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Abstract

Epoxy based all polymer nanocomposites reinforcath WPolyaniline (PANI)
nanofibers have been prepared via sono-chemic#t.rblitrasonic velocity, attenuation and
thermal conductivity are measured in a wide tentpeearange (298-373 K) at different
PANI nanofibers loadings (1 & 2 wt %) in PANI-Epoxyanocomposites. Behavior of
thermal conductivity and ultrasonic attenuation hwittemperature in synthesized
nanocomposites is explained with help of existihgqpmena. Increase in ultrasonic velocity
and thus longitudinal modulus with reinforcement mdnofibers indicates that strong

cohesive interaction force, which rises among t@ofibers and matrix elements.

Key words: A. Nanostructures; A. Polymer-matrix Composites{lirasonics; B. Thermal
Properties; B. Mechanical Properties.



1. Introduction

The applications of epoxy nanocomposites are beicrgsed very rapidly in our daily
life.[1] Despite having high tensile strength, Ygis» modulus and electrical insulating
properties [2, 3] with its potentially wide applitmns in adhesives, [4] electronics (excellent
electrical insulators),[5] mechanical properties T for marine and aerospace industry etc.
[8, 9] epoxy is very conventional and easy to sgstle engineering thermosetting polymer.
Three dimensional nanowire networks are attactivegattenion of researchers due to their
nano-structure based advanced physical and chenpicgerties.[10, 11] Combining
Polyaniline (PANI) with epoxy resin is a good ségy to obtain thermosetting composites
having better dielectric properties. Electricallpnductive composites are promising
materials for various applications such as elecagmetic shielding [12], antistatic
applications [13] and conductive adhesives [14]eDa their excellent mechanical and
electrical properties nanocomposites of PANI, wtilymer matrices such as epoxy, have
potential applications in modern technologies saglmicrowave absorption, electromagnetic
shielding, sensor materials and conducting glués e factq interfacial compatibility and
bonding between polymer matrix and filler nanosinues are very important parameters to
maintain the mechanical properties of composited motropy. Various surfactant and
polymers are very useful in order to enhance iatead matrix-filler interaction [16] for
metal oxide nanopatrticles as fillers. As a couplagent, Polyaniline is very useful to
enhance the dispersability and interfacial inteomctDue to the presence of unique -amine
and ‘-imine’ groups in its backbone [17], it is &eful functionalizing agent [18 and

references their-in].

Ultrasonics is one of the non-destructive charaaton techniques, which provides
the insight for different properties of a wide rangf materials without destrying the
materials. Elastic modulii can be calculated fritva ultrasonic velocity data in longitudinal
and shear mode for crystalline materials.[19] Thewty for the calculation of elastic modulii
and ultrasonic attenuation in crystalline materigds well known and established.[20]
Ultrasonic attenuation is also well related withe tthermal conduction in crystalline
materials.[19] The development of composite matendath nano-structured filler materials

opened a space for research regarding ultrasomipgepres. Due to great importance of



polymer nanocomposites in industrial world, thelgsia of different properties via ultrasonic

parameters is worth study.

In the present research work, we have fabricatedPANI nanofibers reinforced in
epoxy nanocomposites following the definite chemioate with the help of mild ultrasonic
waves. Micro-structural characterization and stoflifourier transform infrared spectroscopy
(FTIR) has been done for the samples. Experimestaly of ultrasonic properties has been
used to extract the information about the strucame different thermo-physical properties.
Experimental study of temperature/concentrationeddpnt thermal conductivity has also

been done leading to different industrial applimasi.

2. Experimental
2.1 Synthesis of Nanocomposites

Epoxy LY 556 resin (Bisphenol-A-Diglycidyl-Ether)as employed as matrix resin.
The epoxy resin (Araldite LY 556) and the corresfing hardener (HY 951) were mixed in
a recommended ratio. The filler nanostructures alfydhiline were synthesized with the
oxidative polymerization of aniline monomer in whidotassium Biiodate was used as
oxidant at ambient conditions. The detailed medraniof polymerization of aniline

monomer in to polyaniline is mentioned in our poas research work [20].

