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In quest of lightweight materials and growing 
environmental concerns, last one decade has witnessed 
the motivation of researchers towards exploring new 
environment friendly substitute to the synthetic fibers for 
polymeric composites. Substitution of natural fiber in 
place of synthetic fiber is one of the best options to 
develop new products which will be environment friendly. 
This study is aimed at the potential use of a new natural 
fiber (Eulaliopsis Binata) in epoxy-based polymer 
composites as a reinforcing material whose potential has 
not been realized till date to improve the tribological 
properties. The characterization studies such as SEM, EDS, 
XRD and FTIR of the Eulaliopsis Binata (EB) fiber is 
carried out. The EB fiber reinforced epoxy composites are 
fabricated, and the erosion test is conducted as per 
response surface method (RSM). The influence of impact 
velocity, impingement angle and EB fiber loading on the 
erosion rate of the developed composites is analyzed 
using central composite design. ANOVA of the developed 
model for erosion wear rate reveals impact velocity to be 
the most influential among the considered process 
parameters. A regression model is proposed to predict the 
erosion wear rate of EB fiber epoxy composites within the 
experimental range. 
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1.0 INTRODUCTION 
Natural fiber as a renewable source, in the recent times, is attracting researchers worldwide 

to promote the substitution of widely used synthetic fibers due to environmental concerns (Nasir 
et al., 2014). Accordingly, it is finding its application in construction, textile and specifically in 
automotive sectors (Mohmad et al., 2018). Though there are various shortcomings like moisture 
absorption, poor wettability and low adhesion characteristics between fiber and matrix, still they 
are preferred because of their easy availability, low density, high specific strength and above all 
their characteristics that leads to biodegradability (Ahmad et al., 2015).  

Erosive wear is predominantly encountered with the polymeric composite materials primarily 
in aerospace, automotive and construction sectors (Sharma et al., 2019). During erosion, the 
material surface gets impinged by erodent particles carried by a fluid with certain velocities 
causing damage to the material surface which in turn affects the material performance (Herring 
et al., 2019). Among different types of erosive wear particle erosion, fluid erosion, cavitation 
erosion and spark erosion are caused by the impact of solid particles, bubbles, liquid droplets or 
electrical spark (Boggarapu et al., 2020). In the case of particle erosion, fine hard particles of 
irregular shape abrade or impact on the surface at high speed. The particles move through a 
medium either by air or by fluid. Each particle for a short time span as an erosive makes contact 
and causes partial erosive wear on the impact surface (Khan et al., 2019). Literature on erosive 
wear of different polymeric composites is quite rich. These includes different types of composites 
filled with fiber such as bamboo (Jena et al., 2018), sisal (Vigneshwaran et al., 2019), sheath 
(Krishnan et al., 2019), kenaf (Chang et al.,2019) etc. and with different particulates ranging from 
micro to nano size such as eggshell (Khan et al., 2019), waste marble dust (Choudhary et al.,2019), 
silica (Jumahat et al., 2015) investigated by different researchers. The authors while reviewing 
the erosion resistance of polymer composites, found that tribological performance of polymers 
can be enhanced by inclusion of different types of natural fibers (Sahu et al., 2019 and 
Vigneshwaran et al., 2017). Further, different experimental parameters such as impact velocity, 
impingement angle and size of erodent particles affect the erosion resistance of polymeric 
composites (Barkoula et al., 2002 and Ouyang et al., 2013). Mohanta et al. and Deo et al. have 
studied the erosion behavior of epoxy-based composites reinforcing with luffa cylindrica and 
lantana camara fibers respectively (Mohanta et al., 2014 and Deo et al., 2010). The authors have 
reported that neat epoxy exhibits brittle erosive wear behavior. However, with the inclusion of 
natural fibers, they have reported enhancement of erosion resistance for the developed epoxy 
composites. In addition, the authors have the opinion that operating parameters like fiber content, 
impact velocity and impingement angle have profound effect on the erosive wear behavior of 
epoxy composites. Due to the inclusion of natural fibers in epoxy resin the erosion behavior of the 
composite changes from brittle to semi ductile or semi brittle nature apart from lesser material 
removal. Further, Acharya et al. have reported that enhancement of erosion resistance is also 
possible by including micro and nano fillers with epoxy based polymeric materials (Acharya et al., 
2011). The authors have concluded that filler content, impact velocity of erodent particles and 
impingement angle affect the erosion behavior of epoxy composites. Also, the authors found that 
erosion nature of orange peel particulate reinforced epoxy composites shifts from brittle erosive 
nature of neat epoxy to semi brittle nature. The researchers have also tried to convert natural 
filler into carbonious material to improve the porosity and BET surface area of the fillers. In this 
regard, Shakuntala et al. have studied the tribological behavior of carbonized wood apple shell 
particulate reinforced epoxy composite and have reported that improved wear resistance as 
compared to raw particulate fillers (Shakuntala et al., 2014). Accordingly, lot of work has been 
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carried out for different types of natural fiber reinforced polymer composites for tribological 
applications.  

