N

N

Exploring the mechanical performance of BaTiO3 filled
HDPE nanocomposites: A comparative study of the
experimental and numerical approaches
Atilla Atli, Jean-Philippe Noyel, Ahmad Hajjar, Kevin Antouly, Etienne

Lemaire, Sandra Simon

» To cite this version:

Atilla Atli, Jean-Philippe Noyel, Ahmad Hajjar, Kevin Antouly, Etienne Lemaire, et al.. Exploring the
mechanical performance of BaTiO3 filled HDPE nanocomposites: A comparative study of the exper-
imental and numerical approaches. Polymer, 2022, 254, pp.125063. 10.1016/j.polymer.2022.125063 .
hal-04174822

HAL Id: hal-04174822
https://univ-tours.hal.science/hal-04174822
Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://univ-tours.hal.science/hal-04174822
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0032386122005511
Manuscript_bbfce79bae2b422f0ceec674fa5c2a96

Exploring the mechanical performance of BaTiOs filled HDPE nanocomposites:
A comparative study of the experimental and numerical approaches

Atilla ATLI*", Jean-Philippe NOYEL?, Ahmad HalJAR?, Kevin Antouly?, Etienne LEMAIRE?, Sandra SIMON?

IUniversité de Lyon, ECAM LaSalle Lyon, LabECAM, F-69005, Lyon, France
2GREMAN, UMR-CNRS 7347, University of Tours, 16 rue Pierre et Marie Curie, BP 7155, 37071 Tours

Cedex 2, France

* Corresponding author: atilla.atli@ecam.fr

Abstract

The mechanical behavior of BaTiO; incorporated High-Density Polyethylene (HDPE) nanocomposites
up to 40% in volume is investigated experimentally through tensile tests. The results showed that
Young’s modulus increased with increasing amount of BaTiOs; particles, indicating a higher stiffness. A
numerical approach based on a micromechanical model showed the same trend, but with values lower
than the experimental ones for all the composite concentrations. The influence of the particle
distribution (uniform or random) in the Representative Volume Element (RVE) as well as the RVE size
were particularly investigated. The effect of the strain and strain rate on the Young’s modulus was
highlighted experimentally and numerically. The influence of the filler particles on the strain and stress
field distributions in RVE was shown to be a key parameter in the mechanical response of the
nanocomposites and revealed the necessity to take into account the true behavior of HDPE in the
numerical modeling.
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1 Introduction

Nowadays, high performance multifunctional materials are needed for several industrial and
technological applications. The incorporation of fillers into polymer matrices is one of the most
effective approaches to manufacture such materials and to develop new ones. This process has also
scientific importance since the key parameters behind the modification of the polymer matrix
properties by the presence of fillers are of interest.

The polymer nanocomposites, obtained by incorporation of nanoparticles in a polymer matrix are a
promising family of materials since the properties of nanocomposites can be tailored for several uses
by adjusting the polymer and filler parameters. Polymer nanocomposites are usually formulated by
using the synergy generated by combination of both components: polymer and nanofillers. Such
combination permits to use the advantages of the special characteristics of nanoparticles leading to
unique properties (synergy). Prepared mixtures can also benefit from the easy processability of
polymers.

The polymers used as matrix can be thermoplastics or thermosets and the fillers can be selected among
metals, synthetized ceramics, minerals or natural materials depending on the limitations (economical,
technical etc.) and the targeted final performance of the composite material [1].

Among the filler materials, barium titanate (BaTiOs) is used for its inherent properties. Barium titanate
is a ferroelectric ceramic material frequently employed by the electronics industry for various
applications like capacitors, non-linear positive temperature coefficient resistors, piezoelectric
transducers [2-5], high frequency applications (>GHz) in the telecommunications industry such as for
beam steering, antennas and electromagnetic interference (EMI) devices [6,7]. It has also several
medical applications since it is considered as biocompatible [8,9]. The incorporation of BaTiOs fillers
into polymers has received special attention [10] due to the combination of excellent processability
and usual properties (mechanical, thermal, electrical etc.) of each component. BaTiOs particles have
been incorporated into different polymer matrices like PVDF [11], ethylene vinyl acetate (EVA) [12],
polypyrrole [13], polypropylene [14], epoxy [15,16], PMMA [17], rubber [18], ethylene propylene diene
monomer (EPDM) [19]. A detailed investigation has been reviewed by Su et al. [10] by targeting mainly
the dielectric properties of polymer/BaTiOs; composites.

Despite the fact that High Density Polyethylene (HDPE) is one of the most used thermoplastic
polymers, there are a few works on the BaTiOs incorporated HDPE in the literature [20-24]. Su et al.
[20] have studied the rheological, dielectric (in MHz frequency range), electrical and mechanical
properties in flexural mode. They have found that the dielectric constant and flexural moduli have
increased with increasing BaTiO; amount but the volume electrical resistivity has decreased. Su et al.
[22] have investigated binary nano and micro sized BaTiOs; particles incorporated HDPE. They have
concluded that when the packing density was high, the dielectric constant, flexural, and impact
strength of HDPE/BaTiOs composites simultaneously have reached the maximum value. A similar
synergetic effect have also shown for PP filled by a mixture of nano sized Al,Os-micro sized BaTiOs;
particles [14]. Gonzalez-Benito et al. [23] and Martinez-Tarifa et al. [24] have prepared BaTiOs/HDPE
submicronic composites up to 20 wt% (i.e. 3.7 vol%). They have concluded that the electrical resistivity
and the dielectric strength decreased with increasing BaTiOs filler amount. No detailed mechanical
characterization of BaTiO3-HDPE composites was found in the literature except the work of Su et al.
[20] in flexural mode and, to our knowledge, no numerical investigation was realized in the past on
these composites.

