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Abstract Polymer based substances such as epoxy or
poly-epoxide has tremendous role in industrial applications
such as surface coatings, potting, laminated circuit boards
due to its versatile nature. Synthetic fibers are used in
polymer composites as reinforcement to increase its
mechanical and tribological properties. However, natural
fibers/particulates are more preferable over synthetic fibers
due to their environment friendliness, high abundance,
viable and cost effective. Due to easy accessibility and
manufacturing, worldwide researchers have been tempted
to develop biofiber-based composite material and study
their ability in tribological applications. In this research
paper, the erosive behaviors of reinforced epoxy composite
with different weight percentage of bio waste (orange peel)
were studied. The erosive wear behavior of fabricated
composites was evaluated at different impingement/impact
angles (i.e., 30°, 60°, 45° and 90°) and impact velocities
(48, 70 and 82 m/s) with constant feed rate at 5 gm/min.
The solid particle erosion was carried out taking silica sand
as erodent and the average size of erodent is 150-250 pum.
The impact velocity and impact angle have a tremendous
effect on erosive wear. SEM study of eroded surfaces also
carried out to inspect the worn surface morphology.
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Introduction

In nineteen century, the human beings used metals and
alloys for all most all applications. The metals and alloys
are single phase and multiphase materials, respectively.
However, due to high cost in extraction to production,
complicated product design and ultimately disposal issues
(waste materials), researchers developed a new set of two-
phase material called composites. It contains a reinforcing
agent which offers strength to composite material and an
enfold matrix gives stability to the reinforcement phase.
Natural or synthetic fibers can be reinforced into the
polymeric resins (matrix) to synthesize the composite
materials as per specific requirements from the industries.
The major synthetic fibers, used to synthesize composite
materials are glass (Sathishkumar et al. 2014), carbon
(Bhatt et al. 2017), Kevlar (Dong et al. 2018), graphite
(Knoell et al. 1975), etc. However, theses synthetic fibers
are non-biodegradable. The whole world is now facing lots
of environmental issues. So the scientists and engineers are
looking environmental friendly materials for various
applications. Nowadays, conventional synthetic fibers are
substituted by natural fibers for various applications such as
house hold applications, automobile parts, sports Kkits,
structures, and marine applications due to their abundant
availability, cost effective, high strength, resistance to
corrosion, etc. (Bharath et al. 2016; Fragassa et al. 2017,
Adesina et al. 2019; Santos 2009; Amiandamhen et al.
2016). The biofibers are also in demand because of low
density, outstanding stiffness, and reduced energy con-
sumption during production, non-irritation to skin and good
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thermo-mechanical properties, particularly from many
traditional engineering materials such as metals and alloys
(Gholampour et al. 2020; Pecas et al. 2018; Mohammed
et al. 2015; Sanjay et al. 2016; Mahesh et al. 2019). Several
researchers reported that the plant base bio-waste materials
such as coir (Verma et al. 2013), sisal (Munde et al. 2019),
jute (Kumar et al. 2017), flax (Foulk et al. 2010), hemp
(Shahzad et al. 2012), kenaf (Haniffah et al. 2015), bamboo
(Gupta et al. 2011) are the potential reinforcement instead
of synthetic fiber in composite industries. Wood plastic
composites are now in use for various outdoor applications
such as building products, automotive and structural
applications. As building products their use is found in
decking, fencing, doors and window panels, roofing tiles,
etc. The cost and availability of wood sometimes restricts
their use. The present composite could be a substitute to
WPCs with improved performance and give way to agro
waste utilization.

Erosive wear (EW) behavior of the composite is the
most important tribological problems faced by different
industrial sectors. It occurs when hard particles are
entrapped in air and strikes the specimen at different
impingement angles. Subsequently, the material is
removed from the surface of the specimen. This type of
material loss is one of the most important failures in
material industries. Researchers reported that the EW
behavior depends upon the size and quality of erodent
material, mass flow rate of erodent, air velocity and impact
angle (Xie et al. 2016; Stachowiak et al. 1994; Sun-
dararajan et al. 1990). Some of the machineries in various
applications such as wind mill blades, water pipes, aero
plane wings, blades of helicopter rotor and pump impeller
are prone to erosive wear. Thus, the study of erosive wear
behavior is vital as not only it changes the surface of the
specimen but also changes the properties of the component.

