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ABSTRACT: This study presents the preparation of electrically conducting poly(e-caprolactone) (PCL)/multiwall carbon nanotube

(MWCNT) composites with very low percolation threshold (pc). The method involves solution blending of PCL and MWCNT in the

presence of commercial PCL beads. The PCL beads were added into high viscous PCL/MWCNT mixture during evaporation of sol-

vent. Here, the used commercial PCL polymer beads act as an ‘excluded volume’ in the solution blended PCL/MWCNT region. Thus,

the effective concentration of the MWCNT dramatically increases in the solution blended region and a strong interconnected continu-

ous conductive network path of CNT2CNT is assumed throughout the matrix phase with the addition of PCL bead which plays a

crucial role to improve the electromagnetic interference shielding effectiveness (EMI SE) and electrical conductivity at very low

MWCNT loading. Thus, high EMI SE value (�23.8 dB) was achieved at low MWCNT loading (1.8 wt %) in the presence of 70 wt %

PCL bead and the high electrical conductivity of �2.4931022 S cm21 was achieved at very low MWCNT loading (�0.15 wt %) with

70 wt % PCL bead content in the composites. The electrical conductivity gradually increased with increasing the PCL bead concentra-

tion, as well as, MWCNT loading in the composites. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42161.
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INTRODUCTION

Over the last few years, polymers have been most promising

materials in the current science and technology due to its high

mechanical and thermal properties, high processibility, light

weight and low cost.1,2 However, the major disadvantage of the

polymers is that, most of the polymers are insulating in nature

which restricted the application of the polymers in the various

fields, such as sensors,3 aerospace,4 electronics,5 device,6 auto-

mobile, electromagnetic interference (EMI) shielding materials,7

super capacitor,8 microwave and Li-ion battery etc. Thus, prepa-

ration of conducting polymer has been a great challenge and

current science has been turned in new direction. In this regard,

among the different conducting nanofillers such as carbon black

(CB), carbon nanofibre (CNF), carbon nanotube (CNT), and

graphene, CNTs are extensively used for the preparation of con-

ducting polymer due to its high electrical conductivity, high

thermal and mechanical properties and also high aspect ratio,

large surface area. However, poor dispersion of CNTs through-

out the matrix polymer limits the preparation of conducting

polymer composites at low nanofillers (CNTs) loading. The

electrical conductivity of polymer composites strongly depends

on the dispersion of the nanofillers, processing condition and

nature of the polymer.

Poly(e-caprolactone) (PCL) is a bio-compatible, bio-degradable,

aliphatic, semi-crystalline polyester with good resistance to

water, solvents and oil. The addition of electrically conducting

filler, such as multiwall carbon nanotube (MWCNT), opens up

a number of further possible applications, such as, conducting

substrates for the application an extensive range in various

fields (EMI shielding, electronic device etc.). The dispersion

level of MWCNT is very high in PCL matrix, due to p–p inter-

action between the aromatic structure of MWCNT and carbonyl

group of PCL.9 Moreover, PCL possess very low melt viscosity

and thus very high level of dispersion of MWCNT in the PCL

matrix is expected.

Several groups studied EMI shielding effectiveness (SE) for the

different polymer composites. Such as, Huang et al.10 prepared

epoxy resin/SWCNT composites and achieved �20–30 dB EMI

SE at �15 wt % loading of SWCNT in the X-band region.

Ramoa et al.11 reported EMI SE value of �(220) dB for TPU/

CNT composites at 10.0 wt % loading of CNT. They measured

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4216142161 (1 of 10)

http://www.materialsviews.com/


EMI SE value in X band region. Pande et al.12 studied the SE of

the polycarbonate (PC)/MWCNT composites and the obtained

EMI SE value was �43 dB at �20 wt % MWCNT loading. Kha-

tua et al.13 prepared PS/GNP/MWCNT composites through in-

situ polymerization in the presence of PS/GNP bead. They

achieved EMI SE value of �20.2 dB at �2 wt % loading of

MWCNT and 1.5 wt % loading of GNP. Gupta et al.14 prepared

PS/MWCNT foam and achieved EMI SE of �18.2–19.3 dB at

�7 wt % loading of MWCNT. Thomassin et al.15 achieved EMI

SE value of PCL/MWCNT composites around �25 dB at �1 wt

% MWCNT loading. Khatua et al.16 prepared PC/MWCNT

nanocomposite through solution blending and achieved 23.1 dB

EMI SE value at 2 wt % MWCNT loading.