The Epoxy resin and Polyaniline nanofibers wemspelised in acetone in different
weight ratios of 1 and 2 wt% and further the migtiwere ultrasonicated for uniform
dispersion of fillers in the base matrix. After gmtion, the hardener was added to the
suspensions and the samples were again ultrasedigdath 100Watt intensity at 20 kHz
ultrasonic frequency (Sonics VC 505). Then, theeli, acetone was evaporated iGB6or
5 hours. Samples of pure epoxy and compositesanfdl2 wt% PANI-epoxy were cured at
120°C for 6 hours.

2.2 Structural and Morphological Characterization

The surface morphology analysis of the samples w@wlucted by a scanning
electron microscope (Zeiss EVO MA-10 SEM operataig5.0 keV). The dried powder
product of Polyaniline was coated on the carbowe fap SEM characterization. From SEM
photographs [Fig. 1 (a, b, ¢ & d)], it is confirm#uat the product is fibril in structure and
embedded well in epoxy matrix. Fibril structures Bblyaniline (PANI) have average

diameters of 50 nm; and the average length of maersfis more than one micrometer. Fig.
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1(a) is SEM photograph clean epoxy; Fig.1 (b) isRolyaniline nanofibers and Fig. (c & d)
are the photographs of 1 & 2 wt&% PANI-epoxy narmaposites. FTIR spectroscopy is used
to observe the changes in the structure of epoxybodue to Polyaniline nanofibers. Fig. 2
shows the FTIR spectra of pure epoxy and 1 &2 wtilyahiline-epoxy nanocomposites. It
can be easily observed that characteristic peaksesmonding to Polyaniline are emerged in
spectra of nanocomposites. The peaks at 1246 aff &8 were attributed to C—H
stretching from aromatic conjugation which correg® to characteristic peaks of
Polyaniline. Peaks at 1483 and 1567 'catso correspond to Polyaniline nanostructures,

which also were emerged in the spectra of epoxy afixing of Polyaniline.
2.3 Ultrasonic, thermal characterization

For ultrasonic measurements a high-power ultrasuiser receiver (5900 PR;
Olympus NDT, USA) and a digital storage oscillosedfSO; Wave Runner 104 MXi
1GHz; Lecroy) is used for recording ultrasonic signat a frequency of 5 MHz. In the
present experimental set-up, one can obtain thaéreshitemperature by either dynamic mode
or static mode depending on the requirements, usurgtherm temperature controller. The
accuracy of the temperature in the sample regios #laK. To provide proper impedance
matching, a good contact was established betweens@imple, the waveguides and the
transducers. Further the opposite surfaces of Hwthsample and the waveguides were
polished properly for the propagation of the ultwr@is waves into the sample. Ultrasonic
velocity and attenuation measurements were perfrtheough conventional transmission
technique. The details of ultrasonic velocity imgédes is calculated with the transit time of

ultrasonic wave and sample thickness with formulambelow-

_d
U= 1 @)

If the sample thicknesgl)is known in micron resolution and transit tim&tj in
nanosecond resolution, the overall accuracy obdaiméhe measurement of velocity was +2
m s*. The attenuation of the ultrasonic waves in theyda was determined using the

relation [21]:

a(f) = %(mT +1n(%)} )
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Where, A, (f) is the amplitude of the received signal witlke thaveguides only andl(f) refers

to the amplitude of the received signal with sampkerted between the waveguides. The
transmission coefficientT] at the interface of the sample and the waveguide obtained
using the relation:

4z, Z

(2,+ 2 3)

Where,Z,, andZsrespectively are the acoustic impedances of theeguaide and the sample.
The couplant correction for the measured velocitg attenuation was carried out by the

standard procedure.[21]

Thermal conductivity of nanofluids was measuredngsthe Hot Disk Thermal
Constants Analyzer (Hot Disk Inc., Uppsala, Swed@&hg apparatus uses the transient plane
source (TPS) method for measuring the thermal ochdiiles of nanocomplosites/fluids.
Details of instrumentation is given in our previouerk.[20] The uncertainties of the TPS
method are about 2%. TPS method is modified versfofransient Hot Wire technique for

heat transfer measurements.
3. Result and discussion
3.1 Ultrasonic Characterization of PANI-Epoxy Naoogosites

