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ABSTRACT

In this study, the mechanical and thermal behavior of the nano-
reinforced polymer composite reinforced by Montmorillonite (MMT)
nanoparticles is investigated. Due to low cost of computations, the
3D representative volume elements (RVE) method is utilized using
ABAQUS finite element commercial software. Low-density poly
ethylene (LDPE) and MMT are used as matrix and nanoparticle
material, respectively. By using various geometric shapes and weight
fractions of nanoparticle, the mechanical and thermal properties such
as Young’s modulus, shear modulus, heat expansion coefficient and
heat transfer coefficient are studied. Due to addressing the properties
of interfacial zone between the matrix and nanoparticle, finite
element modeling is conducted in two ways, namely, perfect bonding
and cohesive zone. The results are validated by comparing with
experimental results reported in literature and a reasonable agreement
was observed. The prediction function for Young’s modulus is
presented by employing Genetic Algorithm (GA) method. In
addition, Kerner and Paul approaches as theoretical models are used
to calculate the Young’s modulus. It was finally concluded that the
magnitude of the Young’s and shear modules increase by adding
MMT nanoparticles. Furthermore, increment of MMT nanoparticles
to polymer matrix nanocomposite decrease the heat expansion and
heat transfer coefficients.
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1 INTRODUCTION

NHERENT behaviors of the pristine polymer are not sufficient and are needed to be modified by mixing with
appropriate materials. For instances, we can consider combining elastomers such as ethylene-propylene-diene
monomer and high density poly ethylene or blending of nylon-6 and clay nanoparticles to enhance the intrinsic
properties of pristine polymer. Many researchers have widely dedicated their researches to this subject so far. For
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example, Fornes et al. [1] examined the reinforcement of nylon 6 by layered aluminosilicates (LAS) and glass fibers
by utilizing Halpin—Tsai and Mori—-Tanaka as composite theories. Karamane et al. [2] prepared methacrylate/clay
nanocomposite via in-situ polymerization. Their results illustrate that the increase in clay loading leads to a slight
decrease in the mechanical properties. Mahmood et al. [3] presented MMT clay encapsulation in polyethylene glycol
(PEG) by an electro spraying process. Paliwal et al. [4] suggested the nano-mechanical modeling of interfaces of
polyvinyl alcohol (PVA)/clay nanocomposite. The results showed that PV A/clay nanocomposites with higher degree
of exfoliation compared with nanocomposites with higher clay-intercalation have higher strength under tensile
loading. Zeng et al. [5] proposed simulation of polymer nanocomposites. They presented some computational
procedures that have been applied to nanocomposites to understand and predict capability of polymer
nanocomposites. Moreover, they founded that molecular simulation is useful to investigate molecular interactions
and structures in the scale of nanometer. Zeng et al. [6] investigated clay-based polymer nanocomposites and
showed that clay nanoparticles, owing to their specific layered structure and availability at low cost, are promising
nanoparticle reinforcements for polymers to fabricate low cost, light-weight and high performance nanocomposites.
Raja et al. [7] studied influence of three-dimensional nanoparticle branching on the Young’s modulus of
nanocomposites and they illustrate that branched nanofillers have the potential for optimization of Young’s modulus
over their linear counterparts. Wang et al. [8] developed numerical simulation to investigate the effect of interfacial
bonding on interphase properties in SiO2/Epoxy nanocomposite. Plethora of studies has been done to recognize the
behavior of reinforced nanocomposites by using approaches such as molecular dynamic (MD) simulations [9-13],
analytical [1, 14, 15], computational continuum based theories [16], and multi scale methods [17-20]. To assess the
elastic properties of nanocomposites, a feasible method is to build up a representative volume element (RVE)
included by a cubic body of matrix with a nanoparticle. In the theory of composite materials, the representative
elementary volume (REV) or the RVE or the unit cell is the smallest volume over which a measurement can be
made that will yield a value representative of the whole [21]. Shahzamanian et al. [22] evaluated the effective elastic
properties of Cementitious materials by using RVE method. Ali et al. [23] used the RVE model to analyze the effect
of Boron Nitride nanotubes in Beta Tricalcium Phosphate and Hydroxyapatite elastic modulus. Based on the
asymptotic homogenization method, a description of the derivation of the local problems and the formulae to obtain
all homogenized effective coefficients of a thermomagneto-electroelastic (TMEE) periodic heterogeneous media
were given [24]. Lezgy-Nazargah et.al developed a fully micromechanical model for estimating the effective
coupled thermo-electro-clastic material coefficients of three-phase piezoelectric structural fiber composites [25].
Lezgy-Nazargah developed a fully micromechanical model based on iso-field assumptions for computing the
effective coupled thermo-electro-elastic material properties of Macro Fiber Composites (MFCs) in the linear regime
[26].

