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Size-dependency of nano-scale inclusions
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Advances in nanotechnology in recent decades leads to
progress in the research and developments of nanocom-
posites [1–3]. Nanocomposites are herein defined as
either bulk materials that consist of inclusions with at
least one dimension within 1 to 100 nm, or a nano-scale
structure with inclusions. The latter, of course, involves
nano-scale inclusions since these inclusions should
be about one order smaller than the structure itself.
Nanocomposites are of interest because characteriza-
tion results reveal unconventional physical properties as
compared to composites of similar constituents, volume
proportion and shape/orientation of reinforcements. For
example, nanocomposites of SiC-reinforced Al2O3 ma-
trices were reported to display no size-dependency of
the nano-inclusion [4], decreased fracture toughness
with reduction of inclusion size [5], or even increased
mechanical properties with reduction of inclusion size
[6, 7] for fixed inclusion volume ratio. These contradic-
tory size-dependencies (or size non-dependencies) on
nano-scale particulates could possibly point to the qual-
ity of the interfacial bonding between nano-inclusions
and the matrix material—whether superior, inferior, or
similar—as a result of processing techniques. Another
type of nanocomposite is the polymer-clay hybrids
[8] such as Nylon6-montmorillonite (MMT) [9], PVC-
MMT [10], PVB/Na+-MMT [11], PAn-BaTiO3 [12],
EVA-MMT [13] and PU-Attapulgite [14], whereby
clay platelets, or stack of platelets, are the reinforc-
ing inclusion of the polymer matrix. Results reveal im-
proved material properties using nano-scale (fully exfo-
liated) clay platelets than those using larger-sized clay
reinforcements (stacked platelets) at equal inclusion
volume fraction and orientation [15, 16]. Occurrence of
size-dependency in the area of nanotechnology is well-
known, having been investigated in terms of surface
stresses in nano-scale thin films [17], cavities [18] and
simple structures [19]. In conventional composite ma-
terials the elastic stiffness of the matrix and inclusion
materials are considered, thereby taking into account
the interatomic forces within each phase. For simpli-
fied modeling, it is assumed that the interface between
the matrix and inclusion materials is perfect. When the
inclusion is “broken” into smaller pieces while main-
taining the volume fraction, the interface area increases.
The interfacial area increases rapidly as the spherical
inclusion size enters the region <100 nm radius (i.e.
<0.1 micron), as indicated in Fig. 1. Hence in the case
of nanocomposites the elastic properties of the interface
should be given due consideration. To do so, it is essen-
tial to introduce the concept of “interface–interphase”.
While “interface” refers to the surface area between

two phases, “interphase” corresponds to the volume
defined by the narrow region sandwiched between the
two phases. The influence of interphase on mechani-
cal properties has been experimentally examined via
different treatment to the nano-inclusion surface [20].
However, recent modeling approaches neglected the
influence of interphase properties (e.g. [15, 16, 21]).
Fig. 2a shows a simplified representative volume ele-
ment with A and B as the matrix and inclusion materials
respectively. The boundary between A and B appears
as an interface surface area, as shown in Fig. 2b. The
magnified version, in Fig. 2c, depicts the interface as
an interphase volume, consisting of a gap (defined by
the interatomic distance between atoms of regions A
and B) and a particular stiffness between them (as de-
fined from the interatomic potential energy). In view of
the extremely small nature of interphase thickness, the
use of molecular mechanics is of importance. In molec-
ular mechanics, the equilibrium interatomic distance is
the interatomic distance that gives the minimum inter-
atomic potential energy. Suppose we assume the inter-
phase to be a mechanical spring that connects the two
phases A and B, then the spring constant is (e.g. [22,
23])
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where U is the interatomic potential energy, r the in-
teratomic distance, and R the interatomic equilibrium
distance. Alternatively, one may obtain the elastic co-
efficients (e.g. [24–26]) as

Ci j = 1

V0
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Figure 1 Sharp increase in interface area as spherical inclusion shrinks
into the nano range.
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Figure 2 Concept of interface–interphase for nanocomposites.

whereby Ci j are elements of the stiffness matrix, εi

and ε j being the prescribed strain, and V0 is the initial
systems volume. As such, the elastic coefficients of the
resultant interphase can be obtained when that region
is taken as a system under consideration. Functional
forms for the interatomic potential energy can exist as
van der Waals forces, covalent bonds, ionic bonds or
hydrogen bonds. Results of Ci j from double differential
with respect to the interatomic potential function gives
rise to Lame constants [25]
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leading to the following elastic constants
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Obtained moduli may then be incorporated, for
example, in a recently developed model for composites
with coated inclusions (interphase material) [27]. An
advantage of this model is that it was developed from
earlier models that consider inclusion shape [28–31],
thereby enabling both the nano-inclusion shape and the
nano-interphase shape to be simultaneously accounted
for in computing the overall composite stiffness. The
nano-inclusion shape is of importance when dealing
with nano-platelet [8–14] and nanotube [32–34] rein-
forcements. As such, size dependency of nano-scale
inclusion on the mechanical properties of nanocom-
posites can be taken into consideration by means
of the interatomic energy at the matrix-inclusion
interphase, coupled with composite mechanics
approach.
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