Several research groups reported the preparation of conducting

nanocomposites based on PCL and MWCNT. For instance,

Wurm et al.17 achieved electrical conductivity of �1022 S cm21

at �2 wt % MWCNT loading in melt-mixed PCL/MWCNT

composites. Mitchell et al.18 prepared PCL/SWCNT composite

by solution blending and achieved electrical conductivity of

�1.5 3 1023 S cm21 at �3 wt % CNT loading. Saeed et al.19

studied the electrical conductivity of PCL/MWNT composites

prepared through in-situ polymerization. The obtained conduc-

tivity was �1022 S cm21 at �2 wt % MWCNT loading.

Potschke et al.20 prepared PCL/MWCNT composite using melt

mixing method. The reported resistivity of the composites was

�104 (ohm.cm) at �3 wt % MWCNT loading. Bello et al.21

reported the electrical conductivity of the PCL/MWCNT com-

posites, prepared by melt blending method. They achieved per-

colation threshold at �0.3 wt % CNT loading. Miltner et al.22

studied the percolation threshold for PCL/CNT composite and

they achieved percolation threshold at �0.5 wt % CNT loading.

Sayyar et al.23 prepared PCL/graphene composites by solution

blending method. They obtained electrical conductivity of

�1022 S cm21 at �10 wt % graphene loading. Villmow et al.24

achieved electrical conductivity in the order of �1022 S cm21

at �0.7 vol % MWCNT loading for PCL/MWCNT composites.

Khatua et al.25 prepared PC/PCL-MWCNT composites by melt

blending method. The electrical conductivity of the composites

was greatly influenced in the presence of PCL polymer.

In the present study, we prepared PCL/MWCNT composites

with high electrical conductivity at extremely low CNT loading

through solution blending of PCL and MWCNT in the presence

of commercial PCL bead. Here, MWCNTs were selectively dis-

persed in the solvent dried continuous PCL phase and PCL

beads act as an “excluded volume” in the continuous phase in

which MWCNT cannot penetrate. Thus, effective concentration

of the CNT increases in solution blended PCL region with addi-

tion of PCL beads which could improve the EMI SE value as

well as electrical conductivity in the composites.

EXPERIMENTAL

Material Details

PCL (CAPATM 6250, melt flow index, 9 g/10 min, avg.

MW 5 25,000, average diameter �3.2 mm and length

�4.32 mm) was procured from Perstorp, UK. Industrial grade

MWCNT (NC 7000 series; average diameter of 9.5 nm and

length 1.5 mm; surface area: 250�300 m2/g; 90% carbon purity)

was purchased from Nanocyl S.A., Belgium. We have used PCL

as matrix polymer due to its low melt viscosity. This low melt

viscosity of PCL facilitates the better dispersion of MWCNT

throughout the solvent dried PCL phase which also plays an

important role to get the electrical conductivity comparatively

at low MWCNT loading. The MWCNT was used as received,

without any further chemical modification.

Preparation of PCL/MWCNT Composites

Initially, calculated amount of PCL beads (4 g) were dissolved in

dichloromethane (DCM) solvent (15 mL) in a round bottom

flask (RB). MWCNT (0.005 g) was sonicated by ultra-sonication

in another RB containing DCM solvent (15 mL) for 45 min.

Then, the PCL solution was gradually added to the suspension of

MWCNT and continued ultra-sonication for another 40 min.

After that, the viscous solution of PCL2MWCNT was stirred by

magnetic stirrer at 50�C for the evaporation of DCM solvent.

After 4 h, when the PCL2MWCNT mixture became highly vis-

cous, 6 g of commercial PCL beads were added into this high

viscous PCL2MWCNT mixture under constant stirring. Partial

swelling of the PCL beads occurred at the initial stage. Thus, the

PCL/MWCNT composites were prepared by solution blending of

PCL and MWCNT in the presence of commercial PCL beads.

The obtained composites were first air dried and then, kept in an

air oven at 50�C for 24 h for drying. From the final weight

(�10 g) of the composites, the amount of MWCNT and PCL

bead were calculated to be �0.05 wt % and �60 wt % loading,

respectively. Thus, the (40/60 w/w) (PCL2MWCNT)/PCL com-

posites were prepared with different CNT loadings (�0.03,

�0.05, �0.10, and �0.15 wt %) using the same method. The

PCL/MWCNT composites with different loadings of PCL bead

(�40 to �70 wt %) at different MWCNT loadings (�0.03,

�0.05, �0.10, and �0.15 wt %) were also prepared with the

same method. Finally, PCL/MWCNT composites were compres-

sion molded at 70�C in a hot press under constant pressure (2

MPa) for further characterizations. The schematic representation

for the preparation of the composites is illustrated in Figure 1.

