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ABSTRACT In this paper, the nanoindentation simulation on the two models of neat polyethy-
lene (PE) and the polyethylene incorporated with 25wt% POSS (POSS-PE) is performed to reveal
the reinforcing mechanism of the mechanical properties. The influence of the indenter shapes on
nanoindentation is researched by using three different shapes of diamond indenters (cube-corner
indenter, cylindrical indenter with spherical tip and cylindrical indenter with flat tip). The molec-
ular mechanics method is adopted to eliminate the temperature effects. Under different indenters,
the load-displacement responses, hardnesses (indentation hardness and Martens hardness) and
Young’s moduli of PE and POSS-PE are obtained. Compared with PE, all the mechanical prop-
erties are improved dramatically. Then, we analyze the source of loading drop phenomena and
the enhancement mechanism of POSS. Furthermore, the result shows that the different shapes of
indenters cause a large impact on indentation hardness, but a little impact on Martens hardness.
And Young’s modulus of the flat indenter is much larger than that of cube-corner indenter and
spherical indenter.

KEY WORDS molecular simulation, nanoindentation, shape of indenter, hardness, Young’s mod-
ulus

I. INTRODUCTION

The organic-inorganic nano-hybrid materials are novel composite materials developed in recent years.
With some particular modifiers, conventional organic materials can be modified to prepare new composite
materials with special properties. Hybrid materials based on POSS are hot topics of research in the past
few years!' 4. They have wide potential applications in many engineering fields, such as automobile
engineering, optical engineering and aeronautical engineering!®¢. POSS is a class of multifunctional
molecules (Fig.1). It is a cage of silicon and oxygen atoms having the formula (RSiO3/2)n, where R is an
inert organic group or active functional group. On the basis of different R groups, composite materials will
generate corresponding characteristics. Among them, the mechanical properties, such as elastic modulus
and hardness, are very important. Especially for thin membranes, hardness is almost an indispensable
performance. In order to measure these properties of thin-film materials, the nanoindentation method
is always performed!® 711, For instance, Zeng!¥ studied the hardness and size effect of polystyrene
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Fig. 1. Illustration the typical POSS monomer structure.

incorporated with POSS under a square indenter by using molecular simulations. Jeng!® simulated
the nanoindentation process of Cu thin-film covered by polymers, with a triangular pyramid indenter.
Wahabl®! and Lee['!) researched thin polymers films by nanoindentation tests. However, for these tests,
the deformation details on the atomic scale could not be observed, and the hardness under little indenter
depth is difficult to explore. In addition, little attention is focused on the atomic deformation mechanism
of polymers since different indenters may lead to different results in nanoindentation. Hence in this
paper, three indenters are adopted to conduct the nanoindentation simulations of PE and POSS-PE.
We first analyze the enhancement mechanism of POSS, and then compare the influence of the sharps
of indenters on hardness and Young’s modulus.

II. MODELS AND SIMULATION DETAILS

Strain loading is adopted in the nanoindentation. As shown in Fig.2, the whole model contains two
parts. The top part A is the cube-corner indenter. Part B is the sample to test, and the bottom of
B named C is fixed. The same strain is loaded on the indenter step by step. The models of neat PE,
POSS-PE and diamond indenter are built. The PE model includes 32 molecular chains. Each chain
contains 498 CHy groups and 2 CHj3 groups. The total atom number of the model is 48064. The density
is 0.904 g/cm® and the initial sizes are a = 69.5410 A, b = 72.2955 A, ¢ = 84.5242 A; o = 86.5212,
B = 88.8148, v = 103.920. The POSS-PE model contains 32 molecular chains (Fig.3). Each chain is
built with 3 POSS monomers and straight-chain PE. The total atom number is 56896. The density
is 0.97 g/cm® and the initial sizes are a = 85.9529 A, b = 71.6145 A, ¢ = 91.2180 A; o = 99.5949,
0 = 84.9095, v = 72.7355. In this paper, three kinds of typical diamond indenters are adopted, such as,
cube-corner indenter, cylindrical indenter with spherical tip and cylindrical indenter with flat tip. The
cube-corner indenter consists of 3469 atoms. The sphere indenter contains 3889 atoms and the diameter
is 30 A. The flat indenter includes 4439 atoms and the diameter is also 30 A. The nanoindentation
models as shown in Figs.4(a) and 4(b), are made up of the three indenters, the PE model and the
POSS-PE model, respectively.

In the simulations, the COMPASS['?! force field is employed to describe the interactions between
atoms. First, the optimal structures of the models are obtained by using the conjugate gradient method.
The atoms of the indenter and the bottom of the sample are then fixed. After that, the indenter is started
to impress under strain loading step by step. And the equilibrium states are obtained through enough
relaxation at each step. Gradually load up to a certain degree, and then unload step by step. Thus, the
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Fig. 2. The indentation model.
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Fig. 3. The POSS-PE molecular chain.

