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Abstract This paper investigates the physical, impact behaviour and erosive wear properties of polyester composite
materials reinforced with five different glass fibre loading (10, 20, 30, 40 and 50 wt.-%). Erosive wear property is studied
under different impingement angles (30° to 90°), different impact velocities (43 m/s to 65 m/s) and dry silica sand particle
(350 um) is used as an erodent material. The results indicates that in case of erosive wear composite with 30 wt.-% of glass
fiber contents shows better erosion resistance both in impingement angle and impact velocity effect as compare to the other

composites.

The physical properties and impact strength of the investigated composites found to be improving with fiber

loading. At last the morphologies of eroded surface are examined by the scanning electron microscopy to investigate the

nature of wear and material damage mode.
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1. Introduction

Fiber-reinforced high performance engineering polymers
are widely applied in various fields of engineering[1,2]. The
use, in primary structures, of fibre reinforced polymer has
increased in the last decades due to their unique properties.
Advantages are related with their low weight, high strength
and stiffness. Although the development of these materials
have been mostly related with aerospace and aeronautical
applications, recent years have seen the spread of their use in
many other industries, like automotive, where high produc-
tion rates are required. Also Polymers and composites espe-
cially fiber-reinforced composites (FRCs) form a very im-
portant class of tribo-materials and are used where compo-
nents are supposed to run without any external lubricants.
Performance of such components, however, is generally
sensitive to application conditions. It is also a well-accepted
fact that no material is universally resistant to all modes of
wear. Hence, during material selection for typical tribo-
applications it becomes imperative to know its complete
spectrum of behavior in various possible wearing situations.
Interestingly, less is reported on systematic studies on wear
behavior of materials in diverse wearing situations and op-
erating conditions.

Erosion is in analogy with repeated impact. In the case of
erosion, the impact process is caused by many fast moving
small particles whereas low-energy repeated impact (also
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called impact fatigue) is usually generated by a large mass of
low velocity[3]. Localized damage induced by solid particle
impact can significantly reduces the strength of the structures,
jeopardizing their function and integrity. For fiber-reinforced
polymers (FRP), matrix characteristics (e.g. cross link den-
sity), fiber characteristics (content, arrangement and property)
and the interfacial bond strength between the fibers and the
matrix highly influence the composite erosion rate[4]. Gen-
erally, the composite with short glass fiber is more erosion
resistance as compare to the unidirectional, long fiber rein-
forced fiber composite reinforcement fibers[5,6]. Due to the
occurrence of erosion process in fiber reinforced composite,
the different sequence of damages in composite takes place
1.e. local removal of material in the resin rich zones, erosion
in the fiber zones associated with breakage of fibers in which
the fibers act as brittle material and erosion of the interface
zones between the fibers and the matrix[2,7]. Compared to
continuous fiber composites, short fiber reinforced polymers
(SFRP) combine easier process ability with low manufac-
turing cost. Therefore, in recent years the use of SFRP
composites grows rapidly in many engineering applications,
in particular in automobile and mechanical engineering in-
dustry[8]. So, it is very valuable to study the erosion resis-
tance of advanced composites, to find methods to improve
their resistance, to describe their property degradation and
damage growth characteristics and finally to model their
residual properties.

In view of this, the aim of present investigation is to study
the effect of short glass fiber reinforcement on the erosive
wear behavior under multiple impact conditions in polyester
resin and also on physical properties and impact strength of
the composite.
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2. Experimental Details

2.1. Composite Fabrication

Short glass fibres (elastic modulus of 72.5 GPa and pos-
sess a density of 2.59 gm/cc) (Twaron, Teijin) of 6 mm
length are used to prepare the composites. The Unsaturated
isophthalic polyester resin (Elastic modulus 3.25 GPa, den-
sity 1.35 gm/cc) is manufactured by Ciba Geigy and locally
supplied by Northern Polymers Ltd. New Delhi, India. The
composites are made by conventional hand lay-up technique.
Two percent cobalt nephthalate (as accelerator) is mixed
thoroughly in isophthalic polyester resin and then 2%
methyl-ethyl-ketone-peroxide (MEKP) as hardener is mixed
in the resin prior to reinforcement. Composites of five dif-
ferent fibers loading 10 wt.-% to 50 wt.-% are made. The
castings are put under load for about 24 h for proper curing at
room temperature. Specimens of suitable dimension are cut
using a diamond cutter for physical, mechanical characteri-
zation and erosion testing.