CHARACTERIZATION

Electrical Conductivity

The direct current (DC) conductivity (rDC) measurement of the

composites was done with a four2probe technique on the

molded specimen bars of dimensions 30 3 10 3 3 mm3. The

sample was cryogenically-fractured at two ends and the frac-

tured surface was coated with silver (Ag) paste to ensure good

contact of the sample surface with electrodes. The specimens

were prepared under similar conditions to avoid the influence

of the processing parameters on the electrical properties. Mini-

mum of five tests were performed for each specimen and the

data was averaged.

The frequency (f) dependent alternating current (AC) conduc-

tivity (rAC) and dielectric permittivity of the composites (disc

type sample with thickness 0.3 cm and area �1.88 3 1021

cm2) were obtained using a computer controlled precision

impedance analyzer (Agilent 4294A) by applying an alternat-

ing electric field (amplitude 1 volt) across the sample cell in

the f region of �40Hz to �10MHz. A parallel plate configura-

tion is used for all the electrical measurements. Molded disc
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type composites sample was coated with silver (Ag) paste to

act as both side electrodes. A sample holder using Platinum

(Pt) probe was used for all the electrical measurements.

The parameters like dielectric permittivity (e0) and dielectric

loss tangent (tan d) were obtained as a function of f. The rac

was calculated from the dielectric data using the relation:

rac5xeoe
0tan d (1)

where x is equal to 2pƒ, and eo is vacuum permittivity. The

dielectric permittivity (e0) was determined with the following

equation:

e05Cp=Co (2)

where Cp is the observed capacitance of the sample (in parallel

mode), and Co is the capacitance of the cell. The value of Co

was calculated using the area (A) and thickness (d) of the sam-

ple, following the relation:

Co5 eo3Að Þ=d (3)

EMI SE Measurement

The EMI SE of PCL/MWCNT composites was measured with

E5071C ENA series network analyzer (Agilent Technologies)

using an industrial standard method. The composites slabs of

dimensions 25.5 3 13 3 5.6 mm3 were measured in the 8.2–

12.4 GHz (the so called X band) frequency range.

Optical Microscopy

High resolution optical microscope (HROM, Carl Zeiss Vision

GmbH) was used to investigate the distribution of MWCNT

and PCL bead in the PCL matrix. Image from the surface of the

compression molded sample was taken in monochromatic light

at different resolutions.

High Resolution Transmission Electron Microscopy (HRTEM)

Analysis

The extent of dispersion of the MWCNT in the PCL matrix was

studied by HRTEM (JEM–2100, JEOL, Japan), operating at an

accelerating voltage of 200 kV. The PCL/MWCNT composites

were ultra-microtomed under cryogenic condition with a thick-

ness of around 60�90 nm.

Field Emission Scanning Electron Microscopy (FESEM) Study

The surface morphology of the PCL/MWCNT composites was

studied using a Carl Zeiss2SUPRATM 40 FESEM, with an

accelerating voltage of 5 kV. The molded samples were kept in

liquid nitrogen for 30�50 sec in a stainless steel container and

then broken inside the liquid nitrogen. The fractured surfaces of

the samples were coated with a thin layer of gold (�5 nm) to

avoid electrical charging. The vacuum was in the order of

�1024 to �1026 mm Hg during scanning and FESEM images

were taken on the fractured surface of the sample.

RESULTS AND DISCUSSION

EMI SE Measurement

The frequency dependent EMI SE of PCL/MWCNT composites

are shown in Figure 2. The EMI SE of the composites were

characterized in the X band frequency region (8.2–12.4 GHz).

