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A B S T R A C T

This paper describes for the first time a facile, scalable and commercially viable melt blend-

ing approach involving use of twin-screw extruder with melt recirculation provision, for

uniform dispersion of up to 4.6 vol% multiwall carbon nanotubes (MWCNTs) within

polypropylene random copolymer (PPCP). Morphological characterization of PPCP/MWCNT

nanoscale composites (NCs) was done using scanning electron microscopy and transmis-

sion electron microscopy, which show good dispersion of MWCNTs in the PPCP matrix even

at high loadings and confirm the formation of true NCs. The improved dispersion leads to

the formation of electrically conducting three dimensional networks of MWCNTs within

PPCP matrix at very low percolation threshold (�0.19 vol%). The attainment of dc conduc-

tivity value of �10�3 S/cm, tensile strength of �42 MPa and good thermal stability for

4.6 vol% MWCNTs loading NC along with electromagnetic interference (EMI) shielding

effectiveness (SE) value of �47 dB (>99.99% attenuation), demonstrate its potential for

making light weight, mechanically strong and thermally stable EMI shields. These NCs also

display specific SE value of ��51 dB cm3/g which is highest among unfoamed polymer NCs.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid growth of electronics and communication has led

to electromagnetic (EM) interference (EMI) as most undesir-

able by-product [1]. It can be defined as a kind of electronic

pollution constituted by conducted and/or radiated EM energy

emitted by wide variety of electronic circuits and telecommu-

nication goods, which not only tries to disturb the functioning

and performance of electronic appliances but may also
adversely affect the health of living organisms. Therefore, a

suitable shielding mechanism is required to suppress or

eliminate the EM radiation radiated by electronic instruments

as well as for the protection of sensitive circuits from external

EM emissions [2–4]. It can be achieved by minimizing the

influence of incident EM wave by reflection, absorption or

multiple-reflection phenomenon. The reflection is regarded

as primary mechanism which requires the presence of mobile

charge carriers like electrons or holes. In contrast, secondary
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mechanism is absorption which depends upon dielec-

tric/magnetic polarization and associated relaxation losses.

Metals and their composites are widely employed as EMI

shielding materials, but they suffer from disadvantages like

high density, processing difficulties, corrosion susceptibility

etc. In this consideration, carbon nanotubes (CNTs) with ultra

high strength (10–100 GPa) and modulus (�1.0 TPa) values

along with exceptional electrical (104–106 S/cm) and thermal

properties (3000–6000 W/mK), have emerged as highly effec-

tive conductive nanofiller for making EMI shielding nanoscale

composites (NCs) [5–10]. Therefore, in the recent past, a lot of

research has been carried out to prepare CNT filled polymer

NCs and to understand their shielding mechanism [11–13].

Anju et al. [14,15] demonstrated that poly(trimethylene

terephthalate)/multiwall CNTs (MWCNTs) composite con-

taining 4.76 vol% MWCNT loading display EMI shielding effec-

tiveness (SE) of �23 and �42 dB in the X and Ku band

respectively. Yang et al. [16] studied the EMI shielding behav-

ior of MWCNT/polystyrene (PS) NCs and achieved SE of 20 dB

at 7 wt% MWCNT loading. Yuan-Li et al. [17] studied the EMI

shielding response of functionalized-MWCNTs/poly(methyl

methacrylate) (PMMA) NCs prepared by in-situ and ex-situ

routes, and found that SE increases (at any fixed frequency)

with CNT loading. Further, in-situ formed NCs give superior

SE (��17 dB at 12 GHz) at comparative loading than ex-situ

formed NCs (SE��10 dB at 12 GHz). Liu et al. [18] studied sin-

gle wall CNTs (SWCNTs) based polyurethane (PU) NCs and

obtained an EMI SE of 17 dB at 20 wt% SWCNT loading in

the frequency range of 8.2–12.4 GHz (X-band), whereas

Haung et al.[19] attained much higher EMI SE (20–30 dB) at

relatively lower loading (15 wt% SWCNT) in epoxy matrix.

