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ABSTRACT: In this study, the concept of double percolation and selective location of a conducting additive was used to develop con-

ducting polymer composites composed of polystyrene (PS) and ethylene vinyl acetate copolymer (EVA) filled with carbon black (CB).

Scanning and transmission electron microscopy suggested that the CB was preferentially located in the EVA phase. By combining a

cocontinuous morphology and selective location of CB in the EVA phase, we achieved the highest conductivity values and better elec-

tromagnetic interference shielding effectiveness in the X-band frequency range for the 70:30 w/w PS/EVA blend. Electromagnetic

attenuation occurred by both reflection and absorption mechanisms, although the first was predominant for composites with a higher

amount of CB. The percolation thresholds of the PS, EVA, and 70:30 w/w PS/EVA blend loaded with CB were estimated from the

dependence of the alternating-current and direct-current conductivities. The rheological properties were also used to relate the electri-

cal behavior to the microstructure of the composites. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43013.
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INTRODUCTION

Conducting polymer composites are composed of a conductive

filler dispersed into an insulating matrix; they have attracted great

interest because of their versatility of applications in different

fields, such as antistatic devices for the dissipation of electrostatic

charges, electromagnetic interference (EMI) shielding materials,

capacitor, and sensors. Such properties depend on the electrical

conductivity degree, which can be easily tuned by the appropriate

choice of the polymeric matrix, conductive filler nature and pro-

portion, and blending conditions. These systems usually present

a defined insulating–conducting transition at a critical amount of

conductive filler, known as the percolation threshold point.1

Among several conducting fillers, carbon black (CB) is still con-

sidered one of the most popular because of its low cost and

chemical stability. Depending on the polymer matrix, the amount

of CB necessary to achieve a desirable electrical conductivity is

high; this results in an increase in the melt viscosity and a

decrease in the mechanical performance of the final product. The

use of heterogeneous polymer blends in cocontinuous morphol-

ogy has been well described as an efficient approach for attaining

good electrical conductivity with the lowest amount of

conducting filler.2 Such a strategy is based on an early statement

by Sumita et al.3 that CB may be selectively located in one phase

or at the interface of a heterogeneous polymer blend. The factors

driving the preferential localization of the CB are thermodynam-

ics, kinetics, and polymer melt viscosity. The thermodynamic

approach predicts the preferential localization of the filler, which

depends on the free energy of the various interfaces. This predic-

tion is quantitatively formalized by the calculation of the wetting

coefficient.4 The kinetic contribution is directly linked to the

processing conditions. The final morphology of the material may

differ from the thermodynamically predicted one because the vis-

cosities encountered in such systems require very high residence

times for the thermodynamic equilibrium to be set up and the

filler to migrate in the preferred location.5 In addition to the key

thermodynamic and kinetic contributions, it has been reported

that the less viscous phase may be preferred as a location for

such fillers.6,7

The confinement of CB particles in one of the continuous

phases or, better, at the interface of a heterogeneous and cocon-

tinuous polymer blend should produce conducting pathway for-

mation at a lower CB loading. This phenomenon is known as
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double percolation and is characterized by the percolation of the

polymer phases and the conducting particles.8–10

The demand of high-quality materials that can shield the exter-

nal EMI has continuously increased because of the development

of sophisticated electronic devices that produce electromagnetic

radiation that may interfere with the performance of other

equipment. The EMI shielding effectiveness (SE) is strongly

influenced by the electrical conductivity of the composite and

by the dielectric properties, composite shape, conducting parti-

cle dispersion, and so on. Therefore, it is expected that a

conducting-additive-loaded heterogeneous polymer blend

should display a higher EMI SE as a consequence of its higher

conductivity, provided by the double-percolation phenomenon,

and associated with the selective location of the conducting fil-

ler at one continuous phase or at the interface of such a blend.

Although double percolation has been extensively reported, very

few articles have related the EMI SE with the double-

percolation phenomenon and cocontinuity in heterogeneous

polymer blends. Some studies have dealt with the evaluation of

EMI SE in heterogeneous blends loaded with conducting addi-

tives without examination of the cocontinuous composi-

tion.11–14 Rohini and Bose15 described the outstanding EMI SE

in a polystyrene (PS)/poly(methyl methacrylate) (50:50 w/w)

blend loaded with multiwalled carbon nanotube (MWCNTs)

and suggested the selective location of the MWCNTs in the

PMMA phase of a cocontinous blend morphology. The polycar-

bonate (PC)/acrylonitrile-butadiene-styrene copolymer (ABS)

blends loaded with MWCNTs were also studied for EMI SE.16

From microscopic studies, the authors suggested the selective

location of MWCNTs in the ABS phase and a good EMI SE.