For the evaluation of EMI SE value of any composites or mate-

rials, the following equation is generally used:

EMI SE dBð Þ 510 log P0=Ptð Þ (4)

Where, P0 is the incident electromagnetic power and Pt signifies

the transmitted or remaining electromagnetic power.26

The EMI SE value of the PCL/MWCNT composites increases

with increasing the MWCNT loading in the X band frequency

Figure 1. A schematic for the preparation of PCL/MWCNT composites. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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region. Thus, the PCL/MWCNT composites show EMI SE value

of �23.8 dB at �1.8 wt % MWCNT loading with 70 wt % PCL

bead content in the X-band region, as shown in Figure 2(a). In

general, the minimum EMI SE value of any kind of materials or

composites will be around �20 dB (i.e., equal to or less than

1% transmission of the electromagnetic wave) for commercial

applications. Thus, the obtained EMI SE value (�23.8 dB) of

the PCL/MWCNT composites fulfilled the criteria of its useful-

ness in commercial area. This high value of EMI SE of the PCL/

MWCNT composites at low MWCNT loading was obtained due

to the presence of the commercial PCL bead in the solution

blended PCL-MWCNT region. The PCL beads act as an

“excluded volume” which increases the effective concentration

of the MWCNT in the solvent dried PCL-MWCNT region and

greatly improved the EMI SE value of the PCL/MWCNT com-

posites even at low MWCNT loading. Thus, the nano-sized fill-

ers (MWCNT) interact with the incident radiation of the light

and act as a crucial role to facilitate easy electron transport

throughout the composites. Figure 2(b) shows the comparative

EMI SE values of PCL/MWCNT composites for �1.4 wt % and

�1.8 wt % MWCNT loading in the presence of PCL bead load-

ing (70 wt %) and without bead loading. As observed, the EMI

SE values were higher in presence of PCL bead loading (70 wt

%) compared to without bead in the composites for both cases.

This result indicates that PCL bead plays an ‘excluded volume’

which increases the effective concentration of MWCNT in the

composites. Thus, the EMI SE values of the composites

increased with increasing the PCL bead loading. The high elec-

trical conductivity value and continuous conducting intercon-

nected network chains of MWCNT play a crucial role for

electrical conduction and improve the EMI-shielding perform-

ance of PCL/MWCNT composites as already reported in various

literature.27,28 The enhancement of EMI-shielding value via

absorption in the conducting composites occurred due to sev-

eral factors such as (i) orientation of conducting nanofillers

formed a strong interconnected network path among them

which increased the electrical conductivity and EMI SE of the

composites and, (ii) the more random distribution of conduct-

ing nanofillers also plays a key role to increase the EMI SE value

of the composites, already been reported.29 To understand

more, a schematic representation has been drawn for the contri-

butions of the absorption and reflection mechanisms to the

total EMI SE where the effects of PCL bead was clearly observed

on the EMI shielding performance in the PCL/MWCNT com-

posites, as shown in Figure 3. Thus, the obtained EMI SE value

of PCL/MWCNT composites with bead loading (70 wt %) is

higher compared to the PCL/MWCNT composites without bead

at same MWCNT loading (�1.4 and �1.8 wt % MWCNT), was

shown in Figure 2(b). The higher EMI SE value via absorption

for the composites with bead loading was explained by two dif-

ferent pathways such as (a) change of conducting nanofillers

orientation with minimum breakage of nanofillers which form a

strong conducting interconnected network path and increased

the electrical conductivity of the composites, resulted high EMI

SE value and, (b) multiple reflection which is the electromag-

netic wave reflection at various surfaces and interfaces inside

the shield,30 was another shielding mechanism that was affected

by the structure. In the PCL/MWCNT composites with bead

loading, the entering incident electromagnetic waves were

reflected and scattered at the matrix interfaces many times.

Thus, this multiple reflection combined with the adequate level

of wave absorption capability inside the composite matrix

resulting in the further attenuation of electromagnetic waves

and thereby improved the EMI SE in the composites.31 The dif-

ference between the wave scattering and multiple reflections in

the PCL/MWCNT composites without bead loading [Figure

3(a)] and composites with bead loading [Figure 3(b)] samples

is schematically presented in Figure 3.

Generally, the summation of transmissivity (T), reflectivity (R),

and absorptivity (A) must be “one,” expressed by following

relation,

T1R1A51 (5)

The transmissivity (T) and reflectivity (R) coefficients were esti-

mated through S parameters and related by the following equation:

Figure 2. (a) The variation of EMI Shielding with frequency of the PCL/

MWCNT composites containing various MWCNT loadings with constant

PCL bead loading and (b) the comparative EMI SE values of PCL/

MWCNT composites for 1.4 wt % and 1.8 wt % MWCNT loading in the

presence of PCL bead loading (70 wt %) and without bead loading.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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T5 ET=EI½ �25jS12j25jS21j2 (6)

R5 ER=EI½ �25jS11j25jS22j2 (7)

With respect to the power of the effective incident electromag-

netic wave inside the shielding material, the reflectance and

effective absorbance can be conveniently expressed as32

SER5210 log 12Rð Þ (8)

SEA5210 log 12Aeffð Þ5210log T= 12Rð Þ½ � (9)

Using the equations given below,

SER5210 log R (10)

SEtotal5210 log T (11)

A512T2R (12)

where SEtotal is total value of EMI SE.