The fiber-matrix inter-phase plays an importanteroh determining composite
performance. The inter-phase/bonding between filed matrix affects the mechanical
properties by allowing the load transfer betwedterfinanostructures and matrix; and
provides a platform for chemical and thermal contgiietyy between the constituents.[22] The
ultrasonic velocity is increasing in the composiath the filler concentration in the base
matrix [Fig. 3]. This increase in the ultrasoniclogty shows that in the samples the
longitudinal modulus (B) is increasing more thae thcrease in density of composites due to
particle loading of Polyaniline in epoxy as it itear by the following formulations.
Ultrasonic velocity is given as:

V=Blpy =1/ [kpy ik=B*=(A+2u)" (4)



where,B, oo, k are the Longitudinal modulus, effective densityl amompressibility of the
medium. The symbold andy are Lame moduli. Effective density and compre$igitsan be

written as-

Jopeseliyeling)
ko=kotB, (-9

(5)
Where, ¢ is Particle volume fraction. Subscrigsandm refer to nanofibers system
and base matrix. According to above equations, ctienge in density and Longitudinal
modulus/Lame moduli with volume fraction causeseahancement in ultrasonic velocity.
By the dispersion of nanofibers, the velocity irmse indicates that after dispersion of
nanofibers in epoxy matrix, a strong cohesive adBon force rises among the
molecules/atoms which results a large increaserigitudinal modulus. Change in density of

the composite due to nanopatrticles loading is mBaant.

Decrease in ultrasonic velocity with temperaturéidates that the longitudinal
modulus is decreasing with the increase in tempexal he decrease in longitudinal modulus
with temperature is due to the softening of théidatstructure or increase in the lattice
disorder.[23] Longitudinal modulus has been catmdafrom the ultrasonic velocity in all
compositions for the same temperature range [HigwHich is comparable with the values
available in the literature for epoxy matrices.[2#e of the reasons for the increase in Bulk
modulus of nano-composite is that the PANI nanefideave good interfaces with the epoxy
matrix. Nanofibers make strong contacts with epaxgtrix which causes an increase in

longitudinal modulus of nanocomposites in comparigopure epoxy.

Further, ultrasonic attenuation is very importaatgmeter for a material which gives
the information about the micro-structural and themphysical properties of a material. The
attenuation in the pure epoxy and 1 & 2 wt% PANdepnanocomposites is measured in
temperature range 300-373 K with pulse echo tectenidrig. 5]. Ultrasonic attenuation
decreases with particle loadings and increases tesittperature on dispersion of Polyaniline

nanofibers in epoxy matrix.

Ultrasonic attenuation decreases with enhancementrystallinity of material.
Polyaniline nanofibers possess better crystallaiene in comparison to epoxy matrix. Thus,
6



it may be stated that the reason behind the dexréasultrasonic attenuation in
nanocomposites is due to improvement in crystaltoatent in it with reinforcement of
polyaniline nanofibers in epoxy. Thermal loss issed by temperature variation produced by
propagation of sound waves in different parts adpsmsion. Increase in attenuation with

temperature is due to softening of bonds betweerdhstituent atoms in the matrix.

Ultrasonic attenuation is large in amorphous makerin comparison to crystalline
materials due to complicated relationship with temagure, frequency and density.[25] In the
composite materials, mechanism responsible foasdtnic attenuation is complex. It involves
viscoelastic, scattering and thermal losses. Thaive contribution of these losses to total
attenuation may change with the particle size amcentration of reinforcing agent at a
particular frequency, acoustic properties of polymmeatrix and reinforced particles.
Attenuation is mainly contributed to viscoelastindascattering effects due to retardation
phenomenon between strain and stress in polymeatermals. Presence of heterogeneity in
the polymeric materials (i.e. multiphase and serystallinity) contributes scattering factor to
ultrasonic attenuation. Ultrasonic attenuation darection of concentration of micro-scaled
filler material is caused by scattering in low fuegcy regime was calculated by Biwa and
his co-workers. The calculated dependence of wltiasattenuation with concentration is
[25]:

sca

da g+ Y
dg (8/3)° 6)

The scattering cross-sectiiy™ depends on the particle radiuysthe frequency of
wavef, Longitudinal modulus or Lame moduli and densifybase matrixo, including the
morphology of nanofibers which were embedded inebasatrix and particle volume
fraction‘d’.
¥ =y (Aspttstp Ao itto 02001 7)

