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HIGHLIGHTS

e An attempt to reuse industrial waste for new product development.
e Sugarcane, an agricultural waste and fly-ash, an industrial waste were used.
e Buckling analysis were simulated for epoxy polymer.

e Design of Experiment and optimization were used in the research.

Abstract: Industries play a very vital role in the developed nation. Proportional to the higher production
capacity of these industries, there is a surge in the quantity of waste material being discharged. This waste
material can be put to effective use; a considerable way is by creating a green composite that is long-lasting,
and concocted by using natural fibers and environment-friendly materials as reinforcements. In the following
study, an attempt is made to investigate the buckling characteristics of a thin geometrical plate of epoxy-
based composite reinforced with Sugarcane fiber/ Fly-ash/ Carbon Nanotube. The investigative study was
conducted numerically on the plate by applying axially compressive load. To procure an optimized result on
the weight percentages of the composition of the fiber in the composite material, the DOE/optimization tool
i.e. a mathematical and statistical technique known as the Response Surface Methodology (RSM) was used.
Essential geometrical modeling and the appropriate boundary conditions for the buckling analysis were
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carried out using the Static Structural and Eigen Buckling standalone systems in the ANSYS software. The
analytical tool, Analysis of Variance (ANOVA) was utilized to investigate the influential degree of
reinforcement variables on buckling characteristics present in the composite. The results reveal that the
critical buckling loads escalate for higher weight percentages for carbon nanotube and fly-ash reinforcements
in the composite composition. The optimized parameters obtained can be incorporated to achieve improved
critical buckling load and hence many synthetic composites were replaced thus enhancing the sustainability
of the environment.

Keywords: Polymer composite; Sugarcane fiber; Carbon Nanotube; Response Surface Methodology;
Analysis of Variance; Critical Buckling Load.

INTRODUCTION

The development of a country is heavily reliant on the industries present in that particular nation. As a
nation would start climbing up the ladder of progress in search of higher development, the production
demands from the industries present in the country would massively surge. This significant spike in the
production demands across various industries in the nation tends to increase the production supply and
capacity of the industries. On the other hand, the amount of waste material discharged from these industries
is also bound to increase since the amount of waste material discharged is in direct proportion to their
increased production capacity. An environment-friendly constructive solution to this problem would be to
fabricate a sustainable green composite that is made out of natural fibers and biodegradable materials as a
replacement for the conventional synthetic fibers being used as reinforcements.

Rhodes [1] presented an analysis of compressed plate behavior in which the effects of buckling
deflections on the plate membrane strains and stresses were discussed based on geometrical analysis. May-
Pat and coauthors [2] mentioned that natural fibers, being environmentally friendly, have good properties
compared to synthetic ones. Philippou and Karastergiou [3] concluded that due to increasing concerns about
the environment and the ecosystem, research in developing natural fiber-based composites saw a sudden
spark. Besides, it was proven that composites demonstrate better properties that the constituent materials
may not exhibit [4-7]. Matuana and Stark [8] studied the effects of adding wood fibers as reinforcements in
composites and concluded that wood polymer compaosites with a low melt flow index show better tensile and
impact properties. Kumar and coauthors [9] presented that sugar fibers show better flexural strength and
impact strength. Thermosets polymer is strongly cross-linked polymers that are cured using heat, pressure,
and light irradiation, resulting in a structure that is highly flexible for setting forth desired final qualities as well
as improved strength and modulus [10-14].

Traditionally, bagasse has been used majorly as a fuel for boilers in sugar factories and a small portion
is used for making paper and board [15-16]. But the low calorific value makes them a poor fuel for energy
generation and hence their application in the boiler industry would thus decline in the future [16-18]. The
addition of natural fibers along with chopped glass fibers resulted in the enhancement of the mechanical
properties of the composite. Gopalan and coauthors [19] examined the effects of flax/epoxy laminated
composite plates under axial compressive load. They concluded that the number of layers, width, and
orientation of the composite influence the load-carrying capacity and elastic moduli of the composite.

Apart from these biological reinforcements, fly ash is another substance that is massively produced as a
by-product of coal-fired power stations. Singla and Chawla [20] concluded that the compressive strength of
an epoxy resin and fly ash composite can be enhanced with the inclusion of fly ash particles due to the strong
interfacial relationship between fly ash and resin and the hollowness of fly ash particles. Sim and coauthors
[21] investigated the effects of adding fly ash to epoxy resin on its mechanical properties. It was observed
that the tensile strength of the composite tends to rise as the volume fraction of fly ash that is added to the
composite is also increased up to a certain threshold limit, after which on further addition of the fly ash the
tensile strength of the composite begins to decline.