Fig. 4. (a) The initial indentation models of PE (from left to right, the indenter tips were cube-corner, sphere, flat); (b)
The initial indentation models of POSS-PE (from left to right, the indenter tips were cube-corner, sphere, flat).

atomic motion trajectories of the models under loading and unloading processes are received. Note in
the loading versus displacement curve, the displacement is the movement distance of the indenter, and
the force is the total interaction force between indenter and sample. In all the simulations, the indenter
is ideal, i.e., its shape and size remains fixed. For the models, the displacement of indenter per step is
0.25 A, and the total displacement is about 20 A.

III. RESULTS AND DISCUSSIONS
3.1. Load-displacement Response

From the simulations of the nanoindentation, the deformation processes of the two models are visible.
With the aids of the indent loading and its displacement, the loading-depth curves of PE and POSS-
PE under three different indenters are depicted in Figs.5(a) and 5(b), respectively. And the curves of
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Fig. 5. (a) The load-depth curves of PE; (b) The load-depth curves of POSS-PE.

the three indenters are in agreement with the data of different indenters in Ref.[13]. Figure 5 shows
the forces of the POSS-PE model are much larger than that of PE, which represents the deformation
resistibility of POSS-PE is stronger than that of PE. In other words, the resistance of PE is enhanced
by incorporating POSS. In addition, several loading drop phenomena (or strain bursts) are observed
clearly from the three loading curves in Fig.5(a). This is consistent with Refs.[14,15]. For metal crystal,
it is believed that the main source of loading drop is collective nucleation or dislocation avalanches!*!.
Similarly, note that the slipping near the indenter tip maybe is the most important factor in load drop
phenomena for polymers. For the sake of simplicity, the slipping of two paralleled molecular chains of
PE is investigated. As the parallel relationship of the two chains, the slipping force and distance is
obtained directly. And then the slipping work Wy is calculated. Moreover, the external work W, and
the increment of potential energy AU must follow the law of conservation of energy, i.e.,

W, +W, =AU + U, (1)

Where, U, is the error caused by the simulation and calculation process. The calculation result shows
that all the values of U./AU seem negligible (less than 2.8%). Consequently, Eq.(1) could be rewritten
as follows:

Wy =AU — W, (2)

As shown in Eq.(2), owing to the external work W, being a positive value, the source of the drop of
potential energy (AU < 0) is that slipping consumes relatively more energy. Namely, slipping leads to
loading drop. Moreover, Eq.(2) shows that the slipping energy could be obtained via nanoindentation
simulation. The slipping energy of PE at each step is calculated by Eq.(2) and shown in Fig.6. Each
loading drop is corresponding to a certain protrudent slipping energy, i.e., the slipping occurs while
the load drops. Therefore, the loading drop phenomena are mainly caused by the slipping between
molecular chains.

However, the loading drop reduces obviously in Fig.5(b), compared with Fig.5(a). This should be
due to the less slipping in the POSS-PE model, which means the slipping between molecular chains of
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Fig. 6. Slipping-load relation of PE in nanoindentation.
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PE is suppressed by POSS. The critical reason is that the POSS monomer itself posses a cage structure
(Fig.1), which provides high stability and large volume. Thereby, it is difficult to deform, move and
rotate for the POSS monomer. In this case, the local area of POSS is restricted by constraints. Thus,
the slipping between PE molecular chains is suppressed by POSS.

3.2. Hardness and Young’s Modulus

Figure 5 shows that the contact force of the indenter is nearly zero when the indenter is far from the
substrate. And the force changes from attraction to repulsion as the distance shortens. In the process,
there is a critical value (when the force equals to zero), which is defined as the initial zero position.
Then, the contact depth is confirmed. Since the shape of the indenter is fixed, the contact area and the
projected area could be calculated approximately through the contact depth. And the contact loading
equals the resultant force of the indenter due to Newton’s third law. In general, two kinds of hardness
are defined on the basis of the two areas (contact area A, and projected area A,). One is the indentation
hardness!® 1617 given by

P
=2 ®)
P
and the other is Martens hardness!'®) given by
P
H=— (4)

According to Eq.(3), the indentation hardness of PE and POSS-PE under different indenters are
described in Fig.7. It’s clearly observed that only the hardness of the cube-corner indenter decreases
and converges with the increasing depth; while the hardness of the spherical indenter and the flat
indenter shows a rising trend, and the values of them are obviously larger than that of the cube-corner
indenter in the later period. This is consistent with the data reported in Ref.[19]. The reason is that the
projected area of the flat indenter is a constant, and that of the sphere indenter tends to a constant.
Their indentation hardness keeps rising with the increasing load. One possible reason to cause this
phenomenon is the large friction between the indenter and the substrate.
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Fig. 7. (a) The indentation hardness of PE; (b) The indentation hardness of POSS-PE.