However, only the PC/ABS (80:20 w/w) composition was stud-

ied. Recently, an EMI SE between 25 and 215 dB was reported

with MWCNTs with different surface modifications in PC/SAN

(50:50 w/w) blend.17 This composition was situated in the

cocontinuous range morphology. In an interesting report pub-

lished by Al-Saleh and Sundararaj,18 a polypropylene/PS blend

loaded with CB was studied under different compositions. They

observed a preferential location of CB inside the PS phase and a

cocontinuous morphology of the PP/PS blends corresponding

to compositions of 50:50 and 75:25 w/w. However, a higher

electrical conductivity and EMI SE were observed when pure PP

was used as the matrix; this was in contrast to the double-

percolation theory.

From the results published in the literature, studies related to

conducting polymers for EMI shielding applications still deserve

some attention and additional study. Therefore, the aim of this

study was to highlight the importance of the double-percolation

threshold in PS/ethylene vinyl acetate copolymer (EVA) blends

loaded with CB to achieve better conductivity and EMI SE. The

choice of the PS/EVA blends was based on their wide range of

compositions with cocontinuous structures.19 Additionally, EVA

is known to improve the processability and toughness of poly-

mer blends because of its elastomeric characteristics, which can

be tuned by changes in the vinyl acetate content in the copoly-

mer. EMI SE of these CB-loaded heterogeneous blends was

related to the cocontinuous morphology. The percolation

threshold of the blends in the cocontinuous morphology was

compared with those corresponding to the CB-loaded PS or

EVA blends. Also, the electrical percolation threshold was com-

pared with the rheological behavior and EMI SE for ternary

and binary blends.

EXPERIMENTAL

Materials

PS (melt flow index 5 6.13 g/10 min at 2008C/2.16 kg) was pur-

chased from Companhia de Estireno do Brasil. EVA (melt flow

index 5 2.5 g/10 min at 1908C/2.16 kg, vinyl acetate con-

tent 5 18 wt %) was purchased by Braskem (Brasil). CB (Prin-

tex XE2, DBP 5 370 mL/100 g, specific surface area 5 1000 m2/

g, density 5 2.04–2.11 g/cm3) was supplied by Degussa.

Blend Preparation

PS, EVA, and CB were vacuum-dried overnight before they were

introduced into the chamber of a Brabender plastograph

equipped with a W50 EHT internal mixer and roller rotors

working at 1708C and 60 rpm. The mixing was performed for

10 min. After that, the material was milled and compression-

molded in a hydraulic press at 2008C and 6 MPa for 3 min; this

was followed by cooling at the same pressure.

Characterization

The rheological study of the blends was carried out at 2008C

with a Physica MRC302 rheometer from Anton Paar disposed

with parallel plates 25 mm in diameter and with a gap of 1000

mm. The measurements were performed in oscillatory mode at

a frequency range from 1021 to 102 Hz and amplitude of 1%.

The direct-current (dc) electrical conductivity was measured in

an Agilent high-resistance meter (model 4339B) with a two-

probe standard method with electrodes 25 mm in diameter and

samples 1 mm in thickness. For composites with high conduc-

tivities, the measurements were performed with the four-probe

standard method with a Keithley 6220 current source to apply

the current and a Keithley 6517A electrometer to measure the

potential difference method. All of the measurements were per-

formed at room temperature five times, and the electrical con-

ductivity values were averaged.

The alternating-current (ac) conductivity was measured with a

Solartron SI 1260 gain phase analyzer interfaced to a Solartron

1296 dielectric interface. The measurements were performed at

room temperature in a frequency range of 0.1 Hz to 10 MHz

with a 5-V oscillating voltage with electrodes 25 mm in diame-

ter. Samples 1 mm in thickness were used.

EMI SE was evaluated in the X-band microwave range (8.2–

12.4 GHz) with a network analyzer type N5230L PNA-L with a

rectangular waveguide. The samples 1 mm in thickness were

compression-molded.

Scanning electron microscopy (SEM) was performed in a JEOL

2000 FX microscope with an accelerator power of 20 kV. The

samples were cryofractured, and the surfaces were treated previ-

ously with methyl ethyl ketone (MEK) to selectively extract the

PS phase. Then, the surface was coated with a thin layer of gold

and analyzed.