In contemporary days, to attain the fitting mechanical properties, composites are being fabricated by
using Carbon Nanotubes (CNT) as a filler/reinforcement. Harris [22] assessed that the best mechanical
properties of a CNT reinforced composite are found with arc-grown nanotubes, with well-dispersed tubes
throughout the matrix. Another important point is to achieve good bonding between nanotubes and matrix as
can be seen from the work of Gojny and coauthors [23]. They stated that the dispersion of the nanotubes in
an epoxy system can be improved by the chemical functionalization of the multi-walled carbon nanotubes.
Moreover, carbon nanotubes are really good electrical conductors having current densities of up to 10 Am-2
and great thermal conductivities [24-28]. Many of these excellent properties can be best exploited by
integrating these nanotubes in some kind of matrix, which has been a rapidly growing field of study [29-30].
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From the literature review, it is noted that not much work has been reported in the field of buckling
analysis of sugarcane fiber, fly ash, and carbon nanotube (CNT) laminated epoxy polymer matrix composite.
Here, the authors attempt to study the buckling characteristics of sugarcane / fly ash / CNT-reinforced epoxy
polymer composite.

MATERIAL AND METHODS

The critical buckling load plays a very crucial role in determining whether a structure buckles or not when
subjected to axial compressive loading. To obtain the critical buckling load, a few parametric inputs must first
be known which is dependent on the plate dimensions. The aspect ratio ‘r’ of the geometric model is used to
extrapolate the curves in the plot by the boundary conditions of the geometry to the buckling coefficient ‘k’;
an important parameter to calculate the critical buckling load.

The final critical buckling load is derived from the plate bending stiffness ‘D’ which in turn is related to
the properties of the material. The bending stiffness of the plate can be formulated as mentioned in equation
1.

D=Eh3/12(1-v2) (1)

In the above equation, the constants of the geometry include the thickness ‘h’ and the material properties
include, Young’'s modulus ‘E’ and Poisson’s ratio ‘v’.

The obtained bending stiffness value is then substituted in equation 2, to procure the final critical buckling
load.

Nxcr = k 12 D / b2 )

Where ‘Nxcr’ is the critical buckling load, ‘b’ is the breadth of the plate and ‘k’ is the buckling coefficient
which is obtained by extrapolation of the curve intercepting the boundary condition of the model and the
aspect ratio.

The buckling coefficient of the model, used in equation 2, needs to be interpolated from Figure 1 which
is based on buckling coefficients resulting due to the corresponding boundary conditions acting on
rectangular plates.
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Figure 1. Buckling coefficients of rectangular plates according to respective in-plane boundary conditions [31]
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Geometrical model and design of experiments

A thin plate of 3m length and 1m breadth is designed using the Design Modeler of ANSYS18. The
thickness of the plate is 2mm. The geometry is modeled and meshed using the ‘BRICK 8 node 185’ element
with an element size of 5 mm. The finite element model has 7301 nodes and 7588 elements. Simply
supported boundary conditions are provided to the meshed geometry where the top and bottom edges are
constrained along with Uz and RotY. Similarly, the left and right edges are constrained along with Uz and
RotX. A compressive load of 10N is provided along the top and bottom edges after selecting all the nodes
present along these edges. Figure 2(a) depicts the meshed model, Figure 2(b) shows the boundary
conditions applied to the finite element model, and Figure 2(c) shows the loading conditions applied to the
finite element model.

(b) (b) (€)

Figure 2. Epoxy composite plate: (a) Meshed plate; (b) plate with simply supported boundary conditions; (c) the axial
compressive load of 10N.
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A Central Composite Design (CCD), which is one of the designs under the Response Surface
Methodology is created. RSM is employed in this study as it performs the role of optimization along with
playing the Design of Experiments (DOE) role. For the following study, 5 distinct levels for each weight
percentage of the Sugarcane fiber, Fly-ash fiber, and Carbon Nanotube are taken into account. The values
of wt. % for the sugarcane and fly-ash fibers are varied between the extent of O and 2. Similarly, the values
of wt. % corresponding to MWCNT are constrained in the domain between 0 and 1. The coded values and
their corresponding weight percentage values for each of the respective fibers are tabulated and presented
in Table 1.