The EW behavior is mostly occurred in the desert
environment due to its sandy nature. Number of materials
are engaged in desert environment, preferable polymer
based composite materials. The polymer composites are
also used in several sectors, especially in tribo-applications
where liquid lubricants cannot be used due to different
constraints (Bijwe and Fahim 2000; Rajesh et al. 2001).
The main focus is to diminish wear as the cost of replacing
worn parts is more expensive in most of the applications.

The EW behaviors of natural fiber based composites
have been reported by several researchers in different lit-
eratures. Depending upon the nature of the material (duc-
tile, semi ductile or brittle), the behavior of EW varies
(Barkoula et al. 2002). The EW of composite specimen
depends upon various factors such as type of filler material,
impact angle, erodent velocity, size of the filler and the
standoff distance (Pool et al. 1986; Xie et al. 2016; Pour-
saeidi et al. 2017; Harrsha et al. 2007). Panchal et al.
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(2018) analyzed the EW of epoxy composites incorporated
with boiled and unboiled egg shell particulates. They found
that unboiled egg shell particulate-reinforced epoxy com-
posites shows better EW resistance than boiled egg shell-
based composites. Shakuntala et al. (2014) investigated the
mechanical and wear behavior of epoxy composites adding
wood apple particulate as a filler material. They noticed
that the mechanical behavior and EW resistance of syn-
thesized composite specimen increase significantly by
incorporating filler material. They also observed that
maximum erosion occurs in between 45° and 60° for all the
fabricated composite samples under consideration. Gupta
et al. (2011) studied the EW behavior of bamboo epoxy
composite material. They found that due to addition of
bamboo fiber, the maximum erosion occurs at impact angle
in between 60° to 75°, which shows the semi brittle nature
of developed composites. Rout and Satapathy (2012)
investigated the EW behavior of rice husk (RH)-based
polymer composites and observed that RH act as a barrier
against EW behavior. They also noticed that the developed
composite materials absorb the part of kinetic energy of
erodent particles and delay the exposure of the fiber. Sri-
vastava et al. (2006) studied EW behavior of wheat flour
filled glass epoxy composites and found that due to better
bonding strength between filler material and glass fiber, the
fabricated filled composite materials have better wear
resistance as compared to un filled composites. Pani et al.
(2019) studied the physical, mechanical and EW behavior
of waste bagasee based composites where they observed
that weight percentage of fiber, impact velocity and
impingement angle are the main controlling factor in the
EW analysis. They also reported that the standoff distance
has least effect on the EW analysis. EW behavior of date
palm leaf fiber-based polyvinylpyrrolidone composite has
been studied by Mohanty (2017). He reported that
impingement angle has strong influence on erosive wear
analysis in comparison to impact velocity. However, a very
few researchers have highlighted the tribological behavior
of fruit waste.

The EW of natural fiber-based composite material was
studied by several researchers at different operating con-
ditions. Solid particle EW behavior was investigated on
glass fiber epoxy composites with and without addition of
egg shell materials with dimension 100 £ 15 microns,
where alumina (Al,O3) act as erodent. The researchers
found that impact velocity (erodent flow rate) is more
responsible toward material removal rate as comprised to
impact angle (Khan et al. (2019). Mishra et al. (2010)
studied the influences of different impact angles and impact
velocities on EW behavior of Bagasses fiber-reinforced
polymer composites. Deo et al. (2009) investigated the EW
behavior of the Lantana-Camera fiber-reinforced matrix
composite with particles size of silica sand is 200 == 50 pm
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which acts as an erodent. Biswas et al. (2012) studied the
EW behavior of Bamboo and glass fiber hybrid-reinforced
epoxy composite using hand-layup technique. Several
authors (Raghavendra et al. 2014; Majumdar 2016; Prakash
et al. 2020) observed that the tribological behavior of
natural fibers such as jute fiber gives better performance as
compared to glass and neat epoxy reinforced epoxy
composites.

