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Abstract

In this experiment banana fly ash (BA) at 1, 3 and 4 wt% was mixed with the hybrid natural fiber combination of sisal/
pineapple at 30, 40 and 50 wt%. Grey relational analysis (GRA) coupled with Taguchi method is followed to find the com-
mon optimal parameter combination that yields lesser specific wear rate (SWR) and coefficient of friction while testing the
developed novel polymer matrix composites against steel ball. The multi-response optimization using GRA pointed out
that minimal addition of BA filler (1 wt%), hybrid fibre content (30 wt%), higher sliding distance (1500 m) and lesser load-
ing (5 N) results in good overall tribological properties. The addition of filler materials and hybrid fibres with the polymer
matrix results in increased friction. The SEM results showed high adding up of fiber results in pull out of fibers in the epoxy
resin resulting in high wear rate of natural composites. Good fiber/filler/epoxy bonding created a tribolayer surface in the
combination and that reduces the surface contact between counter specimen and work piece with reduced SWR.

Keywords Fly ash filler - Hybrid natural fiber reinforcement - Wear properties - Epoxy-based composites - Multi-response

optimization

Introduction

The current generation is finding a major problem in depos-
iting plastic waste due to non-biodegradable nature and its
harmful effects causing soil pollution, water pollution etc.
The nature resource utilization using bio fibers and fillers are
the only solution for this problem [1—4]. The research of nat-
ural fibers such as ramie, coir, kenaf, kapok, sisal, pineapple,
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banana, flax have been used for light weight applications of
automobile industry. Hybridization and surface treatments
are used for enhancing the mechanical and chemical resist-
ance of the natural fiber composites [5-8]. Hybridization can
be established using filler incorporation, natural fiber as well
as synthetic fiber substitution with the resins. The natural
fiber-based composites have been combined with polypro-
pylene, epoxy, polyethylene, polylactic acid matrix-based
composites based on the applications [8§-10].

The addition of pineapple fiber reinforcement at 30%
adds to the tensile properties of polymer composites. Cou-
pling agents such as maleic anhydride polyethylene, maleic
anhydride polypropylene and surface treatment with NaOH
improved the bonding strength of fiber with tapioca resin
phase [11]. Hybrid epoxy fiber combinations of pineap-
ple and banana observed good tensile and flexural strength
with a fiber length and reinforcement addition of 10 mm
and 30 wt% [12].

The reinforcement addition of sisal fiber in waste glass
and carbon fiber polypropylene composites showed better
tribological properties. Sisal/glass composites showed better
wetting interaction in the combination. Sisal fiber showed
optimized properties at a weight percentage of 42 [13]. Least
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specific wear rate (SWR) and frictional properties (CoF) was
observed with 30 wt% sisal fiber incorporation. Increase in
applied load from 10 to 30 N increases SWR and CoF due to
high exerted pressure in sample specimen [14]. The increase
in sliding distance observed decline in wear and friction
behaviour of bamboo/epoxy composites, sliding speed add
to the frictional properties of the combination [15].

Oil palm and kenaf epoxy based natural fiber compos-
ites showed high wear rate with good reinforcement addi-
tion up to 70 wt%. Addition of high reinforcement observed
more cracks, debonding, broken fiber and more fractures
in their composition due to high wear rate [16]. Hibiscus
sabdariffa fiber substitution improved the wear resistance
of urea—formaldehyde matrix composites [17]. Filler sub-
stitution with jute, multi wall carbon nano tube, solid glass
microspheres, titanium oxide nano rods and Jatropha oil
cake fillers improved the tribological properties of polymer
matrix composites (PMC) [18-21]. Fillers such as alumina,
titanium oxide and oil cake cellulose-based fillers add to the
mechanical properties of natural fiber/epoxy-based compos-
ites [22-24].