Transmission electron microscopy (TEM) was performed on an

FEI-Titan G2 80-200 microscope at 80 kV. The samples were
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prepared with an RMC ultracryomicrotome equipped with a

diamond knife to obtain 80 nm thick ultrathin sections.

RESULTS AND DISCUSSION

Calculation of the Wetting Coefficient

The thermodynamically favored localization of the filler could

quantitatively be predicted by the value of the wetting coeffi-

cient (xa) of the ternary system, defined as follows3:

xa5
cCB=PS2cCB=EVA

cPS=EVA

(1)

where cCB/PS, cCB/EVA, and cPS/EVA represent the interfacial ten-

sions between CB and the PS matrix, between CB and the EVA

matrix, and between PS and EVA, respectively. When xa is

greater than 1, CB is preferentially distributed among the EVA

phase. When xa is less than 21, the PS phase is preferred, and

in the intermediary case, the CB is located at the interphase.

The interfacial energies (cA/B) were calculated from the surface ener-

gies with two widely used methods: the geometric mean equation20

cA=B5cA1cB24
cd

Acd
B

cd
A1cd

B

1
cp

Acp
B

cp
A1cp

B

� �
(2)

and the harmonic mean equation:

cA=B5cA1cB22

ffiffiffiffiffiffiffiffiffi
cd

Acd
B

q
1

ffiffiffiffiffiffiffiffiffi
cp

Acp
B

q� �
(3)

where cA and cB are the surface energies of components A and

B, respectively; cA
d and cB

d are the dispersive components of cA

and cB, respectively; and cA
p and cB

p are the polar components

of cA and cB, respectively.

The surface free energies of PS and CB are available in the liter-

ature,7,21 and for the surface free energy of EVA (cEVA; contain-

ing 19 wt % vinyl acetate, i.e., 14 mol %), an arithmetic mean

value was calculated from the polyethylene (PE) and poly(vinyl

acetate) (PVA) values7:

cEVA5xPE 3 cPE1xPVA 3 cPVA (4)

where xPE and xPVA are the molar fractions of PE and PVA,

respectively, and cPE and cPVA are the surface tensions of PE

and PVA, respectively. The surface energies of the materials and

interfacial energies calculated with the two previously detailed

equations are reported in Tables I and II, respectively.

Calculations of the wetting coefficient for the PS/EVA/CB sys-

tem provided values of 1.56 when the geometric mean equation

was used and 1.35 when the harmonic mean equation was used.

Those values, higher than 1, indicated that in the thermody-

namic equilibrium, CB particles were preferentially located in

the EVA phase.

Electrical Conductivity and Morphology

Figure 1 displays the dc electrical conductivity of PS/EVA blends

containing 5 wt % CB as a function of the blend composition.

The conductivity level of all of the blends was quite similar in a

wide range of compositions (from 20 to 80 wt % EVA), prob-

ably because of the relatively high amount of CB used in this

study. However, the 70:30 w/w PS/EVA blend displayed a slight

increase in the conductivity value related to the other blends

(0.014 S/cm). According to previous work,19 PS/EVA blends

present a cocontinuous morphology in a wide range of compo-

sitions. Therefore, the maximum of conductivity found in the

70:30 w/w PS/EVA was attributed to the double percolation. As

both phases were continuous and the CB particles were selec-

tively located in the minor phase (30 wt % EVA), the particles

were able to touch each other; this made the formation of a

conducting network easier. As discussed later, this specific com-

position also provided the highest EMI SE and confirmed the

importance of conductivity to attain a better EMI SE.

Figure 2 presents the SEM micrographs of the 70:30 w/w PS/EVA

blends, which were previously extracted with MEK to eliminate the

PS phase. In both the CB-loaded and unloaded blends, the cocon-

tinuous structure was evident. However, the presence of CB

Table I. Surface Energies and Polarities of the Polymers and CB

Sample
c
(mJ m22)

cd

(mJ m22)
cp

(mJ m22)
vp

(%)

PE 35.7 35.7 0 0.0

PVA 36.5 25.1 11.4 31.2

EVA (14 mol %
vinyl acetate)

35.8 34.2 1.6 4.5

PS 40.6 34.5 6.1 15.0

CB 108.8 108.1 0.7 0.6

c 5 surface free energy; cd 5 dispersive component of the surface energy;
cp 5 polar component of the surface energy; vp 5 contribution of the polar
component of surface free energy.

