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ABSTRACT

Epoxy-Carbon fiber composites are fabricated. The carbon Fibers are first cut using a mechanical chopper. The
short carbon Fibersare also subjected to ball milling. Composites are made of ball milled and non-ball milled Fibers.
Composites with varying carbon fiber content (1 wt % - 2 wt %) were made. An increase in the mechanical
properties is registered with increasing loading of carbon Fibers in the epoxy matrix. Mechanical properties are
measured by 3 point bending test for and shore scleroscope. The electrical properties of the composites are also
studied. An increase is seen in the electrical properties as well with increase in fiber loading due to the higher
conductivity of the carbon Fibers. Ball milled carbon fiber composites show better propertiesthan the normal fiber
composites. Thisisattributed to the better dispersion of ball milled carbon Fibersin the epoxy matrix and preventing
agglomeration of the Fibers. The fracture surface is also analyzed by scanning el ectron micrography to ascertain
thefracturemechanism.  © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Compositemateriasarebeingusedincreasingly as
replacement for traditiona materialsowing to superior
properties and the ability for the properties of these
materiasto betailored to meet specific requirements.
Composite materialslook to bring together the best
propertiesof boththefiller and matrix inasynergistic
manner to produce high-performance materia sfor ad-
vanced applicationg*7.

Polymer compositesarefinding applicationsina
widerangeof fid dslikeéeectronicg®9, energy applica
tiong01Y | hio-based applicationd??** and sensory de-
viceg#17,

Epoxy isregarded asahighly useful materid inen-
gineering, finding usesin adhesives®¥, e ectronic pack-
aging material™®, It hasinherent propertiessuch as
good strength and modul us, corrosion resi stance, and

highthermal stability which makeit an attractive mate-
rial to beused as matrix material, mostly with carbon
based materials (Carbon nanotubes and Carbon Fi-
bers)i?+22 and some other materialssuch assilicatesor
c ay§23,24].

Epoxy isproneto crack initiationwhichimpartsita
brittle nature®24l, In the current study we have used
short (non-continuous) carbon Fibers (SCF) for rein-
forcement of Epoxy matrix. Carbon Fibers (CF) show
attractive properties such ashigh specific strength and
stiffness, lower density compared to other filler materi-
as, higher therma stability and high €l ectrical conduc-
tivity, finding usesinautomotive, aerogpace, marineand
sports materia §2”-%1, In the Epoxy/carbon fiber com-
posite carbon Fibers provide strength to the composite
improving themechanical properties of thecomposite.
Thoughintheory outstanding mechanical propertiescan
be achieved with the addition of carbon Fibersto the
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epoxy composites, practicaly therearesomechalenges
to overcome. The mechanism for improving the me-
chanical propertiesof epoxy isthetransfer of load to
the carbon Fiber. To exploit this property two chal-
lengeshaveto beovercome, (i) goodinterfacia bond-
ing between matrix and reinforcement materid and (ii)
even distribution of reinforcement materia throughthe
matriX. Inthiswork we havefocussed ontheevendis-
tribution of carbon fiber intheepoxy matrix, thisisdone
to achievetodistributetheload over alarger area, re-
sulting inthe composite being ableto withstand higher
loads beforemechanicdl falure.

In the current study we havefirst cut the carbon
fiber into smaler fragmentsusing amechanica chop-
per and thenused high energy bal millingtodisentangle
the Fiber, break down aggregates and separate thefi-
ber into singlestrandsasfar aspossble. Bal millinghas
been heavily used in homogenizing reinforcement ma-
teriasin meta matrix composites®*, These processes
weredoneto achievehigh dispersionlevelsof carbon
fiber intheepoxy matrix with aview to maximizethe
mechanical and electrical properties of epoxy/carbon
fiber composites.

EXPERIMENTAL

Materialsand methods

Unidirectiond carbonfibersT300 ( Tenslestrength
3400 M Pa, modulus 230 GPa, diameter 5-7um, and
density 1.76 g/cm®) wereused asreinforcing material.
Epoxy resin LY 556 was chosen asmatrix materia and
Hy5200 was used as curing agent. Carbon fiber was
obtained from Toray Industriesinc. (Tokyo, Japan).
Epoxy and curing agent (hardner) were obtained from
Huntsman Corporation,