Thus, the functional dependence of scattering csestiory ™ is determined by the
properties of host matrix static lame modulij, 1&; and the properties of reinforced particles
Az M2 and density,. The parameterd, i andp are the Lame moduli and density of the
composite. The scattering cross section is infladrizy particle radius to sound wavelength
ratio and acoustic mismatch between particle arsd imatrix. Biwaet al. [25] computed the
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attenuation in glass/epoxy composites for differepiume fraction of particle loadings at
various particle radius-to-wavelength ratios. Thecrdasing behavior of ultrasonic
attenuation is found with volume fraction of paeid¢oadings. This decreasing behavior of
attenuation is result of the minor scattering Mben the scatterer dimension is much smaller
than the incident sound wavelength. The viscoeldsts contributes mainly to the total
attenuation in the composite which decreases agdllnene fraction of the particles increases

in the host matrix of epoxy.

Effect of temperature on ultrasonic attenuatiom@amocomposites can be explained
with the relaxation phenomenon. Relaxation phenameran be observed at all ultrasonic
frequencies practically which originates from thedulation of thermal equilibrium of
subsystem in a sample by strain and stress fietHeomechanical wave. Due to propagation
of ultrasonic wave in a medium, the perturbed sstesy tries to relax in the new equilibrium
by exchanging energy. In this process, the enti®jycreased due to delayed response of the
relaxing system and thus wave is attenuated. It iwasd in experiments for the case of
vitreous silica [26] that the relaxation tinednas Arrhenius equation type of relationship with

temperature, which can be written as-

T=T,ex &
=Toexg ®)

Where, 7, is a constant of the order of T0second for vitreous silica ari} is the activation

energy for relaxation process. The same behavialtaisonic attenuation is observed with
temperature in our case of Polyaniline/epoxy nangummsites. Thus, the increase of

ultrasonic attenuation is justified with the tengdare with relaxation mechanism.

3.2 Thermal Characterization of PANI-Epoxy Nanocosites

Thermal conductivity of amorphous solids is mucéslén comparison to crystalline
materials. It shows the decreasing behavior withpirature monotonically which is almost
independent of chemical composition of amorphoudernas. The heat conduction in
polymers is performed mainly by phonons. The sdatieof phonons must have a very
common and simple origin in amorphous solids whecbxtremely independent of structural
details or vibrational spectrum of these solidslikénpure crystalline solids, where the lattice

defects in the form of impurities cause the lodarnges in these vibrations are referred as



defect modes and depend upon types and concentadtaefects,[27] in amorphous solids, a
different kind of defect mode has been observedchviheads to characteristic changes in
thermal conductivity at different temperatures. éwtng to Hanet al. [28] thermal
conductivity of polymers ranges from ~0.20 to OMMOmK due to large scattering of
phonons. They illustrated that thermal conductivgy greatly affected by the level of
crystallinity in the polymers; it varies almost diawrly with the crystallinity. Thermal
conductivity of polymers also depends on the seéwher factors like chemical constituents,
bond length, structure type, side group moleculaight, molecular density distribution, type
and strength of structural faults, processing domak and temperature. Thermal conductivity
of amorphous materials increases with temperatoite glass transition temperaturg)&nd
shows decreasing behavior above it. In epoxy regimch is partially crystalline polymer,
thermal conductivity increases in common tempeeatange (298-373K) and this order of

conductivity is slightly higher in crystalline rexgis in comparison to amorphous regions.[29]

Thermal conductivity measurements were done oisdhgples of pure epoxy and 1 &
2 wt % PANI-epoxy nanocomposites in a wide tempeeatange (298 to 373 K) [Fig. 6].
Thermal conductivity is measured with Hot Disk Tial Constants Analyzer (TPS 500)
which is based on transient plane source methqgaerAsal of Fig. 6 reveals that the thermal
conductivity is showing the increasing behaviorhnwtiémperature. With particles loading in
epoxy matrix, thermal conductivity has been inceglagn the dielectric matrix of epoxy
polymer. This can be explained with the phononssadifraction hopping which predicts the
linear temperature dependence of thermal condutg®@d], which is widely cited for
amorphous solids. The ratio of change in thermadaotivity with temperature (dK/dT)
starts decreasing at higher temperatures after Hi®@Korphous solids.[31]

