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This paper presents the experimental results of dispersing multiwalled carbon nanotubes (MWNTs) into
epoxy (space grade structural adhesive) nanocomposites using co-rotating twin screw extrusion process.
Two sets of specimens were prepared; set 1 with ultrasonication for predispersing MWNT before extrusion
and set 2 direct dispersion of MWNT in the extruder. MWNTwas loaded up to 8 vol.% in both the sets. The
specimens were characterized for room temperature volume and surface resistivities as per ASTM D257
using Keithley Model 6517 and for thermal conductivity in the temperature range 250 to 150 �C as per
ASTM E 1530 using Thermal Conductivity Instrument (TCI) 2022 SX211. The volume resistivity of sets 1
and 2 decreased to an extent of 1011 and 109 respectively. The surface resistivity drop was of the order of 109

for both the sets. These drops corresponded to the maximum MWNT loading of 8 vol.%. Electrical
conductivity values of the specimens were fitted into the Power Law Model to evaluate the critical exponent.
Both sets 1 and 2 showed increase in thermal conductivity with increase in temperature in the testing range.
Thermal conductivity increased with increase in filler loading and the maximum increase was 60% at
150 �C in case of 8 vol.% MWNT nanocomposites for set 1. The corresponding value for the set 2 was 25%.
Thermal conductivity values were predicted using Lewis Nielson model. DSC of the specimens showed
increase in glass transition temperature with increase in filler loading. The dispersion of the nanofillers was
studied using SEM and the surface morphology using AFM.

Keywords electrical resistivity, extrusion, MWNT, thermal con-
ductivity, ultrasonication

1. Introduction

Conductive polymer composites find use in electronics,
automotive and aerospace systems. The outstanding properties
of the CNTs make them promising filling materials for these
applications. But the number of applications using these fillers
is largely limited by their poor processibility. The intrinsic
van der Walls attraction among the tubes in combination with
their high surface area and high aspect ratio often leads to
significant agglomeration of CNTs. The surface of CNTs is also
non-reactive, which makes it difficult to achieve efficient
dispersion, as they mix and blend with the host matrix.

Though several mechanical methods such as ultrasonication
(Ref 1-7), magnetic agitation (Ref 8-10), screw extrusion
(Ref 5), melt mixing (Ref 11) have been used to achieve
the dispersion of CNTs in polymeric resins, the achieved
conductivity results are varied and dependent on the resins, the
filler quality, the process parameters, etc.

The main objective of this paper was to prepare MWNT/
epoxy nanocomposites using twin screw extrusion process and
characterize the same for electrical and thermal conductivity.
The process involved two routes, the first using sonication for
predispersing MWNT before extrusion and the second direct
extrusion of the nanocomposites. The results of the two routes
were compared experimentally.

2. Experimental

2.1 Materials

The resin used in this study consisted of modified
Bisphenol-A based two component epoxy [Structural Adhesive-
Araldite AV138M with modified Polyaminoamide Hardener
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Nomenclature

MCNT multiwalled carbon nanotube

rv volume resistivity

qs surface resistivity

rpc volume conductivity of polymer composite

m volume fraction of the filler

mc critical volume fraction

K thermal conductivity

/ volume fraction

/m maximum volumetric packing fraction of the

filler

Tg glass transition temperature
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HV998, (Huntsman, Hindustan Ciba-Geigy Ltd.)] and the filler
was multi-walled carbon nanotube (Table 1).

2.2 Preparation of Nanocomposites

For dispersing the MWNT in epoxy, a co-rotating twin-
screw extruder (OMEGA 20, M/s STEER Engg, Bangalore)
was used. The process parameters evolved based on the
viscosity of the resin were speed 200 rpm, temperature
60-75 �C, residence time 2-3 min. Two sets of samples were
prepared for comparison. In set 1, MWNT was dispersed in
acetone, ultrasonicated (27 kHz) for 1 h, epoxy resin was
added and again sonicated for 1 h. The mix was processed
using the twin-screw extruder in two passes. The hardener was
added to the screw extruded mix and allowed to cure under
room temperature for 1 week. The same process sequence was
followed for preparing set 2 samples except the predispersion
of MWNT in the solvent.

