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1. INTRODUCTION 

1.1 Overview 

A composite is a material that is formed by combining two or more materials 

to achieve some superior properties. Composite materials find use in a variety of 

applications owing to their high strength, lightness, ease of fabrication, and 

availability of wider choice of systems (ASM Hand Book, 1992). In view of their 

superior strength and stiffness properties, they are found to be suitable for 

structural applications. Composites are used in many mechanical components 

such as gears, cams, wheels, impellers, brakes, seals, bushes, and bearings. One of 

the areas where their use has been found to be advantageous is the situation 

involving contact wear. Polymer based composite materials are increasingly 

employed in tribological applications owing to their ever increasing demands in 

terms of stability at higher loads, temperatures, better lubrication, and wear 

properties.  

Major constituents in a glass fiber reinforced composite are the reinforcing fibers 

and a matrix, which acts as a binder for the fibers. In addition, particulate fillers 

can also be used with some polymeric matrices primarily to reduce cost and 

improve their dimensional stability. So, although a judicious selection of matrix 

and the reinforcing phase can lead to a composite with a combination of strength 

and modulus comparable to or even better than those of conventional metallic 

materials (Jang, 1994), the physical and mechanical characteristics can further be 

modified by adding a solid filler phase to the matrix body during the composite 

preparation. The fillers play a major role in determining the properties and 

ÂÅÈÁÖÉÏÒ ÏÆ ÐÁÒÔÉÃÕÌÁÔÅ ÒÅÉÎÆÏÒÃÅÄ ÃÏÍÐÏÓÉÔÅÓȢ 4ÈÅ ÔÅÒÍ ȬÆÉÌÌÅÒȭ ÉÓ ÖÅÒÙ ÂÒÏÁÄ ÁÎÄ 

encompasses a very wide range of materials. It is arbitrarily defined as a variety 

of natural or synthetic solid particulates (inorganic, organic) that may be 

irregular, acicular, fibrous or flakey. The improved performance of polymers and 

their composites in industrial and structural applications by the addition of 
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particulate fillers has shown a great promise and so has lately been a subject of 

considerable interest. 

The present project work thus is undertaken to study the processing, 

characterization and tribological  performance of woven glass fiber reinforced 

epoxy composites with and without aluminium filler. Attempts have also been 

made to explore the possible use of aluminium powder as filler materials in these 

composites.  

1.2   literature review  

The purpose of this literature review is to provide background information on 

the issues to be considered in this thesis and to emphasize the relevance of the 

present study. This treatise embraces various aspects of polymer composites with 

a special reference to their mechanical, tribological characteristics.  Aramide et al. 

(2012) observed for woven-mat glass polyester composite, the tensile strength, 

ÙÏÕÎÇȭÓ ÍÏÄÕÌÕÓȟ ÅÌÁÓÔÉÃ ÓÔÒÁÉÎ ÁÎÄ ÆÌÅØÕÒÁÌ ÐÒÏÐÅÒÔÉÅÓ ÉÎÃÒÅÁÓÅÄ ×ÉÔÈ ÉÎÃÒÅÁÓÅÄ 

of the glass fiber Vf but impact strength decreased after a certain Vf of glass fiber. 

whereas the higher tensile strength and modulus are observed at 40% Wf for the 

polyester/ virgin glass fiber reinforced composite (Araujo et al., 2006). Dandekar 

et al. (2003) investigated the compression and release response behavior of a 

woven mat S2 GF-reinforced polyester composites under shock loading and they 

found that the hugoniot elastic limit (HEL) of composites ranging from 1.3 GPa to 

3.7 GPa. Leonard et al. (2009) concluded that 60 Vf of chopped strand mat glass 

fiber reinforced polyester (CGRP) composites had the maximum improvement of 

ÔÅÎÓÉÌÅ ÓÔÒÅÎÇÔÈȟ ÙÏÕÎÇȭÓ ÍÏÄÕÌÕÓȟ ÆÒÁÃÔure toughness and critical energy release 

rate. Alam et al. (2010) studied the effect of orientation of chopped strand and 

roving GFRP composites, the result showed that at 900 fiber orientation tensile 

strength was maximum. The short fiber was found to be reducing the impact 

strength. The compression, bending and shear behavior of woven mat E glass 
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fiber reinforced epoxy composites with different fabrics showed that the Z-

directional stitching fibers increased the delamination resistance, reduced the 

impact damage and as well as lowered the bending strength of the composites. 

The compressive strength of the non-crimp laminate was 15% higher than woven 

fabric composite (Yang et al., 2000). 

The Impact response of woven mat glass fiber reinforced epoxy composites with 

orthogonal fabric and non-orthogonal fabric of varying weaving angle showed the 

energy absorption increased with decreased weaving angle (Atas and Liu, 2008). 

The low-velocity impact damage study of woven E-glass-reinforced vinyl-ester 

composites with various laminates showed that 3D composites was more 

resistant to penetration and dissipated more total energy (Baucom and Zikry, 

2005). In another experiment, Zaretsky and Perl (2004) investigated the dynamic 

response of woven GFs-reinforced epoxy composite subjected to impact loading 

at different velocities. The result showed that the impact strength increased with 

increased shock wave velocity and the wave speed decreased with decreased 

pressure. The performance of glass polymer composites can be further improved 

with the modification of fibers or polymers. Etcheverry and Barbosa (2012) 

developed a methods for GF/PP adhesion improvement involving the 

modification of fibers with an aluminium alkyl and hydroxy-ɻ-olefin by growing 

of the PP chains using direct metallocenic copolymerization. The strength and 

toughness increased three times and the interfacial strength duplicates in PP/GF 

composites prepared with in-situ polymerized fibers.  

Shokrieh, et al. (2012) developed a model to perform the progressive failure 

analysis of quasi isotropic composite plates at low temperatures. The effect of low 

temperature on the failure mechanism of the plates was established. In a similar 

study, Reis et al. (2013) studied the damage behavior of a composite material 

based on glass fiber reinforced polymer (GFRP) to predict the rupture force. They 

developed a model for tensile developed within the framework of continuum 
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damage mechanics that accounts for the effect of the load rate and temperature of 

the system.  

