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In this research, an attempt is made to investigate the abrasive and erosion wear resistance of aquatic waste plant water hyacinth
converted fibre-reinforced polymer composites. From a novel approach, the new fibre extraction machine is designed to extract
the hyacinth fibre from the parent plant and reinforce it to the epoxy matrix material to produce a natural fibre composite for
frictional applications. The extracted fibre is dried in the open sunlight area for 22 to 35 days to remove moisture and external dust
particles. Then, different weight percentages (15, 20, 25, 30, and 35) of composite samples are produced with the help of the hot
press compression moulding technique. Improved hyacinth composite tribology properties are tested by utilizing the pin on the
disk machine. This setup included various processing parameters like load (10, 20, and 30 N), velocities (1, 2, and 3 m/s), speed
(160, 320, and 479 rpm), and constant sliding distance condition, and the erosion setup also influences the essential parameters
like impact angle (30, 45, and 60°), erodent velocity (1, 2.5, and 3.3 m/s), and discharge rate (28, 41, and 72 g/m). The factorial
techniques are used to identify the important design factors. The final results represent the weight loss, volume loss, and erosion
rate of hyacinth fibre composite. By utilizing the SEM (scanning electron microscope), the worn surface morphology of different
weight percentages of hyacinth fibre samples are analysed. To upgrade the usage of hyacinth reinforced composites for different
industrial applications, wear and erosion studies are conducted with different parameter conditions.

1. Introduction

In recent years, researchers are focusing on recycling of
material concepts in the aspect of global impact because of
environmental problems. Previously, in polymer composite
fields, the synthetic fibres glass, carbon, and some of the
other fibres were used. But all synthetic fibres have some
disadvantages like being non-recyclable and non-degradable
and having higher cost and high amount of energy con-
sumption aspects. Nowadays, the demand for biodegradable
materials is increasing [1]. Normally, the usage of natural

fibres in the polymer composite material field has enor-
mously increased and created a huge impact. All over the
world, so many researchers and industrial experts used
natural fibre as a reinforcement material because of so many
positive advantages and applications compared to synthetic
fibres. Generally, natural fibres have low cost and are bio-
degradable, very cheap, easily available, and ecofriendly. The
natural fibre reinforced composites have very good me-
chanical strength and good thermal stability [2]. The sisal,
coir, banana, hemp, jute, flax, and kenaf fibres are used as a
reinforcement in the conventional polymer composites. The
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aspect of tribology behaviour in natural composites has not
been properly covered and elaborated. These composite
materials are used in building materials, commercial ap-
plications, and automotive and construction industries.
Main disadvantage of natural fibre is the presence of external
dust particles on the fibre surfaces, poor primary and sec-
ondary phase adhesions like reinforcement and matrix
material phase, and dimensional stability [3]. However,
composite developed with fibres and fillers as reinforcement
in the matrix is the good combination for product devel-
opment. Both natural and synthetic fibres have serious
disadvantages [4]. Conventionally, fibres’ primary phase and
matrix material phase bonding is the main reason to increase
and decrease the sample properties. But few surface treat-
ments to the fibres slightly increase the bond between the
reinforcement and matrix phase and this bonding surely
expands the strength of the materials. From the interlocking
bonding aspect, alkali treatment is one of the effective
methods [5]. Based on the chemical structure and effect of
the alkaline solutions, it dissolves the cellulose and hemi-
cellulose contents on the surface of the fibre. This treatment
increases the fibrillation process to remove the outer layer of
the fibre. At the same time, the seawater treatment also
improves the interfacial bonding of fibre composites. It leads
to improving the mechanical property. In terms of tribology
behaviours, most of the literature surveys cover the synthetic
composite majorly. Fewer kinds of literature are only
available to give the details in tribology behaviour of natural
fibre composites. Generally, the BOR machine (block on
ring) is used for the dry sliding test of the composite. The
final results indicate the natural fibre’s composite wear
behaviour. Some of the authors studied and evaluated the
natural fibre composite wear and erosion behaviours like
sisal, coir, and palm fibre reinforced composite.

