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ABSTRACT

In the present investigation, Tribological and mechanical propertiesaswell
as the effects of silica nano particles asfillersin glass-epoxy composites,
have been discussed. The composites employed in the present study have
been fabricated using hand lay-up technique. The mechanical properties
such as tensile strength, tensile modulus, and elongation at break, flexural
strength and hardness have been investigated in accordance with ASTM
standards. This paper deals with the effect of nano silica addition on
improving the mechanical properties of epoxy polymer and glassfiber-rein-
forced epoxy-silica hybrid composites. The nano silica used in the present
system were treated with 3-aminopropyltriethoxysilane. The effect of
variants in diding speed, time and applied load on the wear behavior of
polymer nanocomposites is studied by measuring the weight changes and
observing the surface features using Scanning Electron Microscope.
Sliding speed, time and loadsin the range of 640-1000RPM, 300-900sec and
5-25N respectively were used in the experiments with wear test pin having
flat face in contact with hardening rotating steel disc. It is observed that
wear rateincreaseswith the increasing applied |oad, time and dliding speeds.
We succeeded in improving the impact, tensile and tribological properties
on these novel class of materials. Without sacrificing other assets to these
materials, the polymer silica nanocomposites would be more complete
materials with respect to improved properties in a balanced fashion that
could find avariety of applications.  © 2009 Trade Sciencelnc. - INDIA
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Tribology isasciencethat deal swith design, fric-
tion, wear and | ubricating surfacesinrel ative motion(¥.
Silicaisthe name given to agroup of mineralscom-
posed of silicon and oxygen, thetwo most abundant
elementsintheearth’s crust. Silica is found commonly

inthecrysdlinestae and rarely inan amorphous state.
It iscomposed of oneatom of silicon and two atoms of
oxygenresultinginthechemica formulaSO,. Silica
existsinten different crystallineformsor polymorphs
with thethree main forms: the most common quartz,
tridymiteand cristobalite. It a so occursinanumber of
cryptocrystalineforms. Fibrousformshavethegenerd
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name chal cedony andinclude semi-precious tonever-
sionssuch asagate, onyx and carnelian. Granular vari-
etiesincludejasper and flint. Therearea so anhydrous
forms- diatomiteand opal.

High purity silica(upto 99% SIO,) iscaled Indus-
trial sand. Itisamore precise product than common
concreteand asphdt gravels. Silicaexistsin many dif-
ferent shapes and crystalline structures. Found most
commonly inthecrystalline state, it also occursinan
amorphousform resulting fromwesthering or plankton
fosslization. Theaddition of nanosca efillersto poly-
merscan haveadramatic effect onthemechanica prop-
erties?3 compared to micron scalefillers. Silicanano
particles have showed great utility in formation of
nanocompositeswith variouspolymeric materials.

Mechanicd dloyingisaprocessinvolving repested
cold welding, fracturing, and re-welding of powder
particlesin ahigh-energy ball mill.[® Such aprocess
canresultintheformation of an alloy with nanometer-
sized grains. During themechanical aloying process,
the powder particlesare periodically trapped between
colliding ballsand are plastically deformed. Thisfea-
ture occurs by the generation of alargenumber of dis-
locationsaswel| asother | attice defects. Furthermore,
thebd collisions causefracturing and cold welding of
theelementary particles, forming cleaninterfacesat the
atomic scae. Thisleadsto anincreaseof theinterface
number whilethe sizesof the componentsareadecrease
from millimeter to sub micrometer dimensions. Con-
currently somecrystalineand nanocrystdlineinterme-
diate phasesare produced insdetheparticlesinvolving
chemica changes!® Different typesof materidsindud-
ing ceramic, metdlic, polymer and compositesare syn-
thesized by ball milling. A large number of phasescan
beformed depending on each alloy system.

Therearedifferent machinesavailablefor mechanica
aloying. Thesediffer intheir capacity, speed of opera-
tion, efficiency of millingand additiond arrangement for
cooling, and heating among others™ ThePM 100isa
bench-top model with 1 grinding station for grinding
jarswith anomina volumeof 12to 500 ml. Theplan-
etary ball mill wasemployed inthe present research
(Fgurel). Thistypeof bal milling equipmentisusedto
produce lessthan hundred gramsof powder. Itsname
representsthe planet-like movement of itsjar onaro-
tating support disk. Thejar rotatesaround itsown axes

Woteriols Science mmm—

Figurel: High energy planetary ball mill (M odel: Retsch,
PM 100, Ger many)

For tribol ogica |oaded components, the coefficient
of friction, the mechanical load carrying capacity, and
thewear rate of the materials determinetheir accept-
ability for industria applications. Polymer based com-
posite materia sare the onesemployed in such tribo-
logical applicationsowingtother ever increasing de-
mandintermsof sability a higher loads, temperatures,
better |ubrication and wear properties®?.

