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Solid particle erosion behavior of short date palm leaf (DPL) fiber reinforced polyvinyl alcohol (PVA) composite has been studied
using silica sand particles (200 + 50 #m) as an erodent at different impingement angles (15-90°) and impact velocities (48-109 m/s).
The influence of fiber content (wt% of DPL fiber) on erosion rate of PVA/DPL composite has also been investigated. The neat
PVA shows maximum erosion rate at 30° impingement angle whereas PVA/DPL composites exhibit maximum erosion rate at 45°
impingement angle irrespective of fiber loading showing semiductile behavior. The erosion efficiency of PVA and its composites
varies from 0.735 to 16.289% for different impact velocities studied. The eroded surfaces were observed under scanning electron
microscope (SEM) to understand the erosion mechanism.

1. Introduction

Material scientists are constantly searching for new non-
conventional materials to replace the conventional metallic
materials. With this effort the development of fiber reinforced
polymer (FRP) composite, reinforced with both synthetic
and natural fibers, finds its place for applications ranging
from household appliances to advanced space and defense
equipment due to its excellent specific properties. Environ-
mental awareness has triggered the researchers worldwide
to replace traditional synthetic fibers with natural fibers
because of certain advantages such as low price, low density,
unlimited and sustainable availability, and low abrasive wear
of processing machinery [1, 2]. However, they have certain
disadvantages like high moisture absorption, poor wettability,
low mechanical properties, and so forth. In spite of these dis-
advantages, the interest in natural fiber polymer composites
is rapidly growing in terms of their tribological and industrial
applications [3].

With regard to tribological application, natural fiber
polymer composites encounter different types of wears in
practical situations. Solid particle erosion is one of the typical
wear modes which is characterized by the loss of materials
that results from repeated impact of small solid particles.
It occurs in various situations like pipe line carrying sand
slurries in petroleum refining, helicopter rotor blades, pump
impeller blades, high speed vehicles, and aircraft operating in
desert environments, radomes, surfing boats, and so forth. In
those situations the components come across impact of lot
of abrasives like dust, sand, splinters of materials, slurry of
solid particles, and so forth, and consequently the material
undergoes erosive wear [4]. Till date, most of the research
works have been devoted to study the solid particle erosion
behavior of synthetic polymers reinforced in either thermoset
or thermoplastic polymer matrices [5-8]. The works towards
the study of erosive wear of natural fiber reinforced polymer
composites are scanty in the literature. Recently, Patel et al.
[9] have investigated the erosive wear behavior of jute-glass



fabric reinforced epoxy composite and concluded that the
erosion property of jute/epoxy composite can be improved
significantly by hybridizing with synthetic fiber glass. Biswas
and Satapathy [10] have observed that the erosion wear
performance of red mud filled bamboo-epoxy composites is
better than that of glass-epoxy composites. In another work
Satapathy et al. [11] have studied the erosion of fish scale
reinforced epoxy composite and found that its erosion perfor-
mance is better than that of neat epoxy. In general it is seen
that the erosion resistance of polymer composites is poorer
than that of neat polymers [12-14]. However, reinforcement
may improve or worsen the resistance to erosion, depending
on the types of fibers used [15].

The date palm tree, a member of the palm tree family
(Phoenix dactylifera), is normally found in the Middle East,
Northern Africa, the Canary Islands, Pakistan, India, and the
United States (California). As per the reported work [16] there
are approximately 62 million of date palm trees found in the
Middle East and North Africa and 100 million worldwide.
In Saudi Arabia alone, 15000 tons of date palm leaves is
produced as waste. The leaves of date palm tree are used
in making ropes, baskets, and mats in many parts of the
world. However, the bulk of the material is discarded as waste.
Therefore, efficient utilization of this natural resource in
making natural fiber composite would have a positive impact
on environment and may improve the economic standard
of rural people. In this context, some works [17-20] have
been undertaken to study various properties of date palm
leaf fiber reinforced polymer composites. It has also been
reported that the specific strength of date palm leaf is higher
than many aluminium alloys [21]. With this background,
it was worthwhile to understand the erosive wear behavior
of date palm leaf reinforced polymer composite. Authors in
their earlier work [22] have studied the mechanical prop-
erties of acrylic acid treated date palm leaf fiber reinforced
polyvinyl alcohol (PVA/DPL) composites and observed that
28 wt% of DPL fiber gives optimum mechanical properties.
In the present investigation, erosion test was conducted on
PVA/DPL composites at various fiber loadings such as 10,
20, 30, and 40 wt% including optimum fiber loading (i.e.,
28 wt%) in order to study solid particle erosion behavior of
the composite for tribological applications.

