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A simple theory based on bond energy model is developed. The model is used to predict the size and shape dependence
of shear modulus of different nanomaterials. The results obtained are compared with the our theoretical predictions as well
as experimental data. In small size range (<10nm) there is a very good agreement between earlier predictions as well as
experimental observations. It is discussed that present model is very simple as compared with the earlier model. In addition
to this, our model includes the effect of shape also, which has not been considered in earlier theory. Due to the simplicity
and applicability of the model, it can be used to understand the size and shape dependence of shear modulus of
nanomaterials. To the best of our knowledge, such simple model is not yet available in the literature to predict the size and

shape dependence of shear modulus.
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1 Introduction

With a tremendous advancement in technology in
the last few decades, the miniaturization of the matter
has become possible and also the manipulation of the
matter in such small scales. The field of nanoscience
and nanotechnology has seen good growth and the
effects of size reduction of matter has some
unimaginable consequences as well. The reduction of
the size of the matter to nanoscale has deep and
unbelievable consequences. Almost all the properties
show deviations in the trend that they follow at the
macroscopic (bulk) scales'™. As a result, a lot of work
is in progress, both theoretically and experimentally
to study the variations in the properties at
nanoscale®"’. Elasticity is one of the most important
properties in solids as it gives information about the
hardness of the solid. The value of elastic constants
does not remain constant with the reduction in size of
the matter down to nanoscale'®®. There are some
materials which are found to become harder as the
size reduces and there are some which shows softness
on the size reduction®.

Claudio et al* studied the effect of nano
structurization on lattice dynamics of bulk
nanocrystalline doped Silicon. The heat capacity,
density of phonon states and elastic constants have
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been studied. Nanocrystalline-nanowires have been
used in several applications®. To develop nanowire-
based nano-devices, studies may be conducted on
the characterization of the elastic properties and
bulking strength of nanowire. The challenge
associated with this seems due to the fact that the
properties of nanowires are size dependent. To study
the situation, Shaat & Abdelkefi** proposed a model
to study the mechanics of nanocryastalline nanowire.
The model has been used to study the bulking strength
and the elastic properties of the nanowires made of
nanocrystalline diamond, Si, Al, Cu, Ag, Au and
Pt. However, it is well known that the properties of
nanomaterials also dependent on shape, in addition to
size”?°. Thus, it is legitimate and may be useful to
propose a simple model, which includes the effect of
shape in addition to size, which is the purpose of the
present work.

2 Theory
Pandey & Kumar®’ reported the theory for the size
and shape dependence of elastic behaviour of
nanomaterials. The relation for bulk modulus has
been reported as follows
B(n N4
s =(1-41) e
where B(n) is the bulk modulus of nanomaterial,
B(b) the bulk modulus of corresponding bulk
material, N is the number of surface atoms and n the
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total number of atoms. It has been discussed that all
the elastic moduli have similar trends of variation as
shown by bulk modulus®™*. Thus, we can write,

S _ (4 NY*

o= (1 ) (2

2n

where S is the shear modulus, n and b represent nano
and bulk respectively, % depends on size and shape of

the nanomaterial, which may be computed using the
method developed earlier’’. These values have been
compiled in Table. 1°'*?. Thus, we can write the
relations of shear modulus for different shapes of
nanomaterials,

For Film: S(n) = S(b) (1 - °'665d)4 (3
For Dodecahedral: S(n) = S(b) (1 — 0.898d)4 ..(4)
For Icosahedral: S(n) = S(b) (1 — 1'323‘1)4 (5
For Wire: S(n) = S(b) (1 — 1'3E3d)4 ...(6)
For Spherical: S(n) = S(b) (1 - %)4 ()
For Octahedral: S(n) = S(b) (1 — 2'4:9d)4 ...(8)
For Tetrahedral: S(n) = S(b) (1 — 4'828d)4 .(9)

In these Equations, d is the atomic diameter,
D,L,h,a the size of nanomaterials in respective shape.
We used these relations in the present work to study
the size and shape dependence of nanomaterials. The
application of present model requires the shear
modulus for bulk material, which is readily available
in the literature. Thus, we can simply study the

Table 1 — Input parameters used in present work®' =%,

Material ~ S(b) Atomic diameter Shape N/n
(GPa) d (nm)

Silicon 60 0.337 Film 1.33 d/h
Gold 26 0.332 Dodecahedral 1.796 d/a
Aluminium 24 0.286 Icosahedral 2.646 d/a
Iron 78 0.246 Wire 2.666 d/L

Diamond 440 0.183 Spherical 4 d/D
Platinum 62 0.350 Octahedral 4.898 d/a
Silver 24 0.344 Tetrahedral 9.797 d/a

variation of shear modulus for different size and
shape.