Incorporation of jute and multi wall carbon nano tube fill-
ers reduces the interface gap between polyvinyl alcohol and
multi layered graphene, which enhanced the mechanical and
wear resistant properties of the composites [18]. Addition of
jute, flax, Musaceae, Grewia optiva, betelnut and short wood
fiber reinforcements enhanced the wear resistance of poly-
mer-based composites [25-30]. Addition of bagasse fly ash
filler enhanced the mechanical and morphological proper-
ties of natural fiber epoxy matrix composites [31]. Fly ash
filler hybrid epoxy composites showed lesser porosity in the
composites with good tensile, flexural and impact strength
nature [32].

The addition of short human hair fiber was optimized
with response surface optimization technique. It showed
reduction in the wear rate of epoxy-based composites by
improved adhesion of filler/fiber/resin combination. ANOVA
table proved the significance of fiber addition, sliding veloc-
ity, sliding distance and load applied in the experiment [19].
Taguchi-based L27 orthogonal array was followed for find-
ing the influence of Grewia optiva with Bauhinia vahlii
fiber and operating parameters in wear characteristics of
epoxy-based composites. The results observed low wear rate
at reinforcement addition of 4 wt%, operating parameters
of sliding velocity, applied load and sliding distance with
2.5 m/s, 15 N and 2000 m [28].

In most of the research works, optimization related to
tribological experimentation gave importance to operating
parameters than composite specification. In this experi-
ment biological waste materials such as banana fly ash
(BA) filler % and sisal/pineapple (SP) hybrid fiber addition
% were taken as composite specification, sliding distance
and applied load were taken as operating parameters. Multi
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response optimization work is very much lesser in the field
of tribological applications. Grey relational analysis (GRA)
coupled with Taguchi method is followed to find the com-
mon optimal parameter combination that yields lesser SWR
and coefficient of friction (CoF) while testing the developed
novel PMC against steel ball. Overall, this research found
best level of each factor in natural fiber hybrid combinations
using epoxy for better wear and CoF application.

Materials and methods
Materials

The natural fibers of pineapple (P) and sisal (S) were pur-
chased from ‘Go Green’ suppliers (southern part of India
called as Tamil Nadu). Epoxy resin with hardener (10:1
ratio) was used as the base matrix, having a grade of LY566
and HY951. Banana fly ash (BA) at 1, 3 and 4 wt% was
incorporated with natural fiber composites. The properties
of reinforcements are mentioned in Table 1.

Natural fiber surface treatment

The hydrophilic nature of pineapple and sisal fibers reduced
the adhesion with hydrophobic resin composites [12]. To
improve the water-resistant property, the natural fibers were
treated using 5% NaOH. This provides good compatibility
with matrix phase and enhance the properties of polymer
composites [33]. Initially sisal and pineapple fibers needs
to be washed properly using distilled water and dipped in
5% NaOH solution for 180 min. Mechanical stirring was
provided at regular intervals to ensure the proper treatment
of fibers. Once the treatment process is over fiber needs to
be cleaned with distilled water to remove the excess NaOH
content. At last, fibers were placed in the sunlight for 2 days
to remove the wet content and heated in hot oven for 240 min
at 65 °C.

Table 1 Properties of pineapple and sisal fibers

Properties Units Pineapple fiber Sisal fiber [33]
[24]

Cellulose % 64.3 68

Hemicellulose % - 14

Lignin % 25.7 9

Wax % 0.184 0.23

Moisture content % 8.09 8

Density kg/m? 1506 1448

Tensile strength MPa 184 118

Youngs modulus GPa 6.32 3.97
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Fabrication

In this experiment BA at 1, 3 and 4 wt% was mixed with
the hybrid natural fiber combination of SP at 30, 40 and
50 wt%. A total of nine samples were fabricated using
compression moulding with 100 °C and 14 MPa of pres-
sure and temperature inside the mould [32]. Fly ash filler
was allowed to rotate in high energy ball milling machine
with speed of 800 rpm and having ball to powder ratio of
3:1 for 6 h [32] (Fig. 1). After the fiber treatment process
fibers were chopped with a length of 5 mm. The hybrid
SP combinations in wt% were placed in the mould and
combination of epoxy/BA filler is mixed with the mould
and provide with temperature of 100 °C and pressure of
14 MPa to produce natural composite specimen.