Fabrication of epoxy/carbon fiber composite

Uni-directional carbon fiberswere choppedinto
1mm short fibersby mechanica chopper. Chopped fi-
bersweremilled in centrifuga ball mill (Retsch PM-
100) for 30 minutesin the presence of ethanol, ball to
fiber ratio waskept at 5:1, zirconiaballswere used.
Desired amount of Liquid epoxy(LY-556) resin was
drawn into the beaker. Chopped carbon fibers were
added with epoxy resin and initialy dispersed through
sonication in water bath at 50°C for 1 hr. Thereafter
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resin was stirred on magnetic stirrer for 24 hours at
60°C. Premixed fiberswereagain dispersed using soni-
cator. Curing agent (HY 5200) was added to blended
resinin 23:100 ratio. Curing agent was mixed for 30
minsat room temperature. Resin wasthen pouredin
open die having 10 cavities having dimensions 70 X
12.7 X 3.2mm?. Theresinwascured first at 100°C for
two hoursand then at 150°C for threehoursinanair
circulating oven. Diewas coated with siliconewax pol-
ishto prevent adhesion of cured resin with metal be-
fore pouring theresin. Five specimenswere prepared
for each composition. Compositescontaining ball milled
SCF (1wt% and 2wt %) and non ball milled (1wt%
and 2wt %) with Epoxy matrix were prepared. Me-
chanical and electrical properties of the composites
were eva uated and compared.

Shorehardness

Shore hardness of composites was computed on
shore scleroscope rebound hardness device. It mea-
sures hardness associated to materia elagticity. Inthis
device hardnessis calculated from therebound height
from impact of diamond tipped small conica hammer
insideaglasstube. Higher the hardness higher isthe
rebound height. Measurementisdone by ASTM D2240
durometers.

Flexural properties

Flexural strength and modulusweremeasuredin
three point bending method and wereloaded tofailure
on Instron model No. 440. Fina extension and stress
vaueswerenoted. Flexurd strength, moduluswascal-
culated by:

o, = 3pl/2bt?

E, = *p/4bdt?®

where b andt arewidth and thickness of the specimen,
whilel isspanlength. d and p are maximum deflection
and maximum load encountered until failure. o, g are
flexura strength and modulus. Spanlengthto thickness
was 13:1 accordingtoASTM (D-790) standardsand
cross head speed was 0.5mm/min.

Electrical conductivity

Thed ectrical conductivity of the composite speci-
mens was measured by 4-point contact method.
Kiethley 224 programmabl e current source was used
for providing current. Thevoltage drop was measured
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by Keithley 197 A auto ranging microvolt DMM. Cur-
rent was passed along thelength of the specimensand
the voltage drop was measured acrossdifferent points
separated by unit length. Each samplereadingwasav-
eraged over 10to 15readings.

- L
Gc ~ ra
Where“L” is the length of the composites “R’”is resis-
tanceand “A” is cross-sectional area of the composite

normal todirection of current flow
Microstructureanalysis

Specimens’ fractured surface was examined by
Scanning e ectron microscope (SEM, modd LEO 440)
for microstructure studies.

RESULTSAND DISCUSSION

Morphological and microstructureanalysis

Fgure 1 showsthe neat Epoxy and Epoxy/CF com-
positesspecimens. Itisgpparent from Figure 1 that there
ischangein colour of epoxy after addition of CF; the
leve of dispersonisaso evident astheblack colour is
equally distributed in the specimen.

Neat Epoxy Epoxy/CF

Figurel: showsthesamplesof Neat Epoxy and Epoxy-SCF
composite

Figure2(a) showsthe scanning € ectron micrograph
of neat epoxy composite. Figure 2(b) represents Ep-
oxy/SCF (1wt %) composite materia, and Figure 2 ()

showsthemicrostructure of Epoxy/SCF. The SCF can
beseen differentially inthe epoxy matrix, Figure 2(b)
showsamuch lower concentration of SCF ascompared
to Figure 2(c) asthereisahigher concentration of SCF
inthelater. The SCF aredigtributed equa ly throughout
the Epoxy matrix indicating thehighleve of dispersonof
theball milled SCFintheepoxy matrix. Thisconfirms
that bal milling of the SCF and sonication of SCFinthe
epoxy matrix iseffectivein ading dispersion of carbon
fibersin the epoxy matrix. Figure 2(d) takes a closer
look at the surface of the epoxy matrix displaying the
SCFimpregnatedin theepoxy matrix. Thediameter of
thefiber asseeninthemicrographis5-7um. Ball milling
was doneto ensure that the SCF would not form any
aggregates and that thefiberswould bewell separated
so that they do not agglomerateinside the matrix, the
figuresshow that SCF Fibershave separated intosingle
fibersand dispersed well.

