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Abstract. Size-dependent effects in nanostructured (nanocrystalline, nanophase or nanocomposite)
materials are of great importance both for fundamental considerations and modern technology.
The effect of the nanoparticle/nanocrystallite size on surface energy, melting point, phase transfor-
mations, and phase equilibriums is considered as applied to nanostructured materials. The role of
size-dependent effects in phonon, electronic, superconducting, magnetic, and partly mechanical
properties is also analyzed in detail. Special attention is paid to the contribution of other factors
such as the grain boundary segregations, interface structure, residual stresses and pores, non-
uniform distribution of grain sizes, and so on. The little explored and unresolved problems are
pointed and discussed.

1. INTRODUCTION

Size-dependent effects (SDE, i.e. the characteris-
tic size influence of grains, particles, phase inclu-
sions, pores, etc., on the properties of materials
and substances) have been studied in physics,
chemistry, and materials science for a long time. It
is quite enough to list the following well-known
equations of Laplace, Thomson (Kelvin), Gibbs-
Ostwald, Tolman, J. Thomson, Hall-Petch,
Nabarro-Herring, and Coble, which connect the
capillary pressure (P),  saturated vapor pressure
(p), saturated solubility (C), surface energy of flat
surface (σ

0
), conductivity (λ), hardness (H) and

creep rate ( ′ε ) correspondingly with the pore/in-
clusion radius (r), thickness film (h) and grains/crys-
tallites size (L):

P r= 2
0

σ / ,  (1)

p r p rRT� � � �=
0 02exp / ,σ Ω  (2)

C r C rRT� � � �=
0 0

2exp / ,σ Ω  (3)

σ σ ξ
0 0 1 2r r� � � �= +/ / ,  (4)

λ λh f f� � � �= +0 5 1 15
0

. ln / . ,  (5)

H L H AL� � = + −

0

0 5. ,  (6)

� ~ / ,ε 1 Lm  (7)

where p
o 
is the equilibrium pressure of saturated

vapor on flat surface, C
o
 is the equilibrium solubil-

ity of subject with flat surface, Ω is an atomic (mo-
lar) volume, R is the gas constant, T is tempera-
ture, ξ is the Tolman constant, λ

o
 is conductivity of

grain-coarse material (thick film), f = h/l
o
, l

o 
is the

mean free pass of carriers (f < 1), H
o
 is the friction

stress in the absence of grain boundaries (GB) and
A is a constant. The factors m=2 and 3 correspond
to the Nabarro-Herring diffusion creep and to the
Coble diffusion creep correspondingly.

The development of modern advanced
nanostructured materials (NM) manifests some
new problems such as the identification adaptabil-
ity of these equations (1-7) and other those in na-
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nometer interval; the role of quantum effects as
well as an influence of other factors in the NM prop-
erties or their stability and reproducibility. All these
things are very important and actual to consider
the SDE features taking in mind the update high
rate in this field and not only fundamental consid-
erations, but the strategy optimal development for
nanotechnology. These questions have been ana-
lyzed early by the present author [1-5] and other
investigators (see, e.g., [6-19]). It seems to be nec-
essary to tell apart the SDE in the isolated
nanosubjects (clusters, nanoparticles, nanowires,
and nanotubes) and consolidated ones (nanobulks,
nanocomposites, and nanofilms/nanocoatings).
Analyses of SDE in consolidated NM can be found
in reviews [1-6], but the most publications were
devoted to nanoparticles and clusters. Naturally,
the SDE topic as a whole seems not to be cov-
ered, because there are many new results scat-
tered throughout the literature.

Taking into account the comprehensive books
[9,10,13,15,16], this review is mainly devoted to the
SDE recent analysis in consolidated NM (papers
mainly from 2001-2002), although some results for
isolated nanosubjects will be also considered with
the exception of catalytic and biological properties.
Moreover, the comprehensive problem on the SDE
in mechanical properties will be also discussed in
limited scale as applied only to brittle high-melting
point compounds (see Section 4 below).

It is important to point that there are at least five
principal features of size effects in consolidated NM
[1-5]:
- the crystalline size reduction to the nanometer

scale results in a significant increase of the role
of the interface defects such as GB, triple junc-
tions (TJ), and elastically distorted layers;

- interfacial properties on a nanometer scale can
be different from those of conventional grain-
coarse materials;

- the reduced crystallite size can be overlapped by
characteristic physical lengths such as the mean
free path of carriers or the Frank-Read loop size
for dislocations and so on;

- size effects in NM can have quantum nature if
the crystallite size is commensurable with the De
Broyle wavelength l

B
=� /(2m*E)1/2 where �  is the

Planck constant, m* is the electron effective
mass, E is the electron energy. Based on known
values of m* and E, it is possible to predict that
the quantum size effects can be exhibited in met-
als only when the crystallite size is lower than ~ 1
nm. For semiconductors (especially with narrow
gap-zone, e.g., InSb) and semimetals (e.g., Bi),

the l
B
 value is significantly higher and can be of

about 100 nm;
- unlike conventional grain-coarse materials, in NM

there are many factors for masking SDE such as
residual stresses, pores, TJ and the presence of
other defects, progressive accumulation of inter-
face segregations, non-equilibrium phase ap-
pearance, and so on.

All these peculiarities may reveal in the pres-
ence of certain specific points in the size depen-
dencies and in the non-monotonous change of the
properties determined by decreasing of the grain
size. As a rule, such non-monotonous change is
especially characteristic for structure-sensitive
properties. For example, such specific features, i.e.
twist points, and non-monotonous change of prop-
erties have been revealed in the known hardness
and magnetic coercivity studies (see, e.g., [1,2,4]).
Such changes can be connected with different fac-
tors such as other mechanisms of SDE, progres-
sive accumulation of segregations on interfaces,
and so on.

2. THERMODYNAMIC PROPERTIES

2.1. Surface energy

The problem concerning surface energy is impor-
tant both for fundamental sense and for many
materials science and engineering applications
such as the prognosis of phase diagrams, the es-
timations of the fracture, milling, dilution, wetting,
nucleation, coagulation, recrystallization charac-
teristics, and so on. In this connection, the reveal-
ing of surface energy change in nanometer inter-
val is of special interest.

Tolman’s equation (4), i.e. the effect of the drop
radius on surface energy, has been widely dis-
cussed (see, e.g., [7,8,11,14,20-23]). Omitting the
details of these calculations, which are based on
different physical and chemical approaches, let us
to consider these results as a whole. Being ap-
plied to isolated nanocrystals under calculations
[11,14], the amendment g(r) to the conventional σ

0

value fixed on the capillary pressure (1) is described
by the following expression

g r r r

r r r

� � � �

� �

= − +

− −

2 2 1 1 4

2 2 2 1 8

2

2 2

ln /

/ ln / .
 (8)

For many nanocrystals this amendment is very
small and comes into particular prominence (about
10%) only at r < 5 nm.

The radius effect on surface energy can be also
described by equations:
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σ
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Kr at r r

at r r
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<

>

�
�
�

0

0 0

,

,
,  (9)

where K is a constant, r
o
 is critical radius (of 2-10

nm) [21]. There are other theoretical calculations
that have revealed about the similar values of criti-
cal radius lower of which surface energy is de-
creased (see, e.g., [20,22]). The experimental re-
sults in this field are very limited, ambiguous, and
often mutually contradictory. From one side, elec-
trochemical measurements have revealed the σ

r

values about 0.2 J/m2 and 0.7 J/m2 for Ag
nanoparticles of r ~ 50 nm and r ~ 150 nm accord-
ingly to [24]. These values seem to be not so pre-
cise but are reasonable (it is appropriate to com-
pare them with the value of σ

o
 = 1.14 J/m2 and with

the GB energy of ~0.27 J/m2). From the other side,
the experimental study of size-dependent evapo-
ration of free-spherical Ag and PbS nanoparticles
using relationship (2) results in values of 7.2 J/m2

and 2.45 J/m2 respectively, these values are sig-
nificantly higher as compared to that of the flat bulks
[25]. May be, this is an effect of the evaporation
conditions (see Section 2.2) or there is a system-
atic error in the experimental results [25].

