
I. Introduction

The problem of stability of structure and properties of

nanomaterials is one of the most important in modern

material science.1 Undoubtedly, the existence of numerous

interfaces, segregations, residual stresses, nano- and micro-

pores and non-equilibrium phases in nanomaterials results

in excess free energy, while thermal, strain, radiation and

some other impacts stimulate recrystallization, relaxation

and homogenization (or segregation) processes leading to

changes in nanostructures (up to their degradation) accom-

panied by deterioration of their physicochemical and

mechanical properties. A consequence of the general tech-

nological progress is the increase in the temperature and

duration of operation of devices applied in chemical

machine industry and aicraft, missile and nuclear technol-

ogy. In this context, enhancement of the stability of nano-

structures acquires great importance for both fundamental

and applied research preceding the development of methods

for prediction of reliability of nanomaterials and the cost

efficiency of their use.

Analysis of the regularities of thermal stability of nano-

materials based on the data obtained before 2002 was

carried out in an earlier review.2 The data on thermal

stability of nanomaterials published up to 2010 were also

surveyed.1, 3, 4 The information in this area is rapidly accu-

mulated, a few tens of studies being published over the past

2 ± 3 years. Therefore, it is reasonable to return to analysis

of the data, the more so because the problems of radiation

stability and specific features in the interaction of nano-

materials with corrosive media have already been consid-

ered.5, 6

The general problem of the thermal stability of nano-

structures is rather broad, it includes different aspects of

behaviour of both single nanoparticles and consolidated

nanomaterials, e.g., the influence of temperature on the size

and shape of nanograins, the aggregation processes in the

case of nanoporous and nanopowdered objects, interactions

with the environment and radiation fields, catalytic and

sorption activity, diffusion redistribution of components,

phase transitions, etc. Due to diversity of nanomaterials,

exhaustive consideration of these issues is beyond the scope

of a usual review; therefore, the present discussion is mainly

focused on the analysis of the role of thermal and temporal

factors, as well as on possible influence of radiation and

oxidative processes on the changes in nanostructure of

consolidated (predominantly metallic) nanomaterials.

II. Theoretical approaches and modelling of
thermal stability

The driving force of grain growth is the decrease in the

Gibbs free energy (DG) of grain boundaries with a decrease

in their area. Grain growth in nanomaterials is a result of

translation (migration) or rotation and merging (Fig. 1).

The rotation mechanism has been studied to a lesser extent;

therefore, it is necessary to dwell shortly on several studies

devoted to its specific features in nanomaterials. Using

molecular dynamics simulation, it was shown 7 that both

mechanisms of grain growth can operate simultaneously in

nanostructures, the rate of grain rotation and its contribu-
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tion to the overall growth in comparison with the rate and

contribution of gran migration increasing with decreasing

size of the grains. Bernstein 8 paid attention to the depend-

ence of rotation rate on the geometry of adjacent grains.

Using yttrium oxide as an example, it was shown 9 that low-

energy small-angle boundaries are formed upon rotation of

grains of 20 and 200 nm in size at 600 ± 1000 8C. There is an
interesting observation of collective grain rotation upon

irradiation of nanocrystalline Ti, TiN and NiO layers with

a high-energy (E=350 MeV) beam of gold ions.10

Nanograin growth and, hence, the degradation of nano-

structures in consolidated nanomaterials can be inhibited by

pores and phase inclusions upon changes in the initial grain

size and decrease in their mobility owing to doping (includ-

ing formation of segregations at grain boundaries) and

spinodal decomposition. The speed of movement (v) of the

grain boundary is usually described by the following equa-

tion

v �MP �M0 exp

�ÿQm

RT

�
2gg
rg

(1)

where M is the grain mobility, P is the driving force, M0 is a

pre-exponential factor, Qm is the activation energy of

boundary movement, gg is the grain boundary energy, and

rg is the radius of curvature of the grain.

There are roughly two approaches to the description of

grain growth inhibition Ð kinetic (due to decreasing mobi-

lity) and thermodynamic ones (due to reduction of the

driving force owing to decrease in the grain boundary

energy). The theoretical descriptions of these approaches

have been developed to different extents, although the grain

growth inhibition by inclusions has been known for a long

time and finds wide application in practice. Restraining the

grain growth by nanoinclusions (so-called Zener pinning) is

described by the formula

PZ �
3Vrgi
2ri

(2)

where PZ is the Zener drag force, which is the inhibiting

force per unit boundary area, Vr is the volume fraction of

inclusions with radius ri, gi is the interfacial surface energy

of inclusions.

As can be seen from Eqn (2), efficient retardation of

grain growth can be achieved by increasing the volume

fraction of inclusions and decreasing their radii.

