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Abstract 

Epoxy based all polymer nanocomposites reinforced with Polyaniline (PANI) 

nanofibers have been prepared via sono-chemical route. Ultrasonic velocity, attenuation and 

thermal conductivity are measured in a wide temperature range (298-373 K) at different 

PANI nanofibers loadings (1 & 2 wt %) in PANI-Epoxy nanocomposites. Behavior of 

thermal conductivity and ultrasonic attenuation with temperature in synthesized 

nanocomposites is explained with help of existing phenomena. Increase in ultrasonic velocity 

and thus longitudinal modulus with reinforcement of nanofibers indicates that strong 

cohesive interaction force, which rises among the nanofibers and matrix elements.  

 

Key words:  A. Nanostructures; A. Polymer-matrix Composites; D. Ultrasonics; B. Thermal 
Properties; B. Mechanical Properties. 
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1. Introduction 

The applications of epoxy nanocomposites are being incresed very rapidly in our daily 

life.[1] Despite having high tensile strength, Young’s modulus and electrical insulating 

properties [2, 3] with its potentially wide applications in adhesives, [4] electronics (excellent 

electrical insulators),[5] mechanical properties [6, 7] for marine and aerospace industry etc. 

[8, 9] epoxy is very conventional and easy to synthesize engineering thermosetting polymer. 

Three dimensional nanowire networks are attacting the attenion of researchers due to their 

nano-structure based advanced physical and chemical properties.[10, 11] Combining 

Polyaniline (PANI) with epoxy resin is a good strategy to obtain thermosetting composites 

having better dielectric properties. Electrically conductive composites are promising 

materials for various applications such as electromagnetic shielding [12], antistatic 

applications [13] and conductive adhesives [14]. Due to their excellent mechanical and 

electrical properties nanocomposites of PANI, with polymer matrices such as epoxy, have 

potential applications in modern technologies such as microwave absorption, electromagnetic 

shielding, sensor materials and conducting glues [15]. De facto, interfacial compatibility and 

bonding between polymer matrix and filler nanostructures are very important parameters to 

maintain the mechanical properties of composites and isotropy. Various surfactant and 

polymers are very useful in order to enhance interfacial matrix-filler interaction [16] for 

metal oxide nanoparticles as fillers. As a coupling agent, Polyaniline is very useful to 

enhance the dispersability and interfacial interaction. Due to the presence of unique -amine 

and ‘-imine’ groups in its backbone [17], it is a useful functionalizing agent [18 and 

references their-in].  

Ultrasonics is one of the non-destructive characterization techniques, which provides 

the insight for different properties of a wide range of materials without destrying the 

materials. Elastic modulii can  be calculated from the ultrasonic velocity data in longitudinal 

and shear mode for crystalline materials.[19] The theory for the calculation of elastic modulii 

and ultrasonic attenuation in crystalline materials is well known and established.[20]  

Ultrasonic attenuation is also well related with the thermal conduction in crystalline 

materials.[19] The development of composite materials with nano-structured filler materials 

opened a space for research regarding ultrasonic properties. Due to great importance of 
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polymer nanocomposites in industrial world, the analysis of different properties via ultrasonic 

parameters is worth study.  

In the present research work, we have fabricated the PANI nanofibers reinforced in 

epoxy nanocomposites following the definite chemical route with the help of mild ultrasonic 

waves. Micro-structural characterization and study of Fourier transform infrared spectroscopy 

(FTIR) has been done for the samples. Experimental study of ultrasonic properties has been 

used to extract the information about the structure and different thermo-physical properties. 

Experimental study of temperature/concentration dependent thermal conductivity has also 

been done leading to different industrial applications. 

2. Experimental 

2.1 Synthesis of Nanocomposites 

Epoxy LY 556 resin (Bisphenol-A-Diglycidyl-Ether) was employed as matrix resin. 

