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ABSTRACT:

Nanomaterials have shown more interests to the field of nanotechnologies. Polymeric nanocomposites combine the
lightweight and low cost of manufacturing for polymers with nanoparticles of higher performance properties.

The aim of this paper is to find the mechanical properties of nanocomposite of polymer reinforced by nanoparticles with
considering matrix viscoelasticity. The viscoelasticity of the polymer was obtained from the experimental tests for the
thermoplastic polymer of Poly ether ether Ketone (PEEK) at a range of temperatures and frequencies. The viscoelasticity of the
polymer was confirmed by comparing the experimental results with a finite element model. The approved viscoelasticity was used
for the matrix of the nanocomposite numerically.

To obtain the mechanical properties of the nanocomposite, a micromechanical model was developed. It was used to find their
homogeneous mechanical properties with range temperatures. It was found that the viscoelasticity have effect on mechanical
properties for the nanocomposite, and the modulus of the nanocomposite increases with nanoparticle content. However, it

decreases as the temperature increases.
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1. INTRODUCTION:

In the last decade the industry have inspired to the
nanocomposite materials because of their
interested properties and their wide range of
applications.

Nanomaterials have interested properties, their
size is measured in nanometers, they must possess
at least one of the dimensions at the nanoscale
(Parameswaranpillai et al., 2015). To examine the
mechanical properties of the nanocomposites
several researches have done researches in this
field. For instance, (Yas et al, 2019, Le et al,
2020) have estimated the effect of addition
different types of nanoparticles into polymers at
various particle content.
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Nanosilica is among the most usable nanofillers
in polymer composites. Various investigations
found that mechanical properties of nanosilica
particle reinforced polymer nanocomposites are
enhanced significantly at low particle volume
fraction (Ou et al, 1998, Wang et al, 2002).
Micromechanical methods were used widely to
estimate the mechanical properties for the
nanocomposites (Boutaleb et al, 2009, Ghasemi
et. al, 2021). For instance, (Mahmoodi et el, 2019)
have studied the influences of the volume fraction,
and diameter of the nanoparticles of nanosilica on
the thermal expansion properties of polymer
nanocomposite. Liu et al. (2017) have used
micromechanical model to consider interphase
effect on the nanocomposite properties.

Representative volume element (RVE) method is
a micromechanical method that employ to identify
the homogenized properties of the
nanocomposites (Rouhi et al. 2018, Sanel and
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Oles, 2019, Azmi et. al. 2014). Reddy et al. (2015)
have used representative volume element method
with a combination of finite element software of
Ansys to find the tensile properties of multi-scale
composite reinforced by nanoparticle and fiber.
The results were compared with experimental
methods and good agreements were observed. The
micromechanics based homogenization methods
were used to estimate the effective modulus of the
nanocomposite that reinforced with some
spherical inclusions (Amrai et al, 2018).

The effect of polymer viscoelasticity on the
nanocomposite is enormous (Obucina et al., 2016;
Koval et al., 2012). Several researchers have
considered matrix viscoelasticity in
nanocomposites (Gosz et al., 1991; Hashin et al.,
1992). (Fischer and Brinson, 2001) have
considered the effect of viscoelasticity with
micromechanical models to find the effective
moduli for composite materials and they found
viscoelastic effect on the nanocomposite is
observable.

From previous researches, it can be observe that
several experimental works were carried out to
find mechanical properties of nanocomposite
reinforced with nanoparticles. Moreover, several
numerical researches have been done to estimate
the elastic modulus composite of short fiber
composite. However, the majority of researches
were used elastic analysis of the polymer. As the
polymers are viscoelastic material not elastic, the
suitability of RVE for viscoelastic material was
not examined, and the effect of nanoparticles on
PEEK at temperature range is not known.

In this work, the viscoelastic materials for
polymer poly ether ether ketone PEEK were
obtained from the experimental tests. The
viscoelastic results were used to represent matrix
viscoelasticity of the nancomposite. Moreover,
based on the equivalent homogeneous material
concept, a micromechanical model with
Representative Volume Element (RVE) was
developed with considering matrix viscoelasticity.

2. THEORY OF VISCOELASTIC
MATERIALS

2.1 Viscoelasticity

The materials that can display behavior of
viscosity and elasticity are called viscoelastic
materials; the elastic portion is instantaneous and
is recoverable. However, the viscous is time
dependent (Cae et al.,2002). Various materials
exhibit  viscoelasticity when subjected to
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deformation load. This property can be found in
polymers, and it depends on load, time and
temperature. Viscoelastic properties are of two
types:

1-Linear viscoelastic:

When the stress vs. strain curve plot of the model
is linear, this is called linear viscoelastic. This
behavior depends on the deformation rate and
temperature.