The obtained experimental results can be explawiddthe effective medium theory
(EMT). Effective medium theory is used to expldme teffective micro-structural properties
of micro-structurally heterogeneous materials. Assig a homogeneous and isotropic
effective medium with propertyokand a perturbation in propetiky(r), due to the presence of
the filler, the property of the heterogeneous meedai position r is thus expressed ks) =
ko + kK'(r). Maxwell-Garnett approximation is based on effextmedium approach, which is
known to produce reasonable compatibility with expental results for the some polymer
matrices based composites with small particle logsli The Maxwell-Garnett model does not

account the shape and morphology of filler matehak can’t correctly predict the thermal
9



conductivity for various particle loadings of difémt particles sizes and materials.[32] An
alternative approach is the percolation mechanishich assumes that the conduction in
composites happens through the chains formed bya&mefibers/rods in the base matrix.
Interfacial resistance at the contact points ofé¢heano-structures play very important role in
heat transfer mechanism. Including interface thémesistance i.e. Kapitza resistancg R

Nanet al.[33] derived the given formula for effective thedrsanductivity —

K=K_+ KiL (cos? OV
T MU 2RK, +L f ©)

Where, K, K, and K are thermal conductivities of composite, matrixd diller
material respectively. Also, the symbolsf,.V; and R(~10° m*K*W™) represent the length
of filler fibres, mutual orientation of fibres, gte volume fraction and interfacial resistance
respectively. Again, this formula does not accotivé nano-dimensionality of the filler
nanostructures, thus literature shows that this ehquedicts lower effective thermal
conductivity than reported for nanocomposites. Arfolation of effective medium theory
incorporating interfacial resistance approach fanaifibre like filler structures in polymer
matrix gives good correlation with experimentalules for effective thermal conductivity of
nanocomposites, in which nano-fibres/rods are rargldistributed in host medium i.e. base
matrix. The equation for effective thermal condutyi can be written as-

« Bvi(6+5)

K=K, 10
3-V. 4, (10)
Where,
Ad(K, -K,)-2RK K}
B = (11a)
d(K, +K_)+2RK, K_
CL(K, -K,)-2RK, K,
Fa = LK, +2RK, K (11b)

The symbolsd and L represent the diameter and length of nanofiberabiave
equations, rest symbols are same as defined ineadxqations [35, 36]. Since, phonons play
an important role in heat conduction process iotatally insulating materials, thus phonon-
phonon scattering and phonon-defects scatterindghamesm (grain boundaries, lattice defects

10



and crystallinity of filler material) control theonduction process. At room temperature,
average mean free phonon path is approximately | etguanter-scattering centres in

nanocomposites, which vary with the temperaturéhef material. To analyse the effect of
temperature on thermal conductivity a sets of gaiats can be analyzed from an activation
energy perspective. According to Balakrisheaml.,[37] an Arrhenius type equation can be

used for this purpose which can be written as-

- - Ea
K(T) = Koexp{KBTJ 12)

Where, K is the effective conductivity in W/mKgKs the Boltzmann’s constant in
J/mol. KB = 8.31 J/(mol K), Eis the activation energy in J/((mol). A straightdifit is

obtained for the data points for plots betweendtid In(K). Ky is the intercept of the straight
line fit in the plot. Thus, the thermal conductwK(W/mK) can be fitted as a function of the

absolute temperature T(K) to following equation:

K(T)=K (To){Fo + F[Tl} (13)

0

Where, the K(¥) is the thermal conductivity at room temperatuge(298.15 K).
and k are constants can be calculated by experimentaldang least square method [38].
The polymer/particle i.e. filler/matrix interfaciarea is maximized by the large surface to
volume ratios of the nanoparticles in a polymeratamposites. In the case of percolating
networks, for small particle size, the number ofitagt points between nanofibers increase
thus higher the thermal conduction in compositeghWhese reasons, it can be concluded

that the interfaces significantly affects the thareonductivity of nanocomposites.

