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ABSTRACT

Thermal conductivity of a polymer composite is a function of resin type,
fiber typeand filler content, direction of heat flow, and service temperature.
Recognizing thethermal responsesin Fiber Reinforced Polymer (FRP) com-
posite play acritical role in their performance, accurate thermal measure-
ments of FRP are essential. Thermal conductivity measurements are per-
formed up to afiller concentration of 4wt% and 8 wt%. The objective of the
research isto attain better understanding of global and local thermal behav-
ior of acomposite structural system through fundamental understanding of
thermal conductivity properties. The literature reveals that a major focus
has been placed on measurements of thermal conductivity in through-the-
thickness direction of a FRP composite. Therefore, current research focus
has been on characterization of thermal conductivity in the planar direction
(along the direction of fiber and transverse direction of fiber) of acomposite
laminate. The characterization has been carried out using ‘Guarded heat
flow meter method’ in accordance with ASTM E 1530. The results obtained
from this study are useful for the prediction of thermal conductivity of pine
bark reinforced epoxy resin compositeswith or with out filler content. The
results can be used to provide guidance on filler selection for compounding
for outdoor insulation applications. © 2009 Trade ScienceInc. - INDIA

INTRODUCTION

KEYWORDS

Polymer composite;
Thermal conductivity;
Particulate.

Fiber Reinforced Polymer (FRP) compositesis
defined asapolymer (plastic) matrix, either thermoset
or thermoplastic, that isreinforced (combined) witha
fiber or other reinforcing material withasufficient as-
pect ratio (Iength to thickness) to provide adiscernable
reinforcing functioninoneor moredirections. FRPcom-
positesaredifferent fromtraditiond construction mate-
rialssuch as steel or aluminum. FRP compositesare
anisotropic (propertiesonly apparent in thedirection of
the applied |oad) whereas stedl or aluminum isisotro-

pic (uniform propertiesinal directions, independent of
applied load). Therefore, FRP composite propertiesare
directional, meaning that the best mechanical proper-
tiesareinthedirection of thefiber placement. Com-
posites are similar to reinforced concrete where the
rebar isembedded in anisotropic matrix called con-
crete.

Compositesare engineered materials made out of
two or more components. M ost of the compositescan
betailored to obtain properties better than individua
congtituents. A polymer compositereinforced with fi-
ber iscaled FRP composite. Considering acomposite,
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whichinvolvestwo or more macro congtituent phases,
thematrix isreferred to as continuous phase and the
fibersarecalled thereinforcing phasdY. Thefibersin-
creasethe strength and stiffness, increasetherma and
fatigue properties, providebetter dimensiond stability
and eectrica resstivity. Whereasthe primary function
of theresinistotransfer |oad, to hold thefibers, protect
fibersfrom environment and mechanica drason. Ma
trix dso carriestransversel oadsand inter-laminar shear
stressed?. The advantages of compositesincludehigh
strengthto weight rati o, non-corrosiveness, lessmain-
tenance, high eectrica resistance, wear resistance, elec-
tromagneti c transparency, appeas ng appearance etc.
Compositescan be manufactured in different waysde-
pending upon matrix, reinforcement and application.
Different manufacturing methodsinclude Hand-lay up,
Compressonmolding, Resin Transfer Molding (RTM),
Pultrusion, Autoclaveand Filament molding etc. Con-
s dering themechanica and thermd propertiesof com-
posites, they are anisotropic in nature(i.e. the proper-
tiesvary with orientation), but most of the composites
can be considered as orthotropic. Thisbehavior of the
materid aso causesthedevelopment of largevaues of
thermal stressesdueto temperature gradient acrossthe
section. Thermally conductive but e ectrically insul at-
ing, dsofor their cost-effectivenessand design flexibil -
ity, ceramic particlereinforced epoxy compositesare
largely used as el ectroni ¢ packaging and/or substrate
materialg3%. During thelast few decades, however, in
themicroel ectronic systems, greet effect hasbeen con-
tributed to improving higher integration density, faster
performance, miniaturization of electronic devicesand
lower costl®”, Therefore, the power density intheelec-
tronic devicesisbecoming larger and larger. That turns
theresearchers focusto be placed onthethermal con-
ductivity in order to get heat-dissi pating composites.
The prediction of thermal conductivity of composites
comprisesasignificant portion of the heat transfer lit-
erature. Many reports concerning about the thermal
conductivity of polymer composites, associated with
variousthermd conductivemode sor equationsfor pre-
dicting thetherma conductivity, have been published.
They aredither theoreticaly based or areempirica which
meansto include one or more experimentally deter-
mined (or empirical) parameters. A good overview has
been given by Progelhof!®. Procter and Solc® used
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Nielsenmode asapredictiontoinvestigatethethermal
conductivity of several typesof polymer composites
filled with different fillers, and confirmed itsgpplicabil-
ity. Nagai*® found Bruggeman model for Al1203/ep-
oxy system and amodified form of Bruggeman model
for AIN/epoxy system are both good prediction theo-
riesfor thermal conductivity. Wong“ found that Agari
model predicts better than Maxwell mode for therma
conductivity of SIO2/epoxy compositeat high percent-
ageoffiller.

However, polymer composites are always not
treated asdifferent despitethe volumefraction of the
filler arenot thesamewhentheir thermaly conductivity
aretreated employing theoretical model s mentioned
above. At different volumefraction, the"filler" inthe
composite can beregarded to be either phase, for ex-
ample: thedilute system when the polymer phaseisre-
garded to bethe matrix or the heavily |loaded system
whenthefiller can be considered to bethe matrix. At
themedid concentration, thefillersstart to contact which
iscalled the percolation phenomenon(***2, then both
phase can betreated asthe matrix.