Table 1. Weight percentage levels of sugarcane fiber, fly-ash fiber, and CNT with their respective coded values.

Parameters Levels

-2 -1 0 1 2
Wit. % of Sugarcane fiber 0 0.5 1.0 15 2.0
Wt. % of CNT 0 0.25 0.5 0.75 1.0
Wt. % of Fly-ash fiber 0 0.5 1.0 15 2.0

There were 20 different combinations with variations in the wt. % of sugarcane fiber / fly ash / MWCNT
are obtained by creating CCD / RSM using the Minitab software. The samples with varied wt. % of fibers are
simulated using their respective material properties using ANSYS18 software. Table 2 represents the
different samples with their respective coded values.

Table 2. Samples obtained from CCD with actually varied wt. % of fibers and their corresponding coded values.

Sample Wit.% of sugarcane Wt.% of CNT Wt.% of Fly-ash
Number Actual Coded Actual Coded Actual Coded
1 0.5 -1 0.75 1 0.5 -1
2 1 0 0.5 0 1 0
3 15 1 0.25 -1 0.5 -1
4 1 0 0.5 0 1 0
5 1.5 1 0.75 1 1.5 1
6 0.5 -1 0.25 -1 1.5 1
7 1 0 0.5 0 1 0
8 1 0 0.5 0 2 2
9 0 -2 0.5 0 1 0
10 1 0 0.5 0 0 -2
11 1 0 1 2 1 0
12 1 0 0 -2 1 0
13 2 2 0.5 0 1 0
14 1 0 0.5 0 1 0
15 1 0 0.5 0 1 0
16 1 0 0.5 0 1 0
17 1.5 1 0.25 -1 1.5 1
18 0.5 -1 0.75 1 1.5 1
19 0.5 -1 0.25 -1 0.5 -1
20 1.5 1 0.75 1 0.5 -1
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RESULTS and DISCUSSION

Critical Buckling Loads

Table 3 represents the results of simulations which is carried out based on the varied wt. % of
reinforcements according to the values in Table 2. Simulations, for each combination present in Table 2, are
carried out using the Eigen Value Buckling standalone system available in ANSYS18 software and are
tabulated in Table 3.

Table 3. Critical buckling loads obtained after performing Eigen Value Buckling simulations for different combinations

Sample \s/\fltgﬁ)rggne Wit.% of CNT Wt.% of Fly-ash g[ll(tzllgl?:lg load Critical Buckling
Number (N) Through load .(N) through
Actual Coded Actual Coded Actual Coded ANSYS Empirical Formula
1 0.5 -1 0.75 1 0.5 -1 51.75 51.67
2 1 0 0.5 0 1 0 51.13 61.12
3 1.5 1 0.25 -1 0.5 -1 37.39 37.32
4 1 0 0.5 0 1 0 51.13 61.12
5 15 1 0.75 1 15 1 52.72 52.65
6 0.5 -1 0.25 -1 15 1 38.34 38.27
7 1 0 0.5 0 1 0 51.13 61.12
8 1 0 0.5 0 2 2 47.27 47.19
9 0 -2 0.5 0 1 0 69.39 69.26
10 1 0 0.5 0 0 -2 61.12 61.02
11 1 0 1 2 1 0 52.19 52.10
12 1 0 0 -2 1 0 42.18 42.11
13 2 2 0.5 0 1 0 54.27 54.18
14 1 0 0.5 0 1 0 51.13 61.12
15 1 0 0.5 0 1 0 51.13 61.12
16 1 0 0.5 0 1 0 51.13 61.12
17 15 1 0.25 -1 1.5 1 47.74 47.65
18 0.5 -1 0.75 1 15 1 66.88 66.75
19 0.5 -1 0.25 -1 0.5 -1 54.38 54.27
20 15 1 0.75 1 0.5 -1 53.43 53.32

Figure 3 and Figure 4 represent the Eigen Value Buckling simulation results which are obtained based
on the half-wave theory [11] dealing with the buckling of thin plates.

o 1500.00 300000 () 000 150000 3000.00 (mem)
[ S—  SS— I

75000 25000 75000 225000

(@) (b)