With the help of the above equations, the values of absorptivity

(A), reflectivity (R), and transmissivity (T) have been calculated

for PCL/MWCNT nanocomposites with �1.8 wt % MWCNT

loading and 70 wt % PCL bead. The obtained values are 0.77

for the reflectivity (R), 0.223 for absorptivity (A), and 0.007 for

transmissivity (T), respectively at 8.2 GHz. This result indicated

that reflection contributed more than absorption to the EMI

SE. Thus, the contribution of reflection to the total EMI SE is

much larger than that from absorption which is the primary

EMI SE mechanism for nanocomposites in the X-band region.

So, this nanocomposite can be used various fields of applica-

tions for shielding, such as in construction of light weight

shielding room etc.

Electrical Conductivity

rDC Measurement. The value of rDC of the PCL/MWCNT

composites strongly depends on the amount of the CNT and

PCL bead in the composites, as shown in Figure 4. In both

cases, the value of rDC gradually increased with increasing the

CNT and PCL bead loading. Figure 4(a) shows the variation of

the conductivity value for the different PCL bead amounts (0–

70 wt %) at a particular MWCNT loading (�0.15 wt %). As

can be seen, the value of rDC increases gradually with increasing

the amount of PCL bead in the composites at constant CNT

loading (�0.15 wt % MWCNT loadings). In the absence of any

PCL bead, PCL/MWCNT composites showed electrical conduc-

tivity of �3.67 3 1023 S cm21 at �0.15 wt % MWCNT

loading. However, this value (�3.67 3 1023 S cm21) increased

to �6.87 3 1023 S cm21 when the composites was prepared

with 50 wt % PCL bead. In addition, the composites shows

electrical conductivity of �9.8131023 S cm21 for 60 wt % PCL

bead and �2.49 3 1022 S cm21 for 70 wt % PCL bead at

�0.15 wt % MWCNT loading, respectively. This kind of phe-

nomena of electrical conductivity in the PCL/MWCNT compo-

sites was also obtained for all the composites with different

loading (�0.03, �0.05, and �0.10 wt %) of MWCNT. The

change in electrical conductivity of the composites with the var-

iation of PCL bead can be explained by considering the PCL

beads as an ‘excluded volume’ in the composites. In the

PCL2MWCNT composite, PCL beads act as an ‘excluded

volume’ where MWCNTs fail to penetrate. Thus, the resultant

concentration of MWCNT in the solvent dried continuous PCL

phase increased in the presence of PCL beads which helped to

achieve incredibly high electrical conductivity even at very low

MWCNT loading (�0.03 wt %) in the composites.

Figure 4(b) shows the variation of the rDC of the composites

for various amount of MWCNT loading (�0.03, �0.05, �0.10,

and �0.15 wt %) in the absence of any PCL bead content in

the solvent dried PCL2MWCNT composite. As can be seen,

the value of rDC of the PCL/MWCNT composites strongly

depends on the concentration of the MWCNT loading and

increased with increasing the CNT loading. Initially, the PCL/

MWCNT composites with �0.001 wt % MWCNT loading

behaves like an insulating materials and shows electrical con-

ductivity of �1.1 3 10212 S cm21. However, this low value

(�1.1 3 10212 S cm21) of rDC of the composites was greatly

improved to �6.31 3 1026 S cm21 when the composites was

prepared with �0.03 wt % loading of MWCNT. This sudden

jump in electrical conductivity from �10212 to �1026 clearly

supported the formation of continuous conducting intercon-

nected network paths of CNT2CNT in the composites which

Figure 3. Schematic representation for the difference between the wave scattering and multiple reflections in the PCL/MWCNT composites without bead

loading [Figure 3(a)] and composites with bead loading [Figure 3(b)], where I, R, M and T are respectively incident, reflection, multiple internal reflec-

tion and transmission of electromagnetic wave. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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help to conduct the electricity throughout the host polymer.