In a series of studies of Novikov and co-workers and

Shwindlerman and co-workers,11 ± 15 the influence of nano-

inclusions, pores, triple and quadruple intergrain junctions

on the thermal evolution of the material structure was

analyzed in the framework of kinetic approach, taking into

account the grain size. In particular, it was found that the

stronger grain growth inhibition by triple and quadruple

junctions is observed for initially smaller grains.11 This

effect is especially pronounced at moderate temperatures,

while at higher temperatures, inversion of this regularity

takes place, and the boundaries with junctions become more

mobile. With the use of thermodynamic analysis, the value

and sign of line tension of triple junctions were determined

[the triple line tension was found to be

(6.0� 3.0)61079 J m71].12 The obtained value made it

possible to correct the magnitude of the driving force of

grain growth. Assuming that gg= 0.6 J m72 for copper, the

critical value of the average grain size below which the role

of triple junctions must be taken into account in estimation

of boundary migration is *55 nm.

The dual nature of nanostructure evolution was revealed

in numerical simulations of the movement of nanoparticles

during grain boundary migrations, in particular, depending

on the volume fraction of nanoparticles and overall velocity

of boundary migration, the mobility of the boundaries not

only can decrease but also can increase, resulting in abnor-

mal grain growth.13, 14 The analysis of possible interactions

between pores and grains showed that the grain growth and

disappearance of pores during annealing can follow differ-

ent kinetic laws depending on their size and mobility.15

As for analysis of the decrease in grain boundary

mobility in the framework of the thermodynamic approach,

most important appear the studies on development of

thermodynamics of binary nanosystems (so-called nano-

thermodynamics) which propose methods for estimation of

the Gibbs free energy of alloys considering not only con-

centration factor but also the presence of nanograins (see,

e.g., Refs 16 ± 19). The key point of these studies consists in

the use of conventional regular solution approximation 20

for both intergrain (segregation) gaps and internal parts of

nanograins (Fig. 2). Having omitted the intermediate math-

ematics, one can write the expression for the total DG
value:17, 18

DG � �1ÿ fb�DGg � fbDGb � zcfb�Xb ÿ Xg�
�
�2Xÿ 1�obÿ

ÿOBgBg ÿ OAgAg
zt

�
(3)

where fb is the volume fraction of intergrain gaps

fb � 1ÿ
�
dÿ t

d

�3

d is the grain size, DGg and DGb are Gibbs free energies for

grain internal space and intergrain gaps, respectively, z is

the coordination number for the bulk material; c is the

fraction of atoms having interatomic bonds in intergrain

gaps; Xb and Xg are concentrations of the additive in

ab c

Figure 1. Grain growth mechanisms.3

(a) General view of the initial state; (b) migration and merging;
(c) rotation and merging.
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intergrain gaps and internal space, which satisfy the follow-

ing relation for the mean concentration

X= fbXb+ (17 fb)Xg

ob is a parameter of interaction in intergrain gap, which is

determined in the theory of regular solutions via the pair

interaction energies

o � EAB ÿ EAA � EBB

2

t is the width of an intergrain gap, which is usually taken to

be 0.5 ± 1 nm; OA and OB are the atomic volumes of

components of the alloy A+B (B is additive); gAg and gBg
are the specific energies of grain boundaries of the A and B

components.

The DG value is calculated by varying the d values and

thermodynamic properties of different compositions; this

allows one to determine characteristics of the most stable

nanoalloys. As an example, the dependence of DG on the

grain size and the concentrations of an additive in the

intergrain gap is shown in Fig. 3. As can be seen, the DG
minimum at the given values of overall concentration X,

temperature T and interaction factor ob corresponds to the

alloy with a grain size of *25 nm and almost complete

segregation of one of the components at grain boundaries.

Various situations of DG minimization as applied to the

grain growth and phase decomposition (composition varia-

tions, changes in temperature and interaction parameters,

the absence of DG minimum, various combinations of

enthalpies of mixing and segregation, formation of amor-

phous interlayers in intergrain gaps, existence of metastable

nanoalloys, formation of two-phase nanocomposites, etc.)

were analyzed in detail.18

The dependence of segregation enthalpy (DHs) on the

mixing enthalpy (DHm) for various tungsten alloys at

1100 8C is given in Fig. 4. The nanocrystalline state is

observed for alloys which correspond to the points located

above the plot DHs= f (DHm); the points corresponding to

coarse-grained alloys are below the plot (region 2).