Theobjectiveof thispresent work isto understand
thethermal behavior of FRP compositesby developing
adatabaseof thermal conductivity for particulatefilled
FRP compositematerids. Different composite samples
areto be distinguished based upon thefollowing pa-
rameters. different resin, effect of heat flow direction,
fiber weight fraction, effect of different filler materias
and different manufacturing methods. At theend, the
experimental results arecompared with exist theoreti-
ca modd for validation purposes.

MATERIALS

Matrix material

The primary functions of theresin areto transfer
stress between thereinforcing fibers, act asaglueto
hold the fibers together, and protect the fibers from
mechanica and environmenta damage. Resinsaredi-
vided into two major groups known asthermoset and
thermoplastic. Thermopl astic resinsbecome soft when
heated, and may be shaped or molded whilein aheated
semi-fluid state and becomerigid when cooled. Ther-
moset resins, on the other hand, areusudly liquidsor
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low meltingpoint solidsinther initid form.
Polyester resin

Unsaturated polyester resins (supplied by Ciba-
Giegy Ltd. India) to prepare the composites. 2% co-
balt nephthal ate (asacce erator) ismixed thoroughly in
isophthalic polyester resin and then 2% methyl-ethyl -
ketone-peroxide (MEKP) ashardener ismixedinthe
resinprior toreinforcement. Polyester resin hasmodu-
lus of 72.5 GPa and possess density of 1.35 gm/cc
respectively.

Epoxy resin

Epoxy LY 556 resin, chemically belongingto the
‘epoxide family isused asthematrix materid. Itscom-
mon nameisBigphenol A Diglycidyl Ether. Thelow tem-
perature curing epoxy resin (AralditeLY 556) and cor-
responding hardener (HY 951) aremixedinaratio of
10:1 by weight asrecommended. Theepoxy resin and
the hardener are supplied by CibaGeigy IndiaLtd.

Vinyl ester resin

Vinyl ester resins (EPN-1138, Ciba-Geigy Ltd.,
India) areaddition products of various epoxideresins
and unsaturated monocarboxylicacids, most commonly
methacrylicacid™, They havetermind reactivedouble
bonds derived from the carboxylic acid used. These
reactive groupscan form acrosslinked network with
or without the addition of aco-monomer. In many in-
dustrial products, vinyl ester resinsare comprised of
40-50 wt% styrene. It iscommon to dilute the vinyl
ester oligomerswith alow molecular weight co-mono-
mer, such asstyrene, vinyl-tolueneor methyl methacry-
late, to reduce the room temperature viscosity of the
mixtureand yield asolution with atypical viscosity in
therangeof 200t0 2000 cps. Thereactiontoformthe
vinyl ester oligomersisusually catalyzed by tertiary
amines, phosphinesand dkai sats. Previousresearch
showsthat triphenyl phosphineisamoreeffectivecata
lyst for thisreaction ascompared to other catalystg4.
Typical reaction conditionsare 120°C for 4-5 hours,
and hydroquinoneiscommonly used astheinitiator.
The conversion of thereactionis90-95 %.

Fibersmaterial

Fiber isthereinforcing phase of acompositemate-
rid. Therma conductivity of acompositedependsupon
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thethermal conductive natureof thefiber and matrix.
Commonly used fibersfor compositesinclude Glass,
Carbon, and Aramid etc. Glassfibersarecommonly
used for engineering composites. Ther usesincludethe
manufacturing of automotive parts, pipes, structural
membersetc. Glassfiber isavailableeconomicalyin
abundance with good mechanical properties; thus
widedly usedin compositestructures?. Basing upon dif-
ferent applications glassfiber (silica-oxygen network)
isdassifiedinto Eglass, C glass, and Sglassfiberd?. E
glassisused asaninsulator and mostly used in el ectri-
cal industry, hencegot thename"E" beforetheword
glass. E-glassalso hasgood mechanical propertiesin
additiontolow cost and ease of usability. Theletter "'S*
in S-glassstandsfor structural gpplications. S-glassgot
different chemica formulationandit hashigher strength
toweight ratio, and higher el ongation strain percent-
age. Sglassisabit expensveand mostly usedin struc-
tural application, and C-glassfibersare advantageous
inresisting chemica corrosion. Glassfibersareavall-
ableindifferent formslike continuous, chopped and
wovenfabrics.

Carbon fibers are manufactured using precursor
materiaslikerayon, petroleum or cod tar pitchesand
polyacrylonitrile (PAN)™ %, The conversion of pitchor
PAN precursor to carbon fibersinvolves manufactur-
ing stepslikefiber formation by spinning, stabilization
tothermoset thefiber, carboni zation, graphitization, sur-
facetreatment and sizing¥!. During graphitization stage
at higher temperaturesthe crystallitesare properly or-
dered and oriented a ong the axisdirection of thefiber.
In PAN based carbon fibers, during the graphitization
stagethelinear structure of carbon atomstransforms
into aplanar structure called as basal planesand are
oriented or stacked along the axis of thefiber. These
basal planes are closely packed and are responsible
for thehigh modulusand higher electrical and thermal
conductivitiesalong theaxisof thefiber.

