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Radar X-band electromagnetic interference shielding (EMS) is one of the prime

requirements for any air vehicle coating; with limitations on the balance between

strength and thickness of the EMS material. Nanocomposite of multiwalled-carbon-

nanotubes (MWCNT) has been homogeneously integrated (0 – 9 wt%) with polymer,

poly (vinylidene fluoride, PVDF) to yield 300 micron film. The PVDF + 9 wt%

MWCNT sample of density 1.41 g/cm3 show specific shielding effectiveness (SSE)

of 17.7 dB/(g/cm3) (99.6% EMS), with maintained hardness and improved conduc-

tivity. With multilayer stacking (900 microns) of these films of density 1.37 g/cm3,

the sample showed increase in SSE to 23.3 dB/(g/cm3) (99.93% EMS). Uniform

dispersion of MWCNTs in the PVDF matrix gives rise to increased conductivity

in the sample beyond 5 wt% MWCNT reinforcement. The results are correlated

to the hardness, reflection loss, absorption loss, percolation threshold, permittivity

and the conductivity data. An extremely thin film with maximum EMS prop-

erty is hence proposed. C 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4953810]

INTRODUCTION

Carbon-based materials are most intriguing materials for researchers in recent times. Their

various forms and types have caught attention due to their exotic properties which find applications

in various domains right from sensors to textiles, pharmaceuticals, intelligent coatings and biomed-

ical applications. When such materials are incorporated in polymer matrices to form either compos-

ites or doped-polymers or simply carbon-reinforced-polymers, their applications increase multifold,

including aerospace structures, sports equipments, automobile spares, organic solar panels, superca-

pacitors, smart sensors, intelligent painting, electromagnetic interference shielding (EMS) shielding

and so on. Amongst these, electromagnetic interference shielding is a well-known issue in scien-

tific electrical/electronic instrumentation, antenna systems and military electronic devices, since the

radiation has to be duly shielded to protect a particular entity. Though there has been immense

progress done in this particular domain, the materials developed have also had some limitations, on

one side; and the applications have posed newer challenges, on the other. Materials such as graphite,

carbon black, carbon fibers, carbon nanofibers, carbon nanotubes have been extensively investigated

in this context, for EMS owing to their unique combination of electrical conduction, polymeric

flexibility, and light weight.1–5 Interesting theories have been put forth by the researchers to explain

the normal and anomalous behavior of carbon-based materials in the various polymer matrices.

Percolation theory, negative dielectric materials, metamaterials, micro-capacitors have become new

nomenclatures in the domain of EMS materials.6–9 Enhanced EMS properties of various poly-

mers with carbon-based material-incorporation have been documented by many. Tantis et al. have
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explored the functionalized graphene with PVA to form a composite with enhanced electromag-

netic shielding.10 Pande et al. have done similar studies with Carbon nanotubes in PMMA matrix

to obtain around 40 dB shielding with a few mm-thick materials.11 Such and other few studies

have been done in recent past. However, the ability of the basic polymer material to maintain

its mechanical strength intact, and still achieve atleast 95% EMS with minimal thickness of the

coating is indeed the challenge. With increased thickness, necessary mechanical strength and EMS

property can be achieved; however, the material becomes practically less important, especially for

the air-borne applications and coatings. Furthermore, the EMS property has to come with majority

of the component from absorption, and not from reflection. This will ensure the stealth application,

which is crucial in Radar band, i.e. X-band (8.2-12.4 GHz). Few reports in recent times have been

documented upto 50 dB EMS, however, the majority of the component is due to reflectance or

thickness; hence not stealth, but other applications can be envisaged.12 It is due to this that newer

materials and synthesis strategies are always in demand to explore a thin coat material, which will

provide absorption-dominated EMS materials with no compromise on the mechanical strength of

the coat.

