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Improved nanoindentation and microwave shielding
properties of modifiedMWCNT reinforced polyurethane
composites

Tejendra K. Gupta,a Bhanu P. Singh,*a Sanjay R. Dhakate,a Vidya N. Singhb

and Rakesh B. Mathur*a

Acid modified multiwalled carbon nanotubes (a-MWCNT) reinforced polyurethane (PU) composite films

have been fabricated using a solvent casting technique with 0–10 wt% of a-MWCNTs. A nanoindentation

study has been carried out on these films in order to investigate the mechanical properties. Incorporation

of a-MWCNTs in a PU matrix led to a drastic increase in the hardness and elastic modulus. The maximum

nanoindentation hardness of 217.5 MPa for 10 wt% a-MWCNT loading was observed as compared to

58.5 MPa for pure PU (an overall improvement of 271%). The nanoindentation elastic modulus for a 10

wt% a-MWCNT loaded sample was 1504.2 MPa as compared to 385.7 MPa for pure PU (an overall

improvement of 290%). In addition to hardness and elastic modulus, other mechanical properties i.e.

plastic index parameter, elastic recovery, ratio of residual displacement after load removal and

displacement at the maximum load and plastic deformation energy have also been investigated. The

enhancement in the mechanical properties was correlated with spectroscopic and microscopic

investigations using Raman spectroscopy, SEM and TEM. Dispersion of a-MWCNTs in the PU matrix was

studied using Raman mapping. Besides the improvement in mechanical properties, the electromagnetic

interference shielding properties were also investigated in the 8.2–12.4 GHz (X-band) frequency range. A

value of �29 dB for the 10 wt% MWCNT loaded sample having a thickness of 1.5 mm was obtained.

Therefore, these polyurethane composite films shall not only be useful for hard and scratchless coatings

but also for protection from electromagnetic radiation in making electromagnetic shielding bags for

packaging of electronic circuits and for scratchless tape for laminating circuit boards.
1 Introduction

Electromagnetic interference (EMI) has become a serious cause
of concern for modern society due to the increased number of
electrical and electronic industries. EMI not only causes oper-
ational break down of electronic instruments but also harmful
for human health.1 Many diseases such as leukemia, miscar-
riages, and breast cancer are associated with continued expo-
sure to electromagnetic pulses.1,2 In order to save society from
these harmful radiation, effective shielding from unwanted
electromagnetic waves is needed. In the past, various shielding
materials have been used. Conventional metals were the rst
choice for industry until the last few decades. Electrically con-
ducting polymer composites have gained popularity recently
because of their light weight, resistance to corrosion, exibility,
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and simpler processing methods.3–5 EMI shielding effectiveness
(SE) of a composite material depends mainly on the ller's
intrinsic conductivity, dielectric constant and aspect ratio.5,6

Carbon nanotubes (CNTs) have very high conductivity, small
diameter, high aspect ratio and superior mechanical properties
which make them an excellent choice to be used as conducting
ller in the polymer composites for high performance EMI
shielding.3 Recently, several studies have been reported on the
EMI shielding properties of CNT–polymer composites.3,4,7–20

EMI shielding in the 8.2–12.4 GHz (X-band) range is very
important for military and commercial applications. Doppler,
weather radar, TV picture transmission, and telephone micro-
wave relay systems operate in this frequency range.11

Polyurethane (PU) is one of the most versatile materials.21–23

It is widely used in coatings, adhesives, thermoplastic elasto-
mers and composites. PU generally consists of a hard segment
which is composed of alternating diisocyanate and chain
extender molecules (i.e., diol or diamine) and a so segment
which is composed of a linear, long chain diol.24 The most
important feature of PU's structure is microphase separation
arising from the thermodynamic incompatibility of hard and
so segments.
This journal is ª The Royal Society of Chemistry 2013
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Very few studies have been reported on CNT reinforced PU
composites for their electrical conductivity and EMI shielding
properties. Zunfeng et al.3 reported the EMI shielding proper-
ties of single walled carbon nanotubes (SWCNTs)/polyurethane
composite lms prepared by simple physical mixing. The
shielding effectiveness of �17 dB at 20 wt% of SWCNT loading
was achieved in their case. In another study by Zunfeng et al.,25