Figure 3. Eigen Value Buckling simulation result depicting half-waves obtained: (a) Front view; (b) Side view.
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For the samples presented in Table 3, the critical buckling loads obtained after ANSYS simulations are
compared to the resultant critical buckling loads procured by using the empirical formula based on the
buckling plate theory. As in the case depicted in Figure 3 and for the first sample in Table 3, the corresponding
critical buckling load obtained by ANSYS simulation is 51.754 N. The critical buckling load is calculated for
the aforementioned sample using the empirical formula, i.e. about equations 2 and 3, for which the resultant
value obtained is 51.67 N. On carrying out an error percentage evaluation, the error obtained between the
theoretical result and the ANSYS simulation result is found to be a marginal error of 0.16%. Similarly, by the
results obtained by ANSYS simulations and empirical formula, error percentages are calculated for a few
more samples as presented in Table 4.

Table 4. Comparison between critical buckling loads obtained by empirical formula and ANSYS Eigen Value Buckling
simulations

Sample Critical Buckling Load obtained by Critical Buckling Load obtained by Error
Number Empirical formula ANSYS simulation %

1 51.67 51.75 0.16
2 61.12 51.13 16.34
3 37.32 37.39 0.17
4 61.12 51.13 16.34
5 52.65 52.72 0.13
6 38.27 38.34 0.16
7 61.12 51.13 16.34
8 47.19 47.26 0.15
9 69.26 69.39 0.18
10 61.02 61.12 0.16
11 52.10 52.19 0.15
12 42.11 42.18 0.16
13 54.18 54.27 0.15
14 61.12 51.13 16.34
15 61.12 51.13 16.34
16 61.12 51.13 16.34
17 47.65 47.74 0.18
18 66.75 66.87 0.18
19 54.27 54.38 0.20
20 53.32 53.43 0.20

Regression Equation

Minitab software is used for statistical analysis of the results which are obtained using ANSYS18 by
performing simulations varying the wt. % of Sugarcane fiber/ fly ash / MWCNT. The statistical analysis leads
to a regression equation and the same is validated with ANSYS simulation results. The procured equations
are used to signify the aspect by which the varied weight percentages of sugarcane fiber/ fly ash and MWCNT
would be impacting the buckling behavior of the thin composite plate. From the regression equation,
presented in equation 3, critical buckling loads are obtained for all the 20 sample combinations mentioned in
Table 2. Tabulation of the critical buckling loads derived from the regression equation, along with the error
percentages calculated based on the values obtained from the computational simulation using ANSYS and
regression equation is presented in Table 5.

Critical buckling load = 80.2-34.6A+0.4B—27.6C+10.91A%-9.4B%+3.28C?+1.1AB+5.88BC+26.1 AC (3)

Where A — wt. % of sugarcane; B —wt. % of CNT; C — wt. % of fly ash
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Table 5. Error percentage between regression equation results and ANSYS18 Eigen Value Buckling simulation results

Sample number ANSYS Regression Error %
1 51.75 59.18 12.55
2 51.13 49.22 3.87
3 37.39 47.31 20.96
4 51.13 49.22 3.87
5 52.72 57.22 7.86
6 38.34 45.00 14.81
7 51.13 49.22 3.87
8 47.26 50.09 5.64
9 69.39 66.48 4.37
10 61.12 54.91 11.30
11 52.19 55.98 6.77
12 42.18 37.77 11.67
13 54.27 53.78 0.91
14 51.13 49.22 3.87
15 51.13 49.22 3.87
16 51.13 49.22 3.87
17 47.74 41.32 15.55
18 66.87 60.36 10.79
19 54.38 56.88 4.38
20 53.43 50.17 6.51

Surface Plot

Figure 4 illustrates a surface plot of the influence of sugarcane fiber weight percent and CNT weight
percent on the composite's critical buckling load, with the effect of the fly-ash set to 0. According to the plot
obtained, the maximum critical buckling load is achieved at 1.5% of sugarcane fiber and 0.75% of CNT [32].
Meanwhile, the minimum critical buckling load for the same plot is 2% of sugarcane fiber and 0% of CNT
fiber. Likewise, Figure 5 shows a surface plot of the effect of fly-ash weight percent and CNT weight percent
on the critical buckling load of the composite when the influence of sugarcane fiber is constrained to 0. On
close observation of this plot, it can be noted that the maximum critical buckling load is achieved at weight
percentages of 2% fly ash and 0.75% CNT. On the contrary, a minimum buckling load is observed in the
surface plot for 0.25 wt. % of CNT and 2 wt.% of fly-ash combination. Figure 6 illustrates a surface plot in
which the weight percentages of fly-ash fiber and sugarcane fibers are presented, while the wt. % of CNT is
set to 0. The plot shows that the maximum critical buckling load is achieved at weight percentages of 1.5%
fly ash fiber and 2% of sugarcane fiber. On the other hand, the minimum critical buckling load is observed at
weightage percentages of 1% sugarcane fiber and 2% fly-ash fiber.