As applied to nanocrystalline solids the analy-
sis of size- or curvature-dependent interface, free
energy results to the following relationship

σ σr t r� � � �≈ −
0

1 / ,  (10)

where t is an interfacial layer (the semi-width of
GB in consolidated nanometals) [7,8]. It is easy to
see that at the reasonable values of 2t ~ 1nm and
r = 5 nm the σ decreasing is of 10% that is in close
agreement with estimations under Eq. (8).

In Debye approximation, the Tolman constant ξ
in Eq. (4) can be expressed as

ξ α= ′ −15 1. ,h � �  (11)

where h’ is the height of atomic monolayer, α is the
ratio of root-mean-square amplitude of thermal vi-
brations of atoms on surface and in volume [23]. If
α > 1 and ξ > 0, then σ

r 
< σ

o
 and in the opposite

case α < 1 and ξ < 0 then σ
r
 > σ

o
. As it will be seen

from here on, these two cases are important as
applied to the behavior analysis of nanoparticles in
matrices.

It is known that distinct feature of nanostructure
in NM is that, with the grain size confinement, the
part of TJ is increased and, accordingly, the part of
GB is decreased (see, e.g., [4]). The computer
modeling with account of GB and TJ contributions
reveals that Ni grain size reducing is accompanied

by decrease of the total excess enthalpy (i.e. the
total GB energy) [26]; this result quantitatively
agrees with experimental data for nano Se [27].

The calculated interface GB energy in Cu-Ni
bilayered nanofilm changes from 0.9 J/m2 to about
0.7 J/m2 when bilayer thickness decreases from
~1 nm to ~0.4 nm [28].

From the foregoing data it has been evident that
in spite of different theoretical approaches in cal-
culations, they are evidence of the σ decrease in
the confinement of isolated nanosubjects and
nanostructures in NM. It seems to be reasonable
to introduce the amendments into grain/crystalline
boundary energy values at L lower than near 10
nm. However, it is also evident that experimental
studies in this field are necessary for further de-
tailed continuation.

The comprehensive description of the SDE role
in the other surface phenomena such as wetting,
nucleation, adsorption, and capillarity can be found
in book [16]. It is worth to note that the observation
by high-resolution transmission electron micro-
scope (HRTEM) methods is in common practice
(see, e.g., [19,29,30]).

2.2. Melting point

It is well known for a long time that small particles
and thin films are characterized by the lower melt-
ing points (T

m
) as compared with their counterparts

in bulk form as a result of the atom thermal vibra-
tion amplitude increase in the surface layers. There
are many relationships contacting T

m
 and r for free-

standing (supporting) metal (Au, Ag, Cu, Sn, etc.)
clusters/nanoparticles as well as h for thin films
(see, e.g., [4,10,13,15,16,19]). Generally, all pro-
posed equations have the form of T

m
 ~ 1/r(h) type.

Recent theoretical and experimental works tend
to obtain more precise specifications: the size,
shape, and stress effects on the T

m 
nanograins on

a substrate [31]; the role of fractal structure [32];
the comparison of SDE in the case of spherical
nanoparticles, nanofilms, and nanowires [9,33]; the
effect of transition to amorphous state [34], kinetic
study of the Cu film melting-dispergation [35], etc.
Thus the consideration of size-dependent cohesive
energy results in the T

m
 variation for spherical

nanoparticle, nanowire, and nanofilm of a material
in the same characteristic size as 3:2:1 that is con-
firmed by experimental values for In [33]. The mo-
lecular dynamics simulation of the melting behav-
ior for “model” nanocrystalline Ag has exhibited two
characteristic regions on the grain size decrease
[34]. The first is above about 4 nm where the T

m



110 R.A. Andrievski

values decrease with grain size decreasing. The
second one (r < 4 nm) is a size-independent re-
gion where the T

m 
values almost keep a constant.

The dominant factor in this situation is supposed
to be the nanocrystal T

m
 shifts from grain to GB.

The amorphous phase (r < 1.3 nm), as indicated
from the radial distribution function and common
neighbor analysis, is different from the GB by the
sharp enhancement of local fivefold symmetry and
is characterized by a much lower solid-to-liquid
transformation temperature than that of Ag
nanocrystal and GB. Melting and non-melting of
solid surfaces including partly behavior of
nanosystems are discussed in review [12].

When the nanosolids are entirely coated by a
high-melting point substance or embedded in such
matrix, the nanosolid T

m 
 values can not only de-

crease but increase too; this interesting phenom-
ena is named by superheating or overheating. The
SME detailed analysis at melting and superheat-

Fig. 1. Melting point of In nanoparticles embedded in Al matrix for two methods of preparation as a
function of particle diameter: ball milling (�) and spinning (�). HRTEM images illustrated the different
In/Al interface structures, replotted from [19].

ing of bulks and nanosolids can be found in review
[19]. The crucial role of interface in superheating
is clearly demonstrated by the measurement re-
sults of the ball-milled and the melt-spun Al-In
samples T

m
 values as a function of particle size of

In (Fig. 1) [19].
Fig. 1 clearly demonstrates that samples pre-

pared by the two methods undergo completely dif-
ferent melting behaviors which were investigated
using differential scanning calorimetry (DSC), in-
situ HRTEM, and in-situ X-ray diffraction (XRD). In
the case of ball-milling procedure, there are irregu-
lar In particles and the incoherent random inter-
faces were formed between particles and the ma-
trix, then the nanoparticles exhibit the SDE T

m
 de-

pression, as described previously. In the case of
melt-spun samples, the In particles were found to
be distributed both in the Al GB and within the Al
grains. The particles within Al grains are truncated
by octahedral shapes bounded by {111}/(100) fac-
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 Compound   Usual bulk phase          Observed
(metal, alloy) at RT and P=106 Pa nanocrystalline phase

       ZrO
2

       
 
Monoclinic         

 
Tetragonal

     BaTiO
3

            Cubic         
 
Tetragonal

     PbTiO
3

            Cubic         
 
Tetragonal

      
 
Al

2
O

3
           α-Al

2
O

3
           

 
γ-Al

2
O

3

       TiO
2

            
 
Rutile            Anatase

      
 
Y

2
O

3
      Cubic (α-Y

2
O

3
)                Monoclinic (γ-Y

2
O

3
)

              CdSe, CdS           
 
Wurtzite           Rock salt

        Co        
 
hcp* (α-Co)         

 
fcc* (β-Co)

         T          hcp (α-Ti)          bcc* (β-Ti)
     

 
Fe-Ni         

 
Martensite       Austenite (fcc)

*hcp is hexagonal-closed-packed structure; fcc is face-centered-cubic structure; bcc is body-centered-
cubic structure.

Table 1. Structure of unusual phases observed in some NM [37].

ets and can be considered as epitaxial coherent
interfaces revealing the T

m
 increase with decreas-

ing of r. It is interesting to know whether other prop-
erties, not only melting point, are also changing
under the ball-milled and melt-spun nanoparicles
in matrices. The superheating has been also ob-
served in the systems of Pb-Al and Ag-Ni both in
the Al and Ni matrixes as well as partly in layered
Pb/Al films [19].

