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Abstract: The main aim of this paper is to study solid particle erosion of PMCs such as vinylester/glass and 
vinylester/carbon using orthogonal array experimental approach. The controllable parameters selected for the study included 
impingement velocity (50, 75 and 100 m/sec), impact angle (45º, 60º and 75º), erodent size (200, 300 and 400µm) and stand-
off-distance (120, 180, 240 mm). S/N ratio analysis was performed to find the most influencing factor. The laminates with 
[0/90] and [-55/+55] stacking sequence were characterized for erosion damage. Amongst the four parameters selected for the 
study, impingement velocity had the greatest influence on the erosion rate followed by impact angle. The other two 
parameters showed marginal significance.  Erosion rates were lower at lower values of S/N ratio. Also, erosion wear rates of 
laminate having stacking sequence [-55/+55] is lower than that of [0/90] stacking sequence.   
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I. INTRODUCTION 
 

Solid particle erosion is a general term used to 
describe mechanical degradation (wear) of any 
material subjected to a stream of erodent particles 
impinging on its surface. The effect of solid particle 
erosion has been recognized by many researchers 
Wahl and Hartenstein [1] for a long time. Solid 
particle erosion is the progressive loss of original 
material from a solid surface due to mechanical 
interaction between that surface and solid particles.  
 
II. MATHEMATICAL MODEL 
 

Solid particle erosion is a wear process in which 
the material is removed from a surface by the action 
of a high velocity stream of erodent  
 

Particles entrained in a high velocity fluid 
stream. The particles strike against the surface and 
promote material loss. During flight, a particle carries 
momentum and kinetic energy which can be 
dissipated during the impact due to its interaction 
with a target surface. As far as erosion study of 
polymer matrix composites is concerned, no specific 
model has been developed and thus the study of their 
erosion behavior has been mostly experimental. 
However, Mishra [3] proposed a mathematical model 
for material removal rate in abrasive jet machining 
process in which the material is removed from the 
work piece in a similar fashion. This has a serious 
limitation as in a real erosion process the volume of 
material removed is actually different from the 
indentation volume. Further, this model considers 
only the normal impact i.e. α=90° whereas in actual 
practice, particles may impinge on the surface at any 
angle (0°≤α≤90°). The proposed model addresses 
these shortcomings in an effective manner. It 
considers the real situation in which the volume of  

 
material removed by erosion is not same as the 
volume of material displaced and therefore, 
additional term “erosion efficiency (η)” is 
incorporated in the erosion wear rate formulation. In 
the case of a stream of particles impacting a surface 
normally (i.e. at α=90°), erosion efficiency (ηnormal) 
defined by Sundararajan and Manish [4] is given as 
 

……………..(1) 

 

………(2) 

 
III. EXPERIMENTAL DETAILS 
 

A. Materials 
Ecmalon 9911 is bisphenol epoxy based vinyl 

ester resin.  
Vinyl resins are suggested for use in the 

fabrication of chemical equipment as they offer very 
good resistance to degradation in contact with a wide 
range of chemicals including strong acids and 
alkalis.Cross plied Carbon fibre is a material 
consisting of extremely thin fibers about 0.005-0.010 
mm in diameter and composed mostly of carbon 
atoms. The carbon atoms are bonded together in 
microscopic crystals that are more or less aligned 
parallel to the long axis of the fibre. The composite 
slabs are made by conventional hand-lay-up 
technique. The castings are put under load for about 
24 h for proper curing at room temperature. 
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B. Material Properties 
 

Table 1: Material properties 
 

C. Test apparatus 
 

 
Fig1: Erosion test apparatus 

 
 The room temperature erosion test facility used in 
the present investigation is illustrated schematically 
in Fig. 1. capable of creating reproducible erosive 
situation for assessing erosion wear resistance of the 
prepared composite samples. The conditions 
(confirming to ASTM G 76 test standards) under 
which erosion tests are carried out are listed in Table 
1. Dry silica sand (density 2.5 gm/cc) is used as the 
erodent. The particles fed at constant rate are made to 
flow with compressed air jet to impact the specimen, 
which can be held at various angles with respect to 
the flow direction of erodent using a swivel 
 

D. Parameters selected for OA 
experimentation based on Taguchi’s method 

 
 Statistical methods are commonly used to improve 
the quality of a product or process. Such methods 
enable the user to define and study the effect of every 
single condition possible in an experiment where 
numerous factors are involved. Solid particle erosion 
is such a process in which a number of control factors 
collectively determine the performance output i.e. the 
erosion rate. Hence, in the present work a technique 
called Taguchi method is used to optimize the process 
parameters leading to minimum erosion of the 
polymer composites under study. This part of the 
chapter presents the Taguchi experimental design 
methodology in detail. 