Thus, the obtained value of rDC of the PCL/MWCNT compo-

sites was �7.16 3 1024 S cm21 at �0.10 wt % MWCNT load-

ing and �3.67 3 1023 S.cm21 at �0.15 wt % of MWCNT

loading. With increasing the CNT loading, a strong conducting

network structure of CNT–CNT is formed which plays a crucial

role to achieve electrical conductivity even at very low CNT

loading. Figure 4(c) shows the comparative studies of rDC of

the PCL/MWCNT composites for different MWCNT loading

(�0.03, �0.05, �0.10 and �0.15 wt %) in the presence of PCL

bead loading (70 wt %) and without bead loading. From the

Figure (4c), it is clearly seen that, the values of rDC were

increased in the presence of PCL bead loading. This improve-

ment of electrical conductivity in the presence of bead loading

concluded that the effective concentration of MWCNT loading

in the solvent dried PCL–MWCNT region increased with

increasing the PCL bead loading which acts as an ‘excluded

volume’ in the composites. At constant MWCNT loading, an

increase in the weight percent of PCL beads results in a gradual

increase in the electrical conductivity of the PCL/MWCNT

composites. This increment in weight percent of PCL beads

results in the CNT containing part of the composite getting

more concise in a smaller area, which increases the continuous

conducting interconnected network structure of the CNTs.

Thus, addition of PCL bead plays a crucial role to increase the

electrical conductivity of the PCL/MWCNT composites at same

MWCNT loading and lowers the percolation threshold values

(calculated values �0.016 wt % MWCNT) compared to that

(�0.019 wt % MWCNT) of the composites without PCL bead

loading.

Several groups33,34 studied the electrical conductivity of the

polymer composites and discussed the electrical conductivity on

the basis of percolation theory. The percolation theory suggested

that an electrical transition occurred at a particular content of

nanofillers loading from insulating materials to conductor

which is well known as critical concentration. At this concentra-

tion, a continuous conducting interconnected network of nano-

fillers is developed throughout the insulating polymer matrix

which helps to sudden increase in electrical conductivity of the

polymer composites, known as percolation threshold (pc). The

value of rDC of the polymer composites can be expressed by the

following scaling law relation:

Figure 4. (a) DC conductivity of PCL/MWCNT composites at different weight percent of PCL bead in the PCL matrix with various MWCNT loadings.

(b) DC conductivity of PCL/MWCNT composites with MWCNT loading. The log–log plot of rDC versus (p–pc) for the composites was shown in inset

of Figure 4(b). The straight line in the inset is a least–squares fit to the data using eq. (4), giving the best fit values pc 5�0.019 wt %. (c) The compara-

tive studies of rDC of the PCL/MWCNT composites for different MWCNT loading (�0.03, �0.05, �0.10 and �0.15 wt %) in the presence of PCL bead

loading (70 wt %) and without bead loading. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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rDC pð Þ / p2pcð Þt For p > pc (13)

where p is the nanofiller content, “t” is critical exponents.35

With the help of the eq. (13), logrDC versus log(p–pc) has been

drawn and the “t” and “pc” values are estimated for the PCL/

MWCNT composites, as shown in the inset of Figure 4(b).

Thus, the obtained values of “t” and pc were �2.96 and �0.019

wt % loading of MWCNT, respectively. This very low pc value

(�0.019 wt % MWCNT) supported the homogeneous disper-

sion CNT throughout the matrix phase which helped to reduce

the pc value enormously. Moreover, the pc value of the compo-

sites depends on several factors,36,37 such as, (a) high aspect

ratio of MWCNT can reduce the pc value, (b) high surface area

of the CNTs can also reduce the pc value through tunneling

conduction among the conducting nanofillers, (c) the flexible

MWCNT can also play a crucial role to decrease the pc value

greatly by developing a physical entanglements between neigh-

boring CNTs through small attractive forces, etc. In this study,

we have used superior grade, highly purified MWCNT of high

aspect ratio which facilitates the electron conduction through-

out the composites. It is noteworthy that, the percolation

threshold found in our study is considerably lower (0.019 wt %

of MWCNT) than that found previously using SWCNT (0.09

wt % of SWCNT).16 But, if we look into the DC conductivity

at the percolation point, the SWCNT gives significantly high

conductivity value (�1027) than that of using MWCNT in the

present study.