On phenomenological level, superheating is
explained by change of root-mean-square ampli-
tude of thermal vibrations of atoms on surface and
in volume (Eq. (11) [23]) and by modification of in-
terfacial energy [19] or the coherent interface pa-
rameter between inclusions and matrix [36].

2.3. Phase transformations

Apart of melting point SDE make an impact on other
phase transformations in NM. Table 1 summarizes
some data in this field [37].

Observed solid-state transformations are con-
sidered to be connected with an increased effec-
tive internal pressure due to high surface/interfa-
cial curvature or with the whole and surface en-
ergy difference between allotropic phases [37]. The
tetragonal-to-monoclinic (T → M) phase transfor-
mation in the zirconia-yttria system is the most ex-
plored subject. Fig. 2 shows experimental data on
the T → M transformation temperature (T

tr
) for dif-

ferent YSZ powders and sintered pellets with par-
ticles/grains in the nanometer interval [38].

In Fig. 2 each line demarcated the tetragonal
phase stability region (defined as “T”) and that to

left of the line (defined as “T+M”) where the T-phase
starts to transform into the M-phase which was fixed
in both the DSC and the dilatometer studies. It is
evident from these results that the T

tr 
value is de-

creased with a reduction of crystallite/grain size.
The curve extrapolation provide the opportunity to
predict the particle critical size values at room tem-
perature of the T-phase stability: 15, 30, 51, and
71 nm for 0YSZ, 0.5YSZ, 1.0YSZ, and 1.5YSZ
powders, respectively. In the case of the 0.5YSZ,
1.0YSZ, and 1.5YSZ sintered pellets, the grain criti-
cal size values are 70, 100, and 155 nm, respec-
tively. The observed difference in crystalline/grain
size (about 2 times) can be attributed to the strain
energy term and difference in the surface and in-
terfacial energies.

In the thermodynamic approach frame, the fol-
lowing relationships between the T

tr
 value and criti-

cal crystalline/grain size (D
c
, L

c
) have been pro-

posed

1 1 6/ / / for powders ,D H T Tc b tr b= −∆ ∆σ� � � � � �  (12)

1 1 6

6

/ / /

/ for pellets ,

L H T T

U

c b tr b

d

= −

+

∆ ∆Σ

∆ ∆Σ

� � � �

� �
 (13)

where ∆H
b
 and T

b
 are the enthalpy and transfor-

mation temperature for bulk (coarse-grained) sol-
ids, ∆σ and ∆Σ are the differences in the surface/
interfacial energies for T/M phases in powders and
pellets, ∆U

d
 is the strain energy involved in the

transformation (this additional strain-energy term
estimates only for consolidated pellets) [37,38].
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Fig. 2. Inverse critical grain/crystalline size versus transformation temperature (T → M) for different yttria-
doped zirconia (a) powders and (b) pellets: 0YSZ – pure ZrO

2
, 0.5YSZ – 0.5 mol.%Y

2
O

3
, 1.0YSZ – 1.0

mol.%Y
2
O

3
, 1.5YSZ – 1.5 mol.%Y

2
O

3
, replotted from [38].
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Fig. 3. The phase stability diagram for Nb/Zr multilayers as a function of the Nb volume fraction (f
NB

) and
the inverse of bilayer thickness (λ-1): # 1 is the stability region of hcpZr/bccNb; # 2 is the stability region of
bccZr/bccNb; # 3 is the stability region of hcpZr/hcpNb. The circles indicate experimental results and the
line boundary calculated from the thermodynamic model, replotted from [41].

The possibility to observe also the high-tem-
perature phase at low temperature is the situation
when the elementary crystal (germ) size of this
phase is lower than crystallite size. Such situation
tends to the transformation blocking and the high-
temperature phase is fixing. This example is typi-
cal for some martensite transformations in the Fe-
Ni and Ti-Ni-Co micro- and nanocrystalline alloys
[39]. The martensite volume part (M) depends on
the high-temperature initial phase crystallite size
under the equation

M M K Lm= − −

0

0 5. ,  (14)

where M
o
 and K

m
 are some constants. The rela-

tionship (14) coincides with that of Hall-Petch one
(6). This agreement could be connected with the
analogous nature of elastic strain fields at the crack
and germ propagation.

The availability of non-equilibrium phases in thin
film is observed for a long time. Under film thick-
ness lower than some critical value (h

c
), non-com-

mon phases can be fixed; that is connected with
the Gibbs free energy excess effect due to the sur-

face effect. One of the first relationships describ-
ing this effect was proposed more than 50 years
ago

h F F
c

= − −σ σ
1 2 2 1� � � �/ ,  (15)

where indexes 1 and 2 correspond to equilibrium
and non-equilibrium phases, respectively, σ

i
 and F

i

are the total surface energy and the Gibbs free
energy of these phases [40]. The h

c
 rough estima-

tion by Eq. (15) resulted in the quite reasonable
values (h

c
 ~ 10 nm).

Basically, the idea [40] based on a classical ther-
modynamic approach with some modifications is
used in many modern studies especially with the
development of nanostructured thin film multilayers
such as Ti/Al(Nb, Zr) and TiN/AlN(NbN, ZrN), Fe/
Cr, etc., which can exhibit metastable structures in
one or both layers. Fig. 3 shows the phase stability
diagram for Nb/Zr multilayers with varying volume
fractions and bilayer (λ

Nb
 + λ

Zr
) thickness [41].

The phase stability region boundaries were cal-
culated using a classical thermodynamic model
taking into account the structural energy assess-
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Fig. 4. The Bi-Pb phase diagram. The dashed lines are the equilibrium bulk phase diagram and the solid
lines are experimental results for nanoparticles of (a) 10 nm radii and (b) 5 nm radii, replotted from [42].
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Fig. 5. Pseudobinary TiN-TiB
2
 phase diagram for equilibrium state (the solid lines) and for nanostructured

films (L ~ 10 nm), replotted from [44].

ment in the interfacial energy value. The equilib-
rium phases (hcp Zr and bcc Nb) were observed
only in the region #1; at that, the effect of the Nb
volume fraction is not monotonous. The presence
of the non-equilibrium bcc Zr and hcp Nb phases
in sputtered films (regions #2 and #3, respectively)
was confirmed experimentally by XRD and elec-
tron diffraction.

2.4. Phase equilibriums

By now there are several examples of theoretical
calculations and experimental studies of the phase
diagram SDE in nanointerval: ZrO

2
-Y

2
O

3
 [37], Pb-

Bi [42], In-Sn [30], Au-Sn [30], carbon phase dia-
gram [43], Al-Pb [18], Bi-Cd [18], TiB

2
-TiN [44], TiB

2
-

B
4
C [45], hydrogen systems [46,47], etc. Fig. 2 data

have been used for the T/T+M line design in the
ZrO

2
-Y

2
O

3
 diagram as a function of particle size

[37].
The most detailed study was undertaken in the

Pb-Bi diagram observing in-situ the melting behav-

ior of isolated alloyed nanoparticles by hot stage
TEM. Fig. 4 compares this diagram for particles of
10 nm radii and 5 nm radii as well as for bulks [42].

As shown in Fig. 4, T
m
 is a size-depend decreas-

ing from the bulk value. The progressive narrow-
ing of two-phase fields and an increase of solubil-
ity are also observed. The theoretical calculations
developed from thermodynamic first principles were
in agreement with experimental results.

The significant increase of solubility for
nanosized subjects was observed in many cases
including the hydrogen-metal (intermetallic) sys-
tems [46,47], Pb-Fe and Pb-Sn systems [48,49],
and systems-based high-melting point compounds
[44,45]. Fig. 5 shows the TiN- TiB

2
 phase diagram

both in equilibrium state and film one (the grain
size about of 10 nm) [44].