In the present study, the mechanical properties of BaTiOs; incorporated HDPE nanocomposites are
experimentally and numerically investigated. In particular, the variation of the Young’s modulus of the



nanocomposites as a function of the volume fraction of the nanoparticles is assessed. The
experimental evaluation is done via tensile tests on nanocomposites with filler amounts varying from
0 to 40 vol%. These tests were then completed by a numerical approach. A finite element model based
on a Representative Volume Element is used to predict the mechanical behavior of the nanocomposite
and to determine its Young’s modulus value for various particle volume fractions. The present work
highlights also the influence of different particle distributions (uniform, random) resulting different
stress and strain field distributions in RVE and strongly affecting the mechanical performance of
composites.

The paper is organized as follows. In Section 2, the materials used along the investigation are
introduced. The preparation of the nanocomposites is described, as well as their thermal and structural
characterization. Section 3 focuses on the analysis of the Young modulus of the nanocomposites. The
experimental tests and results are first presented. The numerical approach is then developed and its
outcomes are analyzed. A comparison between the experimental and numerical results is finally
discussed and future directions of work are suggested.

2 Materials, methods, sample preparation and characterization

2.1 Materials
The polymer used in this work was HDPE provided by the manufacturer SABIC. It has a density of 0.96
g/cm3 and a melt flow index (MFI) of 8 g/10 min (at 190°C and 2.16 kg) as indicated by the provider.

Barium titanate (BaTiOs) powder purchased from Sigma Aldrich was used as filler. According to the
supplier, its purity is 99.5 % and its density is 6.08 g/cm3. The particles have a size of <2um. In this
work, the barium titanate particles were used without surface pretreatment.

2.2 Methods

The structural, thermal and mechanical properties of BaTiOs incorporated HDPE samples as well as the
raw materials were characterized.

Mettler AE166 Delta range microbalance was used in simple weighing or double weighing mode for
calculating the density of samples. The BaTiOs particles size and shape were characterized by Philips
XL30i Scanning Electron Microscope (SEM). Elemental characterization within the SEM was assessed
by Energy Dispersive X-ray spectroscopy (EDX).

For the thermal characterization, TA Q50 apparatus for Thermo Gravimetric Analysis (TGA) and TA Q20
instrument for Differential Scanning Calorimetry (DSC) were used under nitrogen flow of 90 mL/min
and 50 mL/min respectively with a heating rate of 10°C/min.

In order to perform the structural characterization, Wide Angle X-Ray Diffraction (WAXD) experiments
were carried out in an INEL Diffractometer by using a Cobalt source (A=1.789 A, 25 KV, 25 mA). X-Rays
were detected by a 120° hemispherical multichannel detector.

A Perkin Elmer Spectrum Two model of Attenuated Total Reflection-Fourier Transformed Infrared
Spectroscopy (ATR-FTIR) was used to determine the absorption bands of the samples. The FTIR spectra
were obtained with a resolution of 4 cm™.

As for the mechanical characterization, the tensile tests were performed by employing a Shimadzu
AGS-X test machine equipped by a video extensometer, and later compared to numerical simulations.



2.3 Sample preparation

The blends of BaTiOs and HDPE were prepared using a twin screw Brabender blender. First, HDPE
pellets were melted at 170°C-180°C in the blender bow! having a volume of 35 cm?3. Barium titanate
powder was then gradually added in the molten HDPE up to a desired final composition. The torque
generated by the twin screw with adjustable rotating speed was recorded as a function of time during
blending and the screws were kept at a constant torque during approximately 10 min once the torque
was stabilized. Barium titanate-HDPE blends with four different volume compositions were prepared:
10 vol%, 20 vol%, 30 vol% and 40 vol%. Three batches were prepared for each composition in order to
have enough material to produce a dozen of samples. After blending, the obtained pads were grinded
and injected by using an ARBOURG All Rounder 270S injection mold with an 18 mm diameter screw.
The typical temperatures during injection molding were set between 160°C and 200°C, depending on
the barium titanate filler amount i.e. the higher the barium titanate amount the higher the injection
temperature. Neat HDPE samples were also injected as reference for comparison. The mixtures with
filler amount higher than 40 vol% were very difficult to blend and to inject in our preparation
conditions. The highest filler amount used in this work was then 40 % in volume. The injection flow
was fixed to 45 cm3/sec with a pressure of 1800 bars. The injection mold was kept at room
temperature. The tensile test samples having different composition (filler amount from 0 to 40 vol%)
are shown in Fig. 1.

Fig. 1. Injected tensile test composite samples with different amount of BaTiOs incorporated in HDPE matrix:
from left to right: 0 vol% (neat HDPE), 10 vol% BaTiOs, 20 vol% BaTiOs, 30 vol% BaTiOs, 40 vol% BaTiOs.