Mechanical degradation refers to solid particle erosion
with the usage of different erodents [6]. Many industries
reported material damages because of this erosion behav-
iour. Solid particle erosion is the conventional process to
find out the progressive loss of a material’s solid particles.
Very few literature surveys are conducted in the aspect of
natural fibre composite erosion studies. Mostly, the erosion
rate of fibre composites is higher than that of the metals. The
erosion behaviour is related to the velocity, impact angle,
erodent type, and particle size parameters [7].

In this work, water hyacinth natural fibre is extracted
from the parent plant and then the fibre is reinforced with
epoxy matrix materials with different weight percentages,
and a hyacinth fibre composite sample is produced with the
help of a hot press compression moulding machine. Water
hyacinth is a free-floating aquatic plant, mainly available in a
local water body especially in a tropical and subtropical
region [8]. Temperature plays a very important role in water
hyacinth plant growth life. 15°C is the minimum, 20-28°C is
an optimum level, and above 36°C is the maximum tem-
perature of the water hyacinth plant [9]. The water hyacinth
has a good character that it can grow fast over surface of any
water bodies. So, even the Sun’s rays will not penetrate below
the water. The behaviour of the hyacinth plant is a serious
threat to the entire environment [10]. All the countries
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invested huge amounts of money to remove hyacinth plants
from the water bodies. Present work will encourage the
researchers to use natural (waste) material as a useful ma-
terial for effective utilization.

2. Materials

The water hyacinth plants are found in the water bodies of
Trichy District, Tamil Nadu, India. After cultivating the
plant, the separation process is done. The plant stem is
separated from the parent plant. Normally, all the aquatic
plant fibres are extracted by retting. Water hyacinth plant
fibre cannot be effectively extracted from retting. By utilizing
the mechanical way of the extraction process, hyacinth plant
fibres are extracted. To remove the impurities and external
dust particles, hyacinth fibres are cleaned by running water
and distilled water. Then, the fibres are dried in the open
sunlight area for 3 days until their colour turned from green
to dark brown. This drying process is commonly used to
remove the moisture content of the fibres. Epoxy resin is
used as a matrix material with a combination of hardeners
on a particular standard like LY556 and HY951 with a
mixing ratio of 10:1 [11]. Table 1 explains the essential
properties of hyacinth fibre and epoxy matrix materials. In a
natural fibre composite, epoxy resin, which has high thermal
stability, is mostly used as a matrix material to withstand the
high temperature and enhance the mechanical properties of
the reinforcement. These matrix materials were purchased
from Covai Seenu & Company, Coimbatore, Tamil Nadu,
India. Figure 1 clearly describes the extraction process of
water hyacinth plant fibres.

2.1. Fabrication of Composites. After the fibre extraction
process is completed, different weight percentages of the
composite sample are prepared (15, 20, 25, 30, and 35%).
Different weight percentages of fibre reinforcement are
mixed with epoxy matrix material by using the compression
moulding machine. In the hot press compression moulding
machine, the upper plate temperature is set to 110°C and the
lower plate temperature is 120°C. Individual plate temper-
ature is used to reducing the curing time of the composite
sample. After the particular temperature is fixed on both
plates, 1500PSI hydraulic pressure is applied to both the top
and bottom plates. The time for curing and compression
loading, for a proposed 300 x 125 x 3 mm composite plate, is
fixed as 30 minutes. Figure 2 clearly explains the fabrication
process of hyacinth reinforced fibre composites.

