up to dose of 2 × 1017 ions/cm2 [60]. A monoclynic-
tetragonal phase transformation in ZrO2 after irradi-
ation with 5 × 1017 ions/cm2 has been observed. A
significant grain growth has been revealed in nanos-
tructured Pd bulks (Lo ∼ 10 nm) after irradiation. The
irradiation-induced crystalline-amorphous transition in
the ZrO2 nanoparticles with size of 3 nm embedded
in amorphous SiO2 matrices was described in [63].
The full amorphization was fixed after irradiation with
1 MeV Xe ions at the dose of 0.8–0.9 dpa (the amor-
phization start was at the dose of 0.3 dpa). At the same
time, the Au nanoparticles with size of 3 nm did not
amorphize after the same irradiation.

It is stated that the dislocation density increases and
the residual stresses becomes more compressive in the
ion implanted TiN films prepared by CVD technique
[62]. Some differences between C and B ion implan-
tations have been also observed in the TiN prepared
by ion-plating method [61]. In the former case the
hardness was decreased with formation of the amor-
phous region with the lamella structure being perpen-
dicular to the ion irradiation direction. In the latter case
(B implantation) the hardness increased with formation
of spherical amorphous region.

There are some information on radiation stability
of nanocarbon materials (e.g. [64–66]). The bombard-
ment of C60 films by 400 eV He ions results in the
C60 molecules decomposition with formation of an
amorphous structure having graphite-like near order
[64]. The nanocrystalline diamond formation during Ar
ion irradiation of graphite was fixed at the fluence of
∼1022 cm−2 [65].
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3.2. Structure stability during deformation
This question seems to be important for the superplas-
ticity problems because grain growth during deforma-
tion is known to be intensified. It has been observed
in the experimental works (see, for example, review
[67]) and confirmed by a theoretical analysis [68]. The
model of deformation grain growth [68] agrees with ex-
perimental results as applied to the structural ceramics
such as oxide materials based on ZrO2, Al2O3 and so on.

The detail study of low-temperature superplasticity
in nanocrystalline nickel, a nanocrystalline aluminium
alloy (1420-Al), and nanocrystalline nickel aluminide
(Ni3Al) also revealed grain growth [69]. In the case
of nanocrystalline nickel the increase of grain growth
was the maximum. Even at low homologous tempera-
tures grain growth during deformation resulted to anni-
hilation of Ni nanostructure. The effects of particles
(in 1420-Al) and a kinetic barrier for the preferred
atomic pairing between the atoms in Ni3Al are consid-
ered to be main factors of the grain growth inhibition
during superplastic deformation.

The important conclusion of authors [69] is that their
‘results appear to eliminate the hope of obtaining super-
plasticity in pure metals having a grain size of 100 nm or
less.’ The reason is that the superplasticity temperature
decrease is offset by a reduction in the grain-growth
temperature.

3.3. Chemical stability
From general considerations it would be expected that
the nanostructure features must intensify the interfacial
reactions. Unfortunately, with the exception of some
oxidation studies, this problem seems to have been in-
vestigated only as episodically and in many cases the
nanostructure characterisation was not so detail. The
oxidation of NMs has been studied in several works
(e.g. [6, 50, 70–72]). The oxidation mechanism for TiN,
(Ti,Al)N, CrN, and NbN films has been established [6].
The additions of Y to nitride multilayers tend to in-
crease the resistance against oxidation corrosion [70].
The presence of Y and YOx at the grain boundaries is
consdered to play a decisive role in reducing bulk diffu-
sion rates for both cation and anion diffusion. The sig-
nificant thermal stability and oxidation resistance have
been revealed for AlN + TiB2 and AlN + SiC + TiB2
films after heating up to 1500◦C [71]. The fractogra-
phy analysis showed that the microstructure of oxi-
dised films remained unaltered and very close to the
nanocrystalline one, i.e., the structural entities size was
about 100 nm.

The onset temperature for the nano-diamond graphi-
tization under Ar heat treatment was found to be 670◦C,
while that for oxidation is 496◦ [72]. These tempera-
tures are much lower than those for bulk diamond and
the difference is likely connected with the nanoparticles
size.

The solid phase interfacial reactions for TiBx film/
(100)Si system have been studied after vacuum anneal-
ing in the temperature range 300–1000◦C [73]. No ev-
idence of apparent structural change in this tempera-
ture interval was found for TiBx samples with a ratio
of B/Ti2. For substoichiometric compounds (B/Ti < 2),

the formation of a titanium silicide layer at the interface
and the formation of a stoichiometric TiB2 layer at the
surface were observed.

4. Conclusions
Present review devoted mainly to stability of consoli-
dated NMs (Table I). This problem is also very impor-
tant as regarding to porous, semiconductor, catalytic,
carbon, polymer, biological and supramolecular NMs
but their study is only in its infancy and now is very
limited (e.g. [74–77]).

As it is evident from foregoing the information on the
analysed NM stability is not uniform. The largest body
of data is related to grain growth, whereas very little
data has been published on the radiation, deformation
and chemical stability so the further detailed investiga-
tions seems very important. However, the grain growth
features also need the further study. The most inter-
esting question is whether the very small crystallites
can be thermally stable. In this connection it should
be noted that NMs with very small crystallites having
the sizes about of 1–2 nm have been prepared by film
technology (see Table I and Ref. [37, 50, 51, 78, 79]).
Recall that value of lattice parameter for TiN is about of
0.424 nm, i.e., in the l-nm TiN crystallite averages about
8 (23) elementary cells. Such NMs can be named the
cluster-consolidated materials as opposed to the cluster-
assembled ones (e.g. [3, 80]). Their stability study is
undoubtedly of special interest.

Notice also that the NM stability depends strongly on
the technology regimes. Many routes such as high pres-
sure sintering, rate controlled sintering, sinter-forge,
doping and precipitation hardening, multilayer prepa-
ration and so on seem to be useful (e.g. [9–11, 81–84]).
However, we can not now evaluate the processing role
not to say on the intelligent prediction.

The development of the NM stability theory is closely
connected to many poorly known theoretical questions
such as an application of statistical thermodynamics
and thermodynamics of irreversible processes to the
NM problems, the energy properties of interfaces and
triple junctions in nanocrystallites, and so on. It is seen
from the foregoing that only first steps have been taken
in the study and understanding of the NM stability
nature. There is no doubt that the NM effectiveness
for many applications depends significantly on further
progress in the stability study.
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