2.3 Electrical Resistivity Measurement

The volume and surface resistivities of the nanosamples
were measured according to ASTM D257 using Keithley
6517A model 8009. The 3 mm thick and 75 mm diameter
specimens were copper-plated for better contact after subjecting
them to humidity conditioning at 95% RH and 37 �C. The
resistivity values were calculated using the formula:

rv ¼
22:9

t
R ðEq 1Þ

qs ¼ 53:4R ðEq 2Þ

where rv and qs are the volume and surface resistivities, R
the corresponding resistance in ohms (meter reading), 22.9
and 53.4 the constants for the apparatus. The experimental
values of electrical resistivities are presented in Fig. 1.

2.4 Thermal Conductivity Measurement

Thermal conductivity was measured using Thermal Con-
ductivity Instrument (TCI) 2022 SX211 as per ASTM E 1530
under 10�5 Torr vacuum environment with measurement
accuracy of ±3%. The 50 mm diameter and 10-mm-thick
specimens were used for this study. To ensure good contact
between the test samples and the flex meter, the surface finish
of the sample were improved by working with a fine emery
paper. The experimental results of the thermal conductivity in
the temperature range �50 to 150 �C are presented in Fig. 3.

2.5 Morphological Characterization

Scanning electron microscope (JEOL JSM 840A, Japan)
was used to study the dispersion of MWNT in the matrix in
both the routes followed. The samples were examined with
gold-sputtering for SEM characterization.

2.6 Differential Scanning Calorimetry (DSC)

Glass transition temperature, Tg, of the specimens was
obtained using DSC (Model Mettler DSC-823, temperature
range 25-500 �C). The sample weighing 5 mg sealed in
hermetic aluminum crucible was used for characterization.
For obtaining the curing heat flow pattern of the composite, a
dynamic scanning experiment was conducted from room
temperature to 150 �C at a heating rate of 20 �C per minute
in N2 atmosphere (20 mL/min).

3. Results and Discussion

3.1 Electrical Resistivity

Room temperature electrical conductivity of the nanocom-
posites was measured to characterize the extent of the MWNT
network. For set 1, low loading (<0.02 volume fraction)
samples displayed a significant 106 drop in volume resistivity
and the same drop for set 2 was 104. The critical volume
concentration (percolation threshold where a sharp onset in
conductivity occurs) at which a conductive path is formed in
the composite causing the material to convert from a capacitor
to a conductor was observed at 0.005 and 0.0075 volume
fractions for sets 1 and 2, respectively. The lower percolation
threshold for set 1 samples was attributed to the better
dispersion of the filler due to its predispersion using ultrason-
ication. The value of the percolation threshold is very sensitive
to the polymer type, filler and the dispersion process. Exper-
imental results of similar studies have been summarized in
Table 2. The viscosities of the epoxy resins used in these
studies are much lower than that of AV138M (200-700 PaÆs)
used in the present study. The higher the viscosity of the resin,
the greater the issues in the dispersion of MWNT (Ref 6). To
overcome this, the nanocomposites were processed using screw
extrusion with sonication for the set 1 and only extrusion for set 2

Table 1 Specifications of the MWNT

Material Description Properties Suppliers (M/s)

MWNT CVD grown
grade:
AP60-80/90

60-90 nm, 1-3 lm,
purity> 90%

Nanovatec Chemapol
Industries, Mumbai

Fig. 1 Variation of electrical resistivity with MCNT volume
fraction
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in the present study. Screw extrusion for nanocomposites
processing using thermoset resins is not reported so far in the
open literature and the present study demonstrates the adoption
of twin-screw extrusion process which is basically designed for
thermoplastics. The rotation of the twin screws and the
elements of the kneading block develop sufficient shear to
enable the nanofillers to disperse in the resin. Also, there is a
combined effect of temperature due to the heating coils
provided in the barrel and that due to the shear action, which
tends to reduce the viscosity of the processing mix.

The volume resistivity of sets 1 and 2 decreased to an extent
of 1011 and 109, respectively. The surface resistivity drop was
of the order of 109 for both the sets. These drops corresponded
to the maximum MWNT loading of 8 vol.% and are
comparable with the results reported by others considering
the viscosity of the resin used (Ref 3, 4). With the achieved
values of volume resistivity of the nanocomposites, i.e.
103 XÆcm for set 1 and 105 XÆcm, the material becomes
suitable for electrostatic discharge (ESD) or electromagnetic
interference (EMI) shielding applications. It is reported that
electrical resistivity of below 108 XÆcm is needed in order to
avoid the electrostatic charging of insulating matrix.