Mechanical properties of glass polymer composites can also be improved by 

hybridization of glass fibers with other fibers. The positive hybrid effects exist for 

flexural strengths of E glass and TR50S carbon fiber reinforced hybrid composites 

(Dong and Davies, 2013). In the similar study, hybrid composites of kevlar/glass 

and carbon/glass with different angle ply orientations in epoxy resin, mechanical 

properties such as tensile strength, tensile modulus, & peak load are greatly 

influenced by angle ply orientation and 0°/90° orientation showed significant 

increase in tensile properties as compared to other orientation (Raja and Hari, 

2013). The mechanical and electrical properties of Roystonea regia/glass fiber 

with varying glass fiber loading reinforced epoxy hybrid composites; tensile, 

flexural, impact and hardness properties of hybrid composites considerably 

increased with increased glass fiber loading. But electrical conductivity and 

dielectric constant values decreased with increased glass fiber content (Goud and 

Rao, 2012). Mansor et al. (2013) used the analytical hierarchy process (AHP) 

method to select the most suitable natural fiber to be hybridized with glass fiber 

reinforced polymer composites for the design of passenger vehicle center lever 

parking brake component and it concluded that the kenaf bast fiber yielded the 

highest quality and was selected as the best material to formulate the hybrid 

polymer composites. Almeida et al. (2013) evaluated the effect of hybridizing 

glass and curaua fibers on the mechanical properties. From the obtained results, 

it was observed that the tensile strength and modulus increased with glass fiber 

incorporation. In a study of different hybrid laminates, Petrucci et al. (2013) 

showed that the mechanical performance of all the hybrid laminates appeared 

superior to pure hemp and flax fiber reinforced laminates and the best properties 

were offered by those obtained by adding glass and flax to basalt fiber reinforced 

laminates. Ramesh et al. (2013) investigated the mechanical properties such as 
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tensile strength, flexural strength and impact strength of sisalɀjuteɀglass fiber 

reinforced polyester composites They indicated that the incorporation of sisalɀ

jute fiber with GFRP improved the properties and used as a alternate material for 

glass fiber reinforced polymer composites. 

Several reports are available in literatures on the tribological characteristics 

of glass fiber reinforced thermoplastic polymer composites. The tribological 

properties of glass fiber reinforced polypropylene (PP) can be significantly 

improved with a suitable forms of glass fiber reinforcement (Hufenbach et al., 

2012). Along with the forms, the quantity of glass fiber as reinforcement and type 

of the thermoplastic polymer used are also very significant on tribological 

behavior of the composites (Unal et al., 2006). Bijwe et al. (1989) investigated the 

tribological behavior of glass-fiber-reinforced polyetherimide composite and 

found that the specific wear rate was comparable with that of commercially 

available bearing materials. Similarly, Chen et al. (2006) conducted an 

experiment on glass fiber reinforced PA66/PPS blend composites and concluded 

that at a certain GF content, friction coefficient reported lowest value but with the 

increase of GF content wear volume decreased. In another experiment, Suresha 

(2008) showed that at dry sliding condition the friction and wear of short glass 

fiber (SGF) reinforced thermoplastic polyurethane (TPU) composites decreased 

with increased of SGF wt% depending on load and velocity. Short glass fiber 

reinforcement in PA66 composites during the sliding against identical materials 

showed the major benefits of glass fiber reinforcement for reducing the friction 

coefficient within the matrix softening point (Kukureka et al., 1999). The 

tribological response of glass and thermoset polymer composites are different 

ÔÈÁÎ ÔÈÁÔ ÏÆ ÔÈÅÒÍÏÐÌÁÓÔÉÃ ÐÏÌÙÍÅÒ ÃÏÍÐÏÓÉÔÅÓȢ 0ąÈÔąÌą ÁÎÄ 4ÏÓÕÎ ςππς  ÉÎ ÁÎ 

investigation of ECGRP composite showed that GF-reinforced polyester matrix 

composite was more wear resistant than the plain polyester. Further in an 

reciprocating test, Mathew et al. (2007) established that composites with epoxy 
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resin showed the best tribological properties among the available thermosets. 

Suresha et al. (2006) have shown that fiber reinforcements are effective in 

reducing wear in adhesive situations for glass epoxy composites. In PEEK and 

GFR reinforced PEEK composites, friction and wear were dependent on the 

contact pressure and sliding speed under dry pin on disc arrangement (Sumer et 

al., 2008). In an experiment for short glass fiber reinforced polyamide 6ɀ

polyurethane (PA6ɀPU) block copolymers composites sliding against a chromium 

steel ball, Li et al. (2010) showed that both friction coefficient and wear rate 

increased with the increased load and with the increased sliding speed, the 

friction coefficient decreased and wear rate increased. In epoxy based glass 

polymer composites, Sampathkumaran et al. (2001) highlighted the effect of load 

and sliding velocity on the wear loss pattern in sliding wear condition. In an 

experimental investigation on friction characteristics of GFR-epoxy composite 

sliding against hard steel, cast iron and aluminium as counterface, El-Tayeb et al. 

(2005) revealed that for hard steel and cast iron a common trend of increased 

friction coefficient with increased normal load and decreased friction coefficient 

with the increased sliding velocities but friction coefficient was maintained at 

lower level when sliding against aluminium at higher velocities, in comparison of 

hard steel and cast iron. Suresha et al. (2006) concluded for glass epoxy 

composite, the friction coefficient was in decrease with the increase in sliding 

velocity or decrease in the load. and for optimization of tribological 

characteristics, moderate load and sliding velocity are the preferred choice 

irrespective of the type of composite. 