Experimentation
Characterization of fly ash powder
Fly ash powder from the waste of banana (BA) were char-

acterized using SEM, X-ray fluorescence spectroscopy
(XRF), XRD, organic matter and ash content test.

X-ray fluorescence spectroscopy (XRF)

The XRF testing with X-ray tube of 4 kW Rh was used for
this Bruker S4 pioneer model. Collimator (0.25°, 0.46°) is
needed for beam narrowing and to spot the fly ash content.

Fig. 1 Ball milled banana fly ash (BA)

Organic matter and ash content

The ASTM D2974 standard was used to find the organic and
fly ash content in the powder particles. Muffle furnace was
used for finding this.

XRD test

The presence of quartz content in the fly ash filler was
detected with BRUKER D8 XRD tester. Speed of scanning
(10°/min), range varying from 5° to 60° was used for the
testing.

Density and void testing

The density of hybrid composites (p_,), theoretical density
(p.) were determined for finding the void space in each
combination. Archimedes rule was followed for finding the
density of the combination, theoretical density was calcu-
lated by ASTM D 792 using the following equation (g/cm?):

1
pct =
(5)+(5)+ (52) W
Pr Pt Pm
Here p,, p; is the reinforcement and filler density and p,,,
is the matrix density, then W, is the weight fraction of rein-
forcement and W; and W, is the weight fraction of filler

and matrix. The void percentage in the combination were
determined using following equation (2) [34].

Pet — Pea
VV - Tc
Pet @)

Wear testing

The wear and frictional characteristics of hybrid natural
composites were detected using linear reciprocating tribom-
eter equipment. The Cr steel ball having 10 mm diameter
were taken as the ball piece. This specimen slides in a lin-
ear reciprocating motion with the flat composite specimen
(workpiece) of 4x4x0.3 cm®. Wear testing specimens are
showed in Fig. 2. The experiment has been repeated five
times for the exactness of result and the average values are
noted.

Wear and frictional characteristics during this reciprocat-
ing motions were calculated in the natural fiber composite
specimen. ASTM G 133-05 (2016) standard was followed
in this experimentation with stroke length 1 cm and oscillat-
ing frequency 10 Hz. Before the starting of the experiment
steel alloy ball and composite specimen must be cleaned
with mild liquid laboratory glassware cleaner. After placing
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Fig.2 Wear testing speci-
mens. a 1% BA/30% SP, b 1%
BA/40% SP, ¢ 3% BA/50% SP
and d 4% BA/50% SP combina-
tions

it in atmospheric temperature, it needs to be cleaned using
acetone for 120 s. After drying both the steel alloy ball and
composite specimen, it needs to be cleaned using metha-
nol for another 120 s. Specimens were cleaned using cotton
swabs. In this experimentation operating parameters such
as sliding distance was taken as 500, 1000 and 1500 m, load
of 5, 10 and 15 N was applied in the natural fiber composite
specimen. Sliding distance (X) (3), SWR (4) were calculated
using the following equations.

X=0.002xtXfXL, 3)

X denotes sliding distance by the chromium alloy steel
ball (m), r mentions time (s), f is frequency of oscillation
(Hz), L denotes length of stroke (mm).

SWR = — WL

3
= = Nm,
prxSDmm/ m )

WL denotes weight loss of sample piece after wear
experiment (g), p mentions density of hybrid fiber composite
specimen (g/cm3), L denotes acting load (N), SD mentions
distance of sliding (m).

SEM analysis

SEM testing (Hitachi SU660) was used for detecting influ-
ence of various operating and fabrication parameters in
wear and frictional properties of natural fiber composite
specimen. In order for the smooth passage of electron
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beam, gold/palladium coating was provided with the natu-
ral fiber composites that will protect charging of samples.

Result and discussion

XRF results of BA filler

The XRF results in Table 2 observed major portion of
silica with 60.64%, followed by alumina at 7.83%, potas-
sium oxide with 6.35%, calcium oxide with 6.19% with
the major portions. The data also showed high presence of
inorganic materials with 95.45%. These high presence of
SiO, and inorganic materials are also observed in various
studies with fly ash [31, 32]. High percentage of inorganic
content adds to the mechanical properties of polymer-
based composites [31].