Eulaliopsis Binata (EB) fiber plant, known for its good fiber quality belongs to poaccae family 
of plantae kingdom. This fiber plant is generally available in south Asian countries of world and 
can be grown on sloppy and barren lands. Apart from providing good quality fiber, the EB plant 
also immensely help in soil conservation in the hilly areas. In India, this fiber plants are generally 
grown on the eastern parts where it is used for production of ropes, paper, textiles and utility 
products (Acharya et al., 2019). EB fiber contains 52.34 % cellulose, 16.07% lignin and moisture 
content and 61.27 atomic weight percent of carbon (Chand et al., 1992). Though there is little 
work done in the EB fiber reinforced composite to study the stress strain behavior of the fiber, 
mechanical and thermal stability, chemical constitution and morphology, to the best of authors’ 
knowledge no work has been reported till now on EB fiber-based polymer composites dealing 
with erosive wear behavior (Khandual et al., 2016). As exploration of tribopotential of EB fiber 
reinforced polymer composites is quite meagre, the authors have made an attempt to study its 
role for erosion resistance of polymeric composites. Therefore, the present work is an attempt to 
investigate the effect of solid particle impact on the erosion wear behavior of EB fiber reinforced 
epoxy composite by using response methodology and central composite design. 
 
 
2.0 EXPERIMENTAL PROCEDURE 

Epoxy resin (Lapox B11) along with hardener (HY951) in a ratio of 10:1 was taken for the 
fabrication of the composites. Fresh long eulaliopsis binata fibers (EB fibers) were collected from 
the eastern part of India (Mayurbhanj, Odisha) [figure 1 (a)]. The long fibers were washed 
properly with pressurized water to remove the dirt, mud from the fiber surface. Then the fibers 
were dried under controlled temperature environment in an oven to remove the moisture [figure 
1 (b)]. The fibers were cut into short fibers of length 11mm obtained from fiber pullout test and 
the fibers were kept in the ambient temperature until a constant mass was obtained. After this 
the fibers were kept in a desiccator for composite fabrication. 

 

 
Figure 1: (a) Eulaliopsis Binata fiber plant with fresh fiber stems, (b) Dried long EB fiber. 
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2.1 Characterization Studies of Eulaliopsis Binata (EB) Fiber 
The use of EB fiber in textile sector and pulp production has necessitated the characterization 

studies of the fiber for better utilization. In this facet, several authors have reported Differential 
Scanning Calorimetry (DSC) analysis, Simultaneous Thermal analysis (STA), Thermogravimetric 
Analysis (TGA), Reproducibility of Random amplified polymorphic DNA (RAPD) analysis, 
Karyotype analysis, Ecological and Economical analysis etc. to find out different characteristics of 
the fiber material for different purposes. However, the study of suitability of the fiber for 
engineering aspect has not been covered till date to the best of author’s knowledge. Different 
characterization studies of the fiber such as SEM, EDS, XRD and FTIR have been carried out. The 
microscopic analysis of the EB fiber is carried out using a field emission scanning electron 
microscope. The fiber surfaces are gold coated prior to the observation for smooth flow of 
electrons. The EDS analysis was carried out by using NANO SEM 450 to ascertain the presence of 
different chemical constituents on the surface of EB fiber. In this elemental analysis, the presence 
of carbon, oxygen, silicon, potassium with their atomic, and weight percent are found on the 
surface of the fiber. The XRD analysis of EB fiber material was conducted by using “Regaku Ultima 
IV” equipment with a wave length of 1.54 mm, current of 40mA and voltage of 40mV for an angular 
range (2θ) of 100-800.The FTIR analysis of EB fiber was conducted using an “IR Prestige-21” 
spectrometer with scan rate of 40 for range of 400 cm-1 to 4000 cm-1. In this study, KBr powder 
was used to make pellets with particulate EB fiber material.  