The significant increase in solubility was fixed
by the experimental XRD test [50] and the eutectic
temperature decrease that was calculated in the
regular solution approximation using the phase
equilibrium at the eutectic temperature. The con-
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tribution made by the surface energy excess for solid state was written in per mole terms as ∆FS = 6Vσ
gb

/L where V is the molar volume and σ
gb

 is the interfacial (grain boundary) energy (see also [51]). The same
approach was used for the SDE analysis in the case of the TiB

2
-B

4
C phase diagram [45]. Unfortunately,

the σ
gb 

value information is very limited. It was supposed in the TiN-TiB
2
 phase diagram calculations (Fig.

5) that σ
gb

 ~ 3 J/m2; in the case of the TiB
2
-B

4
C phase diagram the more reasonable σ

gb
 interval from 1

J/m2 to 3 J/m2 was used[45].
The solubility features in nanosystems are theoretically discussed in papers [52,53]. In many cases,

the great role of the grain boundary segregations is pointed (see, e.g., [48]). However, as a whole, the
question on the oversaturated solution formation nature remains insufficiently explored as applied to
mechanical alloying, ion plating, severe plastic deformation, electrodeposition, and other preparation
methods of NM.

Another interesting feature in the SDE on phase equilibriums is that the spinodal decomposition and
the triple point coordinates. It was theoretically shown that the grain segregations (thickness of about 1
nm) increase the solid solution decomposition degree when the grain size does not exceed 10 nm [54].
The spinodal decomposition regularities of supersaturated TiN-AlN system with the thermal stable
nanostructure formation are very interesting and important for the development of new advanced NM. Ab
initio calculations revealed the contribution role of strain and surface energy on the energetic balance for
decomposition process [55].

The calculation of SDE on the carbon diagram results in the following data for the triple point coordi-
nates defined regions for solid nanodiamond, liquid that and amorphous nanocarbon [43]

 Particle diameter, (nm)       1    1.2    1.5    2    3    4    6     Single
    crystal

      Pressure (GPa)    15.2   16.5   16.1
 
15.6

 
15.2

 
14.8

 
14.5      

 
13.5

               T, K    2210  
 
3160  

 
3550

 
3820

 
4090

 
4190

 
4300      4470

These results are in qualitative agreement with some experimental/theoretical information [56]. The
movement of triple point, defined equilibrium between solid state, liquid one, and vapor one, to the tem-
perature decrease and pressure increase with the particle decrease was also described in book [9].

In the most cited works dedicated to the SDE in phase equilibriums, the conditional thermodynamic
approaches were used and the interface structure influence was not analyzed. In mean time, as it was
shown at the Fig. 1, the impact of external interfaces on T

m
 can be very great and opposite, so that

interface contributions to the thermodynamic functions become significant [18,19]. The analysis of two-
phase equilibrium in alloy nanoparticles has revealed the possibility of the eutectic point degeneration into
intervals of composition where the alloy melts discontinuously and of the phase diagram topology dra-
matic changes [57]. These observations tended to conclusion that the concept of equilibrium in
nanostructures yet remains to be understood and needs in further detailed study [18,51].

3. PHYSICAL PROPERTIES

3.1. Phonon and electronic properties. Superconductivity

Measurements of electronic heat capacity (γ
e
) of Cu-Nb (Pb) nanocomposites and studies of their phonon

spectra revealed the decrease of the electronic state density at the Fermi level N (E
F
) and the increase of

low-frequency oscillations as compared with their coarse-grained (cg) counterparts [58,59]. The γ
e 
value

for Nb inclusions (L~20 nm) in Cu
90

Nb
10

 nanocomposite was of 3.0 mJ/mol K2 that is about three times
lower than that in conventional Nb. The Debye temperature (Θ

D
) value is also reduced with the inclusion

decrease. These changes were connected with the weakening of interatomic interactions at the GB and
assisted by the superconducting transition temperature (T

C
) decrease.

The size dependence of T
C
, the residual resistance ratio (RRR), the upper critical magnetic field (H

C2
)

and the Ginzburg-Landau coherence length (ξ
GL

) for the nanocrystalline Nb films are shown in Table 2
[60,61].

It is clear from Table 2 that while the T
C
 and RRR values decrease with size monotonically, the H

C2
 and

ξ
GL

 values increase with size but there is non-monotonous change. The first change is supposed to be
connected with the N(E

F
) decrease rather than by phonon softening, i.e. the effect of the electron-phonon
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L (nm) T
C
 (K) ρ

300K
 /ρ

10 K 
(RRR) H

C2
 (T) ξ

GL
 (nm)

   60   
 
9.4      

          
8.4    2.8    10.8

   50   
 
9.4           

 
6.4    2.8    10.8

   28   
 
9.2           

 
4.2    3.4     

 
9.8

   19   
 
7.8           

 
2.3    6.6    

 
7.03

   17   
 
7.2          1.88    5.1    

 
8.03

   11   
 
5.9          1.49    5.1    

 
8.06

   <8    no T
C  

up to 1.76K

Table 2. Grain-size effect of various superconducting and normal-state properties of nanostructured Nb
film [60,61].

coupling is negligible in nano-Nb. The RRR de-
crease is explained by progressive carriers scat-
tering on the GB, i.e. the mean free path is de-
creased with size. The H

C2
 non monotonous

change is also proposed to reflect competing two
opposite effects of the N(E

F
) and the mean free

path reduction. The first effect tends to reduce H
C2

and the second results in the H
C2

 increase. The
HC2 enhancement with the grain size reducing was
also observed in the case of other type II
nanosuperconductors such as some high-melting
point compounds (nitrides, nitrides/carbides, sili-
cides, and so on). Fig. 6 demonstrates the SDE on
the H

C2
 value for these compounds; as it is evident

the HC2 increase can be of about 3 times [62]).
The SDE theory as applied to superconductiv-

ity in NM is also discussed and proposed in many
works (see, e.g., [17,63,64]). Most calculations
based on relationships of T

C 
~ Θ

D
 and

 
T

C
 ~ N(E

F
)

type predict the T
C
 suppression with size that it is

confirmed by experimental data on Nb, MgB2, Pb,
and Bi thin films as well as Pb nanoparticles. Theo-

Oxide                Grain size, (nm)              T, (K)             Conductivity,        Activation
           

 
(Ohm-1cm-1)      energy, (eV)

     TiO
2
 (rutile) [65]              50    

 
713     4 10-3            

 
0.96

            260    
 
713   1.4 10-6            

 
1.23

         3YSZ* [66] 40    
 
823     8 10-4            

 
1.04

           1330    
 
823   1.5 10-3            

 
0.83

       10 YSZ* [67] 15    
 
873      10-1            

 
0.62

    
 
Single crystal    

 
873    

 
6 10-3            

 
1.04

        
 
CeO

2-x
 [68] 10    

 
773

 
(1-6) 10-5            

 
0.99

           5000    
 
773   2.5 10-7            

 
2.45

* ZrO
2
+3 mol.% Y

2
O

3
;  ZrO

2
+10 mol.% Y

2
O

3

Table 3.  Electrical properties of macro – and nanocrystalline oxides.

retical prediction on the T
C
 increase [63] is approved

only in the case of Al thin films and nanoparticles.
This observation is worthy of additional notice.

3.2. Electrical and thermal properties

It is well known that ionic solids are characterized
by the complex interface nature. The transition from
cg bulks to nanostructured subjects is accompa-
nied by the conductivity significant change. Table
3 shows the electrical properties of some oxides
with different grain sizes [65-67].