An investigation of composites of four directionally oriented (biaxial, biaxial non-

woven, triaxial and quadraxial) warp knit glass performs and three different 

thermoset resins (polyester, vinylester and epoxy resin) on a reciprocating 

sliding test rig. shows that sliding time has a strong effect on the tribological 

performance (Mathew et al., 2007). Sen et al. (2015) concluded that friction and 
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wear has a tendency to increase with increase in time based on the investigation 

using block-on-roller arrangement in dry sliding conditions. 0ąÈÔąÌą ÁÎÄ 4ÏÓÕÎ 

(2002) investigated the wear behavior of glass fiber reinforced polyester 

composite and plane polyester composite against SAE 1030 steel, weight loss of 

the GFRP specimen is lower than plain polyester specimen depending on the 

sliding distance. The weight loss in the GFRP and plain polyester specimen did 

not change for a substantial amount of travel distance (942 m), the weight loss in 

the plain polyester increased after 942 m drastically, which can be explained by 

increase in the temperature at the interface and the polyester becoming brittle 

due to the thermal effect. Suresha at al. (2007) The effect of abrading distances on 

three-body abrasive wear behavior of glassɀepoxy composites has been 

investigated. The wear volume loss increases with increasing abrading distance. 

However, the specific wear rate decreases with increase in abrading distance.  

Sampathkumaran et al. (2001) observed the SEM features of glass fiberɀepoxy 

composites subjected to sliding wear for distances ranging from 500m to 6 km. 

Results have shown that for the longer run case interface separation is noticed, 

while for shorter runs matrix debris formation and occasional glass fiber 

fragmentation are seen. The debris rate was lower for smaller distance and 

higher for larger distance. Yousif et al. (2008b) investigated interface 

temperature and frictional behavior of chopped strand mat fiberglass reinforced 

polyester (CGRP) in three different orientations, at different loads and velocity. 

Experimental results show that friction and interface temperature are dependent 

on the orientation pattern, load and velocity and the interface temperature of (AP 

& P) orientation is similar. Another experiment carried to investigate the wear 

behaviour of glass fiber reinforced polyester coÍÐÏÓÉÔÅȟ 0ąÈÔąÌą ÁÎÄ 4ÏÓÕÎ ςππς  

concluded that increased temp at the interface result in the brittle layer 

formation which breaks out from the surface and increase wear by acting as 

abrasive media. Pin on disc experiments of glass fiber reinforced phenolic resinɀ
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based friction material at different shows that the friction coefficient increased 

with increasing disc temperature up to 3000C and then decreased above this 

temperature. The specific wear rate was found to increase with disc temperature 

(Ozturk et al., 2013). The AP-orientation had more interface temperature (290 to 

500C) compared to P-orientation of chopped strand mat GF reinforced 

unsaturated polyester composites (Yousif, 2008).  

In recent times researchers are trying to explore natural particles as filler in 

glass polymer composites for a wide variety of industrial applications owing to 

their good combination of physical and mechanical properties (Debnath et al., 

2013). In this direction, Mohan et al. (2011) established that Jatropha oil cake 

(JOC) filler incorporation into glass fabric-epoxy (G-E) composites enhanced its 

mechanical properties. In the similar study, Kumar et al. (2013) showed that a 

fixed weight fraction of mustard cake in varying weight fraction of woven glass 

fiber reinforced epoxy composites has a very significant role for the superior 

mechanical properties. Hard particulate fillers consisting of ceramic or metal 

particles and fibers made of glass are being used these days to improve the 

performance of polymer composites to a great extent (Sawyer et al., 2003). 

Various kinds of polymers and polymer matrix composites reinforced with metal 

particles have a wide range of industrial applications such as heaters, electrodes 

(Kim et al., 2004), composites with thermal durability at high temperature etc. 

(Nikkeshi et al., 1998). Similarly, ceramic filled polymer composites have also 

been the subject of extensive research in last two decades. Incorporation of 

silicon carbide particles into glass fabric/epoxy as a secondary reinforcement 

composites leads to an enhancement of their mechanical properties, such as 

9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓȟ ÔÅÎÓÉÌÅ ÓÔÒÅÎÇÔÈȟ ÆÌÅØÕÒÁÌ ÓÔÒÅÎÇÔÈ ÁÎÄ ÃÏÍÐÒÅÓÓÉÏÎ ÓÔÒÅÎÇÔÈ 

(Mohan et al., 2014). The mechanical properties of randomly oriented glass fiber 

(RGF) reinforced with epoxy resin filled with Al2O3, SiC and pine bark dust had 
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been investigated by Patnaik et al. (2010) and they showed that Incorporation of 

these fillers modified the tensile, flexural, and impact strengths of the composites.  

The use of other particle like mica in glass epoxy composite is helpful to improve 

the hardness and compressive strength of unidirectional E-glass fiber reinforced 

epoxy resin composites (Srivastava et al., 1992). Similarly, the soft particles i.e 

particles of mica and tricalcium phosphate in glass epoxy composite further 

improved the mechanical properties based on the filler contributed to enhance 

the bonding strength between fiber and epoxy resin (Srivastava and Wahne, 

2007). The hybrid composites consisting of bi-directional E-glass-fiber reinforced 

epoxy filled with different LD slag content (0, 7.5, 15, 22.5 wt%), Pati and 

Satapathy (2015) proved that LD slag, in spite of being a waste, possesses fairly 

good filler characteristics as it modifies the strength properties and improves the 

composite micro-hardness.  

Suresha et al. (2006a) investigated the friction and wear behavior of E-GF 

(woven mat) reinforced epoxy composites with and without SiC particles. The 

result showed that (5 wt%) SiC particles filled composite had higher coefficient of 

friction and higher resistance to wear at sliding distance ranging from 2000 m to 

4000 m compared to without SiC-filled composites. In between two inorganic 

fillers, silicon carbide (SiC) and graphite, Graphite filled G-E composite shows 

lower fr iction coefficient and SiC filled G-E composite exhibited the maximum 

wear resistance (Suresha et al., 2006b). Mohan et al. (2014) experimented the 

tribological behavior of silicon carbide filled glass fabric reinforced-epoxy (SiC-G-

