
ABSTRACT 

  

BROWN, MICHELLE R. Viscous Deformation and Electrical Conductivity of MWNT 

Epoxy Composites.   (Under the direction of Jagannadham Kasichainula.) 

 

Viscous deformation behavior and electrical conductivity characteristics of epoxy 

composites with multiwall nanotube (MWNTs) dispersions were studied. MWNTs were used 

as an alternative to other filler materials for potential use in high strength and high electrical 

conductivity applications.  

Different mass fractions of MWNT’s were dispersed in epoxy matrix using 

ultrasonication. The MWNT-epoxy composites were oven cured at controlled temperature 

for up to 10 hours. The composite samples were characterized for dispersion of MWNTs in 

the epoxy by optical microscopy, transmission electron microscopy (TEM) and Raman 

spectroscopy. Measurements of electrical conductivity and dynamic mechanical analysis 

(DMA) were performed as a function of temperature.  

The results showed that the MWNT’s in the epoxy composites were uniformly 

distributed with presence of small regions of agglomeration. MWNT-epoxy composites 

showed four orders of magnitude improvement in electrical conductivity with increase in 

mass fraction of MWNTs from 1.1x10
-4

 up to 6.6x10
-3

. The temperature dependence of the 

electrical conductivity was found to follow both the variable range hoping (VRH) and 

fluctuation induced tunneling (FIT) models with low activation energy. However, linear 

dependence of conductivity on the width of the resin barrier separating the MWNTs closely 

followed the predictions of the FIT model.    

DMA measurements showed an increase in the activation energy for viscous 

deformation with increase in mass fraction of MWNTs. However, the glass transition 



temperature (Tg) did not show a systematic increase with increase in the mass fraction of 

MWNTs. The variation in the dispersion of the MWNTs in the epoxy matrix is thought to be 

responsible for the absence of a systematic variation of Tg.  

The present results indicate that using sonication to disperse MWNT’s in an epoxy 

matrix is a simple process to produce high electrical conductivity epoxy composites. 
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1. Introduction 

 1.1 Carbon Nanotube 

    The use of carbon nanotubes in composites is fueled by their exceptional mechanical and 

electrical properties. Carbon nanotubes (CNT’s) were discovered in 1991 by Iijima 
(1)

 and are 

part of a class of molecules composed entirely of carbon. They have a structure of linked 

hexagonal or pentagonal rings of carbon in tube form. The properties of CNT’s arise from the 

sp
2
 hybridized carbon bond.  Graphene is similar to this structure and is a one atom thick 

planar sheet of sp
2
 bonded carbon atoms in a honeycomb lattice.  CNT’s form as a graphene 

layer with many edge atoms that have dangling bonds. These bonds correspond to a high 

energy state. The total energy of a graphene layer can be reduced by eliminating the dangling 

bonds. The formation of a closed structure, such as a CNT, is promoted by this reduction in 

energy even if the strain energy is increased. Even though CNT’s are closely related to 

graphene the curvature of the tube and quantum confinement along the circumference gives 

rise to properties that are different from that of graphene 
(2)

. 

    CNT’s are categorized as single wall (SWNT’s) or multi-wall (MWNT’s). The cylindrical 

tubes may have one or both ends capped with a fullerene type hemisphere. Fullerenes are 

molecules composed entirely of carbon in the form of a sphere. SWNT’s are individual tubes 

that have a single wall consisting of 1 atom thick carbon lattice. MWNT’s are nested 

SWNT’s having concentric walls.  

    CNT structure is compared to wrapping a layer of graphene into a seamless tube 

configuration.    
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Figure 1.The (n,m) nanotube naming scheme can be thought of as a vector 

(Ch) in an infinite graphene sheet that describes how to "roll up" the graphene 

sheet to make the nanotube. T denotes the tube axis, and a1 and a2 are the 

unit vectors of graphene in real space 
(3)

 

 

 

The resulting nanotubes are considered armchair, if n = m and zigzag if m=0. The n and m 

designations are indices of the unit vector along the lattice structure of graphene 
(3)

 as shown 

in figure 1. Rolling the lattice at different angles creates a twist or spiral in the nanotube 

molecular structure. This twist is called chirality
(3)

.  

      There are two models used to describe MWNTs. The Russian Doll model has sheets of 

graphene as a nested coaxial array of SWNTs of different radii. In the Parchment model a 

single sheet of graphene is rolled around on itself. This structure is similar to a scroll or a 

rolled parchment. The Russian Doll model is more commonly observed in literature. In both 

models the separation of the tubes is approximately equal to 0.34nm (the interlayer distance 

of graphene) 
(5)

. 
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1.2 Epoxy Composites 

    Epoxy is one of the most commonly used polymer systems in a variety of structural and 

electrical applications. It is an excellent electrical insulator. Today it is used in the 

manufacture of circuit boards serving as the dielectric between layers. Epoxies are also used 

to protect electrical components from moisture, dust and contaminants. 

   Epoxy is a thermosetting polymer formed from a reaction of epichlorhydrin and bisphenol-

A. A catalyst containing amine groups (ex: triethylenetetramine) is added where the amine 

group reacts with the epoxide group to form a covalent bond. The resulting polymer is highly 

cross-linked, rigid and has  high strength. 

    The present work was performed to add different mass fractions of MWNTs into an epoxy 

matrix and determine mechanical behavior, glass transition temperature and electrical 

conductivity. If an effective conductive network can be formed with MWNT’s, at a lower 

mass fraction, this would provide a valuable alternative to other filler materials such as 

carbon black or carbon fiber. The mechanisms of improvement in electrical conductivity and 

mechanical strength are investigated. 