the microwave absorption properties in the 2–18 GHz range
with 0–25 wt% SWCNT loading were investigated and the
maximum EMI shielding effectiveness of 22 dB at 5 wt%
loading was reported. Hoang26 reported the EMI shielding
effectiveness of MWCNTs–polyurethane composite lms in the
8–12 GHz frequency range and the EMI shielding effectiveness
of 20 dB was reported with 22 wt% MWCNT loading. It is
observed from the above studies on CNT–PU composites that
shielding effectiveness varies from 17 to 22 dB at very high
loading.

Moreover, these studies do not discuss the mechanical
properties of composites except our own studies on EMI
shielding properties of MWCNT–PMMA and MWCNT–PS
composites and MWCNT–epoxy composites.13,19 In addition to
the electrical and EMI shielding properties, CNTs improve the
mechanical properties of polymeric materials.

Nanoindentation27 is a very advanced technique for studying
the mechanical properties of polymer composite lms such as
hardness and elastic modulus due to its ability to measure the
loading–unloading response with very high precision. The
hardness (H) is dened as the ratio of maximum load applied in
the loading process to the projection area created (where
maximum load is applied).

To the best of our knowledge, there is only one study, by
Kuĉerová et al.,28 reporting the mechanical properties of solvent
cast lms of different carbon materials (carbon microparticles,
carbon microbers and carbon nanotubes) reinforced poly-
urethane using the nanoindentation test, and the hardness and
elastic modulus at 1 mN to 1 N indentation load was reported.
In their studies, in the case of CNTs (non-functionalized), the
hardness increased 1.4 times compared to the pure poly-
urethane matrix. It is known that functionalized CNTs can
make better bonding with the polymer matrix and therefore the
mechanical properties can improve. There is further scope to
study the mechanical and EMI shielding properties of func-
tionalized CNT based polyurethane composites.

Therefore, in this study, acid functionalized MWCNTs
(a-MWCNTs) were reinforced in the polyurethane matrix to
study the mechanical, electrical and EMI shielding properties of
CNT–polyurethane composite lms. We also explored the effect
of different weight% of a-MWCNT loading on the various
mechanical parameters of the lms. The mechanical parame-
ters estimated in the present study are: hardness (H), elastic
modulus (E), plastic index parameter (H/E), elastic recovery
(ER), load displacement curve, ratio between residual
displacement aer load removal and displacement at maxi-
mum load (hres/hmax) and plastic deformation energy. These
mechanical properties were also correlated with the results of
SEM, TEM and Raman studies. The EMI shielding effectiveness
of these lms has also been studied.
This journal is ª The Royal Society of Chemistry 2013
2 Experimental
2.1 Materials

A pure polyurethane resin thermoplastic LPR5725EG grade
was purchased from C.O.I.M. LARIPUR with a specic gravity of
1.23 gm cm�3 and a soening point of 138 �C. MWCNTs were
synthesized using toluene as a carbon source and ferrocene as a
catalyst precursor in an in-house built CVD set-up.29 The
MWCNTs produced were 10–70 nm in diameter and had an
average bundle length of �300 mm. These were 90% pure with
10 wt% of the Fe catalyst.

2.2 Modication of MWCNTs

As-producedMWCNTs were treated with 69% (v/v) HNO3 for 48 h
in a reux apparatus30,31 under constant magnetic stirring to
convert the MWCNTs to acid functionalized MWCNTs. Here-
aer, these will be designated as a-MWCNTs. The treated mate-
rial was washed several times with deionized water until it was of
neutral pH and dried in a vacuum oven at 100 �C for 12 h.