It is evident that the decrease in grain size with
the exception of 3YSZ nanosubject is assisted by
the increase in conductivity and the decrease in
the carrier activation energy. Such difference is
connected with the GB space charge potential and
the oxygen vacancy concentration. In the case of
stabilized Zirconia samples containing 3 mol.% of
Y

2
O

3
, the specific GB conductivity is ~ 2 orders of

magnitude lower than the bulk conductivity [66]. It
was found that the space charge potential de-
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Fig. 6. The grain size effect on the H
C2

 increase: a – H
C2

d – the critical magnetic field for  the TiN, NbN, VN,
NbNC, and V

3
Si nanopowders; H

C2
b – the critical magnetic field for the same grain-coarse powders; b –

the H
C2

d and H
C2

b change for nanoparticles (2) and grain-coarse powders (1) in the NbN-NbC system,
replotted from [62].
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Fig. 7. Temperature dependence of bulk – and interface-limited electrical conductivities for 10YSZ bulks,
thin films, and interfaces (calculated results), replotted from [67].

creased, whereas the oxygen vacancy concentra-
tion decreased with decreasing grain size in 3YSZ.
However, in the case of ultra thin, highly texturing
10YSZ films synthesized on MgO substrates by
pulsed laser ablation, the significant interfacial con-
ductivity has been observed [67]. Fig. 7 clearly
demonstrates that the interface conductivity, in
contrast to statements [66], is about three to four
orders of magnitude larger than that of the bulk
and its activation energy of 0.45 eV is about half
that of the bulk; at that, the experimental results
for film with thickness of 15 nm are between bulk
and interface data [67].

The data [67] correlate well with the enhance-
ment in the GB oxygen diffusivity which was re-

ported to be more that three orders of magnitude
greater than the diffusivity in single crystals [69]. It
seems to be reasonable to propose that difference
of opinions [66,67] is attributed to the different grain
and triple point segregations as soon as their space
charge potentials in 3YSZ and 10YSZ.

The theoretical calculations of the energy acti-
vation conductivity (Q) decrease in the 16YSZ thin
films result in the following relationship

Q Q L LkT= −
0 4 4λν λν/ cth / ,� � � �  (16)

where Q
O
 is the energy activation conductivity in

single crystal, ν is the volume of oxygen vacancy,
λ is electrical conductivity [70]. The relationship (16)
was received in the assumption of great effect of
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     Sample    Grain Conductivity, Hall coefficient    Carrier density       Carrier mobility
        type size, (nm) (Ohm-1 cm-1)    R

H
, (cm3/C)         

 
n, (cm-3)             µ, (cm2/V s)

      
 
Film I   

 
29±15        250      

 
-2.6 10-4         

 
2.5 1022   

 
0.065

      Film II  
 
8.8±2.2        250      

 
-2.6 10-4         

 
2.5 1022   

 
0.007

Table 4.  Electrical and galvano-magnetic characteristics of TiN films (T = 300 K) [75].

Characteristic PbTe/PbSeTe PbTe-PbSeTe Bi
2
Te

3
/Sb

2
Te

3
Bi

2
Te

3
-Sb

2
Te

3

 
quantum-dot    

 
bulk alloy

 
superlattices   

 
bulk alloys

 superlattices

 Power factor          32          28          40        50.9
(mW cm-1 K-2)
 Conductivity          0.6          2.5          0.5        1.26
  (W m-1 K-1)

            Thermoelectric         5.33         1.12            8        4.04
        

 
figure-of-merit (K-1)

Table 5. Power factor, thermal conductivity and thermoelectric figure-of-merit of superlattices with high
ZT to those of the corresponding bulk materials [77].

the Laplace pressure (Eq. (1)) nascent for the
nanograin significant curvature effect on the diffu-
sion of oxygen vacancies. The comparison of rela-
tionship (16) with experimental results revealed the
good coincidence; at that, it was pointed that the
main contribution in the conductivity increase can
be attributed to the influence interfaces.

The nanowire studies increase the interest to
their electrical properties (see, e.g., [71-74]). The
temperature effect measurement on the Bi
nanowire electrical resistivity revealed a semicon-
ducting behavior with an energy band gap at the
critical dimension of less than 50 nm. As applied to
the metal-like region, the SDE on the Bi nanowire
electrical resistivity (T=300K) wide can be shown
as follows [71]:

width of rectangular        70           120           200
cross section, (nm)
electrical resistivity       

 
4.05         

 
2.87          2.30

(mΩcm)

The Bi electron mean free pass value is about
100 nm and the discussion has indicated that the
observed electrical resistivity increase is dominated
mainly with grain boundary scattering and carrier
scattering at the wire surface plays a secondary
role.

Electron scattering at the GB is also found to
be a main governing factor for the thermopower
SDE for 30 nm Ni nanowires at T > 100K [74]. In
this region the thermopower of Ni nanowire is higher
than the bulk value. At low temperatures (T < 50K)
boundary scattering of phonons inhibits any phonon
drag effect that it is in contrast to bulk Ni.

In films-based nitrides, carbides, and borides,
there are usually some oxygen contaminations and
it is interesting to estimate their distribution, espe-
cially in the case of described nanostructured films.
The common knowledge is that the measurement
of galvano-magnetic properties (such as the Hall
coefficient and conductivity) allows to estimate the
carrier concentration and mobility. It is also known
that these characteristics for nitrides, carbides,
oxides, and borides are different. Table 4 summa-
rizes the main results of the conductivity and Hall
coefficient on TiN nanofilms, including the charge
carrier density n and the mobility µ, estimated from
the well-known relations valid in the single-band
approximation R

H
 = -1/en and λ = enµ, where R

H 
is

the Hall coefficient, λ is the electrical conductivity,
and e is the electron charge [75].

Judging the sign of R
H 

results to the statement
that the major charge of carriers in the samples
studied are electrons. The R

H 
values are also the

same in the films of types I and II, i.e. the carrier
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density in these films in spite of different grain size
is similar. The difference in the film conductivity is
connected only with carrier mobility. These films
contain a significant amount of oxygen and carbon
admixture which could enrich the near-boundary
regions and change the carrier density. However,
despite of significant difference in the fracture of
grain size (and correspondingly in the near-bound-
ary region fracture), the carrier density is the same
and then the oxygen and carbon distributions can
be considered as random ones in these type I and
II films.

With the grain size decrease, the NM thermal
conductivity is also reduced as a result of the
phonon GB scattering; this can be demonstrated
by the example of diamond films and YSZ
nanocoatings [4]. The L value decrease from 100
nm to 10 nm resulted in the χ value reducing to
approximately half of that for coarse-grained or
single-crystal specimens of (8-15)YSZ [76].

The possibility to regulate the electrical and ther-
mal conductivity due to nanostructure is very im-
portant in the development of new thermoelectric
materials. Table 5 compares the main properties
of two semiconductor superlattices: the thermal
conductivity (χ), the power factor (S2λ, where S is
the thermo power and λ is the electrical conductiv-
ity) and the thermoelectric figure-of-merit (Z =
S2λ/ χ) [77].

The ZT value is considered as the main theo-
retical efficiency of thermoelectric coolers or power
generators. It is well known that a high Seebeck
coefficient tends to the thermal energy increase
(carried per electron or hole). On the other hand,
the high electrical conductivity is desirable to mini-
mize the Joule heating losses while the low ther-
mal conductivity value results in the minimization
of parasitic heat leakage between the hot and the
cold sides. The ZT value is also important for the
energy conversion by thermo-photovoltaics devices
[77]. As can be seen from Table 5, the use of semi-
conductors–based superlattices (periodic thin film
structures) and quantum dots (small
nanoinclusions similar to isolated atoms) is very
promising for the ZT value increase as a result of
quantum size effects on carriers and classic inter-
face scattering of phonons.