Saini et al. showed that incorporation of PANI/MWCNT in PS

matrix [20,21] lead to improvement of absorption with maxi-

mum SE in the range of �23 to �46 dB depending on the

chemical composition of PANI/MWCNT filler and shield thick-

ness. It is important to point out that despite acceptable

shielding performance, above studies remained a piece of lab-

oratory work, as they have not paid attention to the mechani-

cal properties (especially strength), cost effectiveness (cheap

raw material, process economy or energy saving) or time con-

straints, which are essential requirement of commercially

viable shielding materials. In fact, most works deliberately

avoided mechanical strength values due to the high filler

loading requirement to achieve acceptable shielding perfor-

mance, as mechanical properties become extremely poor

(even less than matrix) at such high loadings (caused by

agglomeration tendency of nanofillers and their non uniform

dispersion) [22–25], making the material practically unusable.

Interestingly, several attempts have also been made to form

high CNT filled (up to 10 wt%) polypropylene (PP) matrix

based EMI shielding composites [26–29], due to low cost,

chemical inertness, facile processing via melt blending and

good mechanical properties of PP. However, again the

mechanical properties were not attended, probably due to

inherent inferior strength at such high CNTs loading.

Recently, twin screw extruder and Banbury mixer are widely

employed at lab scale to improve the CNT dispersion inside

thermoplastic matrices [30–32]. However, their commercial
viability is still low due to time and energy issues arising

due to batch operation and shear/residence time limitations.

Particularly, in conventional twin screw extruder, the filler

dispersion is a function of shear rate (regulate the kneading)

and residence time (regulate the overall mixing and stability),

both being decided by screw rpm. Due to limited length of

screws, any attempt to improve mixing by increasing rpm

(shear) result in decrease of residence time thereby decreas-

ing dispersion (as melt get insufficient kneading time).

Similarly, any improvement in residence time by decreasing

rpm, result in decreased kneading and flow issues, again lead-

ing to poor dispersion. A possibility to overcome above prob-

lems is to process the material at moderate rpm and

reprocess the previously extruded and granulated material

through the extruder several times. However, the process

becomes commercial unviable due to batch operation with

associated time constraint, energy inefficiency and economic

unfeasibility. In this context, twin screw extruder with provi-

sion for melt recirculation is expected to act as commercially

viable processing option for achieving uniform dispersion of

high CNT loading inside polymer matrices, simultaneously

overcoming the shear/residence time and energy constraints.

The melt recirculation option allows effective mixing/disper-

sion by repeated passes of the polymer melt/filler mixture

through the extruder, before being discharged out and

extruded.

This article present first report on the successful realiza-

tion of uniform dispersion of up to 4.6 vol% MWCNTs in PP

copolymer (PPCP) matrix via a continuous melt processing

technique using twin screw extruder with melt recirculation

mechanism. The use of PPCP (in place of PP) also offer pro-

cessing and economic advantage, due to comparative cost,

improved mechanical properties and low (20–30 �C less) pro-

cessing temperature (energetically economical) compared to

PP alongwith better compatibility with fillers. The above

combination of PPCP matrix, high CNT loading and process-

ing technique bring commercial viability element into the

system that was missing in the previous works. Different

NCs were prepared by variation of CNT loading and effect of

MWCNTs content on the electrical conductivity, mechani-

cal/thermal properties and EMI shielding response is sys-

tematically investigated. The extent of dispersion of

MWCNT in the PPCP matrix was investigated using Raman

spectroscopy, scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) while the effect of