Natural fibersarebecoming potentia alternatives
for glassfiber reinforced compositesin many applica-
tiong®l. Usage of natural fiberslike hemp, jute, flax,
cotton etc. instead of synthetic fibersleadstoincrease
in specific propertieslikeimpact strength, crash behav-
ior, sound absorption, thermal insulation and reduction
incomponent'sweight, pollutants, and greenhouse gas
emissions making the composite more environmental
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friendly. Naturd fiber composites have many applica-
tionsincluding automobile partslikedoor trim panels,
headlinersor back panels. Natural fiber isfilled with
cdlulosemateria, whichactsasaninsulaor, thusanau-
ral fiber composite showsmuch lesser therma conduc-
tivity when compared to aglassfiber reinforced poly-
mer (GFRP) composite.

Particulatematerials

The primary advantage of using filler material in
compositesisto reduce the overall cost of the com-
posite. In addition to reduction of cost, filler materias
aso serveasmaor ingredient, whichimprovesthe per-
formance of the composite by enhancing crack resis-
tance, reducing shrinkage, influencing mechanical
strength, improvingfireresstanceetc. Mgor filler ma-
terial sused in composite manufacturing are calcium
carbonate, kaolin (clay), Aluminum-trihydrate etc.

Two conventiona fillers: auminium and copper
powder and oneindustria waste: cement by-passdust
(CBPD) arechosento be used asparticulatefillersin
pre-determined proportionsinvarious composites pre-
paredfor thisinvestigation. While, a uminium and cop-
per have conventionally been used in many composite
applications, the waste cement by-passdust (CBPD)
can be considered as non-conventional materiasfor
useasfillersin polymer composites.

Cement by-passdust (CBPD) isaby-product of
cement manufacturing. Itisafinepowdery materia Smi-
lar in appearance to Portland cement. It isgenerated
during the calcining processinthekiln. Astheraw ma-
teridsareheated inthekiln, dust particlesare produced
and then carried out with the exhaust gasesat the upper
end of thekiln. These gasesare cooled and theaccom-
panying dust particlesare captured by efficient dust
collection systems. Lime(Ca0) constitutes about 40%
of CBPD composdition. Other compoundsincludeS 02,
Al203, Fe203, K20, Na20, Cl-, etc.

MATERIALSAND SAMPLE PREPARATION

Test specimensare prepared using 0 %, 4 %, and
8 % of filler by weight percentages aretaken in this
work to determineconductivity propertiesand specific
wear rateof thecompositesinthreedifferent directions
(i.e longitudind, transverse, and through-the-thi ckness).
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The propertiesarefunction of composition parameters
and process parameters. Herein, thethermal conduc-
tivity measurement inthetransversedirection meansthat
asampleisprepared in such away that heat flow di-
rectionistransverseto primary fiber orientation of the
sample amilarly, thetherma conductivity measurement
inthelongitudinal direction meanshesat flowingaong
thefiber direction; and thethermal conductivity mea-
surement in thethi cknessdirection meanshest flowing
through thethicknessdirection. Thethermal conductiv-
ity of an anisotropic composite materid dependsonthe
resin nature, fiber type and architecture, fiber weight
fraction, manufacturing technique, direction of hest flow
and operating temperature, leading to ahigh degree of
complexity.

Thermal conductivity test matrix

Theligtsof thermd conductivity test samplesdirec-
tionaregivenin TABLE 1. Thetest matrix hasincluded
various material parametersand process parameters,
leading to aspectrum of compositesamplesfor their
thermal conductivitiesalong 00 and 900 fiber orienta-
tionsand through the thicknessdirection. It should be
noted that sampl e preparation isthemost challenging
part of the entire process. Many tools are used spe-
cialy for sample preparationin addition, attention to
environmental and hedlth safety issuesared so needed.

Thetest samplesareprepared intheform of 10cm
rectangular plate using compression molding and hand
lay-up methods. Ideally al samplesfor three-dimen-
siond measurementsshould be cut from sameblock by
diamond cutter. Technically thisposesagrest difficulty
inmanufacturing suchablock intermsof proper dign-
ment of fabric and wet out.

Typically, FRPlaminate hasathicknessof 3-8 mm.
A 10cm rectangular plateiscut from thistypeof lami-
nateto measureitsthermal conductivity with heet flow-
ingthrough thethicknessdirection. Boththe abovedis-

TABLE 1: Ligt of thermal conductivity test sampledirections

Effect of different materials and manufacturing methods

Compression molding /Hand lay-up techniques

Glass fiber / Carbon fiber Pine bark reinforced
reinforced composites composites

L T Th L T Th

L: Longitudinal direction, T: Transversedirectionsand Th:
Through thickness
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cussed approachesare used to prepare samplesinthe
present study. Asaresult, we have successfully pre-
pared acouple of samplesthat alow for thermal con-
ductivity measurementsintransverse, longitudina, and
through thethicknessdirections.

Compositepreparation

Inadditiontothese, E-glassfiber / carbon fiber are
reinforced with respectiveresin also added particul ate
filler materia sto prepare sampleswith different wt%.
All thesefiller materiad sarethoroughly dispersed inthe
resin by mechanical stirring. Theresinsused for this
study werevinyl ester, polyester and epoxy. Vinyl ester
resinisobtained from by Ciba-Geigy of India, Ltd. To
prepare vinyl ester neat resin and neat epoxy resin
samples, 2% Methyl Ethyl K etone Peroxide (MEKP)
isused asacatayst. For polyester sample, the polyes-
ter resinismixed with 2% MEKP (catalyst) and 4%
Cobdt Napthanate (promoter). The promoter ismixed
intheresinthoroughly before adding theinitiator. The
reaction betweeninitiator and promoter causedtheresin
to becomegd. Sincethereaction betweeninitiator and
promoter isvery fast. Care should betaken whilepre-
paring the samplesin order toavoid voids. Thecarbon
fiber /vinyl ester composite sheet washand-laid up and
then compressed. A carbon/vinyl ester compositeblock
isprepared to generate al test specimensinthreedi-
rections, i.e. through thethickness, longitudinal and
transversedirections. Similarly, other compositesare
prepared both hand lay-up and compression molding
techniques.