The further development of the perovskite fer-
roelectric and granulated nanosolids theory has
been developed in many works (see, e.g., some
recent papers [78-80]). Such questions as size and
interface effects on Curie temperature, conductiv-
ity, and dielectric constants were discussed and
some relationships were proposed as applied to

BaTiO
3
, PbTiO

3
, Pt/SiO

2
, and W(Au)/Al

2
O

3

nanoparticles and thin films.

3.4. Magnetic properties

Magnetic characteristics of NM are of great inter-
est for the development of new both hard/soft high
efficiency materials and for highly sensitive vari-
ous sensor devices as well as for high-density nu-
merous data-storage applications. As in the case
of mechanical properties, magnetic characteristics
depend not only on grain size but on many other
factors such as the GB state, texture, residual
stresses, and so on. So the SDE role in separation
needs in the careful discussion. In this connection,
the film studies are enlarged because these
nanosubjects allow to understand the nanostructure
and properties peculiarities in a deeper level, not
to say on the film wide application (see, e.g., [81-
86]). The correlation analysis between magnetic
properties and nanostructure of films was fulfilled
by authors of [81,83].

The coercivity (H
C
) and the saturation magneti-

zation (M
S
) study of nanocrystalline Ni films with

grain sizes in the range of 3-10 nm suggests that
the H

C 
enhancement arises with the L values de-

crease while the M
S 
decrease is also observed [82].

It is supposed that the first change is a result of the
intergrain interaction that is inversely proportional
to grain size. The next probable explanation is that
the M

S
 reduction results from the weak interspin

interaction due to the coordination number imper-
fection of atoms near interfaces and the increase
of lower-coordinated atoms.

The magnetic properties and nanostructure
evolution of the UN thin film were studied in detail
[85] for the different deposition temperatures (T =
73-673K). It was observed that the L value is about
of 17 nm at the low deposition temperature and
there are the significant compressive residual
stresses and a high density of structure defects
(i.e. a very high microstrains) as well as the most
pronounced preferential orientation {111}. At the
elevated deposition temperatures, this preferential
orientation becomes to moderate one and the re-
sidual stresses were partly relaxed with the struc-
ture defect density decrease. It is pointed that the
antiferromagnetism of bulk UN (i.e. the 5f band
magnetism) is suppressed and transforms in the
weak Pauli paramagnetic behavior in the
nanocrystalline state.

An interesting change in magnetic properties
has been observed in Fe/Zr multilayers [84]. Fig. 8
shows the Fe sublayer thickness effect on the co-
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Fig. 8. The coercivity (H

C
) as a function of Fe sublayer thickness for wedged Fe/Zr multilayers with the

constant Zr layer thickness of 2 nm, data from [84].

ercivity for Fe/Zr multilayers with the constant Zr
layer thickness of 2 nm

The significant coercivity drop is evident at a
critical Fe thickness of about 2.3 nm. This change
is explained by a structural transition from the poly-
crystalline phase with high coercivity to the soft
magnetic nanocrystalline phase with a grain size
lower than the magnetic exchange length (about
15 nm). Similar situation was observed in Co/Zr
and Co/Ti multilayers with the Zr(Ti) critical thick-
ness of about 3 nm.

4. MECHANICAL PROPERTIES

4.1. Superhardness

Connections between nanoscale structure and
mechanical properties for metals, alloys, interme-
tallics, ceramics, and polymers including
nanocomposites play important role in the devel-
opment of new materials with the high characteris-

tics of strength, ductility, superplasticity, fracture
toughness, and thermo-mechanical stability. This
is very comprehensive problem and there are more
than several hundreds papers and many books/
proceedings/reviews on this topic. So our atten-
tion will be concentrated only in limited scope such
as some considerations on superhardness, ductil-
ity, and superplasticity of intrinsic brittle NM-based
carbides, nitrides, borides, and so on, because the
metallic NM mechanical properties have been de-
scribed in many sources (see, e.g., some recent
of them [87-92]).

Aforesaid high-melting point compounds are
typical brittle solids which are deformed without re-
sidual plastic deformation. They are characterized
by high values of hardness (up to Vickers
microhardness H

V
=20-40 GPa) that can be in-

creased by decreasing of grain size The boundary
between hard materials and superhard ones is very
conditional and it is assumed that the
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Fig. 9. Influence of the number of layers on the nitride film hardness, data from [108].

superhardness values are more than ~50 GPa.
Beginning from 1987-1990, there are extensive
studies of new superhard materials-based high-
melting point compounds (see, e.g., some com-
prehensive reviews [51,93-100] and book [101]).
The concept of hard multilayered films was formu-
lated in 1986 [102].

Table 6 contains the first results on the super-
hard materials which have been independently
studied by the USA/Sweden, Russian, German,
and Austrian researches in both multilayer nitride
films and monolayer boride films [98].

The hardness values in Table 6 are about 1.5-4
times higher then the values for cg TiB

2
, TiN, and

other high-melting point compounds with conven-
tional structure; that is the nanostructure effect re-
sult. This is especially obvious in the case of multi-
layered nitride films. Fig. 9 shows the
microhardness of the TiN/ZrN, TiN/NbN, and TiN/
CrN multilayered films as a function of the layer

number for films with a similar total thickness of
nearly 2  µm [107,108].

It can be seen from Fig. 9 that for the TiN/NbN
and TiN/ZrN films with ~180 layers number (i.e.,
monolayer thickness ~ 10 nm), the hardness is
about 70-80 GPa, i.e. approximately that of dia-
mond. The different behavior of TiN/CrN is con-
nected with (Ti,Cr)N solution formation for more
than 100 layers which has been shown by XRD
analysis. This observation also confirms that inter-
phase boundaries and layer lattice mismatch are
the main factors influenced the hardness increase.
However, it is necessary to point that there are at
least four physical reasons for the observed in-
crease in the film hardness: (i) interphase bound-
aries stop dislocation motion or crack propagation;
(ii) the crystallites inside the monolayers have a
low size (equal to, close to or smaller than the layer
thickness); (iii) the dislocation density increases as
a result of the layer lattice mismatch; and (iv) a
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Films Hardness H
V
 (GPa) Year               Authors

Monolayer films
           Ti(B,C)

X
~ 70 1990       Knotek et al. [103]

           Ti(B,N)
X

~ 60 1990      
 
Mitterer et al. [104]

a-B
4
C             50-70 1992           

 
Veprek [105]

Multilayer films
           

 
TiN/VN   54 1987    Helmerson et al. [106]

          
 
TiN/NbN           ~50; ~78         1991, 1992 Andrievski et al. [107,108]

          
 
TiN/NbN   48 1992        Shinn et al. [109]

          
 
TiN/ZrN           ~44; ~70         1991, 1992 Andrievski et al. [107,108]

Table 6. Some first results for superhard films [98].

more favorable situation exists with the residual
compression stresses in multilayer films as com-
pared with monolayer those (see, for example, the
residual compression stresses in the TiN and TiAlN/
VN films [110]).

