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ABSTRACT

The behavior of bi-directional woven E- glass fiber reinforced vinylester
compositesfilled withthree different ceramicfillersaluminum oxide (Al,O,),
silicon carbide (SiC) and fly ash had been investigated for mechanical and
tribological characterization. The effects of these threefillers on mechanical
and tribological properties of the composites investigated were compared
with composite without filler. The analysisrevealed that thetensile strength
of composites decreased significantly by inclusion of thesefillers. The flex-
ural properties, interlaminar shear strength, compressive strength, density
and hardness were also affected by the type of content of filler material. It
has been observed that presence of the SiC improve the hardness of the
glass vinylester composites where as other two fillers showed marginal
effect. Investigation revealed that the reduction in tensile strength was | ower
in case of fly ash among fillers. The toughness was also improved for SIC
and Fly ash with 10% addition. Tensile modulus was improved for SiC and
Fly ash based glass-vinylester composite with10% and 20% addition by
weight. Filler addition of SIC and fly ash make these composites potential
materialsintribological applications. © 2009 Trade SciencelInc. - INDIA
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INTRODUCTION

Thecompostemaeridshavelargdy replaced metd's
invariousengineering applicationsowingtother nu-
merous advantages, like high strength-to-weight ratio,
low cost etc. Thereisawaysanincreasing demand for
useof thesematerialsin defenseapplicationslikenava
ships, warplanes, aamor vehiclesre-entry vehiclesetc.!¥.
Thekey featureof fiber compositesthat makethem so
attractive asengineering materialsisthe capability to

tailor themateria s propertiesthrough the control of fi-
ber and matrix combinations and the sel ection of pro-
cessing techniques. Thereisawiderange of compos-
itestypeexist, from randomly oriented chopped fiber
based materid sat thelow property end to continuous,
unidirectiond fiber compositesat the high performance
end. A judicious selection of matrix and thereinforcing
phase can lead to acomposite with acombination of
strength and modul us comparabl eto or even better than
that conventiona metallic materid!@. Composite mate-
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rialsconsist of resin and areinforcement chosen ac-
cording to the desired mechanical propertiesand the
application. Fibersarethe principal constituentsina
fiber reinforced composite material. They occupy the
largest volumefractioninacompositelaminateand share
the major portion of the load acting on acomposite
structure. Among thefiber reinforcements, glass, car-
bon and aramid fibers arewidely employed. Polymer
compositesreinforced with thesefibersareusudly one
tofour timesstronger and stiffer than their unfilled ma-
trices. Glassfibersarewiddy usedinlight aircraft and
for bodywork of buses, mobile homesand high perfor-
mance salplanes. Their main advantages aregood cor-
rosonresstance, lightweight, and better damping char-
acterigticsthan metal 9. Glassfiber isalso usedfor the
bodies of specialty and sports cars. Glassfibersare
produced, aso availablein woven form and varying
density woven glassfabrics determinethe mechanica
propertiesof fabricg?. Thehbi-directionad wovenfabric
type of compositesisgaining popul arity in because of
their balanced propertiesin thefiber plane, aswell as
their ease of handling during fabrication. Two dimen-
sonal (2D) fabricshavebeenreatively well developed
intermsof production, analysisand application and
some of them havelong been used in structural appli-
cations. However most of the2D compositesretainthe
inherent weakness of laminated compositesthat are
susceptibleto delamination’>®. Theroleof polymer as
matrix in afiber-reinforced compositeisto transfer
stresses between thefibers, protect fibersagainst an
adverse environment and to protect the surface of the
fibersfrom mechanica dorasion. Among thermoset res-
ins polyester, epoxy, phenolic, siliconeand polyamide
resinsarewidely employed. Epoxy resinsaregeneraly
known asproductsused in structural components, ad-
hesives and protective plating on account of their very
good mechanicd properties, chemica resstant and dec-
trical characteristics. When epoxy resinsarereinforced
with high strengthened glassfibers, the product obtained
isusadin structurd gpplicationsfor requirement of high
strength andlow weight. However, thematrix materids
also play animportant role asisthe casefor thermoset
resin matrix composites which can be designed for
speci 2c gpplications by properly changing the polymer
used asmatrix. Inrecent years, much research hasbeen
devoted to exploring the potential advantage of ther-
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moset matrix for composite applicationg®5™9,

Onesuchmatrix isvinylester which wasintroduced
commercidlyinearly 1960sVinyl ester hasfound place
infamily, comprising thethermoset engineering poly-
mers. Today vinylester resinshave become oneof the
most important thermosetting materialsduetoitsex-
cdlent mechanica propertieswith good chemical/cor-
rosion resistanceto widevariety of commonly encoun-
ter chemica environmentt. Vinylester isahybrid form
of polyester resin which has been toughened with ep-
oxy moleculeswithin the main molecular structure.
Vinylester resinsare stronger than polyester resinsand
cheaper than epoxy resins. Vinylester resinsutilizea
polyester resintype of cross-linking moleculesinthe
bonding process. Vinylester resins offer better resis-
tanceto moisture absorption than polyester resins. Itis
aso known that vinylester resinsbond very well tofi-
ber glass. Theseresinsare used to fabricate variety of
reinforced structureincluding pipes, scrubber and ducts.
They arethe prime candidates for usein composites
for transportation and/or infrastructurg™*l.