XRD and SEM results of BA filler

The XRD results (Fig. 3a) clearly showed quartz content
as major element in BA powder. The peaks in the figure
showed good similarities with PDF card 331161 [36, 37].
The silica content in the fly ash is mainly due to growth of
plants in soil [31]. The morphological study using SEM
is showed in Fig. 3b.
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Table 2 XRF results of banana fly ash (BA) powder

Chemical composition BA % [33] [35] [31]

Sio, 60.64 75.46 50.40
CaO 6.19 4.42 18.90
Fe,04 4.97 1.62 6.87
AlLO, 7.83 3.35 7.48
P,0; 3.97 2.18 247
K,0 6.35 4.16 7.29
SO, 2.74 2.99 1.94
MgO 2.20 3.04 1.61
TiO, - 0.19 1.28
Na,O 0.15 0.30 0.33
Cl 0.21 - 0.59
MnO - 0.06 0.23
Organic materials (%) 4.59 2.15 25.33
Inorganic materials (%) 95.45 97.85 74.67
Density (g/cm®) 0.55 0.74 0.55
Loss on ignition (%) 1.86 2.15 -

Density and void testing

The density and void testing showed the following results
(Table 3), it shows reduction in the void space of com-
posites by the incorporation of BA filler and increase in
void space with fiber incorporation. Fly ash filler reduces
the gap between fiber and matrix phase that reduces
the void space in the combinations [38]. Thus the filler
incorporation improved the compatibility of natural fiber
composites.

(a)
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2 3% 4 s 6
2 - Theta (Degree)

Fig.3 XRD and SEM results of BA filler
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Influence of process parameter on SWR
of developed composite

Figure 4 depicts the experimental values of SWR based
on experimental plans. Error bars in figure represents that
standard deviation is very low in most results. Influence of
control factor over SWR was depicted in Fig. 4. It can be
observed that increase in percentage of fly ash decreases
the SWR of composite (Fig. 5). Addition of fillers in com-
posite material helps in increasing the interfacial bonding
between the matrix and reinforcement, resulting in property
enhancement of developed composite [24]. Addition of fly
ash helps in increasing the ability of reinforced fibers to
distribute the applied stress over the composite material with
incremental wear resistance up to 4 wt%. Another reason
is the presence of silica or silica oxide particle in fly ash,
these SiO, particles have dual properties viz. increases the
hardness and ability to act as self-lubricant [35-37]. These
extensive properties may also be the reason for incremen-
tal wear resistance of the developed composite. Addition
of filler helps in reducing the formation of porosity over
the composite material by increasing the bonding strength
between the matrix and reinforcement with reduced surface
deformation during wear condition [21].

It can also depict that increment in fibre percentage up
to 50 wt% decrease the wear resistance of the composite.
Increase in fibre percentage may be resulted in uneven dis-
persions of reinforcement over matrix this might results
in formation of micro void that decreases the composite
strength [39, 40]. Due to this fact, the hybrid fibre fails to
transfer or distribute the applied load over the matrix that
results in composite failures. Likewise increase in fibre

HV  |spot/mode| WD |mag

SE [10.5 mm|500 %]
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Table 3 Density and voids in the combination [38]

Combinations Pea (glem®) o (lem?) Void (%)
30 SP/1 BA 1.183 1.198 1.252
30 SP/3 BA 1.188 1.201 1.082
30 SP/4 BA 1.185 1.199 1.168
40 SP/1 BA 1.164 1.182 1.523
40 SP/3 BA 1.166 1.183 1.437
40 SP/4 BA 1.168 1.185 1.435
50 SP/1 BA 1.174 1.199 2.085
50 SP/3 BA 1.179 1.204 2.076
50 SP/4 BA 1.176 1.202 2.163