Based on the bond energy model**** cohesive
energy of nanomaterial may be written as
E(n) = E(b) (1- 6-) (10)

where E(n) and E(b) are the cohesive energies of nano
and bulk material respectively. Following the concept
that elastic moduli have the similar trends of
variation® as that of cohesive energy, we can also
write

Sm) =5®)(1- 52) (1)

Here 6 is the relaxation factor which may have the
values Y4, ¥ and ¥ as discussed by Qi**. Thus, we get

S(m) =5®) (1-+) ..(12)
Sm) =5®)(1-1) .(13)
S(n) = S(b) (1 - i—:) .(14)

where N/n depends on the shape of nanomaterials as
given in Table. 1. Thus, for example, Egs. (12-14) for
spherical shape may be written as

S(n) = S(b) (1 —%) _..(15)
S(n) = S(b) (1 - %d) ...(16)
S(m) =5k (1-) ..(17)

Similarly, we can write the expressions of S(#) for
any shape of nanomaterial using Table. 1 which are
used in the present work.

3 Results and discussion

The input parameters required for present work are
compiled in Table. 1°'*% In the present paper, we
have derived some simple relations to study the size
and shape dependence of shear modulus for different
types of nanomaterials. We selected those
nanomaterials for which the experimental data are
available so that model predictions can be judged. It is
found that shear modulus decreases with the
decreasing size. Different relations give similar trends
of variation which justifies the applicability of each
other. Moreover, the results based on Eq. (2) are
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slightly smaller as compared with relations based on
Eq. (10). This may be due to the different concepts
involved in the two different approaches.

After Oxygen, Silicon is the most abundant
element of Earth’s crust. Due to its requirement, it has
been widely studied. Claudio et al.** presented an
experimental study of the elastic properties of Silicon.
It has been observed that shear modulus is smaller
than the single crystalline Si. Shatt & Abdelkefi**
discussed that reporting the different properties of
nanomaterials is a challenging task and a missing
field of study. Having such idea in the mind, these
authors reported the bulking strength and elastic
properties of nanocrystalline materials. These results
are included in Fig. 1. It is observed that Eq. (2) gives
better agreement as compared with other relations. To
confirm the situation, we have repeated our
computational work for different nanocrystalline
materials viz. Gold, Aluminum, Platinum, Silver. The
results obtained are reported in Figs. 2-5 alongwith
the results reported by Shatt & Abdelkefi**. In
general, the trends of variation are similar with that
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Fig. 1 — Size dependence of Shear modulus of spherical Silicon
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Fig. 2 — Size dependence of Shear modulus of spherical Gold
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reported earlier. In low size range (<10 nm), a good
agreement is obtained with the earlier work®**. It has
been realized that the properties of nanomaterials are
also shape dependent in addition to size ***°. In the
present paper, we therefore extended the application
of Eq. (2) for the study of shape effects. We
developed Eq. (3-9) for this purpose. These equations
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Fig. 3 — Size dependence of Shear modulus of spherical

Aluminium nanoparticles. e [24].
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Fig. 4 — Size dependence of Shear modulus of spherical Platinum
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have been used for different shapes viz. Film,
Dodecahedral, Icosahedral, Wire, Spherical, Octahedral

and Tetrahedral. The

reported in Figs. 6-12
similar trend of variation
decreases

results thus obtained are
for different materials. A
1s obtained. Shear modulus

with decreasing the size. For a particular
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Fig. 6 — Size dependence of Shear modulus of Silicon for
different shape using Egs. (3-9).
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Fig. 7 — Size dependence of Shear modulus of Gold for different

shape using Egs. (3-9).

30
—— e
25 1 .’/'.: = S R —
—_ : —
E :/ B
20 "4 i
27
@ né
ER
2 15
S i€ F
= 3
9 e #
FIRUE N Bulk
= . 4 Film
@ # 1 Dodecahedrall
“,‘ 4~ Icosahedral
51+ Wire
15 + Spherical
b Octahedral
4 —— Tetrahedral
0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 9% 100
Size (nm)

Fig. 8 — Size dependence of Shear modulus of Aluminium for

different shape using Egs. (3-9).

size, the shear modulus has highest value for
and minimum value

dodecahedral shape

for

tetrahedral shape. For other shapes, the values are in
between these two sets of data. This happens due to
the increase of surface to volume atomic ratio by
reducing the size. In the present model, this has been
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Fig. 9 — Size dependence of Shear modulus of Iron for different

shape using Egs. (3-9).
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Fig. 10 — Size dependence of Shear modulus of Diamond for

different shape using Egs. (3-9).
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Fig. 11 — Size dependence of Shear modulus of Platinum for
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Fig. 12 — Size dependence of Shear modulus of Silver for

different shape using Egs. (3-9).

considered in the form of N/n. For all the shapes
considered in the present work, shear modulus is less
than the bulk value. It is observed that the effect of
shape is much more prominent for low size and
becomes less as size is increased with the material
approaching the bulk behavior.

4 Conclusions

We have developed a simple model to study the
size and shape dependence of shear modulus of
nanomaterials. The results are discussed in the
presence of earlier work. It is observed that shear
modulus depends on size and shape. It decreases with
decreasing size and have different values for different
shapes. The results have been discussed in terms of
surface to volume atomic ratio.
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