2.3 Fabrication of a-MWCNT–PU composites

Composite lms with different MWCNT loadings i.e. 1, 3, 5 and
10 wt% in PU were prepared by the solvent casting technique as
shown in Scheme 1 and hereaer will be designated as PCNT1,
PCNT3, PCNT5, and PCNT10, respectively. A pure PU sample
(0% a-MWCNTs) was also prepared for comparison and will be
designated as PCNT0. Initially PU granules were dissolved in
DMF under magnetic stirring for 6 h and a-MWCNTs were
dispersed in another beaker in DMF for 6 h under ultra-
sonication. The dispersed a-MWCNTs and dissolved PU in DMF
were mixed together thoroughly under magnetic stirring for
another 6 h. The mixed solution was then poured into a petri
dish of size 14.5 cm and placed in a vacuum oven at 80 �C for
12 h in order to evaporate the solvent. A at lm (�1.5 mm
thickness) of PU–MWCNT was taken out from the petri dish and
the sample was cut to the desired size for various
measurements.

2.4 Characterization

The morphologies of MWCNT and MWCNT–PU composite
lms were investigated by SEM (Leo 440S, UK) and HRTEM
(Technai G20-stwin, 300 kV instrument). The analysis of the
functional groups attached to theMWCNTs was studied by FTIR
(NICOLET 5700) techniques. Raman studies of the a-MWCNTs
and a-MWCNT–PU composite lms were carried out using a
Renishaw inVia Raman spectrometer, UK, with an excitation
source of 785 nm. The nanoindentation study was carried out
using an IBIS-Nanoindentation (M/S Fisher-Cripps Laboratories
Pvt. Limited, Australia) system equipped with a Berkovich
indenter and the other details are given elsewhere.32 The elec-
trical conductivity of the composite lms were measured by a
four-point probe method17,31 using a Keithley 224 program-
mable current source and a 197A auto ranging digital micro-
voltmeter. The values reported in text are an average of at least
ve readings of voltage drop at different positions of the
sample. EMI shielding effectiveness (SE) was measured by
J. Mater. Chem. A, 2013, 1, 9138–9149 | 9139
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Scheme 1 Process for the fabrication of the composite.
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placing rectangular pellets (1.5 mm thick) inside the X-band
(8.2–12.4 GHz) waveguides using a vector network analyzer
(VNA E8263B Agilent Technologies).

In order to prepare the samples for TEM studies, lms were
ground to make them thin (�200 mm). A circular slice of 2.3 mm
is cut using an ultrasonic cutter. The slice is polished and
dimple ground to make it electron transparent (�50 nm at
centre) and TEM studies were carried out using a Technai G20,
300 kV FEG microscope.
3 Results and discussion
3.1 Characteristics of MWCNTs

Fig. 1(a) shows the SEMmicrograph of as-producedMWCNTs in
the form of aligned bundles and Fig. 1(b) shows the SEM
micrograph of individual MWCNTs aer dispersion in DMF.
Fig. 1(c) and (d) show the SEM images of MWCNTs aer func-
tionalization at low and high magnications, respectively.
Fig. 1(e) shows the TEM image of the as-produced MWCNT
which reveals the presence of metallic impurities in the cavity
and at the tip of the MWCNTs. The TEMmicrograph shows that
the surface of the MWCNTs is smooth while the TEM image of
a-MWCNTs (Fig. 1(f)) does not show anymetallic impurities and
their surface is very rough and defective which was generated
during functionalization. This conrms the presence of func-
tional groups at the surface of MWCNTs. These defects help in
the chemical bonding between CNT and PU.

The liquid phase oxidation of MWCNTsmodied the surface
structure of CNTs. Several functional groups such as the
carboxylic group (–COOH), the carbonyl group (–C]O) and the
hydroxyl group (–OH) were generated. Fig. 1(g) shows the
9140 | J. Mater. Chem. A, 2013, 1, 9138–9149
comparison of the FTIR spectra of CNTs before and aer
oxidation with concentrated nitric acid (HNO3). FTIR spectra of
as-produced MWCNTs show peaks at 1640 cm�1 and 1020 cm�1

which are due to the C]C and C–C bonds, respectively.
Carboxylic groups on the surfaces of as-produced MWCNTs
could be due to the oxidation of the MWCNT surface during
functionalization. This is evident as the peak at 1740 cm�1 is
associated with the stretchingmode of carbonyl groups (–C]O).
The peak at 3450 cm�1, can be assigned to the O–H stretching
from carboxylic groups (O]C–OH), while the peaks at 2920
cm�1, 2850 cm�1 and 1375 cm�1 can be assigned to –CH2 anti-
symmetric stretching, CH3 symmetric stretching and –CH3

symmetric bending vibrations, respectively.
3.2 Mechanical properties determined using
nanoindentation