The epoxy resin (Araldite LY 556) and the corresponding hardener (HY 951) were mixed in 

a recommended ratio. The filler nanostructures of Polyaniline were synthesized with the 

oxidative polymerization of aniline monomer in which Potassium Biiodate was used as 

oxidant at ambient conditions. The detailed mechanism of polymerization of aniline 

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

 The Epoxy resin and Polyaniline nanofibers were dispersed in acetone in different 

weight ratios of 1 and 2 wt% and further the mixtures were ultrasonicated for uniform 

dispersion of fillers in the base matrix. After sonication, the hardener was added to the 

suspensions and the samples were again ultrasonicated with 100Watt intensity at 20 kHz 

ultrasonic frequency (Sonics VC 505). Then, the solvent, acetone was evaporated at 600C for 

5 hours. Samples of pure epoxy and composites of 1 and 2 wt% PANI-epoxy were cured at 

120 0C for 6 hours. 

2.2 Structural and Morphological Characterization 

The surface morphology analysis of the samples was conducted by a scanning 

electron microscope (Zeiss EVO MA-10 SEM operating at 5.0 keV). The dried powder 

product of Polyaniline was coated on the carbon tape for SEM characterization. From SEM 

photographs [Fig. 1 (a, b, c & d)], it is confirmed that the product is fibril in structure and 

embedded well in epoxy matrix. Fibril structures of Polyaniline (PANI) have average 

diameters of 50 nm; and the average length of nanofibers is more than one micrometer. Fig. 
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1(a) is SEM photograph clean epoxy; Fig.1 (b) is for Polyaniline nanofibers and Fig. (c & d) 

are the photographs of 1 & 2 wt&% PANI-epoxy nanocomposites. FTIR spectroscopy is used 

to observe the changes in the structure of epoxy matrix due to Polyaniline nanofibers. Fig. 2 

shows the FTIR spectra of pure epoxy and 1 &2 wt% Polyaniline-epoxy nanocomposites. It 

can be easily observed that characteristic peaks corresponding to Polyaniline are emerged in 

spectra of nanocomposites. The peaks at 1246 and 1300 cm-1 were attributed to C–H 

stretching from aromatic conjugation which corresponds to characteristic peaks of 

Polyaniline. Peaks at 1483 and 1567 cm-1 also correspond to Polyaniline nanostructures, 

which also were emerged in the spectra of epoxy after mixing of Polyaniline. 

2.3 Ultrasonic, thermal characterization 

For ultrasonic measurements a high-power ultrasonic pulser receiver (5900 PR; 

Olympus NDT, USA) and a digital storage oscilloscope (DSO; Wave Runner 104 MXi 

1GHz; Lecroy) is used for recording ultrasonic signals at a frequency of 5 MHz. In the 

present experimental set-up, one can obtain the required temperature by either dynamic mode 

or static mode depending on the requirements, using Eurotherm temperature controller. The 

accuracy of the temperature in the sample region was ±1 K. To provide proper impedance 

matching, a good contact was established between the sample, the waveguides and the 

transducers. Further the opposite surfaces of both the sample and the waveguides were 

polished properly for the propagation of the ultrasonic waves into the sample. Ultrasonic 

velocity and attenuation measurements were performed through conventional transmission 

technique. The details of ultrasonic velocity in samples is calculated with the transit time of 

ultrasonic wave and sample thickness with formula given below- 

U = 
t

d

∆     (1) 

If the sample thickness (d) is known in micron resolution and transit time (�t) in 

nanosecond resolution, the overall accuracy obtained in the measurement of velocity was ±2 

m s−1. The attenuation of the ultrasonic waves in the sample was determined using the 

relation [21]: 
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Where, Aw(f) is the amplitude of the received signal with the waveguides only and As(f) refers 

to the amplitude of the received signal with sample inserted between the waveguides. The 

transmission coefficient (T) at the interface of the sample and the waveguide was obtained 

using the relation: 

T =
4Zw Zs

( Zw + Zs)
2

     (3) 

Where, Zw and Zs respectively are the acoustic impedances of the waveguide and the sample. 

The couplant correction for the measured velocity and attenuation was carried out by the 

standard procedure.[21] 

Thermal conductivity of nanofluids was measured using the Hot Disk Thermal 

Constants Analyzer (Hot Disk Inc., Uppsala, Sweden). The apparatus uses the transient plane 

source (TPS) method for measuring the thermal conductivities of nanocomplosites/fluids. 

Details of instrumentation is given in our previous work.[20] The uncertainties of the TPS 

method are about 2%. TPS method is modified version of Transient Hot Wire technique for 

heat transfer measurements.   