2.2. Test Apparatus

Figure 1 shows the schematic diagram of erosion test rig
confirming to ASTM G 76.The set up was capable of creat-
ing reproducible erosive situations for assessing erosion
wear resistance of the prepared composite samples. The
erosion tester consists of an air compressor, an air particle
mixing chamber and accelerating chamber. Dry compressed
air was mixed with the particles which are fed at constant
rate from a sand flow control knob through a convergent
brass nozzle of 4 mm internal diameter. These particles
impact the specimen which can be held at different angles
with respect to the direction of erodent flow using a swivel
and an adjustable sample clip. The velocity of the eroding
particles was determined using double disc method[9]. In the
present study, dry silica sand (spherical) of different particle
sizes (350 um) were used as erodent. The samples were
cleaned in acetone, dried and weighed to an accuracy of+ 0.1
mg accuracy using a precision electronic balance. It is then
eroded in the test rig for 10 minutes and weighed again to
determine the weight loss. The process was repeated till the
erosion rate attains a constant value called steady state ero-
sion rate.
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Figure 1. Schematic diagram of an erosion test rig [10]

3. Physical and Mechanical
Characteri-zation

3.1. Density

The theoretical density of composite materials in terms of
weight fraction can easily be obtained as for the following
equations given by Agarwal and Broutman[11].

Pet = 1/(Wi/pr) + (Win/Pin) (1

Where, W and p represent the weight fraction and density
respectively. The suffix f, m and ct stand for the fiber,
ma-trix and the composite materials respectively.

The actual density (p..) of the composite, however, can be
determined experimentally by simple water immersion
technique. The volume fraction of voids (Vv) in the com-
posites is calculated using the following equation:

Qﬁ 19@
Vv=" pu )

3.2. Micro Hardness

Micro-hardness measurement is done using a mi-
cro-hardness tester equipped with a square based pyramidal
(angle 136° between opposite faces) diamond indenter by
applying a load of 10 N.

3.3. Impact Test

Low velocity instrumented impact tests are carried out on
composite specimens. The tests are done as per ASTM D 256
using an impact tester. The pendulum impact testing ma-
chine ascertains the notch impact strength of the material by
shattering the V notched (45°) specimen with a pendulum
hammer, measuring the spent energy, and relating it to the
cross section of the specimen. The standard specimen for
ASTM D 256 is 60x10 x 4 mm’® and the depth under the
notch is 2 mm. The machine is adjusted such that the blade
on the free-hanging pendulum just barely contracts the
specimen (zero position). The specimens are clamped in a
square support and are struck at their central point by a
hemispherical bolt of diameter 5 mm. The respective values
of impact energy of different specimens are recorded directly
from the dial indicator.

3.4. Scanning Electron Microscopy

The surfaces of the specimens are examined directly by
scanning electron microscope JEOL JSM-6480LV in the LV
mode. The eroded samples are mounted on stubs with silver
paste. To enhance the conductivity of the eroded samples, a
thin film of platinum is vacuum-evaporated onto them before
the photomicrographs are taken.

4. Result and Discussion

The impact strength and physical properties of the com-
posites are presented below. Also the steady state erosion
behaviour and worn surface morphology discussions based
on the SEM investigations are shown in the micrographs.
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4.1. Density

Density is one of the most important factors determining
the properties of the composites and it depends on the rela-
tive proportion of matrix and reinforcing materials. The
theoretical and measured densities along with the corre-
sponding volume fraction of voids are presented in Table 1.
It may be noted that the composite density values calculated
theoretically from weight fractions using Equation 1 are not
in agreement with the experimentally determined values.
The difference is a measure of voids and pores present in the
composites or the void content is the cause for the difference
between the values of true density and the theoretically
calculated one.

Table 1. Theoretical and experimental densities of the composites

Sample Fib§r Theore'tical Experirr}ental Voi'd
o Loading density density fraction
: (Wt-%) | (gm/em’) (gm/cm’) %)
1 10 1.19 1.01 15.12
2 20 1.23 1.06 13
3 30 1.26 1.12 11
4 40 1.28 1.16 9.4
5 50 1.30 1.19 8.4

It is seen from Table 1 that the volume fraction of voids
decreases with increase the fiber loading. In case of 50 wt.-%
fiber loading the volume fraction of voids is less and in the
case of 10 wt.-% fiber loading the volume fraction of voids is
maximum. Therefore on increasing in fiber loading the void
content of the composite continuously decreases, and there
may be perfect combination of fiber weight fraction and the
matrix material. Hence, based upon the above analysis, it is
clearly demonstrated that with increase in fiber loading the
void content of the composites goes on decreasing.