MWCNTs content on electrical conductivity (r), thermal sta-

bility and mechanical properties of the PPCP/MWCNT NCs

was also measured. The EMI shielding property of these NCs

was measured in the frequency range of 12.4–18 GHz (Ku-

band). The shielding mechanism of PPCP/MWCNT NCs was

studied by quantifying the contribution of absorption and

reflection loss to the total EMI SE and considering theoretical

aspects of shielding. In addition to shielding response,

mechanical and thermal properties of such highly filled NCs

have also been presented. The importance of selected pro-

cessing technique, matrix material and filler combination

has been highlighted to demonstrate the practical utility

and commercial viability.
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2. Experimental

2.1. Materials

PPCP (RepolR120MK from Reliance Industries Limited) with

ethylene content of 3–3.5% w/w and having melt flow index

of 12 g/10 min (230 �C/2.16 kg) was used as matrix. Multiwall

carbon nanotubes (MWCNTs, inner diameter � 10–12 nm,

outer diameter � 30–40 nm and length � 20–30 lm) were syn-

thesized by chemical vapor deposition (CVD) of toluene in the

presence of ferrocene catalyst [20,33]. Purity of MWCNT deter-

mined from thermogravimetric analysis (TGA) was �95%.

2.2. Preparation of NCs

PPCP/MWCNT NCs were prepared by melt blending tech-

nique using co-rotating micro compounder (Model: HAAKE

MiniLab II) at processing temperature of 200 �C, mixing time

of 10 min and screw speed of 50 rpm. Before blending,

MWCNTs and PPCP were oven dried at 110 �C (for 24 h) and

80 �C (for 6 h) respectively, to remove the adsorbed moisture.

The extruder was equipped with provision for melt

recirculation so that effective mixing can be realized by

increasing the number of passes through the extruder. In a

typical processing operation, premixed containing a

calculated amount of MWCNT powder and PPC granules is

charged into the extruder and after the residence time of

10 min, the recirculating melt is diverted toward micro

injection molding unit for the preparation of tensile test

specimens (Fig. 1). The samples for EMI shielding were

formed by compressions molding of granulated form of

extruded composite strands. Different compositions were

prepared by varying the proportion of MWCNTs and

designated as PPCP-0, PPCP-0.2, PPCP-0.4, PPCP-0.9, PPCP-1.8

and PPCP-4.6, where the numeric value indicates the

MWCNT loading level in vol%.
;.’..

Homogeneous melt

Recirculation

Screw 

PPCP granulesPPCP+CNTs mixture

Feed

Micro Compounder

Fig. 1 – Schematic diagram for the fabrication of NCs. (
2.3. Characterization

Morphology of PPCP/MWCNT NCs was investigated using SEM

(EVO-50) and TEM (JEOL 2100F) operating at accelerating volt-

age of 20 and 200 kV respectively. For SEM studies, manually

fractured, gold-coated samples were used whereas for TEM

studies, ultra-thin sections (30–80 nm thick) of NCs were

prepared using Leica Ultramicrotome. Raman spectrometer

(Renishaw InVia Raman microscope) was used to evaluate

the structure of PPCP and PPCP/MWCNT NCs. For Raman

studies, injection molded samples were used and spectra

were recorded using diode laser at 785 nm excitation with

Raman shift between 1000 and 1800 cm�1.

The dc electrical conductivity of PPCP/MWCNT NCs was

determined using van der Pauw geometry (two-probe contact

method) on Keithley semiconductor characterization system

(SCS 4200). For this purpose, circular disk shaped samples

having diameter 7 mm and thickness 2 mm were cut out from

the injection molded samples.

The EMI shielding measurements were performed on

Agilent E8362B Vector Network Analyzer (VNA) in the

microwave frequency range of 12.4–18 GHz (Ku-band).

Rectangular samples (2 mm thick) were inserted in copper

sample holder connected between the wave-guide flanges of

network analyzer. Full two-port calibration was performed

along with the sample holder to neglect any loss and power

redistribution due to sample holder. From the measurement

of S-parameters, the absorption coefficient and the shielding

efficiency of the material were calculated.