Natural fiber /vinyl ester composites

Inthisstudy, anatura fiber composite material is
tested for itsthermal conductivity inalimited manner
becauseof itsgrowingimportance®®. Thisnaturd fiber
composite plateismade of four layersof natural fiber
mat wet out with resin by hand-lay up processand cut
into different dimens onsfor therma conductivity mea
surementindl thethreedirections.

Factor saffecting thermal conductivity of composite
materials

Thermal conductivity of compositesisanisotropic
in nature. The knowledge of thermal conductivity of
compositesisneeded for accurate design. Dataabout
thermad conductivity of resnfacilitatesto reduce stresses
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related to shrinkage of compositesduring cureand mis-
matchin thermal expans on coefficients. Before con-
ducting experimentsto determinetherma conductivity
of various composites, knowledge about effect of dif-
ferent parametersinfluencing thermal conductivity is
essentid.

Manufacturing methods

Asthethermal conductivity of apolymer compos-
iteisbased upon the conductivity of fiber and resin,
being apolymer, resinsare usually insulating and the
conductivity isdominated by fiber materia. Thecom-
pactness of fibers per unit areainfluencesthe conduc-
tivity of the composite. Fiber packinginacomposite
depends on themethod of manufacturing. Thevarious
compos tesmanufacturing techniquesare Hand lay-up,
Compression molding, Resin Transfer Molding,
Pultrusion etc?.

Hand lay-up techniques

Hand lay-up techniqueisthe oldest and simplest
method of manufacturing composites. Thetoolsrequired
for the processareamold to accommodate dry manu-
facturing according tothedesired shapeand aroller to
fadlitateuniformdigtribution of resin. Virtudly any szed
compositescan bemanufactured usngthismethod. This
method isthe cheapest method of manufacturing but it
has some disadvantages such aslong curing time, low
production rate, and further the quality of the compos-
itedependson theskill of theworker.

Compression molding process

Thismethod iscommonly used to manufacture sheet
molding or bulk molding. Compression molding ma-
chine consistsof amaleand femaediesor platensto
formthemold. Thereinforcement combinedwithresin
isplacedinthemold and ahydraulic pressisused to
apply high pressureby closingmaeand femaehaves
of themold. After thematerial iscured, thepressureis
rel eased and the part isremoved fromthemold. Exte-
rior body panelsfor structural memberssuch asauto-
mobile bumpers arewidely manufactured using this
method.

Experimental approach for thermal conductivity
measur ements

Therearevarioustest methods availablefor ther-
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mal conductivity measurement and each method de-
pends mainly on configuration of amateria andjobre-
quirement. Some principal experimental methodsfor
determinations of thermal conductivity arediscussed
beow:

Guarded heat flow meter

Thismethod isbased on two dimensional steady
state techniques and is used to measure and compare
thermd propertiesof materia sunder controlled condi-
tionsandtheir ability to maintain required thermal con-
ductancelevel 9. The specimen and aheat flux trans-
ducer (HFT) are sandwiched between two flat plates
controlled at different temperatures, to produce ahest
flow through the stack. A cylindrical guard surrounds
thetest stack and ismaintained at auniform mean tem-
perature of thetwo plates, in order to minimizethelat-
eral leak of heat. At steady state, thedifferenceintem-
perature between the surfaces contacting the specimen
ismeasured with temperature sensorsembedded in the
surfaces, together with the e ectrica output of the HFT.
The output voltage is proportional to the heat flow
through the specimen, HFT and theinterfaces between
the specimen and the gpparatus. The coefficient of ther-
mal conductivity can beobtained by prior calibration of
system with the specimens of know therma conductiv-
ity. At equilibrium, thethermal conductivity of materia
canbegivenas.

K=", &

=(N(AT)/Q)-R, )
where K isthe thermal conductivity (W/ m-K), Ristheresis-
tance of unknown specimen (m2.K/ W), N isthe HFT calibra-
tion constant, AT is the temperature difference between one
surface of the specimen and the other surface (K), Ax isthe
specimen thickness (m), and R is the contact thermal resis-
tance.

Experimental setup

A guarded heat flow meter method has been de-
veloped for therma conductivity measurements. Thisis
achieved by usingatherma conductivity testing system
Unitherm mode 2022 fromANTER Corp., Pittsburgh,
PA. Theexperimental set upisshowninFigure 1.

Thisunitissupplied withamid rangeflux module
covering athermal resistance rangefrom 0.002t0 0.02
m?K/W andisableto measurethethermal conductiv-
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Figurel: Experimental set up of unitherm 2022

termsof test standard ASTM E 1530. The materials
that can betested include metal's, ceramics, polymers,
composites, glassetc. Thetest samplesneedto be pre-
paredinaform of two-inch diameter circular discswith
their thicknessdepending onthematerias’ thermal con-
ductivity. Thethermal conductivity machinewas sup-
plied withthreesetsof calibration samplesspanthe R,
rangefrom 0.0005to 0.05 n?K/W. Thesesampleswere
tested for conductivity values and compared with the
given values by the manufacturer for calibration pur-
pose.

Thisequipment requirescompressed air to raise
and lower the upper stack assembly. It al'so needsei-
ther city water or achiller to cool the heat sink, giving
an operation temperature range from 20°C to 300°C.
ANTER modd Unitherm 2022 isacomputerized sys-
tem. The computer automatically control sthe equip-
ment for testing and data processing through alatest
version of electronics and operating software oncea
test programisdesigned and initiated.