2.2. Wear Test Apparatus. The pin on disc (POD) testing
machine is used to examine the water hyacinth fibre com-
posite’s dry sliding behaviour [12]. Easy availability, low cost,
and quick handling methods are the reasons to use this
apparatus commonly in the polymer matrix composites for
wear applications. Initial verifications and surface prepa-
ration on disc material are carried out in advance to the
experimentation [13]. Very thin and sharp brushes are used
to clean the composite samples before and after the tests.
Figure 3 shows the pin on disc apparatus.
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TaBLE 1: Mechanical properties of epoxy resin and water hyacinth plant fibre.

Properties

Epoxy resin

Water hyacinth fibre

Density (g/cm?)
Tensile strength (MPa)
Tensile modulus (GPa)
Elongation (%)

1.12 1.02
34 3.15
34 1.8
2.24 3.7

FIGURE 2: Fabrication process of water hyacinth plant fibre composite.

Once the wear test is finished, the average roughness of
the sample is calculated with a different region. Volume loss
of the natural fibre composite wear specimen is the measure
before and after testing by utilizing an electronic weight
balance machine [14, 15]. The initial weight is assigned as
W1, the final weight is assigned as W2, then the volume loss
is measured,, and five readings are taken in each samples for
confirmation. Volume loss is calculated by using the fol-
lowing equation:

Vw
VL = —.
p

1

2.3. Erosion Apparatus and Experimental Procedure.
Water hyacinth natural fibre composite sample is tested with
the DUCOM TR470 model erosion wear tester with a nozzle
diameter of 1.5 mm. 20-35 ym alumina powder is used as the
erodent material. The composite test samples are cut as per
ASTM standards (G76 (2013)) with the dimension of
25x25x 3 mm [16]. Figure 4 shows the air jet erosion test
apparatus.

Before conducting the experiment, the sample is fully
cleaned by pressurised air and dry cloth. The output re-
sponse is measured in g/min. The erodent rate is governed by
following equation:

w,-WwW
Er=—0t '@

; (2)

Impinged surface hardness is measured by utilizing the
micro Vickers hardness test. From the different impact regions,
the five observations are taken for the calculations [17]. Density
of the natural fibre composite is tested with the help of the
Archimedes principle. The composite samples’ theoretical
density and experimental density are also measured [18].

2.4. Experimental Design. The combination of the output
result process of dry sliding wear and erosive wear is deter-
mined by utilizing the design of the experiment method [19].
Normally, the full factorial technique is used to find the effect of
different factors with n levels. This experiment method was
used as sequence operation to find out the minimum amount
of wear and erosion of the sample. In a full factorial method, the
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FIGURE 4: Air jet erosion test apparatus.

output response is involved in all combinations of the factor
levels [20]. In dry sliding wear, the three factors applied load
(A), sliding time (B), and sliding speed (C) are in control.
Similarly, impact angle (A), particle velocity (B), and erodent
discharge rate (C) are the factors used to design the erosion
experiments. Tables 2 indicates the control factors and level for
dry sliding wear used in water hyacinth composite material.
Table 3 indicates the control factors and level for erosive wear
used in water hyacinth composite material.

2.5. Morphological Analysis. The morphological studies in
worn surface of the composite is revealed with scanning
electron microscope. Ziess SEM is used to capture high-
resolution images following standard working conditions.

3. Result and Discussion

3.1. Volume Loss. When using natural fibre as a reinforce-
ment of the polymer matrix composites, the tribology
properties are increased. This work briefly discussed the
most influencing process parameters to get the minimum
amount of wear like weight loss and volume loss. Increase in
load at a maximum has highly influenced the material to
reach maximum wear rate, and the same has been proved
with existing literatures. The Taguchi orthogonal array ex-
periments are based on the full factorial technique. By using
the factorial technique, sliding speed, load, and influencing
time parameters are determined. In this dry sliding exper-
iment, the above three parameters are the most effective
parameters. A dry sliding technique is used to determine the
main effect, interaction effects, and their plots. Wear re-
sistance of the water hyacinth-based composite is improved
in some conditioning parameters. Epoxy matrix material
resin easily penetrates the hyacinth fibre reinforcement, and
it leads to strong interlocking. This dry sliding experiment
decreased the interlocking property of the reinforcement
and matrix material of the composite sample. Tables 4 and 5
describe the experimental design and its observation made
through analysis of variance [21].