3. Result and discussion 

3.1 Ultrasonic Characterization of PANI-Epoxy Nanocomposites 

 The fiber-matrix inter-phase plays an important role in determining composite 

performance. The inter-phase/bonding between filler and matrix affects the mechanical 

properties by allowing the load transfer between filler nanostructures and matrix; and 

provides a platform for chemical and thermal compatibility between the constituents.[22] The 

ultrasonic velocity is increasing in the composites with the filler concentration in the base 

matrix [Fig. 3]. This increase in the ultrasonic velocity shows that in the samples the 

longitudinal modulus (B) is increasing more than the increase in density of composites due to 

particle loading of Polyaniline in epoxy as it is clear by the following formulations. 

Ultrasonic velocity is given as: 

               
1-1 )2(Bk ;    /1/ −+==== µλρρ effeff kBV    (4) 
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where, B, ρeff, k are the Longitudinal modulus, effective density and compressibility of the 

medium. The symbols λ and µ are Lame moduli. Effective density and compressibility can be 

written as-                    
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Where, ϕ is Particle volume fraction. Subscripts s and m refer to nanofibers system 

and base matrix. According to above equations, the change in density and Longitudinal 

modulus/Lame moduli with volume fraction causes an enhancement in ultrasonic velocity. 

By the dispersion of nanofibers, the velocity increase indicates that after dispersion of 

nanofibers in epoxy matrix, a strong cohesive interaction force rises among the 

molecules/atoms which results a large increase in longitudinal modulus. Change in density of 

the composite due to nanoparticles loading is insignificant.                      

Decrease in ultrasonic velocity with temperature indicates that the longitudinal 

modulus is decreasing with the increase in temperature. The decrease in longitudinal modulus 

with temperature is due to the softening of the lattice structure or increase in the lattice 

disorder.[23] Longitudinal modulus has been calculated from the ultrasonic velocity in all 

compositions for the same temperature range [Fig. 4], which is comparable with the values 

available in the literature for epoxy matrices.[24] One of the reasons for the increase in Bulk 

modulus of nano-composite is that the PANI nanofibers have good interfaces with the epoxy 

matrix. Nanofibers make strong contacts with epoxy matrix which causes an increase in 

longitudinal modulus of nanocomposites in comparison to pure epoxy. 

Further, ultrasonic attenuation is very important parameter for a material which gives 

the information about the micro-structural and thermo-physical properties of a material. The 

attenuation in the pure epoxy and 1 & 2 wt% PANI-epoxy nanocomposites is measured in 

temperature range 300-373 K with pulse echo technique [Fig. 5]. Ultrasonic attenuation 

decreases with particle loadings and increases with temperature on dispersion of Polyaniline 

nanofibers in epoxy matrix.   

Ultrasonic attenuation decreases with enhancement in crystallinity of material. 

Polyaniline nanofibers possess better crystalline nature in comparison to epoxy matrix. Thus, 
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it may be stated that the reason behind the decrease in ultrasonic attenuation in 

nanocomposites is due to improvement in crystalline content in it with reinforcement of 

polyaniline nanofibers in epoxy. Thermal loss is caused by temperature variation produced by 

propagation of sound waves in different parts of suspension. Increase in attenuation with 

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

Ultrasonic attenuation is large in amorphous materials in comparison to crystalline 

materials due to complicated relationship with temperature, frequency and density.[25] In the 

composite materials, mechanism responsible for ultrasonic attenuation is complex. It involves 

viscoelastic, scattering and thermal losses. The relative contribution of these losses to total 

attenuation may change with the particle size and concentration of reinforcing agent at a 

particular frequency, acoustic properties of polymer matrix and reinforced particles. 

Attenuation is mainly contributed to viscoelastic and scattering effects due to retardation 

phenomenon between strain and stress in polymeric materials. Presence of heterogeneity in 

the polymeric materials (i.e. multiphase and semi-crystallinity) contributes scattering factor to 

ultrasonic attenuation. Ultrasonic attenuation as a function of concentration of micro-scaled 

filler material is caused by scattering in low frequency regime was calculated by Biwa and 

his co-workers. The calculated dependence of ultrasonic attenuation with concentration is 

[25]: 

                  ( ) 33/8 rd

d sca

π
γα

φ
α +−=        (6) 

The scattering cross-section 
scaγ  depends on the particle radius r, the frequency of 

wave f, Longitudinal modulus or Lame moduli and density of base matrix ρ, including the 

morphology of nanofibers which were embedded in base matrix and particle volume 

fraction‘ϕ’.  