In this context, we have synthesized MWCNT-incorporated PVDF thin films of 300 mi-

crons thickness using a solvent casting route. The wt % of MWCNT has been varied from

0 to 9 % in the PVDF polymer. The samples have been characterized using X-ray Diffraction (XRD)

studies, Fourier transform infrared spectroscopy (FTIR), 4-probe resistivity measurements and

field-emission-scanning electron microscopy (FE-SEM) studies. Though FTIR analysis does not

confirm any specific conjugation, the XRD data reveals successful incorporation of the MWCNT

in the polymer matrix. The conductivity data reveals that the insulating behavior of PVDF shows

systematically improved conductivity with MWCNT incorporation, which reaches a threshold at

about 5 wt%, beyond which the films become conducting (for 9 wt % films). The data predicts that

the MWCNTs establish a percolation path within the PVDF matrix, thereby inducing conductivity.

The mechanical hardness of the films do not show degradation upon this incorporation, in fact,

shows a slight increase in its Shore “A” value, indicating that the strength of the films gets better.

The electromagnetic shielding studies were done using Vector Network Analyzer (PNA N522A

ranging from 10 MHz to 26.5 GHz) supported by 85071E material measurement software, shows

concomitant increase in the EMS values (from 0.1 dB to 25 dB), especially via the decrease in

the S21 parameter, which attributes to the absorption (and very less contribution of S11, which is

attributed to reflection). The efficiency as high as 99.65% (25 dB) has been observed with single

film, which increased to 99.96% (32 dB) with 3 layers of such films, stacked together. These values

are highest as reported up-till now for the films as thin as 300 microns for EMS applications,

without compromising the mechanical strength of the materials.

EXPERIMENTAL PROCEDURE

Synthesis of PVDF–MWCNT composite film

MWCNT used in these studies were obtained from Global Nanotech Inc., 97% pure, uniform

diameter ∼15 nm and length ∼10–30 μm. Other chemicals were procured from Sigma Aldrich, and

were 99.95% pure. PVDF– composite films were synthesized using the solvent casting method.11

To prepare a composite, the as-synthesized MWCNT were ultrasonically dispersed in toluene for

2 h to obtain a stable suspension of CNTs in toluene. The suspension was then mixed with a solution

of PVDF in Dimethyl sulfoxide (DMSO) to obtain a mixture of PVDF–MWCNT with varying

wt. % from 0 to 9. The mixture was again ultrasonicated for 2 h to obtain a uniform dispersion of

CNTs in PVDF. Thin polymer films were casted from this solution by pouring the solution into a

Teflon spray-coated Petri dish (diameter 400) and allowing the solvent to evaporate over 48 hours,

followed by drying in an oven. The resulting films had a thickness of about 300 microns and such

films of three layers stacking resulted in 900 microns thick films. We report the data here for 0,1,3,5

and 9 wt % MWCNT in PVDF.
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FIG. 1. FE-SEM images of MWCNT in the PVDF matrix. (a) shows a single MWCNT, and images of well dispersed

MWCNTs for 3wt%, 5wt% and 9wt% samples in the PVDF matrix are shown in b),c) and d) respectively.

RESULTS AND DISCUSSION

Figure 1 shows the field-emission SEM micrographs of the MWCNTs in PVDF matrix.

Figure 1(a) shows a single MWCNT, which has a diameter of around 15 nm. Figures 1(b)-1(d)

shows the MWCNTs uniform dispersion and increasing filler concentration in PVDF matrix.

Figure 1(d) shows the complex network formation due to high filler concentration.

Figure 2 shows XRD data for PVDF and two specific samples i.e. 3 and 9 wt. % samples in

PVDF. The MWCT-incorporated PVDF samples show the signatures of basic polymer. No extra

signatures were observed in the MWCNT-incorporated samples. The alpha phases of PVDF films

showed four characteristic peaks at the diffraction angles (2θ) of 17.7◦, 18.5◦, 19.9◦ and 26.51◦,
corresponding to (100), (020), (110) and (021) reflections, respectively. The diffraction angle of

20.6◦ which was assigned to (110) reflection, correspond to the β-phase of crystal, as is also doc-

umented earlier.13,14 Hence the XRD data shows that with MWCNT incorporation there are no

visible shifts in the standard PVDF signatures, thereby indicating that the basic structure of polymer

is not modified, chemically. Structurally, hence, the system is less strained.