A schematic picture shown in Figure 2 represents
thesystem functioningindetail. Theassembly isastack
of partswith different functionaities. The heater ontop
and bottom hel psto maintain steady state heat transfer
through the sampl e, two polished surfaceson top and
bottom the sampletransfer heat from top and bottom
of heaterswith reduced thermd resistancethrough sur-
face. A reference ca orimeter isplaced under thelower
plate, which acts as a heat flux transducer. The heat
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Pneumatic load

Top heater

|| Guard heater

Upper plate (Ty )

Lower plate (Tm)

Heat flux transducer

Figure2: Schematic model showingthesystem arrangement
in unitherm 2022

sink at the bottom avoids excessivetemperaturefrom
the system. The sampleiscompressed in between the
polished surfaces, each controlled at different tempera:
tures, using pneumaticload. Thepressureismaintained
at 10 psi using pressurized air supply. Asan option,
coolant water iscirculated through heat Snk. A circular
low temperature heat insulation ring iswrapped around
thelower stack of the assembly to restrain heat flow to
outsideatmosphere. Theentiresystemismaintainedin
athermaly insulated glass chamber. Unithermiscom-
pletdy automatic whiletesting asthe gpparatusiscom-
pletely controlled by acomputer. Thetest systemis
hooked to the computer by means of an USB cable.
Considering theoperation of thesystem, the sampleto
betested isprepared into aflat surface on both sides
and thermal compound isapplied onthesampletore-
ducethermal resistance caused dueto surfacerough-
ness. Then the prepared sampleisplaced in between
two polished surfacesand apneumatic pressure of 10
ps isgpplied onthetop portion of thestack. Thesample
can betested in the temperature range from 20°C to
300°C. For steady state heat transfer, the user can di-
videthetestinginto different zones, called asset point
temperatures. Inthisthesisthetestingwasdivided into
threetemperature zonesi.e. 60, 80, 100 C. For higher
thermal conductivity materials, adifferenceof 50 de-
greesisrecommended for the machine. At every set
point temperature, the system checksfor steady state
hest flow through the sampleand therma conductivity
ismeasured.

Operation principleof unitherm 2022

By definitionthermal conductivity means“The ma-
terid property that describestherate at which hegt flows
with in abody for agiven temperature change.” For
one-dimensional heat conductiontheformulacan be
givenasEquation 3.

_wali-T, (€)
Q=KA "

Where Q is the heat flux (W), K is the thermal conductivity
(W/m-K), Aisthecross- sectional area (m?), T -T, isthediffer-
ence in temperature (K), x is the thickness of the sample (m).
Thethermal resistance of a sample can be given as equation 4

Tl - T2
=12 4
Q/A 4)
Where, R isthe resistance of the sample between hot and cold
surfaces (m?-K/W). From Equations 3 and 4 we can derive that
K= (5

TABLE 2: Thermal conductivity valuesof different resins
Thermal conductivity

= |

Thickness (W/m-K)

Sample iy Test-l  Test-2  Test-3
(60°C) (80°C) (100°C)

Neat

polyester 0567 0196 0215 024

resin

Neat

Epoxy 0743 0221 0237  0.263

resin

Vinylester 687 0185 019 0213

resin

In Unitherm 2022 the heat flux transducer mea-
suresthe Q value and thetemperature difference can
be obtai ned between the upper plate and lower plate.
Thusthethermal resistance can be cal cul ated between
theupper and lower surfaces. Givingtheinput value of
thickness and taking the known cross sectional area,
thethermal conductivity of the samplescan becalcu-
lated using equation 3.

EXPERIMENTAL RESULTS AND DISCUSSION

Neat resin castingsand resin castingswith fillers

Thethermal conductivity of acomposite depends
on many parametersincluding 1) Direction of fiber; 2)
Specificgravity of fiber; 3) Moisture content; 4) Distri-
bution of moisture; 5) Voids and 6) Resin type. The
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TABLE 3: Thermal conductivity of epoxy resin with different
particulatefillers

Thermal conductivity

Sr. Thickness (W/m-K)
No. Sample (mm)  Test-1 Test2 Tesi3
(60°C) (80°C) (100°C)
1 Neat epoxy resin 0743 0221 0237 0263
p Awohof Aluminiumfilledepoxy 549, 347 350 0351
Composﬂe
3 8 wt% qf Aluminium filled epoxy 3764 0489 0534 0514
CompOS|te
4 4 Wt% of copper powder filled 273 0393 0412 0422
epoxy composite
5 BWi% of copper powder filled 3987 0372 039% 0393
epoxy composite
0 .
g AWt%of CBPD filled epoxy 2152 0239 0197 0190
Composﬂe
7 Bwi%of CBPD filled epoxy 3634 0227 0228 0229
Composﬂe