γ
sca=γ sca( λst ,µst ,ρ,λ2,µ2,ρ2,f,r )     (7) 

Thus, the functional dependence of scattering cross section
scaγ is determined by the 

properties of host matrix static lame modulii  λst, µst and the properties of reinforced particles 

λ2, µ2 and density ρ2. The parameters λ, µ and ρ are the Lame moduli and density of the 

composite. The scattering cross section is influenced by particle radius to sound wavelength 

ratio and acoustic mismatch between particle and host matrix. Biwa et al. [25] computed the 
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attenuation in glass/epoxy composites for different volume fraction of particle loadings at 

various particle radius-to-wavelength ratios. The decreasing behavior of ultrasonic 

attenuation is found with volume fraction of particle loadings. This decreasing behavior of 

attenuation is result of the minor scattering loss when the scatterer dimension is much smaller 

than the incident sound wavelength. The viscoelastic loss contributes mainly to the total 

attenuation in the composite which decreases as the volume fraction of the particles increases 

in the host matrix of epoxy.   

Effect of temperature on ultrasonic attenuation in nanocomposites can be explained 

with the relaxation phenomenon. Relaxation phenomenon can be observed at all ultrasonic 

frequencies practically which originates from the modulation of thermal equilibrium of 

subsystem in a sample by strain and stress field of the mechanical wave. Due to propagation 

of ultrasonic wave in a medium, the perturbed subsystem tries to relax in the new equilibrium 

by exchanging energy. In this process, the entropy is increased due to delayed response of the 

relaxing system and thus wave is attenuated. It was found in experiments for the case of 

vitreous silica [26] that the relaxation time τ has Arrhenius equation type of relationship with 

temperature, which can be written as- 








 −
=

TK

E

B

aexp0ττ      (8) 

Where, τ0 is a constant of the order of 10-13 second for vitreous silica and E0 is the activation 

energy for relaxation process. The same behavior of ultrasonic attenuation is observed with 

temperature in our case of Polyaniline/epoxy nanocomposites. Thus, the increase of 

ultrasonic attenuation is justified with the temperature with relaxation mechanism. 

3.2 Thermal Characterization of PANI-Epoxy Nanocomposites 

Thermal conductivity of amorphous solids is much less in comparison to crystalline 

materials. It shows the decreasing behavior with temperature monotonically which is almost 

independent of chemical composition of amorphous materials. The heat conduction in 

polymers is performed mainly by phonons. The scattering of phonons must have a very 

common and simple origin in amorphous solids which is extremely independent of structural 

details or vibrational spectrum of these solids. Unlike pure crystalline solids, where the lattice 

defects in the form of impurities cause the local changes in these vibrations are referred as 
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defect modes and depend upon types and concentration of defects,[27] in amorphous solids, a 

different kind of defect mode has been observed which leads to characteristic changes in 

thermal conductivity at different temperatures. According to Han et al. [28] thermal 

conductivity of polymers ranges from ~0.20 to 0.70 W/mK due to large scattering of 

phonons. They illustrated that thermal conductivity is greatly affected by the level of 

crystallinity in the polymers; it varies almost linearly with the crystallinity. Thermal 

conductivity of polymers also depends on the several other factors like chemical constituents, 

bond length, structure type, side group molecular weight, molecular density distribution, type 

and strength of structural faults, processing conditions and temperature. Thermal conductivity 

of amorphous materials increases with temperature up to glass transition temperature (Tg) and 

shows decreasing behavior above it. In epoxy resin, which is partially crystalline polymer, 

thermal conductivity increases in common temperature range (298-373K) and this order of 

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

Thermal conductivity measurements were done on the samples of pure epoxy and 1 & 

2 wt % PANI-epoxy nanocomposites in a wide temperature range (298 to 373 K) [Fig. 6]. 