 
2.2 Composite Fabrication 

Different fiber weight fractions (0, 10, 20, 30, 40) of Eulaliopsis Binata fiber (EB fiber) were 
added to the mixture of neat epoxy and hardener with continuous stirring to ensure proper 
wetting of the fiber. A wooden mold of size 200*50*5 mm3 was prepared on perpex sheet on a flat 
surface. The mixture was then poured into the wooden mold slowly to reduce air entrapment and 
void generation. After a curing time of 48 hours the composite slab was removed from the mold 
and kept in airtight containers for further actions [Figure 2]. 

 

 
Figure 2: Long and short Eulaliopsis Binata fiber along with fabricated composite slab. 
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2.3 Density Measurement 

Theoretical density was calculated using rule of mixture and actual density of the composites 
was measured using Archimedes’ principle. The void content generated because of inclusion of 
voids and pores is calculated as the difference between theoretical and actual density.  

 
2.4 Mechanism of erosive wear for polymer composites 

In erosion wear, the abrasive particle is bombarded with certain velocity and angle at the 
material surface. In this process air is taken as the fluid medium to carry the impinging particles 
to strike the material surface. In general, the striking particle cause surface erosion through 
“micro slicing action and brittle fracture propagation” (Purohit et al., 2018). Mishra P K 
considered brittle fracture as the failure mechanism while determining the material removal rate 
of the brittle material surface in abrasive jet machining (Patnaik et al., 2010). He also mentioned 
abrasive flow rate, gas pressure, mixing ratio etc.  are the factors affecting loss of the material 
form the target surface of a material. In Mishra’s model, the velocity and material surface are at 
perpendicular to each other which may not be the case always for the erosion experienced 
practically for different type of applications. Ved et al. are of the view that impingement angle of 
the striking particle affects the erosion rate. The authors also concluded that angle of impact 
decides the erosion behavior of the materials (Prakash et al., 2019).  

 
2.4.1 Influence of Impact Angle on Erosion Behavior 

The angle of impact is one of the factors used to study the nature of erosion of polymeric 
materials. The erosion rate varies as the angle of impingement of striking solid particles changes 
with respect to the material surface. Dependence of material behavior depends on the angle of 
impingement at which maximum erosion occurs. It can be from ductile (150-300) to pure brittle 
(900) and from semi ductile (300-450) to semi brittle (450-600).  

 
2.4.2 Influence of Impact Velocity on Erosion Behavior 

The erosion rate can be expressed as a function of impact velocity [equation 1]. The erosion 
nature of polymer composites can also be determined by considering the impact velocity 
(equation 1). 

 
𝐸𝑟 = 𝐾𝑉𝑛 (1) 

 
𝐸𝑟= Erosion rate, 
𝐾 = Constant of proportionality  
𝑉= Impact velocity (m/s) 
𝑛= Velocity exponent 
 

The value of k and n can be found by least square fitting of the data points in plots which 
represent the erosion rate dependence on impact velocity by using the power law. For the 
polymer materials if the n value varies in the range of 1-2, the material is of ductile erosive 
behavior. The erosion behavior of the composites is considered brittle in nature if the n values 
vary between 4-5. 
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2.5 Erosion Test 
The wear test was carried out using an erosion test rig in compliance with ASTM G76 standard. 

Silica particles of selected size (200-300 micron) was preheated in an oven at a temperature of 
400 to remove the moisture and kept in the hopper of the test rig to make the flow continuous 
during the experiment. The sand flow regulator was adjusted to maintain a uniform sand flow 
rate of 3gm/minute. The silica particles from the hopper passes through the flow regulator to the 
conveyor belt and the vibrator helps in maintain a uniform and smooth flow of silica particles. 
From the conveyor belt the silica particles move to the particle mixing chamber where air with 
required pressure gets mixed up it. Then the pressurized flow of silica particles is allowed to 
impinge the specimen through a nozzle of 4mm diameter with a specific standoff distance (10mm) 
at different impact velocities (48, 82,116 m/s). The machine is provided with fixture to set the 
test sample at required angle of impingement i.e., 300, 600 and 900. The sample holder was 
adjusted to maintain the required impingement angle before the test specimen loading. The 
weight of the specimen was recorded before and after the test to find out the change in weight 
with accuracy of 0.001. The erosion process was carried out for a cumulative time of 15 minutes 
for all test samples. For each test, five samples were tested to get the required wear rate. The 
erosion rate is determined by using following formula (equation 2). 