percentage decrease the mechanical bonding between them
which might be another reason for decreased wear resistance
[41]. During wear condition, increment in fibre percentage
results in pull out mechanism that break up the mechani-
cal bonding between matrix and reinforcement particles
that decrease the wear resistance [42]. Similarly increase
in fibre content changes the amount of matrix volume, due
to this insufficient mixing of matrix material take place that
decreases the composite strength. Based on attained results
usage of hybrid fibre up to 30 wt% exhibits lower wear rate
further addition decreases the wear resistance of the com-
posite owing to the above-mentioned facts. Figure 5 dis-
plays that increment in sliding distance increases the SWR
of composite. During wear condition, increase in sliding
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distance (up to 1500 m) increases the contact time between
the steel ball and composite counterpart. This fact increases
the surface temperature of the composite plate due to the
friction effect, i.e., increases in contact timing increases
the friction heat. Increment in surface temperature result
in softening of matrix material that reduces the mechani-
cal bonding between matrix and reinforcements thus higher
SWR is evidenced [43]. Increment in applied load increases
the SWR of composite. During wear condition, increment
in load increases the pressure near the surface between steel
ball and composite plate that results in incremental adhe-
sion force [44]. This fact breakdown the interfacial bond-
ing between the matrix and reinforcement that decrease the
wear resistances of developed composite. The counter sur-
face with mechanically mixed layer has positive impact on
the wear properties of filler and reinforcement incorporated
natural fiber composites [15, 18]. This layer will be formed
between the interface of counter surface and composite sam-
ple by tribo-chemical action between them [44].

Influence of process parameter on CoF of developed
composite

The variation of COF values with respect to the process
parameters was depicted in Fig. 6 and the error bar reveal the
occurrence of acceptable deviations in the attained results.
Figure 7 depicts the main effect plot for COF. It can be
observed that increases in fly ash up to 4 wt% increases the

15 5 10 5 10 15 15 5 10 5 10 15 10 15 5

500 10001500 500 10001500 500 10001500 500 10001500 500 10001500 500 10001500 500 10001500 5§00 10001500 500 10001500

30 30 30 40 40 40 50 50 50 30 30 30
1 1 1 1 1 1 1 1 1 3 3 3

40 40 40 50 50 50 30 30 30 40 40 40 50 50 50

3 3 3 3 3 3 a a a a a a a a a

Fig.4 Specific wear rate of developed composite with respect to control factors
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Fig.5 Main effect plot for SWR

COF values of developed composite. Incremental addition
of hard filler results in incremental hardness of developed
composite thus results in increment in COF during wear
[21]. Likewise increases in fibre percentage up to 50 wt%
increases COF values, addition of fibre material increases
the hardness of the matrix material. During wear condi-
tion addition of hybrid fibers results in increasing friction

COF

5 |10 /15 |10 |15 | 5 |15 | 5 |10 |10 | 15| &

15

between the composite and steel ball thus COF increases.
Increase in sliding distance results in thermal softening of
matrix material, these polymer matrix materials forms a
thin film over the counter surface that decreases the contact
between the two surfaces which reduces the COF values of
composite [28, 29].

Increase in applied load showcase increment and decre-
mental trend in COF. Increases in applied load increases the
surface pressure near the contour disk and thus COF value
increases [16]. Further increment in applied load results in
incremental friction temperature due to this fact softening
of matrix material takes place and it form a thin film over
pin surface thus COF value decrease. At higher applied load
contact area between composite disk and ball increase that
results in breaking of interfacial bonding or mechanical
bonding among them (matrix and reinforcement) thus COF
values increases.

Multi-objective optimization on process parameter

Optimizing the process parameters through Taguchi
method for better quality characteristics yield different
optimum combinations for different output variables. So
it is better to find the common parameter combination that
gives better output for multi responses [22]. This GRA
technique is very prominent to solve the multi objective
problems. Advantage of this technique is that it eliminates

s |10| 5 |10 /15|15 | 5 |10 | 5 | 10 |15 | 10 15\5‘

500 10001500 500 10001500 500 )‘IOOOHSOO 50010001500 500 10001500 500 10001500 500 10001500 500 10001500 500 10001500
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Fig.6 COF rate of developed composite with respect to control factors
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Fig.7 Main effect plot for COF

the aforementioned setback in the Taguchi method by con-
verting the multi objectives into the single criterion and by
following few steps optimal combination is identified. This
process of converting multi objective into single objective
has three major steps that are normalization, calculation
of grey relational coefficient (GRC) and grey relational
grade (GRG) [22].