1.3 Methods of Synthesis of Carbon Nanotubes 

    Various methods have been developed for synthesis of CNT’s. New methods to improve 

initial purity (carbon content) and reduce secondary or post processing continue to be 

investigated. Many applications desire SWNTs for their purity and application. MWNT’s are 

produced utilizing the same methods in many cases as production of SWNT’s. 
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Arc Discharge 

    Iijima observed CNTs in the carbon soot of graphite electrodes in an arc discharge reactor 

using a current of 100 amps
(1)

. In the arc discharge method of CNT synthesis an electric 

current is applied across two graphite electrodes in an inert atmosphere, as illustrated in 

figure 2a. One electrode evaporates as cations which are then deposited at the other electrode. 

The soot that is formed contained CNT’s
(4)

. If a metal such as Co or Mo is used in one of the 

electrodes, the soot changed composition and more SWNTs than MWNTs were produced. 

The products of the arc discharge must be further purified due to the complex mixture of 

unwanted carbon forms and other metal species created in the discharge. 

 

 

   
 

 

 Figure 2(a): Depiction of arc discharge technique for synthesis of carbon 

nanotubes 

 

 

http://rds.yahoo.com/_ylt=A0PDoYBoQidPiAQABa.jzbkF;_ylu=X3oDMTBpcGszamw0BHNlYwNmcC1pbWcEc2xrA2ltZw--/SIG=124pc6luf/EXP=1328001768/**http:/medlibrary.org/medwiki/Nanotube_nanomotor
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Laser Ablation 

    A pulsed high power laser is used to vaporize carbon from a graphite target in a high 

temperature environment (approximately 1200
o
C)

(4)
, as shown in  figure 2b. The first  laser 

pulse vaporizes the target and the second pulse breaks up the larger particles ablated by the 

first laser pulse. Inert gas is fed into the reactor to carry the vaporized carbon to the cooled 

collector where it condenses. This technique is found to produce both SWNT’s and 

MWNT’s. The use of a carbon target containing Co and Ni provides conditions for growth of 

SWNT’s at a high purity level 
(6)

.  

 

   
 

 

 Figure 2(b): Laser ablation method for carbon nanotube synthesis 

 

                                                                 

Chemical Vapor Deposition  

    Chemical vapor deposition (CVD) is a process that has been used extensively to produce 

various carbon forms for many years 
(7)

.  CVD of hydrocarbons (acetylene, methane, etc) 

over a substrate with a layer of metal catalyst particles is used to produce large amounts of 

http://images.search.yahoo.com/images/view;_ylt=A0PDoTF0RSdP6hwAOqeJzbkF;_ylu=X3oDMTA3cnMybzJvBHNsawNpbWc-?back=http://images.search.yahoo.com/search/images?p=laser+ablation+nanotube+image&n=30&ei=utf-8&tab=organic&ri=2&w=467&h=369&imgurl=ipn2.epfl.ch/CHBU/images/laservap.gif&rurl=http://ipn2.epfl.ch/CHBU/NTproduction1.htm&size=57.5+KB&name=Laser+ablation&p=laser+ablation+nanotube+image&oid=199356a45a5716af65c6f7cf5a7d3146&fr2=&fr=&tt=Laser+ablation&b=0&ni=44&no=2&tab=organic&ts=&sigr=11aiq89dt&sigb=13bvq8li8&sigi=1153pbb1d&.crumb=MnZCj3nmB/B
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CNT’s, as illustrated in figure 2c. Cobalt and iron catalysts supported by a silica or 

aluminosilicate substrate are commonly used. A carbon source such as acetylene, methane, 

ethanol or ethylene has been shown to be effective for production of CNT’s. Catalysts with a 

single metal or mixture of metals (iron, cobalt, nickel, molybdenum) induce the growth of the 

CNTs directly on the substrate. Growth of the CNTs directly on the substrate reduces or 

eliminates much of the post production purification and collection processes  
(8-10)

 . 

 

 

 

 

 

  

 

 

 

Figure 2(c): Schematic of typical chemical vapor deposition process. 

 

 

 

1.4 Electrical Transport Properties 

    Recent studies on transport properties have been performed with SWNTs & MWNTs 

using percolation behavior 
(11)

. Percolation behavior is used to describe the electrical 

conductivity of a disordered system such as a composite.   

    The electrical conductivity of CNT’s varies from semi-conducting to metallic behavior 

depending on the diameter and chirality of CNT’s 
(4)

. The typical MWNT is a concentric 

http://rds.yahoo.com/_ylt=A0PDoX.pSCdP_VEAR0ajzbkF;_ylu=X3oDMTBpcGszamw0BHNlYwNmcC1pbWcEc2xrA2ltZw--/SIG=11uaeo813/EXP=1328003369/**http:/ipn2.epfl.ch/CHBU/NTproduction1.htm
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shell having diameter restrictions on the individual tube diameters . MWNT’s with a larger 

diameter (5+nm), as compared to SWNT’s (1-2nm), are metallic due to the zero band gap. 

Theoretical calculations of the conductive ability of metallic CNT’s indicate their capability 

to carry a current density 1000 times greater than that of copper 
(12)

. CNTs have been shown 

experimentally to exhibit very low electrical resistance 
(4)

.  The high electrical conductivity 

and high mobility of the charge carrier are the result of low probability of scattering from 

defects in the structure.  