 

𝐸𝑟 =
∆𝑤

𝑤𝑒
 

(2) 

Where ∆𝐰 is loss of mass of the samples due to erosion and 𝐰𝐞 is mass of erodent. 
 
 

2.6 Response Surface Methodology (RSM) 
RSM is a statistical technique used to analyze and optimize one or more response variable 

influenced by a number of independent variables (factors). It was put forward by George and 
Wilson in the year of 1951. This method creates a specific number of designed experiments to 
analyses the response and obtain the interaction effects among the input variables.   

In the current study, RSM is used to develop a mathematical model for the prediction of wear 
rate (response) and to determine the influence of the factors (independent variables) and their 
feasible interactions using Analysis of variance (ANOVA) method. The input variables used for the 
experimentation are impact velocity of erodent (m/s), weight percent of reinforcement of fiber 
(%), the angle of impact on the sample (degree) and the response is wear rate. In this investigation 
total 20 experiments were conducted with 3 factors at 3 levels using Face centered central 
composite design (FCCCD) of RSM with alpha=1.The experimental design consists 8 Factorial 
points i.e. a full factorial design with 3 factors at 2 levels,6 center points and 6 axial points. Centre 
points identifies the curvature effect in the design, axial points enable the identification of the 
pure quadratic effect and factorial points gives the main interaction effects.  

In RSM the response (output) can be expressed as a function of all the factors (input variables) 
as illustrated in equation 3. 

 
𝐸 = 𝐹(𝑣, 𝜃, 𝑓) (3) 

 
Where E= Erosion wear rate, v=Impact Velocity, θ = Impingement angle, f= Fibre content. The 

process parameters and its higher and lower values are presented in the table 1.                
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Table 1:  Control factors and their levels. 

Control Factors 

 Levels  

Unit 
Low Mid High 

(-1) (0) (+1) 

Impact velocity m/s 48 82 116 

Impingement angle Degree  30 60 90 

Filler content % 0 20 40 

 
The Face centered central composite design of experiments (FCCCD) with independent input 

parameters in coded and un-coded form and its respective response are given in table 2. 
 

Table 2: Coded and actual variables with response of the RSM analysis. 
Serial 

No 

Coded Variables Actual Variables Response 

Q1 Q2 Q3 f v θ W 

1 1 1 1 40 116 90 18.5185 

2 -1 1 -1 0 116 30 17.7778 

3 0 0 0 20 48 60 3.33333 

4 -1 1 1 0 116 90 33.3333 

5 1 0 0 40 82 60 17.2222 

6 -1 -1 -1 0 48 30 4.62963 

7 0 0 1 20 82 90 11.2963 

8 0 0 0 20 82 60 14.8148 

9 0 0 0 20 82 60 12.148 

10 -1 0 0 0 82 60 18.3333 

11 0 0 0 20 82 60 14.148 

12 0 0 -1 20 82 30 6.48148 

13 0 0 0 20 82 60 13.48 

14 -1 0 1 0 48 90 7.40741 

15 1 0 -1 40 48 30 3.88889 

16 1 0 1 40 48 90 3.7037 

17 0 0 0 20 82 60 14.56 

18 1 1 -1 40 116 30 15.7407 

19 0 0 0 20 82 60 14.26 

20 0 1 0 20 116 60 20.3704 

   
 
3.0 RESULTS AND DISCUSSION 

The EB fiber has a longitudinal uniform structure with pleats present around the perimeter of 
the fiber cross section [Figure 3 (a)]. The pleats increase in the net surface area between the fiber 
and polymer resin which furnishes better bonding and thus increase the mechanical strength of 
the composite structure. The magnified view of the external fiber surface is shown in Figure 3 (b). 
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The natural roughness also provides better grip between the fiber and polymeric materials. The 
innate structure of the EB fiber makes it favorable for use in polymer composite to enhance the 
material characteristics of the overall structure. As presented in Figure 3 (c) due to the porous 
internal structure of the fiber the density of fiber is less, which increases the specific properties 
of the fiber as well as the embedded structure. Due to this innate characteristic, the EB fiber 
provides better fiber matrix bonding in polymer composites as wetting by resin take place from 
the internal structure (Acharya et al., 2019). 