2. Experimental

2.1. Fabrication of Composite Specimen. The date palm leaf
(DPL) fibers were prepared by tearing out the strips of date
palm leaves with 1.5 cm long and 1 mm wide and given surface
modification with acrylic acid. Composite specimens were
fabricated by mixing different weight percentages (i.e., 10, 20,
28, 30, and 40 wt%) of acrylic acid modified DPL fiber with
polyvinyl alcohol (PVA) matrix by injection molding method
for solid particle erosion test.

2.2. Erosion Wear Test. The solid particle erosion experi-
ments were carried out as per ASTM G76 standard on the
erosion test rig shown in Figure 1. The rig consists of an
air compressor, a particle feeder, an air particle mixing, and
accelerating chamber. The dried and compressed air were
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TaBLE 1: Erosion test conditions.

Test parameters
Erodent
Erodent size (um)

Angular silica sand
200 +50
1420 + 50
15, 30, 45, 60, and 90
48,70, 82, and 109 (+5)
1.467 +0.02
Room temperature

Hardness of silica particle (HV)
Impingement angle () in degree
Impact velocity (m/s)

Erodent feed rate (gm/min)

Test temperature

Nozzle to sample distance (mm) 10
Sand hopper
Sand flow
control knob
//
Sand nozzle—"" | Z ............
Conveyor belt -
system for sand
Pressure
transducer
Mixing
chamber
Nozzle
x-, ¥-, and 0-axis T —7T | Sample
—
assembly holder
Eroded sand
collector

FIGURE 1: Schematic diagram of erosion test rig.

mixed with silica sand (200 + 50 ym) which was fed con-
stantly from a conveyor belt feeder into the mixing chamber.
The silica particles were accelerated by passing through a
tungsten carbide converging nozzle of 4 mm diameter to
bombard the target. The composite specimens were held at
selected angles (15°, 30°, 45°, 60°, and 90°) with respect to the
flow of the impacting sand particles and eroded.

The feed rate of the particles was controlled by monitoring
the distance between the particle feeding hopper and belt
drive carrying the particles to mixing chamber. The impact
velocity of the particles was varied by varying the pressure of
the compressed air. The velocity of the eroding particles was
determined using a rotating disc method [23]. The conditions
under which erosion tests were carried out are listed in
Table 1.

The samples were cleaned in acetone, dried, and weighed
to the accuracy of 0.1 mg using an electronic balance, before
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FIGURE 2: Variation of erosion rate of PVA/DPL composites as a function of cumulative weight of impinging particle at different impingement

angles (15-90°).

and after each test. The test samples after loading in the test rig
were eroded for 3 min at a given impingement angle and then
weighed again to determine weight loss (Aw). The erosion
rate (E) is then calculated by using the following equation:

E-2Y, m

W,

where Aw is the mass loss of test sample in gm and w, is
the mass of eroding particles (i.e., testing time x particle feed
rate). This procedure has been repeated until the erosion rate
attains a constant steady-state value. In the present study the
same procedure is repeated for 5 times (i.e., expose time was
15 min).

2.3. Characterization of Eroded Surfaces. The characteriza-
tion of eroded surfaces was done using JOEL (JSM 840)
scanning electron microscope (SEM). Before taking the SEM
image, the samples were gold sputtered in order to reduce
charging of the surface.

3. Results and Discussions

3.1 Influence of Cumulative Weight of the Impinging Particle
on Erosion Rate. The typical variation of incremental erosion

rate as a function of cumulative mass of erodent for various
weight percentages of PVA/DPL composites is shown in
Figure 2. The erosion data pertaining to different impact
angles at impact velocity of 70m/s has been presented.
As depicted from the graphs, no incubation or induction
period is observed. However, acceleration, deceleration, and
stabilization are exhibited by different weight percentages of
PVA/DPL composites. A similar kind of observations was
also reported in the literature [24] while studying erosive
wear behavior of polyetherimide and its composites. It can
also be seen from Figure 2 that erosion rates of PVA and
its composites reach nearer to steady-state value when the
cumulative mass of erodent is in the range of about 40-70 g.
Further, it is observed that steady-state erosion rate of PVA
and its composites increases with increase in impingement
angles from 15° to 45°, then it decreases at higher impact
angles (i.e., 60° and 90"). The similar observations were made
for the other impact velocities and hence it is not shown here.

3.2. Influence of Impingement Angle («) on Erosion Rate. The
material removal during the erosion is dependent on many
interrelated factors that include the properties and structure
of target material, exposure conditions, and physical, chem-
ical characteristics of the erodent particles. Hence, erosive
wear of polymers/composites is a more complex process
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and no single property/mechanism can completely account
for the loss of material [24]. It is known that impingement
angle is one of the most important parameters as the erosion
behaviour of materials can be broadly classified as ductile and
brittle depending on the variation of the erosion rate with
impingement angle [25]. Ductile behavior is characterized by
maximum erosion rate at low impingement angle, typically
between 15° to 30°. On the other hand, if the maximum
erosion rate occurs at normal impact (ie., at 90°), the
behavior of the material is brittle. Reinforced composites
have been found to exhibit semiductile behaviour with the
maximum erosion rate being at intermediate angles, typically
between 45° to 60°. To study the influences of impingement
angle on wear behavior of PVA/DPL composites, the steady-
state erosion rate has been correlated with impingement angle
for different weight percentages of DPL fibers in Figure 3.