Ojha et al. (2012) investigated the properties of polymer
composites using orange peel particulate as the filler
material. They reported that the mechanical properties of
developed composite increase with addition of filler load-
ings. From SEM, they also noticed that the addition of OPP
increases bonding between matrix and filler materials.
Rathinavel et al. (2020) also studied the mechanical
behavior of polyvinyl alcohol/orange peel powder bio
composite films. They observed that the tensile properties
increase with increase in filler loadings. However, no lit-
erature available on the wear behavior of OPP based
composites. In this paper, the different weight percentage
of bio-waste (orange peel particulate) was reinforced with
epoxy resin to fabricate the composite specimens as a
replacement of non-biodegradable polymer material in
various industrial applications. The prime focus of this
work is to fabricate composite specimen with OPP as a
filler material and epoxy as the matrix with varying OPP
filler percentage likely 5%, 10%, 15% and 20% and study
the EW behavior of developed composite specimens under
various experimental conditions. The developed composite
material containing 5%, 10%, 15% and 20% filler material
is represented as OP1, OP2, OP3 and OP4, respectively.
The experimental results are also analyzed using scanning
electron microscope (SEM).

The present article contains four sections: the experi-
mental work explaining the experimental setup, materials
and approach used is explained in “Materials and meth-
ods” section followed by introduction, the description of
the results followed by SEM analysis is represented in
“Results and discussion” section and finally conclusion is
in “Conclusions” section.

Materials and methods
Raw materials

The epoxy resin (Araldite LY-556) was used in the present
study. It comprised of three-member ring structure, which
contains two carbon atoms and an oxygen atom. The first
product from the liquid reaction of bisphenol-A, is epoxy
resin and its chemical name is Diglycidyl-Ether of
Bisphenol-A (DGEBA). In comparison to other resins
(thermo-set or thermoplastic), epoxy resins are widely used

in industrial applications due to its useful properties such as
low shrinkage during cure, good moisture resistance,
excellent chemical resistance, good electrical and
mechanical properties (Reis et al. 2015). The density and
viscosity of epoxy resin are 1200 kg/m’ and
(11-14) x 10° kPa at room temperature, respectively. The
hardener HY-951 chemically known as 2-ami-
neethylethane- 1, 2-diamin was applied to cure epoxy resin.
The hardener is used to create strong cross-linked molec-
ular structures that possess good strength, toughness and
virtual impermeability in the cured film.

Citrus Aurantium Dulcis (CAD) is the scientific name of
orange, is a species of citrus tree grown around the world.
North eastern India, southern China and Indonesia are the
countries where oranges are cultivated initially. This is a
widely used fruit after banana and mango in India. Con-
sumption of orange is also very high in all over India. The
outer surface of orange is orange peels (OP). Previously,
these are mostly used for land filling, animal feeding and
composting. Later on, researchers realized the importance
of the biological volume of this waste and tried to make use
of this waste which possess many medicinal properties
such as for glowing skin, unclog skin pores, treat pimples
and acne, reduce inflammation. However, every year a
major share of this waste material was used for the purpose
of dumping which causes both socioeconomic and eco-
logical problems such as high transportation cost, lack of
dumping site, and accumulation of high organic content
material. Therefore, researchers tried to develop the more
effective and sustainable methods for utilization of this
waste materials; OPP act as a filler material in composite
industries for the production of lightweight composite
materials.

Orange peels used in this research work was collected
from local market and cleaned with distilled water to
eradicate the unwanted particles. Then, the OPP materials
dried in an oven at 100 °C for two hours to eradicate the
moisture. After complete drying, the particles were grinded
to fine powder by ball milling machine. The particle size,
1-212 pm was used for the experimental purpose through
Sieve analysis. The details of the preparation of OPP from
orange peels are presented in Fig. 1.

Fabrication of bio-composite

The wooden mold of size 150 mm x 65 mm x 5 mm was
prepared for the fabrication of composite plate. The com-
posite plates were fabricated with epoxy and OPP as a
matrix and reinforcement, respectively. During the fabri-
cation of composite plate the weight percentage of filler
material was varied from O to 20%. The weight percentage
(Wt%) of the material (reinforced) was estimated using
Eq. (1).
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Fig. 1 Procedure for OPP
preparation

Weight % of reinforcement
Weight of reinforcement

= 100
Weight of reinforcement + Weight of epoxy %

(1)

In this research work, hand layup technique was incor-
porated for the fabrication of composite plate. The mold
used for the purpose of fabrication is shown in Fig. 2. In
the bed of wooden pattern, a pattern removal sheet was
positioned and also pattern discharge spray was used on the
inner side of pattern for speedy and easy removal of fab-
ricated specimen. The epoxy resin and hardener in the ratio
10:1 by weight mixed meticulously in a container at
ambient conditions to manufacture composite specimens of
different weight percentage of filler material. The mixture
was then poured into the prepared mold. For elimination of