The EDS mapping of the chemical components on the referred surface is presented in Figure 5 
(a-f) [Figure 4]. The uniform distribution of carbon, oxygen and potassium atoms is found [table 
3]. However, although silicon is well distributed on the referred surface, still the edges of the 
pleats seem to have higher density of silicon presence which attribute to the wear and damage 
resistance of the fiber. 

 
 

 
Figure 3: (a) Longitudinal structure of EB fiber, (b) Magnified view of fiber surface, (c) Internal 
structure of the fiber. 

 

 
Figure 4: EDS spectra of EB fiber. 
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Table 3: Elements present of EB fiber surface. 
Element Atomic Percent Weight Percent 
Carbon 45.86 55.97 
Oxygen 40.29 36.91 
Silicon 13.10 6.84 
Potassium 0.75 0.28 

 

 
 

Figure 5: EDS mapping of EB fiber showing (a) carbon, (b) oxygen, (c) silicon, (d) Potassium, (e) 
combination of all elements, and (f) reference surface of EB fiber. 

 
The crystallinity index (C.I.) of the EB fiber was determined by using height peak method and 

was found to be 47.02% (Figure 6). The highest peak for the crystalline phase is found at an angle 
of 22.34°.  

The FTIR spectra of the EB fiber material is figure 7. In the presented figure, the lower peaks 
suggest higher absorption of the incident infrared for the corresponding frequency and bonding 
while higher peaks depict lesser absorption of IR rays. The study reveals the presence of C-O 
(alcohol group), O-H (phenol group and carboxylic group), C-H (alkyl group and aromatic 
structure) along with C=C (acyclic) chemical bonding in the fiber material. 

The presented data in the table 4 shows the increase in the void content with the increasing 
fiber content of the composites. Both the theoretical and actual densities of the composite samples 
found to be decreasing with increase in EB fiber loading. This happened due to the replacement 
of epoxy with relatively lighter EB fiber material. However, the average void content of the 
fabricated composites also found to increase with increase in fiber content. 
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Figure 6: Variation of intensity. 

 

 
Figure 7: FTIR spectra of EB fiber. 

 
Table 4: Density of EB fiber reinforced composites. 

Fiber Percent 
(%) 

Theoretical Density 
(gm/cm3) 

Actual Density 
(gm/cm3) 

Void Content 
 (%) 

0 1.2 1.192 0.8 
10 1.182 1.167 1.5 
20 1.164 1.141 2.3 
30 1.146 1.114 3.2 
40 1.122 1.085 3.7 
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The statistical analysis of Erosion wear data has been performed using response surface 
methodology (RSM). As a result of lower P-value for the second order terms, it suggests fitting the 
Quadratic model to Erosion Wear Rate.  

From the fit summary the linear model is found be unsatisfactory and the quadratic model is 
more effective as it provides a better fit for prediction of the response “Erosion Wear Rate”. The 
findings from the model of quadratic fit are presented in table 5. The p-value for the quadratic 
model is less than 0.005 it means that the model is statistically suggested at 95% confidence 
interval. In General, R2 measures the quality of fit. The value of Adjusted R2 is 0.9491 which 
intimates that the model explains about 94% of variation. The obtained predicted R2 is 0.6424 
which indicates a better correlation between the input and response parameters.  

The adequacy of fitted second order model is tested using ANOVA. ANOVA also explains the 
significance and contribution of each input parameter to the response variable. The Model F-value 
of 40.35 implies the model is significant [Table 5]. From the table, it can be assessed that the 
chances of occurrence of the current F value due to noise is less than 0.01%. Further, in this model, 
the model terms of having p value lesser than 0.05 are considered as significant while the rest of 
the terms are insignificant for the analysis. The presence of nonsignificant terms in the model 
table requires further model reduction.  

ANOVA of the Reduced Quadratic model displays that the main effects of fiber percentage, 
velocity, impingement angle have greater significance for the reason that their P-values are very 
small [Table 6]. The interactions of fiber percentage with velocity, fiber percentage with angle, 
velocity with angle is also significant since their P-values are considerably low and Quadratic or 
square effect of velocity, angle having appreciable impact on the Erosion Wear Rate. The second 
order term of fiber percentage have insignificant effect on the response. From the ANOVA is also 
evident that the velocity has the greater impact on the Erosion Wear rate. In contrast fiber 
percentage is least influential out of all the input variables. To improve the R2 and to fit the 
quadratic model more accurate, the automatic model rejection technique called backward 
elimination is selected. It eliminates all the in-significant terms in the model whose p-values 
exceeding 0.05(P>0.05). 