According to Balberg et al.,38 the pc value can be written in

terms of average excluded volume (L/R) by the following

relation:

pc L=Rð Þ � 3 (14)

where L is the length of the randomly oriented CNTs and R rep-

resents the radius of the CNTs. The percolation theory39 suggetsed

that a continuous conducting network chains of conducting nano-

fillers has been developed throughout the composites at the criti-

cal concentration of the nanofillers. An interparticle conduction is

occurred in the conducting polymer composites among the con-

ducting nanofillers which help to develop an electrical conducting

path in the composites. Grossiord et al.40 have studied the electri-

cal conductivity of the conducting polymer composites and

reported that the tunneling conduction plays an important role

behind the electrical conductivity in polymer composites. Ryvkina

et al.41 have also studied the electrical conductivity of the poly-

mer/CB composites using the electron tunneling mechanism.

They expressed the electrical conductivity on the basis of theoreti-

cal model using the following relation:

rDC / exp 2Adð Þ (15)

where A is the tunnel parameter and d signifies the width of the

potential barrier. The tunneling conduction mechanism42,43 pro-

posed that the charge carriers can travel among the conducting

nanofillers through the conducting polymer composites across

insulating polymeric gaps and electrical conductivity of the

composites strongly depends on the existence of tunneling con-

duction in the composites.44 The current in a tunnel junction

depends on the barrier width and it decreases with increasing

the barrier width. The nanofillers are supposed to be randomly
Figure 5. Plot of logrDC versus p21=3-for PCL/MWCNT composites.

Figure 6. AC conductivity of the PCL/MWCNT composites versus fre-

quency at (a) different loading of PCL bead at constant CNT loading and,

(b) different CNT loadings without PCL bead. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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oriented throughout the polymer matrix, and the mean average

distance (d) among the nanofillers would be considered as bar-

rier width (d). The barrier width is related to the nanofiller

concentration in weight, p21/3 by the given relation:45

d / p21=3 (16)

Now, using the eqs. (15) and (16) together, the tunneling

assisted conductivity (logrDC) of the conducting polymer com-

posites can be written with the help of the following relation:

log rDCð Þ / p21=3 (17)

Thus, logrDC of the eq. (17) has been linearly varied with p21/3,

as shown in Figure 5.

This linear variation of logrDC versus p21/3 indicated the pres-

ence of tunneling mechanism behind the electrical conductivity

of the PCL/MWCNT composites. Kilbride et al.46 discussed that

polymer creates a very thin insulating polymer layer on the

individual conducting nanofiller in the conducting polymer

composites. So, tunneling of the electrons does not occur

between adjacent nanofillers due to the presence of very thin

layer of insulating polymer which acts as a high energy barrier.

As a result, contact resistance of the nanofillers increased and

reduced the electrical conductivity. However, this high energy

barrier is reduced when a voltage is applied between the two

electrodes which act as a driving force for tunneling conduction

among the nanofillers. Thus, the contact resistance among the

Figure 7. (a) Optical micrograph, (b) & (f) FESEM micrographs of the composites showing CNT region and PCL bead region (c) dispersed MWCNT in

the CNT region, and (d) & (e) HRTEM micrograph of PCL/MWCNT composites with 70 wt % PCL bead and 0.15 wt % MWCNT loading. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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adjacent nanofillers reduced and the electrical conductivity of

the composites increased.

Measurement of rAC. The frequency dependent AC electrical

conductivity (rAC) of PCL/MWCNT composites is shown in

Figure 6. Figure 6(a) shows the variation of rAC at different

PCL bead content (0–70 wt %) for a particular MWCNT load-

ing (�0.15 wt %) and the value of rAC increases with increasing

the bead loading (up to 70 wt %) at �0.15 wt % CNT loading.

This improvement in rAC led us to conclude that effective con-

centration of the CNT increases in the solvent dried PCL–

MWCNT phase with increasing the PCL bead content in the

composites. It is assumed that strong interconnected conducting

network chains of CNT2CNT is formed in the solvent dried

PCL/MWCNT region in PCL/MWCNT composites as a result of

increasing effective concentration of MWCNT in presence of

PCL beads. Addition of PCL bead increase the effective CNT

loading acts as an excluded volume. Thus the increases of con-

ductivity occur for the composite with bead compared to with-

out any PCL bead. However, the increase in conductivity in

presence of bead also depends on the loading of the bead. At

higher loading the composite contain more insulating PCL bead

and then CNT dispersed in a smaller region and thus expected

to have less branching of continuous CNT network. At relative

lower loading, more CNT containing region will be available in

the composite which leads to more network of CNT in the

composite matrix. Thus significant increase in conductivity is

not observed with bead containing.