    Electrical resistance is observed when an electron collides with a defect in the crystal 

structure or impurity. The aspect ratio (length to diameter) of CNT’s is large (~500) so that 

the electrons have fewer possibilities to scatter. Thus, spatial confinement of electrons gives 

CNTs their low resistance 
(4)

.    

    Researchers have reported a current carrying capacity of 10
9
 amp/cm

2
 for SWNT’s 

(13)
. As 

previously noted CNT’s may be semiconducting or metallic based on their chirality (either 

armchair or zigzag).  The aspect ratio and size of the CNT aggregates are found to influence 

the percolation behavior of nanotube composites. 

The electrical conductivity in resins 
(14)

, films 
(11)

,
 
with 

(15)
 and without additional fillers (such 

as carbon black or carbon fibers) 
(16)

 has been evaluated to identify the critical concentration 

for the percolation threshold and analyze the electrical transport mechanisms. 

1.5 Mechanical Properties 

    The mechanical properties of CNT’s are strongly dependent on their structure and the 

method of synthesis since some synthesis methods yield a higher level of defects in the 

nanotube 
(17)

. The Young’s modulus of MWNT’s decreases as the disorder within the walls 

increases 
(17)

.  Arc grown MWNT’s have fewer defects and the modulus is comparable to that 
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of SWNTs. Young’s modulus of arc grown MWNTs have a reported average value of E = 

810 ± 410 GPa 
(18)

. The large polarizability ( the response of the electronic structure of CNTs 

to electric field)  of CNT’s suggests that the physical interactions, primarily van der Waals 

forces, are significant 
(6)

. 

    Mechanical strengths for individual SWNT’s have been predicted to be up to 100x that of 

steel. Experimental values from tensile load testing of SWNT’s and MWNT’s reported 

tensile strengths in the range of 11 to 63 GPa 
(19)

. The tensile load does not lead to shell-type 

instabilities so it is transferred more directly to the chemical bond network.  The tensile 

strength of CNT’s may exceed that of many known fibers because of the inherent strength of 

the carbon-carbon bond 
(19)

. 

    Further interest in CNT’s comes from the unique property of CNT’s for their high 

flexibility. Full reversal of bending up to -110
o
 critical angle was observed by Iijima et al 

(20)
  

without any permanent deformation. The only effects were a stretching of the outer side of 

the tube and a compression of the inner side. The tube retains its graphitic structure up to 

very large bending angles showing substantial promise for structural and fiber 

applications
(19)

. 

    Dynamic Mechanical Analysis (DMA) is used to characterize polymeric materials. DMA 

measures the viscoelastic response of materials where a sinusoidal force is applied to a 

material and the displacement (strain) is measured. A profile of heating at a specified rate or 

over time at a given temperature is utilized and the response monitored. Storage modulus 

(E’), loss modulus (E”) and tan δ ( E’’/E’) were collected as a function of temperature. DMA 

has several clamping configurations that include single/dual cantilever, three point bending, 

tension/compression and shear sandwich modes. The data can be influenced by test 
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conditions including heating ramp rate, clamp effects, contact stresses, test frequency and test 

sample alignment. Therefore, it is important to identify which configuration and profile best 

suits the defined data set for collection. 

    The activation energy of the glass transition can be determined by applying Arrhenius 

behavior 
(21)

. Under the application of an external load the specimen deforms upon increasing 

temperature. A three point bending configuration may be used to eliminate the influence of 

clamping the sample. As a sinusoidal stress is applied to the composite sample, the strain lags 

behind the stress due to the viscoelastic response of the polymer. The interfacial bond of the 

CNT must be strong enough so as to optimally transfer the load from the matrix to the CNT. 

It is therefore critical that the CNT’s be dispersed homogeneously throughout the matrix. The 

potential of CNT’s as structural reinforcement depends critically on the ability to transfer 

mechanical load from the polymer matrix to the CNT’s. If the interfacial bond is weak or the 

CNT’s agglomerate, they only act as nanostructure holes or matrix flaws and the benefits of 

the properties of the CNT’s are not realized
(22)

. For MWNT’s, the weak interaction between 

the inner and outer tubes limit the stress transfer from the outer tube to the inner tube
(23)

. 

    CNT’s are covalent bonded materials and would have brittle properties at low 

temperatures. However, the flexibility of CNT’s at room temperature is not due to plastic 

deformation but comes as a result of their high strength and ability of the hexagonal network 

to distort. The distortion allows for relaxation of the stress 
(17)

.  Iijima 
(20)

 and Salvetat 
(17)

 

experimentally observed the bending behavior of CNT’s. The formation of pentagonal or 

heptagonal rings in strained CNT’s was observed. The glide line depends on the tube 

helicity
(17)

. Studies comparing arc grown and catalytic CNT’s found arc grown CNT’s to 

have better properties 
(24)

.   
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    In experiments with CNT’s in a polymeric film under large compressive strains, buckling 

was observed 
(19)

. The relaxation of the strain energy caused immediate graphitic to diamond-

like bond reconstruction at the site of the collapse 
(19)

. The CNT’s when subject to large 

deformation switch into different shapes. This flexibility comes from the ability of the sp2 C-

C bonds to reversibly change hybridization when deformed out of plane 
(19)

. 