One of the important parameters in the case of filled polymer composites is the filler particle size. In
order to determine the BaTiOs particle size distribution, the images of powder particles were taken by
SEM as shown in the inset of Fig. 2. The dimension of BaTiOs particles was measured over around 120
particles and the distribution was plotted (Fig. 2). On this figure, the histogram represents the
experimental particle size distribution and the dotted line is the Gaussian distribution plotted from the
experimental measurements. The particle distribution has a maximum around a particle size span of
0.4-0.5 um and the particle size lies below 2 um as specified by the BaTiOs; powder supplier.
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Fig. 2. Particle size distribution of the commercial BaTiOs powder used as filler and SEM image of the powder (in the inset)

2.4 Density of HDPE-BaTiOs composites

The experimental density of composite samples was calculated by employing the double weighing
method in air and then in water at room temperature. The density of composites was then calculated
by using the following expression:

d = —Tair_ g 1

Mair—My w ( )
where d and d, are the densities of composite samples and water (d, was taken 1 g/cm?3) respectively
and mgr and m,, are the measured masses in air and in water respectively. For each composite
composition, at least three samples were weighed and the mean value was calculated.

The density of neat HDPE and that of pure BaTiOs were taken 0.96 g/cm? and 6.08 g/cm? respectively
as given by suppliers for the theoretical density calculation taking into account the amount of HDPE
and BaTiOs incorporated. The density of neat HDPE given by the polymer supplier was also
experimentally verified. The experimental and theoretical densities are shown in Table 1.

Amount of Barium | Theoretical Density | Experimental mean density | Relative Difference
Titanate (vol%) (g/cm?) (g/cm?) (%)
0 0,96 0,96 -
10 1,47 1,44+0.04 2,22
20 1,98 1,96+0.02 1,22
30 2,49 2,45+0.01 1,88
40 3,01 2,95+0.01 1,97

Table 1: Theoretical and experimental densities of neat and BaTiOs incorporated HDPE samples

The nanocomposite densities increase with increasing BaTiOs filler amount. The experimental and
theoretical densities are very close, as the relative difference between theoretical and experimental



densities remains below a few percent. This observation would indicate that the composite samples
have a homogenous composition and exclude the excessive amount of porosity.

2.5 Thermal Characterization: Thermo Gravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) analysis

The TGA and DSC experiments were performed on BaTiOs; filled HDPE composites as well as on neat
HDPE with a heating rate of 10°C/min under nitrogen atmosphere.

For neat HDPE, at the end of the experiment almost no residue was detected in TGA (Fig. 3a). For all
other composites, the weight of the residue at the end of the experiments corresponded nearly to the
theoretical BaTiOs; filler amount. It was also observed that the onset of the polymer decomposition
temperature shifted to the higher values with increasing amount of BaTiOs filler suggesting that the
thermal degradation of composites was retarded by the presence of BaTiOs; nanoparticles.
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Fig. 3. TGA a) and DSC thermograms b) of BaTiOs-HDPE nanocomposites

Gonzales-Benito et al. have found a similar trend [23]. They have prepared the composites of HDPE
filled by submicronic BaTiOs particles (mean diameter 200 nm) by using high-energy ball milling



technique. They have studied HDPE filled BaTiOs up to 20wt% by TGA and found that the
thermostability of nanocomposites has been improved by increasing the BaTiOs content since the
onset of the thermodegradation process has slightly increased and the temperature of the maximum
thermal degradation rate has not been modified by the presence of barium titanate particles.
Nevertheless in their work, the maximum BaTiOs filler amount was 20 % in weight corresponding to
approximately 3.7 % in volume and was far below our smallest amount of composite i.e. 10 vol%.

The DSC thermograms were recorded for the series of BaTiOs; filled HDPE nanocomposites (Fig. 3b).
The thermal program was as following: after the stabilization of sample temperature at 20°C, the
samples were heated up to 180°C with a heating rate of 10°C/min under nitrogen atmosphere. The
heat flow was normalized to the amount of polymer.

During heating from 20°C to 180°C, only the melting peaks of HDPE were observed. It was remarked
that the maximum of the melting peak temperature (Tmm) shifted to the lower temperatures in the
presence of BaTiOs nanoparticles: from 139.7°C in neat HDPE to 132.8°C in 40 vol% BaTiOs. This
observation would indicate that the incorporation of BaTiOs; nanoparticles modified the thermal
properties HDPE matrix.

It is known that the degree of crystallinity of a polymer affects its mechanical properties. It is then
important to characterize the microstructure of the samples. DSC is one of the common methods for
determining the degree of crystallinity of polymers. The degree of crystallinity (X,) is often
determined by measuring the amount of heat required to melt a given polymer (melting enthalpy,
AH,,,) compared to the heat required to melt the same polymer having a crystallinity of 100%
(melting enthalpy of fully crystalline polymer, AHL00%) as written in equation (2)

BHpm
Xc(%) = 10w 100 (2)

The enthalpy of fusion of composites is estimated from the DSC thermograms. For the composite
samples, only the HDPE undergoes the melting process in the studied temperature range. The melting
peaks observed on DSC thermograms correspond only to HDPE and the mass of BaTiOs filler particles
was subtracted from the total mass in order to normalize the measured heat to the amount of HDPE.
The melting enthalpy of samples was calculated by using Universal Analysis software from the area of
the melting peaks shown in Fig. 3b by taking into account the baseline. AH}nOO% was taken 293 J/g as
the melting enthalpy of 100% crystalline HDPE [25].