Figure 3 shows the probable conjugational data of the systems. Using the standard data sheets,

the characteristic peaks for both phases were identified in both pure as well as

MWCNT-incorporated PVDF samples. The α-phase appear at 615 and 760 cm−1 (skeletal bending

and CF2 bending), 797 cm−1 (CH2 rocking), and 975 cm−1 (CH2 twisting). On the other hand,

the characteristic peaks of the β-crystal phase appear at 840 cm−1 (CH2 rocking) and 1280 cm−1

(CF2 stretching). The peak at 840 cm−1, a characteristic absorption of the β-phase, showed an

increase with the amount of MWCNT, while the peaks of α-phase at 615 and 760 cm−1 decreased;

though not very clearly observed in the FTIR data (Shown in inset of Figure 3). Though it has

been mentioned in Refs. 13 and 14, one cannot justify much of conjugation between the PVDF

matrix and the MWCNT. However, considering the FE-SEM images and the XRD data, along with
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FIG. 2. XRD data of the a)Pure PVDF b) 3 Wt.%+PVDF and c) 9 Wt.%+PVDF.

FIG. 3. FTIR data for a) MWCNT b) PVDF c) PVDF with 3wt%MWCNT and d) PVDF with 9wt%MWCNT. The inset

shows α and β phases duly elaborated.

this FTIR analysis, it can be concluded that the MWCNTs get incorporated in the PVDF matrix,

rather uniformly, without having any chemical conjugation as such. The TGA data confirmed

the MWCNT incorporation (by weight) in all the MWCNT-incorporated sample showing that the

samples had designated percentage of MWCNT in the PVDF polymer (data not shown). Figure 4

shows the four probe conductivity data which shows encouraging results, from applications point

of view. It can be clearly seen that the samples showed high resistivity (open circuit) for the pure

PVDF polymer, since it is insulating material. The resistivity falls for 1 wt% MWCNT-incorporated

PVDF sample and subsequently for further samples. The sample of 5 wt% MWCNT-incorporated

PVDF showed conductivity of 0.023 S/cm, and after that the sample showed further lower values.

These values are documented in Table I. The data clearly shows that below 5 wt % incorporation

of MWCNT in PVDF, the MWCNTs are not able to connect via a percolation mechanism, thereby

offering high resistivity. Beyond 5 wt%, the conductivity does not reduce further and the optimum

number of channels available for electrons to flow is established to give good conductivity. This

theory of percolation threshold is well documented in the literature, as is also discussed in EMI

based materials as well.11,15–19
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FIG. 4. Conductivity data for all samples which shows a non-linear increase after 5 wt.% MWCNT-PVDF sample.

TABLE I. Summary of all the conductivity, mechanical and electromagnetic shielding data.

S.No

Name of the sample

(0.3 mm)

ρ (Ω.

cm)

σ

(S/cm) ∼ε′ ∼ε′′ Tan δ

S.E T (dB) in

X-band for 0.3 mm

thick

S.E T (dB) in X-band

for 0.3*3=0.9 mm

thick

Shore

“A”

Hardness

1 PVDF - - 1.6 0.04 0.02 0.1 0.1 69.33

2 PVDF+1% MWCNT 19470 0.00005 13 4.5 0.3 2 9 71

3 PVDF+3% MWCNT 69.9 0.014 35 67 1.91 19 23 73

4 PVDF+5% MWCNT 41.7 0.023 27.3 80.8 3 20 28 73

5 PVDF+9% MWCNT 13.5 0.074 -40 93 -2.4 25 32 72.5

Since there was an issue of the hardness compromise with MWCNT incorporation, Shore “A”

hardness was measured for all the samples. As has been documented in Table I and Figure 5, pure

PVDF showed the value to be 69.33. Upon MWCNT incorporation the value, in fact, improved

and reached to 72.5 for the 9 wt % sample, indicating that the sample’s mechanical strength did

FIG. 5. Hardness data in terms of a) Shore “A” Hardness and b) Elastic modulus (E) values for various MWCNT incorporated

PVDF samples.
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not suffer with improved conductivity and MWCNT incorporation.16 The corresponding values of

Elastic Modulus (E), given by formula below, show similar trend.