Fig. 2 Wooden mold for fabrication of composite
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air bubbles and uniform distribution of the mixture of the
pattern, a roller was rolled for two to five minutes. After
that, the pattern free sheet was placed on the top of the
pattern. A wooden plate of required dimension was kept in
the mold and loaded with dead weights before the reaction
starts and the mixture gets hardened. The pattern is under
observation for 48 h. During the experiment, care should
be taken to get uniform thickness because due to appliance
off load, some mixture may be squeezed out from the
pattern. After specifying the observation time the speci-
mens were taken out from the mold. The composite sam-
ples were cut for different experimental purpose as per
ASTM standard from the composite slab. After that, the
samples were kept in an airtight container for further
experimental purpose. Care should be taken so that the
samples should not contact with moisture.

Scar produced with
disks stationary

Erodent nozzle

Rotating shaft
Upper disk with

| . radial slit
]

L

Scar produced
/ with disks rotating

I
\Lower disk

Fig. 3 Line diagram of rotating double disk method for measuring
impact velocity
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Impact velocity of erodent particles: rotating double
disk method

The erodent particle velocity (impact velocity) is measured
by rotating double disk method (Fig. 3) which is widely
accepted (Ruff et al. 1975). In double disk method, the two
disks are mounted on a common shaft. A thin radial slot cut
in the upper disk and the lower disk coated with a thin paint
or dye film to mark the position of striking particles. Two
erosion scars are formed at an angular displacement of 0
and linear distance S between stationary disk and rotational
disk (rotates with prescribed velocity). The angular dis-
placement is used to determine the time required for the
particles to travel the distance L which is the distance
between the disks.

The velocity of the particle (V) can be evaluated using
Eq. (2).

L o Lw
V—?—360 <7>7 (2)

The expression for V can also be expressed as by using
Eq. (3)

2nrwL
= 3
S (3)

r represents the rotating disk radius and o is the angular
velocity. The calibrations of impact velocity at different
pressures (1 bar, 2 bar and 3 bar) are presented in Table 1.

%

Fourier transform infrared spectroscopy (FTIR)

To study the structure of inter and intra-molecular hydro-
gen bonding in cellulose, FTIR approach is generally used.
The detailed analysis gives a relationship between the
nature of hydrogen bond and physical and mechanical

Table 1 Calibration of erodent flow (impact velocity)

properties of cellulose. This analysis was conducted by
using IR-prestege-21 spectrometer where hundred scans
were taken in the range 400—4000 cm™' wave numbers

with resolution rate 2 cm ™.

Surface hardness

The hardness of the developed specimens can be calculated
by Lecco Vickers Hardness (LV 700) device. A diamond
indenter of square base right pyramid was forced into the
material under load. The angle between the opposite faces
is 136°. Equation (4) is used to calculate the Vickers
hardness number of developed composites.

~ 0.1889F

H, ==

(4)
where F the applied load to the specimen (kgF) is, D =
(Dy + D,)/2 is the mean value of Dj(indentation in hori-
zontal direction (mm)) and D, [indentation in vertical
direction (mm)].

Wear test and measurement

ASTM G76 standard was used to study the EW behavior of
synthesized specimens on the erosion test rig. The line
diagram and actual test rig, both are presented in Fig. 4.
The test rig consists of different parts such as 1-sand
hopper, 2-conveyor belt system, 3-pressure transducer,
4-mixing chamber, 5-nozzle, 6-X-Y and h axes assemble,
7-sample holder (as mentioned in actual test rig). The silica
sand of size 150-250 um was mixed with air (compressed
and dried) continuously in the mixing chamber through
conveyor belt feeder. The fabricated specimens with
dimension 30 mm x 30 mm x 3 mm were kept at dif-
ferent impingement angles such as 30°, 45°, 60° and 90°

Pressure (bar) Rotating disk velocity (rpm) Angle (°) Velocity of erodent particle (m/s) Impact velocity (avg.) (m/s)
1 2000 7.0 42.85 47.25
6.5 46.15
6.0 50.00
6.0 50.00
2 2000 4.0 75.00 69.16
4.5 66.67
4.0 75.00
5.0 60.00
3 2000 4.5 66.67 81.845
4.0 75.00
3.5 85.71
3.0 100.00
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Fig. 4 Erosion experimental (a)
test rig. a Line diagram.
b Actual machine

Erodent feeder

Silica sand
High pressure air

Erodent nozzle

Mass flow

with respect to the trajectory of sand particles. The silica
particles were passed through a 4 mm diameter tungsten
carbide converging nozzle. After passing through the
nozzle, the silica particles were accelerated and bombarded
to the target material. During bombardment, the standoff
distance (distance between target material and nozzle) was
kept constant throughout the experiment i.e., 10 mm. The
impact velocity of erodent was varied by varying the
pressure of compressed air and it was evaluated by using
rotating double disk method as explained in the “Impact
velocity of erodent particles: rotating double disk method”
section.