The variation of relative crystallinity of HDPE with BaTiOs filler amount was shown in Fig. 4. The degree
of crystallinity of the samples was found around 70% and seemed to be unaffected by the presence of
BaTiOs particles.
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Fig. 4. Variation of HDPE crystallinity with different amount of incorporated BaTiO3 in HDPE

Su et al. [21,22] have found a similar trend on HDPE/BaTiO; composites: a decrease in melting peak
temperatures and the degree of crystallinity of the BaTiOs incorporated HDPE composites compared
to virgin HDPE. They have found a decrease of degree of crystallinity from 66.9% for pure HDPE to
54.9% and 47.2% for 30 vol% and 40 vol% BaTiOs filled HDPE, respectively [21]. However, in their work
the surface of BaTiOs particles was modified by a coupling agent, which can restrict the motion of
polymer chains to form a crystalline structure. Gonzales-Benito et al. [23] have also found a relative
crystallinity of around 50% for neat HDPE and HDPE filled up to 20 wt% (around 3.7 vol%) by BaTiOs
particles. Our results are then consistent with those found in the literature [21-23].

2.6 Structural characterization

2.6.1 SEM observations on the fracture surfaces

In order to observe the particle distribution on composite samples, SEM observation were performed
on the facture surfaces of BaTiOs filled polymers nanocomposites. To avoid the charge-up effect, the
fracture surfaces of specimens were initially coated with a thin layer of gold using a Polaron E5000
sputter-coating unit (Polaron Ltd., London, UK) prior to SEM observations. Subsequently, the SEM
scans were taken on the facture surface of BaTiOs-HDPE nanocomposites (Fig. 5).




Fig. 5. SEM images on fracture surfaces of 10v% a), 20v% b), 30v% c), 40v% d) BaTiOs filled HDPE nanocomposites

As seen on the SEM images on Fig. 5, the individual BaTiOs; nanoparticles were easily distinguished.
The particles were randomly distributed without any big cluster formation. In fact, the aggregation of
nanofillers can influence the mechanical properties of polymer nanocomposites [26].

2.6.2  FTIR and WAXD analysis

The FTIR spectra were performed on HDPE-BaTiO3; composite samples as well as on neat HDPE used as
reference. The samples characterized in this experiment were those obtained after injection without
any heat treatment.

The FTIR spectra were displayed on Fig. 6a. The neat HDPE spectrum demonstrated typical bands at
2914 cm™ and 2848 cm™ that were attributed to asymmetric and symmetric stretching vibrations of
C—H group, respectively [27]. A band around 1470 cm™ originated from C-H bending of CH; groups.
Moreover, the presence of a typical band at 718 cm™-728 cm™ represents CH, rocking mode in CH;
groups.
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Fig. 6. FTIR spectra a) and WAXD diffractograms b) on neat and BaTiO3 filled HDPE nanocomposites

The WAXD diffraction experiments were performed on injected samples (Fig. 6b). The diffractogram
on neat HDPE showed a strong peak at 25° and two others at 27.8° and 41.9° corresponding to the
(110), (200) and (020) crystalline planes of HDPE [28]. The WAXD patterns obtained on BaTiOs; powder
exhibited several sharp diffraction patterns indicating a high crystallinity structure. BaTiOs exists in four
allotropic structures: orthorhombic, rhombohedral, tetragonal and cubic [29]. The existence of one or
another allotrope of BaTiOs; depends on several parameters (temperature, powder preparation
technique, the size of the precipitated crystals etc.) [29,30]. The splitting of (200) pattern at around
50-55° in cubic lattice into (200) and (002) in tetragonal lattice is a fingerprint of tetragonal structure
[31,32]. In our case, we remarked two patterns at around 52-53° corresponding to the (200) and (002)
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diffraction planes (inset in Fig. 6b), indicating a tetragonal crystal structure of BaTiOs particles used as
filler.

For 10 vol% and 20 vol% filled HDPE samples, we observed both HDPE and BaTiO; patterns indicating
that filler particles were successively incorporated into polymer matrix. The BaTiO3 patterns become
dominant and HDPE patterns disappear gradually with increasing filler amount.

3 Results

The mechanical properties of BaTiOs filled HDPE as well as neat HDPE were characterized in tensile
tests. A Finite Element (FE) approach by using ANSYS was also employed to model the mechanical
behavior in order to better understand HDPE/BaTiO; composite system.

3.1 Experimental Approach

3.1.1 Tensile test experiments

Tensile test experiments were carried out on injected samples shown in Fig. 1. A first series of tensile
test experiments was performed with a crosshead speed of 1 mm/min (Fig. 7). On neat polymer, the
maximum stress was around 18 MPa for strains below 0.2. The maximum stress in the 0-0.2 strain
region increased for 20 vol% and 30 vol% of BaTiO3 and then considerably decreased to around 15 MPa
for 40 vol% BaTiOs filled HDPE. Conversely, the strain at break decreased with increasing filler amount
indicating the brittle nature of the filled HDPE compared to the neat HDPE.

25
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Fig. 7. Tensile test experiments on neat and BaTiO3 filled HDPE

3.1.2 Tensile test: focus on Young’s modulus

In order to determine the Young’s modulus, a set of tensile tests was carried out on the specimens
with a crosshead speed of 1 mm/min (Fig. 8). Maximum tensile force was limited to 100 N (around 5.5
MPa), far below the yield strength in order to repeat the tests on the same sample.
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Fig. 8. The stress-strain curves on neat and BaTiOs filled HDPE composites with different filler amount

The Young’s Modulus of neat HDPE samples were estimated by using ISO 527-1 Standard by calculating
the slope of the straight line between 0.0005 and 0.0025 strain points on stress-strain curves (dotted
lines with arrows on Fig. 8). Otherwise, for nanocomposites, due to the impossibility to use the same
strain range to evaluate Young’s moduli, the stresses corresponding to 0.0005 and 0.0025 strain points
were used.