E) composites using pin-on-disk test rig at various temperatures, applied loads, 

and a fixed sliding velocity of 1.5 m/s and for a sliding distance of 5000 m. The 

wear loss in both the composites increases with increase in temperature/applied 

load and under the same conditions the specific wear rate increases. However, 

silicon carbide particulate filled G-E composite exhibits lower wear rate with 

higher coefficient of friction as compared to virgin G-E composite. Patnaik et al. 
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(2010) investigated the wear behavior of randomly oriented E-GF-reinforced 

epoxy composites with particulate-filled like Al2O3, SiC and pine bark dust at 

different loads and the sliding distance ranging from 200 m to 600 m. Among the 

composites with different wt%, they have concluded that GF (50 wt%)/Epoxy 

(40 wt%)/Pine bark dust (10 wt%) composite had better wear resistance for all 

sliding distance. Suresha and Chandramohan (2008) investigated the three-body 

abrasive wear behavior of woven E-GF-reinforced vinyl ester composites with 

particulate-filled like SiC and graphite fillers. The experimental result showed 

that the graphite and silicon-filled composites had more abrasion resistance and 

lower specific wear rate than unfilled composites. Shivamurthy and 

Prabhuswamy (2009) investigated the effect of silica content on the sliding wear 

and coefficient of friction of GE composites at different loads and for a fixed 

velocity and a constant abrading distance of 1200 m by using pin-on-disc 

machine. 3 and 6 wt% of SiO2 filled GE composites exhibits good performance in 

flexural and slide wear resistance. Further addition of SiO2 filler are not beneficial 

for flexural and slide wear performance. Raju et al. (2013) studied the two-body 

abrasive wear behavior of alumina (Al2O3) with different wt% filled glass fabric 

reinforced epoxy (G-E) composites. Experimental results showed that the presence of 

Al2O3 filler reduced the specific wear rate of G-E composite and the excellent wear 

resistance was obtained for 10 wt% Al2O3  filled G-E composites.   Sampathkumaran 

et al. (2000) carried out a study on the slide wear characteristics of a glassɀepoxy 

composite, filled with either rubber or oxide particles and the block-on-roller test 

results showed that at high loads the rubber-filled composite had lower wear.  

The comparative performance of glassɀepoxy (GɀE) composites filled with 

rubber and graphite of two differing levels were conducted by Sampathkumaran 

et al. (2005). The pin-on-disc test result concluded that for increased load and 

sliding velocity situations, higher wear loss was recorded and for rubber-bearing 

samples, the friction coefficient decreased with increased velocity.   
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Senthilkumar et al. (2012) studied the effect of wt% of aluminium particles in 

epoxy resin on fatigue strength and thermal conductivity and they concluded that 

thermal conductivity increased with increased aluminium particles but the 

fatigue strength decreased. In polymer, aluminium particle quantity is not enough 

to characterized its properties but particle size is also a very important factor. 

Chung et al. (2005) established that the mechanical properties including 

hardness, dimension accuracy and thermal conductivity  in micro-scale structures 

improved by using an epoxy-aluminium particle composite but the hardness and 

dimension accuracy showed more suitable characteristics with smaller size 

particle. Whereas, the composite having larger size particle was more heat 

conducive than that of smaller particles.  The use of different coupling agents on 

surface modification of  aluminium particles in aluminium epoxy composites and 

subsequently its effect of the composite properties are investigated by Zhou and 

Yu (2011) and Zhou (2011). Zunjarrao and Singh (2006) established that that 

aluminium particle size, dispersion and silence treatment, all play an important 

role in determining the enhancement of fracture toughness. Surface silanization 

and dry particle coating, are the two established technique to reduce the 

cohesiveness and improve the flowability of fine cohesive aluminium powders as 

reported by Chen et al. (2010). Chemical functionalization of oxide-passivated 

aluminium nanoparticles using different acrylic monomers, demonstrate 

enhanced miscibility and PAM and MPS coatings are effective at inhibiting 

oxidation at different temperature and working environment (Crouse et al., 

2010). Based on combined flowability and CVE characteristics, Jallo et al. (2010) 

reported that the silane modified material gave the best results followed by the 

powders dry coated with carbon, titania and silica, respectively. Kim et al. (2012) 

investigated the effect of surface modification of aluminium powders on the 

mechanical properties and the results showed that the tensile modulus, strength 
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and fracture toughness of silane-treated aluminium/epoxy composites were 9%, 

12%, and 32% greater, than those of untreated aluminium/epoxy composites.  

Srivastava and Hogg (1998) presented that aluminium-tri -hydrate filled GFRP 

composites showed a higher moisture uptake, which resulted in higher values of 

both mode-I and mode-II, toughness than the polyethylene filled and unfilled 

GFRP composites. The mechanical behavior of composites containing aluminium 

particles and micro or nano sized other particles is beneficial to enhance further 

the mechanical properties (Martin et al., 2007; Mohammed Selleb, 2009). In 

addition to aluminium particles, presence of micro-sized Ni particles in composite 

exhibited a higher elastic modulus and static and dynamic compressive strengths 

than pure epoxy and micro aluminium containing composite (Martin et al., 2007). 

Along with aluminium particles presence of Cu particles with different volume 

fraction enhanced the modulus of elasticity, the flexural strength and maximum 

shear stress increased with increasing the volume fraction of the reinforced 

particles of aluminium and copper, while the deflection decreased with the 

increased volume fraction and the reinforcement with copper particles give the 

best results than the reinforcement with aluminium particles (Mohammed Selleb, 

2009). 

Several researchers has attempt to explore the mechanical behavior of 

aluminium filled glass epoxy composites considering different process 

parameters. In tri-phase materials, composed by an epoxy resin, aluminium 

particles and milled fibers, Vasconcelos et al. (2005) observed that the 

mechanical and thermal performances are better than the single materials. This 

was established through a Charpy impact tests with electronic instrumentation. 

Hamed (2009) investigated the tensile strength of aluminium powder mixed 

glass/kevlar/PVC fiber reinforced epoxy composites. He showed that the tensile 

strength increased with the increased volume fraction of aluminium powder from 

20% to 40% and the sample EK had higher tensile strength than all other samples 
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for both volume fraction. Kim et al. (2012) investigated the effect of surface 

modification of aluminium powders on the tribological behaviors of 

aluminium/epoxy composites. The results showed that the wear resistance of 

silane-treated aluminium/epoxy composites was 56% greater than that of 

untreated aluminium/epoxy composites.  In an experimental study, Peng et al. 