The thermal conductivity and ultrasonic attenuato@ directly correlated parameters
as both parameters measure the damping of elastiesvin the materials. Thermal
conductivity have the dependence on ultrasonicna#tton a(w, T) according to kinetic

formula-

_1
K (T) —gjda)c(a),T)/\(a),T)v (14)
Where, C(,T) is the specific heat per unit volume contribatiof phonons with

angular frequencyw. A(w,T)is mean free path of these phonons which is inlerse
11



proportional to ultrasonic attenuatiar{w, T) and v is velocity of phonons. According to
above equation, both longitudinal and transversenphs contribute in the conduction of
heat. The transverse phonons contribute more icifspleat in comparison to longitudinal
modes of phonons. Still, the possibility existst tlngitudinal phonons may contribute in
thermal conduction with largeé\(w,T), this contribution is larger than expected from
considerations of density of states only. Sincescige contribution of phonons having
longitudinal and transverse polarizations is natgilale to measure, average mean free path
of phonons can be considered for the explaining ttlemal conduction behavior. At
particular temperature, the process of heat commuas predominantly performed by the
waves which contribute the most to specific heakaM free path of phonon in filler
nanofibers can be calculated directly by measutimg ultrasonic attenuation (a8 is
inversely proportional ta) in a solid. The relation between mean free ptbf(phonon and
ultrasonic attenuation is [31]-

=_a (15)

A_V
N w

Where W is the frequency and\' is the wavelength of ultrasonic wave and is
Debye average velocity in the amorphous solidss Thatio of Phonon wavelength and
phonon mean free path remains constant and is iadatetependent with some exceptions. A
perusal of Fig. 5 & 6 reveals the fact that therrtred conductivity is increasing with
nanofibers loading and the ultrasonic attenuatsodeicreasing with fibres loading. Therefore
on the basis of preceding theory it may be condutieat the phonon mean free path is
increasing due to loading of nanoparticles withtdyetrystallinity. When we consider the
temperature dependency of thermal conductivity @ltrdisonic attenuation, it is clear from
the figures (5 & 6) that thermal relaxation phenapre is dominating and consequently
ultrasonic attenuation and thermal conductivityhbate increasing with temperature due to

increase in thermal relaxation time as in casaystalline solids.[39]
4. Conclusions

To summarize, it is stated that the nanocompositesPolyaniline nanofibers
reinforced in epoxy are successfully synthesizeth wiihe chemical routes for different
concentrations of Polyaniline nanofibers. The slbrac velocity, ultrasonic attenuation and
thermal conductivity are measured in the wide tewrpee range of 298-373 K in the

12



samples. Ultrasonic velocity is showing decreasiebavior with the temperature and it is
increasing with concentration of Polyaniline nabefs in epoxy matrix. The behavior of
phonon mean free path, ultrasonic attenuation &edrtal conductivity with reference to
particle loading is correlated. Polyaniline naneft based nanocomposites have better
crystallinity in comparison to pure epoxy matrixerfiperature dependence behavior of
ultrasonic attenuation and thermal conductivity egivthe information about thermal
relaxation phenomenon. The employed theoreticatagmbes for the ultrasonic attenuation
and the thermal conductivity explain successfuily éxperimental observations.
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Figuresand captions

Fig. 1. SEM images; Fig. 1(a) Pure epoxy, Fig 1(b) Poljyaainanofibers, Fig. 1(c & d) 1 and 2 wt%
Polyaniline nanofibers reinforced Epoxy hanocomigssiespectively.

Fig. 2. FTIR spectra of PANI and PANI-Epoxy composites.

Fig. 3. Temperature dependent ultrasonic velocity in Palyg nanofibers reinforced epoxy nanocomposites
at different fiber loadings.

Fig. 4. Temperature dependent Longitudinal Modulus in Bwolijne nanofibers reinforced epoxy
nanocomposites at different fibre loadings.

Fig. 5. Temperature dependentiltrasonic attenuationin Polyaniline nanofibers reinforced epoxy
nanocomposites at different fibre loadings.

Fig. 6. Temperature dependent thermal Conductivity Polyaniline nanofibers reinforced epoxy
nanocomposites at different fibre loadings.

Figure. 1
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Figure .2
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Ultrasonic Attenuation (dB/cm)

Figure. 6
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Thermal Conductivity (W/mK)
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