The physical and mechanical characteristics of
glassfiber polymer compositesfurther can be modi-
fied by adding asolidfiller phaseto thematrix during
the composite preparation. This has been suggested
the kind of multi-phase composite techniquefor im-
proving the matrix dominated properties of continu-
ousfiber reinforced composites. Inthistechniquea
supplementary reinforcement such as particul ates,
whisker, or microfibersisadded to the matrix prior
toresnimpregnation. It hasbeen found that thereisa
significant improvement inimpact energy of hybrid
compositesincorporating either particulatesor ceramic
whiskers. Hard particul atefillersconsisting of ceramic
or metal particlesand fiber fillers made of glassare
being used thesedaysto dramatically improvethewear
resistance of the composites, even up to three orders
of magnitude*®* Theimproved performance of poly-
mersand their compositesinindustrial and structural
applicationsby the addition of filler materid shasshown
agreat promise. Variouskinds of polymersand poly-
mer matrix compositesreinforced with meta particles
have awiderange of industrial application such as
heaters, €l ectrode and composite with thermal dura-
bility at hightemperature etc. These engineering com-
posites are preferred dueto their low density, high
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corrosion resistance, ease of fabrication, and low
cost!*219, Similarly, ceramicfiller polymer compos-
ites have beenthe subject of extensveresearchinlast
few decades. Theinclusion of inorganicfillersinto
polymersfor commercial applicationsisprimarily
aimed at the cost reduction and stiffnessimprove-
ment6.47,

On account of good combination of propertiesfi-
ber reinforced polymer composites (FRPCs) are used
to produce many mechanical components such as
gears, cams, whedl s, brakes, clutches, bearingsand
sedls. Most of these are subjected to tribol ogica 1oad-
ing conditiong®®. In order toimprovethefriction and
wear propertiesmany researchers modified polymers
using different fillerg*27, It wasreported that thewear
rateof high-density polyethylene (HDPE) wasreduced
with theaddition of inorganicfillers, such asCuO and
Pb,O,"9. In the study' it was concluded that the
wear rate of polytetrofluroethylene (PTFE) wasre-
duced whenfilled with ZrO,and TiO,,. Intheinvesti-
gationsit wasfound that the compounds of copper
such as CuO and CuSwerevery effectivein reducing
the wear rate of PEEK, PTFE, Nylon and HDPE.
Thestudy of theinfluenceof didingvelocity and load
onthefriction and wear behavior of G-E composite,
filledwith ether rubber or oxideparticles, and reported
that the wear loss increased with increase in load/
speed#. Solid lubricantssuch asgraphiteand MoS,
when added to polymers proved to be effective in
reducing the coefficient of friction and wear rate of
composites®?8, The use of graphite asaparticulate
filler has been reported to improvetribological be-
havior in metal matrix composites (MM Cs)?". M ost
of the above findings are based on either randomly
oriented or unidirectional oriented fiber composites.
Woven fabric reinforced composites are gaining popu-
larity because of their balanced propertiesin thefab-
ricplaneaswell astheir ease of handling during fabri-
cation?®, Theresearchershave shown that thesimul-
taneous existence of parallel and anti-paralle oriented
carbon fibersin awoven configuration leadsto asyn-
ergistic effect on the enhancement of thewear resis-
tance of the composite?,

Thefiber-reinforced composites made with par-
ticulatesfillers have been found to performwell in
many actud operationd conditions. However suchmulti
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phase hybrid compositesform complex systemsand
thereisinadequateinformation available about phe-
nomenabehind the properti es changes dueto the ad-
dition of particulate fillers to the fiber reinforced
vinylester components. The objectiveof thispaperis
to know how theincorporation of different ceramics
fillerseffectson themechanica and tribological prop-
ertiesof glassfiber reinforced vinylester composites.
Silicon carbide (SiC), Aluminum oxide (Al ,O,) and
Fly ash arethethreefiller materid staken for thisstudy
and an exhaustive comparison of their influenceon the
composite characteristicsis presented. Silicon carbide
(SIC) isceramic material that hasthe potential to be
used asfiller invarious polymer matrices. Itisan ex-
cdlent dbrasiveused in grinding wheelsand other abra
sive productsfor over onehundred years. Thismate-
rial has been developed into ahigh quality technical
grade ceramics with very good mechanical proper-
ties. It is used in abrasives, thermal conductivity
coupled withlow thermal expansonand high strength
givesthismateria exceptional therma expansion, high
elastic modulus, high strength, high hardness, and su-
perior chemical inertness. Fly ashisafinely divided
powder generated in huge quantities during power
generationin coal based plants. It isamixture of ce-
ramicssuchas SO, Fe,0,,Al,0,and TiO, etc. Alu-
minum oxide (Al,O,) commonly referred to as ‘alu-
mina’ is the most effective and widely used materials
inthefamily of engineering ceramics.

This study reported hereisamed to characterize
themechanical and diding wear behavior of bi-direc-
tional woven E-glassfiber reinforced vinylester com-
positelaminatesunder conditions such asvarying ce-
ramicfiller content. Uniaxial Tension, Compression,
Flexural (three point bending) and Short Beam Shear
tests, Hardness and Impact tests have been carried
out. Elastic properties, failure strength, toughness, fail-
uremodesand mechanismsareanalyzed. Frictionand
dliding wear behavior of vinylester composites under
dry diding conditionsisa so explored.

EXPERIMENTAL

Preparation of vinylester resin

Vinylester resinsare addition products of various
epoxideresins and unsaturated monocarboxylic ac-
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ids, most commonly methacrylic acid. Itiscommon
that vinylester oligomersisdiluted with alow molecu-
lar welght co-monomer, such as styrene, vinyl-tolu-
ene, or methyl methacrylate, to reducethe room tem-
perature viscosity of the mixtureand yield asolution
with atypical viscosity in therange of 200-2000cps.
Inmany industrial products, vinylester resinsare com-
prised of 40-50wt% styrene. Thereactiontoformthe
vinylester oligomersisusually catalyzed by tertiary
amines, phosphinesand alkali salts. Typical reaction
conditionsare 120°C for 4-5h, and hydroquinoneis
commonly used astheinitiator. The conversion of the
reaction is 90-95%!%°. o-Cresol (S.D Fine Chemi-
cals) and formaldehyde [37-41% solution, S.D. Fine
Chemicals] wereused for the preparation of novolac.
Resorcinol (CHD), triphenyl phosphine (CHD), imi-
dazole (CHD), Epoxy novolac resin (EPN-1138,
Ciba-Giegy),methacrylic acid (Merck),
triphenyl phophine (FlukaAG), butyl acrylate (Merck)
and styrene (Ranbaxy), are used inthe present study.
Epichlorohydrin L.R. grade (CDH), sodium hydrox-
ide pellets (Merck), used for the preparation of ep-
oxy novolac.