Generally the EW behavior was determined by the
weight loss method. Prior to experiment, the tested speci-
mens were washed with acetone. The fine sand particles
adhere to the composite surfaces were removed from by a
brush. Subsequently, the surface was cleaned with acetone
soaked cotton material to eliminate the wear debris for
further use. The erosion wear rate (E,) is then calculated by
using Eq. (5).

Aw

Er= (5)
where Aw is the weight loss of tested samples (gm) and w,
is the total weight of erodent used. Aw was evaluated using
an electrical weighing machine with accuracy 0.001 mg by
weighting the tested specimen before and after each
experiment. This process was repeated until the steady state
erosion attained. The erosion test parameters are presented
in Table 2. The erosion tests are generally carried out at
normal atmospheric conditions. If the temperature of ero-
dent particles is increased, the target specimen dissipates
large amount of energy in the form of thermal energy and
kinetic energy. That causes severe damage to target
material (Shimizu et al. 2011).
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<— Air flow

Conveyor belt system

Mixing chamber

Nozzle

Specimen
Specimen holder

Erodent sand collector

Table 2 Detailed design parameters for the experimental study

Test parameters

Erodent Angular silica sand
150-280 um

30°, 45°, 60° and 90°

48 m/s, 70 m/s and 82 m/s

5 gm/min

Erodent size
Impact angle
Impact velocity
Feed rate

Experimental temperature Normal atmospheric temperature

Standoff distance .1 cm
Diameter of nozzle 0.04 cm
Time 60 s

SEM analysis

SEM was used to study the morphological analysis of raw
and CB powders as well as tested samples. SEM analysis
was carried out at 15 kV accelerating voltage by using the
Nova Nano SEM450 device. To improve the conductivity
of the samples before taking the micrographs, a thin film of
platinum was vacuum-evaporated onto them.

Results and discussion
FTIR analysis

The FTIR analysis of the OPP material was carried out to
set up a bond between the functional group and its vibra-
tion frequency change. Figure 5 represents the FTIR
analysis of the OPP material. It reveals the presence free
hydroxyl groups as the absorption peak observed around
2320.31 cm ™. In OPP, the C-H stretching, the existence of
alkane functional group was observed because the vibra-
tion frequency changes in the region of 2425.81 cm™".
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Fig. 5 FTIR spectroscopy of OPP
The  absorption peaks are in the range

1641.31-1737.74 cm ™" which matches with C=O stretch-
ing due to the presence of aromatic groups such as lignin
and hemicelluloses. The C=C stretching vibrations in the
region of 1546.8-1652.88 cm™' indicate the existence of
alkenes and aromatic 1 groups. The presence of CH, and
CH; groups were observed at the absorption peak of
1461.94 cmfl, while peak at 1380 cm™! is observed due to
the presence of CHj group. The peaks at 1379 cm™' and
1153.35-1300 cm™" may be due to the existence of aro-
matic CH and carboxyl-carbonate groups and vibration of
CcO groups, respectively. The peaks at
476.38-862.12 cm ™', 1080.06 cm ™' and 1238.21 cm ™" is
due to Si-H group, CH-OH stretching and Si—O-Si
stretching, respectively.

Hardness test

The property of composite material which resists scratch-
ing, indentation, penetration and plastic deformation is
known as hardness. The surface hardness is one of the
significant parameters that govern the EW resistance. The
surface hardness of fabricated composite specimens

28
» 26
=
<
>
=
= 24
w2
w2
Q
=
= 22
=1
s

20 v

OP1 OP2 OP3 Opr4
Filler Loadings

Fig. 6 Surface hardness of composite specimen

(different weight percentage) is presented in Fig. 6. It is
noticed that the surface hardness of developed composite
material increases with increasing the weight percentage of
filler materials. However the increment of hardness is
marginal. The reason is that hardness of composite material
depends upon of relative fiber volume and modulus (Fer-
rigno et al. 1978).

