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Investigation on Efficiency of Analytical
Relations to Predict the Properties of
Reinforced Nanocomposites

Sina Mosalman' Samrand Rash-Ahmadi”

1- Introduction

In order to improve the mechanical behavior of
materials by adding different reinforcements, several
studies have been performed. Beside experimental
studies, analytical studies also have gotten attentions.
In these studies, the focus is on analytical models
which can predict behavior of composite with
different percentage of reinforcements. These models
are presented by considering parameters such as
shape, size and type of particles of base and filler
material. The use of these relationships is to reduce
practical experiments and to reduce waste of time and
consequently financial costs.

Since in previous studies there was no
comprehensive comparison between the existing
analytical relationships, it was decided to study and
evaluate the effectiveness of the existing relationships
in comparison with each other. At first, different
analytical models are introduced. Then the effects of
different volumetric percentages of titanium dioxide,
silicon dioxide and aluminum oxide nanoparticles on
the mechanical properties of polymethyl methacrylate
polymer are studied. Finally, the experimental results
are compared with the results of the analytical
relationships to determine the most accurate model or
models in estimating the mechanical properties of
reinforced polymer nanocomposites with the
mentioned oxide nanoparticles (Table 1).

Table. 1. Density, volume fraction & results obtained
from experimental tests samples

- Modulus | Change
Specimens ‘g g Vi of compared
P 32 " | Elasticity | to pure
=~ (MPa) | sample (%)
Pure PMMA 1.180 2913.77

PMMA + TiO,0.5wt % | 1.189 | 0.0015 | 2949.00 1.21

PMMA + TiO, 1.0 wt % | 1.193 | 0.0030 | 3022.90 3.75

PMMA + TiO,2.0 wt % | 1.202 | 0.0060 | 3111.50 6.79

PMMA + Si0,0.5wt % | 1.183 | 0.0025 | 2860.90 -1.81

PMMA + SiO,1.0wt % | 1.186 | 0.0050 | 2964.60 1.74

PMMA + Si0,2.0wt % | 1.192 |0.0100 | 3024.20 3.79

PMMA + Al,030.5wt % | 1.184 | 0.0015 | 3032.60 4.08

PMMA + Al,O;1.0 wt % | 1.188 | 0.0030 | 2698.90 -7.37

2-Analytical Models

Models designed to explain the behavior of a
substance are known as theoretical models. The
purpose of presenting these models is to derive a
relationship that can be used to predict the behavior of
materials ~ without  requirement of  practical
experiments.

The models studied in this study are: Manera
Approximation Model, Modified Density Function-
Pan’s Model, Christensen and Waal’s Model, Hirsch’s
Model, Modified Halpin-Tsai relation, Lavengood
and Goettler relation, Einstein’s Model, Voigt and
Reuss bounds, Hashin and Shtrikman bounds.

3-Experimental Steps

The samples were prepared in several steps as
described below. In the first step, the reinforcing
nanoparticles were combined with the polymer (which
had already been dried in a separate device for
dehumidification) at the desired mass percentages and
turned into granules. Polymethyl methacrylate was
selected as the base matrix and titanium dioxide,
silicon dioxide and aluminum oxide nanoparticles
with a particle size of approximately 20 nm were
selected as reinforcement. Next, the ZSK-25 twin-
screw extruder (manufactured by the German
company Caprion Werner and Floider) was used to
melt and combine the material. The nanocomposite
granules were obtained in the desired mass
percentages. The specimens were prepared by
injection molding of granules into molds.