Novel to this work is to investigate the role of MMT clay nanoparticle in the mechanical and thermal behavior of
polymer matrix nanocomposite. Also, we develop representative volume element (RVE) model that pave the way
for nanocomposite simulations to study nanocomposites conveniently. Numerical results are compared with the
studies reported in the literatures. The rest of the article is organized as follows. In section 2, the finite element
procedure such as material model, boundary conditions, and so on are described. In section 3, numerical results and
discussion about results are considered, and finally in section 4, some main conclusions are presented.

2 NUMERICAL SIMULATION

In order to study the effects of nanoparticle, which used to strength the nano-reinforced polymer composite on the
mechanical and thermal properties, the simulation was done by ABAQUS 6.14 considering general static and 3D
analysis.

2.1 Finite element method

Owing to declining computational cost, all of the numerical simulations were performed with a three dimensional
RVE model as indicated in Fig.1. The selected sector dimensions are, D =50nm with three different values of L.
The finite element solution converged for the element size of 3 nm with type of C3D8R, which has an 8-nodes linear
element. The mesh gridding is shown in Fig. 2.

One of the most important subjects in such simulations is how to model interaction surface between the polymer
matrix and the nanoparticle. Perfect bounding (tie constraint) and cohesive zone model method are two common
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methods for simulating this procedure. In this work, the two types of constraint are used and results are compared
with each other.

Fig.1
The RVE geometry and assembly model used in the
simulation.

(@ (b)

Fig.2
RVE’s mesh (a) polymer matrix nanocomposite (b) MMT nanoparticle.

2.2 Material property

In this study, the linear low-density polyethylene with trade name LL209AA and MMT are used as the polymer
matrix and nanoparticle, respectively. These materials are widely used in industry particularly in automotive field
due to their low density compared to metals and their specific advantages over the plastics [27]. The mechanical and
thermal properties of materials are provided in Table 1.

Table 1
Mechanical and thermal properties of MMT and LDPE.
Material E (GPa) v plgr/em?®) a(107°/°C) KW /mK)
Montmorillonite 178 0.2 2.83 0.59 0.15
LDPE 0.105338 0.35 0.92 24 0.33
2.3 Model validation

In order to verify the accuracy of numerical results in the finite element simulation, the Young’s modulus against
weight fraction of MMT nanoparticles was compared with the experimental one reported by Yas et al. [28] as shown
in Fig. 3.

As observed in Fig. 3 the comparison shows pretty a reasonable agreement between the empirical and the present
results, which provides some verification of the simulation model. It should be noticed that the difference between
experimental and numerical results might be attributed to the some errors that may be happened in the experimental
test conditions or probably due to some technical issues during preparation of the nanocomposite, which were not
considered in the RVE model.
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3 NUMERICAL RESULTS AND DISCUSSION

In the current work, the numerical simulations of the polymer matrix nanocomposite reinforced with MMT
nanoparticle under tensile loading test were performed. The simulations are examined for deriving mechanical and
thermal properties of nano-reinforced polymer composite based on two different models. The first model is obtained
by applying tie constraint (Perfect bounding) and the second one is based on the cohesive zone model. It is

noteworthy that all the mechanical results are obtained along the surface, which is created by opting elements in the
middle of the cubic model as illustrated in Fig. 4.