(2009) investigated effects of Al(OH)3 powder on wear behavior of glass fiber 

reinforced epoxy composites. The experimental results showed that within a 

proper content, the addition of Al(OH)3 powder in epoxy could increase the 

resistance to wear and friction. Several researchers has attempt to explore the 

tribological behavior of aluminium particle filled glass epoxy composites 

considering different process parameters. Vasconcelos et al. (2006) studied the 

tribological behavior of epoxy, aluminium particles and epoxy-aluminium-milled 

glass by considering thermal conductivity and wear resistance. The study 

revealed that in the reciprocating test; epoxy, aluminium and glass fiber 

reinforced composites show lower wear rate than the epoxy at room 

temperature.  

1.3   Knowledge gap in earlier investigations   

The literature survey presented above reveals the following knowledge gap in 

the research reported so far: 

o Though much work has been done on a wide variety of glass fibers for 

polymer composites, very less has been reported on the reinforcing potential 

of woven E glass fiber in spite of its several advantages over others. Many 

low-end application areas such as housing, furniture, structural, transport etc. 

are cited in the literature for woven E glass fiber based products, but there is 

hardly any mention of their potential use in tribological situations where 

other type of glass fibers are widely used. Moreover, there is no report 

available in the literature on the wear characteristics of woven E glass fiber 
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based polymer composites in different environment when fiber orientation is 

perpendicular to sliding direction. 

o A number of research efforts have been devoted to the mechanical and wear 

characteristics of either fiber reinforced composites or particulate filled 

composites. However, a possibility that the incorporation of both particulates 

and fibers in polymer could provide a synergism in terms of improved 

performance has not been adequately addressed so far. Besides, the potential 

of aluminium powder to be used as fillers material in polymer composites has 

rarely been reported. 

o The mechanical and tribological properties of aluminium powder as tribo 

material in polymer composites has not yet been explored much. Very few 

reports are available. Moreover, aluminium powder filled woven E glass fiber 

reinforced polymer composites has not yet considered for mechanical and 

tribological characterization. Though soft metal particle aluminium powder 

coupled with good combination properties may be utilized as a potential tribo 

material. 

o Though a number of composite fabrication processes have been followed by 

the investigators for particulate filled glass polymer composites and 

conventional hand layup technique is one of the popular one. But 

conventional hand lay up followed by light compression moulding process 

never been used for the fabrication of aluminium powder filled woven E glass 

fiber reinforced epoxy composites. 

o The tribological characterization of particulate filled glass polymer 

composites has been made by the researchers considering the sliding mode of 

contact without much attention on the fiber orientation but reciprocating 

contact mode has rarely been explored. Even for aluminium particulate 

woven glass polymer composite it is not at all explored yet. 

 

1.4   Objectives of the present work 
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The knowledge gap in the existing literature summarized above has helped to 

set the objectives of this research work which are outlined as follows: 

1) Fabrication of a new class of epoxy based composites reinforced with woven 

E glass fibers and aluminium particulate fillers with different weight 

percentages.  

2) Determine the Mechanical properties such as tensile strength, density and 

void fraction, Micro-hardness, Flexural strength, Inter laminar shear 

strength. 

3) Evaluation of the effect of aluminium powder in epoxy and glass epoxy 

systems on mechanical and tribological properties under reciprocating and 

sliding contact mode in different conditions through experimentation. 

4) Estimation of the effect of woven E glass fiber loading with varying weight 

percentages in epoxy system on tribological behavior under reciprocating 

and sliding contact mode in dry condition. 

5) Validation of the experimental results through SEM observation and 

explanation of the possible reason. 

 

2. EXPERIMENTAL DETAILS 

2.1   Introduction 

This chapter describes the materials and methods used for the processing of 

the composites under this investigation. It presents in details the mechanical and 

tribological characterization process of the composites under reciprocating and 

continuous sliding  contact conditions.  

2.2   Composite materials 
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2.2.1   Matrix material 

Matrix materials can be of different types like metals, ceramics and polymers. 

Polymer matrices are most commonly used because of cost efficiency, ease of 

fabricating complex parts with less tooling cost and they also have excellent room 

temperature properties when compared to metal and ceramic matrices. Polymer 

matrices can be either thermoplastic or thermoset. Thermoset matrices are 

formed due to an irreversible chemical transformation of the resin into an 

amorphous cross-linked polymer matrix. Due to huge molecular structures, 

thermoset resins provide good electrical and thermal insulation. They have low 

viscosity, which allow proper fiber wet out, excellent thermal stability and better 

creep resistance. Normally, these resins can be formulated to give a wide range of 

properties upon requirement (Barbero, 2010). 

The most commonly used thermoset resins are epoxy, polyester, vinyl ester and 

phenolics. Among them, epoxy resins are being widely used for many advanced 

composites due to their excellent adhesion to wide variety of fibers, superior 

mechanical and electrical properties and good performance at elevated 

temperatures. In addition to that they have low shrinkage upon curing and good 

chemical resistance. Due to several advantages of epoxy resin in comparison to 

other thermoset polymers, the matrix system is chosen as a combination of epoxy 

resin ARALDITE CY 205 IN with Epoxide Equivalent Weight (EEW) of 5.21 - 5.49 

kg/eq. and curing hardener, HY 951 with amine hydrogen equivalent weight 

(AHEW) of 24 gm/eq., both at room temperature for the present research work. 

Araldite CY 205 IN is liquid, solvent-free, unmodified Bisphenol A epoxy resin  

(Chemical Formula: C18H21ClO3) and the hardener Aradur HY 951 is a low 

viscosity aliphatic amine (Chemical Formula: C6H18N4) both  are procured from 

Huntsman Advanced Material (India) Pvt. Ltd. Some details of the constituents of 

matrix material is presented in Table 2.1. 
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Table 2.1 Properties of epoxy resin and hardener 

Material Trade name  
and  

chemical name 

Density, 
 

(gm/cm 3 ) 

Viscosity  
at 25°C 
(mPa s) 

Flash 
point 
(°C) 

Parts  
by 
wt 

Epoxy resin Araldite 

CY 205 IN 

1.27 9000 ɀ 13000 200 100 

Hardener Aradur 

HY 951 

0.98 10 - 20 110 10 

2.2.2   Fiber material 

Some commonly used synthetic fibers for composites are glass, carbon and 

aramid etc. Among them, glass fibers are the most commonly used fibers for 

engineering composites. Hence, glass fiber is chosen as the reinforcing material in 

this work. Glass fiber is commercially available in abundance with good 

mechanical properties; thus is widely used in composite structures (Barbero, 

2010). Based upon different applications, glass fibers (silica-oxygen network) are 

classified into E glass, C glass and S glass fibers. E glass is used as an insulator and 