The tensile properties were measured on Zwick Universal

Tester Model-Z010 at room temperature. The samples were

tested in accordance with ASTM D638 Type V test procedure

at a crosshead speed of 10 mm/min and gauge length of

7.62 mm.

Thermal stability of the NCs was examined using TGA.

Thermogravimetric (TG)/derivative thermogravimetric (DTG)
Micro injection    
Molding

MWCNTs powder

Injection molded 
Test specimen

Randomly oriented
MWCNTs in matrix
forming a conductive
network (SEM micrograph)

Discharge

A color version of this figure can be viewed online.)
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trace traces were recorded using Perkin Elmer Pyris 6 TGA. For

recording (TG)/(DTG) trace, a heating rate of 20 �C/min and a

sample size of 8 ± 1 mg were used in N2 atmosphere (flow rate

60 mL/min).

3. Results and discussion

3.1. Surface morphology using SEM and TEM

Fig. 2a, b, c and d shows the SEM micrographs of fractured

surfaces of PPCP/MWCNT NCs having 0.2, 0.4, 1.8 and

4.6 vol% MWCNTs respectively whereas Fig. 2e, f, g and h dis-

plays the corresponding TEM micrographs. It can be clearly

seen in the SEM images that the individual MWCNTs are uni-

formly dispersed in PPCP matrix with very few entangled

(rope like) regions, implying that molten phase mixing inside

a twin screw extruder having melt recirculation provision, is

an effective way to realize uniform dispersion of MWCNTs

and to check their agglomeration inside the host matrix. It
((d)

(a)

(b)

(c)

(

Fig. 2 – SEM & TEM micrographs of PPCP/MWCNT composites: P

PPCP-4.6 (d and h). (A color version of this figure can be viewed
is important to point out that uniform mixing and dispersion

(even down to nanoscale level) indicate the formation of true

nanoscale-composites. Further, their abundance increases

with the increase in loading level such that only few uncon-

nected links are present at low MWCNT content (Fig. 2e)

whereas at 0.4 vol%, the MWCNTs are found to be randomly

oriented and form interconnecting conducting networks

(Fig. 2f), suggesting that percolation must be at less than

0.4 vol% loading. The formation of above network at very

low MWCNT concentration, reflect the low percolation

threshold value, which demonstrate the superiority of micro

compounding melt mixing method. Further, the low percola-

tion is expected to manifest itself in terms of minimum dis-

turbance of physico-mechanical properties of PPCP matrix.

Consequently, improved mechanical properties are expected

to provide a load bearing MWCNT/PPCP interface. In addition,

MWCNT being conducting filler, these NCs are also expected

to display electrical properties and electromagnetic radiation

shielding ability. The TEM images of NCs also display
h)

(e)

f)

(g)

PCP-0.2 (a and e), PPCP-0.4 (b and f), PPCP-1.8 (c and g) and

online.)
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presence of iron catalyst inside MWCNT’s internal cavity. As

the ferromagnetic properties of iron filled CNTs are well

established [20,34], therefore; it is expected that these NCs

will display additional magnetic losses and improved EMI

shielding performance.

3.2. Raman spectroscopy of NCs

Raman spectroscopy is widely employed for the understand-

ing of defect structure or electronic properties of MWCNTs,

to get a qualitative idea about degree of graphitization and

to assess levels of interactions in NCs. Particularly, the peak

position and peak-width of Raman active vibrations are sen-

sitive toward presence of defects, molecular stresses and

interaction between different phases.