parameters of mgjor influence ontherma conductivity
arefiber weight percentage and conductivity proper-
tiesof bothresin and fiber. In this present study, ther-
mal conductivitiesof different resinslikevinyl ester,
polyester and epoxy are determined and theresultsare
inagreement withtheliterature”. Theresultsarelisted
inTABLE 2 and graphically presentedin Figure 3a.
Fillerslikeduminium, copper powder and cement
by-pass dust are directly mixed with the epoxy resin
andtheeffect of addition of thesefillersontherma con-
ductivity isdetermined. Different sampleswith 4 wt%,
8 wit% of aluminium, 4 wt%, 8 wt% of copper powder
and smilarly for CBPD fillersaremixedinthe epoxy
resinfor testingand resultsarelistedin TABLE 3and
graphically plotted in Figures 3b, 3cand 3d.
Theresultsshow that thetherma conductivity va-
uesof vinyl ester, polyester, and epoxy have nearly the
samevaues Asthevinyl ester samplehaslittlear voids,
itisshowing lower thermal conductivity than the other
tworesins. Addition of duminium particulateunder three
different percentage (Owt%, 4 wt% and 8 wt%) inthe
epoxy matrix compostesignificantly increasesthether-
mal conductivity asshownin Figure 3b. For example,
4wt% and 8 wt% respectively result in 64% and 45%
increaseintherma conductivity over negt resnfor tem-
peraturesranging from 60-100°C. Addition of 4 wt%
and 8 wt% of copper powder in neat epoxy resin re-
sulted inincrease of conductivity valuesby 56% and
59% respectively (Figure 3c). However, for CBPD
particlewith epoxy resn composite, dight increasein
thermal conductivity isnoticed at thetemperature seg-
ment of 60°C when compared to the neat epoxy resin;
but thethermd conductivity amaost remainsunchanged
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Figure3c: Thermal conductivity variationswith tempera-
turesof copper filled epoxy composites.

at thetemperature range of 80°C to 100°C. Thiscould
have happened because addition of CBPD particle
makesthesamplebrittleand hairlinecrackswereformed
inthe sample under heat and pressure. These cracks
cregteair voidsthusreducing the hest capacity and cor-
responding therma conductivity. Theseresultsaretabu-
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TABLE 4: Thermal conductivity of E-glassfiber / epoxy resin compositestur esof CBPD filled epoxy composites.

Thermal conductivity

Sample Manufacturing Thickness (W/m-K)
method (mm) Test-1 Test-2 Test-3
(60 °C) (80 °C) (100°C)
E-glassfiber + epoxy  Hand-lay-up 5 663 0.304 0.334 0.369
resin composite technique ' ' ‘ ‘
E-glassfiber + epoxy  Compression 5.225 0.372 0.389 0.412

resin composite molding machine

TABLE5: Thermal conductivity of E-glassfiber / Epoxy resin
composites

Thermal conductivity (W/m-K)

Heat flow  Thickness
direction (mm) el en Tes
(60°C) (80°C)  (100°C)
'granwerse 3.228 0.279 0.297 0.334
irection
I&ongl .tudl nal 4.300 0.246 0.271 0.301
irection
Through the 5.663 0.320 0.340 0.357
thickness

lated in TABLE 3 and plotted in Figure 3d.
E-glass/epoxy resin composites

Thermal conductivity measurementsof E-glassep-
oxy samplesaremanufactured in two different meth-
odologiesi.e. by Hand-lay-up technique and Com-
pression molding method arereported inTABLE 4.
Thermal conductivity datafor these samplesare ob-
tained by testing in through-the-thickness direction.
For glass/epoxy composites, manufacturing method
haslittle effect on thermal conductivity. Experimental
results show that compression molding method
samples have higher thermal conductivity than the
other method. The potential causefor thisvariationin
thermal conductivity might beduetoair voids. Two
potential reasons are suggested for formation of air
voids: 1) stitching closaly packsthefabriclayers, leav-
ingsmall air pockets between thelayers, and applied
resin might not seep through the air gapsfully, these
ar pocketshinder full conductivity; and 2) during com-
positefabrication by hand lay up techniquetheforma:
tion of holes can not be neglected and may even for-
mationof athininterfacial gap betweenthefiber and
resnduetoinadequateinterfacial compatibility acting
likeair void and in turn reducing thethermal conduc-
tivity. Thesefactors potentially change thermal con-
ductivity by around +£0.05 W/ m-K. For all samples
thermal conductivity increasesslightly with test in-
creased temperature.

03
0.25
0.2

0.15 7

—s— Neat Epoxy resin
—m— 4wt% CBPD filled epoxy composite

8 wit% CBPD filled epoxy composite
] T T T

70 80 a1

l'empe rature (Degree-C)
Figure3d: Thermal conductivity variationswith temper a-
turesof CBPD filled epoxy composites.

E-glass/epoxy resin composite block

Fhermal conductivity (Wim-K)

0 100

Thethermal conductivity valuesof E-glass/ epoxy
resin composite blocksinlongitudina, transverseand
through-the-thicknessdirectionsarelisted in TABLE
5. It is observed that the thermal conductivity in
through-the-thicknessdirectionishigher than that in
thetransversedirection, whichin turnishigher than
theconductivity inlongitudind direction. The conduc-
tivity valueissupposed to be higher inlongitudina di-
rection. However, in this case, bi-axial fabric might
have led to thisanomaly. Further more, the sample
preparation al so influencestheresults. After cutting
thesamplein 0 and 90 directionsthefiber would bein
thedirection of heat flow and thesefibersform acor-
rugated shape on the top and bottom surfaces. Ac-
cording to the samplerequirementsof thetest facility,
these surfaces are supposed to be smooth with atol-
erance of £0.005 inch, which is difficult to achieve
with the available resources. However, the thermal
conductivity value of the E-glass/epoxy resin block
showed no significant change with respect to the di-
rection of fiber. Thefiber weight fraction for thisblock
isdetermined as49.8%. Thelow thermal conductiv-
ity of balanced biaxial E-glassfabricin 0and 90 di-
rections(i.e. in horizonta plane) resultedin heat con-
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TABLE 6: Thermal conductivity of carbon fiber / epoxy resin
composites

Thermal conductivity (W/m-K)

Heat flow Thickness
direction (mm) Tes-1  Test-2 Test-3
(60°C) (80°C)  (100°C)
Carbon fiber reinforced epoxy resin composite for 40 % fiber
loading
Through the 3.772 0.245  0.262 0.283
thickness
Transverse 4.325 0457  0.500 0.541
direction
'a."”g'.t”d'”a' 5.176 0787  0.965 1.231
irection
Carbon fiber reinforced epoxy resin composite for 60 % fiber
loading
Through the 4.165 0312 0320 0.337
thickness
Transverse 5.179 0429  0.447 0.463
direction
Longituding 5664 1367 1941 2,227
direction

ductionto benearly uniformin both longitudinal and
transversedirections.