Martens hardness of PE and POSS-PE under different indenters are calculated by Eq.(4) and shown
in Fig.8. Unlike the indentation hardness, Martens hardness under the three different indenters converges
to the same value. Actually, the three indenter tips all act on the same area of the same model. Thus,
it is reasonable that the three curves tend to the same value. And the hardness of PE is in accord with
Ref.[20]. In other words, Martens hardness eliminates the influence of the shape of indenters. The result
indicates Martens hardness is much more befitting for PE and POSS-PE in this paper. In addition, it’s
inferred that Martens hardness also is more suited to the nanoindentation with large friction between
the indenter and the substrate. Furthermore, both the indentation hardness and Martens hardness of
POSS-PE displayed in Figs.7 and 8 are much larger than those of PE for each indenter. Therefore,
incorporated with POSS, the mechanical properties of PE are greatly improved.
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Fig. 8. (a) Martens hardness of PE; (b) Martens hardness of POSS-PE.

Through fitting the curves of Fig.8, Martens hardness of PE and POSS-PE under different indenters
are listed in Table 1. Based on Oliver and Pharr!*l method, their Young’s moduli are obtained from
the unloading curves of Fig.5.

LI
=2 5)

26 VA
where, 3 is the dimensional parameter related to the shape of the indenter (3 = 1.05 for cube-corner
indenter, 3 = 1 for spherical indenter and flat indenter[!”), 4 is the projected area, and S is the unloading
stiffness given by

E.

dP
=\ 5 =B hmax —h m—l
s (M>%%M m ) (6)

where, hmax is the maximum depth, Ay is the final depth after the indenter is fully unloaded. B and

m are power law fitting constants. From Eq.(7), B and m could be obtained by fitting the data of the
upper portion of the unloading curve during the initial stage of unloading.

P=B(h—hy)" (7)

Table 1. Martens hardness and Young’s modulus of PE and POSS-PE

Martens hardness (GPa) Young’s modulus (GPa)
Model Cube-corner Sphere Flat Cube-corner  Sphere  Flat
PE 0.424+0.05 0444+0.09 0.45+0.05 5.40 5.68 8.05
POSS-PE  1.08 +£0.06 0.98 £0.08 1.02+£0.07 24.12 21.76  33.20

As shown in Table 1, the values of Young’s moduli of PE are consistent with Ref.[21]. Clearly, for each
indenter, Martens hardness and Young’s modulus of POSS-PE are much larger than those of PE. And
the enhancement effect is similar to that of POSS on polypropylene in Ref.[22]. The result indicates that
the mechanical properties of PE improve obviously by POSS. In addition, for the cube-corner indenter
and spherical indenter, the values of Young’s moduli have little difference. However, the value of Young’s
modulus for the flat indenter is much larger. The main reason of the large difference in Young’s modulus
includes 2 factors. One is that there is high stress concentration at the edge of the bottom of the flat
indenter, and it changes obviously during the unloading process. But the stress concentrations are not
significant for the other two indenters. Another is that the size of the indenter is too small due to the
limitation of the capabilities of computers. So it is difficult to eliminate the stress concentration. Thus,
the unloading curves are influenced obviously by the stress concentration. In other words, Young’s
modulus obtained from the unloading curves contains the impact of stress concentration at the edge
of the indenters.
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IV. CONCLUSIONS

In this paper, we adopt molecular mechanics method to simulate the nanoindentation behaviors of
two models of PE and POSS-PE. Three different shapes of diamond indenters (cube-corner indenter,
cylindrical indenter with spherical tip and cylindrical indenter with flat tip) are employed. The load-
displacement responses, hardness (indentation hardness and Martens hardness) and Young’s modulus of
PE and POSS-PE are obtained. Comparing the load of PE model with that of POSS-PE under the same
depths, the result shows that the mechanical properties of PE increase dramatically by POSS. Then,
the enhancement mechanism of POSS is analyzed. Because the POSS itself has a three-dimensional
structure of space with a big volume, besides the structure is steady and hard to deform. The deformation
and slipping of molecular chains near POSS monomer are suppressed, which leads to the enhancement
by POSS. In addition, loading drop phenomena of load-displacement curves are analyzed. The major
cause is the slipping of molecular chains around the indenter tip. From the curves of the indentation
hardness and Martens hardness, it is found that the different shapes of indenters cause a large impact
on indentation hardness, but a little impact on Martens hardness. This implies that Martens hardness
applies to the nanoindentation with large friction between the indenter and the substrate. Moreover,
Young’s moduli of different indenters indicate that Young’s modulus of the flat indenter is much larger
than that of the cube-corner indenter and spherical indenter, due to the impact of stress concentration
at the edge of indenters.
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