M echanical properties

5sampleswere prepared for mechanicd testing neat
epoxy (NE), Epoxy-SCF (1wt %) (E-SCF1), Epoxy-
SCF (1wt %) bal milled (E-SCF1 BM), Epoxy-SCF
(2wt %), Epoxy-SCF (2wt %) ball milled (E-SCF2
BM).

Hardness

Thehardnessof the sampleswas cal culated using
Shore A hardness scae shown in Figure 3(a). Shore
scleroscope measuresthedegree of e adticity of amate-
rid, thehigher thevd uethelower thedegree of dadticity
and morerigid thematerial. Neat Epoxy hasthehighest
level of dasticity and thelowest value of 80. A gradual
increaseisseen in the compositeswith the addition of
carbonfiber. Thehighest valuewasthat of E-SCF2 BM,
whichis89an 11% increaseinthehardnesson addition
of 2% fiber. Thiswas expected as carbon fibers have
higher strength andincreasetherigidity of themateria
and makethemateria harder. Thehardnessof themate-
rial wastested on 3 spotsonthe sample; near the centre,
and 2cm from the centreon each Side. Therewasmini-
md fluctuationinthehardnessof thesampleat dl 3 points,
indicating that the carbon fibreis equally distributed
throughout theepoxy matrix.

Flexural strength and modulus
Figure 3(b) and (c) show the Flexura strength and
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N,

impregnated in Epoxy

Hexural modulusrespectively. Thetrend of increasing
strength and modul uswithincreasing SCF content con-
tinueswiththeflexura propertiesof themateria. Neat
epoxy showsaflexura strength of 96 MPaand that of
E-SCF2 BM is 126 MPathat is a 31% increase in
drengthover puremeatrix materid. Whereaswithunmilled
SCFtheincreaseinflexura strengthis111 MPa, which
isal5%increasein the strength of the material with
addition of 2wt% SCF. Thisisasubstantia increasein
theflexurd strength of thefiber. Incompositematerias
reinforced by carbon fiberstheload bearingisdone by
thereinforcement fibers. Load istransferred fromthe
matrix to thefiber, when thefiber breaksit leadsto the
failure of thecomposite. Another important featureis

Figur2 : Scanning electron micrograph of : (a) Neat epoxy (b) Epoxy-SCF (1wt %) (c) Epoxy-SCF (2wt %) and (d) SCF
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theinterfacial bonding between thefiber and the ma-
trix, if theinterfacial bonding isweek thetransfer of
load isnot optima which resultsin thecracking of the
matrix and decreased mechanical properties. Concen-
tration of thereinforcement fiberswithinthe matrix re-
sultsin stressconcentration at afew pointsinthe com-
positeand leadsto compositefailureat lower loads. In
thecurrent work we havetried to overcomethese prob-
lems. We have used amechanical chopper to decrease
thelength of the carbon fibersand then used bal milling
to separatethefibers. Thisprocessensured theequa
dispersion of the carbon fibersin the epoxy matrix, en-
suring when theload isapplied to the composite mate-
rid theloadisequally distributed throughout the matrix
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Figure3: showsmechanical propertiesof composites: (a) Hardness (b) Flexural strength (c) Flexural modulusand (d)

Shear strength

and higher loads can be sustained by the composite
beforefailure. Thetransfer of load from onefiber to
another isa so ensured, when onefiber failstheload
istransferred to the next fiber and this continuestill

the compositefails. The chopping and ball milling of

thefibrea soresultsinincrease of the surface area of
thereinforcement material inthe matrix, leadingtoa
larger areaof interface between thefiber and the ep-
oxy matrix. Thisleadsto better transfer of load to the
reinforcement material inthe compositeand increase
ininterfacial bonding strength between thematrix and
reinforcement materia. Weattribute the higher flex-
ural strength of the material to the above discussed
factors.

The ultimateincreasein the modul us of the com-
positeis 17%. The extension at breaking isthe same,
meaning that theflexibility of thesampleremainssame;
increaseinthemodulusisonly attributed to theincrease
inflexura strength by theaddition of carbonfiber tothe
meatrix.