The Normal probability plot for the Residuals is shown Figure 8. From the normal probability 
plot it is observed that there is no severe non normality and residuals fall on the diagonal line 
which is the ideal normal distribution thus the Residuals are normally distributed. Thus, the 
developed Design model is in consistent with the experimental results. 
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Table 5: ANOVA for Quadratic model before elimination. 

Source Sum of Squares df Mean Square F-value p-value  

Model 965.95 9 107.33 40.35 < 0.0001 significant 

A-fiber 50.21 1 50.21 18.88 0.0015  

B-velocity 685.22 1 685.22 257.61 < 0.0001  

C-angle 66.26 1 66.26 24.91 0.0005  

AB 19.24 1 19.24 7.23 0.0227  

AC 30.97 1 30.97 11.64 0.0066  

BC 30.97 1 30.97 11.64 0.0066  

A² 62.11 1 62.11 23.35 0.0007  

B² 3.79 1 3.79 1.42 0.2603  

C² 47.05 1 47.05 17.69 0.0018  

Residual 26.60 10 2.66    

Lack of Fit 21.89 5 4.38 4.65 0.0585 not significant 

Pure Error 4.71 5 0.9419    

Cor Total 992.55 19     

 
 

Table 6: ANOVA for Reduced Quadratic model. 

Source Sum of Squares df Mean Square F-value p-value  

Model 962.16 8 120.27 43.54 < 0.0001 significant 

A-fiber 50.21 1 50.21 18.18 0.0013  

B-velocity 685.22 1 685.22 248.05 < 0.0001  

C-angle 66.26 1 66.26 23.99 0.0005  

AB 19.24 1 19.24 6.97 0.0230  

AC 30.97 1 30.97 11.21 0.0065  

BC 30.97 1 30.97 11.21 0.0065  

A² 59.51 1 59.51 21.54 0.0007  

C² 67.02 1 67.02 24.26 0.0005  

Residual 30.39 11 2.76    

Lack of Fit 25.68 6 4.28 4.54 0.0590 not significant 

Pure Error 4.71 5 0.9419    

Cor Total 992.55 19     
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Figure 8: Normal plot of Residuals. 

 
The plot of actual Erosion wear rate against predicted Erosion Wear rate is displayed in Figure 

9. From the graph it is evident that all the predicted values of Erosion Wear Rate are close to the 
actual wear rate which is represented by the straight line. Therefore, it can be declared that 
predicted values are very close to the experimental values of wear rate. This signifies that a 
satisfactory correlation exists between the predicted and the experimental results. 

The variation of erosion rate for different fiber loading and impact velocity is presented in 
Figure 10-12. Figure 10 represent the erosion rate for an impingement angle of 30 degrees. From 
the figure it is observed that the inclusion of EB fiber has improved the erosion resistance of the 
fabricated composite. This occurs as a major chunk of stress wave generated due to the impact of 
striking particles is borne by the EB fiber in the fabricated composites. In addition, due to the 
innate roughness EB fiber, a better fiber-matrix interface is formed which resists the 
fragmentation of the brittle epoxy resulting in lesser material removal from the composite 
surface. Further, the erosion rate is found to be increasing with increase in impact velocity for all 
EB fiber epoxy composites. The bombarding silica particles contain more kinetic energy with 
increase in impact velocity which cause more indentation and deformation in the base material. 
Similar phenomena are also observed for the developed composites at impinging angles of 60 
degrees [Figure 11] and 90 degrees [Figure 12]. Prakash et al. have also reported that increase in 
impact velocity of erodent particles caused more wear and tear on the surface of rubber wood 
particulate reinforced epoxy composites (Prakash et al., 2020).   
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Figure 9: Predicted and Actual data of erosive wear rate. 