T

"\ ‘. ’ . | Fig.4
§ ‘ Element sets of nanocomposite.

3.1 The effect of weight fraction on the Young’s and shear modulus

The general stress-strain relations are used to calculate the Young’s modulus as expressed in Eq. (1) [29].

1 v v
e E E FE o,
o=l EE | "
B v v 1L

| E EE|

where, ¢ ,¢&, ,and ¢ are strains along x, y, and z directions, respectively. o, , o, and o, are stresses in x, y, and

z directions, respectively. Also, £ and v are Young’s modulus and Poisson’s ratio, respectively. Since the finite

element model is symmetric, the above equations are reduced to one equation in the direction of tensile load. As
observed in Fig. 5, RVE is subjected to tensile loading in x direction.

Fig.5
Tensile loading direction.
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In tensile loading, strain component in transverse plane can be defined as Eq. (2):

L= @

where, AL is change in length of RVE and L referees to initial length. By integrating and calculating the average of
stress and strain in Z-Y plane which is indicated in Fig.4, the mean stress and strain can be calculated as:

1
c,, = Z;I;O-X (0,y,z )dydz 3)

1
gave =
A

j&‘X (0,y,z )dydz 4)

where, 4 is the area of the RVE’s middle surface section. The Young’s modulus can be obtained by dividing Eq.(3)
to Eq.( 4) as:

o
E =_aec
L= (5)

ave

Three different weight fractions of 3, 5, and 7% for two types of entire bounding including tie constraint and
cohesive zone model were studied in this paper. The corresponding bar charts are shown in Fig.6 and Fig.7.

Fig.6 and Fig.7 clearly show that increase in weight fraction of MMT nanoparticle results in the increase of the
Young’s modulus of nano-reinforced polymer composite. Based on the definition of the shear modulus, there is
straight relationship between the shear modulus and the Young’s modulus, it can be concluded that by increasing the
weight fraction of MMT nanoparticle, the shear modulus of nano-reinforced polymer composite increases.
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3.2 The effect of nanoparticle diameter on the Young’s modulus

The properties of the polymer matrix are strengthened by adding nanoparticle because nanoparticles have extremely
active surface as well as high surface to volume ratio. The surface to volume ratio for particles can be stated as:

Apam'cle _ 472'7"2 _g
V 4/3zr’ r (6)

particle

Three diameters of 20, 40, and 50 nm were considered in this study. The Young’s modules for each diameter of
two cases of perfect bounding and cohesive zone model are shown in Fig.8 and Fig.9, respectively.

The results shown in Fig.8 and Fig.9 clearly indicate that the Young’s modulus decreases with the increase in
diameter of nanoparticle. For instance, for the diameter of 25 nm, the Young’s modulus is approximately 119.75 and
107, for two different models respectively. It is prognosticated that the value of the Young’s modulus derived in
case of cohesive zone model is slightly lower than which one in case of perfect bounding.
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3.3 The effect of weight fraction on heat expansion coefficient

In order to calculate the heat expansion coefficient, the general equation of stress-strain relation under mechanical
and thermal loading expressed as follows:

1 v v
e E E E|g |
e == 2L v g At 0)
‘ EE E|
€. v v 1 |L%: 1
| E EE |

Indeed, « is heat expansion coefficient and A7 is change in temperature. Due to lack of mechanical loading
in x, y and z directions and symmetric geometry of RVE, Eq. (7) is reduced as follows:
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g, =aAT ®)

x

Three weight fractions including 3, 5, and 7% were considered to investigate the effect of weight fraction on the
heat expansion coefficient. The heat expansion coefficient against various weight fractions is shown in Fig.10.