Shear strength

Thesameincreaseisobserved in shear strength of
themateria . Shear strength was cal culated using the
falowingformula
©=0.75P_/bh
where = shear strength (MPa), P, =Maximum load
recorded (N), b=width of sample (mm) and h=height
of sample(mm). Theresultsaredisplayed in Figure 3(d).
Highest shear strength is seen for E-SCF2 BM (7.7
M Pa) which showsa60% increaseover NE. Theshear
srengthfor non-bal milled materidsislower when com-
pared to ball milled SCF (6.2MPa) a30% increasein

srength.
Srengthening mechanism

It isseen consi stently throughout the mechanical
propertiesthat thereisan increasein the mechanical

properties on addition of SCF, but when the SCF has
been ball milled it showsahigher increaseinthe me-
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chanicd propertiesthan with thenorma SCF. Ball mill-
ing hel psin separating the Carbon Fibersand stopsthem
fromforming agglomerates. Theinfiltration of thefibers
incompositeswasimproved by carefully ball milling
the SCF so asto reduce the diameter of thefiber ag-
gregates. Further, dueto ball millingitiseasier for the
fibersto disperseinside the epoxy matrix when they
are added to the matrix under magnetic stirring. The
even dispersion helpsin distributing theload equally
throughout the composite material. When the carbon
fiber isnot dispersed equally theload i s concentrated
to one point and crack initiation occurs breaking the
compostemateriad and decreasing themechanica prop-
ertiesof themateria. Micro cracksformingin thema
trix to dueto theload are better dissipated asthe SCF
isdispersed equally inthe matrix, thecarbonfiberstend
to form bridges between the cracks and hol d together
the matrix resulting inincreasein mechanica proper-
ties. Another reason for theimprovement in mechanica
propertiescould bethat ball millingleadsto roughening
of thesurface of thefibre, therough surface of thefibre
helpsin better interfacial bonding with the matrix and
also prevents pull-out of thefibreduetoincreased fric-
tion, henceleading to animprovement in mechanical

properties.
Microstructure of cracked surface and failure
mechanism

Themanmechanismsof faillure of compositesare
stressconcentration, resin matrix cracking, fiber pull out
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and debonding, the main mechanism of compositefail-
ureisassumed to be delamination®*4, Figure4(a) &
(b) arerepresentativeof the cracked surface of thecom-
posite. It can be seenin Figure 5(a) that thefiber has
been pulled out of thematrix, whichaso canbeseenin
Figure4(b). Thepulled out fiber hasleft groovesinthe
epoxy matrix and one pulled out fiber can be seenin
thefigure aswell. In Figure 4(a) it can be seen that
thereisminimal matrix residueon thepulled out fiber,
which showsthat theinterfacia bonding between the
fiber and thematrix waswesk, theepoxy matrix isseen
to be detachingin both figures suggesting that thema-
jor mode of compositefailureisdelamination. Inthe
non-ball milled materid weassumethat stressconcen-
tration due to uneven dispersion of fiber haslead to
matrix crackingaongwith delamination and hencedis-
playslower mechanica propertiesthan the composites
withbal milled SCF.

Electrical properties

Figure 5 showsthe el ectrical conductivity of the
composites. Neat epoxy didn’t show any electrical con-
ductivity asitisaninsulator. Withtheincreasein SCF
loading thereisincreaseintheedectrica conductivity,
whichisexpected as Carbon fiber hasvery high elec-
trical conductivity. Thedectrica conductivity of thebal
milled SCF compositesis higher than those of normal
SCF compodites. Bdl milling disentanglesthefibersand
sraightensthefibersasthefiber length decreasesfur-
ther, these properties|ead to easier transport of elec-

Figure4: SEM of fractured surface(a) pulled out fiber and (b) Groovesleft by pulled out Fiber
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trons between thefibers. At higher loadings of SCF
thereareincreased pointsif contact between thefibers
and hence the electrons can transfer at higher rate
throughout thecomposite materia leadingtolower re-
Sistivity and better eectrical conduction.

-
~N
L

Electrical conductivity (Sicm 10‘}

E-SCF1

E-SCF1 BM E-SCF2
Composite

Figure5: Electrical conductivity of thecompositematerials

E-SCF2 BM

CONCLUSION

Inthiswork we have observed that increasein SCF
loading in the Epoxy matrix |eadsto better mechanical
and dectrical propertiesof thecompositematerias. We
havea so established that a these percentagesbal mill-
ing of the SCF resultsin better properties. Thisispos-
sbleduetothebetter disperson of the SCFinthematrix
and prevention of SCF Fibersduetother intrinsc at-
traction. We have established that the maj or causes of
compositefailurein our compositesaredueto delami-
nation and fiber pull-out. Morework isneeded toim-
proveinterfacia bonding of thefiber with the matrix.
We concludethat SCFisanidea materia toimprove
properties of Epoxy compositesand that ball milling
hasasignificant effect onimprovement of the proper-
tiesof thecompositematerid.
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