As an initial step of GRA, the obtained experimental
results are normalized to the values of between 0 and 1 by
following three criteria similar to Taguchi SN ratio method
that are smaller the best, nominal is best and higher the
best. Since the current study is focusing on decreasing the
wear rate and CoF, smaller the better-quality characteris-
tics is selected.

The equation for “smaller the better” criterion to nor-
malize the SWR and CoF is as follows:

maxx? (k) — x2(k)
yi(k) = : :

maxx? (k) — minx?(k)’ ©)
where x(k) is the experimental response, max x”(k) is the
largest number amongst x) (k) and min x? (k) denotes the least
number amongst x?(k), i denotes the trial no, and k stances
for the output features.

The second step in GRA is to identify the GRC and the
equation for calculating GRC is as follows:

Amin + é‘Amax

O R0+ s ©

where A, (k) is the difference in absolute value in between
Yo (k) and y;*(k), ¢ signifies the unique coefficient and it is
taken as 0.5 in this study, A_;, and A_, . are the smallest and
largest value among A,(k), respectively.

@ Springer

The concluding and third step of GRA is to calculate
the GRG values and it is done with the aid of following
equation:

TS WA )
i

where ¥, is in the array of 0—1, and n is the no of responses.

The calculated values such as normalized response, GRCs
and GRGs are given in the Table 4. The rank is assigned to
each trials based on the GRG values in which higher rank is
assigned to the trial which possess higher GRG values, i.e.,
the trail which have larger GRG values is said to be optimum
among the 27 trials conducted.

The effect of each control factors over GRG is analysed
by calculating the mean values of the GRG for each param-
eter level and the same is plotted as chart in Fig. 8. It is
clear from the figure that minimal addition of BA filler
(1 wt%), hybrid fibre (HF) content (30 wt%), higher slid-
ing distance (SD) (1500 m) and lesser loading (L) (5 N)
results in better multi quality characteristics i.e. it gives good
overall tribological properties. As the addition of filler mate-
rials and hybrid fibres with the polymer matrix results in
increased friction, it is suggested to keep the percentage low
for the filler and fibre. And it is a well understood fact that
the increase in load always results in increased friction and
wear due to increased interface pressure which results in
increased adhesion between the sliding parts. So the lower
loads is recommended to get the higher GRGs, i.e., lower
SWR and CoF. The optimum condition recommended by
the GRA for higher GRG can be clearly identified from the
figure which is BA1, HF1, SD3 and L1.

The SEM results in Fig. 9a, b observed non-homogeneous
distribution of fibers due to higher fiber incorporation. This
will cause surface deformations in the epoxy-based combi-
nations with fiber and matrix breakages reducing the proper-
ties. The high fiber incorporation up to 50 wt% declined the
overall properties of natural fiber epoxy-based composites
[12]. Higher filler incorporation of 3 and 4 wt% BA and low
PS hybrid fiber combination at 30 wt% (Fig. 9c, d) improved
the overall distribution of fibers with good bonding strength.
Thus it is confirmed that the compatibility of fiber/resin
improved with increase in filler incorporation and reduced
with hybrid fiber incorporation of natural fibers [40].

The SEM results after the wear tests (Fig. 10) observed
low resistance for combinations with low filler content of
1 wt% BA (Fig. 10a) and high fiber wt% of 50 (Fig. 10b).
This is mainly due to the poor adhesion of fiber/matrix phase
leading to the property reduction. Good fiber/filler/epoxy
bonding created a tribolayer surface in the combination and
that reduces the surface contact between counter specimen
and work piece with reduced SWR [19, 21]. The high add-
ing up of fiber results in pull out of fibers in the epoxy resin
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Table 4 Grey relation analysis