ÍÏÓÔÌÙ ÕÓÅÄ ÉÎ ÅÌÅÃÔÒÉÃÁÌ ÉÎÄÕÓÔÒÙȟ ÈÅÎÃÅ ÇÏÔ ÔÈÅ ÎÁÍÅ Ȭ%ȭ ÂÅÆÏÒÅ ÔÈÅ ×ÏÒÄ ȬÇÌÁÓÓȭȢ 

E-glass also has good mechanical properties in addition to low cost and ease of 

ÕÓÁÂÉÌÉÔÙȢ 4ÈÅ ÌÅÔÔÅÒ Ȭ3ȭ ÉÎ 3-glass stands for structural applications. S-glass got 

different chemical formulation and it has higher strength to weight ratio and 

higher elongation strain percentage but it is quite expensive. C-glass fibers are 

advantageous in resisting chemical corrosion. Glass fibers are available in 

different forms like continuous, chopped and woven fabrics. 

In the present work, woven roving fibers, made of 360 gsm, containing E-glass 

fibers of diameter 5-ρπ ʈÍȟ ÏÒÉÅÎÔÁÔÉÏÎ πȾωπ0 have been used as the reinforcing 

material in the composites. The major constituents of E-glass are silicon oxide (54 

wt%), aluminium oxide (15 wt%), calcium oxide (17 wt%), boron oxide (8 wt%) 

and magnesium oxide (4.5 wt%). E-glass fiber has an elastic modulus of 72.5 GPa 

and possesses a density of 2.59 gm/cc. The pictorial views of bi- directional 

roving E-glass fiber mats and the geometry of the fiber orientation 
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(a)      (b)  

Figure 2.1 (a) Woven E glass fabric, (b) geometry of fiber orientation 

used for composite fabrication for this study are given in Figure 2.1 and some of 

the physical and mechanical properties of E glass fiber is presented in Table 2.2. 

Table 2.2 Physical and mechanical properties of E glass fiber 

Bulk density  
 

(g/cm 3 ) 

Softening 
temp.  

 
0C 

Liquidus 
temp.  

 
0C 

Specific 
heat  

 
cal/g/ 0C 

Coeff. of 
linear 

expansion, 
(10ɀ6/ 0C) 

Tensile 
strength 
at 23 0C 
(MPa) 

9ÏÕÎÇȭÓ 
modulus  

 
(GPa) 

Filament 
elongation  
at break, 

 % 
2.54ɀ2.55 830ɀ860 1065ɀ

1077 
0.192 4.9ɀ6.0 3100ɀ

3800 
76ɀ78 4.5ɀ4.9 

2.2 .3   Particulate filler materials 

A variety of natural or synthetic solid particulates, both organic and inorganic 

is already being commercially used as reinforcing fillers in polymeric composites. 

While ceramic powders such as alumina (Al2O3), silicon carbide (SiC), silica 

(SiO2), titania (TiO2) etc. are widely used as conventional fillers, the use of soft 

metal particles like aluminium for such purpose is hardly found. Aluminium 

possesses low weight, high strength, superior malleability, easy machining, and 

excellent corrosion resistance, good thermal and electrical conductivity. 

Aluminium is also very easy to recycle (Bhattacharya, 1986). In view of this, in 

the present work aluminium powder is chosen as particulate fillers to be used in 

the composites. To make an assessment of their reinforcing potential in terms of 

wear performance and mechanical properties, aluminium powder with four 
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different wt% are also considered for comparison. Figure 2.2 shows the 

aluminium powder in normal and higher magnification. 

 
Figure 2.2 (a) Aluminium powder, (b) SEM micrograph of aluminium particles 

The fine aluminium powder used in this work has been collected from Loba 

Chemie Pvt. Ltd., 107, Wodehouse Road, Mumbai-400005, India with assay min. 

98.0% and maximum limits of impurities as insoluble in dil HCL 0.005%, iron 

(Fe) 0.1%, Manganese (Mn) 0.02%, Titanium (Ti) 0.03%, Nitrogen contains (as 

N) 0.001%, Copper (Cu) 0.02%, Silicon (Si) 0.1%. Some of the important 

properties of aluminium is presented in Table 2.3. 

Table 2.3 Properties of aluminium powder 

Colour Grey 

Period 13 

Atomic number 13 

Atomic mass (amu) 26.981539 

Electronegativity 1.61 

Space group Fm-3m 

Lattice parameter Face-Centered Cubic (FCC) 

Density (g/cm3) 2.70 

Melting point (0C) 660.32 

Boiling point (0C) 2519 
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Specific heat (Kcal/kg 0C) 0.22 

CTE (10-6 m/(mK))  22.2 

Tensile strength (GPa) 47x10-3 

Elastic modulas (GPa) 70 

0ÏÉÓÉÏÎȭÓ ÒÁÔÉÏ 0.33 

Shear modulus (GPa) 24 

Bulk modulus (GPa) 68-70 

Hardness 2-2.9 

2.2.4   Composite fabrication 

Epoxy resin at a ratio of 10:1 by weight as recommended mixed with 

hardener (HY951) and starred well manually for about ten minutes till the 

mixture temperature is about to increase and poured into a open mould of fixed 

dimension and allowed to cure at normal atmospheric condition to fabricate the 

neat epoxy, 100E with out any particulate filler or reinforcement. The samples 

B1ɀB3 with different wt% of aluminium filler are fabricated in open mould proces- 

 
(a) 

 
(b)  

Figure 2.3 (a) Mould used for composite fabrication, (b) cutting table with tools 
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ss. In this case, the required quantity of aluminium powder is mixed with the 

epoxy resin and then the hardener is added. The mixture is shaked well for a 

particular duration and poured into the mould as sample A. The sample C1ɀC3 

with varied amount of fiber reinforcement and 0 wt% of aluminium content is 

termed as unfilled glass epoxy or simply glass epoxy composite. In composites 

D1ɀD3 , the quantity of glass fiber has been maintained fixed at 60 wt% for all 

composites. Aluminium wt% varies as 0, 5, 10, and 15 for each composite. The 

composition and designation of the composites prepared for this study are listed 

in Table 2.4. The fabrication of the composite slabs C and D are done by 

conventional hand-lay-up technique followed by light compression moulding. All 

C and D composites are fabricated in three steps. On the basis of the mould 

dimension, certain pre calculation is exercised to determine each constituent 

quantity. It is essential to maintain the desired wt% of constituents in composites. 