1.6 Applications of Composites 

    A growing demand for composites with increased mechanical strength, thermal capacity 

and electrical conductivity arises from potential applications for CNT’s. The use of CNT’s is 

of significant interest in aerospace, semiconductor and electronic industries. Many 

nanocomposite concepts are in the development stage. 

    To optimize composite material properties using MWNT’s, several problems must be 

overcome. First, the CNT’s must be bonded to the surrounding matrix in an efficient way to 

allow load transfer from the matrix to the tubes. For MWNT’s, experiments indicate that only 

the outer shell supports stress when the MWNT’s are dispersed in an epoxy matrix 
(22)

. 

Second, CNT’s have a tendency to agglomerate which must be overcome to achieve  uniform 

dispersion.  

    Functionalization, with polymeric side groups, of the CNT’s is a recent improvement to 

assist in dispersion and bonding of the nanotubes in a variety of matrices. Chemical treatment 

of nanotubes adds chemical species on the surface of the tube to facilitate the bonding 

between tubes and the matrix 
(24)

. 
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2. Experimental Procedure 

2.1 Preparation of MWNT Composite  

    MWNT’s having an outer diameter of 5-9 nanometers and average length of 5 microns 

manufactured by Southwest Nanotechnologies were dispersed  in an EPON 828 epoxy resin 

system.  The EPON 828 resin system is a simple bisphenol-A /epichlorhydrin consisting of a 

short linear chain with epoxide rings at each end. EPON 828 resin (391g) and NADIC 

Methylanhydride (59g) were weighed to a total of 450 grams. The different mass fractions of 

MWNT’s  were dispersed in the resin prior to the addition of the catalyst. Each MWNT 

sample was dispersed using a Sonic Vibracel 500 watt ultrasonic at 30% power for 45 

minutes with a pulse of 10 seconds on and 5 seconds off.  To prevent excessive temperature 

rise during sonication the samples were placed in a cool water bath. Subsequent to 

sonication, the catalyst N, N Dimethylbenzylamide was added and the samples were baked at 

177
o
C for up to 10 hours and cooled at room temperature. Upon removal and cooling, the 

samples were cut to size using a Buehler Isomet saw using a  15HC diamond wafering blade. 

The different mass fractions of MWNTs in all the samples are given in Table I. 

 

Table I – Epoxy-MWNT composite sample identification and mass fraction 

loading. The mass of resin used in all samples was 450 grams. 

  

Sample Mass of MWNT (gm) Mass Fraction of MWNT 

A 0.20  0.00044 

B 0.50  0.0011 

C 1.0  0.0022 

D 3.0   0.00667 

E 0.1 0.00022 

F 0.050  0.00011 

Reference 0.0 0.0 
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    One of the difficulties in the use of MWNT’s in the composite is to achieve uniform 

dispersion of the nanotubes in the matrix. An alternate method was also attempted to disperse 

the MWNT’s in the resin using a high shear method. In this method, a Greerco Model 1L 

homogenizer, as shown in figure 3,was placed in the EPON 828 resin with the MWNT’s. The 

MWNT’s were still agglomerated after 1 hour stirring and each cluster was visible and not 

well dispersed in the resin although the clusters were smaller.   

                                              

 

                                                             

 

 

Figure 3: Greerco homogenizer – High shear laboratory scale mixer used to 

disperse MWNT in epoxy matrix. 

 

2.2 Microscopy   

    Optical and transmission electron microscopy was carried out to determine the distribution 

and agglomeration characteristics of the MWNT composite. Optical micrographs were 
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obtained by placing the sample in the viewing area of a Keyence Model VHX optical 

microscope with direct lighting. Optical micrographs of several regions in the samples were 

captured using a digital camera. 

    The samples were also examined in the  Hitachi XF2000 transmission electron 

microscope. The samples were prepared by FIB (Focused Ion Beam) to thin down a region to 

electron beam transparency which is about 100nm thickness. The FIB uses a beam of Ga ions 

to essentially remove material by means of momentum transfer. The heavy Ga ions collide 

with the sample and atoms from the sample are sputtered off. In this way a thin window is 

produced for transparency under the TEM.   

2.3 Raman spectroscopy 

    Raman spectroscopy of the sample F was carried out using a Horiba Jobin Yvon 

MicroRaman spectrometer with a 633 nm HeNe laser. The sample was placed on an 

aluminum background stage of the Raman spectrometer. A scan of the epoxy with MWNT’s 

dispersed was obtained from Sample F. Separate scans were obtained of pure epoxy for the 

background and the MWNTs used in the dispersion. 

2.4 Dynamic Mechanical Analysis   

    DMA testing was carried out using a Perkin Elmer DMA 7e with controller TAC 7/DX 

and connecting chiller Flexi-Cool. The samples for performing these tests had dimensions of 

1.5 x 3.5 x 19 mm. Each sample was cut from the prepared MWNT composite using a 

Buehler Isomet saw. The final dimensions were achieved by light grinding on a Struers Roto-

Pol-35. The samples were tested  in three-point bending, as shown in figure 4. 

    The experimental conditions consisted of a heating rate at 15
o
C/min from 25

o
 to 90

o
C, at 

2
o
C/min from 90

o
 to120

o
C, isothermal at 120

o
C for 3 minutes, and heating rate at 0.1

o
C/min 
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from 120
o 

to 170
o
C. The frequency of the applied sinusoidal load for each experiment was 

fixed during the entire heating profile (i.e. 1, 2, 3, 5, 10 or 20 Hz). A static force of 110 mN 

with a displacement of 180 μm was maintained during the experiment in a 3 point bending 

configuration. 