The variation of Young’s moduli with BaTiOs filler amount was plotted (Fig. 9). The dotted line was
drawn for guiding eye. At least four tests were done for a given composition.
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Fig. 9. The variation of Young’s modulus of HDPE-BaTiOs nanocomposites with BaTiOs filler amount

On neat HDPE, Young’s modulus was calculated around 1200 MPa. In the literature, several values of
Young’s modulus for HDPE were found depending on the parameters (temperature, strain rate, sample
crystallinity and dimensions, sample processing, etc.) [33-35]. Kalay et al. [33] have determined a
Young’s modulus of 1402 MPa on HDPE samples prepared by conventional molding. Amjadi et al. [34]
have calculated 800 MPa with a crosshead speed of 1 mm/min in tensile test at room temperature for
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a virgin HDPE sample with a thickness of 4 mm prepared by injection molding. Elleuch et al. [36] have
determined Young’s modulus between 978 MPa to 1523 MPa for the strain rates of 4x1073 to 4x10? s
L respectively. It is then important to take some precautions when the literature values are mentioned
and compared to our experimental results.

As seen on Fig. 9, Young’s modulus increased with increasing BaTiOs amount in HDPE indicating a
strengthening process.

3.2 Numerical approach

The mechanical properties of polymer nanocomposites have been predicted for example by analytical
and numerical methods for polymer nanocomposites [37-43]. In this work, we used a numerical
approach by using Finite Element analysis.

3.2.1 Description of the model

In order to investigate the mechanical behavior of BaTiO; filled HDPE nanocomposites, 3D Finite
Element Analysis (FEA) was performed using the Material Designer application and mechanical
application in the commercial software ANSYS (ANSYS 2020 R1).

For a starting point, a basic model including a spherical BaTiOs; particle centered in a cubic polymer
matrix was considered as a Representative Volume Element (RVE) (Fig. 10a). In this model called
“Simple Cubic (SC)”, the diameter of the spherical BaTiOs particles (d,,) is set to 0.5 um as measured
by SEM (Fig. 2). The edge length a of the cube was adjusted in a way that the desired amount of particle
filler fraction in polymer matrix was obtained. Such a RVE has commonly exploited because of its
simplicity and its high symmetry reducing then the computation time [41,44]. Four other particle
distributions were also investigated as shown on Fig. 10: Body Centered Cubic (BCC) (Fig. 10b), Face
Centered Cubic (FCC) (Fig. 10c), random particle distribution in 3D space with a constant particle
diameter d,,=0.5 um (Fig. 10d), random particle distribution in 3D space with a normal particle size
distribution (mean particle diameter d,;;04,=0.5 um and standard deviation (SD)=0.15 um) (Fig. 10e).

The contact between nanoparticles and polymer matrix with an interface/interphase control the
efficiency of the stress transfer through polymer to nanofillers [45] and play an important role on the
mechanical behavior. The models used in the analytical approaches are frequently adjusted to obtain
a good correlation with the experimental results [37].

In this work using a numerical approach, a perfect bonding contact type between HDPE and BaTiO3
particles was applied. In fact, among the contact types, only the perfect bonding permits to increase
the Young’s modulus with the incorporation of filler particles [46].

d)Random with e) Random with

d,=0.5 um d_..=0.5umand
SD=0.15um

Fig. 10. Studied Representative Volume Elements (RVE)

In order to compute the Young’s modulus of the nanocomposites, the RVE were subjected to a tensile
load case by imposing a displacement in x direction (0,). Two cases with two types of boundary
conditions were applied as illustrated in Fig. 11. In the first case (Fig. 11a), all faces of RVE were fixed
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immobile except that the face at x = a was permitted to move uniformly in x direction. The reaction
forces Fy, F, and F, in x,y and z directions were calculated. In the second case (Fig. 11b), the
displacement &, at face y = a and o, at face z = a were free to move uniformly at a constant value
and the reaction force F, was calculated.

[€lmacro = AYy [lmacro =
&g 0 O &g 0 0
0 0 O : : 0 & 0
0 0 O 0 0 ¢

[0]macro =
[o] =
6, 0 0 O_xma(c)ro 0
X g % 0 X lo o0 o
0, 0 0 O

(a) Case 1 (b) Case 2

Fig. 11. Two different boundary conditions used in our calculation Case 1 a) and Case 2 b)

The macroscopic strain is defined in equation (3), and the macroscopic stress is computed with the
reaction force considering equation (4). Then the equivalent Young’s modulus of the RVE is computed
using these values; for example, for case 2, the Young’s modulus is given in equation (5).

g, =%/, 3)
o ="/ 5 @)
E="%¢ (5)

These two cases are very similar and for a given composite composition, Young’s modulus computed
with both cases was identical. In fact, Case 1 corresponds to the boundary conditions used in Material
Designer, and Case 2 was introduced to analyze stress and strain distribution in the RVE, because it is
an uniaxial load case, which corresponds to the experimental tensile test.