The segregation and mixing enthalpies were calculated

from the following formulae:

DHs= z

�
og ÿ 0:5ob ÿ

OBgBg ÿ OAgAg
2zt

�
and

DHm= zogX(17X)

A similar approach based on the regular solution

approximation for regions 1 and 2 (see Fig. 2) was devel-

oped in another study,19 in which the temperature effect on

the size of nanograins and segregations in the intergrain

gaps was estimated for Fe7Zr, Cu7Zr, Cu7Nb and

Ni7W alloys depending on the concentration of the second

component. Some initial data for these calculations are

given in Table 1. In addition to the purely chemical inter-

action, the contribution of the elastic interaction during

alloy formation was taken into account 19 in the calculations

of DG, the grain boundary energy was assumed to be 1/3 of

the surface energy. The temperature dependences of grain

growth for different alloy concentrations given in Table 1

are shown in Fig. 5. Analysis of the data showed that the

ob

ob

oc

dt/2

1

2

Figure 2. Schematic representation of two nanograins of size d
and intergrain gap of width t. Grey and red spheres correspond to
atoms of the solvent and the dissolved element, respectively.18

(1) Internal space of the grain, (2) intergrain gap; oc and ob are the
interaction parameters for regions 1 and 2.
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Figure 3. Gibbs free energy, DG, vs. grain size and concentration
of an additive in the intergrain gap Xb.18
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Figure 4. Stability map for tungsten-based alloys at 1100 8C.17

(1) The region of existence of nanocrystalline alloys; (2) the region
of existence of coarse-grained alloys.
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strongest decrease in the grain growth upon annealing of

nanoalloys was observed for iron with a minor amount of

zirconium added.

A somewhat different method of accounting for thermo-

dynamic properties of intergrain gaps and internal space of

nanograins was proposed;21 ± 23 it takes into consideration

the difference in the free volume (DV) of the material at

grain boundaries and in the bulk. The total enthalpy (H),

entropy (S) and free energy (G) are expressed as follows

H � XbHb�DV;T� � �1ÿ Xb�Hg�T� (4)

S � XbSb�DV;T� � �1ÿ Xb�Sg�T� (5)

G � XbGb�DV;T� � �1ÿ Xb�Gg�T� (6)

where

DV � Vb

Vg

ÿ 1

Vb and Vg are the unit cell volumes in intergrain gaps and

inside the nanograins, respectively.

This expression for DV implies that there is excess

volume in the grain boundaries due to disordered arrange-

ment of atoms (Vb>Vg). The values of DV and thermody-

namic quantities (DG, DH, heat capacity, the Debye

temperature and so on) for intergrain gaps are selected

taking into account experimental data (e.g., see mono-

graph 24). This approach was applied to the analysis of

thermal stability and phase transitions for a series of

compounds in the Sm7Co system (SmCo5, Sm2Co17,

SmCo7, etc.).21 ± 23, 25, 26 The calculated values of thermody-

namic quantities for SmCo7 as functions of temperature and

grain size are shown in Fig. 6; as can be seen, the quantities

increase at constant temperature with decreasing grain size,

and this is especially pronounced when d5 40 nm

(although this is less noticeable in the case of entropy).23

Among other theoretical studies, note the assessment of

conditions required for spinodal decomposition in quasibi-

nary Al2O37ZrO2 and TiN7SiN systems and analysis of

Table 1. Input data for the calculation of thermal stability of some alloys.19

Parameter Fe ±Zr Cu ±Zr Cu ±Nb Ni ±W

Concentration range for the second component (at.%) 2 ± 8 4 ± 7 1 ± 5 5 ± 25

Coordination number z 8 12 12 12

Grain boundary energy of the solvent metal gA /J m72 0.805 0.602 0.602 0.793

Grain boundary energy of the dissolved metal gB /J m72 0.636 0.636 0.885 1.088

Enthalpy of elastic interaction DHe /kJ mol71 7109.3 790.8 740.2 744.4

Mixing enthalpy DHm /kJ mol71 725 723 73 73
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Figure 5. Temperature dependences of grain growth for alloys of different
composition.19

(a) Fe ± Zr alloy with zirconium content of 2 (1), 4 (2), 6 (3) and 8 (4) at.%;
(b) Cu ± Zr alloy with zirconium content of 4 (1), 5 (2), 6 (3) and 7 (4) at.%;
(c) Cu ±Nb alloy with niobium content of 1 (1), 2 (2 ), 3 (3), 4 (4) and 5 (5)
at.%; (d ) Ni ±W alloy with tungsten content of 5 (1), 10 (2), 15 (3) and 25
(4) at.%.
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behaviour of interfaces in multilayer TiN/SiN/TiN nano-