Synthesisof o-cresol for maldehydenovolac

0-Cresol andformddehydeinthemolarratioof 1.0.7
wereused for the preparation of novolacresin. Weighed
amount of 0-Cresol (108gm) wasdissolvedin 6ml of
water and itspH was adjusted to 1.6 with concentrated
H,SO, under apH scan 3+ doublejunction pH meter.
Thissolution was charged into a550ml capacity, three-
necked flask fitted with aTeflon coated blade-stirrer, a
mercury thermometer and leibig condenser. Thesolution
was heated to 82°C and maintained at thistemperature
with congtant dtirring and formal dehyde sol ution (54.3ml)
was added in adrop wise manner over aperiod of 4
hours. Heeting was continued for an additiona half an
hour after the compl etion of the addition of formal de-
hyde solution. 40ml of 10% sodium bicarbonate was
added to neutralizethe H,SO, and arrest the reaction.,
Thereaction mixturefrom theflask wasthen transferred
to the separating funnd and washed withwarm water to
neutraizethe pH removing excess sodium bicarbonate
sdt and 3-4 washingswere generally adequatefor the
purpose. Theresinwasfinadly dried at 82°C under re-
duced pressure (35+t5mmHg).

Prepar ation of o-cresol formaldehydenovolacresin

OH
OH HOH,C CHj,
CHj3 H 3
+ HCHO p-toluene
suiphonic acid
CH,OH
o-Cresol

OH OH
H,
H3C\©/C\©/CH3
CH, CH,

o-Cresol Formaldehyde Resin

OH
CH
“)Y 3
N "
n

Synthesisof epoxy novolac from o-Cresol formal-
dehydenovolacresin

Epoxy novolac resin was prepared by the reac-
tion of 0-Cresol formaldehyde novolac resin with ep-
ichlorohydrin. Sodium hydroxidein themoleration
with epichlorohydrin of 0.2:1.0 wasused as catalyst.
The apparatus used for the preparation of epoxy
novolac consisted of an oil bath, a3-necked flask fit-
tedwith aglass stirrer having Teflon coated bladein
the central neck, Dean and Stark assembly in oneside
neck and in another side neck athermometer pocket
and adropping funnel to deliver sodium hydroxide at
aregular rate by the side of thermometer pocket.
Novolac resin waswith epichlorohydrin was charged
into theflask and heated under stirring to temperature
of 112°C+1°C. Whilemaintaining thistemperaturefor
epoxidation to proceed, 16.3934g of sodium hydrox-
ide (40% w/w) were added gradually to the reactants
intheflask over aperiod of threeand haf hours. Heat-
ing was continued for an additional 15 minutes, after
which the contentswere dissolved in toluene and the
solution filtered using Whatman filter paper no. 42to
removethe salts. Toluene wasthen removed by heat-
ing under reduced pressure.
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Prepar ation of o-cresol epoxy novolacresin

OH
CH
J 3
A e
dn
0-Cresol formaldehyde novolac resin
H
HaC— C—CHCl +NaOH
-NacCl
H
o CH, "\ /C 2
%/CHg O
CH
A 2
| n

0-Cresol epoxy novolac resin

Synthesisof vinylester resin for m o-cresol novolac
€poxy resin

Vinylester resnwas prepared using 1:0.9 molera-
tios of o-Cresol epoxy novolac resin prepared and
methacrylic acid inthe presence of imidazole (1 phr by
weight of the epoxy resin) and hydroquinone (200ppm)
at 86° C+1°C.
Preparation of vinyl ester resin based on o-cresol
novolacresin

o) CH,

JUNAVA

N e

| . n
0-Cresol epoxy novolac resin

?H?» Triphenyl phosphine
H,C=C—COOH +
90-100°C

0
J
O_CHZ—CIH—CHZ—O-—(IZ
OH ¢

CHs

CH,

B

Vinyl Ester Resin
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Theetherificationreactionwascarried out for athree
hoursto obtain aproduct with an acid value of 20 mg
KOH/gmssolidsdetermined. The VER sampleswere
storedinarefrigerator at 10°C.

Cross linking reaction with styrene as
comonomer

Vinylester resinsare crosslinked by freeradical
copolymerization of methacrylateend groupswith sty-
rene. Itisasystem of copolymerization of vinyl/divinyl
monomers. Gel ation occurswhen athree-dimensional
network or aninfinitemolecular weight polymer (gd) is
formed. Increas ng the concentration of theinitiator and/
or accelerators and the use of el evated temperatures
will shorten thetimeto onset of thegel. Inthiswork
Styrene asmonomers. Theratio of resinto co mono-
mer (reactivediluent) iskept 10:4 by weight.