E = (0.0981 × (56 + 7.62336 × Shore “A”))/(0.137505 × (254 − 2.54 × Shore “A”) (1)

The most telling results are shown in Figure 6 and 7. Using VNA setup, various studies were

done. First was to evaluate the S11 and S21 parameters which normally depict the reflection (R)

and the absorption (A), respectively, of the radiations in the X-band (8.2-12.4 GHz) by the mate-

rial.11,15,17 Using these S11 and S21 values, the total Shielding effectiveness was calculated using the

formula:

S.E (dB) = −10 ∗ log [ PI

PT
] (2)

FIG. 6. The Shielding effectiveness data for different samples is shown in Figure 6 (I). (a) PVDF, (b) PVDF+1wt% MWCNT,

(c) PVDF+3wt% MWCNT, (d) PVDF+5wt% MWCNT, (e) PVDF+9wt% MWCNT, while Figure 6(II) shows the thickness

dependent data for the characteristic 9wt% MWCNT–incorporated PVDF sample of (a) 0.3 mm, (b) 0.6 mm and (c) 0.9 mm.

FIG. 7. The Tangent loss (Tan δ) data for (a) PVDF, (b) PVDF+1w% MWCNT, (c) PVDF+3w% MWCNT, (d) PVDF+5w%

MWCNT, (e) PVDF+9w% MWCNT of various wt% MWCNT–incorporated PVDF sample.
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Where PI and PT are Input and Transmit powers respectively.

Total shielding effectiveness S.E (dB) = S.ER + S.EA + S.EM (3)

Where R = IS11I
2, T= IS21I

2, S.ER = −10 ∗ log (1 − R) and S.EA = −10 ∗ log [ T
(1−R) ]

Normally, the loss due to multiple reflections (S.EM ∼ 0) is negligible if S.EA is >10 dB.

This Shielding effectiveness (SE) in terms of dielectric constant (ε), conductivity (σ′) and

permeability (μ′) is given by:

S.ER = −10 ∗ log [ σ′

16ωμ′ε0

] (4)

S.EA = −10 ∗ log [σ
′ωμ′

2
] 1

2 where σ′ = εoωε
′′ (5)

Tan δ =
ε′′

ε′
(6)

Figure 6 (I) shows the SE for all the samples used in these studies. It was clearly observed that

the SE values were seen to be extremely low for both pure PVDF and 1wt% MWCNT–incorporated

PVDF samples. However for both 3 and 5 wt% MWCNT–incorporated PVDF samples, the SE

increased to around 20 dB, and which was seen to increase to the highest value of 25 dB for 9 wt%

MWCNT–incorporated PVDF sample. This has been the highest reported values for such samples

for mere 300 micron thickness, without compromising the mechanical hardness of the sample.

Hence, the samples, especially for the 9 wt% MWCNT–incorporated PVDF were stacked and the

layer of 2 and 3 such films was made to obtain a thickness of 600 and 900 microns, respectively.

The SE showed further increase to 32 dB with 3 layer stack. These results are shown in Figure 6(b).

Though the results for stacking have been shown only for the 9wt% MWCNT–incorporated PVDF

sample, all the samples showed similar trend, which is summarized in Table I.

To attribute the results to the explicit role of reflection and / or the absorption modifications

in the PVDF base polymer upon MWCNT incorporation, using material measurement software

supported by VNA of Transmission/Reflection Line method and the formula shown as (3) and (4)

above, the basic parameters of the electromagnetic equation, i.e. ε′ and ε′′ were calculated. These

are summarized in Table I and Figure 7, which shows the Tan δ parameter shown in equation (5).

Dielectric constant (ε′) and corresponding Tan δ values were seen to increase with increasing

wt% of MWCNT in PVDF matrix. These values increase up-till 5 wt%, which is the percolation

threshold. With higher percentage the value was seen to be negative. Further, for the pure PVDF

film, the value of Tanδ was seen to be less than 1, which is also true for 1 wt% doped sample. These

films were highly insulating also. Further after 3 wt % the value became ≥1 and later negative at

9 wt%, when the film became highly conducting. The values could be correlated with the conduc-

tivity data as well, from Table I.