 
The correlation of erosion wear rate with fiber percentage and angle of impact with different 

impact velocity is demonstrated in Figure 13-15. The wear rate changes with the change in impact 
angle for all fiber percentages reinforced in the composite. The maximum erosion was found at 
an impact angle of about 45 degrees was observed for the impact velocity of 48 m/s [Figure 13]. 
Similarly, maximum wear was found in the region corresponding to an angle of near 60 degrees 
for the impact velocity of 82 m/s and 116 m/s irrespective of fiber loading [Figure 14-15]. This 
observation indicates that at higher velocity (82 m/s and 116 m/s) the polymer composites 
undergo semi brittle type of erosion while at lower velocity (48 m/s) the semi ductile nature of 
erosion prevails. Dalbehera et al. in their investigation of erosive wear behavior cenosphere 
reinforced hybrid glass-jute epoxy composite mentioned about the variation of erosion rate with 
respect to impingement angle. The authors have also observed the shifting of maximum erosion 
rate with change in impact velocity and concluded that the erosion nature of the hybrid composite 
changes from brittle to semi brittle (Dalbehera et al., 2018). 
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Figure 10: Variation of erosion rate with velocity and fiber percentage for impact angle of 300. 

 

 
Figure 11: Variation of erosion rate with velocity and fiber percentage for impact angle of 600. 
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Figure 12: Variation of erosion rate with velocity and fiber percentage for impact angle of 900. 

 

 
Figure 13: Variation of erosion rate with impingement angle and fiber percentage with an impact 
velocity of 48 m/s. 
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Figure 14: Variation of erosion rate with impingement angle and fiber percentage with an impact 
velocity of 82 m/s. 

 

 
Figure 15: Variation of erosion rate with impingement angle and fiber percentage with an impact 
velocity of 116 m/s. 
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The erosion wear behavior of epoxy composite with respect to impact velocity and 
impingement angle for different weight percent fiber fraction is given in Figure 16-18. Figure 16 
indicates that the neat epoxy undergoes excessive erosion amongst the developed polymeric 
materials and the maximum erosion at higher impact velocity occurs at an angle of 90 degrees. It 
can also be concluded from the plot that the lesser wear regions corresponding to the composite 
is found near the impact angle of 30 degrees with lower velocities. A comparative analysis of the 
erosion rate among the fabricated composites shows that the epoxy composite specimens with 
twenty weight percent EB fiber content exhibit lower erosion [Figure 17-18]. This occurs as the 
EB fiber structures absorb the impact stress waves propagating from the composite surface to the 
inner structure. Increase in fiber content to forty weight percentage reduces the amount of epoxy 
resin in the composite. Further, it is observed that erosion rate increases for forty weight fraction 
EB fiber epoxy composites as compared to twenty weight percentage fiber composites. The 
deterioration of erosion resistance for composites with forty weight fractions of EB fiber may 
have happened due to the reduction of support provided by the decreasing amount of epoxy resin 
and agglomeration of EB fibers lowering the interfacial bonding strength between the fiber and 
resin. Similar observations are reported by Mishra et al. studying erosion behavior of bagasse 
fiber reinforced epoxy composites (Mishra et al., 2010). The inclusion of bagasse fiber in epoxy 
based composite resulted in significant improvement erosion resistance and due to insufficient 
amount of epoxy resin for higher weight fraction of bagasse fiber in the epoxy composite the 
erosion resistance deteriorated. 

 

 
Figure 16: Variation of erosion rate with velocity and impingement angle of (a) neat epoxy. 
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Figure 17: Variation of erosion rate with velocity and impingement angle of 20 weight percentage 
of EB fiber epoxy composites 

 

 
Figure 18: Variation of erosion rate with velocity and impingement angle of forty weight 
percentage of EB fiber epoxy composites 

 
The fitted response surface or regression model as function of input parameters is given 

Equation 4 and 5. The prediction of response i.e., erosion rate can be made in form of coded terms 
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with high levels and low levels coded as +1 and -1 respectively using the following equation. This 
coded equation can be used to measure the relative impact of the input variables by comparing 
their coefficient values as provided in the equation 4.  

 
Erosion Rate = 13.73 − 2.24A + 8.28B + 2.57C − 1.55AB − 1.97AC + 1.97BC − 

     4.13𝐴 × 𝐴 − 4.76𝐶 × 𝐶 
(4) 

 
Where A is EB fiber content, B is impact velocity, and C is impingement angle. The prediction 

of erosion rate of EB fiber epoxy composites within the experimental range of the considered 
variables can be carried out using the following equation. 