 

 

 

Figure 4. Perkin Elmer  DMA 7e,  3 point bending equipment with epoxy 

composite sample loaded for testing.                                                               

 

2.5 Electrical Resistivity Measurements   

    Electrical resistance measurements were carried out with a system consisting of a Keithley 

236 source meter,  Keithley 6514 and 6517 Nanovoltmeters.  A K-20 Temperature Control 

system and a low temperature chamber both from MMR Technologies Inc illustrated in 

figure 5a were used to vary the temperature of the sample. The temperature was controlled to 

within +/- 0.1
o
C. The temperature range was between 250

o
 and 350

o
C.  The  source meter 

was used to supply the minimum current of 1 nanoamp. The given current with the measured 
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voltage was used to determine the resistance using Ohm’s Law, V=IR where V is the voltage, 

I is the current and R is the resistance. 

 

                          

 

Figure 5(a). Temperature controlled Dewar and stage used for electrical 

resistivity measurements of the composite samples. 

 

    Electrical resistance measurements were made using a four probe co-linear configuration 

of contacts, as shown in Figure 5b. Four small dots of colloidal silver paste were applied 

along the length of the rectangular sample. Gold wires of 0.025 mm diameter and 

approximately 2 cm long were attached to the silver dots. The free ends of the gold wires 

were attached for the proper electrical connection. The outer leads were used to input the 

current from the source meter with the inner leads used to measure voltage across the 

nanovoltmeter. The reverse current method was used to cancel the thermal electromotive 

force at the contacts by sending current in the forward and reverse directions. The average 

value of the two voltage measurements is taken to measure the resistance and resistivity. 
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Figure 5(b): Schematic illustration showing the four probe co-linear 

configuration used for the resistivity measurements. 

 

3. Results 

3.1 Microscopy    

    The MWNT’s were observed to be dispersed uniformly containing local regions of  

 

agglomeration as seen in the optical micrograph, shown in Figure 6a. Transmission electron  

 

micrographs obtained from the sample, shown in figure 6b, showed individual MWNTs with  

 

smaller diameter and coalesced MWNTs with larger diameter. 
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Figure 6(a). Optical micrograph of MWNT epoxy composite showing 

dispersion of the MWNTs in the epoxy matrix. Agglomeration of the 

MWNT’s is also observed in the form of darker regions. 

 

 

                                                    

 

Figure 6(b). TEM image showing MWNT is resin matrix (scale 100 nm). 

Single MWNT’s and agglomerated MWNT’s showing dark contrast are 

observed in the image. 
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3.2 Raman   

 

    Raman spectra for the MWNTs, epoxy and the composite are shown in Figure 7.  The  

 

Raman spectrum of the composite was found to be a superposition of that of the epoxy and  

 

the MWNTs. The results illustrate the presence of the D and G peak in the MWNT with the  

 

enhancement of the intensity at the D and 2D peak in the composite shown by the arrows  

 

indicating the presence of MWNTs. 

 

 

                                 

 

Figure 7. Raman spectra of the bare epoxy, pure MWNT, and composite 

sample. The D and G peaks are clearly seen. The enhancement of the intensity 

at the position of the D and the 2D peak shown by the arrows indicates the 

presence of MWNT. 

 

 

3.3 DMA Measurements 

 

    DMA measurements were carried out at several frequencies (f) for samples A, B and the 

reference sample to determine the storage modulus (E’), loss modulus (E”), E’’/E’ or tan () 
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and the glass transition temperature (Tg). The variation of tan () as a function of temperature 

(T) was determined at each frequency (f) in the three samples to determine the effect of the 

MWNT’s in the viscous behavior of the composite.  

    An increase in the test frequency (f) was found to shift the peak of the tan δ to a higher 

temperature (Tg), in sample B as shown in figure 8a.  The variation of  tan δ with 

temperature  at f=1 Hz is shown in figure 8b for samples A, B and the reference sample.. The 

variation of ln(f) with 1/Tg is shown in figures 8c to 8e for samples A, B and reference 

sample, respectively.  A linear variation of ln(f) with 1/Tg with negative slope was observed 

in all the samples. A larger negative slope was observed in the sample with higher mass 

fraction of MWNTs. The observed values of Tg at different frequencies in the three samples 

are shown in Table II. 

 

 

Table II. Test Frequency (f) and Tg for Samples A, B and Reference Sample. 

 

 

 

 

 

 

 

 

 

 

 

Sample Frequency (f) Tg (
o 
K) 

A 1 Hz 406.8 

 2 Hz 410.4 

 3 Hz 411.4 

 5 Hz 415.7 

B 1 Hz 402.3 

 5 Hz 408.5 

 8 Hz 409.4 

 20 Hz 413.0 

Reference 1 Hz 406.1 

 5 Hz 415.6 

 10 Hz 420.1 
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Figure 8(a). Tan δ  shown as a function of  temperature in sample B for 

different values of frequency. 