It is well documented that presence of voids is one of the
main factor influencing the mechanical performance of
composites and the knowledge of void content is desirable
for estimation of the quality of the composites. Porosity is
identified as air-filled cavities formed inside the composites,
and is often an unavoidable part in all composites. The void
may be developed during the mixing and consolidation of
two or more different material parts. Higher void contents
usually mean lower fatigue resistance, greater susceptibility
to water penetration, and weathering[11]. It is understand-
able that a good composite should have fewer voids. How-
ever, presence of void is unavoidable in composite making
particularly through hand-lay-up route.

4.2. Micro Hardness

Surface hardness of the composites is considered as one of
the most important factors that govern the erosion resistance.
The measured hardness values of all the composites are
shown in Figure 2. It is seen that with increase in the fiber
loading the hardness value of all the composites increases. In
case of composites with fiber loading up to 50 wt.-% gives
higher value of micro- hardness are obtained as compared to
10 wt.-% composite. With the increase in fiber loading the

formation of air bubbles and voids in composites decreases
which causes the homogeneity in microstructure and af-
fecting the mechanical properties. Oksman[12] reported
clearly that inclusion of bamboo fiber in the epoxy matrix
body results in improving the hardness of the composites
although this improvement is marginal. This is because
hardness is a function of the relative fiber volume and
modulus[13].
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Figure 2. Variation of Micro Hardness with different fiber loading

In case of hardness test, a compression or pressing stress is
in action. So the matrix phase and the solid filler phase would
press together and touch each other more significantly. Thus
the interface can transfer pressure more effectively although
the interfacial bond may be poor. This results in enhance-
ment of hardness.

4.3. Impact Strength

Impact resistance is the ability of a material to resist
breaking under a shock loading or the ability to resist the
fracture under stress applied at high speed. Impact behavior
is one of the most widely specified mechanical properties of
the polymeric materials[14]. Results of impact test are
shown in Figure 3.
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Figure 3. Variation of Impact Strength with fiber loading

Figure 3 shows that the resistance to impact loading of
composites improves with increase in the fiber loading i.e.
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with increase in the fiber loading from 10 wt.-% to 50 wt.-%
the impact strength of the composite increases. High strain
rates or impact loads may be expected in many engineering
applications of composite materials. The suitability of a
composite for such applications should therefore be deter-
mined not only by usual design parameters, but by its impact
or energy absorbing properties. Thus it is important to have a
good understanding of the impact behavior of composites for
both safe and efficient design of structures and to develop
new composites having good impact properties.

4.4. Steady state Erosion

4.4.1. Influence of Impingement Angle

Steady-state erosion rates as a function of impingement
angle (o) are plotted in Figure 4.The erosion behaviour of
materials is broadly classified in the literature as ductile
(occurs at 15°-30° impact angle) and brittle (occurs at 90°)
depending on the variation of erosion rate with impingement
angle. Figure 4 show that the 50 wt.-% glass fiber reinforced
composite exhibits maximum erosion rate and 30 wt.-% fibre
reinforced shows the minimum erosion rate. This is due to
that in 50 wt.-% glass fiber reinforced composites there is
improper mixing of the fiber and matrix takes placed there-
fore the proper bonding between these two materials does
not takes place i.e. the matrix does not cover the whole fibers,
whereas in case of 30 wt.-% fiber reinforced composite the
matrix and fibers mixing together properly i.e. matrix cover
whole the fibers in the composites and bonding between
these two materials is good. In the present study the maxi-
mum erosion rate occurs at 60° impingement angle and
minimum at 30° and 90° impingement angles for all the
composites. This clearly indicates that these composites
respond to solid particle impact neither shows the brittle
behaviour nor shows the ductile behaviour it purely shows
semi-ductile behaviour.
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Figure 4. Influence of impingement angle on erosion rates of fiber rein-

forced composites

4.4.2. Influence of impact velocity

The variation of erosion rate of fiber reinforced compos-

ites with impact velocity is shown in Figure 5. Erosion trials
are conducted at five different impact velocities. It is quite
clear from Figure 5 that steady-state erosion rate of the same
composites increases with increase in impact velocity. It was
observed that the composite with 30 wt.-% of short glass
fibre is most resistant to erosion followed by the composites
with 20, 10, 40 and 50 wt.-% fibre contents in decreasing
order. The increase in erosion rate with impact velocity can
be attributed to increased penetration of particles on impact
as a result of dissipation of greater amount of particle thermal
energy to the target surface. This leads to more surface
damage, enhanced sub-critical crack growth etc. and con-
sequently to the reduction in erosion resistance.
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Figure 5. Influence of impact velocity on erosion rates of fiber reinforced
composites