composites.27 ± 31 A combination of methods based on the

thermodynamic approach and density functional theory

calculations was used,27 ± 29 which enabled the authors to

obtain not only thermodynamic characteristics, but also

parameters of electronic and crystal structures and elastic

constants. The calculations showed that the top of the

spinodal and binodal decay dome for the metastable

TiNFCC ± SiNFCC system is at the level of *3200 K,

whereas the system has virtually two phases at

T<1273 K.27 Some features of changes of the thermal

stability of interfaces in various heterostructures formed

by TiN/SiN and TiN/Si3N4 monolayers were revealed at

temperatures between 0 and 1400 K using molecular

dynamic calculations.30, 31 In particular, it was noted that

the thermal stability of cubic modification of SiN can be

related to formation of vacancies in the silicon sublattice.25

Unfortunately, the role of size effects was not analyzed in

these studies.27 ± 31

While noting the informativity and efficiency of calcu-

lations of thermodynamic properties of nanosystems (see

Figs 5 and 6), one should dwell on applicability of classical

thermodynamics to nanoscale objects. In Rusanov's opin-

ion,32 the conventional concepts of surface energy are quite

applicable to nanoparticles of 410 nm size. If the nano-

particle size is 51 nm, virtually the whole nanoparticle (or

nanolayer) may acquire the properties of a surface, which

differ from the properties of the bulk phase, and a special

approach is required in this case. The region of nanoparticle

sizes between 1 and 10 nm is intermediate, and an analysis

of the applicability is necessary in each particular case.

Glezer 33 noticed another criterion for the loss of nano-

crystallinity, namely, with the elimination of symmetry

elements intrinsic to the crystal. The preservation of sym-

metry elements is considered to be reasonable down to a

nanoparticle size comparable with the size of three coordi-

nation spheres. In the case of BCC and FCC lattices, the

minimum size of crystallites is *0.5 (a-Fe) and 0.6 nm (Ni).

Recently, the minimum nanoparticle size (predominantly in

the liquid state) suitable for the application of classical

thermodynamics was estimated.34, 35 Taking into account

spontaneous thermal fluctuations in droplets of <41 l size

(l is the mean distance between molecules in a liquid),

application of thermodynamic equations to these droplets

is considered to be of low utility, while application of these

equations to droplets of >(90 ± 100) l size is strictly sub-

stantiated.34 Thus, on the basis of the available data,32 ± 35 it

is possible to conclude tentatively that the sizes of crystallite

boundaries including the near-boundary regions roughly

correspond to the lower limit of the particle size to which

classical thermodynamics is applicable. However, the gen-

eral problem of the thermodynamic description of the

behaviour of grain boundaries in the consolidated nano-

materials remains unsolved and requires further theoretical

and experimental research.

III. Experimental studies of high-temperature
behaviour of nanomaterials

1. Studies of thermal stability
The thermal stability of nanocrystalline alloys based on

copper, iron and nickel has been studied most comprehen-

sively. The temperature dependences of grain growth in the

Cu7Zr, Fe7Zr, Fe7Ni, Fe7Ta and Fe7Cr systems are

shown in Fig. 7. These data indicate that alloying increases

the thermal stability. The zirconium and tantalum additives

have the most efficient influence on iron alloys. The

calculated and experimentally obtained sizes of grains in

the Cu ± 5 at.%Zr alloy in the temperature range of

300 ± 700 8C (see Figs 5 and 7 and Table 2) differ by a

factor of 4 ± 10. Since an approximate model was used in
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vs. grain size and temperature.23

R A Andrievski Russ. Chem. Rev. 83 (4) 365 ± 375 (2014) 369



the theoretical study,19 the results may be considered as

satisfactory.

The predicted 17 nanocrystalline state of the W7Ti alloy

(see Fig. 4) was confirmed for the W ± 20 at.%Ti powder

with the initial nanograin size of 20 nm, which remained

practically unchanged after annealing at 1100 8C for a

week, whereas the size of nanograins in unalloyed tungsten

was * 600 nm after the same treatment. The study of

titanium distribution in the nanostructure showed that this

alloy is heterogeneous with titanium content varying from

0 at.% to 50 at.%. Therefore, the thermal stability of the

W ± 20 at.%Ti alloy is determined by not only the decrease

in free energy, but also the formation of segregation

inclusions and Zener pinning. A similar situation (i.e.,

operation of two mechanisms) could also take place in the

case of annealing of the Cu ± 5 at.%Zr alloy at 700 8C; the
difference between the theoretical (only one mechanism was

considered) and experimental results was the largest in this

case (see Figs 5 and 7).

A comparison of the efficiencies of kinetic and thermo-

dynamic approaches in consideration of the retardation of

thermal growth of nanograins was reported by Koch et al.38

For comparison of the experimental data obtained by

different authors, the data were normalized against their

melting points (Tm) in a homologous temperature scale.