Fig.10 clearly illustrates that increase in the weight fraction of the MMT nanoparticle results in decrease of the
heat expansion coefficient.
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0.00000
o 3 5 7
w
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3.4 The effect of weight fraction on heat conductivity coefficient

In order to derive the heat conductivity coefficient, the simulation was done under heat flux boundary conditions. To
do this, the heat flux was applied to nano-reinforced polymer composite as shown in Fig.11.

Fig.11
Surface heat flux boundary conditions.

In this case, simulations were done with three different weight fractions of 3, 5, and 7%. It should be noted that
the heat conductivity (K, ) and heat transfer relation (¢, ) relations can be defined as follows:

_ gL
K, = T 9

where, ¢, and AT=T,-T) are assumed according to Fig.12. T, and ¢, are defined as boundary conditions and T; is
derived from simulation.

N —— x Fig.12
P Boundary conditions.
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Fig.13 depicts the heat conductivity for different values of the weight fractions of MMT nanoparticle. Fig.13
indicates that the heat transfer coefficient is pretty decreased with the increase of the weight fractions of MMT
nanoparticle. The results shown in Figs. 6, 7, 8, 9, 10, and 13 clearly indicate that how it is possible to modify
mechanical and thermal properties of nano-reinforced polymer composites by adding nanoparticles. As the results
illustrated in Figs. 6 and 7 suggest, the increase in percentage of weight fraction results an ascending trend in the
Young’s modulus in two various types of interfacial zone modeling. Analogous trend can be seen for the shear
modulus versus percentage of nanoparticle’s weight fraction. Moreover, Based on Figs. 8, 9, in perfect bounding and
cohesive zone modeling, the increase in the radius of the nanoparticle follows a diminishing trend in the Young’s
modulus. Furthermore, Figs. 10 and 13 apparently show that heat expansion and heat conductivity coefficients
decrease by increasing in percentage of the nanoparticle weight fraction. It is noteworthy that the Young’s modulus
in case of perfect bounding model is always over the Young’s modulus in case of cohesive zone modeling for
various values of nanoparticle’s weight fraction percent. In order to investigate the distribution of von Misses stress
for nanocomposite with presence of clay nanoparticle, von Misses stress counter is shown in Fig.14 with various
weight fractions of MMT nanoparticle in case of perfect bounding model.

As shown in Fig.14, a large amount of von Misses stress is carried by MMT nanoparticle with respect to matrix.
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Fig.14
Von Misses stress (a) Weight fraction of 3%, (b) Weight
fraction of 5%, and (c) Weight fraction of 7%.
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3.5 Theoretical prediction by genetic algorithm

In this paper, in order to predict the mechanical and thermal properties for any weight fraction without considering
agglomeration of nanoparticle, Genetic Algorithm (GA) is implemented in a Matlab code. GA procedure is a strong
tool to find an accurate solution to a complex optimization issues [30]. First, it is assumed the material properties
can be described by a simple polynominal depending on the nanoclay weight percentage. The coefficients of this

polynomial function are found by maximizing the accuracy. The “1-R azdj “is introduced as fitness function which is
to be minimized. “R ai,/. ” is accuracy criterion of an arbitrary mechanical property function (such as Young’s
modulus). “R;,/. ” is defined as a process which is demonstrated below. The mechanical property is function of
nanoclay weight percent and “R jdj ” is a function of coefficients which are introduced below. M, and W are

considered as the mechanical properties and the nano clay weight percent respectively. The M, is expressed as a
polynomial function of W as follows:

I J 10
M, =" aw (10)

Now, the coefficients a,, are found by maximizing the accuracy of polynomial function. The equations can be

written as:

, , VAR,

“ " VAR, an
In which
VAR, =SS, /(n—k -1) (12)
VAR, =SS, /(n-1) 13)
SSpu =2 (v, =7) (14)
SSp, =>" (v,-M,) (15)
S
T (16)
M, (W)=a, +aW +a,W*+a, W’ a7)

