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ABSTRACT

olymers can be natural or synthetic and are largely used in several applications due to their versatile properties.

Polymers can vary widely in their properties and applications, and they are a fundamental part of our everyday
life. Polypropylene (PP) is a thermoplastic polymer from the polyolefin family. It is among the most widely used
plastics in various automotive and packaging industries. Although PP is widely used in commodity range, still
its applications are restricted in niche areas due to lack of toughness which can be improved by incorporation of
rubbery materials or fillers. Graphene (G) is one of the nanomaterials used to strengthen polypropylene. Graphene
is recognized for its outstanding thermo-mechanical properties, making it a highly desirable material in various
fields of science and technology. Benefits gained by incorporation of graphene nanoparticles into polypropylene are
studied by researchers. In this study, a finite element analysis is performed which shows the mechanical behaviour
of PP and G using ANSY'S, which is one of the most powerful finite element analysis (FEA) softwares that can help
to perform such simulations to understand stress, strain, deformation of components before actual experimentation.
The bending load of 100 N and 1400 N in vertical z-direction are applied for 100% PP model, 100% G model and
50% PP+50% G model and the linear part of stress-strain curve is captured in this analysis. Polyolefins J (2024)
11: 155-166
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INTRODUCTION

Polymer refers to a type of material that consists materials, known as nanoparticles. These nanoparticles

of large molecules made up of repeating sub-units
called monomers. Polypropylene is produced through
the polymerization of propylene monomers. These
monomers bond together to form a long chain-like
structure. Polymers are a vital class of materials that
have revolutionized many industries and technologies
due to their versatility, durability, and ease of processing.
Polymer nanocomposites are advanced materials
formed by combining polymers with nanoscale filler

*Corrcsponding Author - E-mail: pravinrkubade@gmail.com

typically have at least one dimension is of 1 to 100
nanometres. The merger of nanoparticles into polymer
matrix leads to improved material properties, making
nanocomposites an exciting area of research and
development [1].

Mechanical testing of polymer nanocomposites is
crucial to assess their mechanical characteristics and
performance. These materials combine polymers with
nanoscale fillers (such as nanoparticles, nanotubes,
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or nanoclays) to enhance thermo-mechanical and
electrical characteristics. Mechanical testing methods
like hardness, tensile, flexural (bending), impact,
compression, fatigue test, etc., are used for polymer
nanocomposites [2].

Tensile test measures a material's response to
stretching forces. It provides information about tensile
strength, elongation-at-break, Young's modulus, and
other mechanical properties. For nanocomposites, it
helps determine how the inclusion of nanoparticles
affects the material strength and stiffness. Flexural
testing (also known as bending testing) evaluates a
material response to bending forces. It is particularly
useful for assessing the flexural modulus and strength
of polymer nanocomposites [3]. Impact testing
assesses a material ability to withstand sudden
loads or impacts. This is important for applications
where the material needs to absorb energy in impact
events. Hardness measures a material's resistance
to permanent deformation under localized loading.
Nanoindentation, a technique that uses an indenter to
create a small indentation on the material surface, is
used to check the hardness of nanocomposites at very
small scales [4].

Compression testing involves applying compressive
forces to a material to check its behaviour under such
loading conditions. It is relevant for applications where
the nanocomposite may experience compression
forces. In wear and abrasion testing it evaluates a
material resistance to wear and abrasion, which is
important in applications where the material is subject
to friction and sliding contact. Tribological properties
of polymer nanocomposites can be significantly
influenced by the inclusion of nanoparticles [5]. Creep
tests measure the material response to a constant load
over time, while stress relaxation tests measure the
reduction in stress under constant strain. These tests
are important for understanding the material long-
term behaviour under constant loads [6]. Dynamic
mechanical analysis (DMA) involves subjecting the
material to a range of mechanical forces, including
oscillatory forces, at various temperatures. It provides
insights into the material viscoelastic behaviour,
glass transition temperature, and damping properties
[7]. Choice of testing methods based on the specific
properties of interest and the intended application
of the polymer-nanocomposite (PNC) material.
Additionally, these tests may need to be adapted or
modified to account for the unique characteristics
introduced by the nanoscale fillers [8]. In past decades,
many melt mixing/fabrication techniques are used to
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prepare the polymer nanocomposites with different
concentration of fillers to make it ready for specific
application [9]. However, it is observed that no work is
reported on characterization of PP/G nanocomposites
by using finite element analysis technique at various
loads and static condition.