Raman spectra of MWCNTs/PPCP NCs (Fig. 3) display the

superposed signatures of PPCP and MWCNTs. It can be seen

that the Raman signatures of the PPCP matrix are rapidly

broadened and weaken as the concentration of filler is

increased. This can be attributed to the dephasing of the local

motions of PPCP chains due to the interactions with the

individual MWCNTs. The characteristic ‘‘D’’ and ‘‘G’’ bands

of MWCNTs are also observed in NCs samples. The D-band

is related to the sp3 state of carbon and can be used as a proof

of disruption of the aromatic p-electrons (sp2 hybridized) of

CNTs i.e. presence of defects. In contrast, G band is related

to the graphitic structure (sp2 carbons). Their position and

relative intensity can provide qualitative estimate of interac-

tions and disorder in the system. The careful examination

of Raman spectra of NCs also revealed that, as the concentra-

tion of MWCNTs increases, the position of D-band show a

gradual shift toward lower wave numbers (i.e. 1313 cm�1 for

PPCP-0.4 to 1308 cm�1 for PPCP-4.6), which point toward local

stresses and interactions between MWCNTs & PPCP matrix

[35,36]. Further, in case of composites, systematic variation

of ID/IG ratio was also observed i.e. ID/IG � 0.79 for PPCP-0.4
Fig. 3 – Raman spectra of PPCP/MWCNTs composites. (A

color version of this figure can be viewed online.)
and 0.84 for PPCP-4.6, which reflect processing induced disor-

der. This can be attributed to the combined effect of genera-

tion of defects over MWCNT’s outer wall (during elevated

temperature and high shearing conditions encountered dur-

ing melt processing) and active contribution of PPCP matrix.

It is important to note that the formed defects create rough-

ness over CNT’s surface which may act as anchoring and

interfacial interaction sites for the PPCP matrix. Therefore,

they may contribute toward stress transfer and expected to

improve mechanical properties.

3.3. Electrical conductivity of PPCP/MWCNT NCs

Fig. 4 shows the dc conductivity (r) of PPCP/MWCNT NCs as a

function of MWCNTs vol% whereas the inset shows the log–

log plot of r versus volume fraction of filler (v). It can be seen

that r of NCs increases with increasing MWCNT content and

display a sharp rise around 0.2 vol% MWCNT loading, sug-

gesting the onset of percolation i.e. formation of a 3D electri-

cally conducting network within PPCP matrix. In the present

case, percolation threshold (the minimum filler loading

where first continuous network of filler particles was formed

within matrix polymer) has been calculated by plotting the

electrical conductivity as a function of the reduced volume

fraction of MWCNTs and performing data fitting with a power

law function [1,6,13,28].

r ¼ ro v� vcð Þb ð1Þ

where r is the electrical conductivity of the composite, ro is

characteristic conductivity, v is the volume fraction of filler,

vc is volume fraction at the percolation threshold and b is

the critical exponent which is related to the system dimen-

sionality. It can be seen (inset Fig. 4) that the slope, (i.e. the

critical exponent b) changes from 10.74 to 2.28 at �0.19 vol%

MWCNT loading (marked by the intersection of straight line

fits corresponding to these b values), that shows that percola-

tion threshold lies at vc � 0.0019 [37–39]. The occurrence of

percolation threshold at such a low MWCNT loading is a

direct consequence of processing (inside melt recirculation
Fig. 4 – Plot of electrical conductivity (r) versus MWCNT

(vol%) for PPCP/MWCNTs composites. Inset shows the log–

log plot of r as a function of (vc). (A color version of this

figure can be viewed online.)
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twin-screw extruder) aided efficient distribution and disper-

sion of CNTs within PPCP matrix that was also complemented

by morphological (SEM/TEM) investigations [40–44]. It is

important to point out that PPCP-4.6 display conductivity

value of 7.2 · 10�3 S/cm which is near the microwave shield-

ing range and good EMI shielding properties are expected.

3.4. Shielding effectiveness and shielding mechanism of
PPCP/MWCNT NCs

The EMI SE of a material is the ability to attenuate EM radia-

tion that can be expressed in terms of ratio of incoming (inci-

dent) and outgoing (transmitted) power. The EMI attenuation

offered by a shield may depend on the three mechanisms:

reflection of the wave from the front face of shield, absorption

of the wave as it passes through the shield’s thickness and

multiple reflections of the waves at various interfaces.