Looking into various reports20–28 on materials done earlier, the underneath science was under-

stood. Similar system, such as of PVDF/MWCNT has been studied by G.S. Sudheer et al., which

show frequency-dependent results.28 Gao et al.,22 in their work have done extensive studies on

the materials which were made of Fe/Al2O3 composites with different Fe volume contents ranging

from 10% to 40%. In their studies, they found in the impedance and dielectric properties of these

composites, in high frequency range, a distinct dependence on the composition, and the negative

permittivity was obtained when Fe content exceeded 20 vol%. They have attributed their results

to the negative permittivity from the composites above percolation threshold and the results from

Drude model. On similar lines, in our case, PVDF polymer matrix offers an insulator-like dielec-

tric property. As the wt% of MWCNT increases, from 1%, the resistivity is still high, and the

material is still insulating. The permittivity and dielectric values are still low. However, at 5wt%

loading, the sample approaches the percolation threshold, obtaining optimum conductivity and the

loss parameter (obtained from Tan δ) becomes >1. Beyond the threshold, i.e. for 9 wt% sample,

the real permittivity switches abruptly. The metal-like negative permittivity behavior is also due

to the percolation phenomenon with increasing conducting MWCNT content. Now the conductive

component dominates the dielectric properties of the whole MWCNT-incorporated-PVDF matrix.

In this case, the dielectric properties of composites transform from insulator-like to metal-like
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FIG. 8. shows the thickness dependent Shielding Effectiveness by absorption (SEA) for (a) SEA of 0.3 mm, (b) SEA of

0.3×3= 0.9 mm, and Shielding Effectiveness by reflection (SER) for (c) SER of 0.3 mm, (d) SER of 0.3×3= 0.9 mm of the

PVDF+9wt% MWCNT.

behavior. The real part of complex permittivity undergoes a change not only in magnitude but

also in sign. Unlike the insulating PVDF matrix properties, the MWCNTs in the sample tend to

connect to each other, and electrons are allowed to make long-range movements.18–21 Change in

ε′ (and further Tan δ) from positive to negative after percolation threshold is due to induction

polarization.23–27

To further evaluate the SE data for all samples and to check whether the high SE is due to

reflection and /or absorption, the raw data was again looked into. It was found that, with the incor-

poration of various wt% of MWCNT in the PVDF, the absorption parameter increased concomi-

tantly in the 5 wt% sample and above, as compared to the reflection contribution. This gave a proof

that the material is much lossy, via absorption, basically due to the conducting channels established

by MWCNTs in the PVDF matrix. They show this property only after a percolation threshold is

achieved, which is at around 5 wt %. The mechanical properties remain intact (even get better), and

the samples show excellent EMS properties, via absorption. Figure 8 shows, one such data, as an

example, which is for 9 wt% MWCNT–incorporated PVDF sample. The change in the Shielding

effectiveness via absorption was seen to be much higher as compared to that Shielding effectiveness

via reflection for 1 layer sample of 0.3 mm to 3 layer stack of 0.9 mm thickness. This data indicated

that with the reinforcement of MWCNT beyond 5 wt % in the PVDF, the EMS increases to high

values, which have the main contribution from the SEA parameter of the sample, attributed to the

radiation absorption. This offers excellent and thin EMS material, which has its mechanical strength

intact (and even better).

CONCLUSION

In conclusion, this manuscript demonstrates that in PVDF matrix as MWCNTs concentration

increases, SE also increases and for 9 wt% of MWCNTs of 300 microns thick samples, the SE

becomes maximum to 25 dB (17.7 dB/(g/cm3)) which is highest reported; whereas for 3 layers

stack it becomes 32 dB (23.3 dB/(g/cm3)) by improving SE, mainly by absorption. These values are

highest as reported up-till now for the films as thin as 300 microns for EMS applications, without

compromising the mechanical strength of the materials. The results are attributed the percolation

threshold inclusions of MWCNT in PVDF matrix, and further conversion of insulator-to-metallic

sample, thereby increasing the loss in the sample due to peculiar permittivity behavior. This loss

results in high EMS in the X-band range, which can fetch extremely promising applications in

stealth technology.
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