Influence of impact angle (o) on EW performance
of OPP composite

Several researchers reported that impact angle (angle
between erodent trajectory and target specimen) is one of
the significant factors to evaluate the erosive behavior of
composite specimens. The impact angle was also used to
study the nature of the material i.e., brittle or ductile using
the relationship of impingement angle and erosion rate.
The material indicates ductile nature and brittle nature if
the maximum erosion develops at low impact angle
(15° < o < 30°) and normal impact (6 = 90°), respec-
tively. The erosion wear behavior of composite specimen
increases due to impact angle (Pool et al. 1986). The
impact of impingement angle of synthesizes specimens on
EW at different impact velocities is presented in Fig. 7.
Studies reported that that maximum EW (E,.x) occurs
at normal impact (o = 90°) for neat epoxy composites
which shows brittle behavior of epoxy material. However,
in this investigation, the maximum erosion was noticed at
45° impact angle irrespective of the weight percentage of
filler loadings for low impact speed, i.e., 48 m/s and 70 m/s
and in case of higher impact velocity (82 m/s) the maxi-
mum value is observed at 60° impingement angle. The
minimum EW rate (E,,;,) is observed at low impact angle
(30°) for all synthesize composite specimens under all
impingement velocities. In the present investigation, it is
observed that, the developed composite materials were
changed their behavior from pure brittle to semi ductile
nature at low impact velocities due to addition of OPP filler
materials. However, for higher velocity the nature tends
toward semi brittle. This indicates the benefit of addition of
OPP to pure epoxy. Further, it is also observed from these
plots that OP4 composite shows maximum wear resistance
irrespective of the impact velocities. So from the above
analysis it has been observed that the OPP-reinforced
composite specimens show signs of semi-ductility, since
peak erosive wear observed at the intermediate impact
angles of (45° < a0 < 60°). Studies reported that the wear
properties polymer composites (either progress or failure)
are greatly depend upon the interaction phenomenon
matrix and filler particles (Li and Sheng 2010). However,
in this experimental work it has been observed that the
incorporation of OPP filler material increases the wear
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resistance of polymer composites. This is attributed to good
interaction between OPP filler and matrix material.

Influence of impact velocity on EW of OPP
composite

The impact or impingement velocity (the velocity with
which erodent particle strikes the target material) of ero-
dent particle has a powerful influence on the EW process.
EW develops in the material, due to increase in impact
velocity and their impact energy. Figure 8 represents the
erosive wear behavior of all specimens at different impact

Impingement angle (Degree)

velocities and different impact angles. From the graphs it
has been observed that there is no major alteration of
erosive wear at low impact velocity (= 48 m/s). At low
impact velocity, stresses developed due to impact velocity
are very less for plastic deformation. On the other hand
surface fatigue is the reason for the material removal
(erosive wear) at low impact velocity. Hence low impact
velocity is considered as quasi-static process.

However, the erosive wear behavior enhanced consid-
erably due to improve of impingement velocities. In this
cases, the eroded specimen experiences plastic deformation
at impact point which leads to higher amount of material

Fig. 8 EW of OPP composites (a) (b)
. . . 12 o
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B 2
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removal. The similar results also reported by several
authors while studying natural fiber-reinforced composite
materials (Khan et al. 2019; Jena et al. 2018). Cracking
also observed at the subsurface of erodent specimen due to
impact of erodent. Studies reported that the rate of erosive
wear for steady state condition can be formulated as E =
Kv", where E is the EW rate, v is the impact velocity, n is
the velocity exponent and K is an empirical constant
(Stachowiak et al. 1994). The velocity exponent is calcu-
lated by erodent and target material characteristics. From
the graphs, it has been observed that the velocity exponent
varies in between 2.57 to 3.532. From the literature it is
observed that the value of n varies from 2 to 3 for poly-
meric material behaving ductile nature and from 3 to 5 for
brittle material. However from the graph it is concluded
that the developed material is semi ductile nature.