Table 2.4 Designations and compositions of the fabricated composites 

Sample code Designation Composition 

A 100E Epoxy ( 100 wt% ) 

B1 5AlE Epoxy ( 95 wt% ) + Aluminium (5 wt%)  

B2 10AlE Epoxy ( 90 wt% ) + Aluminium (10 wt%)  

B3 15AlE Epoxy ( 85 wt% ) + Aluminium (15 wt%)  

C1 50GE Epoxy (50 wt%) + Glass Fiber (50wt%) 

C2 (Do) 60GE (GE) Epoxy (40 wt%) + Glass Fiber (60wt%) 

C3 70GE Epoxy (30 wt%) + Glass Fiber (70wt%) 

D1 5AlGE Epoxy (35 wt%) + Glass Fiber (60wt%) 

+ Aluminium (5 wt%)  

D2 10AlGE Epoxy (30 wt%) + Glass Fiber (60wt%) 

+ Aluminium (10 wt%)  

D3 15AlGE Epoxy (25 wt%) + Glass Fiber (60wt%) 

+ Aluminium (15 wt%)  

Required numbers of woven fabric of 150 mm×100 mm size is cut with the help 

of a steel rule and sharp cutter on a wooden platform without disturbing the 
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actual fiber orientation. For unfilled glass epoxy composite, a dry and clean glass 

container with a stirrer is put on a weighting machine and reading is set to zero. 

Epoxy resin, Araldite CY-205 IN is slowly poured to the glass container till the 

machine display the required reading. Hardener (HY 951) at a ratio 10:1 by 

weight of resin is added to the epoxy and stirred mechanically for about ten 

minutes for proper mixing and exothermic reaction is just about to start. In case 

of aluminium particulate composites, aluminium powder is added to the epoxy 

resin first and mixed well in continuous stirring process then the hardener is 

added with the aluminium epoxy mixture. Stirring of the mixture continues for a 

certain duration based on the exothermic reaction. A specially designed and 

fabricated HSS mould is used for this purpose to avoid bending during 

compression. Figure 2.3 show the mould and composite cutting table with tools. 

The inner sides of the mould are covered with very thin tear resistant plastic film 

of few microns thickness to perform the similar function of releasing agent to 

avoid the possibility of infusion of releasing agent into the glass fiber. Unfilled or 

filled in  both the cases, epoxy (resin and hardener) or aluminium mixed epoxy is 

lapped on the woven fibers uniformly and then the are placed one above the oth- 

Table 2.5 Dimensions of the different test samples 

Serial no Name of the test Sample dimension 

1 Density 30 mm× 12 mm× 6 mm 

2 Micro hardness 16 mm× 12 mm× 6 mm 

3 Tensile strength 150 mm× 12 mm× 6 mm 

4 Flexural test 60 mm× 12 mm× 6 mm 

5 Inter laminar shear strength (ILSS) 60 mm× 12 mm× 6 mm 

6 Reciprocating test Circular 10 mm dia with 3 mm thickness 

7 Sliding test 3 mm× 3 mm c/s with 30 mm height 

er into the mould. The whole assembly is pressed in a hydraulic press (20 kg) and 

is left for 24 (twenty four) hours at this stage at room temperature. The 

compression ensures that the entrapped air bubbles are completely removed 
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with the excess resin. After demoulding, post curing is done at room temperature 

for 48 hour to complete the fabrication process.  

Specimens of required dimensions for mechanical and tribological 

characterization are cut by a diamond cutter. Fine cutting of the samples are 

carried out with the help of perma grit hacksaw, flat file, sanding block. Final 

finishing of the surfaces is done with 600 grade and 1000 grade SiC paper. 

Dimensions of the different samples used for mechanical and tribological 

characterization is shown in Table 2.5.  

2.3   Mechanical testing 

2.3.1   Density 

4ÈÅ ÔÈÅÏÒÅÔÉÃÁÌ ÄÅÎÓÉÔÙ ʍct) of composite materials in terms of weight 

fractions of different constituents can easily be obtained following the equation 

given by Agarwal et al. (2006). 

 

ʍ
ct  =  

1
W f
ʍf

+  
W m
ʍm

                      (2.1) 

 

×ÈÅÒÅȟ 7 ÁÎÄ ʍ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ×ÅÉÇÈÔ ÆÒÁÃÔÉÏÎ ÁÎÄ ÄÅÎÓÉÔÙ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ 

suffixes f and m stand for the fiber and matrix respectively. Since the composites 

under this investigation consist of three components namely matrix, fiber and 

particulate filler, the expression for the density has been modified as 

 

ʍ
ct  =  

1

W f
ʍf

+  
W m
ʍm

+  
W p 
ʍp  

                              (2.2) 

 

wheÒÅȟ ÔÈÅ ÓÕÆÆÉØ Ð ÓÔÁÎÄÓ ÆÏÒ ÔÈÅ ÐÁÒÔÉÃÕÌÁÔÅ ÆÉÌÌÅÒȢ 4ÈÅ ÁÃÔÕÁÌ ÄÅÎÓÉÔÙ ʍca) of the 

composite, however, can be determined experimentally by simple water 
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immersion technique. The volume fraction of voids (Vv) in the composites is 

calculated using the following equation: 

 

Vv =  
ʍct ʍca

ʍca
                                                                   (2.3) 

 

2.3.2   Micro-hardness 

Hardness is the resistance of a material to deformation, indentation or 

scratching. The basic goal of hardness testing is to quantifiably measure the 

resistance of a material to plastic deformation. The indentation value has high 

importance for technical applications which reflects the resistance to 

deformation, which is a complex property and related to modulus, strength, 

elasticity, plasticity and dimensional stability of a material. Hardness is generally 

classified into different categories with respect to the depth of indentation (d). 