 
Erosion Rate = −22.21703 − 0.141636 fiber content +  0.173339 × 

impact velocity    +  0.627219 impingement angle – 
0.002281 fiber content ×  impact velocity −  
0.003279 fiber content × impingement angle +  
0.001929 impact velocity ×  impingement angle +  
0.010335 fiber content ×  fiber content − 
0.005283 impingement angle × impingement angle 
  

(4) 

The developed regression model can be used to predict the Erosion Wear Rate for any given 
input parameters, whether it is present or not present in the experimental design. However, it is 
usually not suggested to employ the mathematical equation for determining the response for the 
input parameters far away from the experimental range.   

 
3.1 Microstructure Analysis 

The microscopic analysis of the eroded samples was carried out using Scanning Electron 
Microscope equipment. The angular shaped erodent particles caused permanent distortion on the 
composite surface due to the transmission of energy waves generated from impact of silica 
particles [Figure 19 (a)]. Figure 19 (b,c) represents the SEM images of 20 weight percent EB fiber 
composite with impact velocity of 82 m/s at an angle of 600. As evident from the figure, it can be 
seen that though the fiber has offered resistance to material erosion from the composite surface 
still the matrix material undergoes plastic deformation. The propagation of energy wave 
originated from the point of impact caused fiber matrix debonding instead of distortion of only 
matrix material which signifies the role of fiber contribution in resisting erosion of composite. 
Further increase in the impact velocity to 116 m/s with same standoff distance resulted in 
formation of bigger grooves (craters) along with some micro holes on the surface of 20 weight 
percent EB fiber composite [Figure 19 (d)]. With higher impact velocity, more energy is dissipated 
on the composite surface and stronger energy waves propagate to the composite material which 
causes more indentation of erodent and plastic deformation (craters) along with fragmentation 
of matrix material (epoxy) forming micro holes. Figure 19 (e, f) shows the eroded surface of 40 
weight percent EB fiber composite at an angle of 600 and with impact velocity of 82 m/s). Due to 
insufficient amount of resin the fiber strands were found to be severely damaged in the erosion 
process for composite bearing forty weight percent EB fiber composites [Figure 19 (e)].  
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Figure 19: SEM analysis of the eroded surfaces of composites (a) Irregular shaped erodent 
particles (b, c) Twenty weight percent EB fiber composite with impact velocity of 82 m/s at an 
angle of 600 (d) Twenty weight percent EB fiber composite with impact velocity of 116 m/s at an 
angle of 600 (e, f) Forty weight percent EB fiber composite at an angle of 600 and with impact 
velocity of 82 m/s. 

 
The microgrooves were found with embedded silica particles and wear debris generated due 

to the fragmentation of matrix. At higher impact velocities, the surface of forty weight fraction the 
EB fiber epoxy composites undergoes severe damage due to the lack of support to the EB fiber 
material from the epoxy material [Figure 19 (f)]. However, incorporation of EB fiber always 
provided better erosion resistance than neat epoxy as the impact loads were mainly borne by the 
fibers. 
 
 
4.0 CONCLUSION 

The conclusions drawn from the analytical and experimental results obtained from the current 
investigation are listed below. 

In the current study, characterization studies such as SEM, EDS, XRD and FTIR of the 
Eulaliopsis Binata (EB) fiber is carried out. The characterization studies indicate the suitability of 
EB fiber to be used as a reinforcing material in polymer composites. A new class of polymer 
composite containing short EB fiber in different weight percent with epoxy resin successfully 
developed to study the solid particle erosion behavior of the fabricated composites with respect 
to different influencing parameters. The influence of fiber content, impinging angle and impact 
velocity along with their interaction effects on the erosive wear behavior of the developed EB 
fiber epoxy composites was studied using response surface methodology. The obtained results 
indicate significant improvement of erosion resistance of pure epoxy due to incorporation of EB 
fiber. The erosion wear rate is found to be increasing nonlinearly with increase in impact velocity. 
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It was also observed that semi ductile erosive wear occurs for the lower impact velocities while 
at higher impact velocities erosion behavior changes to semi brittle nature. ANOVA of the 
developed model for erosion wear rate reveals that impact velocity is the most influential process 
parameter. A regression model is proposed to predict the erosion wear rate of EB fiber epoxy 
composites within the experimental range. The microscopic study of eroded composite surfaces 
is conducted to analyze material failure mechanism during erosion process. 
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