 

 

 

Figure 8(b). Tan δ  shown as a function of  temperature in samples A, B and 

reference sample at frequency of 1 Hz. 
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Figure 8(c). Variation of Tg measured from tan δ peak for sample B shown as 

a function of 1/T. The slope of the curve is directly proportional to the 

activation energy of the glass transition.                                                                                                

 

 

 

 

 

Figure 8(d). Variation of Tg measured from tan δ peak for reference sample  

shown as a function of 1/T. The slope of the curve is directly proportional to 

the activation energy of the glass transition.           
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Figure 8(e). Variation of Tg measured from tan δ peak for sample A shown as 

a function of 1/T. The slope of the curve is directly proportional to the 

activation energy of the glass transition.                                                                                                                                

 

3.4 Electrical Resistivity Measurements 
 

    The samples exhibited ohmic behavior in the electrical resistance measurements, as seen in  

 

Figure 9a. 
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Figure 9(a).  Voltage shown as a function of current in the resistivity 

measurements of the composite samples. The ohmic behavior was observed in 

samples C, A, and F. These represent low, median and high mass fractions of 

MWNTs in the samples, respectively.   

 

 

    The resistivity was calculated from the measured voltage (V), current (I), and the thickness 

(h) of the samples following the equation 

 σ =   Vh/ [I ln(2)]                        (1) 

 

    The conductivity (ln σ) is shown as a function of mass fraction of MWNT’s  in Fig. 9b. 

The predicted variation from percolation behavior of conductivity (ln σ) is shown against 

mass fraction, m in the inset in figure 9b. Percolation behavior was observed with the rapid 

increase in conductivity (σ) with a small increase in the weight fraction of MWNTs. The 

results were found to follow, 

σ = k(m – mc)
t 
                    (2) 
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In the above equation that describes the percolation behavior, t is the exponent that describes 

the percolation behavior, k is a constant and mc is the critical mass fraction of MWNTs. The 

experimental values of ln (σ) are shown fitted to equation (2) in the inset in figure 9b. The 

value of the critical exponent t was determined to be 1.193 and ln k found to be -0.5577 as 

shown in the inset plot in Fig. 9b. 

 

                  

 

Figure 9(b).   The  ln(σ) vs mass fraction m shown along with the curve fitted 

data. The asterisk symbols represent the experimental data and the square 

symbols represent the curve fitted data. The value of  ln(σ) as a function of 

ln(m-mc) is shown in the inset. Red squares are for mc = 0.000095, blue 

diamonds are for mc = 0.0001.  

 

 

The experimental and curve fitted data in figure 9b show good agreement. The temperature 

dependence of conductivity ln( is shown as a function of 1/T in figure 9c. The slope of 

ln(σ) versus 1/T was found to be negative and the activation energy was found to be 548.5 

J/molK. 
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Figure 9(c). The variation of ln(σ) shown as a function of 1/T
. 

A linear 

behavior was observed for all samples representing low (sample E) to high 

(sample D) mass fraction of MWNTs. 

 

 

The temperature dependence of conductivity ln ( is also shown as a function of 1/T 
0.25

 in 

figure 9d. The slope of ln () versus 1/T
0.25

 was also found to be negative and small. 
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Figure 9(d).   The variation of ln(σ) shown as a function of 1/T
1/4. 

A linear 

behavior was observed for all samples representing low (sample E) to high 

(sample D) mass fraction of  MWNT’s.        

 

 

 

                              
 

 

 

Figure 9(e). Conductivity ln (σ) shown as a function of mass fraction (m
-1/3

) in 

the composite samples.            
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4. Discussion 

4.1 Optical and Transmission Electron Microscopy 

    The results of optical microscopy shown in figure 6a illustrate that while there is uniform 

dispersion of the MWNTs, there are regions wherein MWNTs are agglomerated.  The 

distribution of MWNTs obtained from transmission electron microscopy shown in figure 6b 

illustrate that individual MWNTs are present separately in addition to coalesced or joined 

MWNTs.  Therefore, the dispersion of the MWNTs is only partially uniform with presence 

of agglomerated regions.   

4.2 Raman Spectroscopy 

    Raman spectra obtained from MWNTs showed the characteristic D, 2D, G and 2G peaks. 

These peaks superimposed on the Raman spectrum of the epoxy were found to give rise to an 

increase in the intensity at the D peak and 2D peak shown by the arrows. Therefore, the 

Raman spectra are indicative of the composite formation with interfacial continuity. 

4.3 Dynamic Mechanical Aanalysis  

    A shift in the Tg is related to the polymer molecular chain movement as the material is 

heated through the transition from glassy to rubbery state 
(25)

. The shift allows determination 

of the activation energy 
(21)

 for thermally activated motion of the molecular chains. The effect 

of temperature on the frequency of conformational changes such as Tg (relaxation) follows 

f = foexp(-ΔH/RT)                                (4) 

where f is frequency, fo is pre-exponential factor, R is universal gas constant, T is 

Temperature (Kelvin) and ΔH is  activation energy associated with molecular motion leading 
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to viscous behavior. From equation 4, Tg at two different frequencies f1 and f2 were used to 

express the shift in Tg from Tg1 to Tg2 in the form, 

ln (f1/ f2) =  (ΔH/R)  ( 1/ Tg2 –   1/ Tg1)                 (5) 

                                        

    Therefore, the slope of ln(f) versus 1/Tg is equal to  - ΔH /R. The activation energy ΔH 

was calculated from the slope of ln(f) vs. 1/Tg. 
(21)

 The results of evaluation of activation 

energy are shown in Table  III. 

 

 

          Table III. Calculated Activation Energy for samples A, B and reference. 