. S.no.  Normalized SWR  Normalized CoOF  GRC of SWR ~ GRC of CoF  GRG Rank
of developed composite
1. 0.39725 0.956522 0.453412 0.92 0.686706 3
2. 0.575994 0.826087 0.541122 0.741935 0.641529 5
3. 0.286139 1 0.411909 1 0.705954 2
4. 0.455221 0.478261 0.47857 0.489362 0.483966 13
5. 0.253066 0.478261 0.400983 0.489362 0.445173 17
6. 0.031215 0.869565 0.340417 0.793103 0.56676 10
7. 0.246377 0.173913 0.398844 0.377049 0.387947 27
8. 0 0.521739 0.333333 0.511111 0.422222 23
9. 0.105909 0.521739 0.358657 0.511111 0.434884 21
10. 0.721665 0.695652 0.642397 0.621622 0.632009 7
11. 0.761427 0.652174 0.676981 0.589744 0.633362 6
12. 0.476774 0.782609 0.488651 0.69697 0.59281 8
13. 0.609067 0.26087 0.56121 0.403509 0.482359 14
14. 0.398737 0.347826 0.454024 0.433962 0.443993 18
15. 0.360832 0.73913 0.438917 0.657143 0.54803 11
16. 0.322557 0.130435 0.424649 0.365079 0.394864 26
17. 0.081011 0.478261 0.352363 0.489362 0.420863 24
18. 0.223337 0.478261 0.391646 0.489362 0.440504 20
19. 1 0.521739 1 0.511111 0.755556 1
20. 0.918989 0.521739 0.860569 0.511111 0.68584

21. 0.69045 0.608696 0.617627 0.560976 0.589301 9
22. 0.768116 0.086957 0.683168 0.353846 0.518507 12
23. 0.516537 0.173913 0.508407 0.377049 0.442728 19
24. 0.145671 0.565217 0.369186 0.534884 0.452035 16
25. 0.531401 0 0.516209 0.333333 0424771 22
26. 0.193608 0.304348 0.382734 0.418182 0.400458 25
217. 0.541434 0.26087 0.521613 0.403509 0.462561 15

sliding distance of 500 m showed (Fig. 10c) reduction in

08| = :Zzz:; the wear properties due to low contact of composite piece

B ievel 3 with counter specimen [41]. High load exerted using 15 N

0.7 -

0.6 |-

GRG

Banana Fly ash Hybrid Fiber

Sliding Distance Load

Control factors

Fig.8 Main effect plot for GRG

resulting in high wear rate of natural composites. Filler addi-
tion reduces the matrix/resin porosity, reduces the surfaces
deformations and improve the wear resistance [20]. Low

(Fig. 10d) created wear crack and wear debris in the natural
fiber composites, high load creates high pressure zone in the
composite specimen creating high wear rate [43].

Conclusions

The multi-response optimization using GRA with BA filler
%, Sisal/Pineapple (SP) hybrid fiber addition %, sliding
distance and applied load taken as main factors observed
minimal addition of BA filler (1 wt%), hybrid fibre con-
tent (30 wt%), higher sliding distance (1500 m) and lesser
loading (5 N) results in good overall tribological prop-
erties. The addition of filler materials and hybrid fibres
with the polymer matrix results in increased friction. The
increase in load always results in increased friction and
wear due to increased interface pressure which results
in increased adhesion between the sliding parts. So, the
lower loads are recommended to get the higher GRGs, i.e.,
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Fig.9 The SEM results before wear for a 40 wt% PS/1 wt% BA, b 50 wt% PS/1 wt% BA, ¢ 30 wt% PS/3 wt% BA and d 30 wt% PS/4 wt% BA

lower SWR and CoF. The SEM results after the wear tests ~ between counter specimen and work piece with reduced
observed low wear resistance for combinations with high ~ SWR. These low-cost hybrid composites can be used for
fiber wt% of 50. This is mainly due to the poor adhesion of ~ light weight application requiring some wear properties.
fiber/matrix phase leading to the property reduction. Good  As a future work, this BA can be tried for flammability
fiber/filler/epoxy bonding created a tribolayer surface  application of polymer composites.

in the combination and that reduces the surface contact
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Time :16:47:33
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Fig. 10 The SEM results after wear test for a low filler content of 1 wt% BA, b high fiber wt% of 50, ¢ low sliding distance of 500 m and d high

load of 15 N
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