The volume conductivity data of sets 1 and 2 samples were
fitted to a power law in terms of volume fraction of MWNT.
The power law is described by the equation (Ref 1):

rpc ¼ A v� vcð Þt; v > vc ðEq 3Þ

where rpc is the conductivity of the composite, v is the vol-
ume fraction of nanofiller in the composite, vc is the critical
volume fraction (percolation threshold), A and t are fitted
constants (Fig. 2). The geometrical particle anisotropy with a
random distribution inside the matrix is a key factor for deter-
mining the percolation threshold.

The critical exponent t is dependent on the dimensionality of
the system (t = 1-1.3 in two dimension, t = 1.6-2 in three
dimension, and t> 2 have been observed in anisotropic
systems) (Ref 12). Theoretically the value of constant A should
approach the conductivity of the nanofillers. The value of A
depends not only on the conductivity of CNT, but also on the
aspect ratio (L/D) of CNT (Ref 12). The experimental values of
A (Table 3) were found to be lower than the expected values for
both sets 1 and 2 samples. This may be due to lack of physical
contact between the nanofillers caused by the contact resistance
between the adjacent nanofillers, which decreases the effective
conductivity of the nanofillers. Moreover, in these composites,
conducting fillers are separated by the insulating polymers that
act as a potential barrier, so that it is likely that the electrical
conductivity is limited by hopping and/or tunneling of the
charge carriers between conductive fillers (Ref 1).

3.2 Thermal Conductivity

Both sets 1 and 2 specimens showed increase in thermal
conductivity (K) with increase in temperature in the �50 to
150 �C range and the filler loading as shown in Fig. 3. In the
measured temperature range, the K values of the samples
increased linearly. Between �50 and +50 �C the increase is
linear and stable. Beyond +50 �C a sudden increase in the
measured value of K was observed, which may be due to some
thermal activity of the samples tested. The maximum increase
in K for set 1 was 60% at 150 �C in case of 8 vol.% MWNT
nanocomposites compared to that of neat resin. The corre-
sponding value for set 2 was 25%. The K values obtained forT
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set 1 at 6 vol.% MWNTwere greater than that corresponding to
8 vol.% MWNT for set 2 in the measured temperature range.
The superior K values for set 1 are attributed to the
predispersion of MWNT using ultrasonication enabling break-
ing of the CNT agglomerates.

In contrast to the electrical conductivity (r) behavior,
percolation threshold for thermal conductivity (K) was not
observed in the specimens. The increase in electrical conduc-
tivity achieved was very high, i.e. extents of 1011 and 109 for
sets 1 and 2 respectively corresponding to MWNT loading of
8 vol.%. But in the thermal transport, the increase in K was
only by 60 and 25% for sets 1 and 2 respectively for MWNT
loading of at 8 vol.% at room temperature. This is because

of the significantly greater values of rfiller/rmatrix (1012-1016)
than Kfiller/Kmatrix (104) for epoxy and MWNT systems. With
high ratios the only effective channel for the electric transport
is along the percolation network, but for thermal transport
the main channels of heat flow always involve the matrix.
In addition, the large thermal interface resistance of matrix to
the heat flow at the MWNT junctions causes significant
reduction in thermal conductivity increase of nanocomposites
(Ref 3, 14, 17).

The thermal conductivity of the specimens was calculated
using the Lewis-Nielsen model. According to this model, the
thermal conductivity of a two-phase system (a non-conductive
matrix and conductive filler) is given by the equations (Ref 9):

K

k1
¼ 1þ A� B� /2

1� B� w� /2

ðEq 4Þ

B ¼ k2=k1 � 1

k2=k1 þ A
ðEq 5Þ

w ffi 1þ 1� /m

/2
m

/2 ðEq 6Þ

In Eq 4-6, K is the thermal conductivity of the composite
and ki is the thermal conductivity of the component i. In the

Table 3 Power law equation parameters

Parameter Set 1 Set 2

t 2.6 2.8
A 5.439 10�2 3.279 10�4

Fig. 2 Percolation equation fit to the conductivity data for sets 1 and 2

Fig. 3 Thermal conductivity of the composites with different vol-
ume fractions of MWNT at different temperatures

Fig. 4 Thermal conductivity of MWNT composites at room
temperature
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model, the subscript 1 represents the polymer matrix and 2
represents the filler. The parameter A in this equation
accounts for the aspect ratio of the filler and /m describes the
maximum volumetric packing fraction of the filler.

The experimentally measured and theoretically predicted
thermal conductivity of the composites with different MWNT
volume fractions are shown in Fig. 4 and Table 4. The values
used for the calculation of other parameters in the model are
listed in Table 4.