Cross linking of vinylester with styrene as

comonomer
O

0= CH? CH CHz—o c c CHg

[ CH2 HC_CH2

Vinyl Ester Resi n
ny ! Styrene

o
o= CHZ‘CH CHz—0- c CH2_

TES

COMPOSITE FABRICATION

Jr

Theresinused inthiswork isvinylester prepared
from o-cresol formaldehyde novolac resin (density
1.42gm/cc) and reinforcing phase E-glassfibers(modu-
lus 72.4GPa, density 2.54g/cm?®) were supplied by
Northern Polymer Pvt. Ltd. New Delhi. Methyl ethyl
ketone peroxide (MEKP-1%), Cobalt Naphthenate
(1.5%) was used as catalyst and accelerator respec-
tively. Seven different types of compositeswere pre-
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pared for thisstudy. Three different ceramic powders
Silicon Carbide (SiC), Alumina(Al,O,) and Fly ash
were used asfiller material s (10% and 20% by weight)
in this study. Raw fly ash (size 80-100um) was col -
lected from the power plant of NALCO, located in
India. Aluminum oxideand Silicon carbide powders of
smilar sizerangewereobtained fromNICE Ltd. India
Thechemicad compostions/formulaepropertiessuchas
dengity and hardness of these particulatefillersaregiven
inTABLE 1.

TABLE 1: Chemical composition and physical propertiesof
filler materials

Composition/Chemical Mean
Filler hardness Density(gm/cc)
For mulae
(Hv)
Silicon }
Carbide SiC 2800 3.22
Alumina Al,O3 1175 3.89
SiO; (48.3%), Al;O3
Fly Ash (20.25%), Fe;03, 725 3.15

TiO,(1.9%)

Conventional hand layup techniquewas used for
making of the composite laminates. The cobalt
Naphthenate 1.5%ismixed thoroughly invinylester resin
and then 1% methyl ethyl ketone-peroxide (MEKP)
wasmixed intheresinsprior to reinforcement. Thefi-
ber loading (weight fraction of glassfiber inthecom-
posite) iskept 50 wt% for dl thesamples. Thestacking
procedure consistsof placing thefabric oneabovethe
other with theresin mix well spread between thefab-

ricson amould rel ease sheet. A porous Te?on Amwas
again used to compl ete the stack. To ensure uniform
thickness of the sample, a3mm spacer wasused. The
mould plateswere coated with rel ease agent in order
to aid theease of separation on curing. Thisprocedure
wasrepesated inal casesunlessthicknessof 3mmwas
obtained. A metal roller wasused so that uniform thick-
ness and compactness could obtain. Thewholeassem-
bly isplaced in the compression molding machineat a
pressure of 60K gf/cm?and dlowed to cureat roomtem-
perature for 24hrs. The laminate sheets of sizes
300X 300X 3mm were prepared. Specimensof suitable
dimensionswerecut using adiamond cutter for physi-
ca characterization, mechanica and wear testing asper
ASTM standard.

Theother compositesamplewith particulatefillers
of fixed weights (10% and 20%) percentageisfabri-
cated by thesametechnique. Thefillersaremixed thor-
oughly inthevinylester ressn mechanically beforethe
glassfiber matsarereinforcedin thematrix body. Com-
positesGV,, and GV ,contain SIC particlesin 10wt%
and 20 wt% proportionsrespectively. Smilarly GV,
GV,, GV and GV, arethecomposites containing du-
minaand fly ash fillersrespectively a ong with 50% of
glassfiber inthem. The composites prepared for this
study are designated as GV, GV, GV, GV, GV
GV, and GV respectively. Thedetalled compositions
aongwiththedesignation arepresented in TABLE 2.

TABLE 2: Designation, detail composition and physical propertiesof filler based compositematerials

Designation Compaosite composition Fiber Volume fraction(%) Fiber void fraction(%)

GV, Vinylester+50wt% glass fiber 0.547 4.6

GV, Vinylester+50wt% glass fiber+10wt% SiIC 0.540 5.87
GV; Vinylester+50wt% glass fiber+20wt% SiIC 0.655 3.19
GV, Vinylester+50wt% glass fiber+10wt% Alumina 0.539 9.38
GVs Vinylester+50wt% glass fiber+20wt% Alumina 0.523 13.30
GV Vinylester+50wt% glass fiber+10wt% fly ash 0.572 6.85
GV, Vinylester+50wt% glass fiber+20wt% fly ash 0.512 9.09

MECHANICAL MEASUREMENTSAND
WEARTESTING

Density

Thecompositesunder investigationshasthreecom-
ponentsnamely matrix, fiber andfillers. Thereforeden-
sity of composite can be obtai ned from therule of mix-

tureasshowninthefollowing expression:

1
 Won /) + Wy /py)+ (W +pp) @

Wherew and p represent thewe ght fraction and den-
sty respectively. Thesuffix p, m, f, ct stand for particu-
late, matrix, fiber and composite. The actual density
(p,,) of the composites however can be determined

Pct
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experimentally by s mplewater immersion technique.
Thevolumefractionof voids(V ) inthecompositesis
cd culated usngthefollowing equations:

vy=PaPe 45 )
Pt
Volumefractionisanimportant parameter that gives
afar amount of ideaabout the degree of reinforcement

that hasbeen doneby theaddition of fibers.
Tensilestrength and compression strength

TheUniaxial tensiletestswere carried out in the
laboratory at temperature 27°C and 60% of Humidity.
Thetestswere conducted using acomputer controlled
Hounsefield-25K (25K N capacity) Universal testing
machine. Thetens ontestswere carried out on theten-
sion test specimensat aspeed of 2mm/min. The me-
chanicd gripswereused for holding thespecimenwith-
out end tabs. The tests were carried as per ASTM
D3039-76. Instantaneous | oad and displacement were
recorded at the rate of one set per second. Thetests
werecarried out at least threetimesfor each specimen
and theresultswereaveraged arithmeticaly. Ultimate
Tenslestrength, modulusof € adticity, percentagee on-
gation was determined by the tension tests used most
frequently when determining themechanica properties
of polymer composites.