Only the data obtained with the use of transmission electron

microscopy and X-ray diffraction analysis for annealed

samples with grain sizes below 100 nm were included into

consideration. The alloys based on Al, Mg, Cu and Fe with

nanoinclusions such as Al2O3, AlN, ZrO2 and Nb were

found to be thermally stable at high homologous temper-

atures [up to (0.75 ± 0.85)Tm]. Lower thermal stability [up

to (0.35 ± 0.65)Tm] was observed for Ni, Co, Fe, Y, RuAl

and TiO2 alloys containing W, P, Zr, Fe and Ca additives.

High thermal stability was found for copper-based

alloys with tungsten and tantalum additives (10 at.%).39, 40

These alloys were prepared by high-energy cryogenic mill-

ing (T=7196 8C) of starting powders followed by pressing

and sintering. The starting size of grains in Cu ±W alloy was

*15 nm, and after annealing at 800 8C, it was *60 nm.39

The Cu ±Ta alloys were studied in detail with the use of

various methods, the major data are presented in Table 3.

As can be seen, the thermal stability of these alloys is rather

high. Note for comparison that microhardness of the

Cu710 at.%W alloy in the initial and annealed samples

at 800 8C was *3 and 2.6 GPa, respectively 39 (these figures

are smaller than the value reported in the most recent

study 40).

Detailed discussion of the obtained results and different

mechanisms responsible for thermal stability, including the

effect of triple junctions, alloying, presence of inclusions

and segregations, made it possible to conclude 40 that the

observed high thermal stability of Cu7Ta alloys was due to

formation and subsequent decomposition of tantalum seg-

regations at grain boundaries, i.e., due to combined action

of both thermodynamic and kinetic mechanisms. The latter

operates at high temperatures, being a result of decomposi-

tion of near-boundary layers with formation of inclusions

(called nanoclusters by the authors 40), which ensure retar-

dation of nanograin growth at high temperatures. The

results of molecular dynamic calculations and experimental

studies of sample structures using transmission electron

microscopy confirm this conclusion.41
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Figure 7. Effect of temperature on the grain size after annealing of
copper (a) and iron (b) alloys for 1 h.36, 37

(a) Cu ± Zr alloy with zirconium content of 1 (1), 2 (2), 5 (3), 0 (pure
copper) (4) at.%; (b) iron alloys containing 1 at.% of Zr (1), 1 at.%
of Ta (2), 10 at.% of Cr (3), 1 at.% of Ni (4) and pure iron (5).

Table 2. Calculated and experimentally obtained grain sizes in
annealed Cu ± 5 at.%Zr alloy.

Annealing temperature /8C Grain size /nm

calculation 19 experiment 37

300 35 9

500 55 15

700 220 22

Table 3. Changes in the nanostructure and microhardness of
Cu710 at.%Ta alloys after annealing for 4 h under hydrogen atmos-
phere.40

Annealing Grain size /nm Micro-
temperature /8C hardness
(see a) Cu Ta /GPa

20 (0.22Tm) Ð initial state 6.7 6 4.8

540 (0.6Tm) 21� 4 22� 45 *3.6

770 (0.77Tm) 54� 9 37� 9 7
900 (0.87Tm) 111� 26 42.5� 25 3.4

1040 (0.97Tm) 167� 50 99� 99 2.6

aHomologous temperature.
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Significant role of the kinetic mechanism (inhibitory

action of nanoprecipitation) in the thermal stability was

also noted in the study of Cu ±Nb, Ni ±Y and Fe ± Zr

nanoalloys.42 ± 44 At the same time, this effect was not

observed for the Cu ±Fe and Pd ±Zr systems.42, 43

It is noteworthy that the regularities of nanolayer

decomposition and formation of nanoinclusions have not

yet been adequately investigated, and the search for new

thermally stable nanomaterials is based on the concepts of

conventional material science concerning the manufacture

of dispersion-strengthened systems with the use of various

techniques. In particular, new grades of ferrite and ferri-

te ±martensite steels are produced by powder technique

(high-energy milling of the starting components and con-

solidation under nanostructure-preserving conditions).5, 45

The presence of oxide inclusions in the iron ± chromium

steels such as Y2Ti2O7 and Y2TiO5 of 2 ± 4 nm size, which

are thermally stable and possess good adhesion to the

matrix, is a prerequisite to thermal stability of the nano-

structure of these steels and, hence, to the retention of their

mechanical characteristics on exposure to radiation. These

steels the radiation stability of which is determined by the

presence of multiple grain boundaries, which absorb radia-

tion defects, are the materials used for fuel element cans of

fast-neutron reactors of new generation; thus, the available

experimental data are encouraging.