The Boltzman linear viscoelastic equation is
(Yannas, 2004):

e(t) = f::_too D.(t—1) % drt (1)
where,
e(t)
Dc(t) =
Op
and

t is period time.
T is relaxation of period time.
2- Non-linear viscoelasticity:

It is the non-linear stress strain curve of the model.
It happens usually when the deformations of the
materials are large or if they change their
properties under deformations. The nonlinear
viscoelasticity is much more complex, and there is
no rheological equation can predict the material’s
response under this kind of deformation. The only
approach attempt to establish rheological equation
for nonlinear behavior is based on continuum
mechanic principle. While continuum mechanics
models contain elements inspired by molecular or
thermodynamic concepts, they are basically
empirical. So, that means their applicability out of
the conditions under which their predictions can
be tested by experiment is unreliable (Dealy,
2021)

2.2 Viscoelastic Material Model

In finite element analysis software’s, the
viscoelasticity in the time domain can be
employed implementing the Prony series, and the
Prony series equations can be derived from the
viscoelastic  models  (Charalambides  and
Olusanya, 1997; Wu, 2009).
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This study is dependent on the generalized
Maxwell model equations. The stress-strain
relation for the generalized Maxwell model is
given by (Roylance, 2001):

o(t) = E£(0) + TN, Ere i e(0)  (2)

Where the relaxation modulus is:

E(t) = Eo, + XN, Ese 7 3)

The relaxation moduli E; and Tt; = n;/E;
relaxation time respectively are for the i-th
Maxwell-element.

t
Gr(t _ -
AU=1-Fhg - @

Go = G + XiL; Gog ™, ()

So,
(N) is the number of terms in prony series.
g~ P,is the relative modulus for the term (i).

T; IS the relaxation period time for term( ).
G, Is the instantaneously shear modulus.

2.3 Dynamic Mechanical Thermal Analysis

(DMTA)

The variables in Equations 3 and 4 can obtain
from the experimental tests, by using dynamic
mechanical thermal analysis (DMTA) for the
polymer. This test was conducted by placing the
specimen between a movable and fixing clamps in
thermal chamber. A sinusoidal or constant force
was applied to the sample whilst changing the
temperature environment around the sample and
frequency.

Five variables are change in that tests; time,
temperature, force, strain and frequency. The
dynamic mechanical thermal analysis can obtain
five viscoelastic properties of materials; storage
modulus (E"), loss modulus (E"), loss factor (tan
), glass transition temperature (Tg) and stress
relaxation (Zmindak et al., 2011)

3.EXPERIMENTAL PART

3.1 DMTA Test for Polymer Poly Ether Ether
Ketone (PEEK)

The PEEK polymer was supplied by VICTREX in
the form of granules with 150 g . The PEEK
specimen was prepared by injection moulding.
The manufacturing processes for the sample was
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by putting granules of the material to the injection
moulder. With the injection moulder was
controlled to temperature 400°C and pressure at
1400 bars to melt the polymer. Then, the melted
PEEK injected to a mould that heated too and
allowed to cool naturally. The solidified specimen
had the following dimensions of length, width and
thickness with 33.7 mm, 6mm and 3 mm
respectively, as shown in Figure 1.

For the DMTA tests, visco analyser testing
machine of type MTS 858 table top system with
the thermal chamber was used. The viscoelastic
properties and master curves for the specimen
were obtained with using the visco analyser
machine. It was conducted by clamping the
polymer sample on the bottom side and applying
sinusoidal load on the top side. The temperature
and the frequency of the chamber that contain the
specimen was controlled and increased gradually
to find the specimen behavior. The PEEK
specimen was tested under a frequency in axial
direction with a condition; dynamic strain with
0.001, temperatures range from 25 to 280 °C with
steps of 5°C and frequencies of range 1 to 100 Hz
in nine logarithmic steps. The increasing steps of
chamber temperature should be in a way to get
smooth data and not to be rushed; therefore
increasing by 5°C was selected. The values of
frequency and the dynamic strain were chosen to
avoid resonance and failure in the samples, as
several samples were tested.

Figurel: PEEK Specimen.

3.2 PEEK DMTA Results

From the DMTA test, the results of the master
curves for the loss factor and storage modulus
were obtained at different temperatures and
frequencies.