Epoxy resinsarethe preferred matrix materid since
they possess better mechanica and therma properties.
Further, they wet many substrate material sand absorb
lessmoi sture. Theother advantagesworth mentioning
are that they possess excellent chemical resistance
coupled with good electrical properties™®. Thewear
of polymeric compositeswith different reinforcements
has been the topi ¢ of investigation in recent times'17,
Particles added to polymers have proven to be effec-
tivein reducing the coefficient of frictionand weer rate
of composites. The use of SIC asafiller materia is
knowntoimprovethemechanica andtribologica prop-
erties of metal-matrix composites™.

When thefiller has ananometer thicknessand a
high aspect ratio (30-1000) plate-like structure, it is
classified as a layered nanomaterial (such as an
organosilicate)™?. In general, nanomaterialsprovide
reinforcing efficiency because of their high aspect ra-
tiog??, Thetriboligica behaviorsof the CNTsincorpo-
rated with polymer matrix in carbon-CNTSs, polyimide-
CNTs, and polymethyl methacrylate-CNTshave been
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investigated?-2, |t wasfound that additional CNTs
reduced friction and resulted inanincreasein wear re-
sistance compared with the pure polymer substrate
matrix. However, only afew reportsareavailableon
thetribological behavior of CNTs reinforced epoxy
polymer composites. Themain objectiveof thisstudy
istooptimize CNT disperson andincreasetheinterfa
cial bonding with polymer matrix through chemical
functiondization. A second objectiveisto study the ef-
fectsof different functiona groupsonthe CNT surface
and theconcentration of tribologica propertiesof CNT
reinforced epoxy composites

Theeffect of clay additionimprovesthe mechani-
cal propertiesof epoxy polymer and glassfiber-rein-
forced epoxy-clay hybrid composites. The claysused
in the present system were alkyl ammonium treated
montmorillonite (MMT) based organoclay (OC) and
unmodified MMT clay (UC). Theadditionof OCin-
creasesthetherma propertiesof epoxy-glassfiber more
than that of UCfilled hybrids>

MATERIALSUSED

e Thematrix usedinthe present study was an epoxy
resin (LY 556) system, and an araldite hardener
(HY951) mixed in proportions of 100:12 from
ECMASPVt. Ltd, Hyderabad.

e The reinforcing nano silica particle from
CHEMAPOL INDIA Pvt. Ltd, Mumbai. Itisor-
ganically modified with a 3-aminopropy
Itriethoxysilane by sonication process.

e Wovenrovingglassfiber mat istaken from Saint-
Gobain-Vetrotex IndiaLtd.

== Pyl Paper
Silicaapplications

Silica(S0,) isamulti-functiona ceramic materid
that isbeing used in variousindustriesto improve sur-
facesand mechanical propertiesof diversematerids. It
iIsused asafiller, performance additive, rheol ogical
modifier or processing aid in many product formula-
tions, such aspants& coatings, plastics, synthetic rub-
ber, adhesives, sedants, or insulation materids. In par-
ticular glicafume (amorphoussilicon dioxide) or micro
silicaisbeing added to concretein order to improve
theconcrete strength and durability. Silicafumeisaso
being used in refractory concretesto reduce porosity
and to enhance strength by improved particle packing.

Ultrasonic dispersing of silica(Si0,)

Silicaisusedinvariousindustriesfor itsabrasion
resstance, dectricd insulaionand highthermd gtability.
Ultrasonic dispersing hel psto usethepotentia of sllica
by improvingthedispersonqudity. Slicaisavalablein
awiderangeof hydrophilic and hydrophobicformsand
istypicaly usedinextremdyfineparticesze Typicaly
silicaisnot well dispersed after wetting. It dso addsa
lot of micro bubblesto the product formul ation. !

For most silicaapplications, agood and uniform
dispersionisimportant. In particular when being used
in coatingsand lacquerstoimprove scratch resi stance,
thesllicaparticlesneed to be small enough not to inter-
ferewiththevisiblelight to avoid haze and maintain
transparency. For most coatings, silica need to be
smdler than40nm to fulfill thisrequirement. For other
applications, particleagglomeration hinderseachindi-
vidua silicaparticleto interact with the surrounding
media. Ultrasonic processing has been provento me

= o

Figure2: Silicaparticlebefor e sonication and after sonication(2

c——  Polorialy Science
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moreeffectivein dispersing of silicathan other high-
shear mixing methods. The Figure 2 shows atypical
result of ultrasonic digpersing of fumed silicain water.
The measurements were obtained using a Malvern
Mastersizer 2000.12781

Functionalization of nanoslica
It isalso reported that the degree of exfoliation

dependson thestructureof theclay, curing agent. Vaia
et d. havesuggested that the degree of exfoliation can
beimproved through the aid of conventional shear
devices such asextruders, mixers, ultrasonicators,
etc.