Therefore, SE of EMI shielding materials is determined by

three losses viz. reflection loss (SER), absorption loss (SEA)

and multiple reflection losses (SEM) and can be expressed as

[45,46]:

SE ðdBÞ ¼ SER þ SEA þ SEMð Þ ¼ 10 log10

Pt

Pi

� �

¼ 20 log10

Et

Ei

� �
ð2Þ

where Pi (or Ei) and Pt (or Et) are power of incident and trans-

mitted EM waves respectively. As, the Pt is always less than Pi,

therefore, SE is a negative quantity such that a shift toward

more negative value means increase in magnitude of SE. It

is important to note that the loss associated with multiple

reflections can be ignored (SEM � 0) when SEA of EMI shielding
Fig. 5 – (a) Frequency dependence of EMI SE of PPCP/MWCNT com

(d) skin depth, as a function of MWCNTs content. (A color versi
material is more than �10 dB (i.e. more negative than �10) so

that SE can be expressed as SE(dB) = SER + SEA [16]. Further, it

is convenient to express the SER and SEA in the form of

reflectance (R = |S11|2) and transmittance (T = |S21|2) as [47]:

SER ¼ 10 log ð1� RÞ ð3Þ

SEA ¼ 10 log ½T=ð1� RÞ� ð4Þ

where S11 and S21 are scattering parameters (S-parameters)

measured with the help of VNA.

Fig. 5a shows the frequency dependence of EMI SE of

PPCP/MWCNT NCs. It can be seen that, EMI SE of these NCs

is almost constant in the entire frequency range, which

reflect broadband shielding action. Further, at any fixed fre-

quency, the EMI SE increases with increasing MWCNT content

e.g. PPCP-0 display poor EMI shielding response (i.e. SE value

of �1 dB that corresponds to more than 79% transmission)

whereas SE of �23 dB (>99% attenuation) was obtained only

at 1.8% (v/v) MWCNT loading, which further increases to

�47.88 dB (that corresponds to blocking of more than 99.99%

of the incident EM radiation) for PPCP-4.6. Such a high value

of EMI SE at sufficiently low loading can again be attributed

to the processing affected good dispersion and distribution

of highly conducing (and high aspect ratio) MWCNTs within

the PPCP matrix, thereby forming electrically conducing 3D-

network. The resolution of SE into reflection and absorption

components (Fig. 5b) revealed that though both SER and SEA

increases with MWCNT loading, the SEA increases at much

faster rate. It was also observed that although dc conductivity

(Fig. 5c) increases exponentially with MWCNT content, the SE

increases with much slower rate. It can also be seen that

though both conductivity and SE increased with CNT
posites; variation of (b) SER & SEA, (c) SE & conductivity and

on of this figure can be viewed online.)



314 C A R B O N 8 9 ( 2 0 1 5 ) 3 0 8 – 3 1 7
addition, but conductivity did not change significantly after

percolation concentration while SE kept on increasing with

increasing filler loading (Fig. 5b). It is due to the reason that

though both SE and conductivity are related to network for-

mation, the factors affecting SE are more complex than that

involved in conduction. As the number of conductive paths

increases with the loading of MWCNTs, the EM radiation

intercepting regions increases. These regions interact with

incident radiation and lead to the higher SE without

significantly (not orders or magnitude as near percolation)

affecting the conductivity of the material. It is also worth

pointing out that incorporation of MWCNTs in PPCP matrix

not only leads to establishment and improvement of electri-

cal conductivity but also contribute toward improvement of

dielectric properties via interfacial polarization (due to large

difference in the electrical conductivity of CNT and PPCP).

Such polarization and related relaxation phenomenon also

contribute toward improvement of shielding performance

via secondary shielding mechanism (i.e. absorption).