This study uses FEA software ANSYS to learn the
deflection/deformation and stress of polypropylene
(PP), graphene (G) and their nanocomposites (PP/G)
preparing its 3-D model, which will eliminate the cost
of characterization as well as time.

Polypropylene (PP)

Polypropylene has high chemical resistance. It resists
different types of chemicals, making it suitable for
various applications involving exposure to acids, bases,
and other corrosive substances. Polypropylene (PP)
is a lightweight material, making it model for claims
where mass is a concern, such as in automobile and
aerospace industries [10]. PP shows good mechanical
strength and toughness, making it durable and able to
withstand moderate impacts and loads. Polypropylene
has limited water absorption rate, which is beneficial
for applications requiring minimal water absorption.
PP is an excellent electrical insulator, making it
useful in electrical and electronic applications [11].
A melting point is slightly high for PP as compared
to other, making it fit for applications involving
high temperature environments. PP is recyclable,
contributing to its popularity as a sustainable material
in the plastics industry [12, 13].

Applications of polypropylene:

* PPisnormally used in packaging industry like food
packaging, bottles, containers, and bags, moisture
resistance, and capacity to maintain the freshness
of food products [14, 15].

» PP fibres are used textile applications like carpets,
rugs, geotextiles, and various industrial fabrics
[16].

* PP is utilized in the automobile sector for interior
components, such as dashboards, door panels, and
trims, because of its lightweight [17,18].

* In the production of toys, furniture, household
appliances, and various consumer products [19].

e Due to chemical resistance and strength, PP is
also utilized in various industrial applications like
pipes, different fittings, containers, etc. [20, 21].

Polyolefins Journal, Vol. 11, No. 3 (2024)
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In general, polypropylene is a versatile and widely
used material with numerous applications across
various industries, owing to its favourable properties
and cost-effectiveness [32].

Graphene (G)

In graphene, carbon atoms are organized in single
layer 2-D honey-comb lattice structure which imparts
better thermo-mechanical and electrical properties.
Graphene has sparked a widespread choice of research
efforts and has led to the growth of various applications.
However, despite its incredible potential, there are
challenges in producing high-quality graphene at large
scales and integrating it into practical applications.
Researchers are endlessly discovering ways to
overcome these challenges and unlock graphene's full
potential for various industries [22].

Graphene is the basic structural element of other
carbon allotropes, such as graphite, carbon nanotubes.
Graphene is an excellent conductor of electricity, due
to its unique structure. It is suitable for applications
in electronics and conductive materials. Graphene is
incredibly strong and has a high strength in tensile [23].
Graphene exhibits exceptional thermal conductivity,
making it suitable for claims where effective heat
transfer is crucial, such as in thermal management
systems. [24, 25].

Graphene's potential applications are vast and include:

* Graphene-based material used in energy storage
in batteries, supercapacitors. Also used in storage
of energy due to their high surface area and
conductivity [26, 27].

* Graphene is used in for various sensor applications,
including chemical and biological sensing [28, 29].

* Graphene can be incorporated into composite
materials to enhance their mechanical and thermo-
mechanical properties [30].

» Graphene-based materials could be used in drug
delivery due to their unique properties [32].
In spite of its huge potential, there are some challenges
to overcome making graphene suitable for large
scale production, cost effectiveness, and integration
into practical devices. Researchers continue to work
on these issues to unlock graphene's full range of

applications.

Researcher used polypropylene (as a base material)
and graphene nanoparticles to enhance mechanical
properties of pristine polypropylene. This study aims

Polyolefins Journal, Vol. 11, No. 3 (2024)

to perform liner analysis using ANSYS Workbench
wherein two sets of loads 100 N and 1400 N are applied
to study the deformation/stress within the component
with 100% PP, 100% G and 50% PP+50% G. The
nanocomposites are prepared by different processes
like melt mixing, ultra-sonication, extrusion, injection
moulding, etc.