The expoxy material plays a vital role in increasing the
mechanical strength and bonding of natural (bio) fibre. But a
higher amount of fibre content decreases the mechanical
property and internal bonding of the two states. Based on the
experimentation, the wear rate varies with respect to increase in
fibre weight percentage. Therefore, it has been confirmed that
30% (wt.) has good wear resistance compared to other com-
bination. Conventionally, when a higher load acts for a long
time, it leads to wear because a particular amount of heat is
generated at the surface of the matrix and fibre reinforced
sample. Figure 5 shows the main effect plots of the dry sliding
output means and SN ratios of the hyacinth fibre sample.

However, the material removal rate is higher, and it leads to
the weight loss and volume loss of the composite sample. From
the literature surveys, compared to the other natural fibres,
water hyacinth fibre with epoxy-based composite gives a
positive effect on the test samples. Figure 6 clearly shows the
residual plots for the dry siding output with respect to the
frequency and standard residual.

3.2. Wear Mechanism. In general, the wear process takes place
on the counter-face of the disc and the mating surface of the pin.
Several types of plateaus have been formed. Generally speaking,
plateaus are divided into two phases: dusty plateaus and rough
plateaus. In the tribology system, the friction film affects the
tribology performance. In the initial sliding process of the epoxy
polymer composites reinforced with hyacinth natural fibres,
debris in the form of fibre-matrix bulk found removed from the
composite due to sliding friction following the pullout mech-
anism. There is evidence of fibre trapping near the sliding
surface of the disc and in the friction layer. A dry sliding wear
system’s frictional layer is the layer that is most affected by the
tribology performance of the pin on the disc. The frictional layer
detaches from the machine surface when the load parameters
are high. There is a high rate of material removal from the final
debris and fragments, which attach to the disc with a friction
layer. Due to the high friction, the film transferred smoothly
during the test. It is apparent from this smooth transfer that the
material has the least friction. A high volume loss at the test site
is also one of the reasons for the loss.
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TaBLE 2: Control factors and levels for dry sliding wear test.
Levels

Factors

I II III
Load (N) 10 20 30
Time (s) 20 10 7
Speed (rpm) 160 320 479

TaBLE 3: Control factors and levels for air jet erosion test.
Machining parameters Symbol Levels Time
Impact angle (degree) IA 30 45 60 10
Discharge (g/min) EV 1 2.5 3.3 10
Erodent velocity (m/s) DR 28 41 72 10
TaBLE 4: Experimental observation for dry sliding wear test.

S. No. Load (N) Time (t) Speed (rpm) Output
1 10 20 160 0.00160
2 10 20 320 0.00220
3 10 20 479 0.00280
4 10 10 160 0.00150
5 10 10 320 0.00290
6 10 10 479 0.00340
7 10 7 160 0.00170
8 10 7 320 0.00260
9 10 7 479 0.00370
10 20 20 160 0.00150
11 20 20 320 0.00240
12 20 20 479 0.00450
13 20 10 160 0.00250
14 20 10 320 0.00340
15 20 10 479 0.00520
16 20 7 160 0.00360
17 20 7 320 0.00420
18 20 7 479 0.00640
19 30 20 160 0.00624
20 30 20 320 0.00790
21 30 20 479 0.00856
22 30 10 160 0.00290
23 30 10 320 0.00370
24 30 10 479 0.00460
25 30 7 160 0.00290
26 30 7 320 0.00260
27 30 7 479 0.00340