Surface Plot of Critical buckling load vs Wt% of CNT, Wt% of sugarcane

Hold Values
Wt% of Flyash 0

ritical buckling load

40
1

0
4 Wit%of CNT
0

1

Wt% of sugarcane

Figure 4. Critical Buckling Load versus Wt.% of CNT and sugarcane fibers
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Surface Plot of Critical buckling load vs Wt% of Flyash, Wt% of CNT
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Figure 5. Critical Buckling Load versus Wt.% of fly-ash fiber and CNT

Surface Plot of Critical buckling load vs Wt% of sugarcane, Wt% of Fly

Hold Values
Wt% of CNT 0

ritical buckling load

40 2

1
Wt% of sugarcane

1 ]
Wt of Flyash

Figure 6. Critical Buckling Load versus Wt.% of sugarcane and fly-ash fibers

Parametric Optimization to achieve Maximum Critical Buckling Load

Using the RSM optimization tool available in Minitab, an optimized parametric evaluation is run and an
optimized result has a maximum critical buckling load for a suitable combination of wt. % of reinforcements
in the composite are procured. The optimized results are tabulated as shown in Table 6. According to the
table, the combination produces a maximum critical buckling load which is at 80.80 N for a wt. % of sugarcane
fiber at 2%, wt. % of CNT at 0.75% and wt. % of fly-ash fly ash. The optimum results are validated using the
ANSYS18 software by simulating the same geometrical model by giving the material property inputs
corresponding to the combination offering the maximum critical buckling load and the result were shown in
Figure 7. The simulation result for the optimized parametric combination is not aberrant from the optimized
result obtained using the RSM optimizer and finally, the error percentage is calculated at 8.67%.

Table 6. Optimized parameters representing the combination for achieving maximum critical buckling load

wt. % of wt. % of  wt. % of Maximum critical buckling Maximum critical buckling  Error
sugarcane fiber CNT fly-ash load (RSM optimizer) load (ANSYS18) %
2 0.75 2 80.80 N 73.82 N 8.67
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Figure 7. Eigen Value Buckling simulation results concerning optimized parameter wt. % of fibers as input: (a) Front
view; (b) Side view.

CONCLUSION

Epoxy polymer composite, with sugarcane fiber, fly ash, and CNT as reinforcements, is fabricated to
investigate its critical buckling load by varying the wt. % of the reinforcements. The 20 distinct samples,
prepared by varying the weight percentages of the fiber reinforcements for each combination, are used for
evaluation by implementing the Central Composite Design present in the Response Surface Methodology on
Minitab. The Eigen Value Buckling standalone approach is used in the ANSYS18 software to simulate the
combinations with varied wt. % of the reinforcements. Following the computational simulations of Eigenvalue
buckling, statistical analysis is carried out on Minitab for obtaining a regression equation which is used to
validate the critical buckling loads obtained computationally. The surface plots procured depict the influence
of individual wt. % of reinforcements on critical buckling load. The optimized parametric results obtained at
the end of the study represented the maximum critical buckling load which could be achieved with a
combination of the wt. % of reinforcements accordingly. Based on the study conducted, the following
conclusions are deduced.

* The regression equation shows that the critical buckling load tends to respond negatively to the weight
percentages of the sugarcane and fly-ash and up to 0.75 wt. % of CNT, the critical buckling load increases
and then decreases.

* Meanwhile, a minimal wt. % of CNT with either fly ash or sugarcane fiber tends to result in a minimal
critical buckling load.

* A moderate wt. % of CNT as filler along with a significantly higher wt. % of sugarcane and fly ash
offers comparatively higher critical buckling load.

» Error percentages are calculated between the computational simulation results and regression
equation results to prove the compliance between both the results.

* A maximum critical buckling load of 80.80 N is thus obtained at 2 wt. % of sugarcane fiber, 0.75 wt. %
of CNT and 2 wt. % of fly ash respectively.
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