It was proposed to apply severe plastic deformation such

as torsion at 4 GPa to embed carbon nanotubes in copper

nanocrystals.46 This technique ensures the formation of

materials with hardness of *2.1 GPa (the hardness is

*0.7 GPa after annealing at 700 8C).
The results obtained for films and multilayer structures

are also noteworthy (e.g., see Refs 47 ± 50). Substantial

strength and plasticity of copper films with twin nano-

interlayers (nanolamellae) has long been known (e.g., see

the monograph 1), but their high thermal stability was

revealed quite recently during studies of annealing

effects.47 As can be seen from Fig. 8, in contrast to nano-

grain growing, the width of twin interlayers, which deter-

mines the high hardness, changes very little, a significant

hardness being retained even after annealing at 800 8C
(0.74Tm); this characteristic is substantially superior to

that of copper with usual nanocrystalline structure but

inferior to that of the Cu7Ta alloy. It was also shown 47

that small-angle coherent boundaries between the lamellae

have lower temperature susceptibility than large-angle

boundaries, which are typical of conventional nanomateri-

als. The next step in this area was creation of bulk two-

phase nanocomposites like Cu/Nb with the layer thickness

of up to 10 nm, which are produced by multiple pack

rolling. They have the interface {551}h111iCujj
{112}h111iNb and are characterized by the nanotwinning

deformation.48 After annealing at 500 8C, their hardness

decreased by less than 1.5% (from 4.13 to 4.06 GPa); this

index is the best among the indexes of known nanocompo-

sites.

The studies of thermal stability of film samples revealed

the role of nanoprecipitation in the grain growth retarda-

tion in three-phase Co7Cu7Ag alloys 49 and indicated that

it is expedient to irradiate Cu7Nb7W alloys with krypton

ions to promote formation of nanoprecipitates.50

The above discussion mainly concerned the thermal

stability of metal-based nanomaterials. More examples of

observations of nanograin growth in nanostructured oxides

of aluminium, zirconium, titanium, tin and other metals can

be found in earlier reviews.51, 52 The role of triple junctions

in inhibition of grain growth in Y2O3 was analyzed in detail

by Chokshi.53

2. Abnormal grain growth
Abnormal grain growth (or secondary recrystallization)

consisting in the formation of coarse grains, which absorb

smaller ones, is well known for coarse crystalline materials

and has long been studied (see, e.g., the monograph 54). In

the case of nanomaterials, this phenomenon, which can

occur not only upon heating but also at room temperature,

can result in complete decay of the nanostructure and

considerable deterioration of characteristics of the material.

This determines the interest to study abnormal grain growth

and also to develop methods for predicting and preventing

this effect. During conventional grain growth, the grain size
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with different structure.47
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data of different authors.
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distribution remains predominantly lognormal; when

abnormal grain growth occurs,55 areas with large grains

appear, and the distribution becomes bimodal (see the data

on the increase in the mean square error of measurements

with increasing temperature in Table 3).