The nanoindenter is an important tool to study the mechanical
properties of thin lms. It provides information on various
mechanical properties like hardness (H), elastic modulus (E),
elastic recovery (%ER) and load displacement curves. The load
versus displacement curves at a minimum indentation load of
1 mN for the PCNT0, PCNT1, PCNT3, PCNT5 and PCNT10 lms
have been studied and are shown in Fig. 2(a–e), respectively.
The mark of the indenter in the composite lm of PCNT10 is
shown in the SEM image (Fig. 2(f)). Load versus displacement
curves are further used to estimate the several other elastic and
plastic properties of these lms. It has been reported in the
previous study that indentation hardness and other related
mechanical properties depend on the substrate and nature of
the lm.33 In the present study, self-supporting free standing
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 SEMmicrograph of (a) as-producedMWCNT in a bundled form, (b) as-producedMWCNT dispersed in DMF, (c) a-MWCNTat lowmagnification, (d) a-MWCNTat
high magnification. TEM micrograph of (e) as-produced MWCNT, (f) a-MWCNT and (g) FTIR spectra of as-produced MWCNT and a-MWCNT, respectively.
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a-MWCNT–PU lms have been prepared which avoid the
substrate effect on the mechanical properties.

The variation of H at 1 mN load is shown in Fig. 3 (calculated
by the relationship given in eqn (1)27)

Hardness ðHÞ ¼ Pmax

Ar

(1)

where Pmax is the maximum load and Ar is the residual projected
area of contact between the indenter and the specimen. For an
indenter of pre-known geometry, the projected area can be
calculated with the help of contact depth (hc)34

Ar ¼ 24.5hc (2)

where hc is the measured contact depth.
This journal is ª The Royal Society of Chemistry 2013
Contact depth can be calculated with the help of load value,
stiffness, maximum depth and indenter geometry as

hc ¼ hmax � 3
Pmax

S
(3)

where hmax is the maximum depth, 3 is a constant well dened
for a particular type of indenter and its value is 0.75 in the case
of the Berkovich indenter. Stiffness (S) is calculated by the
initial linear part of the unloading curve i.e. dP/dh.

According to the O–P model27 in the unloading curve, load
follows a power law as

P ¼ B(h � hc)
m (4)

where, B and m are constants determined from the P–h plot.
J. Mater. Chem. A, 2013, 1, 9138–9149 | 9141
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Fig. 2 Load versus displacement curves of (a) PCNT0, (b) PCNT1, (c) PCNT3, (d) PCNT5, (e) PCNT10 at 1 mN load and (f) an SEMmicrograph of the mark of the indenter.

Fig. 3 Variation of hardness and elastic modulus at 1 mN indentation load.

9142 | J. Mater. Chem. A, 2013, 1, 9138–9149
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It is observed that the value of hardness increases with the
increase in the wt% of MWCNT. The value of H for pure PCNT0
is 58.5 MPa and it increased to 217.5 MPa for PCNT10. Similarly,
the elastic modulus increased from 385.7 for PCNT0 to 1504.2
MPa for PCNT10. Thus, an overall improvement of 271% in the
hardness and 290% in the elastic modulus is observed.

This enhancement in the hardness and elastic modulus of
MWCNTs reinforced PU composites may be due to the presence
of a strong interaction between a-MWCNTs and PU as shown in
Scheme 2.

The interaction between CNT and PU is further conrmed by
SEM images of the fractured surfaces of a-MWCNT–PU
composites as shown in Fig. 4.