It is evident from the figures that steady-state erosion
rate is maximum at 30° impingement angle for neat PVA
(i.e., 0wt%) whereas other weight percentages of PVA/DPL
composites show peak erosion rate at 45° impingement
angle at all impact velocities. Therefore, DPL fiber reinforced
PVA composites exhibit semiductile behavior with maximum
erosion rate at 45° impingement angle.

3.3. Influence of Impact Velocity (v) on Erosion Rate. In order
to study the effect of particle velocity on erosion rate, erosion

tests were conducted by varying the particle velocity from
48 to 109 m/s for various impingement angles (15-90°). The
variations of erosion rates with different fiber loadings of PVA
and its composites at impact angle of 45° are illustrated in
the form of bar chart (Figure 4). From the chart it is found
that erosion rates increase with incorporation of DPL fibers
at all impact velocities. This type of trend is also observed at
all other impact angles.

Figure 5 shows the typical steady-state erosion rate
dependence of PVA and its composites for different impact
velocities at two impingement angles (45° and 90°). It is
found that steady-state erosion rate of PVA and its composites
increases with increase in impact velocity for the tested
impingement angles.

It has been observed earlier [26] that the velocity of the
erosive particles has a very strong effect on erosion rate and
the relation between erosion rate (E) and impact velocity (v)
can be expressed by using the power law equation:

E =KV, (2)

« »

where “E” is the steady-state erosion rate, “v” is the impact
velocity of particles, “n” is the velocity exponent, and “k”
is a constant. The least-square fits to the data points were
obtained by using the above power law (Figure 5) equation
and the fitting parameters at different impingement angles are

summarized in Table 2.
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TABLE 2: Parameters characterizing the velocity dependence of
erosion rate of PVA/DPL composites.

Wt% of

Impingement 2
DPL fiber angle («, °) k i R
15 1x1078 2.072 0.996
30 2x1077 2.018 0.995
0 45 1x107® 2277 0.996
60 3x1078 2118 0.997
90 1x1078 2.154 0.999
15 5x107° 2.637 0.998
30 4x1077 2.56 0.999
10 45 3% 1077 2.88 0.992
60 1x1078 2.05 0.999
90 2x1078 2.438 0.999
15 6x107° 2.683 0.997
30 3x1078 2.242 0.998
20 45 5% 1077 2.109 0.997
60 1x107® 2422 0.996
90 2x107° 2138 0.997
15 6x107° 2.742 0.996
30 4%x10°8 2332 0.999
28 45 5% 1077 2.158 0.996
60 1x107® 2334 0.998
90 2x107° 2.301 0.999
15 6x107° 2.779 0.999
30 3x1078 2384 0.999
30 45 1x1077 2113 0.997
60 7%x1077 2.140 0.999
90 1x107® 2.352 0.999
15 6x107° 2.804 0.997
30 3x1078 2.464 0.998
40 45 2% 1077 2127 0.997
60 4%x1077 2170 0.999
90 1x1078 2.446 0.998

From the presented data it is observed that the velocity
exponents are in the range of 2.0-2.88 for the synthesized
composites at different impingement angles. Generally, there
is hardly any variation in the value of “n” at different impinge-
ment angles and higher values of “n” are associated with
steeper impingement angles. Erosion behavior of materials is
broadly classified as ductile and brittle based on impingement
angle as mentioned earlier. However, the above classification
is not absolute as the erosion behavior has a strong depen-
dence on erosion conditions such as impact angle, impact
velocity, and erodent properties such as shape, hardness,
and size. It has been observed that the erosion behavior
of polymers and their composites is also characterized by
the value of the velocity exponent, “n” [15]. For polymeric
materials behaving in a ductile manner the value of “n” is in
the range of 2-3 while for polymer composites behaving in
a brittle fashion the range is 3-5. In the present study, since

45
40 a = 45°
35 A
30 A
25 1
20 A
15 A
10 A

g/g)

—4

Steady state erosion rate (x10

0 10 20 28 30 40
(wt%)

W 82m/s

I 109m/s

48m/s
70m/s

FIGURE 4: Variations of erosion rates of PVA/DPL composites with
different fiber loadings.

the velocity exponents are in the range of 2.0-2.88, hence the
PVA/DPL composites exhibit semiductile behavior.