Thermal conductivity is measured with Hot Disk Thermal Constants Analyzer (TPS 500) 

which is based on transient plane source method. A perusal of Fig. 6 reveals that the thermal 

conductivity is showing the increasing behavior with temperature. With particles loading in 

epoxy matrix, thermal conductivity has been increased in the dielectric matrix of epoxy 

polymer. This can be explained with the phonon assisted fraction hopping which predicts the 

linear temperature dependence of thermal conductivity[30], which is widely cited for 

amorphous solids. The ratio of change in thermal conductivity with temperature (dK/dT) 

starts decreasing at higher temperatures after 500K in amorphous solids.[31] 

The obtained experimental results can be explained with the effective medium theory 

(EMT). Effective medium theory is used to explain the effective micro-structural properties 

of micro-structurally heterogeneous materials. Assuming a homogeneous and isotropic 

effective medium with property k0 and a perturbation in property k '(r), due to the presence of 

the filler, the property of the heterogeneous medium at position r is thus expressed as: k(r) = 

k0 + k’(r) . Maxwell-Garnett approximation is based on effective medium approach, which is 

known to produce reasonable compatibility with experimental results for the some polymer 

matrices based composites with small particle loadings. The Maxwell-Garnett model does not 

account the shape and morphology of filler material thus can’t correctly predict the thermal 
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conductivity for various particle loadings of different particles sizes and materials.[32] An 

alternative approach is the percolation mechanism, which assumes that the conduction in 

composites happens through the chains formed by the nanofibers/rods in the base matrix. 

Interfacial resistance at the contact points of these nano-structures play very important role in 

heat transfer mechanism. Including interface thermal resistance i.e. Kapitza resistance Ri, 

Nan et al. [33] derived the given formula for effective thermal conductivity – 

f
fi

f
m V

LKR

LK
KK 〉〈

+
+= θ2cos

2     (9) 

 

Where, K, Km and Kf are thermal conductivities of composite, matrix and filler 

material respectively. Also, the symbols L, θ, Vf and Ri (~10-8 m2K-1W-1) represent the length 

of filler fibres, mutual orientation of fibres, particle volume fraction and interfacial resistance 

respectively. Again, this formula does not account the nano-dimensionality of the filler 

nanostructures, thus literature shows that this model predicts lower effective thermal 

conductivity than reported for nanocomposites. A formulation of effective medium theory 

incorporating interfacial resistance approach for nano-fibre like filler structures in polymer 

matrix gives good correlation with experimental results for effective thermal conductivity of 

nanocomposites, in which nano-fibres/rods are randomly distributed in host medium i.e. base 

matrix. The equation for effective thermal conductivity can be written as- 

( )( )
1

21

3

3

β
ββ

f

f
m V

V
KK

−
++

=      (10) 

Where, 

{ }
mfimf

mfimf

KKRKKd

KKRKKd

2)(

2)(2
1 ++

−−
=β     (11a) 

mfim

mfimf

KKRLK

KKRKKL

2

2)(
2 +

−−
=β     (11b) 

The symbols d and L represent the diameter and length of nanofibers in above 

equations, rest symbols are same as defined in above equations [35, 36]. Since, phonons play 

an important role in heat conduction process in electrically insulating materials, thus phonon-

phonon scattering and phonon-defects scattering mechanism (grain boundaries, lattice defects 
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and crystallinity of filler material) control the conduction process. At room temperature, 

average mean free phonon path is approximately equal to inter-scattering centres in 

nanocomposites, which vary with the temperature of the material. To analyse the effect of 

temperature on thermal conductivity a sets of data points can be analyzed from an activation 

energy perspective. According to Balakrishnan et al., [37] an Arrhenius type equation can be 

used for this purpose which can be written as- 








 −
=

TK

E
KTK

B

aexp)( 0      (12) 

Where, K is the effective conductivity in W/mK, KB is the Boltzmann’s constant in 

J/mol. KB = 8.31 J/(mol K), Ea is the activation energy in J/(mol). A straight line fit is 

obtained for the data points for plots between 1/T and ln(K). K0 is the intercept of the straight 

line fit in the plot. Thus, the thermal conductivity K(W/mK) can be fitted as a function of the 

absolute temperature T(K) to following equation: 

















+=

0
100 )()(

T

T
FFTKTK     (13) 

Where, the K(T0) is the thermal conductivity at room temperature T0 (298.15 K). F0 

and F1 are constants can be calculated by experimental data using least square method [38]. 