The hardness strongly depends on the nano to microstruc-
tural defects present in the network and is related to the
bonding between the atoms and the ability of the bonds to
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Peak allocation in Raman spectra of pure PU

Raman
shi (cm�1) Band allocation

1704 Ester n(C]O), urethane
amide I n(C]O)

1611 n(Ar)
1539 n(Ar), urethane amide II v(C–N)
1446 nsym.(N]C]O)
1304 Urethane amide III n(C]O)

Fig. 4 SEM images of the fractured surface of a-MWCNT–PU composites for (a)
PCNT1, (b) PCNT3, (c) PCNT5 and (d) PCNT10.

Scheme 2 A possible interaction mechanism of hydrogen bonding between the
PU chain and a-MWCNT.
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withstand deformation caused by compression, extension,
bending or breaking.33 SEM images of the fractured surface of
the a-MWCNT–PU composites reveal that the interaction
Fig. 5 (a) Raman spectra of a-MWCNT, PCNT1, PCNT3, PCNT5 and PCNT10, (b) R
different composite films and inset shows the magnified view of the Raman shift.

This journal is ª The Royal Society of Chemistry 2013
between CNTs and the PU matrix increases with the increase in
CNT loading (Fig. 4(a–d)). This is due to an increase in inter-
action volumes which enhances the hardness of the polymer
lms with the increase in the amount of a-MWCNTs. In order to
further investigate the interaction and bonding between
a-MWCNTs and PU composite lms, Raman spectroscopic
analysis has been carried out for a-MWCNT, PU and a-MWCNT–
PU composite lms. The results are interpreted based on
changes in the Raman shi as shown in Fig. 5. Raman shi can
provide insight into dispersion and interaction of a-MWCNTs in
the PU matrix.35–37

Fig. 5(b) shows the Raman spectrum of PCNT0 and the
different bands are listed in Table 1. The peaks at 1704 cm�1,
1614 cm�1, 1539 cm�1, 1446 cm�1 and 1304 cm�1 can be
assigned to the N–H stretching vibrations of urethane amide I,
C]O stretching vibrations of esters and aromatic rings, C–N
stretching of urethane amide II, symmetrical stretching vibra-
tions of the N]C]O group and C]O stretching of urethane
amide III, respectively.38–41

Aer the addition of a-MWCNTs, Raman peaks of pure PU
disappear (Fig. 5(a)), which shows that CNTs dominate over PU.
The shiing of the G-band peak of a-MWCNT in a-MWCNT–PU
aman spectrum of PCNT0 and (c) variation in the Raman shift of the G-band of

J. Mater. Chem. A, 2013, 1, 9138–9149 | 9143
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composites shows the interaction between a-MWCNT and PU.
Fig. 5(c) shows that the band at 1579 cm�1 of a-MWCNTs shis
from 1579–1581 cm�1 in PCNT1 to 1579–1583 cm�1 in PCNT3,
1579–1584 cm�1 in PCNT5 and 1579–1585 cm�1 in PCNT10. The
total shi is 6 cm�1 as shown in the inset of Fig. 5(c). This
signicant increase in the Raman shi shows the good disper-
sion and interaction between a-MWCNT and the PU matrix.

In order to further conrm the dispersion, Raman mapping
was carried out using a Renishaw inVia Raman spectrometer
with 785 nm excitation wavelength. The measurements were
carried out in the 50 � 50 mm region with a step size of 5 mm in
the x and y directions and a laser power of 0.5 mW. The
Fig. 6 Raman mapping of (a) a-MWCNT, (b) PCNT0, (c) PCNT1, (d) PCNT3, (e) PCN

9144 | J. Mater. Chem. A, 2013, 1, 9138–9149
mapping was carried out around the G-band position of
a-MWCNT and a-MWCNT–PU composites. The pure PU lm
was also mapped around the highest peak intensity position of
1614 cm�1. Fig. 6(a–f) show the 3-D contour plots of Raman
intensity for a-MWCNT, PCNT0, PCNT1, PCNT3, PCNT5 and
PCNT10, respectively. No signicant change is observed in
Raman intensity throughout the mapped area of all composite
lms. It is very interesting to note that the contour plot of
PCNT10 is almost at which shows that a-MWCNTs are
uniformly dispersed throughout the matrix even at such high
loadings. This is the main reason behind the signicant
improvement in the mechanical properties of the samples.
T5 and (f) PCNT10.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 shows the TEM micrograph of 10 wt% a-MWCNT–PU
composite lms. In Fig. 7(a), CNTs are observed dispersed
uniformly in the PUmatrix and were seen to be in the PUmatrix.
Fig. 7(b) shows that the CNT is encapsulated in the polymer
matrix and there is a strong interaction at the surface of the CNT
and polymer because nanotubes appeared thickly coated.