Sample Mass Fraction of     

MWNT 

Calculated Activation Energy 

ΔH, eV/kJ/mol 

Reference 0.0 2.39  / 231.02   

Sample A 0.00044 2.84   /256.51 

Sample B 0.0011 4.02   / 387.67   

                                                                                                       

             

 

The activation energy showed an increase with increase in mass fraction of MWNT’s as seen 

in Table III. These results indicate that MWNTs interact with polymer molecules and restrict 

the movement through interfacial interaction.  The exact nature of the interaction is not clear 

from these investigations.  

    The values of Tg, presented in Table II, did not show a systematic variation with the mass 

fraction of the MWNTs.  It is thought that this result is associated with the variation in the 

structure of epoxy matrix.  The final cross linked molecular structure of the epoxy matrix 

upon curing and addition of the catalyst and the MWNTs was not consistent in all the 

samples because the ultrasonication was carried out for different time periods to improve the 

mixing of the MWNTs. These variations could result in different cross-linked molecular 
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structure locally in the samples and different values of Tg of the matrix. The regions with 

poor dispersion are thought to give rise to weak regions with lower Tg. However, the 

activation energy for molecular motion showed an increase with increase in mass fraction of 

the MWNTs that is consistent with the interaction of the MWNTs with the polymer 

molecules.  

4.4 Electrical Conductivity 

Introduction of the MWNTs in the epoxy matrix significantly increased the conductivity 

of the composite by more than four orders of magnitude. Sample D with m=6.6x10
-3

 showed 

conductivity of 1.8x10
-3

 ohm
-1

cm
-1

 while sample F with the lowest m=1.1x10
-4

 showed 

conductivity of 9x10
-7

 ohm
-1

cm
-1

 compared to the insulating epoxy matrix.  The temperature 

range between 250 and 350 K was chosen as the epoxy became brittle at lower temperatures 

leading to  potential cracking that causes a breakdown in electrical conductivity 

measurement.  Also, the sample size was large enough that the temperature could not easily 

be brought to values lower than 250 K.   

     Percolation behavior followed  power law scaling  given by equation (2)  as shown in 

figure 9b. The threshold mass fraction mc indicates that a physical pathway is formed in the 

composite such that current flows and a large increase in conductivity is observed for a small 

increase in m. The average aspect ratio of MWNTs in the composite is close to 1500.  The 

percolation threshold mc was found to remain close to 0.000095.  This value is much smaller 

than previously observed values in polymer composites. The percolation threshold was 

reported to be 0.04 for the arc prepared SWNTs in polythiolphene 
(11)

, 0.0001 for MWNTs in 

epoxy 
(28)

,  0.00017 to 0.00028 for MWNTs in epoxy 
(29)

, 0.0011 for MWNTs in polysulfone 

(30)
,  0.00012 for MWNTs in epoxy 

(31)
 and 0.00023 for mixed grade CNTs in epoxy 

(32)
.  
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These results indicate that the threshold value is much smaller for epoxy matrix because it is 

highly insulating.  In addition, the threshold mass fraction of CNTs was found to vary and 

depend on the aspect ratio, processing conditions and purity of MWNTs. Higher threshold 

value arises from damaged surface, presence of impurities and poor contact between 

MWNTs 
(33)

. The MWNTs used in the present work are found to be high purity as indicated 

by the Raman spectrum showing only the peaks associated with MWNTs.  The dispersion of 

the MWNTs is uniform with some agglomeration as illustrated in the optical micrograph 

shown in figure 6a. The threshold value is smaller for agglomerated CNTs 
(30)

 because 

contact between CNTs is improved. 

The value of the critical exponent t=1.193 in equation (2) is smaller and close to 1.3. The 

parameter t indicates the rate of increase of conductivity close to the threshold. A smaller 

value of t is responsible for rapid increment in conductivity. The physical interpretation of t 

is that it is associated with system dimensionality, with a value close to 1.3 for two-

dimensional and 2 for three-dimensional networks 
(26)

.  A higher value of 2 for SWNTs in 

polythiolphene 
(11)

, 1.44 for MWNTs in epoxy 
(33)

, 1.7 to 2 for MWNTs in epoxy 
(29,31)

, 1.77 

to 2.6 for MWNTs in epoxy 
(28)

 and a lower value of 1.02 for CNTs in epoxy  
(32)

 were 

reported.   The higher values of t are associated with composites prepared by a process that 

used shear forces like three-roll milling 
(31)

   or calendaring 
(28)

.  

The value of σo in equation (2) is theoretically the intrinsic conductivity of MWNTs. 

However, the surface condition, poor contact and the electrical contact resistance prevent σo 

from reaching the theoretical value. The observed values are in general much smaller 

compared to the conductivity of CNTs that is close to 1.85x10
3
 ohm

-1
cm

-1
.  The value σo 

from figure 9b is  0.57 ohm
-1

cm
-1

. This value is higher than 7x10
-4

 
(33)

, 6.7x10
-4

 
(34)

 and 
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0.2x10
-3

 
(29)

 in MWNT composites reported earlier.  The higher value in the present work 

indicates good electrical contact that is associated with higher purity of surfaces and 

formation of agglomerates that increased the number of contacts.  Further higher values of σo 

equal to 10
3
 

(31)
 and 2.3x10

4
 

(28)
 were reported for MWNTs in epoxy that have undergone 

three-roll milling and calendaring 
(28)

. However, t is much larger in these cases and thus the 

rate of improvement upon increasing m is not high. 

The above results of percolation behavior of MWNT-epoxy composites with low values 

of threshold mc and the exponent t and higher σo illustrate that the method of processing of 

the composites using sonication is very efficient. These results may also indicate that the 

purity of the MWNTs is sufficiently high. It has also been shown 
(30)

 that partial 

agglomeration of the MWNTs at the microscale, as seen in figure 6a, improves the 

conductivity and reduces the threshold by improving the contact between MWNTs. 