Further, it should be noted that MWCNTs (formed by CVD)

contains entrapped ferromagnetic iron catalyst residues [34]

which are also expected to improve the EM energy absorption

and dissipation capability [1] resulting in enhancement of

microwave shielding effectiveness. As the reflection loss is

related to the conductivity of material, the careful compar-

ison (Fig. 5b and c) revealed that the reflection loss follows

same pattern as conductivity, i.e. sharp increase at

percolation concentration and only moderate increase after

that. But, absorption loss showed no significant effect of

percolation concentration and display monotonic increase

even after percolation. Again, it can be attributed to the fact

that, for the conducting NCs, the reflection is mainly

governed by conductivity whereas absorption receives con-

tributions from losses due to conduction, interfacial polariza-

tion and magnetization. It is important to note that

incorporation of MWCNTs also leads to reduction of skin

depth (Fig. 5d) from 4.0 mm (for PPCP-0.2) to 0.41 mm (for

PPCP-4.6), which suggest less thick sample may also be suffi-

cient to provide a desired level of attenuation.

It is well established that under good conductor approx-

imation, theoretical SER and SEA values follow logarithmic

and square root conductivity dependence as per following

expressions [48–50]:
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Therefore, we have plotted SER versus log(r) (Fig. 6a) and

SEA versus (r)1/2 (Fig. 6b) graphs at a frequency of 12.4 GHz.

It can be clearly seen that, linear dependence of SER on log (r)

is applicable only at low MWCNT loading samples (up to

0.9%). In contrast, SEA versus (r)1/2 linearity is valid only for

higher loading samples. These results revealed that for a

given sample thickness, SE of higher MWCNT loading sam-

ples receives major contribution from SEA (e.g. for PPCP-4.6,

SER � �5.4 dB & SEA � �42.5 dB) compared to SER. Another

important parameter for comparing the shielding perfor-

mance is specific shielding effectiveness (SSE) i.e. SE per unit

density of the material [1,21,48]. Generally filled NCs display

low value of SSE and foaming is employed to reduce the

density and to improve the SSE value. Interestingly, PPCP is

low cost and low density material (even in the absence of

foaming), which is an important consideration in terms of

commercial viability of these NCs. It is worth noting that

these PPCP-4.6 with density of 0.94 g/cm3 and attenuation

level of �47.88 dB (that corresponds to blocking of more than

99.99% of the incident EM radiation), display SSE value of

��51 dB cm3/g, which is much better than copper

(SSE��10 dB cm3/g) and many foamed NCs or carbon based

foams [51,52]. These finding are of particular interest from

the viewpoint of economic aspects and weight consideration,

which are of paramount importance for designing a shielding

material for high-tech areas like defence, space or medicine.

3.5. Mechanical properties

Nano reinforcements tend to cluster together (due to the

strong Van der Waal forces), especially under high loading

conditions, which result in failure to translate their

nanoscopic properties into filled polymer matrix NCs. The

improved dispersion & de-agglomeration of fillers and load

bearing interface are the keys for development of structurally

strong composites, especially at high filler loadings where

acceptable, EMI shielding performances are observed.

Therefore, we have measured the mechanical properties
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Fig. 7 – Variation of (a) tensile modulus and (b) tensile strength of PPCP/MWCNT composites as a function of MWCNT content.

(A color version of this figure can be viewed online.)

Fig. 8 – TGA traces of MWCNT, PPCP and PPCP/MWCNT

composites. (A color version of this figure can be viewed

online.)
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(strength and modulus) to ensure the absence of any

mechanical strength deterioration of composites (generally

occur due to agglomeration at such high loadings) and occur-

rence of reinforcement effect.