In addition to hardness and elastic modulus, the wear
resistance is also a very important parameter in determining the
quality of the composite lms. The plastic resistance parameter
Fig. 7 TEMmicrograph of (a) a-MWCNTembedded in the PUmatrix for PCNT10,
(b) a single a-MWCNT with PU attached around it.

Fig. 8 Plastic resistance parameter (H/E) at 1 mN indentation load.

Fig. 9 Variation of (a) % elastic recovery (% ER) and (b) hres/hmax with a-MWCNT

This journal is ª The Royal Society of Chemistry 2013
(H/E) explains not only the elastic–plastic properties but also
gives information about wear resistance.

The variation of H/E at 1 mN load for various MWCNT–PU
composite lms is shown in Fig. 8. The value of H/E is 0.13 for
10 wt% loading of MWCNT in the PU matrix (PCNT10) and is
0.15 for the pure PU lm (PCNT0). The lower value of H/E in the
PCNT10 lm reveals that a larger fraction of work is consumed
in a plastic deformation and the large value of H/E for the
PCNT0 lm indicates less plastic deformation. Thus, CNT
loaded lms are better for hard and scratchless coatings.

Load versus displacement curves are used to calculate the
elastic recovery (ER). The values of ER were calculated by
employing the relationship given in eqn (5).

%ER ¼ hmax � hres

hmax

� 100 (5)

where, hmax and hres are the displacement at the maximum load
and residual displacement aer load removal, respectively.
Since there is a competition between elastic and plastic defor-
mation under the load, the values of ER for different composite
lms vary in the 63.6–70.2% range as shown in Fig. 9(a). The
so polymer lms show some plastic deformation due to
surface penetration by a sharp indenter. The ER results show
that there is a slight difference in the PCNT0 and PCNT10 and
polymer lms recovers aer the load removal. The hres/hmax

curves of various composite lms are shown in Fig. 9(b). The
behavior is similar to that of ER.

The value of this parameter should vary between 0 and 1 in
which the lower limit corresponds to the fully elastic behavior
and the upper limit corresponds to rigid plastic behavior. Our
results vary between 0.160 and 0.175 which indicates the fully
elastic behavior of these lms at 1 mN load. These observed
results are in good agreement with the ER results.

The estimation of contact stiffness (dP/dh)max has been
carried out to gure out the elastic and elastic–plastic properties
of MWCNT–PU composite lms. Stiffness is dened as the
resistance of an elastic body to deformation under load. The
variation of contact stiffness for composite lms is shown in
Fig. 10(a). It is evident from the gure that the composite lm of
PCNT10 exhibits maximum stiffness. The value of stiffness for
PCNT0 is 1.45� 103 N m�1 and it increased to 2.59 � 103 N m�1

for PCNT10. Thus, an overall improvement of �78% in stiffness
loading at 1 mN indentation load.

J. Mater. Chem. A, 2013, 1, 9138–9149 | 9145
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Fig. 10 (a) Variation of stiffness with a-MWCNT loading and (b) linear behavior of the H–E curve for a different type of MWCNT–PU composite films.

Fig. 11 Deformation energy (Ur) of different MWCNT–PU composite films.
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is observed. The observed value of stiffness is in good agree-
ment with the results of hardness and elastic modulus.

The H versus E curve for all the PU–MWCNT composite lms
is shown in Fig. 10(b). Generally, H varies linearly with E
according to the relationship given in eqn (6).42

H ¼ 1

10
� E (6)

In the MWCNT–PU composite lms, the H and E follow the
linear path from PCNT0 to PCNT10 which indicates toughness
of the structure. The theoretical values of H and E are in good
agreement with the experimental results.