3.3. Erosive Wear. From the air jet erosion, the responses on
the individual process parameters are discussed in detail. To
recognize the effect of individual parameters, the graph is
prepared by one parameter that is constant over another.
Increasing the discharge rate (DR) leads to a higher erosion
of the test samples [22]. At a 90-degree angle, the erodent
strikes the surface of the material with respect to impact
velocity. After impingement, the behaviour particle varies
with respect to counter material. On the soft matrix, the
material clings, and hard surface erodes fracture. This reacts
with the responses on the surface. In addition, the erodent

velocity will influence the response of wear rate. Tables 6 and
7 explain the experimental and analysis of variance obser-
vation of WH sample erosion test. Figure 7 indicates the
mean effect plots of output and SN ratios on WH composite
erosion test.

At 45 degrees, the particle slides at a maximum velocity,
and shear rate increases. It has maximum material removal
compared to other impact angle [23]. Figure 8 clearly in-
dicates the normal probability plots and histogram plots of
the hyacinth fibre composite erosion test with respect to the
frequency and standard residual.
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TABLE 5: Analysis of variance observation.
Source DF Seq SS Adj SS Ads MS F P Contribution (%)
Load 2 0.000045 0.000045 0.0000015 12.37 0.002 26.33
Time 2 0.000023 0.000023 0.000023 1.79 0.194 3.83
Speed 2 0.000003 0.000003 0.000003 9.73 0.005 20.76
Error 20 0.000043 0.000043 0.000002
Total 26 0.000088
Main Effects Plot for Means
Data Means
Load Time Speed
0.0050 A
0.0045 A
é 0.0040 -
Q
=
S
§ 0.0035
=
0.0030
0.0025 A
T T T T T T T T T
10 20 30 7 10 20 160 320 479
Main Effects Plot for SN ratios
Data Means
Load Time Speed

531

524

514

50

49 A

Mean of SN ratios

48 1

47 1

T T T T
10 20 30 7
Signal-to-noise: Smaller is better

10 20 160 320 479

FIGURE 5: Main effect plots for means and SN ratios.

3.4. Erosive Wear Mechanism. Water hyacinth composite
samples are evaluated through erosive wear with an air jet
erosion machine. There is a high rate of wax discharge,
which leads to erosive wear. It is the double erosion rate
that takes up half of the erodent velocity increment. Our
work focuses on determining the erosion rate of the
hyacinth composite sample based on erosion rate pa-
rameters such as erodent velocity, impact angle, and
discharge rate. In addition to a range of impact angles

(30°, 45°, and 60°), erodent velocity varies (28, 41, and 72)
and the discharge rate lies in the range of (1, 2.5, and 3.3).

3.5. Surface Morphological Studies. The wear morphology of
the worn surface is studied with scanning electron micro-
scope for different process parameters. It is clear to confirm
that the common wear mechanism such as pullouts, fibre
buckling, fracture in matrix material, phase debonding, and
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FIGURE 6: Residual plot output on dry sliding wear test.
TABLE 6: Experimental observation for air jet erosion test.
S. No. IA (degree) EV (m/s) DR (g/min) E, 107° (g/min)
1 30 28 1 8.214
2 30 28 2.5 6.324
3 30 28 3.3 3.625
4 30 41 1 11.452
5 30 41 2.5 9.625
6 30 41 3.3 8.540
7 30 72 1 16.420
8 30 72 25 13.480
9 30 72 33 10.980
10 45 28 1 6.470
11 45 28 2.5 5.780
12 45 28 33 4.162
13 45 41 1 9.320
14 45 41 2.5 7.520
15 45 41 33 5.300
16 45 72 1 13.490
17 45 72 2.5 11.460
18 45 72 3.3 9.640
19 60 28 1 7.870
20 60 28 2.5 3.640
21 60 28 33 3.410
22 60 41 1 8.590
23 60 41 2.5 7.625
24 60 41 33 6.320
25 60 72 1 9.650
26 60 72 2.5 9.640
27 60 72 3.3 8.140
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TABLE 7: Analysis of variance observation.