BOUNDARY CONDITIONS

To perform the finite element analysis (FEA), the
important steps are pre-processing, solution and post-
processing. First and most important step in FEA
is pre-processing for that material selection, 3-D
modeling, conditions at boundary like fixed surface/s,
force applied with its direction/s are the parameters.
By referring the ASTM standard, the 3D model is
constructed having dimension 90 mm length along
x-axis, 10 mm width along y-axis and 2.5 mm thick
along z-axis (90 x 10 x 2.5 mm) used for flexural
(bending) test. The two side surfaces (in the YZ plane)
are fixed, and force is applied in vertical downward
direction on top surface as shown in Figure 1.

In the first trial, pure polypropylene material is
applied, in the second trial, pure graphene material
is applied and in the third trial, composite material is
applied.

The properties of polypropylene (PP) and graphene
(G) are shown in Table 1. For this analysis, the
important properties are density of material, Young’s
modulus and Poisson’s ratio, etc.

Fixed

Z[<Y
A Fixed

€
4 ]
= 2.5mm

| 90mm |r

__.f

Three-dimensional object with boundary

Figure 1.
conditions.
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Table 1. Nanocomposite materials properties [15, 27].

. Polypropylene Graphene
Properties (PP) G)
Density (kg/m?) 910 2267
Young’s modulus (Pa) 1.1E+09 1E+12
Poisson’s ratio 0.42 0.19

Figure 2. Composite of polypropylene (PP) and graphene
(G).

In case of third trial (composite), the Design Modular
of ANSYS is used to construct 3D model. The upper
3D model is constructed for graphene (G) while the
lower 3D model is constructed for polypropylene (PP)
as shown in Figure 2. The dispersion of nanoparticles
adjusts its capacity to contribute to its properties in
the composite. The strengthening of the composites
depends on volume/weight percentage of nanoparticles
added into the matrix. Incorporating nanomaterials
at low weight percentage enhances the mechanical
properties. In some cases, it is also found that the
mechanical properties enhance with increase in the
weight percentage of nanoparticles. In this perspective
two-layer three-dimensional samples are prepared
to obtain strengthening effect on the composite
model. Initially the two-layer model is selected as a
benchmark to study the behavior of the composite.
However, different strengthening mechanisms can be
obtained by increasing the layers with optimal weight

—@—— Displacement Convergence

~——i—— Displacement Criterion

40.00(mm)
]
1000 3000

Figure 3. Meshing.

percentage of nanoparticles.

Discretization: In discretization step, the whole
component is divided into number of parts [31]. Auto
mesh generation with fine mesh control option in
ANSYS workbench takes place with number of 1104
elements and 6693 nodes as shown in Figure 3.

After applying two side surfaces fixed and force
value, software solves the elemental stiffness equation.
Solution is converged at 36 iterations for displacement
and force as shown in Figures 4 and 5, respectively.

The von-Mises rule is used to eliminate the failure
of fragile materials for which the von-Mises stress
is considered very low in comparison with the yield
stress as per the standard for which following is the
mathematical equation:

Oum < o,

Where, o, = von-Mises stress.
c, = Yield stress.

2

aVM=%J(al —6,f +(0,-0,) +(03-0))

c,, 0, and o, are principal stresses along x, y and z
axis, respectively. In the cases of plane stress, o, = 0.
Also, the following governing equation and elemental
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Figure 5. Force convergence of PP.

stiffness equation is to be used to calculate the
unknowns:

Result of polypropylene (PP) at 100 N load
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Figure 6. Total deformation (a), directional deformation (b)
and von-Mises stress (c) for neat polypropylene (PP).
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Figure 7. Total deformation (a), directional deformation (b)
and von-Mises stress (c) for neat graphene (G).



A study of polypropylene and graphene and their nanocomposites using ANSY'S

&3

IPPI

where, [K] = Global stiffness matrix.
{U} = Unknown displacement vector.
{F}= Load or force vector.

RESULTS AND DISCUSSION

From ANSYS Workbench, following results are
obtained. The first trial started at 100 N load
in downward direction. The 3D models of neat
polypropylene (PP), neat graphene (G) and their
composites PP+G are analyzed.