Similarly, thecompression test wascarried out to
determinethe compressivestrength using plain faced
mechanical gripswithout tabs. Three specimenswere
tested for each sample. The displacement during the
test was monitored using aload cell transducer and a
| oad-di splacement curvewas obtained for each speci-
men. From thetest record, the compressive modulus
and the compressive strength corresponding to the
maximum load a failurecould bedetermined. Thecom-
pression testswere carried on the Hounse fiel d-25K
(25K N) Universal testing machine as per theASTM
D3410M-95.

Flexural and inter-iaminar shear strength

Theflexurd and short beam shear tests (SBS) were
also conducted on the same machine as per ASTM
D790 and ASTM D2344 at room temperature. The
flexura test using athree-point bending fixture having
radius of theloading rollers5 mm and the test speed
2.54mm/minwascarried. The span length used was

= Fyf] Paper

kept at 50 mm and therefore the span length to thick-
nessratio wasabout 16:1. Theflexura strength of any
composite speci men isdetermined using the equation:
F.S=3PL/2bt? (3
Where P -ismaximum load, b- iswidth of specimen, t-
isthickness of the specimen and L- isspan length.

For Short beam shear test theradiusof theloading
edges was about 2.5 mm and the test speed was
2.54mm/min. The span length was set at 20 mm, cor-
responding to aspan length/thicknessratio of about 6:
1.Ingtantaneousload Pand crosshead displacement was
measured by aload cell wererecorded by acomputer-
ized dataacquisition system at one second intervals.
ThelLSSvaluesarecalculated as:

| L SS=3P/4bt )

WherePismaximum|oad, b- iswidth of specimenand
t-isthicknessof the specimen

Microhardness

Micro Hardness value of the composite material
wsdetermined using Vicker’s hardness test according
toASTM D785-89. Micro-hardness measurement is
done using aL eitz micro-hardnesstester. A diamond
indenter, intheform of aright pyramid with asquare
base and an angle 136° between opposite faces, is
forcedintothematerial under aload F. Thetwo diago-
nasX andY of theindentation|eft onthesurfaceof the
material after removal of theload are measured and
ther arithmetic mean L iscd culated. Inthe present study,
theload considered F=24.54N and Vickers hardness
number isca culated using thefollowing equation.
Hv=0.1889 F/L2 (5)

L =(X+Y)/2

WhereFistheappliedload (N), L isthediagonal of
sguareimpression (mm), X isthehorizonta length (mm),
andY istheverticd length (mm).

Impact strength

Impact testsare carried out on composite speci-
mens. Thetestsare doneasper ASTM D256 using
animpact tester. The pendulumimpact testingmachine
ascertainsthe notchimpact strength of the materia by
shattering the V-notched specimen with apendulum
hammer, measuring the spent energy and relating to
the cross section of the specimen. The standard speci-
men for ASTM D256 is50x10x2 mm and depth un-
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der the notch is 2mm.The machineis adjusted such
that the blade on thefree-hanging pendulum just barely
contactsthe specimen (zero position). Sincethereare
practically no losses due to bearing friction, etc.
(<0.3%), thetesting conditions may be regarded as
idedl. The specimens are clamped in asquare support
and are struck at their central point by ahemispheri-
cd bolt of diameter 5mm. Raising thependulum gives
it therequisite energy of deformation (potential en-
ergy- Ep) as the product of reaction force (F) times
thereativeheight (h).
e =Fh=FL (1-cos)[Nm]

Thereactionforce (F) ismeasured with the pendu-

lumintheprecisay horizontal position at adistanceL
from thefixed point. Theheight of fall, h:
h=L (1-coso)[m]

Thelength L isthe distance between the pendulum
axisand the point of impact of the hammer’s blades at
the center of the specimen. Upon release of the pendu-
lum, the potential energy isconvertedinto kinetic en-
ergy by acceleration dueto gravity. At themoment it
passesthe zero position, the Pendulum congtitutesthe
potential energy (ep) engraved on the hammer. Asit
shatters a specimen, the pendulum is braked by the
impact, losing part of itsve ocity and, hence, part of its
potential energy (E p) namely theimpact-energy com-
ponent (e,).
e,=F.h,=F.L (1-cos)[Joules]

Theamount of impact energy (e,) thusly consumed
isthedifference between the potentia energy (ep) and
thesurplusenergy (e).

e,=e -e[Joules] (6)
Therespectivevauesof impact energy of different

specimensarerecorded directly by thedataacquisition
system attached to themachine.

Friction and wear measur ements

To evaluate thefriction and sliding wear perfor-
mance of glassfiber reinforced composites prepared
with different ceramicfiller under dry diding condition,
wear testswere carried out in apin-on-disc typefric-
tion and wear monitoring test rig (DUCOM) as per
ASTM G 99. The counter body isadisc madeof hard-
ened ground steel (EN-32, hardness 72 HRC, surface
roughness 0.6 1 Ra). The specimen was held station-

ary and thedisc wasrotated whileanormal forcewas
applied through alever mechanism. Duringthetest, fric-
tion forcewas measured by transducer mounted onthe
loading arm. Thefriction forcereadingsweretaken as
the average of 100readings every 40secondsfor the
required period. For this purpose a microprocessor
controlled dataacquisition sysemwasused. Theaver-
agemass|osswas used to cal cul ate the specific wear
rate. Thetests are conducted with sliding vel ocity of
2m/sunder constant normal loading of 30N. Sliding
wear datareported hereistheaverage of at least three
runs. Themateria lossfrom thecomposite surfaceis
measured using aprecision e ectronic balancewith an
accuracy of +0.001mg.