3.2.2 Influence of BaTiOs Young’s Modulus

The mechanical behavior of particles and matrix are supposed to be elastic isotropic linear. Concerning
the matrix and particle engineering data (Young’s modulus and Poisson’s ratio), the Young’s modulus
of BaTiO; particles was unknown. For bulk BaTiOs, several values of Young’s modulus can be found in
the literature. Den Toonder et al. [47] have measured a macroscopic average elastic constant of 146.1
GPa and calculated 162.8 GPa in plane strain and 145.1 GPa in plane stress for tetragonal BaTiOs. The
elastic moduli of 120-183 GPa have been reviewed by Bowen et al. [48] and an elastic modulus of
around 120 GPa has been found by Cheng et al. at room temperature [2]. The Young’s moduli of 139.59
GPa and 154.16 GPa have been measured in two different domains of tetragonal BaTiOs single crystal
[49]. An elastic modulus of BaTiO; up to 167.9 GPa has been measured depending on the used
precursor for BaTiOs processing [50].

Nevertheless, these bulk Young’s modulus values depend on several parameters (sintering conditions,
electrical condition: poled-unpoled, crystal structure (cubic, tetragonal, etc), temperature, etc.). It was
then difficult to select a Young’s modulus value of BaTiO3 among the values found in the literature for
FE calculations. Especially, the Young’s modulus was given for a bulk BaTiO; material that can diverge
while BaTiOs is in powder form. For this reason, we first determined the influence of Young’s modulus
of BaTiOs particles on the Young’s modulus of the RVE in a simple cubic distribution. Young’s modulus
of BaTiOs was varied from 80 GPa to 300 GPa by fixing its Poisson’s ratio to 0.3, and the Young’s
modulus and Poisson’s ratio of neat HDPE to 1206 MPa (as found by using the tensile tests in the
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previous experimental section) and 0.42 respectively. Evolution of the Young’s moduli of composites
as a function of Young’s modulus of BaTiO; particles was plotted for four compositions of
nanocomposites (Fig. 12). The Young’s modulus of neat HDPE calculated from tensile test experiments
was also shown as dotted line on this figure for comparison.
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Fig. 12. Evolution of Young’s modulus for different composition of HDPE-BaTiOs nanocomposites with Young’s modulus of
BaTiOs particles

For a given filler fraction, Young’s modulus of HDPE-BaTiOs; nanocomposites seems to be constant and
independent of the Young’s modulus of BaTiOs particles in the range of 80 GPa-300 GPa. This range
includes the experimental values mentioned previously. When Young’s modulus of filler is very high
compared to that of polymer matrix, beyond a certain ratio of filler and matrix Young’s moduli, Young's
Modulus of composites were not affected by further increase of the Young’s modulus of filler particles.
A similar trend has already been observed for thermal conductivity studies of filled polymers by using
FE analysis [51]. We then decided to use a Young’s modulus of 200 GPa for BaTiOs particles for the rest
of the analysis. This chosen value is not far from the bulk BaTiOs Young’s modulus and permits to use
a unique set of particle and matrix properties for FE calculations of all HDPE-BaTiOs; composites.

The engineering data of each material are then summarized in Table 2.

Young’s Modulus (MPa) Poisson’s ratio
BaTiOs particles 200 000 0.30
HDPE polymer matrix 1206 0.42

Table 2: Engineering constants of used materials
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3.2.3 Outcomes from numerical calculations

The Young’s Modulus for different composite compositions was computed by using five models and
represented in Fig. 13. As seen on Fig. 13, the Young’s Modulus of composites increases with increasing
BaTiOs amount.
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Fig. 13. Computed Young’s modulus as a function of BaTiOs filler amount. The experimental results are also added for
comparison

For a given BaTiOs fraction, the experimental Young’s Moduli were higher than all the calculated ones.
Computational approach highlighted the strong influence of particle distribution on estimated Young’s
modulus. The results obtained by using FCC and BCC configurations were very close and gave the
smallest Young’s moduli among the used models (Fig. 13). The SC particle distribution gave the highest
Young’s moduli calculated by FE analysis. The SC model yielded also the closest values to the
experimental results. The random distribution with a constant particle diameter of 0.5 um and a
normal distribution of particle size (mean particle diameter and standard deviation were 0.5 um and
0.15 um respectively) led to the intermediate Young’s moduli between SC and FCC-BCC models (Fig.
13). However, the experimental values were found higher than the values obtained from all the
theoretical models considered here. Bala¢ et al. [41] have found the same trend for elastic properties
of particulate polymer composite by using FE method, i.e. higher Young’s modulus values in SC particle
distribution than in FCC distribution.

3.2.3.1 Influence of particle distribution

In previous section, the particle distribution demonstrated to have a strong influence of the RVE on
Young’s modulus (Fig. 13). For such a RVE, the limits for Young’s modulus value are given by Voigt’s
Model (upper bound) and Reuss Model (lower bound). Voigt’s model considers a constant strain in the
RVE (Particle and matrix are in parallel) and Reuss Model considers a constant stress (Particle and
matrix are in serial).
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In order to understand the influence of particle distribution on the equivalent Young’s modulus, the
SC, BCC and FCC uniform particle distributions were investigated with Case2 boundary conditions (Fig.
11b). The imposed displacement §, was adjusted in a way that the resultant macroscopic stress
becomes 1 MPa.