The elastic and plastic properties of these MWCNT–PU
composite lms in terms of energy (plastic deformation energy
(Ur)) have also been calculated. The deformation energy is
calculated by the relationship given in eqn (7)27

Ur ¼
"
1

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

u0 tan
2 j

s #
1ffiffiffiffiffi
H

p P3=2 (7)

where u0 is the geometry constant and attains the value of 1.3
for the pyramidal indenter, P is the load and j is the half angle
of the Berkovich indenter and has the value of 65.3�. The vari-
ation of Ur for different loadings of MWCNT in PU composite
lms is shown in Fig. 11. It is to be noted from eqn (7) that Ur is
inversely proportional to the hardness (H). Ur results follow the
said statement. The minimum value of Ur is 2.78 � 10�10 J at 1
mN load for PCNT10. The results for Ur are also in good
agreement with the results for H.

In addition to the good mechanical properties, these
composites should have good electrical conductivity due to
the extraordinary electrical conductivity of CNTs. Taking this
into account, electrical conductivity and EMI shielding in the
X-band of these composites have been studied.
Fig. 12 Log of electrical conductivity curve of MWCNT–PU composite films.
3.3 Electrical conductivity and electromagnetic shielding
measurements

Fig. 12 shows the variation in the room temperature electrical
conductivity of a-MWCNT–PU composite lms with CNT
loading. A sharp increase in the electrical conductivity up to
10% of MWCNT loading was observed and the value reaches
9146 | J. Mater. Chem. A, 2013, 1, 9138–9149
0.124 S cm�1. This may be due to proper formation of the
network between PU and CNTs as observed in the SEM images
of the fractured surface of a-MWCNT–PU composite lms
(Fig. 4(a–d)). The good dispersion of these composite lms is
due to hydrogen bonding between the MWCNT–COOH and PU
chains (diisocynates and diols), as shown in Scheme 2, which
results in the enhancement of electrical conductivity of the
composites. This network forms an extra conducting path and
This journal is ª The Royal Society of Chemistry 2013
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this increases the number of charge transport paths. The high
value of electrical conductivity will be useful for efficient EMI
shielding response.

The EMI shielding effectiveness of a material is its ability to
attenuate EM radiation which can be expressed in terms of the
ratio of incident to transmitted power.19 The EMI attenuation
offered by a shield depends on three factors:19,43,44

(i) absorption of the wave as it passes through the shield's
thickness,

(ii) reection of the wave from the front face of the shield and
(iii) multiple reections of the waves at various interfaces.
Therefore, the shielding effectiveness of materials is deter-

mined by three losses viz. absorption loss (SEA), reection loss
(SER) and multiple reection loss (SEM) and can be expressed as

SEðdBÞ ¼ SEA þ SER þ SEM ¼ 10log10

�
Pt

Pi

�
(8)

where Pt and Pi are the transmitted and incident power of EM
waves, respectively.19 As Pt is always less than Pi, shielding
effectiveness is a negative quantity. A shi towards a more
negative value means an increase in the magnitude of shielding
effectiveness. When the EMI shielding due to absorption (SEA)
of the material is more than �10 dB, loss due to the multiple
reections (SEM) can be neglected.19,45 Thus, shielding effec-
tiveness can be expressed as

SE(dB) ¼ SEA + SER (9)

The total shielding effectiveness (SET) value of the
a-MWCNT–PU composite lm is shown in Fig. 13a. The results
Fig. 13 Frequency dependent EMI shielding effectiveness of (a) SET (T ¼ A + R), (
conductivity of a-MWCNT–PU composite films.

This journal is ª The Royal Society of Chemistry 2013
revealed that the pure polyurethane sample is almost trans-
parent towards incident microwave radiation and provides
negligible attenuation (SET � 0.98 dB at a mid-frequency of
10.3 GHz).