3.4. Influence of Erosion Efficiency on Erosion Rate. The
erosion efficiency (1) is an important parameter [27] which
is used for identifying the brittle and ductile erosion response
of various materials to solid particle erosion. It is obtained by
using the following equation:

_ 2EH
n= PV2 >

where “E” is erosion rate (kg/kg), “H” is hardness of eroding
material (Pa), “p” is density of eroding material (kg/m’),
and “v” is velocity of impact (m/s). The erosion efficiency
can be used to identify the erosion mechanism of various
materials. For example, ideal microploughing involving just
the displacement of material from the crater without any
fracture (and hence no erosion) will have zero erosion
efficiency. Alternatively, in the case of ideal microcutting, #
will be unity. In case erosion occurs by the formation of a
lip and its subsequent fracture, erosion efficiency will be in
the range of 0-1. In contrast, as happens with brittle material,
if the erosion takes place by spalling and removal of large
chunks of material by interlinking of lateral or radial cracks,
then the erosion efficiency is expected to be even greater than
100%.

The values of the erosion efficiencies of PVA and its
composites calculated using (3) for different impact velocities
have been shown in Figure 6. Since the steady-state erosion
rate (E) of PVA and its composites increases with increase
in impact velocity “v.” which is proportional to v, hence,
erosion efficiency is expected to increase with increasing
“v” The calculated results have been manifested in graphs
(Figure 6) for different weight percentages of DPL fiber rein-
forced PVA composites. It has been observed from the graph
that the erosion efficiencies vary from 4.316 to 16.289% for
different impact velocities studied. Thus, it can be concluded
that erosion takes place by microploughing and microcut-
ting. As fiber content increases, erosion efficiency increases.

3)
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A 40wt% DPL fiber reinforcement to neat PVA matrix
leads to a significant increase in erosion efficiency thereby
decreasing erosion resistance.

3.5. Surfaces Morphology of Eroded Surface. Surface mor-
phology of eroded surface is usually studied in order to
ascertain the wear mechanism taking place in solid par-
ticle erosion. As observed in earlier work [22], 28% was
the optimum weight percentage of DPL fiber in PVA/DPL
composites to get the maximum mechanical properties.
Therefore, scanning electron microscopy (SEM) study was
conducted on 28 wt% PVA/DPL composites for 30°, 45°, 60°,
and 90° impingement angles at constant impact velocity of
70 m/s (Figure 7).

Figure 7(a) shows the SEM micrograph of the composite
at low impact angle (30°). As depicted in the figure, there
is formation of craters due to penetration of dry silica sand
particles onto the surface thereby causing material loss from
the matrix regime. The material removal in the composite

is mostly dominated by microploughing, microcutting, and
plastic deformation. The plastically deformed material sub-
sequently removed from the surface by microcutting leads
to maximum erosion at 45° impingement angle. The matrix
covering the fibers seems to be chipped off and the fibers are
normally exposed to erosive environment. The formation of
microcracks and embedment of fragments of sand particles
are also evident from the micrograph (Figure 7(b)).

4. Conclusions

Experiments were conducted to study the solid particle
erosion of date palm leaf fiber reinforced polyvinyl alcohol
(PVA/DPL) composites with silica sand as erodent. Based on
the studies, the following conclusions are drawn.

(1) The experimental parameters such as cumulative
weight of impinging particles, impingement angle,
and impact velocity have strong effect on erosive wear
performance of PVA and its composites.

(2) From the variation of incremental erosion rate with
cumulative mass of impinging particles, it is observed
that initial mass gain and incubation period are not
found for PVA and its composites. However, accel-
eration, deceleration, and stabilization are observed
under various experimental conditions.

(3) It is observed that the impact velocity (v) has a
tremendous effect on the steady-state erosion rate (E)
of PVA and its composites and displays a power law
behavior with velocity (v): E = Kv", where “n” varies
from 2.0 to 2.88.

(4) The influence of impingement angle on erosive wear
of PVA/DPL composites under consideration exhibits
semiductile behavior with maximum erosion at 45°
impingement angle for all weight percentages of DPL
fibers at different impact velocities studied. Further, it
is observed that the erosion efficiency of PVA and its
composites varies from 0.735 to 16.289%. This means
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FIGURE 7: SEM micrographs of the eroded surfaces of 28 wt% of PVA/DPL composites.

that the erosion takes place by microploughing and
microcutting.

(5) SEM studies of worn surfaces support the involved
mechanisms and indicated microploughing, micro-
cutting, plastic deformation, matrix removal, and
exposure of fibers.

(6) It is concluded that if DPL fiber reinforced PVA
composites have to be used in erosive situations, it is
preferable to use 28 wt% of DPL fiber in PVA matrix
which can also give optimum mechanical properties.
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