Some new results on high values of hardness
could be mentioned. Very high mechanical proper-
ties have been observed in the case of a five-
nanolayered cubic boron nitride/diamond structure
(with each layer a thickness of ~100 nm): the hard-
ness value of 82 GPa and the elastic modulus in
the range of 800-900 GPa [111]. As applied to TiN/
Si

3
N

4
 and TiN/Si

3
N

4
/TiSi

2
 nanocomposite films, the

ideal shear strength of a variety TiN/SiNX/TiN in-
terfaces have been calculated with the ab initio
density functional method [112]. These calculations
approved the high hardness values of > 105 GPa,
which had been observed early. Interesting combi-
nation of high hardness and Young modulus val-
ues (66.4 GPa and 510 GPa respectively) with the
high elastic recovery (83.3%) has been realized in
the case of nanocomposite film (TiC nanoinclusions
in amorphous carbon matrix) prepared by dual
plasma technique [113]. The important synergetic
potential of (Ti,Al,Cr,Si,Y)N film to adapt in operat-
ing extreme conditions and improve the wear be-
havior is demonstrated in paper [114]. This list can
be continued, but it is clear that above mentioned
high level properties depend not only from the grain
size but also from the interface state and in this
connection the role of technology is very impor-
tant.

It should be noted that success in preparing
superhard bulk NM using conventional powder
technology is modest compared with
nanostructured films. The main difficulty in this route
is a retention of the nanocrystalline structure with

full densification. Therefore, until the present day,
both single-phase bulks and composites prepared
have a grain size not less than ~50 nm and with
some residual porosity, that results in the hardness
values of <50 GPa [115]. Only high pressure/high
temperature technique (pressure of 16-20 GPa and
T=1800-1900K) as applied to boron nitride resulted
in the hardness value of 85 GPa [116]. It worth to
point that the high pressure/high temperatures syn-
thesis of BN nanocomposites with high fracture
toughness and hardness values (K

IC
=15-18 MPa

m0.5 and H
V
~80 MPa) was described in former

USSR about 30 years ago (tool material on trade
“Heksanit R”) [117]. Nevertheless, the recent re-
sults [116] seem to be also very important because
they specify the hardness SDE. This maximum
value was observed in specimens having two-
phase nanostructure (hexagonal and cubic modi-
fications) with the grain size of 14 nm. Fig. 10 shows
the hardness change as a function of the crystal-
line size [116].

It is interesting that the availability of the hard-
ness non-monotonous change both in the case of
the BN nanocomposite and cubic BN (so-called the
inverse Hall-Petch behavior). It is assumed that the
great hardness increase for nanocomposite speci-
mens is due to the combination of the Hall-Petch
and the quantum confinement effects. The last one
is proposed to consist in a semi-empirical theory
of the covalent crystal hardness [118].

4.2. Ductility and superplasticity

A general overview of key concepts on the NM
ductility/superplasticity was presented in review
[119]. The deformation mechanism specific fea-
tures of these phenomenona are discussed such
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Fig. 10. Vickers hardness (H
V
) as a function of the crystalline size. Triangles correspond to the data of

aggregated BN composites; inversed triangles, cubic BN (and lower curve in inset), replotted from [116].

as the dislocation slip, grain boundary sliding,
grain boundary diffusional creep, rotation deforma-
tion, triple junction creep, and so on. Superplastic-
ity is usually defined as the ability of a material to
exhibit a large degree of elongation prior to its
failure, typically larger than 200%. This definition
is formulated for deformed metals and alloys. As
applied to hard-deformed and brittle solids, the de-
formation can be in other forms such as compres-
sion. In spite of the nitride/carbide intrinsic
brittleness, there are some examples of ductility
and superplasticity of these subjects at nanoscale
size.

Fig. 11 shows a typical fully dense columnar
nanostructure of a TiN film after load indentation
[93,120].

The example of residual plastic deformation of
brittle TiN columns (with the width of around 200-

300 nm) in conditions of non-uniform compression
is evident and very impressive. Inside these col-
umns, there are nanocrystallites with a size about
10 nm and lattice dislocations observed by HRTEM
inside them [121]. The crossover of many defor-
mation mechanisms during indentation of nano-SiC
has been recorded by multimillion-atom molecular
dynamics simulation [122]. These deformation
mechanisms are cooperative grain sliding, grain
rotations, and intergranular dislocation formation
similar to stick-slip behavior. However, ductile de-
formation of brittle intrinsic NM (films and bulks)
induced by lattice dislocation slip is observed very
seldom, more often brittle fracture and cleavage
are reported [89,90,92]. This behavior is a result of
the effect of nanocracks that are originated along
GB and near TJ by both deformation process
[89,90] and incomplete technology.
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Fig. 11. High resolution SEM image of a fractured
cross-section of TiN film by indentation imprint,
replotted from [120].

Recently the plastic deformation availability in
β-SiC single-crystal nanowires (diameter of 50-100
nm) has been fixed in-situ SEM and TEM experi-
ments [123,124]. The dislocation density increase
at an initial stage and amorphization in final one
have been observed; the primary slip system was
{111}<110> as it is in the case of ordinary FCC sub-
jects. Bending and tensile deformation at tempera-
tures close to room temperature was very large
(about 200% and more) and has never been ob-
served in conventional bulk SiC cg-materials in
which the brittle-ductile transition temperature
(BDTT) is about 900-1200 oC [125]. Then the SDE
contribution to the BDTT decrease is very signifi-
cant.

The realization the BDTT low value in
nanoceramics is not so easy due to difficulties in
preparation of defect-free and fully dense
nanobulks. Only using spark plasma sintering of
ultrafine nanoparticles results in the representative
specimen preparation, see the case of
nanostructured MgO with the average grain size
of 37±17 nm reported in [126]. Fig. 12 shows typi-
cal stress-strain curves of nano-MgO and cg-MgO
in compression at different temperatures.

It is evident that all fully dense MgO
nanoceramics at temperatures as low as 700 °C
(0.31T

m
) exhibit elastic perfectly plastic behavior

with no strain hardening. At the same time, cg
specimen (curve 800 °C) exhibits brittle behavior
under compression at 800 °C. The nanostructure
effect is very impressive on the BDTT decrease
with revealing superplasticity. The homologous
temperatures of these experiments were very low
and seem to be the lowest ever observed for su-
perplastic deformation of ceramics.

As applied to intermetallic Ni
3
Al, the transition

to nanospecimens (as-processed by severe plas-
tic deformation with grain size of around 50 nm)
was found to be superplastic at a temperature
450 °C below the superplastic temperature in the
microcrystalline regime [127]. A forming tempera-
ture higher than 0.5T

m
 is generally considered as a

necessary condition for conventional superplastic-
ity. The strain rate ( �ε ) relation for superplastic flow
can be expressed in general in the following form

� ,ε
σ

= ⋅ ⋅A
DGn

kT

b

L G

m

m

f

p

p
 (17)

where A is a material constant, D is the coefficient
of GB diffusion, G is the shear modulus, b is the
Burgers vector, k is the Boltzmann’s constant, σ

f
 is

the flow stress, p and m are the stress and grain

size exponents (for superplastic materials p and m
are typically between 1 and 3). It is obvious that
the small L value objects (i.e. nanostructures) are
very attractive for the superplasticity realization
such as net-shape forming and joining of materi-
als. On the other side, the superplastic deforma-
tion of components at the work conditions is inad-
missible.

An analysis of creep tests [126] performed at
different stresses and temperatures reveals in the
stress exponent p = 2±0.1 and the activation en-
ergy Q = 202±9 kJ/mol (relationship (17)). The
HRSEM nanostructure study prior to and after the
plastic deformation at 800 °C have not revealed
the form/size grain change. These data and the
detail discussion of the mechanisms, controlling
the observed superplasticity, resulted in conclu-
sions that dislocation activity should be discarded
and mutual sliding of nanometer grains and atomic
transport along their boundaries play the dominant
role. Authors [126] suggested two general and quite
evident conditions that must be fulfilled to accom-
plish low-temperature superplasticity in ceramics.
The first is that the grain size must be small enough
to allow grains to reach a significant mobility. The
second is that ionic diffusion processes must be
active enough to accommodate plasticity into sta-
tionary regimes with no microstructural evolution.
However, the more precise specifications as ap-
plied to the different NM nanostructure must be
studied.