In these equations n=4 is the number of experiments, =0 is the number of duplicated experiments and y,

denotes the experimentally measured mechanical properties. a,, coefficients are obtained after approximately 40

generations by minimization of “1—-R j{,/. “ through using MATLAB,. Obtaining the a, , coefficients, the mechanical

and thermal properties modulus of uniformed distribution can be expressed as function of nanoclay weight percent
as follows:

E(Wt)=10°[ 0.03597¢* —0.508G7t" +6.0339¥t +105.34] (18)

E(Wt)=10°[ 0.09230¢* —0.96637't* + 448971 +101.73 | (19)
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a(Wt)=107]0.00147¢* +0.028G71> —1.09867t +24 | (20)

K (Wt)=2x10"Wt* -3x10"Wt* —0.0006%¢ +0.33 2]

where, Wt is MMT clay nanoparticle weight fraction.

In order to verify mechanical properties such as the elastic modulus, the present results for Young’s modulus
based on Egs. (18,19) are compared to theoretical models proposed by Kerner [31, 32] and Paul [32, 33]. Kerner and
Paul prediction in case of perfect interfacial adhesion can be stated as follows, respectively:

Ec _ 2 3

m

E, 1+(m -1)¢*"

c

E_m: 1+(m —1)(402/3 —(p)

(23)

where subscripts of ¢ and m are referring to composite and matrix, respectively. Moreover, m is ratio of
nanoparticle’s elastic module and the elastic modulus of matrix and ¢ is volume fraction of nanoparticle, which can

be defined as correction form of bellow:

Wt
= D_},“ 24)

Table 2., shows ratio values of —= based on Kerner and Paul theories which are compared to experimental ones
presented by Yas et al. [28] as well as the present numerical results.
Based on the results provided in Table 2. , it is clear that the values of Young’s module in case of experiment and

FE are tiny smaller than those calculated using the Kerner and Paul prediction models. This deviation mainly is due
to neglecting agglomerating effects. Former studies showed that when the agglomerates of nanoparticles are
considered in polymer matrix, the predicted elastic modulus decreases [32]. Furthermore, according to mechanical
behavior results derived in two various types of interfacial zone, namely perfect bounding and cohesive zone
modeling, it is well-known that mechanical behavior of composites can be significantly affected by way of modeling
this region. For this reason, it can be concluded that the deviation of theoretical and experiment results may be due
to lack of knowledge about the interfacial zone and its morphology and mechanical characterization.

Table 2
Comparison of Elastic modulus calculated by theoretical, experimental, and FE models (Wt=3% and D,=25nm).
Kerner Model Paul Model Experiment [25] FE
E
EC 1.114445 0.989353 0.683067 0.673146

4 CONCLUSIONS

A comprehensive 3D finite element simulation was implemented to investigate the mechanical and thermal behavior
of a polymer matrix nanocomposite reinforced by MMT nanoparticles. From the current study, some conclusion
remarks can be obtained as follows:
e The Young’s and shear modulus increase by increasing weight fraction of MMT nanoparticles.
e Young’s modulus of the nano-reinforced polymer composite increases with decrease in the nanoparticle
diameter.
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Nanoparticles carry well stresses induced by loading.

Adding nanoparticles causes the heat expansion coefficient to decrease while this causes the heat stability
of the nano-reinforced polymer composite to increase.

Increment of weight fraction of MMT nanoparticle increases the heat expansion coefficient of the nano-
reinforced polymer composite.

Heat transfer coefficient of the matrix decreases by adding MMT nanoparticle which this causes the nano-
reinforced polymer composite is being an excellent insulation.

Heat expansion coefficient of the nano-reinforced polymer composite decreases with increase in weight
fraction of MMT nanoparticle.

The modeling and results derivation procedure considered in this paper can be a very effectual tool to
analyze reinforced polymer composites with particles.
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