Erosion efficiency

Erosion efficiency (#) is the ratio between volumes of
material (actual) detached as erosion debris to the displaced
volume and is presented in Eq. (6) (Sundarajan et al. 1990).
2E . Hr
= 2 (6)
oV

n

E. is erosive wear rate (kg/kg), the hardness of targeting
materials is Ht (MPa), density of the targeting material is p
(kg/m*) and V is the impingement speed (m/s). The erosion
efficiency indicates the character of erosive wear mecha-
nism. If the erosion efficiency is zero, then EW had taken
place on the surface of the specimen due to ideal ploughing
without development of any fracture. On the other hand if
M value is one or 100% then removal of material due to
micro cutting. Erosive wear efficiency (1) is greater than
one for brittle materials and much less than one for ductile
materials. In case of brittle material the erosive wear is due
to breaking of fragments which is the reason for the for-
mation and interlinking of cracks. However erosive wear of
ductile material is possible due to repetitive impingement
of eroding particles. The values of erosion efficiency of
synthesize specimens filled with different doses of OPP
filler are calculated and presented in Table 3. From this
investigation it has been observed that OP4 composites
show lower value of erosion efficiency. It has been already
discussed that the OP4 composites indicate exceptional
erosive resistance in comparison to other fabricated spec-
imens. That shows, the composite specimens have lower N
indicate exceptional erosion resistance whereas higher
values of n show poor resistance to erosion mechanism.
Pani et al. 2019 estimated the erosive wear efficiency of
iron-mud reinforced glass fiber polymer composite and
found similar behavior. However, Srivasatav et al. (2006)
found decrease in erosive wear efficiency with increase of

impact velocity while studying fly ash filled glass fiber
polymer composites. Since the results obtained from the
literature regarding relation between erosive wear and
erosion efficiency are different from analysis to analysis, so
it is concluded that the wear efficiency not only depends
upon the impact velocity but also depends upon type of
filler materials. The erosion efficiencies of synthesize OPP
composites vary from 2.247 to 4.579 and 1.982 to 5.281 at
an impingement angle of 45° and 60°, respectively, for
considered impact velocities. Considering the results of
wear efficiency (n) and velocity exponent (n), the syn-
thesize composite can be treated as semi ductile material.
In the paragraph 3.2, the author also concluded that the
fabricated specimen is semi ductile nature.

Effect of Filler loadings

Initially the filler materials are added to the composite
materials, to decrease the cost of the materials but as time
progressed fillers are used to enhance the tribological and
mechanical properties. The effects of filler material on the
EW (weight loss) of the developed specimens at different
impact velocities are presented in Fig. 9. It has been
noticed that the augmentation of OPP filler material
improves the wear resistance of the composite specimens
i.e., the material removal rate decreases in all impact
velocities. The minimum weight loss was observed in case
of OP4 composite specimens because the incorporation of
filler materials leads to adequate interfacial bonding with
matrix material. Further it is observed that there is a 25%
decrease in weight loss of OP4 specimen in comparison to
OP1 composite specimen at low impact velocity (48 m/s)
and 45° impact angle. Similarly the weight loss of OP4
specimen is 28% in comparison to OP1 composites at high
impact velocity (82 m/s) at same impact angle. So it clearly
recognizes the impact of OPP filler on EW. It is also seen
that the weight loss of specimen increases with increase in
impact velocities due to gradual increase in material
removal rate with impact velocities. This is because the
temperature develops at the intermediated region due to
increase of impact velocity that degenerate the interfacial
bonding and thereby causing material removal.

Study of surface morphology

To investigate the surface morphology and analyze EW
mechanism, the eroded specimens were studied under
SEM.

The surface morphology of eroded surface [at 48 m/s
(impact velocity), 30° (impact angle)] is presented in
Fig. 10a. It has been noticed that the impact of erodent
particle on the surface of composite specimen (OP4) is
very less.
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Table 3 Values of n for

different OPP composites Tmpact velocity (m/s)

Impact angle (°)

Erosion efficiency(n)

OP1 OpP2 OP3 OP4
Hy Hy Hy Hy
22.58 23.6 25.55 26.3
48 30 2.134 2.188 1.99 1.685
45 2.561 2.674 2.457 2.247
60 2.134 2.188 1.885 1.982
90 1.526 1.702 1.670 1.923
70 30 2.449 2.578 2.426 1.981
45 4.506 4.206 3.712 3.737
60 3.613 3.772 3.102 3.011
90 2.308 2.286 2.105 2.103
82 30 2.969 3.200 2.664 2.646
45 4.125 4.579 3.908 3.984
60 4.973 5.281 4.394 4.677
90 3.657 3.915 3.287 3.589
Fig' 9 Effect of filler on Weight (a) - Impact angle (30°) (b) = Impact angle (457)
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Filler loadings

The morphology of OP4 composites at 45° impact
angles and low impact velocity (48 m/s) is shown in
Fig. 10b, it is observed that the formation of crater is very
less but development of cracks on the surface are clearly
visible. Cracks that are generated are not continuous rather
moves in different directions. this is the result of hardness
of OPP composite particulates energy required for plastic
deformation is more in comparison to OP1 composite and
hence lesser wear.