Graphene is an extremely durable material, even on

Result of PP+G at 100 N load
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Figure 8. Total deformation (a), directional deformation
(b) and von-Mises stress (c) for polypropylene + graphene
(PP+G).

the microscopic level. After it is dispersed inside the
polymer matrix like polypropylene, the issue turns
as a strengthening agent, successfully decreases the
deflection in the PP+G composites as compared to
neat PP. The strong bonding within graphene provides
boosted stiffness and compressive strength to the
composite material.

From the above contour plots, the physics behind
these improvements lie down in the unique structural
characteristics of graphene nanomaterial, while the
meshing comprises the contact of surface between
3-D model of graphene and the polypropylene matrix,
which may result in improved dispersion. Accordingly,
the mesh is deformed with the surface connectivity
between two solid models.

From Figures 6 to 8 it has been noted that the
total deformation and directional deformation for
the polymer PP is higher than that for graphene. For
polypropylene, the von-Mises stress value generated is
40.322 MPa (Max.) whereas for graphene, it is 66.014
MPa (Max.). In the case of PP+G nanocomposite, it
is seen that the von-Mises stress value generated is
265.9 MPa (Max.). The total deformation of PP+G
nanocomposite is in between deformation of PP and
G. Moreover, the surface modification of graphene
nanoparticles can further improve their dispersion in
polypropylene matrix. Similarly, stronger interfacial
interactions are observed due to overlapping of the
PP+G meshing model, less deformation and stress,
especially at 100 N load.

The normalized values are used to standardize
and compare the data in the entire domain (PP+G
composite). To study the behavior of PP+G composite,
a simply supported beam (i.e. two side surfaces of
the model are fixed, and load is applied at center)
is selected. The mesh deformation increases with
increase in distance from the fixed sides up to the
midpoint of the model wherein the deformation is
maximum (at center point).

ul Time 8B Equivalent stress (min)
m [[J Equivalent elastic strain (min) @ [@] Equivalent stress (max)

o
n

Stress (normalized)

0 I | |
22426e35.3 le? 1.5¢2  2e? 2.5e?  3e?  3.6956e?
Strain (mm/mm)

Figure 9. Normalized values for stress and strain (Min. and
Max.).
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Table 2. Maximum stress and strain at 100 N.
Polypropylene (PP) Graphene (G) PP+G
Equivalent Elastic Equivalent Equivalent Elastic Equivalent Stress Equivalent Elastic Equivalent
Strain (Max.) Stress (Max.) Strain (Max.) [mm/ (Max.) Strain (Max.) Stress (Max.)
[mm/mm] [MPa] mm] [MPa] [mm/mm] [MPa]
2.24E-03 2.4526 2.20E-06 2.2005 3.02E-05 8.8633
4.40E-03 4.8118 4.41E-06 4.4009 6.04E-05 17.727
6.41E-03 7.0045 6.61E-06 6.6014 9.06E-05 26.590
8.25E-03 9.0199 8.81E-06 8.8019 1.21E-04 35.453
9.96E-03 10.883 1.10E-05 11.002 1.51E-04 44.316
1.15E-02 12.619 1.32E-05 13.203 1.81E-04 53.180
1.30E-02 14.258 1.54E-05 15.403 2.11E-04 62.043
1.45E-02 15.803 1.76E-05 17.604 2.42E-04 70.906
1.58E-02 17.275 1.98E-05 19.804 2.72E-04 79.769
1.71E-02 18.685 2.20E-05 22.005 3.02E-04 88.633
1.83E-02 20.042 2.42E-05 24.205 3.32E-04 97.496
1.95E-02 21.352 2.64E-05 26.406 3.63E-04 106.36
2.07E-02 22.620 2.86E-05 28.606 3.93E-04 115.22
2.18E-02 23.850 3.08E-05 30.807 4.23E-04 124.09
2.29E-02 25.047 3.30E-05 33.007 4.53E-04 132.95
2.40E-02 26.213 3.53E-05 35.208 4.83E-04 141.81
2.50E-02 27.350 3.75E-05 37.408 5.14E-04 150.68
2.61E-02 28.462 3.97E-05 39.608 5.44E-04 159.54
2.71E-02 29.550 4.19E-05 41.809 5.74E-04 168.40
2.80E-02 30.616 4.41E-05 44.009 6.04E-04 177.27
2.90E-02 31.661 4.63E-05 46.210 6.34E-04 186.13
2.99E-02 32.687 4.85E-05 48.410 6.65E-04 194.99
3.09E-02 33.694 5.07E-05 50.611 6.95E-04 203.86
3.18E-02 34.685 5.29E-05 52.811 7.25E-04 212.72
3.27E-02 35.660 5.51E-05 55.012 7.55E-04 221.58
3.36E-02 36.620 5.73E-05 57.212 7.86E-04 230.44
3.44E-02 37.565 5.95E-05 59.413 8.16E-04 239.31
3.53E-02 38.497 6.17E-05 61.613 8.46E-04 248.17
3.61E-02 39.415 6.39E-05 63.814 8.76E-04 257.03
3.70E-02 40.322 6.61E-05 66.014 9.06E-04 265.90
3.70E-02 40.322 6.61E-05 66.014 9.06E-04 265.90