Source DF Seq SS Adj SS Ads MS F Contribution (%)
1A 2 31.535 0.108 0.1077 0.11 11.79

EV 2 153.258 26.330 26.3297 27.89 57.32

DR 2 53.292 7.191 7.1911 7.62 19.93
IAXEV 4 8.796 8.716 8.7165 9.23 3.26

IA x DR 4 1.691 1.691 1.6911 1.79 0.63

EV x DR 4 0.007 0.007 0.0065 0.01 0.00

Error 8 18.878 18.878

Total 26 267.377

Main Effects Plot for Means
Data Means

Impact angle Erodent Velocity Discharge

12 1

Mean of Means

30 45 60 28 41 72 1.0 2.5 3.3
Main Effects Plot for SN ratios
Data Means
Impact angle Erodent Velocity Discharge
14 4
-15 4
-16 4
g
g -17 |
Z
w
B 18
S -18
S
=
19 |
-20
-21

30 45 60 28 41 72 1.0 2.5 3.3
Signal-to-noise: Smaller is better

FIGURE 7: Main effect plots for means and SN ratios.
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FIGURE 8: Residual plot output on dry sliding wear test.
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(©

FI1GURE 9: Electron image of water hyacinth composite material worn surface observed on the samples tested at different process conditions.
(@) L=10N, T=20m, and N=479rpm. (b) L=20N, T=20m, and N=479rpm. (c) L=30N, T=20m, and N=479 rpm.

transformation due to sliding particles are noticed [24].
From the observation of the wear experiment, the good
interfacial locking between the fibre and matrix phase has led
to the good wear performance of the natural composites.
Wear surface of the test samples is shown in Figure 9.
Figure 9(a) displays a very close view of the scanning
electron microscope images and the fibres pulled out during
the matrix phase by showing so many holes. In Figure 9(b),
the epoxy resin matrix phase bonding is clearly visible. There
is strong interfacial bonding between fibre and epoxy resin
matrix because of this. Composite performance was greatly

affected by this bonding property. Figures 9(a)-9(c) illus-
trate that a load of 30 N applied over a period of 20 minutes
has higher friction than a load of 10 N applied over the same
period. As the speeds decrease, the friction on the surfaces
increases. Due to applied load, the materials are prone to
high shear and led to a maximum surface damage [25-28].
Figures 10(a)-10(d) show the different impact angles (30°,
45°, and 60°) as well as the erodent velocity and discharge
rate along with each crack, cleavage pattern, angle im-
pingement, and weave pattern on a crater surface with
appropriate angles of impact.
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FIGURE 10: Surface images of the erosion sample at various working conditions. (a) IA =30; EV =28; DR=2.5. (b) IA=45; EV =28; DR =2.5.

(c) TA=60; EV =28; DR=2.5. (d) Crater surface.

4. Conclusion

Compression moulding is used to prepare both dry sliding
and erosion test specimens. The following conclusions are
drawn from the wear test and erosion test of water hyacinth
plant fibre composites:

(i) Water hyacinth natural fibre enhances the fibre-
matrix interfacial bonding with the respective
percentage: 30 >35> 25>20 > 15.

(ii) The volume loss of the hyacinth composite is re-
duced by 26%.

(iii) When the nozzle angle is decreased simultaneously,
the wear rate is increased.

(iv) From the analysis of variance, the influence of indi-
vidual parameters is identified. Air jet erosion particle

velocity has a maximum contribution of 58% towards
surface wear followed by erodent discharge (20%) and
impact angle (11%). Similarly, in sliding wear, the
applied load has a maximum contribution followed by
sliding velocity and sliding duration.

(v) The surface defect of the erosion test is to find out
45°, and the wear sample is highly affected at 30N
with 479 rpm speed.

(vi) Fibre pullouts and surface fracture are the common
failure observed through the scanning electron
microscope.

Data Availability

No data were used to support this study.
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