The stress field distribution in each RVE was shown in Fig. 14. On this figure, the first column (Fig. 14a,
d and g) concerns the RVE in SC, BCC and FCC particle distribution, respectively. The second column
(Fig. 14b, e and h) illustrates the stress field distribution within the SC, BCC and FCC, respectively. The
third column (Fig. 14c, f and i) shows the stress distribution on a cross section in the mid-plane of RVE
(obtained from second column), in SC, BCC and FCC respectively.

: I
c)
Stress
(MPa)
3,5
3.1
2,7
23
E 1,9 )
i) '

BCC

1,6
1,2
0,78
0,39
0

h)

Fig. 14. Three uniform SC, BCC and FCC distribution of BaTiOs particles in HDPE matrix when a stress of 1 MPA was applied in
x direction

The stress distribution is very similar in BCC and FCC particle distributions and more uniform than for
the SC distribution. So the BCC and FCC distributions are represented better by Reuss model, which
explains a lower value for the equivalent Young’s Modulus.

To complete this analysis, we could observe that the stress seems to be travelling through a plane
formed by polymer and particles. The RVE could then be schematically represented in Fig. 15, which
corresponds to a combination of Reuss model and Voigt’'s model. In this representation a channel is
formed only by HDPE (channel 1 in Fig. 15) and a second channel is composed by both HDPE and BaTiOs
filler particles (channel 2 in Fig. 15). In SC distribution, the size of channel 1 is more important, and so
the behavior is closest to the Voigt’s model.
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Fig. 15. Mechanical representation of HDPE-BaTiOs; nanocomposites as a channel structure for uniform particle distribution

3.2.3.2 Influence of the RVE size
For random particles distribution, Young’s Modulus depends on the size of the RVE. This size is defined
by the parameter A by using equation (6) where 1 is a number bigger than 1:

a=Axd,

Only the results computed with the model having a constant particle diameter are presented in this
section. For each composition, the influence of the size of RVE was investigated by modeling ten
different random distributions for each size i.e. A =2, A =3, 1 =4, etc. The Young’s modulus is
computed in the three directions (x, y and z) for each simulation. The equivalent E was calculated
from the mean value of three components (Ey, Ey, and E,). Two examples are given in Table 3 for A =
2 and A = 6 for a filler amount of approximately 30 vol%.

Average Standard
p) Filler amount | Young’s Modulus Young's deviation Standard
(vol%) (MPa) Modulus (MPa) deviation (%)
(MPa)
E, 3266 259 8%
E o,
5 327 y 3364 203 6%
E, 3443 299 9%
Erean 3358 210 6,2%
E, 2747 36 1,3%
E, 2732 32 1,2%
6 30.1
E, 2743 32 1,2%
Emean 2741 26 1,0%

Table 3: Value of Young’s Modulus for A=2 and A=6 for approximately 30 vol% filler amount. Mean Young’s Moduli are

calculated over 10 random distributions

It should be noted that the real filler amount depends on the size of the RVE: for example, with A = 2,
when a filler amount of 30% is required, the exact filler amount obtained is 32.7%. Moreover, the
maximum filler amount obtained in our work does not exceed to approximately 35 vol% since the

particles cannot allowed to touch each other. All the results were summarized in Fig. 16.
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Fig. 16. Young’s modulus obtained with random particle distribution with a constant particle diameter of 0.5um

With increasing value of A parameter, the standard deviation between calculated Young’s moduli
decreased. When the value of the standard deviation becomes smaller than 1%, the size of the RVE
was considered as sufficient and the mean Young’s Modulus (of ten random distribution for a given
composition) is considered as the real value of the RVE (black curve in Fig. 16). In the inset of this figure,
the convergence of the Young’s modulus for five different A values was also shown for a composition
of approximately 30 vol%. Moreover, the macroscopic behavior tends to become isotropic for higher
A values: Young’s moduli were nearly the same in the three directions (Table 3).

3.2.3.3 Analysis of the stress and strain fields in composites and influence of strain rate
In this section, the distribution of stress and strain in HPDE was further studied by employing the
random distribution with particles having a constant diameter of d,,=0.5 um.

The imposed displacement in x direction §, was chosen, as the resultant macroscopic strain of
0.001=0.1%. An example of local strain (Fig. 17a) and local stress (Fig. 17b) distributions both in x
direction in only HDPE part of composite was given in Fig. 17 for 30 vol% of filler showing a
heterogeneous strain and stress distribution in HDPE.

For this example, the value of the macroscopic stressis 2.711 MPa and the mean stress only on polymer
part of composite is 1.967 MPa i.e. lower than the macroscopic one.
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Fig. 17. Strain a) and stress b) distribution for a filler amount of 30% and a macroscopic strain of 0.1% in x direction (the
BaTiOs particles are hidden for a better visibility of stress and strain in HDPE matrix)

The resulting macroscopic stress and strain in RVE as well as the mean stress and strain only in polymer
part with different filler amount are summarized in Table 4.

Amount of BaTiO; filler (vol%)
10 20 30 34.7
Macroscopic &, in RVE (%) 0.100 0.100 0.100 0.100
Mean &, in only HPDE part (%) 0.111 0.126 0.143 0.154
Macroscopic a,, in RVE (MPa) 1.569 2.027 2.711 3.165
Mean g, in only HPDE part (MPa) 1.393 1.681 1.967 2.155

Table 4: Macroscopic stress and strain in RVE and average stress and strain in only in polymer part in nanocomposites with
four different compositions

For a given filler amount, the mean strain in only HDPE part of composite is higher than the
macroscopic strain imposed on the RVE. A direct effect of this observation is that the effective strain
rate on the HDPE is much higher than the strain rate imposed on the RVE. Moreover, it is well known
that the strain rate has a great influence on the behavior of HDPE.