4-Results & Discussions
The results obtained from experimental tests indicates
that the effect of titanium dioxide nanoparticles on the
base matrix was more than other nanoparticles.
Examining the results of experimental experiments
and comparing them with the results extracted from
the analytical relations revealed interesting results. All
specimens containing TiO, nanoparticles improved
the modulus of elasticity of the base polymer. By
adding 0.5, 1 and 2 weight percentage of TiO;
nanoparticles to polymethyl methacrylate, the
modulus of elasticity increased by about 1.5, 4 and
7%, respectively. The modulus of elasticity for 0.5, 1
and 2 weight percentage of SiO, nanoparticles
reported -2, 2% and 4%, respectively, and for 0.5 and
1 weight percentage of Al,Os, reported 4% and -7.5%.
Except for two cases (0.5 wt.% of silicon oxide and
0.1 wt.% of aluminum oxide), in all other cases,
increasing the weight percentage of the nanofillers
resulted an increase in the modulus of elasticity of the
material. The reduction of the Young's modulus for
composites with 0.5 wt.% silicon oxide can also be
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2 Corresponding Author; Associate, Department of Mechanical Engineering, Urmia University, Urmia, Iran .
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due to the lack of uniform dispersion of the
nanocomposites.

The results obtained from the analytical relations
(FIG.1to 3 for TiO, 2.0 wt.%, SiO, 2.0 wt.% & Al;,03
1.0 wt.%) show that the theoretical models correctly
predict the trend for all samples except the sample
with 1 wt.% of aluminum oxide, and in some models,
they present the result with high accuracy. In fact, it
can be said that the relationship between Lavengood
and Goettler estimates all the results with an
approximate difference of 23 to 33% compared to the
experimental results, due to the low weight percentage
of nanocomposites in this study. The upper and lower
bound models of Voigt and Reuss or Hashin and
Shtrikman provide a suitable interval for estimating
the Young's modulus of composites. Pan's 3D model
and Christensen and Waal's 3D models predict the
Young's modulus more accurately rather than their 2D
models. With examining the output of the models and
comparing them with the experimental results, it can
be said that the Pan's three-dimensional model
predicts accurate values with a small difference for the
majority of results. Noteworthy, which occurs with
increasing the weight percentage of the amplifier, the
accuracy of the results for values greater than 0.2 wt.%
of the amplifier. In this case, with increasing the
amount of amplifier, the clumping effect occurs,
which due to the lack of this effect in the analytical
relations, the above results cannot be invoked with
certainty. With increasing amounts of nanoparticles,
the clumping effect occurs. Due to the lack of this
effect in the analytical relationships, for a higher
percentage of weight of the reinforcing nanoparticles
the results cannot be cited with certainty.
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Fig. 5 Comparison of analytical results of young’s modulus with
experimental results (for samples containing 2.0 wt % TiO2)
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Fig. 8 Comparison of analytical results of young’s modulus with
experimental results (for samples containing 2.0 wt % SiO2)
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Fig. 10 Comparison of analytical results of young’s modulus with
experimental results (for samples containing 1.0 wt. % Al20s)

Finally, the most suitable models can be
summarized in terms of reinforcing particles as
follow:

1) The use of different weight percentages of
reinforcing nanoparticles to improve the
mechanical  properties of  polymethyl
methacrylate generally led to an increase in
the modulus of elasticity. This increase
depends on the type of reinforcing particles.

2) If the number of reinforcing particles is more
than a certain percentage, it leads to structural
defects. This causes to mechanical properties
of material remain constant and even reduce
rather to base matrix. In the present study, this
was revealed for Al,Os nanoparticles at 1
wt.%.

3) Among the proposed analytical models, the
Pan's 3D model (with the lowest mean
difference and the least standard deviation) is
the most suitable model for titanium dioxide
reinforcement nanoparticles.

4) The analytical model that provides the most
accurate prediction for the silicon dioxide
nanoparticles is the Pan's 3D model (with the
lowest mean difference) and the Pan's 2D
model (with the lowest standard deviation).

5) The analytical model that is suitable for
aluminum oxide nanoparticles is introduced
as the Hashin and Shtrikman's low bound
(with the lowest mean difference and the
lowest standard deviation).

As the final result, to choose a model for composites
reinforced with all three types of nanocomposites of
titanium dioxide, silicon dioxide and aluminum oxide,
the best option is Pan's 3D model which provides best
results for all nanocomposites.
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