The specific wear rate (mm3N-*mm'?) isthen ex-
pressed on ‘volume loss’ basis
K =Am/L pF,
WhereK isthespecificwear rate (mm*N*mm*), Am-
isthemasslossinthetest duration (gm), p-istheden-
sity of the composite (gm/mm?d), t -isthetest duration
(sec),V, -isthediding velocity (m/sec), F, - istheaver-
agenormd load (N), L-isdiding distance

Scanning electr on micr oscopy

The surfacesof the specimen were examined di-
rectly by scanning el ectron microscope JEOL JSM-
6480LV.Thecomposite sampleswere mounted on stubs
with silver paste. To enhancethe conductivity of the
samples, athinfilm of platinum was vacuum evapo-
rated onto them before the photomicrographs were
taken.

RESULTSAND DISCUSSION

Theinvestigation of mechanicd characterizationand
fallureanaysisof compositesreved that inclusion of
theparticulatefiller hassignificant influenceonthephys-
cd andmechanicd propertiesof compostes. Themodi-
fied propertieswithinclusion of fillersunder thisinves-
tigation are presented and compared against the un-
filled glassvinylester compositesin TABLE 3.

Density

Thevaluesfor theoretical and measured densities
arepresentedinthe TABLE 2.Thecomposite density
values cal cul ated theoretically from weight fractions
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arenot in agreement with theexperimental ly obtained
values. Thedifferenceinthese densitiesisthe mea-
sure of voids or pores present in the composites. It
can be seen from the TABLE 2 that in the sample
GV, volume fraction of voidsislowest due to ab-
senceof particulatefiller. However itisobserved from
theseresultsthat with the addition of particul atefiller
in matrix morevoidsand poresarefound in thecom-
posites. Asthefiller content isincreased from 10%to
20% the volumefraction of voidsincreased propor-
tionately. Thistrend isobserved in dl the particul ate
filled compositesfrom GV, to GV, but percentage
volumeof voidsvariesfrom compositeto composite.
Thismay bedueto thereaction of the particulatewith
thevinylester resin and/or dueto the processing fac-
torswhilemaking laminates.

Dendty isoneof theimportant physica property of
polymer compositeand it dependsontherdative pro-
portion of matrix and reinforcing materialsand thisis
oneof themost important factorsdetermining the prop-
ertiesof thecomposites. Thevoidfractionisthecause
for the difference between theva ues of theactua den-
Sty obtained by s mplewater immersiontechniqueand
thetheoreticaly cd culated vdue. Thevoidssgnificantly
affect themechanical propertiesand eventhe perfor-
mance of compositesin the place of use. Higher the
void content lower isfatigue resistance, greater sus-
ceptibility to water penetration and weathering. The
knowledge of void content isdesirablefor correct esti-
mation of thequality of thecomposite. It isunderstand-
ablethat agood composite should havefewer voids.
However, presence of voidsis unavoidablein compos-
itemaking particularly through wet hand layup tech-
nique but proper and careful process can reduce the
void content.

= Fyl] Peper
Micro hardness

Themeasured hardnessva ues(Hv) of dl theseven
compositesarepresented inthe TABLE 3. It isobserved
that thehardnessisaffected margindly by theaddition of
duminaparticlesincompositesGV, and GV .. Itisfur-
ther observed that fly ash addition of 10% aso showsa
minor changeinthehardness. Thecomposite GV, with
20wt% fly ash content found to exhibit someimprove-
mentinhardnesscomparedtotheunfilled composite GV ,.
Thehardnessof fly ashaswell asauminaparticlesare
generdly highlikeany other oxideceramic however the
low or margind effect of these particul atesfillerson com-
posite hardness may be dueto the presence of poresor
voids. However, asexpected thehardnessvaduesof SC-
GF-vinylester composites(GV,and GV ,) arefound to
behigher thanthat of composite(GV ).

Herethehardnessis seen to haveimproved with
increasein SIC content Figurel.and sowith theinclu-
sonof SICinthecompostehigh hardnessva uescom-
mensurate with thetheory.

Tensilestrength

Thetest resultsfor uniaxial tensile strength and
moduli are presented inthe TABLE 3. It can beseen
irrespective of thefiller materia thetensile strength of
all the samples of the composites decreaseswithin-
creeseinfiller content. Theunfilled glassvinylester com-
posite hasastrength of 282.38M Paintension and this
value drops to 269.75MPa and 261.4MPafor GV
and GV, with 10wt% addition fly ashand SiC respec-
tively. For other composite sampleAl, O, the 20% ad-
dition thetensle strength reducesto 198.30M Pa.

Itisobserved that when filler content isincreased
from 10% to 20% thetensile strength i sreduced for all
samples. Among thethreefillerstakeninthisstudy, the

TABLE 3: M echanical propertiesof theglassvinylester composites

_ Micro Tensile Tensile Compressive Flexural ILSS Impact
Composites  Hardness strength Modulus strength strength (MPa) Energy
(Hv) (MPa) (GPa) (MPa) (MPa) J