When the depth of indentation ranges between 1-υπ ʈÍȟ ÉÔ ÉÓ ÔÅÒÍÅÄ ÁÓ ÍÉÃÒÏ 

hardness. The test methods commonly used for expressing the relationship 

between hardness and the size of impression are Brinell, ViÃËÅÒȭÓ ÁÎÄ 2ÏÃË×ÅÌÌ 

hardness tests. 

Measurement of hardness 

(ÁÒÄÎÅÓÓ ÖÁÌÕÅÓ ÏÆÆÅÒ Á ÃÏÍÐÁÒÁÔÉÖÅ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ Á ÍÁÔÅÒÉÁÌȭÓ ÒÅÓÉÓÔÁÎÃÅ 

to plastic deformation from a standard source, as different hardness techniques 

have different scales. The Vickers hardness test is very popular among 

researchers since it is easier to perform compared to other hardness tests and 

also the hardness calculations are independent of the size of the indenter and 

ÌÏÁÄ ÁÐÐÌÉÅÄȢ )Î ÔÈÉÓ ÓÔÕÄÙȟ 6ÉÃËÅÒȭÓ ÈÁÒÄÎÅÓÓ ÔÅÓÔ ÓÅÔÕÐ ÉÓ ÕÓÅÄ ÔÏ find out the 

microhardness values of different composites. Microhardness testing is carried 

out in a UHL micro hardness  tester (Model-VMHT MOT, Sl. No. 1002001, 

Technische Mikroskopie) with a Vickers diamond indenter. Figure 2.4 shows the 
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6ÉÃËÅÒȭÓ ÈÁÒÄÎÅss test setup. The dwell time is kept at 10s while the speed of 

ÉÎÄÅÎÔÁÔÉÏÎ ÉÓ ÓÅÔ ÁÔ υπʈÍȾÓ ÁÎÄ ÉÎÄÅÎÔÁÔÉÏÎ ÌÏÁÄ ÁÔ ρπππ ÇÆȢ )Ô ÓÈÏÕÌÄ ÂÅ 

mentioned here that as the hardness is measured on the finished test sample 

surfaces where glass fiber orientation is perpendicular and no separate surface 

preparation is done, an average of at least three hardness values for each sample 

is reported. 

 
Figure 2.4 6ÉÃËÅÒȭÓ ÍÉÃÒÏÈÁÒÄÎÅÓÓ ÔÅÓÔÅÒ 

6ÉÃËÅÒȭÓ ÈÁÒÄÎÅÓÓ ÔÅÓÔ 

The Vickers hardness test is a commonly used technique due to its wide load 

range capability. Moreover, the indenter can be used for all materials irrespective 

of hardness. The method consists of indenting the test material with a diamond 

indenter, in the form of a pyramid with a square base and an angle of 136 degrees 

between opposite faces (as in Figure 2.5). The applied force ranges in between 1 

gf and 2000 gf. The full load is normally applied for 10 to 15 seconds. The two 
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diagonals (d1 and d2) of the indentation left in the surface of the material after 

removal of the load are measured using a microscope and their average (d) is 

calculated. Vickers hardness (HV) is calculated with the following equation. 

 

HV =
1.8544F

d2
                                                                      (2.4) 

 

Where load (F) is in Kilogram force and the mean of two diagonals created by the 

pyramidal indentor (d) is in millimeter. The Vickers hardness should be reported 

like 700 HV0.5, which means a Vickers hardness of 700, was obtained using a 500 

gf test force.  

 
Figure 2.5 6ÉÃËÅÒȭÓ ÉÎÄÅÎÔÁÔÉÏÎ ÁÎÄ ÄÉÁÇÏÎÁÌÓ ÏÆ ÔÈÅ ÉÍÐÒÅÓÓÉÏÎ 

The Vickers method is capable of testing the softest and hardest of materials, 

under varying loads. With modern advances in technology, it is now possible to 

offer automatic indentation measurement. This has the benefit of eliminating any 

operator influence over the result, increasing repeatability and reproducibility. 

2.3.3   Tensile strength 

The tensile tests are conducted on INSTRON 8801, as per ASTM D3039-07 

standards test method for tensile properties of composite specimens. This test 

method determines the in plane tensile properties of polymer and glass epoxy 

composites with or without aluminium particulate filler. The dimension of the 
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sample is 150 mm×12 mm×6 mm with a fixed gauge length of 100 mm. Tests are 

conducted for the samples at normal room temperature (27Deg C) and quasi-

static strain-rate of 10E-4/s. At least three numbers of specimens for each 

composite are used to get the mean value of the tensile strength. INSTRON 8801 

with tensile test setup and the test specimens are shown in Figure 2.6. 

 

Figure 2.6 (a) INSTRON 8801, (b) tensile test setup, (c) test samples 

2.3.4   Flexural and inter laminar shear strength (ILSS) 

The flexural strength of a composite is the maximum tensile stress that it can 

withstand during bending before reaching the breaking point. The three point 

bend test is conducted on glass epoxy and aluminium powder filled glass epoxy 

composite samples using a testing machine INSTRON 8801 as per ASTM D790- 10 

standard test method. The dimension of each specimen is 60 mm ×12 mm×6 

mm. Span length of 50 mm and a constant cross head-speed of 1.5 mm/min are 

maintained. The arrangement for the test and the test specimen are shown in 
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Figure 2.7. For both flexural strength and ILSS, the test is repeated three times for 

each composite type and the mean value is reported. The flexural strength of the 

composite specimen is determined using the following equation. 

Flexural strength = 
3PL

2bt2
                                                     (2.5) 

 

where, L is the span length of the sample (mm) 

P is maximum load (N) 

b the width of specimen (mm) 

t the thickness of specimen (mm) 

The data recorded during the three point bend test is used to evaluate the Inter 

laminar shear strength (ILSS) also 

The ILSS values are calculated as follows: 

ILSS= 
3P

4bt
                                                                                (2.6) 

  

Figure 2.7 (a) INSTRON 8801 with 3-point bending fixture, (b) larger image of the 
fixture showing the point of loading, (c) test samples 