—== Pyl Paper
Carbon fiber /epoxy resin composites

Thethermal conductivity valuesof carbon fiber/
epoxy resin compositemateriasinlongitudina, trans-
verseand through-the-thicknessdirectionsarelistedin
TABLE 6. Thefollowing observationsaremadefrom
thetest results of carbon fiber/epoxy resin composite
materid: 1) thetherma conductivities of carbon com-
posites arethe highest a ong thefiber direction, me-
diuminthetransversedirection and lowest in through-
the- thicknessdirection; 2) carbon compositeshavesg-
nificantly different therma conductivity valuesinthree
directions— strongly anisotropic. This is distinctively
different from E-glasscomposite materialsfor which
thermal conductivitiesinthreedirectionsareclose- d-
most isotropic; 3) therma conductivity of carbon com-
positesthroughthethicknessdirectioniscloseto that
of nedt resin, indicating that thermd property of theresin
playsamgor roleinthisdirection; 4) Carbon compos-

TABLE 7: Thermal conductivity of natural fiber / Epoxy resn composites

Thermal conductivity (W/m-K)

Heat flow direction Th(lﬂ;’n)%s Test-1 Test-2 Test-3
(60°C) (80°C) (100°C)
Natural fiber reinforced epoxy resin composite for 40 % fiber loading
Neat epoxy resin 0.743 0.221 0.237 0.263
Through the thickness 3.442 0.123 0.128 0.136
Transverse direction 4.128 0.157 0.161 0.155
Longitudinal direction 4.176 0.175 0.190 0.208
Natural fiber reinforced epoxy resin composite for 60 % fiber loading
Neat epoxy resin 0.743 0.221 0.237 0.263
Through the thickness 3.853 0.130 0.142 0.198
Transverse direction 4.469 0.177 0.185 0.189
Longitudinal direction 5.102 0.202 0.216 0.228
TABLE 8: Theoretical modelsfor transver s/ longitudinal effectivethermal conductivity
Sl.no Author M odel Notes
Transverse effective thermal conductivity
Inverse rule of 1V, V Derived from rule of mixtures to calculate for transverse
Yy Ym 2
1 mixture KooKk Tk thermal conductlwty
T f m Does not consider voids, fabric overlap
Longitudinal effective thermal conductivity
2. ﬁ?}l(?u?; Ki=K¢V; +K Vi For longitudinal effective thermal conductivity
Thermal conductivity of the particulate filled pine bark polyester composites
,  Hamilion- K. =K, Ke+(0=DKu ~(1-Df (Ky —Ke)
formula Ke+(=DKy +f(Ky =Kg)
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itesresultinlower thermd conductivity vauesinthrough-
the-thicknessdirection than glassfiber composite. This
observationisin accordancewith theresults published
in the literature®® and 5) as shown in TABLE 5,
through-the-thicknessthermal conductivity of carbor/
epoxy resin composite for 40wt% isconsistent with
that of carbor/ epoxy resin compositefor 60wt%.
Carbon fiber is orthotropic in nature and the con-
ductivity of the carbon fiber along the axiswould be
higher thaninother directionsbecause of thebasal plane
formationaongtheaxis. Thesebasd planesareclosdy
packed in the order of angstrom units, which helpsin
transferring heat quickly and by virtue of its property
carbon fibers contracts upon heat dueto negative ex-
pansion coefficient further reducing the distance be-
tween the basal planes. Thusthermal conductivity in-

75

creasad linearly inlongitudind directioninthe measured
temperature range of 60-100°C. Intransversedirec-
tion, conductivity would be much lower thanthat of in
longitudinal direction duetolack of basdl planes. More-
over, carbon sheetswould be sized to have good com-
patibility withtheresin, and thisszing causesaninsul a-
ing layer and thus hinders hesat flow in case of through
thethicknessdirection. Thisglossy szingover the car-
bon tow might be thereason for lower conductivity of
carbon compositeinthrough thethicknessdirectionthan
that of aglassfiber composite. To test the effect of fiber
wel ght fraction of acomposite onthermal conductivity,
another carbon/epoxy resin block wasmadewith higher
fiber compactnessand tested. Theresultsarealsoin-
cludedinTABLE 6. Theresultsare compared graphi-
cdlyinFgure4.

—a— Through thickness Tor 40wi%

—m— Transverse section for 40wt
Longitudinal section for 40w1%
Thraugh thickness for 80wi%

—3— Transverse section for G0wi%

—a Longifudinal section for 0w

Thermal conductivity {W/m-K)

0 0 B0

Temperature {Degmee-C)

o0

|00

Figure4: Thermal conductivity variationsfor carbon fiber/ epoxy resin composites

Natural fiber /epoxy resin composites

ductivity asshownin TABLE 7 and dso shownin Fig-

Thethermal conductivity of naturl fiber reinforced  Uré, much lower than neat epoxy, demonstrating ex-

epoxy compositeshavean extremely low therma con-
0.3

cdlent thermd insulation characteristics.