Fig. 7a and b shows the variation of tensile strength, and

tensile modulus as a function of MWCNT content. It is

observed that incorporation of MWCNTs leads to 23%

improvement in tensile strength (Fig. 7a) i.e. 34 MPa

(for PPCP-0) to 42 MPa (for PPCP-4.6). This reinforcing action

may be attributed to the homogenous dispersion of

MWCNTs and interfacial adhesion that are essential for the
Table 1 – Results of TG/DTG traces PPCP and PPCP/MWCNT NCs

Sample designation % CNT IDT (�C)

PPCP-0 0 436
PPCP-0.2 0.5 445
PPCP-0.4 1 446
PPCP-0.9 2 447
PPCP-1.8 4 448
PPCP-4.6 10 454
load transfer to MWCNTs across the CNT-matrix interface.

Further, MWCNTs have been shown to improve the crystal-

lization of PPCP matrix [53] that may also contribute toward

reinforcement and stiffening. Indeed it was also observed

that, with the incorporation of 1.8 and 4.6 vol% MWCNTs,

the elastic modulus of PPCP (Fig. 7b) increased by �17% and

34%, respectively. Thus MWCNTs are able to impart stiffness

and strength to the polymer matrix which is considered

beneficial from the viewpoint of practical applicability, par-

ticularly for realizing structurally strong EMI shielding NCs.

3.6. Thermal analysis by TGA

As the shields are often exposed to elevated temperature con-

ditions during service life, we have performed (TGA) to assess

the thermal stability of the NCs. Fig. 8 displays the TG traces

of PPCP and its MWCNT based NCs.

It can be seen that PPCP as well as PPCP/MWCNT NCs dis-

play single step degradation. The thermal stability was

compared on the basis of initial degradation temperature

(IDT), temperature at the maximum mass loss rate (Tmax)

and final degradation temperature (FDT). All these tempera-

tures showed an increase with increasing amounts of

MWCNTs. Particularly, an increase of �12 and �18 �C was

observed in samples having 1.8 and 4.6 vol% MWCNTs respec-

tively (Table 1). This could be attributed to the higher thermal

conductivity of CNTs that facilitates heat dissipation within

the NCs, thereby preventing or retarding the local accumula-

tion of heat and consequent degradation which may be

responsible for an increase in IDT, FDT and Tmax. It can be

seen that MWCNTs did not show any mass loss up to 500 �C
whereas PPCP loses more than 99.82% at 500 �C (i.e. char yield
(heating rate 20 �C/min, N2 atm).

Tmax (�C) FDT (�C) % char at 700 (�C)

464 480 0.189
472 484 0.89
472 484 1.06
474 484 2.29
475 488 4.17
480 490 11.73
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of 0.18%); therefore, like for other systems, char residue can

be used to determine the filler (here MWCNTs) content.

The results (Table 1) show that with increase in MWCNT

loading char residue increases from 0.189% (for PPCP-0) to

11.73% (PPCP-4.6), which is in good agreement with actually

loaded CNT content. Overall, the better thermal stability of

these NCs (>350 �C) ensures their practical utility.

4. Conclusions

Mechanically strong and thermally stable EMI shielding

MWCNT/PPCP NCs containing up to 4.6 vol% have been suc-

cessfully prepared by commercially viable technique, using

melt recirculation equipped twin screw extruder. These NCs

display very low percolation threshold (0.19 vol%) which is

the indication of good dispersion of MWCNTs within the

PPCP matrix. The morphological (SEM/TEM images),

spectroscopic (Raman) and electrical (conductivity)

measurements have confirmed the good CNT dispersion

within PPCP matrix and interaction between the phases.

The NC having 4.6 vol% CNT loading (PPCP-4.6) display EMI

SE of ��48 dB (>99.99% attenuation) along with good thermal

stability (>350 �C) and satisfactory mechanical properties

(strength � 41 MPa and modulus � 329 MPa), that justify

their suitability for making lightweight, structurally strong

and thermally stable EMI shielding material for techno-

commercial applications. In addition, these NCs also display

specific SE value of �51 dB cm3/g, which is highest among

unfoamed filled polymer NCs. These studies lay the

foundations for the development of commercially viable EMI

shielding materials.
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