However, the addition of a-MWCNT results in the systematic
improvement of SET and it reached �29 dB (>99% attenuation)
for PCNT10. This can be ascribed to the formation of con-
ducting networks throughout the electrically insulating poly-
urethane matrix. For further investigation of the shielding
mechanism, SET for a-MWCNT–PU composites is resolved into
the resultant absorption loss (SEA) and reection loss (SER)
components as shown in Fig. 13(b and c), respectively. The
gure shows that SER increases with the increase in MWCNT
loading because of the increase in electrical conductivity of the
composites (Fig. 13(d)). This also shows that with an increase in
the a-MWCNT content, SEA increases more rapidly compared to
the corresponding SER component. Such a behavior is a direct
consequence of the square root and the logarithmic depen-
dence of SEA and SER on conductivity, respectively.17,45 It was
observed that the SER component for PCNT10 was 7.5 dB;
however, the SEA component was 21.5 dB. It can also be corre-
lated with the skin depth of these composites.

The EM radiation of high frequencies penetrates only a thin
region at the surface of electrically conducting materials. This is
known as the skin effect.45–47 The depth at which the eld drops
to 1/e of the incident value is called the skin depth (d) which is
represented by

d ¼
�

2

f ms

�1=2

¼ �8:68

�
t

SEA

�
(10)
b) SEA, and (c) SER. (d) Variation in the values of SET, SEA and SER with electrical
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Fig. 14 Variation of skin depth of a-MWCNT–PU composites (a) with MWCNT loading and (b) frequency.
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where f is the frequency, s is the electrical conductivity, m is the
magnetic permeability and t is the thickness of the material.
Fig. 14(a and b) show the variation of skin depth with the
increase in wt% of MWCNT in the PU matrix and with the
increase in frequency, respectively. It can be seen that the skin
depth of the MWCNT–PU composite lm decreases with the
increase in the frequency and MWCNT loading. The decrease in
the skin depth with the increase in frequency is responsible for
the observed increase in absorption loss at higher frequency.
The high electrical conductivity, low skin depth and large lattice
defects in the CNTs (generated during functionalization i.e.
existence of defects in MWCNTs) should help in enhancing the
absorption capacity of microwave absorbing materials.46 Hence,
PCNT10 shows an absorption dominated shielding (SET) value
of �29 dB which is higher than the recommended acceptable
limit (�20 to �30 dB) for commercial applications.45

Thus, in the present study, because of the use of function-
alized MWCNTs, a large improvement in the nanoindentation
properties (hardness and elastic modulus) of a-MWCNT–PU
composites (with 10 wt% CNT loading) was observed. In the
previous study reported by Kucerova et al.,28 the improvement in
hardness was 1.4 times whereas, in the present study, 2.71 times
improvement in hardness has been observed. The remarkable
difference is due to the use of functionalized CNTs, which helps
in the excellent dispersion and formation of hydrogen bonds
between PU and CNT. To the best of our knowledge, the
improvement in the nanoindentation properties (hardness and
elastic modulus) reported in the present study for a-MWCNT–
PU composites is the highest.
4 Conclusion

MWCNT–PU composite lms have been fabricated and signi-
cant enhancement in their mechanical, electrical and EMI
shielding properties has been observed. An overall enhance-
ment of 271% in the hardness and 290% in elastic modulus was
observed in the nanoindentation test. The addition of MWCNTs
into the PU matrix not only reduced the deformation energy
considerably but also improved the stiffness and other
mechanical parameters signicantly. In addition to improved
mechanical properties, the absorption dominating SET reached
upto�29 dB with an SEA of�21 dB in the X-band (8.2–12.4 GHz)
9148 | J. Mater. Chem. A, 2013, 1, 9138–9149
frequency for 10 wt% loaded a-MWCNT–PU composites, which
is the highest reported value to the best of our knowledge in the
literature for MWCNT–PU composites in the X-band at 1.5 mm
thickness. These lms could nd industrial applications as
scratchless coatings in the automobile industry, EMI radiation
shielding bags for packaging of electronic circuit boards, con-
ducting tape for laminating electronic circuits, etc.
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