In the present study, the interval time for 31 sub steps
is selected (in analysis setting) from which equivalent
elastic strain (Min.) and equivalent stress (Min. and
Max.) can be obtained, which are clearly depicted in
Figure 9. The values of strain (i.e., the ratio of change
in length to original length) are different from instant
to instant, which is fluctuating in nature because of
instantaneous loading conditions 100N and 1400N
(A-curve). In the entire domain, the minimum value
of stress is shown as zero due to a simply supported
beam, which restricts the deformation of mesh at
fixed side surfaces (B-curve). Maximum deformation
is observed at the center point of the model due to
lack of support at this location and possibly results
in sagging. In equivalent stress (Max.), the stress is
directly proportional to stain, and it is linear in nature
because of combined effect of gradually applied load
(C-curve). As time step increases, the corresponding

Polyolefins Journal, Vol. 11, No. 3 (2024)

values of stress and strain increase proportionally
(Time-curve). With the help of all these curves, the
behavior of PP+G is studied in terms of mechanical
properties such as strength, elasticity, and elongation
under different load conditions for safe design.

The trend or the nature of equivalent stress and

300 == Eq. Stress (Max.)(MPa) 0.050 -
250 =0—Eq. Stress (Max.)(MPa) 5
. ~0—Eq, Stress (Max)(MPa) F0.040 &
= ~6=PP Eq, Elastic Stress (Max.)(mm/mm) o
& 2001 . Py
z =0~ Eq. Elastic Stress (Max. (mm/mm) . L0.030 3
> 1504 g i
8 H0.020 3
2 100+ 3
501 : , 0010 £
0 bt 0.000

0 5 10 15 20 25 30 35

Figure 10. Stress-strain curve for PP, G and PP+G at 100
N load.
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Result of polypropylene (PP) at 1400 N load

o
Avimwen 14 > (@01 [EI) | mromes ~[2sccis +|0E @B

O —

o2

(b)

Figure 11. Total deformation (a) and directional deformation (b) for neat polypropylene (PP).

equivalent strain (Max.) is captured or extracted from
software whose values are shown in Table 2 at 100
N load for polypropylene, graphene and PP+G. These
values help us design components on the safer side.

The horizontal axis carries a few instances i.e. sub-
steps in analysis setting starting from 1 to 31 while
the vertical axis carries the equivalent stress (Max.) in
MPa for PP, G and PP+G. The graphs of stress-strain
for the material polypropylene (PP), graphene (G) and
PP+G are obtained from software facility in which
initial trial of this static structural case was performed
by applying a vertical download load of 100 N as
shown in Figure 10. It is very clear from the figure
that, firstly, the slope of all the curves is less. Whereas,
for PP+G, the curve slope is high as compared to the
curve slope of PP and G, which indicates the greater
strength of the nanocomposites.

Second load at 1400 N

The second trial started at 1400 N load in downward
direction whose results for neat polypropylene (PP),
neat graphene (G) and their composite (PP+G) is
obtained. For the safe side, it is necessary to check

Result of graphene (G) at 1400 N load

the deformation in component by increasing the load
condition. From ANSYS Workbench, the following
results are obtained.