The relationship between the temperature and
frequency in the dynamic mechanical thermal
analysis (DMTA) is dependent on the principle of
“reduced modulus in viscoelasticity” (Witczak,
2004). The modulus and loss factor at different
temperature and frequencies are shown in Figure
2.



Using large number of Prony series’s term gives
better and smooth fit for the results. So, the
complex modulus at different frequencies is
shown in Figure 3. It shows that the storage
modulus increase with frequency gradually, and
decrease in loss factor. This is normal for
polymers as heating increases the mobility of
molecules thereby making the material easier to
deform, and that is because an increase in
frequency causes more friction in the materials
structure which cause more damping and increase
in loss factor.

Figure 3 is essential to find the parameters, that
used for viscoelastic analysis by finite element
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software, such as instantaneous shear modulus, so,
the experimental results was coded to ansys
workbench  software to represent matrix
viscoelasticity.

From the DMTA analysis, the relation between
relaxation modulus with time has been found,
which is shown in Figure 4. It is clear that the
relaxation modulus dropped with increase in time
domain, this proved the polymer relaxation, the
viscoelastic materials exhibit increase in strain
with time increase when subjected to constant
force.
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Figure 2: The reduced modulus and loss factor at different frequencies.
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Figure 3: Fitted Prony series parameters to the complex modulus plotted at different frequencies.
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Figure 4: Time domain relation with relaxation modulus.

4. REPRSENTING VISCOELASTICITY IN
FEA SOFTWARES

The time parameter of the boundary conditions for
the elastic materials is not affecting the solution.
However, in viscoelastic materials is dependent on
time.

The Viscoelastic properties of the materials can be
represent in finite element software through the
time domain. For example, in Ansys, the
viscoelasticity can implement through the use of
prony series (Imaoka, 2008 ). The relationship
between the variables of Young’s modulus, shear
modulus, Poisson ratio and bulk modulus are as
below:

oo F (6)
2(1+v)
(o E 7)

3(1—-2v)

The change of values shear modulus, Young’s
modulus and bulk modulus with time are
represented through Prony series. A hyperplastic
model of Neo-Hookean was used for the behavior
for the matrix. Generally the Poisson ratio of
polymers are a complex number changes from
0.33 when the material is glassy to rubbery at

ZANCO Journal of Pure and Applied Sciences 2022

value of 0.5. This is due to the viscoelastic effect
that is weaker in compression and expansion than
in shear. In this work, this difference is neglected.

To approve the numerical results of
viscoelasticity, the same sample that used in
experiments was modeled in same dimensions and
representing viscoelastic behavior through the use
of Prony series with using the same boundary
conditions of applying sinusoidal displacement on
the specimen.

Ansys workbench software was used for the
analysis and the simulation. The results showed
that at room temperature the material is stiffer;
However, at region of glass transition temperature
with value 160°C the material possess higher
damping and dissipate more energy.

The viscoelastic results were compared with the
experimental results of hysteresis loops for PEEK,
as shown in Figure 5. The hysteresis loop results
for both numerical and experimental shows good
compatibility in the dissipated energy in the load-
displacement plot, with small differences in the
modulus at both temperatures 30 °C and 160°C.



Kaka. D. /ZJPAS: 2022, 34 (4): 92-101

97

400 T T T T
— T30,10Hz numerical
— T30.10Hz experimental
300F — T160,10Hz numerical
— T160.10Hz experimental

Force, N

_ 1
0.5 1 1.5 2 25

3 35 4 4.5
Displacement, mm x10°

Lh

Figure 5: Numerical and experimental hysteresis loops for plain PEEK.

5.NUMERICAL PREDICTION USING
REPRESENTATIVE VOLUME ELEMENTS

To predict the homogeneous mechanical
properties for nanocomposites reinforced with
nanoparticles numerically, the representative
volume element (RVE) approach was used. RVE
is the smallest size of material that is possible to
use for finding the homogenized properties of the
model. Also, it should be in large to contain all the
information for that model (Gitman et al, 2004).
The unit cell for nanocomposite reinforced with
nanoparticles is shown in Figure 6.

To find a suitable size and shape of the unit cells,
various configurations for the RVE were
considered. For analysis, Ansys FEM software
was used with suitable meshing. The meshing for
the RVE is shown in Figure 7.

For calculation, the boundary ¢

onditions that applied were based on equation 9.

u;(0,0,0) =0 ,u,(x,0,z) =0
u,(0,0,z) =0 ,us(x,y,0) =0 (8)
u3(0,y,0) =0 ,us(x,y,2z) = A

Where X, y, z are the height, width and length of
the model, and A (delta) is the applied
displacement in the z-direction. The input material
properties for the nanocomposite was based on
Table 1.