Experimental data and results of theoretical simulations

of grain growth kinetics in nanocrystalline palladium at

room temperature are shown in Fig. 9. As can be seen, there

is satisfactory agreement between the experimental 56 and

theoretical 57 data before the abnormal grain growth starts

(the growth lasted 49 h). However, the discrepancy

between the data would be substantial if the inhibiting

effect of triple and quadruple junctions was not taken into

account. At the same time, neither the existence of a large

number of junctions nor the presence of residual porosity

(the initial grain sizes were *5 nm, the porosity of the

samples was 4%) or residual hydrogen (0.4 at.%), nitrogen

(0.2 at.%) and oxygen (0.1 at.%) could prevent the abnor-

mal growth, due to which the palladium nanostructure was

transformed into a conventional microstructure with grain

sizes of *10 mm within *2 months at room temperature.56

The phenomenon of abnormal grain growth at room (or

elevated) temperature was experimentally observed for

many nanomaterials based on copper,40, 58 nickel,55, 59, 60

iron,61, 62 hard alloys (WC ±Co) 63 and diamond 64 (see also

references to earlier studies in monographs 1, 4), in partic-

ular, using transmission electron microscopy in situ.40, 59 ± 61

It is noteworthy that the listed nanomaterials were synthe-

sized using different methods such as pulsed electrodeposi-

tion,55 pressing and sintering,57, 63 severe plastic deforma-

tion (torsion at 4.5 GPa) at liquid nitrogen temperature,58

pulsed laser deposition,59, 60 intensive mechanical milling

and mixing (mechanosynthesis),40, 61, 62 sintering under high

pressures (T=1400 8C, P=6.8 GPa).64 Naturally, such

variety of approaches affected the initial and final states of

the research subjects. For instance, electron microscopy

studies of nickel films in situ showed 59, 60 that annealed

samples contained numerous defects such as tetrahedral

stacking faults and dislocation loops, and also low-energy

twin boundaries. The revealed instability of copper nano-

structure at room temperature led the authors 58 to con-

clusion that application of low-temperature plastic

deformation has no prospects in manufacturing of nano-

materials. The study of thermal stability of the Fe91Ni8Zr

alloy in situ showed that abnormal grain growth starting

above 700 8C is related to the formation of FCC crystals of

the g-phase (Fig. 10).62

Theoretical description of abnormal grain growth in

nanomaterials was also attempted.13, 14, 65 ± 67 In accordance

with the statistical model of temperature evolution of grain

structure, which was developed earlier, the mobility, num-

ber and size of nanoinclusions, which inhibit growing of

grains, are taken into account in the kinetics of grain

growth. The analysis of data of numerical modelling indi-

cated that the tendency to abnormal grain growth increases

with increasing mobility of nanoinclusions, while the influ-

ence of their radius and number is non-monotonic. The

calculated kinetic dependences 13 of aluminium grain size at
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(1) Experimental data;56 (2) results of calculations with allowance
for inhibition by triple junctions;57 (3) results of calculations with-
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400 8C for different mobilities (M) of inclusions are shown

in Fig. 11

M � �dDsO=kT�
pr4

where d is the width of particle/matrix interface, Ds is the

surface diffusion coefficient, O is atomic volume, r is nano-

inclusion radius (for the assumed 13 value of

M=261074 cm4 J71 s71).

At the same time, many important aspects of abnormal

grain growth in nanomaterials (the effect of initial nano-

grain size, number of defects and admixtures, the balance of

thermodynamic and kinetic factors, the role of technique

used, etc.) remain yet unexplored in detail either experimen-

tally or theoretically.

3. Oxidation of nanomaterials
Contradictory data were obtained in the studies of inter-

actions of nanomaterials with corrosive media.1, 4, 6 In the

general case, the presence of numerous interfaces (i.e., areas

with disordered structure) should promote corrosion. How-

ever the formation of protective surface films by diffusion

(i.e., surface passivation) could also be more active due to

disordering, thus preventing propagation of corrosion.

Simultaneous operation of these factors determines the

result of interaction of nanomaterials with the surrounding

media. This result is dependent on specific features of the

nanostructure, including its thermal stability. The data on

oxidation of nanomaterials based on some metals and

refractory compounds are discussed below.

The kinetic dependences of oxidation of nano- and

microcrystalline iron alloys and pure nickel with grains of

different size are shown in Fig. 12. The researchers 68 ± 70

paid special attention to preparation and certification of

initial samples, which were obtained by mechanosynthesis

followed by hot compaction and sintering (iron alloys) 68, 69

or electrodeposition (pure nickel).70 The grain size was

controlled by annealing, whereas structural bimodality

(simultaneous presence of nano- and micrograins) 68, 69 was

achieved by mixing powders with nano- and micrograins.

As can be seen from Fig. 12 a, the transition to nano-

structure or bimodal structure (nanograin and micrograin

sizes of 58�4 nm and *2 mm, respectively) for iron ± chro-

mium alloys (the concentrations are given in mass %) is

accompanied by a pronounced decrease in the oxidation

rates. Nanoalloys with 10 mass%Cr and microalloys with

20 mass%Cr are equally stable against oxidation. Due to

presence of coarse grains in the nanocrystalline matrix, the

structural bimodality substantially increases the plasticity

of brittle materials but only slightly increases their oxidiz-

ability in comparison with nanoalloys (see also Refs 1

and 71).