.25

—e— Neal epoxy resin
—m— Throueh theckness for 40%%

Transverse section ior 40%

—r

Lomztadmal secton for 40%

0.1+

.05 o

The rmal conduetivity {W/m-K)
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Figure5: Thermal conductivity variationsfor natural fiber/ epoxy resin composites.
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TABLE 9 : Thermal conductivity of the samples using
theor etical model

Kt
(along K;(along v v
Composites the transverse K, (O/f) %)
axisof  direction) 0 °
fiber)
E-glass fiber / 0.7 0.6 0263 50 50
polyester resin
Carbon fiber /
Polyester resin 8 0.54 0.263 50 50
Pine bark /
Plyester resin 0.3 0.36 0.263 50 50
CBPD/Polyester 74 063 0263 7 93
resin
Pinebark/CBPD
/Polyester 0.5 0.5 0.263 364 634
Pinebark/CBPD
IPolyester 0.5 0.5 0263 26.1 739

TABLE 10: Comparison between experimental valuesand
theor etical values

Pine

Method/ Manufacturing  bark/ Egg;]y CI;ng/bEarIg)/(
Model Techniques Epoxy /CBPD reﬁinp Y
resin

Experimenta  Hand1&y-up 0.272  0.268 0.196
techniques

Inverserule Hand lav-u

of 'ay-up 0281 0293

) techniques

mixture

Hamilton- Hand lav-u

Crosser 'ay-up 0.206
techniques

formula

Error (%) 320% 10.23% 4.85%

VALIDATION OF MODEL PREDICTIONS

Anaytical or numerica moddshelpto predict the
propertiesof amaterid without conducting any experi-
ments. However, these model shaveto be extensively
vdidated with experimentd databefore adopting them
inpracticeon alarge scale. Most of theliteratureon
compositematerials (anisotropic) dealt with mechani-
ca propertiesand very few modelsweredevel oped to
predict thermal conductivepropertiesindifferent di-
rections. Most of theliterature predictsthrough-the-
thicknesseffectivetherma conductivity, whilethermd
conductivity dongthefiber directioninacompostecan
be predicted using rule of mixtures. Experimental re-
sults obtained for the Pinebark / epoxy resin samples
arevaidated for through-the-thi cknesstherma conduc-
tivity and longitudina thermal conductivity. Thermal
conductivitiesthrough-the-thicknessand longitudinal
directionsareverified using thetheoretica modelsde-

= Fyl] Peper

scribed in TABLE 8. Inthisstudy, therma conductivity
considered for vaidation purposeisthevaueobtained
a atemperature of 100°C. Thedetailsof thermal con-
ductivity about thesamplesaregiveninTABLE9dong
with fiber and matrix volumefractionsrespectively.

Inthe present casethermal conductivity intrans-
verse/ longitudind directioniscaculatedfor pinebark
reinforced with epoxy resin, CBPD reinforced with
epoxy resin and combined al thethreephasesi.epine
bark reinforced with epoxy resinfilled with cement by-
pass dust taken both experimenta and theoreticd model
for validation purposes. Comparisons between experi-
mental and theoretical valuesareshownin TABLE 10.
The obtained experimental resultsarein good agree-
ment (~10%) with thetheoretical models.

CONCLUSIONS

1. Incaseof thermal characterization of composite
materids, few theoretica and limited experimentd
methodsareavailable.

2. Most of the models do not consider for thermal
res stance, interaction betweenfiber and matrix and
filler content.

3. Thethermal conductivity vauesof threedifferent
meatricesPolyester, Epoxy resnandvinyl eserresn
givenas0.196, 0.221 and 0.185 respectively thus
showing nearly thesamethermal conductivity val-
ues.

4. Withtheadditionof 4wt% and 8wt% of auminium
additivein neat epoxy resinincreased the conduc-
tivity by 64% and 45% respectively. Addition of 4
wit% and 8 wt% of copper powder in neat epoxy
resinresulted inincrease of conductivity valuesby
56% and 59% respectively. It isa so observed that
by theaddition of industrial wastelike cement by-
pass dust with neat epoxy resin thethermal con-
ductivity value for 4wt % of CBPD isincreases
around 92% and for 8wt% CBPD isaround 97%
as compared with neat epoxy.

5. Incaseof E-glass/Epoxy resin composite, thecon-
ductivity isincreasesfrom 0.221 t0 0.320W/m-K
inthrough-the-thicknessdirectionthanintransverse
andlongitudind directions.

6. Thetherma conductivity donglongitudina direc-
tion in case of Carbon/Epoxy resin compositeis
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amost twicetheconductivity intransverseandthree
timesgreater than through-the-thicknessdirection.
But in case of natural fiber reinforced epoxy com-
positethereisno dramatic changeinthermal con-
ductivity valuesas compared to glassfiber/ carbon
fiber reinforced epoxy composites.

7. Thermd conductivity of ceramic particlesfilled natu-
rd fiber reinforced epoxy compositesaredso dis-
cussed Hamilton-Crosser formulafor vaidation pur-
pOSes.

8. Sometheoretical modelsavailableare of nogood
usefor thevdidation of experimentd results, asthey
requirevariouspropertiesof fibersand matrix, which
aredifficult toacquirefor practical purpose.

9. Experimentd resultsobta ned from E-glass'Epoxy
resin sampleinlongitudina and through-the-thick-
nessdirection arein good agreement with theval-
uesobtained from theoretical models. Inlongitudi-
nal direction, rules of mixture showed an upper
bound va ueandin through-the-thicknessdirection
inverseruleof mixture showed alower bound ex-
perimental data.
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