The tensile tests presented in Fig. 8 were carried out with a crosshead speed of Imm/min. In order to
characterize the influence of strain rate, other experimental tensile tests on neat HDPE were carried
out with a crosshead speed varied from 0.1 mm/min to 5 mm/min. Experimental stress-strain curves
are presented on Fig. 18a. The effect of the strain rate appears clearly on these curves: the slope of
the stress-strain curve increases with increasing crosshead speed.

It is worth noting that for a given crosshead speed, the stress-strain curve cannot be considered as
linear, and the slope i.e. Young’s modulus varies also with strain. In order to characterize the slope of
these curves in Fig. 18a, the tangent Young’s moduli were estimated for each strain taking a crosshead
speed. The results are presented in Fig. 18b. The evolution of these tangent Young’s moduli confirms
the dependency on both the strain and the strain rate.
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Fig. 18. Stress-strain curves of neat HDPE for different crosshead speeds (from 0.1 mm/min to 5 mm/min) in tensile test
experiments.

Considering (i) the large heterogeneity of strain distribution in HDPE and (ii) the dependence of Young's
modulus to strain and strain rate, the assumption of a linear elastic behavior could seem too restrictive.

4 Discussion and Conclusions

Nanocomposites of HDPE-BaTiO; were prepared with a volume proportion of 10 %, 20 %, 30 % and 40
% and shaped in an injection mold. The density of injected nanocomposite samples was measured and
fitted well with the theoretical density values excluding important amount of voids in samples. The
structural properties of samples were characterized by FTIR, WAXD and SEM. FTIR spectra did not
reveal a significant modification of HDPE polymer matrix by the presence of BaTiOs;. WAXD indicated
the BaTiOs filler particles were in tetragonal crystal structure and successfully incorporated into
polymer matrix. The SEM observations on fractured surfaces showed a random particle distribution
and without the formation of big BaTiOs particle clusters. The thermal properties of HDPE polymer
matrix were modified by the presence of BaTiOs fillers. The onset of degradation temperature was
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shifted to the higher values with increasing filler amount compared to neat HDPE as analyzed by TGA.
The DSC results indicated that the melting temperature was decreased with increasing amount of
BaTiOs fillers in HDPE. The degree of crystallinity of all the samples was around 70-75% as revealed by
DSC. The presence of BaTiOs fillers seemed no significant influence on the degree of crystallinity. This
conclusion is in line with the FTIR analysis where no remarkable modifications were detected in
polymer FTIR bands when particles are incorporated.

The Young’s modulus of nanocomposites determined from the experimental tensile tests increased
with increasing filler amount. In order to further analyze the mechanical behavior of nanocomposites,
Finite Element analysis in tensile mode were performed with several approaches. The influence of
random and uniform (SC, BCC and FCC) particle distributions in polymer matrix was studied. The
contact between the spherical BaTiOs particles and polymer matrix was considered as “perfect
bonded” permitting to increase the stiffness of composites by incorporation of filler particles in HDPE.

The experimental Young’s moduli obtained from tensile tests showed a variation trend similar to the
one obtained using FE analysis, but the experimental values were always higher than the numerical
ones. (Fig. 13). Moreover, the simple cubic uniform distribution results are the closest FE results
compared to the experimental ones. However, uniform particle distribution is not a realistic model for
the HDPE-BaTiO3; nanocomposites. In fact, the random distribution models are more realistic and
represent better the nanocomposites since the filler particles are randomly distributed in the tested
specimens as verified by SEM on fracture surfaces. The difference between experimental and
simulation results can be due to the several reasons. We can mention:

- The filler particles are considered spherical in FE analysis. In reality, the particles are not
perfectly spherical (inset in Fig. 2). The shape of particles can play a role in the FE simulation
of mechanical behavior.

- There can be a percolation effect [52] of BaTiOs particles in HDPE matrix, which was not taken
into account in the FE models. In fact, the percolation can modify the mechanical behavior of
nanocomposites [53].

- In some cases of polymer nanocomposites, an interphase model (onion model) has been
proposed [38,42,43,54]. In this model, it was considered that the polymer properties
surrounding the filler particles have been modified. The perturbed region around the particles
was represented as several thin layers with a known thickness and the polymer properties are
assumed to be gradually modified from the surface of the particle within a distance in the
interphase region. Since the interphase thickness and the number of layers were unknown in
our case, this model was not applied. Especially for a random particle distribution, interphase
should be manually designed around each particle.

- In the numerical model, the polymer matrix was assumed to exhibit a linear elastic behavior
i.e. a constant Young’s Modulus. However, it was shown that when a stress is applied onto
HDPE based composite samples, their mechanical response depends on the strain and strain
rate as discussed. A viscoelastic constitutive model for the polymer in which the stress varies
with both the strain and strain rate seems to be more suitable for implementation in the
numerical simulations aiming to reproduce the experimental findings.

Overall, an improved model with the real filler particle shape (other than the spherical), including
the interphase around particles as well as the polymer viscoelastic behavior would permit to fit
the experimental and the FEM results and can be the subject of future investigations. The
outcomes of this work can be extended to other particulate filled polymers composites by
modifying the engineering parameters of filler and polymer components
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