Mechanisms of conduction 

The linear ln (σ) vs. 1/T
0.25

 variation shown in figure 9d in the three samples that covered 

a wide range of mass fraction of MWNTs indicates variable range hopping  (VRH) is 

applicable. VRH mechanism is characteristic of bundles and mats of CNTs 
(11)

 and it is also 

observed in disordered systems and amorphous semiconductors 
(35,36)

.  However, the present 

observation implies that the hopping of carriers within the agglomerates of MWNTs is the 

dominant process.  

The variation of ln (σ) shown against 1/T in figure 9c is also linear which implies that 

thermally activated tunneling is followed in the composites.  The general expression for 

thermally activated tunneling in polymer composites is 
(27,37)

. 

σ=σo exp{-T1/(T+To)}                       (5) 
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which is termed fluctuation induced tunneling (FIT). In the above equation,  T1 is the energy 

required for an electron to cross the insulator gap between conductive clusters and To  is the 

temperature above which the thermally activated conduction over the barrier begins to occur. 

In the FIT model, composites systems exhibiting conducting behavior are characterized by 

large conducting regions separated by insulating barriers, such as the epoxy. The 

conductivity is explained by quantum tunneling. The barrier height decreases with increasing 

temperature.  The values of To are usually below 20 K and below 5 K in many MWNT-

polymer systems 
(11)

  indicating that tunneling is active at slightly higher temperatures. When 

the temperatures of measurements are higher or T>>To, the above equation simplifies to  

thermally activated tunneling given by 
(11)

 , 

σ=σo exp(-T1/T)=σo exp(-Q/kT)                     (6) 

In the present measurements carried between 250 and 350 K, equation (6) is applicable 

because T>>To.  The value of activation energy Q is found to be close to 0.0055 eV with 

negligible variation between different samples. This value of activation energy is quite small 

compared to thermal energy, kT at higher temperatures used in the present measurements. 

The applicability of FIT model  to the MWNT-epoxy composites in the present work is 

further checked by the linear relation between ln (σ) and m
-1/3

 shown in figure 9e.  It has been 

shown 
(26,11,27)

 that ln (σ) is proportional to the width of the barrier (w) between the 

conducting regions and w is proportional to m
-1/3

.  Therefore, the mechanism of conductivity 

in the MWNT-epoxy composites in the present work clearly follows the FIT model.   

The above results wherein both VRH and FIT models are followed in the higher 

temperature region of measurements could be a special situation wherein the system behaves 

like a disordered region with small finely dispersed conducting regions of MWNTs separated 
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by thin epoxy films. However, the linear dependence of ln (σ) on the width of the barrier is a 

good indication that the FIT model is applicable.  

5. Conclusions 

    MWNT-epoxy composite samples were prepared using ultrasonication to disperse the 

MWNT in the epoxy matrix. The composite was cured in an oven at 177
o
C for 10 hours and 

cooled at room temperature. The resulting epoxy composites were characterized by optical 

microscopy and TEM. Electrical resistivity and DMA measurements were performed. The 

following conclusions were reached: 

    Composites of epoxy and MWNT can be readily prepared using ultrasonication. The 

dispersion of the MWNT with this technique shows some agglomerations and uniform 

distribution of the MWNT’s. 

     Optical microscopy and TEM do not provide a quantitative method of evaluating the level 

of dispersion of the MWNT’s. These may used as a qualitative tool to inspect the variation in 

the composite. 

    DMA measurements show an increase in activation energy with an increase in mass 

fraction of MWNT’s. This result indicates stronger interaction between MWNTs and the 

polymer matrix. However, the value of  Tg did not show a systematic increase with the 

higher mass fraction of MWNT’s. Variation of the dispersion levels of the MWNT’s 

throughout the epoxy composite could result in the different Tg values.  

    MWNT-epoxy composites prepared by sonication showed a four orders of magnitude 

improvement in electrical conductivity with increase in mass fraction of MWNTs from 

1.1x10
-4

 to 6.6x10
-3

. The percolation behavior of electrical conductivity is found to follow 

with very small value of threshold mass fraction of MWNTs, critical exponent and higher 
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value of conductivity associated with MWNTs.  The higher purity of MWNTs, uniform 

dispersion and agglomeration of MWNTs with good contact are considered responsible for 

the improved conductivity.   

The temperature dependence of the electrical conductivity in the range of  250 to 350 K is 

found to follow the VRH and FIT models. However, the linear dependence of conductivity 

on the width of the epoxy barrier separating the MWNTs is taken as a more clear evidence 

that FIT model is followed.  The results of the present work suggest that use of high purity 

MWNTs with sonication to disperse in the epoxy polymer is a simple procedure to process 

high electrical conductivity composites.   

The strength of the epoxy composites depends on the ability to transfer the mechanical 

load to the CNT’s. The activation energy for viscous deformation increased with higher mass 

fraction of MWNTs indicating MWNT -matrix interaction to be present.  

6. Future Scope 

    Experimental procedure to synthesize the composites has to be improved to reduce the 

variation in the epoxy cross linking and maintain uniform MWNT dispersion in the 

composite. All samples should also be tested using Differential Scanning Calorimetry (DSC) 

to evaluate degree of cure and variation from sample to sample. 
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