Higher resistance of nanocrystalline Fe ± 10 mass%Cr

alloys to oxidation in comparison with analogous coarse-

grained alloys was demonstrated earlier.72 However, the

test duration used then was within 50 h; therefore, reinves-

tigation was undertaken 68, 69 with the purpose to increase

the test duration and to reveal the capabilities of bimodal

alloys with high plasticity. When minor zirconium additives

were introduced in the Fe ± Cr ±Ni alloys, nanostructure of

the alloys remained unchanged upon prolonged exposures

(see also Fig. 5 a). Using secondary ion mass spectrometry,

it was found that chromium content in the surface layers of

alloys with bimodal structure and nanostructure was higher

than in the microcrystalline alloys due to enhanced diffu-

sion mobility of chromium in nanograins. As a result, the

formation of compact protective film of Cr2O3 decreased

the rate of oxidation of bimodal alloys and nano-

alloys.68, 69, 72

The opposite situation was observed for nickel

(Fig. 12 b): nanocrystalline samples were oxidized more

actively than coarse-grained ones, including the temper-

ature range 800 ± 900 8C.70 The analysis of kinetic and

diffusion data showed that the difference in behaviour of

nanocrystalline and coarse-grained samples is related only

to the initial stage of oxidation, i.e., to deviation from

known parabolic growth law, and is caused by more active

formation of NiO islands on the nickel surface. The activa-

tion energy of oxide layer growth during the steady-state

period was found to be practically the same for nanocrystal-

line and course-grained samples and equal to

*108 kJ mol71; this value coincides with the activation

energy of grain boundary diffusion of nickel in NiO.70

A decrease in the oxidation rate at 600 ± 800 8C (expo-

sure for 60 min) was observed for technical-grade titanium

with the decrease of grain size from 0.46 to 0.15 mm.73 An

increase in the oxidation resistance on going to the nano-

crystalline state was reported for electrodeposited nickel
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nanocomposites with nanoinclusions of chromium, alumi-

nium 74 and zirconium,75 and also for some alloys contain-

ing chromium, aluminium and silicon (Ni7Cr7Al,

Cu7Ni7Cr, Fe7B7Si, Cr7Nb, etc.), although there are

opposite (or ambiguous) observations, especially in the case

of corrosion in inorganic acids (see references in

reviews 6, 76). The discrepancies in the assessments of stabil-

ity of nanomaterials against corrosion have different rea-

sons (the degree of nanocrystallinity of formed protective

films, their composition, structure imperfection, coating

continuity and formation rate, presence of segregations at

interfaces, specific features of corrosive media, etc.).

Due to increase in the operating temperatures of cutting

tools and friction assemblies, as well as coatings for aero-

space applications, the interest in improving the oxidation

resistance of refractory carbides, borides and nitrides is

unabated (e.g., see Refs 77 ± 79). Nanostructured SiC coat-

ing with 150 nm thickness significantly reduces the oxida-

tion of carbon fibres at 600 8C.77 An analysis of behaviour

of refractory coatings revealed the following materials for

particular temperature ranges:78

Ð nanostructured coatings based on (Ti,Al)N, TiN ±

Si3N4 and (Ti,Al,Cr,Y)N and multilayer (Ti,Al)N/CrN

films are stable up to 1000 8C;
Ð amorphous coatings based on Si7Ta7N,

Si7Zr7N, Si7Al7N, Si7Ti7N and Si7Mo7N are

stable up to 15008C;
Ð complex amorphous Si7B7C7N compounds are

characterized by high thermal stability up to 1700 8C.80

As can be seen, amorphous coatings significantly sur-

pass nanocrystalline coatings; this can be attribited to the

formation of cracks in the latter, which reduce their limiting

characteristics. However, it is unclear what exposure dura-

tion to oxidative media was chosen to determine the above

listed temperature ranges.

To protect composites such as carbon fibre/SiC, up to

50 mm-thick coatings ZrB2(HfB2)/SiC were studied;79 the

coatings were deposited by annealing of the slurry at

1200 8C. It was found that the residual porosity of these

coatings is high, and their nanostructurization can be useful

to decrease the porosity.

IV. Conclusion

As can be seen from the above discussion, many interesting

experimental and theoretical results concerning the thermal

stability of consolidated nanostructured materials have

been obtained recently. The data indicating the possibility

of estimation of thermodynamic properties of nanomateri-

als in regular solution approximation seem especially

important. It seems also that the capabilities of prediction

and practical implementation of increased thermal stability

and microhardness and also other functional characteristics

of practically important heat- and radiation-resistant and

corrosion-proof metal-based nanomaterials are far from

being exhausted. Nonetheless, detailed experimental testing

and refinement of this approach remain to be performed, in

particular, by extending these studies to oxide-, carbide-

and boride-containing materials and other objects. High

thermal stability has been revealed in experiments for nano-

structured TiAlSiCN coatings annealed at temperatures up

to 1300 8C.81

Thermal stability of carbon containing nanostructures

in the form of graphene and nanotubes, an important class

of nanomaterials, remains little studied. At the recent 11th

International Conference `Advanced Carbon Nano-Struc-

tures' (Saint Petersburg, July 1 ± 5, 2013), among numerous

reports, only one poster 82 was devoted to the study of

degradation of carbon nanotubes as a basis of autoelec-

tronic emission cathodes, i.e., to the thermal stability of the

nanotubes.

It is necessary to emphasize that the least investigated

problem is abnormal grain growth, which can largely cancel

out all the advantages of nanomaterials. Are all nano-

materials prone to abnormal grain growth, what are the

conditions promoting it, can it be predicted and supressed?

These issues remain unanswered and require profound

studies.
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