Inthisstudy, aultrasonicator wasused to disperse
and exfoliate thetreated silicanano particlesintheep-
oxy matrix shownintheFigure3.
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Figure3: (a) Functionalization of nano silicawith 3-aminopr opyltriethoxysilane, (b) Disper sion of particlesin epoxy

Synthesis of epoxy-silica hanocomposites and
glassfiber-reinforced epoxy-silicahybrids

Thesynthesisof glassfiber reinforced epoxy-silica
hybrids consistsof mixing of resin-silicaand E-glass
fibersby the hand-layup process. 50wt% of fiber and
50wt% of epoxy resin are used for preparation of
hybrid composite. The laminates are cured in room
temperature and left in the mould for 24hrs for
completecuring.

Silicananocompositesare prepared by mixing hard-
ener with treated silicanano particlesand pouredinto
wooden mould of 10mm diameter and 200mm length.
Thewear oecimensarecut asper thedimensionsshown
inFigure4.

Figure4: Wear specimens(pureand 1,2,3wt% reinfor ced
nanosilica)

CHARACTERIZATIONAND EQUIPMENT
USED

X-ray diffraction (XRD) was performed for the
epoxy filled with nano silica particles to study the
interlayer separation. It was carried out with ascanning
rate of 28C/min, with CuKaradiation (A=1.541A °)
operating at 30KV and 15 mA by the X-Ray
Diffractometer (Modd: 2036E201; Rigaku, UltimalV,
Japan). Tensile tests were carried out using a DAK
machine at the crosshead speed of 1 mm/min accord-
INgtoASTM D638. Impact testingwascarriedusinga
Izod/charpy impact tester model machine and impact
testing specimensare prepared as per ASTM D-256.
Hardnessistested by thebarcoll hardnesstester. Scan-
ning Electron Microcopy model isHitachi makes SEM
withfiddemissongun.

CrystalliteSize= (K * 1)/ (FW(S) * Cos(0)) ()
Where 6 isthe peak position, and K isthe shape factor of the
average crystallite.

FW(S) can becalculated by
FW(S)°=FWHMP - FW/(I)° @)
Where FW(I) is instrumental braodaning, and FWHM peak

width of sample or sample braodaning and D is called the
deconvolution parameter and itsvalueis 1.3 (fixed)
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XRD phasediagramfromFigure5showsthemaxi-  Asthetimeof milling of thesilicaparticlesincreased
mum peek of thecrystalitesize. Full Width Half Mean  thereisagradual decreaseinthesizeof the particles.
vaue considered from the maximum peek. Theresults  The particlesize obtained after 50 hrsof millingis67

observed are shown below. nm. It can be concluded that there is a consistent re-
Phaseldentified : SiliconOxide, SO, ductioninthesizeof theparticleasthemillingtimein-
CrystdliteSize - 72nm creased using thehigh energy planetary bal mill asshown
Bragg’s Angle, 20 : 18.006 deg inFigure6.
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Figure5: Phasediagram of 2wt% nanosilicahybrid composite.  Figure 6 : Silica-200 mesh XRD data milled for 4,8,12,16,

Thecrystalitesizeof theparticlesafter ball milling  20,24,26,30,40& S0h respectively
areshowninTABLE 1 andtheseare calculated usng

oo -

the equationsl and 2 (scherrarsformul a). S
TABLE 1: Crystallitesizevaluesafter ball milling for 200 Boo —
mesh size silica 540
s00 4
Hours of milling Crystallite size (nm) S
0 - E o]
=, 400 4
4 628 § 250 -}
8 510 o 200
12 371 5 280
16 291 & a0 ]
20 220 :;2‘
24 127 o ]
26 113 a
30 103 0 10 20 3o a0 50
40 83 mdilling Hours
50 67 Figure7: Particlesize vsmilling hrsfor 200 mesh silica
TABLE 1 clearly showsrelation between crystal- TheFigure7 showsthevariation of theparticlesize

liteszevariationswithrrespecttomillingtimevariation.  with respect to themilling hours. It infersthat thereisa
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Figure8: SEM photo of polymer -silica nanocomposite.
rapid decreaseinthe crystallitesizefrom 4 hrsto 25
hrs. After 25hrsis no proficient decreasein size but
thereisagradua decrease. At 50 hrsof millingthesize
obtainedis67mm is below 100 nm size. The SEM mi-
crograph, asshown in Figure 8, revea sthe nano par-
ticledisperson structureof nanoslica

RESULTSAND DISCUSSION

Mechanica properties are anayzed for the nano
silica reinforced epoxy hybrid composites. Impact
srengthisimproved from 0.212494 Ymm?t0 0.377853
Jmm? showninFigure9. Thusanimprovement of 41-
46% Impact strength by reinforcing thenano silicaup
to 2wt% and of 77% Impact strength by reinforcing
3wt% nano silicacan be obtained.