GV, 35 282.38 11.72 29.85 288.68 174.52 1.1290
GV, 46 261.25 11.76 10.73 301.20 151.53 1.2060
GV3 48 202.38 12.92 16.32 245.20 154.4 1.069
GV, 37 220.49 8.280 12.25 316.15 1259 1.135
GVs 38 198.30 9.209 32.09 268.23 159.4 0.979
GVe 39 269.75 10.53 20.69 398.15 100.56 1.502
GV, 41 228.33 12.862 33.10 256.13 120.48 0.924
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inclusion of uminacauses maximum reductioninthe
composite strength. There can betwo reasonsfor this
dedineinthesrength propertiesof theseparticulaefilled
composites, compared to the unfilled ones. One possi-
bility isthat the chemical reaction at theinterface be-
tween thefiller and thematrix may betoo week to trans-
fer thetenslestress; theother isthat the corner pointsof
theirregular shaped particul atesresult in stress concen-
trationinthevinylester matrix'?. Theauminaparticles
seemto belesscompatibletovinylester resnthan that of
fly ashand SIC. Asaresult of which the percentagere-
ductionintenslestrengthishighest intheformer case.
Thetensilemodulus of duminafilled compositesGV,
and GV are also found to beless than of the unfilled
ones Onthecontrary theexperimenta findingsFigure2
suggest that with addition of fly ashand SiCthetensle
moduli of theglassvinylester compositesisimproved
reasonably comparedtoAl,O, and unfilled composites,
Thisimprovementisattributedtotherdativey lower grain
ratesof compositesGV.,,, GV, GV ,and GV, duringthe
tendletes. Thereductionintenslestrength of thesecom-
positesmay beduethereasonsof poor bond strength at
interfaceof thematrix and fiber or matrix and particulate.
It may bedueto thechemica reaction betweenresinand
filler or lack of adhesvenessbetweenthefiller particulate
and glassfiber. Thereductionintenslestrength withthe
incorporation of filler can beexplained that under the
action of atensileforcethefiller matrix interfaceisvul-
nerable to de bonding depending on interfacial bond
strength and thismay lead to abreak inthe composite.
Similar property modification hasbeen previoudy re-
ported for Al,O, particlesreinforcement in polyurethane
50 -

matrix24.
G\ GV GV3 GVE GV7T

60
G4 GV5
Figurel: Comparison of Har dnessof composites
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Figure?2: Variation of tensile modulus of compositeswith
filler typeand content

Compressivestrength

The compressive strengthsfor the samples GV,
Gv,, GV, GV,GV,GV andGV aeshowninthe
TABLE 3. The compressive strengths values for all
samplesaremuch lower than their respectivetensile
strength and flexurd strength values. Thisisduetothe
highly anisotropic natureof theglassfiber (poor intrans:
versedirection). Thecompressivestrengthsarelower
thantheir tensileand flexura vaues, aso duetofiber
crimps and fiber anisotropy. Fromthe TABLE 3itis
observed that Hly ash and Al O, particulatesshow im-
provement in thecompressive strengths. Themaximum
compressivestrength isobtained for GV, (33.10MPa)
followed by that of GV, (32.09MPa). It is also ob-
served that compressive strength improvesby increas-
ingthefiller contentsinvinylester compositesfrom 10%
to 20%. Thisobservation showsthat in compression,
matrix a so bears some of theload.

Flexural strength response

Figure 3 showsthecomparison of flexura strengths
of the composites obtained experimentally form the
threepoint bend tests. It isinteresting to notethat addi-
tion of small amount (10wt %) fly ash aswell asalu-
minaimprovestheflexural strength of glassvinylester
compositesstructure. But addition of (20wt %) these
fillerslower theflexura strength values.

Thistrendisfound inthe entire composites. The
flexurd propertieshave great importancefor any struc-
tural element. Composite materialsused in structures
arepronetofail in bending and thereforethe devel op-
ment of new compositeswithimproved flexural char-
acteristicsisessential. Fromtheresultsit may besug-
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Figure3: Variation of flexural strength of compositeswith
filler typeand content

gested that duminaand fly ash (10%) are potentia can-
didatesto be used asfillersin making high flexural
strength composites.

Inter laminar shear strength (ILSS)

When ashort beamissubjected to three point bend-
ing, themaximum shear dress(Interlaminar shear dress)
occursin the beam mid plane (neutral plane) where
normal stressesarezero. Thisresultsin combination of
faluremodes, such asfiber rupture, micro bucklingand
interlaminar shear cracking. The maximum bending
stresses (compression and tensile) occur at the beam
upper and lower surfacesrespectively. Theratio (maxi-
mum shear stress/maximum bending stresses), increases
asthebeam span length to thicknessratio decreases,
and thusthe beam ismorelikely to fail in shear. An
isotropic materia inbendingwill fail inshear if (maxi-
mum shear stress/maximum bending stress), exceeds
0.58 according to the VonMises criterion. Anisotropic
materialsmay fail in shear a alower ratio®. Theinter-
laminar shear strength of the particul atefilled compos-
ites are shown along with that of the unfilled glass
vinylester composite GV, inTABLE 3. Itisseen that
thereisreduction of ILSS of the compositeswith par-
ticulatefillingadditionwhen compared with unfilled com-
posite GV ,.Incorporation of silicon carbideisseento
have caused improve the strength, compared to the
composite GV ,. It hasbeen noticed that with increase
infiller content from 10%wt. to 20%wt. thereissmall
increaseintheinterlaminar shear strength.

I mpact strength response

Theimpact energy valuesof different composites
recorded during theimpact testsaregivenin TABLE 3.

—== Pyl Paper

It isobserved that theresi stance to impact | oading of
glassvinylester compositesimproveswith 10% addi-
tion of particulatefiller. However thisimprovement in
GV, and GV isvery significant. It is seen that with
incorporation of filler particles, theimpact strength of
glassfiber vinylester composite GV, and GV increases
by about 10-35%. However increasing filler contents
from 10% to 20% theimpact strength decreasesfor al
samples. High strain ratesor impact |oads may be ex-
pected in many engineering applicationsof composite
materials. Thesuitability of acompaositefor such appli-
cation should therefore bedetermined not only by usud
design parameters, but by itsimpact or energy absorb-
ing properties. Thusit isimportant to haveagood un-
derstanding of thisimpact behavior of compositesfor
both safe and efficient design of structural and to de-
vel op new composites having good impact properties.
Theresult of impact testsin the present study reveals
that fly ash (10% addition) can beapromising filler
materia that would enhancetheimpact characteristics
of polymer compositesand at sametimeitiscost ef-
fective.