4.5. Surface Morphology

Morphologies of eroded surfaces of the composite sam-
ples are observed under a scanning electron microscope
(SEM). From SEM observations of the eroded surfaces, it
appears that composites under consideration exhibit several
stages of erosion and material removal process. Figure 6 (a)
shows very low removal of material at lower impact velocity
(v=43 m/s) from the surface of composite i.e. the only local
removal of matrix material takes place. As the velocity in-
crease i.e. at higher velocity the large amount of matrix
material takes off from the surface of composite and array of
fibres is exposed to erosive environment as shown in the
Figure 6 (b). Figures 6 (c-d) shows a portion of the composite
surface eroded at an impingement angle of 60°. This is the
case of maximum material loss due to impact erosion. The
matrix material covering the fibre seems to be chipped off
and removed by micro cutting or micro ploughing due to
repeated impact of hard silica sand particles and thus craters
are formed. The continuation of erosion by silica sand par-
ticle impacts resulted in damage to the interface between the
fibers and the resin matrix. This damage is shown in Figures
6 (e) and f and characterized as the separation and detach-
ment of broken fibers from the matrix material. It is well
known that the fibers in composites subjected to particle flow,
undergo breakage when subjected to bending. As we said
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above that there is a local removal of matrix material from
surface of the impacted composite, which results in the ex-
posure of the fibres shown in Figure 6 (b), this causes inten-
sive debonding and breakage of the fibres, which are not
supported by the matrix. This observed erosion damage is
characterized by fibre—matrix debonding, multiple fibre
cracking and material removal. The impingement of the
erodent caused roughening of the surface of the material,
especially in higher contact angles. In Figure 6 (g) and Fig-
ure 6 (h) the matrix shows multiple fractures and material
removal and the exposed fibres are broken into fragments
and thus can be easily removed from the worn surfaces. The
broken fibre and fragments are mixed with the matrix mi-
cro-flake debris and the damage of the composite is charac-
terized by separation and detachment of this debris.

A

‘paration of brok

2k

WLy
ndise i |

i I%tach;n‘er{t

® ()
Figure 6. SEM micrographs of the eroded glass-polyester composites

5. Conclusions

Solid particle erosion, physical properties and impact
strength of short glass fiber reinforced polyester composites
have been evaluated. Based on this the following conclu-
sions are drawn.

1. The composite with five different fiber loading (10, 20,
30, 40 and 50 wt.-%) reinforcing into polyester matrix are
fabricated successfully with hand-lay-up technique. It is
noticed that there is significant improvement in all the
properties of composites with the increase in fiber loading.

2. It is found that with increase in the fiber loading in
polyester matrix the impact strength of the composites also
increases. This increase in impact strength of the composites
is due to the inclusion of glass fiber improves the load
bearing capacity and the ability to withstand bending of the
composites. Also the micro-hardness of the composites in-
creases with increase in fiber loading in the polyester matrix.

3. In the steady state erosion process there is a great effect
of impingement angle (o) impact velocity (v), fiber loading
and erodent size on the erosion wear rate of the composites.
The erosion rate is increases with increase in the impact
velocity. The composite with 50 wt.-% fiber loading shows
the maximum erosion rate and the composite with 30 wt.-%
of fiber loading shows the minimum erosion rate i.e. the
composite with 30 wt.-% fiber loading exhibits better ero-
sion resistance property as compare to the others composite.
In the present study the maximum erosion rate occurs at 60°
impingement angle and minimum at 30° and 90° impinge-
ment angles for all the composites. This clearly indicates that
these composites respond to solid particle impact neither
shows the brittle behaviour nor shows the ductile behaviour
it purely shows semi-ductile behaviour.

4. Wear surface morphology shows that the erosion
process involves different mechanisms depending on the
type and arrangement of fibre in the matrix. In the present
study all the composites shows the semi-ductile behavior
because peak erosion takes place at 60° impingement angle.
For short glass fibre composite, severe deterioration of both
fibre and matrix, micro-ploughing in the matrix, composite
debonding, fiber chip off, fiber fragmentation and
fibre-fracture were found out to be the characteristic features
of damage in glass fibre.
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