To find the effective Young’s modulus for the
RVE, the method of curve fitting Young’s
modulus of different homogeneous material. In
this method, the Young’s modulus of
homogeneous material of has changed until the
reaction force matches a heterogeneous material.
This means that from the resulted reaction forces
of different homogeneous materials, unit cells
with assuming fixed Poisson ratio of 0.42 was
used, which is obtained from the manufacturer of
the polymer PEEK. The equation of the resulted
reaction forces with Young’s modulus of different
homogeneous materials was determined. Then,
with using same boundary conditions, the reaction
force of the RVE of heterogeneous material was
found. The resulted reaction force of the
heterogeneous material was put in the equation of
homogeneous material of Young’s modulus with
reaction forces, in order to determine the Young’s
modulus of the RVE of the nanocomposite of
heterogeneous material.

Table 1: Mechanical properties for nanocomposite RVE.

Young’s Diameter (um)
Material modulus Poisson’s ratio
(GPa)
Nano silica 70 0.23 50
N/a

PEEK 3.9 0.42
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Figure 6: Nanocomposite reinforced with nanoparticles.
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Figure 7: Meshing for the nanocomposite.

6.NANOCOMPOSITE VISCOLASTIC
NUMERICAL RESULTS

The results of the viscoelastic numerical analysis
for the RVE of nanocomposite that reinforced
with random nanoparticles of nanosilica were
found from the finite element analysis by ANSYS.
To find the temperature effect on the
nanocomposite properties numerically, the RVE
were subjected to different temperature by using
the thermal analysis of Ansys. For the matrix the
prony series that obtained from the master curves
at specific temperatures was used. The particles
were considered in elastic behavior and subjected
to the thermal conditions of the RVE. The analysis
was conducted at different Prony series that
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calculated from the master curves. The results of
temperatures effect on Young’s modulus is shown
in Figure 8. It can be observed that the modulus
decrease with increasing temperature. At glass
transition temperature around 160 °C the
declination is steep and the materials lose their
majority of the modulus. The reason of that is
related to the glass transition region, which is a
transition in molecular response that revealed as a
change in properties. Materials transition from
glassy to leathery to rubbery is with in this
temperature range. Also, the modulus is the
resistance to deformation; intuitively it seems that
storage modulus should decrease with temperature
because the of material glassy behavior.



To evaluate the effect of fiber content on the
modulus on the nanocomposite, different volume
fraction of the nanoparticle were subjected to
change in temperature numerically, the results as
in Figure 9 were obtained. It can be observe, as
the fiber content increased the modulus of the
nanocomposite increased gradually. This effect
can be seen at different nanoparticle content. That
is related to increase in stronger material
component in the nanocomposite, which is the
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nanoparticles which hold the majority of the load
by comparing with matrix.

The stress distribution of the RVE can be
observed in Figure 10. The results show that
higher stress at the bonding area between the
particle and the matrix, and that’s because of
stress concentration in the area of bonding
between nanocomposite contents.
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Figure 8: Temperature effect on the modulus of the nanocomposite reinforced by nanoparticle.
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Figure 9: Effect of nanoparticle content on the nanocomposite Modulus.

ZANCO Journal of Pure and Applied Sciences 2022



Kaka. D. /ZJPAS: 2022, 34 (4): 92-101 100

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: Pa
Time: 1
12/10/2021 12:03 AM

5.9014e5 Max
5.2497e5
4,598e5
3.2463¢e5
3.2046e5
2.6428e5
1.9911e5
1.33%4e5

68766

3594.2 Min

0.0001 0.0002 (m)

5e-05 0.00015

Figure 10: Equivalent stress analysis for the RVE.

7.CONCLUSIONS

The work reported in this paper set out to the
following conclusions:

1. The viscoelastic properties for PEEK polymer
that found experimentally were compared with
numerical analysis, and they exhibited good
agreement, which confirm the viscoelastic
numerical analysis that conducted by Ansys FEM
software.

2. A micromechanical model with RVE with
considering matrix viscoelasticity was developed
for the nanocomposite of PEEK reinforced by
nanoparticles, it was found the temperature have
significant effect on the nanocomposite properties
while considering polymer viscoelasticity.

3. The effect of temperature on the material
properties was predicted at different nanoparticle
content; increasing nanoparticles caused increase
in modulus.
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