127Size-dependent effects in properties of nanostructured materials

Fig. 12. Stress-strain curves recorded by compression for the MgO nanocrystalline (L~37 nm) and coarse-
grained (A; L~1 µm) specimens at strain-rate of 2x10-5s-1 and at different temperatures, replotted
from [126].

The compression test of nanosized β - Si
3
N

4

ceramics (with sintering aid of 5 mol.%Y
2
O

3
 + 2

mol.%Al
2
O

3
 for liquid phase formation; the grain

size of 68 nm) revealed the existence of two defor-
mation regions in terms of the stress exponent (p),
grain size one (m), and activation energy (Q) [128].
At comparatively low stresses (<10-40 MPa), de-
formation is characterized by p~2, m~1.1, and
Q~858 kJ/mol, whereas at stresses higher than 10-
40 MPa (in function of temperature) deformation
is characterized by p~1, m~2.6, and Q~572 kJ/mol.
Concurrent grain growth was observed during de-
formation, but recrystallization was not accompa-
nied by obvious strain hardening because of the
strong texture developed. The respectively super-
plastic deformation is considered at first region to
be occurred by an interface-controlled solution-pre-
cipitation process, whereas the GB sliding process
accommodated by diffusion-controlled solution pre-
cipitation plays a dominant role in second region.

In addition to the Si
3
N

4
-based NM superplastic-

ity, it seems to be interesting to remind results on
creep rate in the system of Si

3
N

4
-TiB

2
 because

these specimens have been prepared by hot con-
solidation at high pressure without sintering aid
(T = 1800 °C and pressure of 4 GPa). The porosity
of specimens was of 1-3% [129]. Fig. 13 shows
the creep rate concentration change in this sys-
tem for two types of specimens prepared from
ultrafine Si

3
N

4 
powders and cg counterparts.

It can be seen that for composition with 25 vol.%
Si3N4, the maximum creep rate (the whole defor-
mation was about 30%) was fixed. This anomaly
(which can be considered as a superplasticity re-
vealing) was displayed only when the Si

3
N

4 
ultrafine

powders were used and their grain size in hot-con-
solidated specimens was near 500 nm (the TiB

2

grain size was about 2 µm). Experiments also dem-
onstrated that in a power law � ~ε σ f

p  the stress
exponent was about 2 that agree with results [128].



128 R.A. Andrievski

0 20 40 60 80 100

0

25

50

75

100

125

150

175

200

TiB
2

Si
3
N

4

 

C
R

E
E

P
 R

A
T

E
 (

10
6 s-1

)

VOL.%
Fig. 13. Creep rate change in the system Si

3
N

4
-TiB

2
 (T=1600 °C, t=30 min, stress of 20 MPa). (�) – curve

for specimens prepared from mixed powders with particle size of 2-4 µm; (�) – curve for specimens
prepared from mixed powders with particle size of 0.5 µm (Si

3
N

4
) and of 2-4 µm (TiB

2
), data from [129].

As applied to revealing superplasticity, dual
nanocomposites have some preference because
of slow recrystallization. The superplasticity behav-
ior has been fixed in many two-phase composites
such as TiC-ZrC, TiC-TiB

2
, TiC-C, TiC-VC, VC-HfC,

ZrB
2
-ZrN, AlN-Y

2
O

3
, ZrB

2
-ZrC, and so on [124,130].

However, the grain size in these experiments was
not in nanointerval and the temperatures of reveal-
ing superplasticity were very high. The detail dis-
cussion of a high-strain-rate superplasticity in
one-, two-, and three-phase oxide ceramics is pre-
sented in review [131]. ZrO

2
-, Al

2
O

3
-, MgO-, and

TiO
2
-based nanocomposites are fully characterized

both applied processing dependence, creep equa-
tion, cavity nucleation, dynamic grain growth, and
other aspects of superplasticity. Now there are
nanocomposites-based ZrO

2
(3Y) and spinel+Al

2
O

3

which have high values of strain-rate superplastic-
ity (�ε~0.1-1 s-1 and large tensile deformation of 390-
2500% at 1500-1650 °C; with an average grain size
of 300-450 nm). A fully dense specimens consist-
ing of ZrO

2
+Al

2
O

3
+MgAl

2
O

4 
(40/30/30 vol.%; the

grains are approximately 100 nm in size), prepared
by spark plasma sintering, were deformed at 1150
°C at a strain rate of the order of 10-2 s-1 [132]. This
is an example of superplastic forming of ceramic
nanocomposite at a commercially attractive tem-
perature of 1150 °C and at high-strait-rate condi-
tions.

Small additions of BN nanotubes (0.5-2.5 wt.%;
an average diameter of 60 nm and a length over
several tens of micrometer) are shown to produce
a considerable effect on enhancing superplasticity
of Al

2
O

3
/SiC ceramics [133]. Fig. 14 shows the ef-

fect of BN nanotubes and powder additions on high-
temperature deformation of alumina and silicon
carbide.

It is obvious that small additions of BN
nanotubes significantly enhance the high-tempera-
ture deformation of these brittle subjects. Thus, in
the case of pure Al

2
O

3 
(the grain size of around 3

µm), brittle fracture (point ‘X’ at Fig. 14a) convert
to superplasticity deformation as applied to the
(Al

2
O

3
+BN) microcomposites (the average grain
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Fig. 14. Stress–strain curves of pure alumina / BNNT composites at 1450 °C (1) and of Si
3
N

4
 composites

doped with different BN materials at 1500 °C (2). BNNT – BN nanotube; BN
P
 – micro-sized powder; BN

N

– nano-sized powder (average particle size ~ 80 nm. All deformations were conducted at a constant strain
rate of 1 10-4 s-1, replotted from [133].
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size of around 600 nm). It is also interesting that
this dramatic effect reveals only in the nanotube
additions and does not observe in the case of con-
ventional and nanocrystalline BN powders (Fig. 14
panel (2)).

It is necessary to point that now there are many
interesting and encouraging experimental results
in the field of ductility/superplasticity of brittle NM-
based high-melting point compounds. However,
detailed and systematic information on grain size
effect is not so comprehensive and in most cases
is exhausted by comparison of the strain rate in
the cg and nanostructured states. It is difficult to
indicate the real mechanism of deformation from
this scanty information. In this connection it seems
very reasonable to study the superhardness/super-
plasticity features in a wide temperature and
nanosize interval using one and the same subject.
These results could elucidate the evolution and
transition of interfaces from dislocation stopors to
medium making easy deformation. Further theo-
retical and experimental studies are needed in or-
der to develop optimal regimes of high-strain-rate-
forming technology suitable for ceramic
nanomaterials.

5. CONCLUSIONS

In this review, an attempt has been made to ana-
lyze the current progress in the studying and un-
derstanding of SDE for the NM properties. In some
cases the large body of information and limited
space forced only to point and consider problems,
as it was from bird’s flight, without comprehensive
analysis. Nevertheless, it is clear from the forego-
ing that only first steps have been taken in the field
of the SDE questions. There are a lot of unresolved
aspects that have been pointed to earlier. In many
cases we can not predict the size effects. It must
be noted also that the nanostructure versions are
very numerous (for example, there are 12 types of
nanostructures [134] or even 36 ones [135]) but in
the SDE problems only very simple ordinary ex-
amples are analyzed and the stereological concept
development on various nanosructures seems to
be very important. A better understanding of the
SDE various aspects is needed in order to realize
full potentials of NM and nanotechnology.
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133Size-dependent effects in properties of nanostructured materials
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