The morphology of OP4 sample at 60° impingement
angle and low impact velocity (48 m/s) is presented in
Fig. 10c. From figure, it is seen that cracks are generated at

@ Springer
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the surface of the specimen but no craters are visible. This
might be due to good bonding between matrix and filler
material.

The SEM image of OP4 specimen at higher impact
angle (60°) and velocity (i.e., 82 m/s) is presented in
Fig. 10d. The craters are clearly visible at higher impact
velocity due to detachment of filler materials. The energy
of the erodent particle is fully transmit to the target
material (OP4), which is one of the reasons for the
detachment of filler materials. This is the reason for max-
imum weight loss of target material due to impact of ero-
sion. It is clearly visible that there is intensive debonding
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Fig. 10 SEM images of erodent
specimens (OP4) at different
impact angles and velocities

7

and also breakage of the fibers which are not supported by
the matrix. This might have happened due to high impact
velocity which is the reason for increases of temperature of
the target material. So the matrix deformation was easy
because of softening of the matrix material due to the
temperature rise.

It is observed from Fig. 11a that the impact of erodent
particle on the surface of composite specimen (OP1) is
very less at low impact velocity and impingement angle
30°.

Fig. 11 SEM images of eroded
surfaces at different OP1
composites at different impact
angles and different impact
velocities

It has been observed from Fig. 11b that cracks in the
surface of the specimen (OP1) is clearly visible after EW at
low impact velocity (48 m/s) and impact angle
(45°).However, there is no sign of pull out of filler material
from the matrix material. The SEM morphology of OP1
composite at an impact velocity (72 m/s) and impact angle
45° is presented in Fig. 11c. It is noticed that the matrix is
chipped off and the filler materials are clearly noticed at the
beneath of the matrix layer. There is also clear sign of pull
out of filler materials from the matrix as a result of which
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cracks and multiple fractures are observed in the surface of
the specimen.

The SEM surface of OP1 specimen (impact velocity
(82 m/s) and 60° impact angle) is presented in Fig. 11d.
The erodent particle strikes the composite surface (OP1)
with full force, so there is removal of matrix material from
the composite. Then the matrix is cut away and the filler
materials are clearly noticeable under the matrix layer
which leads to the formation of grooves on the broken part
of the material. Since the amount of filler material is very
less, so the interfacial adhesion between matrix and filler
material is not so strong to bind the matrix material. From
figure it is also observed that at higher impact the damage
occurs in the matrix material due to shearing action of the
filler materials. There is also separation and detachment of
filler materials from the composite materials. Formation of
crater, breakage of material also observed in OP1 com-
posite material. It is due to higher velocity of erodent
particle.

Conclusions

The EW behavior of fabricated composites was studied
considering various parameters such as filler percentage,
impact angles and impact velocities. In this experiment
silica sand act as an erodent. The subsequent outcomes are
drawn from the above experiments.

e The erosion resistance of synthesize specimens
enhances significantly by incorporation of OPP filler
material.

e From the experimental analysis (impact of impinge-
ment angle on EW) it has been observed that the
developed composite materials indicate semi ductile
nature. The utmost erosion was observed in between
45° and 60° impact angle.

e The wear rate was extremely inclined toward erodent
flow (impact velocity) rather than angle of impact. Thus
the changes of impact velocities decides the weight
change of the erodent

e The erosion efficiency (1) values obtained from exper-
imental analysis reveal that the developed composite
materials exhibit semi-ductile behavior.

e SEM analysis of eroded surfaces discloses that there is
high-quality bonding between matrix and filler material
in the developed specimens. However the material
removal in the composites materials mostly owing to
microcutting and microploughing.

e From the SEM analysis it is observed that that the wear
mechanism of developed specimens is greatly influ-
enced by impact velocities. At low impact velocities,
the erosive wear was influenced by fiber fracture,

@ Springer

matrix breakage and microcracking whereas at higher
impact velocities the erosive wear mechanism was
influenced by cracks, debonding, formation of craters
and pits.

e From the above observation it is understood that the
developed specimens may be used in different areas
such as partition boards, low cost housing equipments,
doors and window panels.
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