Due to changing load conditions i.e. from 100 N
to 1400 N, the deflection in neat PP meshing model
increases because of its compact structure which
acts as a barrier to the diffusion of gases and liquids.
The increase in the mechanical properties of PP+G
nanocomposites can be observed at 1400 N load due
to the compactly packed structure of graphene.

Graphene is stronger, chemically inert, and
resistant to degradation under several loading and
environmental conditions. Adding graphene into
polypropylene results in improving resistance to
chemical degradation, toughness, and durability
of PP+G nanocomposites. The ANSYS model of
PP+G nanocomposites for deformed and undeformed
meshing exhibits less stress and deflection as of neat
PP.

The colour contour plot indicates the deformation
values of PP+G at 1400 N load, wherein blue and red
colours show lower and higher values, respectively.
From Figures 11 to 13 it is observed that the total
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Result of PP+G at 1400N load
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Figure 13. Total deformation (a) and directional deformation (b) for polypropylene + graphene (PP+G).

Table 3. von-Mises stress at 100 N and 1400 N load.

at load 100 N at load 1400 N
Stress (Max)
Polypropylene (PP) | Graphene (G) PP+G Polypropylene (PP) | Graphene (G) PP+G
von-Mises Stress (MPa) 40.322 66.014 265.9 237.83 924.2 3722.6
Table 4. Deformation at 100 N and 1400 N load.
at load 100 N at load 1400 N
Deformation (Max) Polypropylene Graphene EE Polypropylene Graphene E
(PP) ©) (PP) (G)
Total deformation (mm) 4.3124 0.01461 0.1141 12.254 0.2046 1.5986
Directional deformation (mm) 0.2173 0.0006207 0.007248 0.9862 0.00869 0.1014

deformation and directional deformation for PP are
higher than those for graphene. For polypropylene and
graphene, von-Mises stress value generated is 237.83
MPa (Max.) and 924.2 MPa (Max.), respectively.
Whereas for composites PP+G the von-Mises stress
value generated is 3722.6 MPa (Max.) which is
quite high. Total deformation of PP+G is in between
deformation of neat PP and neat G.

The values of internal resistance against deformation
(von-Mises stress) was obtained by ANSY'S as shown
in Table 3.

From the results, it is observed that both the total

4000 —0—PPEgq Stress (Max.)(MPa) . 0300
3500 —0-Eq. Stress (Max )MPa) 0250 2
—0—PP+G Eq Stress (Max )(MPa) s o
= 30007 —o-ppEq. Elastic Sirain (Viax.)(mm/imm) =2
[am 25004 —8~GEq. Elastic Stain (Max (/) ' o r0.200 »
E ~6~PP4G Eq, Elatc St (M Yanm/nmn) ¥ 57" g
z 2000 - r0.150 5
£ 1500 ‘ )
A +0.100 5
1000 g
500 0030 3

o Lottt esss = 0.00

0 5 10 15 20 25 30 35

Figure 14. Stress-strain curve of PP, G and PP+G at 1400
N load.
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deformation and directional deformation increase with
the increase in load for PP, G and PP+G. Additionally,
the combination of PP+G shows a different deformation
behaviour compared to individual materials, indicating
a potential synergistic effect between them.

The comparative result for vertically downward load
at 1400 N is shown in Figure 14, which clearly depicts
the curves of PP, G and PP+G. The difference in the
curves (Figures 10 and 14) is due to the change in the
magnitude of load. In Figure 14, the slope of PP+G is
greater than that of neat PP. Much less deformation is
observed in PP+G compared with neat PP.

CONCLUSION

The behavior of polypropylene, graphene and their
composites was examined using ANSYS workbench
under static structural analysis. Reinforcement of
polypropylene was observed when graphene was
incorporated under loads of 100 N and 1400 N. The
deformation obtained at different load conditions are
as follows:

(a)4.3124 mm, 0.01461 mm and 0.1141 mm for PP, G
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Table 5. Maximum stress and strain at 1400 N.