The polymer/particle i.e. filler/matrix interfacial area is maximized by the large surface to 

volume ratios of the nanoparticles in a polymer nanocomposites. In the case of percolating 

networks, for small particle size, the number of contact points between nanofibers increase 

thus higher the thermal conduction in composites. With these reasons, it can be concluded 

that the interfaces significantly affects the thermal conductivity of nanocomposites.  

The thermal conductivity and ultrasonic attenuation are directly correlated parameters 

as both parameters measure the damping of elastic waves in the materials. Thermal 

conductivity have the dependence on ultrasonic attenuation α(ω, T) according to kinetic 

formula- 

( )∫ Λ= vTTCdTK ),(,
3

1
)( ωωω      (14) 

Where, C(ω,T) is the specific heat per unit volume contribution of phonons with 

angular frequency‘ω'. Λ(ω,T) is mean free path of these phonons which is inversely 
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proportional to ultrasonic attenuation α(ω, T) and v is velocity of phonons. According to 

above equation, both longitudinal and transverse phonons contribute in the conduction of 

heat. The transverse phonons contribute more in specific heat in comparison to longitudinal 

modes of phonons. Still, the possibility exists that longitudinal phonons may contribute in 

thermal conduction with large Λ(ω,T), this contribution is larger than expected from 

considerations of density of states only. Since, precise contribution of phonons having 

longitudinal and transverse polarizations is not possible to measure, average mean free path 

of phonons can be considered for the explaining the thermal conduction behavior. At 

particular temperature, the process of heat conduction is predominantly performed by the 

waves which contribute the most to specific heat. Mean free path of phonon in filler 

nanofibers can be calculated directly by measuring the ultrasonic attenuation (as Λ is 

inversely proportional to α) in a solid. The relation between mean free path (l) of phonon and 

ultrasonic attenuation is [31]- 

α
ω

λ v=
Λ        (15) 

Where ‘ω’ is the frequency and ‘λ’ is the wavelength of ultrasonic wave and ‘v’ is 

Debye average velocity in the amorphous solids. This ratio of Phonon wavelength and 

phonon mean free path remains constant and is material independent with some exceptions. A 

perusal of Fig. 5 & 6 reveals the fact that the thermal conductivity is increasing with 

nanofibers loading and the ultrasonic attenuation is decreasing with fibres loading. Therefore 

on the basis of preceding theory it may be concluded that the phonon mean free path is 

increasing due to loading of nanoparticles with better crystallinity. When we consider the 

temperature dependency of thermal conductivity and ultrasonic attenuation, it is clear from 

the figures (5 & 6) that thermal relaxation phenomenon is dominating and consequently 

ultrasonic attenuation and thermal conductivity both are increasing with temperature due to 

increase in thermal relaxation time as in case of crystalline solids.[39] 

4. Conclusions 

 To summarize, it is stated that the nanocomposites of Polyaniline nanofibers 

reinforced in epoxy are successfully synthesized with the chemical routes for different 

concentrations of Polyaniline nanofibers. The ultrasonic velocity, ultrasonic attenuation and 

thermal conductivity are measured in the wide temperature range of 298-373 K in the 
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samples. Ultrasonic velocity is showing decreasing behavior with the temperature and it is 

increasing with concentration of Polyaniline nanofibers in epoxy matrix. The behavior of 

phonon mean free path, ultrasonic attenuation and thermal conductivity with reference to 

particle loading is correlated. Polyaniline nanofibers based nanocomposites have better 

crystallinity in comparison to pure epoxy matrix. Temperature dependence behavior of 

ultrasonic attenuation and thermal conductivity gives the information about thermal 

relaxation phenomenon. The employed theoretical approaches for the ultrasonic attenuation 

and the thermal conductivity explain successfully the experimental observations. 
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Figures and captions 

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

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

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

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

Fig. 5. Temperature dependent ultrasonic attenuation in Polyaniline nanofibers reinforced epoxy 
nanocomposites at different fibre loadings.  

Fig. 6. Temperature dependent thermal Conductivity in Polyaniline nanofibers reinforced epoxy 
nanocomposites at different fibre loadings. 
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Figure .2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3 
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Figure. 4 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5 
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Figure. 6 
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