Figure 6(b) shows the variation of rAC of the PCL/MWCNT

composites at different MWCNT loadings (�0.03 to �0.15 wt

%) in the absence of PCL bead content. As observed, the value

of rAC also improved with increasing the amount of CNT

loading. This is the general phenomena of the conducting

materials.47 With increasing the MWCNT loading, a continu-

ous conductive interconnected network path is developed

which helps to conduct the electricity throughout the compo-

sites. Thus, AC electrical conductivity of the composites gradu-

ally increases with increasing the CNT loading in the

composites.

Morphology

Figure 7 shows the different morphological images of the PCL/

MWCNT composites. The optical micrograph image of the

composites with 0.15 wt % of MWCNT in the presence of 70

wt % PCL beads was studied and observed the two phase

regions in Figure 7(a). As observed, a continuous opaque

phase (black phase in the image) which is indication of the

solution blended PCL–MWCNT region and the existence of

the pure PCL bead region without any kind of CNT was sup-

ported by the transparent regions of the optical micrograph in

Figure 7(a). Thus, two phase regions (pure PCL bead phase

and PCL–MWCNT solvent dried phase) in the PCL/MWCNT

composites were confirmed by this optical micrograph. Here,

the size of the PCL bead is reduced to some extent in the

composites which could be due to partial swelling and surface

etching of the PCL beads by the solvent during preparation of

the PCL/MWCNT composites. The FESEM images of the PCL/

MWCNT composites with �0.15 wt % MWCNT in the pres-

ence of 70 wt % PCL bead were also characterized to observe

the two phase regions in the composites, as shown in Figure

7(b,c,f). The Figure 7(b,f) clearly shows the two phase regions,

where MWCNTs are dispersed in the solvent dried PCL phase

and CNT free rest of the phase suggested the existence of PCL

bead regions in the composites. Thus, this image unambigu-

ously led us to conclude that MWCNTs were selectively dis-

persed in the solvent dried PCL phase, and failed to penetrate

inside the PCL bead regions during the preparation of compo-

sites in the presence of PCL beads. In addition, PCL bead acts

as an “excluded volume” which increases the effective CNT

concentration in the solvent dried PCL regions that helps to

increase the electrical conductivity of the composites even at a

low CNT content. Figure 7(c) is the high magnification

FESEM image of the solvent dried PCL–MWCNT phase. This

image [Figure 7(c)] indicated the homogeneous dispersion of

the CNTs in the solvent dried PCL phase. The HRTEM micro-

graph of the PCL/MWCNT composites was also studied to

check the microstructure in the composites, as shown in Fig-

ure 7(d,e). From this image [Figure 7(d,e)], the presence of

two phase regions and selective localizations of CNTs in the

solvent dried PCL–MWCNT phase can be seen. Thus, all these

micrograph images confirmed the selective localizations of

CNTs in the composites which developed continuous intercon-

nected network chains of CNT–CNT throughout the matrix

phase and plays a key role to improve the electrical conductiv-

ity of the composites.

CONCLUSION

In conclusion, a modified conventional solution blending

method was demonstrated for the preparation of high electri-

cally conductive PCL/MWCNT composites with very low perco-

lation threshold. The method involves selective localization of

MWCNT through solution blending of PCL2MWCNT in the

presence of commercial PCL beads. The existence PCL beads in

the composites act as an ‘excluded volume’ where CNTs cannot

penetrate during the preparation of the composites. Thus, the

effective concentration of the CNTs in the solvent dried

PCL2MWCNT phase greatly increases with the incorporation

of insulating PCL bead in the composites which leads to achieve

high EMI SE and electrical conductivity even at low CNT con-

tent. Thus, high EMI SE value (�23.8 dB) was achieved for

PCL/MWCNT composites at low MWCNT loading (1.8 wt %)

with 70 wt % PCL bead. Additionally, very high electrical con-

ductivity (�2.49 3 1022 S cm21) was achieved at very low

(�0.15 wt %) CNT loading in the presence of 70 wt % PCL

bead with very low percolation threshold (�0.019 wt %), which

is not reported till date in PCL/MWCNT composites. Morpho-

logical study of the composites confirmed the selective localiza-

tion of the CNTs in the solvent dried continuous PCL phase

and forms infinite numbers of conducting network chains of

CNT2CNT in the composites.
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