(PP) Graphene (G) PP+G
Equwa.lent Elastic Equivalent Equlva.lent Elastic e Equ!valent Elastic EiTale = e
Strain (Max.) Polypropylene Stress Strain (Max.) (Max.) [MPa] Strain (Max.) [mm/ (Max.) [MPa]

[mm/mm] (Max.) [MPa] [mm/mm] mm]

2.18E-02 23.854 3.08E-05 30.807 4.23E-04 124.09
3.53E-02 38.503 6.17E-05 61.613 8.46E-04 248.17
4.62E-02 50.408 9.25E-05 92.420 1.27E-03 372.26
5.58E-02 60.806 1.23E-04 123.23 1.69E-03 496.34
6.45E-02 70.300 1.54E-04 154.03 2.11E-03 620.43
7.25E-02 78.958 1.85E-04 184.84 2.54E-03 744.51
7.99E-02 87.933 2.16E-04 215.65 2.96E-03 868.60
8.77E-02 96.51 2.47E-04 246.45 3.38E-03 992.69
9.52E-02 104.74 2.78E-04 277.26 3.81E-03 1116.8
0.10243 112.67 3.08E-04 308.07 4.23E-03 1240.9
0.10940 120.34 3.39E-04 338.87 4.65E-03 1364.9
0.11616 127.78 3.70E-04 369.68 5.08E-03 1489.0
0.12273 135.00 4.01E-04 400.49 5.50E-03 1613.1
0.12912 142.03 4.32E-04 431.29 5.92E-03 1737.2
0.13536 148.90 4.63E-04 462.10 6.34E-03 1861.3
0.14146 155.60 4.94E-04 492.91 6.77E-03 1985.4
0.14742 162.16 5.24E-04 523.71 7.19E-03 2109.5
0.15326 168.59 5.55E-04 554.52 7.61E-03 2233.5
0.15899 174.89 5.86E-04 585.33 8.04E-03 2357.6
0.16461 181.08 6.17E-04 616.13 8.46E-03 2481.7
0.17014 187.15 6.48E-04 646.94 8.88E-03 2605.8
0.17557 193.12 6.79E-04 677.75 9.31E-03 2729.9
0.18091 199.00 7.09E-04 708.55 9.73E-03 2854.0
0.18617 204.79 7.40E-04 739.36 1.02E-02 2978.1
0.19135 210.49 7.71E-04 770.16 1.06E-02 3102.1
0.19646 216.10 8.02E-04 800.97 1.10E-02 3226.2
0.20149 221.64 8.33E-04 831.78 1.14E-02 3350.3
0.20646 227.11 8.64E-04 862.58 1.18E-02 3474.4
0.21136 232.50 8.95E-04 893.39 1.23E-02 3598.5
0.21621 237.83 9.25E-04 924.20 1.27E-02 3722.6
0.21621 237.83 9.25E-04 924.20 1.27E-02 3722.6

and PP+G, respectively, at 100 N load.
(b) 12.254 mm, 0.2046 mm and 1.5986 mm for PP, G

and PP+G, respectively, at 1400 N load.
Polypropylene showed a higher total deformation
compared to graphene and PP+G at both 100 N and
1400 N loads. Whereas graphene showed the least
total deformation compared to PP and PP+G at both
100 N and 1400 N loads due to the combined mesh
effect.
Prior to fabrication and testing, simulation of
PP+G composite was performed since it provided
an important method of analysis which was easily
validated and understood by applying von-Mises
failure criteria. From ANSYS software, the equivalent
strain, equivalent stress, total deformation, and
directional deformation were extracted easily,
indicating the behavior of PP, G and PP+G under
different loads. For polypropylene at load 100 N, the
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total deformation was approximately 38 times more
than that of PP+G. Similarly, it is approx. 8 times
more than that of PP+G at 1400 N. However, much
less deformation was observed in PP+G. Hence, it is
concluded that PP+G gives better results in terms of
resistance to deformation compared with neat PP.
Explicit dynamics analysis can capture linear as
well as nonlinear stress-stain curves. So, there is
a scope to perform explicit dynamic analysis to
understand nonlinear stress-stain behavior of polymer
nanocomposites.
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