IMPACT STRENGTH

04 0377853
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Figure9: Impact strength variation by increasing thewt%
of nanosilica

Tenglestrengthisimproved from 252.7176 N/mm?
to 258 N/mm? shownin Figure 10. Thusan improve-
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ment of 2% Tensile strength by reinforcing the nano
silicaupto 1wt% and thenit fallsto 197.6501 N/mm?
by increasing the nano silica. The barcol hardnessin-
creased 41.1t042.8 shownin Figure 11 by increasing
thenano silicareinforcement up to 2wt% and thenfalls
to 31.4 by increasingthenanosilica
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()
=]
o

23620112

i 107 6501
200
150 4
3%
Hano silica wt%

Figure10: Tensilestrength by increasing thewt% of nano
silica
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Figure 11 : Barcol hardnesshy increasingthewt% of nano
silica

Wear test

Wear istested on pin-on-disk set-up (DUCOM,
TR-20-M26) showninFigure 12. Thetest isconducted
for both nanocomposites and Epoxy-silica hybrid
nanocomposites. WEAR graph displaysacquired wear
dataand calculated wear rate by fittingastraight line
functiony =mx + ¢, where“m” is the wear rate. Entire
test timeis considered to calculate wear rate. Wear
rate of the pure samplesat 25N and travel distance of
1.81kmis0.236476 asshownin Figure 13(a) and (b).

The wear rate of neat epoxy decreased from
0.236476 t0 0.040421 micrometers/sec at |load 25N
and travel at 3.64km as compared to 2% reinforced
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Figure13: (a) Wear of the puresamplesat 25N and travel
distance of 1.81km (b) Coefficient of friction of the pure
samplesat 25N and travel distanceof 1.81km

nano silica nanocomposites and it is increased to
0.083357 micrometers/sec by reinforcing 3% nano
silicaisshownin Figure 14. The highest wear rateis
seen with pure epoxy composite and lowest wear rate
isat 2% nano silicareinforcement. From thisexperi-
ment it can be concluded that, wear rateisinversely

== Fyl] Poper
proportionaly with hardness of the Nanocomposites.
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Figure14: Wear rateby increasingthewt% of nanosilica

Figure 15(a), (b), (¢) and (d) show thewear in mi-
cro meterswith aorading distancefor different loads. It
is evident from results that irrespective of the type
samplesused, thereisalinear trend of wear. The pure
epoxiesexhibited cons derably higher wear volumethan
nano silica reinforced nanocomposites. These
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Figure15: (a). Wear of purepolymer composite with load
changesfrom 5-25N.
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Figure15: (b) Wear at load of 5N for pure, 1, 2 and 3wt%
nanosilica
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Figure15: Wear at load-25N and track distance 3.64km for
pure, 1,2and 3% nanosilica
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nanocomposites are found to be much morewear re-
Sistant than the pure epoxy resin by increasing theload
from5to25N.

Microstructure of the pure composite wear speci-
mensas shownin Figure 16(a) and 16(b) showsmaxi-
mum scratcheson thewear surface. Ascompared with
nano silical, 2 and 3wt% reinforcement, pure com-
posite have maximum scratches on thewear surfaces,
because of maximumwarerateisobtainedin purecom-

posites.

Figure 16 : (a) Pure epoxy sample at 100X magnification
beforewear

Figure 16 : (b) Pure epoxy sample at 100X magnification
after 3.62kmwear distancetravel

CONCLUSION

Asthetimeof millingincreased thereisareduction
inthesizeof the particle. Initial sizeof the200mesh
silicatakenis32 microns. After milling it for 50 hrs
using the high energy planetary ball mill the size ob-
tained is67/mm. Both applied load and sliding velocity
influence thewear process and they arevery well re-
flected intheworn surfacefesturesas observed through

Wotevios Seience mmm—

scanning microscopic examination. Thelow load and
speed combi nation showstendency for thematrix ad-
hering to thenano silicaparticlesand | esser degree of
debrisformation.

From the experimenta investigation, it wasfound
that themechanical propertiesof the FRP composite
increased with theinclusion of nano silicafiller. Thedry
didewear test results of silicahybrid nanocomposites
show lower didewear lossesirrespective of theload/
dliding speed when compared to FRPcomposite. Ad-
dition of 1 and 2 percentage of nano silicato polymers
sgnificantly improvesmany of their mechanicd, physi-
cal and wear properties.
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