Experimental thermal conductivity values were far below
than the predicted values using Lewis-Nielsen model. This may
be due to the large number of junctions among carbon
nanotubes to form a single conducting path. For sufficiently
small particles, the properties of the polymer/nanoparticle
interface also control the thermal transport in the composites.
Another reason for the deviation in the predicted values may be
the applicability of the model for nanolevel fillers as it is
basically developed for macrolevel fillers (Ref 9).

3.3 Morphological Characterization

3.3.1 Scanning Electron Microscopy (SEM). To study
the dispersion of MWNT in the epoxy matrix, the fracture
surfaces of the samples were observed by SEM (Fig. 5).
MWNT agglomerates can be observed in Fig. 5(a) and (b) as
indicated by the arrows; good dispersion is seen in Fig. 5(c)
and (d) which correspond to set 1 with 8 vol.% filler loading.
This indicates that the predispersion of MWNT before extru-
sion resulted in better dispersion of MWNT in the matrix which
is further proved by the electrical conductivity results.

3.3.2 Atomic Force Microscope (AFM). The composi-
tional mapping with AFM is often used for observation of
multiple phases. The phase contrast is related to the inherent
properties of the two phases. The brighter areas in the image
can be attributed to the greater force experienced by the
cantilever tip when in contact with the filler (tubular or
spherical). The matrix is in amorphous state and hence appears

Table 4 Theoretical and experimental data of thermal conductivity of MWNT filled composites at room temperature

MWNT, vol.%

Experimental thermal
conductivity, W/mK

Predicted thermal conductivity, W/mK A B wSet 1 Set 2

0 0.322 0.322 0.322 330 0.90 1.00
1 0.352 0.339 1.57 330 0.90 1.02
3 0.359 0.343 4.08 330 0.90 1.07
6 0.374 0.351 6.59 330 0.90 1.11
8 0.405 0.359 9.12 330 0.90 1.14

Fig. 5 SEM of MWNT/epoxy composites. (a) 6 vol.% MWNT/epoxy (set 2), (b) 8 vol.% MWNT/epoxy (set 2), (c, d) 8 vol.% MWNT/epoxy
(set 1)
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dark in the images. CNT agglomerates are seen in samples of
set 2 as indicated in the micrographs of Fig. 6(a) and (b).
Micrographs of the samples with predispersion did not exhibit
CNT agglomerates as shown by the well spread bright spots.

3.4 Differential Scanning Calorimeter

Differential scanning calorimeter was used to determine the
Tg of the nanocomposites using the measurement of heat flow
versus change in temperature. Figure 7 shows the variation of
glass transition temperature with increase in MWNT loading.
Whereas Tg increased with increase in MWNT in sets 1 and 2,
the latter showed greater increase, which may be due to the use
of solvent for the predispersion of the fillers (Ref 1). The
addition of nanofillers enhanced the thermostability of the
composites which may be due to the reduction in the mobility
of the epoxy polymer chains around the nanofillers by strong
interfacial interactions.

4. Conclusion

MWNT dispersed nanocomposites were fabricated with
filler loading up to 8 vol.% using twin-screw extrusion process.
The effect of predispersion of the nanofillers prior to extrusion
was demonstrated in terms of greater reductions in electrical

resistivity of the specimens. This was due to better dispersion of
MWNT in the matrix which was confirmed by SEM and AFM.
The experiments also demonstrated the adoption of extrusion
process for thermoset-based nanocomposite preparation. The
process parameters such as temperature, speed, and the screw
elements can be fine-tuned for achieving better results. The
decrease in electrical resistivity achieved with MWNT loading

Fig. 6 AFM of MWNT/epoxy composites. (a) 6 vol.% MWNT/epoxy (set 2), (b) 8 vol.% MWNT/epoxy (set 2), (c) 6 vol.% MWNT/epoxy
(set 1) and (d) 8 vol.% MWNT/epoxy (set 1)

Fig. 7 Variation of glass transition temperature (Tg) with MWNT
content
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was significant considering the nature of the resin system
selected for the study. The experimental values of conductivity
were described by a percolation-like power law equation with a
percolation threshold of 0.005 and 0.0075 volume fractions for
sets 1 and 2 respectively. Dispersion of MWNT resulted in
increase in the thermal conductivity of the specimens. The
specimens showed greater thermal stability as reflected by the
increase in their glass transition temperature.
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