Friction and wear behavior

Thevariation of friction of seven compositeswith
diding distanceisshownintheFigured. Thedidingve-
locity iskept constant 2m/sand normal load of 30N
throughout thetest duration.

Itisobservedthat for dl the compostes coefficient
of frictionincreasescontinuously. However at higher
sliding distancerate of change becomesa most con-
gant. Itisa so observed that composite specimenwith-
out filler (GV,) show higher friction thanthe ceramic

045

—e—GV1
—a—GV2
04 &a— GV3
—w— GV4
—e— GV5
»— GV6
GV7

035 -
03

0.25
0.2 A

15 -

Coefficient of frictionip)

0.1 -
0.05 -

0 = -
0 480 960 1440

Sliding distance(m)
Figure4: Variation in coefficient of friction of composites
with diding distance
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filled glassvinylester composites. Among thevarious
ceramicfilled composites SIC and fly ash filled com-
posites show higher vauesof friction coefficients. Itis
observed that among all compositesAluminafilled com-
posites show thelowest va uesfor friction coefficients.
Figure5 representsthe variation of specific wear rate
of thecompositeswith diding distance. Thedidingve-
locity and normal applied loadsare 2m/sand 30N re-
spectively during the experimentation. It isobserved
that specificwear rateincreasesinitially with timeand
dliding distanceand after certain duration thereisde-
creasein the specific wear rate. Further increasingthe
diding distance, d most steady valuesfor specific wear
rateareobtained. It isalso observed that Aluminafilled
glassvinylester composites show maximum specific
wear rate. Whereas SiC and Fly ash filled composites
show lowest specific wear rate and improved wesar re-
sistance. Itisworth noting that wear rateinitially in-
creaseswhenthereis contact between the composite
and counter surface, the composite is sheared and
ploughed.

12 4

-y
[--] =

Specific Wear rate{mm?/Nmm)X10?
-]

0 480 960 1440 1920 2400

Sliding istance(m)
Figure5: Variation in Specificwear rateof compositeswith
sliding distance

Thisleadstomasslossat relatively a faster rate9,
Withincreasein test duration and diding distancethere
seemsformation of film which reducesthe wear rate
and hence material |oss becomes steady® .

Further the Figure 6 (a)-(d) are the SEM micro-
graphs for the composites at sliding distance of
2400m.The Figure6 (a) showsthewear mechanismsin
unfilled specimen (GV ). Itisobserved that there are
patches of debrisformation and matrix isbrokenand
exposestheglassfiber. The debriswhich consists of
fragments of glassfiber and matrix isobserved. The
Figure 6(b) and 6(c) represent the SEM of SiCfilled

Woteriolsy Scicnce  mmm—

Figure6(c) : SEM of (GV,) at load 30N& speed 2m/s

L] Wi [=_ HE RN

Figure6(b) : SEM of(GV,) at load 30N& speed 2m/s
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Figure6(d) : SEM of (GV )at load 30N& speed 2m/s
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Figure6(f) : SEM of (GV,) at load 30N& speed2m/s
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SEM of (GV,) at load 30N& speed2m/s

Figure6(g) : SEM of (GV.) at load 30N& speed2m/s

Figure6: The SEM sof compositesat diding distance of 2400m and load 30N, Sliding speed 2m/s

composites. It isobserved that GV, show lesswear
than GV.,. In Figure 6(b) thereis more breakage and
exposure of fibres. The patches of debrisarea so ob-
served whichareabsent in Figure6(c). Thematrix which
protectsthefibersisseenin Figure(c). Theseobserva
tions corroborate with the experimental resultsoneto
one. Similarly the Figure 6(€) and Figure 6(f) show the
SEM of GV, and GV, composites.

The Figure 6(€) shows more fibre exposure and
thereisno debrisformation .However in Figure 6(f) it
isobserved that some of the part is covered by matrix
and small amount of fibresareexposed. Theobserva
tionsmatchesto theexperimental resultsin Figure5in
which GV, show the maximum wear followed by
GV . TheFigure6(f) and Figure 6(g) arethe SEM of

GV, and GV.. Itisobserved that fiber exposureisal-
mogtidenticad. Smal part of uniformdistribution of matrix
isseen. Theobservations corroborate the experimental
obsarvations. Fibreexposureislesser that Aluminafilled
compositesbut higher than SICfilled composites. This
verifiesthewear trend followed in experimenta results
inFigureb.

CONCLUSIONS

Thiswork showsthe successful fabrication of glass
reinforced vinylester compositeswith ceramicsfillers
suchasSIC, Fly ash Al O, using wet hand layup tech-
nique. Anindustria wastelikefly ash canadsobegan-
fully utilized for the composite making purposewhich
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can reducethecost significantly.

Incorporation of ceramicfillerssuchasSiC, Fly
ashAl, O, modify thetensile, compressive, flexurd, im-
pact and inter laminar shear strengths of the glass
vinylester composites. A steady declineinthetensile
strength is noticed in the ceramic filled composites
whereasthe presence of these particulate matters has
caused improvement inimpact and interlaminar shear
strength of the composites. The hardness, density and
flexural propertiesof the compositesarea so greatly
influenced by thetypeand content of fillers. Compres-
gvedrengthusng SCandHy ashfilleringlassvinylester
composite system could beimproved asaprospective
property.

Aluminaand Fly ash based glassvinylester com-
posites can bethe potentia materia for structura ap-
plications. The SIC and fly ashfilled glassfiber vinylester
compositesare potential materiasfor Tribologica ap-
plications.

Whilefabricating acomposite of specific require-
ments, thereis a need for the choice of appropriate
filler materid andfor optimizingitscontent in thecom-
positesystem.
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