Table2: Parameters considered for erosion testing 
Factors and Levels 

Control Factor Levels 

I II III Units 

A: Velocity of 
impact 

50 75 100 m/sec 

B: Impingement 
angle 

45 60 75 Deg 

C: Erodent size 200 300 400 Mm 

Table 3: Levels for various control factors 
 
IV. DESIGN OF EXPERIMENTS FOR SAND 

EROSION TESTING 
 
Four parameters viz., impact velocity, impingement 
angle, erodent size, and fiber/filler loading, each at 
three levels, are considered in this study. In Table 4 
(Appendix I), each column represents a test parameter 
and a row gives a test condition which is nothing but 
combination of parameter levels. Four parameters 
each at three levels would require 34 = 81 runs in a 
full factorial experiment. Whereas, Taguchi’s 
factorial experiment approach reduces it to 9 runs 
only offering a great advantage in terms of cost and 
time. 

The experimental observations are transformed 
into a signal-to-noise (S/N) ratio. There are several 
S/N ratios available depending on the type of 
characteristics. The S/N ratio for minimum erosion 
rate coming under smaller-is-better characteristic, 
which can be calculated as logarithmic transform, 
equation (3). 
Smaller is the better characteristic:   

 
Results of Erosion Testing 

Erosion rate (Er) defined as the ratio of mass 
lost due to erosion to the mass of erodent, which is 
tabulated in the appendix I and the theoretical 
erosion rate is calculated referring the above 
mathematical model and table is tabulated in 
appendix I 

Material Density 
(g/cm3 ) 

UTS 
(Mpa) 

Young’s 
modulus 
(Gpa) 

Poisso
n’s 
Ratio 

Carbon 
fiber 

1.8 4500 250 0.3 

Vinyl 
Ester 

1.05 83 3.4 0.3 

Controllable Factors Fixed parameters 
Velocity of 

impact 
Factor 

A Erodent Silica 
sand 

Impingement 
angle 

Factor 
B 

Test 
temperature RT 

Erodent size Factor 
C 

Nozzle 
diameter 

(mm) 
5 

Stand-off-
distance 

Factor 
D   
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Fig2: shows the variation theoretical and experimental erosion 

rate v/s test run 
 
V. SURFACE MORPHOLOGY 
 

To identify the mode of material removal, the 
morphologies of eroded surfaces are studied under 
scanning electron microscope. Figure (3 a&b) 
presents the microstructure of the composite eroded 
at high impact velocity (50 and 75 m/sec) and at an 
impingement angle of 600. It shows local removal of 
resin material from the impacted surface resulting in 
exposure of the fibers to the erodent flux. This 
micrograph also reveals that due to sand particle 
impact on fibers there is formation of transverse 
cracks that break these fibers. The propagation of 
crack along transverse as well as longitudinal 
direction is well visualized. Such damage is supposed 
to increase with the increase of kinetic energy loss of 
the impinging sand particles. According to Hutchings 
et al. [5], kinetic energy loss is a maximum at normal 
impact, where erosion rates are highest for brittle 
materials. In the present study, however, the peak 
erosion rate shifts to an impingement angle of 600 
and it is clearly due to the incorporation of jute fibers. 
So the presence of fibers makes the composite 
relatively more sensitive to impact energy which 

increases when the impact mode pattern changes 
from tangential  
(α = 00) to normal (α = 900) 

 
Fig3 (a&b): Surface morphology of composite samples 

 
RESULT AND DISCUSSION 
 
Erosion Rate is measured experimentally and 
theoretically, error is varying from 3-10% which is 
tabulated in appendix I 
 
CONCLUSION 
 
It can be seen that erosion rates are lower at lower 
values of S/N ratio. Erodent size is not playing any 
significant role but impingement angle of 60 deg 
shows highest erosion rate accompanied by high 
value of S/N ratio.  
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Appendix I 
 

Test 
Run 

Erodent 
Velocity 

(m/s) 
A 

Impact 
Angle 
(Deg) 

B 

Erodent 
Size (µm) 

C 

Stand-off-
Distance 

D 

Exptl. 
Erosion       

Rate 
Ere(mg/g) 

Theoretical 
Erosion Rate 

Erth(mg/g) 

Error 
% 

1 50 45 200 120 145.15 155.15 6.44 

2 50 60 300 180 159.15 165.13 3.62 

3 50 75 400 240 169.15 175.88 3.8 

4 75 45 300 240 188.2 190.55 1.23 



International Journal of Mechanical and Production Engineering, ISSN: 2320-2092, Volume- 1, Issue- 5, Nov-2013 

 Experimental And FEA Of Particle Impact Erosion For Polymer Composites 
 

22 

5 75 60 400 120 180.32 200.13 9.89 

6 75 75 200 180 195.22 210.52 7.26 

7 100 45 400 180 200.52 233.32 14.02 

8 100 60 200 240 215.16 236.45 10.34 

9 100 75 300 120 199.59 220.33 9.4 

 