Table II. Interfacial Energies Calculated from the Geometric Mean and

Harmonic Mean Equations

Interfacial energy (mJ m22)

Geometric mean Harmonic mean

PS/EVA 1.4 2.6

CB/PS 23.1 42.3

CB/EVA 20.9 38.7

Figure 1. dc conductivity values of the PS/EVA blends loaded with 5 wt

% CB as a function of the blend composition.
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significantly affected the morphology. The micrograph of the

unloaded blend [Figure 2(a)] taken at a lower magnification

(5003) displayed the nonextracted EVA phase as a continuous

morphology with an average diameter higher than 50 mm. On the

other hand, the micrograph of the CB-loaded blend taken at a

higher magnification (50003) presented a thin and elongated con-

tinuous EVA phase with an average diameter in the range 0.5–2.5

mm. These results suggest that CB acted as an interfacial agent,

decreasing the chance of coalescence of the PS and EVA phase. In

Figure 2(b), it is also possible to observe several white spots on the

EVA phase and the interface; this corresponded to the CB particles

and indicated the selective location of CB in the EVA phase, as pre-

viously predicted by calculations of the wetting coefficient.

To confirm the selective location of CB within the EVA phase,

TEM of the sample containing 5.0 wt % CB was also recorded,

and the micrograph is shown in Figure 3. The presence of the

CB nanoparticles as aggregates confined in the EVA continuous

phase was clearly observed. These results confirmed the interfa-

cial action of CB, which diminished the chance of coalescence

of the PS and EVA phases and the selective location of CB

within the EVA phase.

In addition to the thermodynamic considerations based on the

wetting coefficient calculations, the rheological approach had to

be taken into account. Usually, CB particles tend to be located

in the lower melt-viscosity phase of a heterophase blend.

According to the rheological data, which is discussed later, the

melt viscosity of EVA was lower than that of PS at the process-

ing temperature; this explained the preferential location of the

filler in the EVA phase. The confinement of CB in the thin EVA

phase should have been responsible for the formation of the

conducting network and the increase in the conductivity for

this sample.

Investigations related to the percolation threshold of the PS/CB,

EVA/CB, and PS/EVA/CB composites were performed by the

measurement of both the dc and ac electrical conductivities. For

these studies, the 70:30 w/w PS/EVA composite was chosen

because this composition resulted in a better electrical conduc-

tivity, as shown in Figure 1. Figure 4 illustrates the dependence

of the dc conductivity as a function of the amount of CB. All of

the systems exhibited an improvement of the electrical conduc-

tivity with increasing loading of CB, as expected. The EVA/CB

system (curve b) presented a little higher conductivity at 5% CB

than the PS/CB system. However, for all of the CB contents, the

PS/EVA (70:30 w/w) composite displayed a much higher con-

ductivity than the neat PS and EVA composites; this confirmed

the double-percolation effect (cocontinuity and conducting path-

way), as observed in the SEM and TEM micrographs.

The ac electrical conductivity was also investigated to confirm

the electrical percolation threshold of the CB-loaded PS, EVA,

and PS/EVA (70:30 w/w) composites, whose behavior as a func-

tion of the frequency is illustrated in Figure 5. Also, Table III

exhibits the dc electrical conductivity and ac conductivity at a

frequency of 10 Hz. Pure polymers and the blend without CB

presented an almost linear dependence of the conductivity with

frequency; this confirmed the insulating nature of these matri-

ces. A similar behavior was also observed for the PS or EVA

Figure 2. SEM micrographs of the PS/EVA (70:30 w/w) blends whose PS

phase was selectively extracted with MEK: (a) unloaded (5003) and (b)

loaded with 5 wt % CB (50003).

Figure 3. TEM micrograph of PS/EVA (70:30 w/w) composites loaded

with 5 wt % CB.
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composites containing 2% CB, although the EVA/CB composite

exhibited a higher ac conductivity value; this confirmed the results

previously observed for the dc electrical conductivity. For such

systems, the ac conductivity was mainly governed by the interfa-

cial polarization process; this originated from the polar differences

between the filler and matrix. After this composition, there was a

sharp increase in the conductivity at lower frequencies; these val-

ues were also independent of the frequency. That is, the conduc-

tion began to show an ohmic mechanism.22 This drastic change

in the conductivity values at low frequencies corresponded to the

percolation threshold phenomenon. From these results, it was

possible to assume that the insulating–conducting transition point

was between 2 and 5% CB for the PS- or EVA-based composites.

However, for the PS/EVA composites, the conductivity values did

not depend on the frequency for all of the CB proportions stud-

ied; this indicated that the percolation threshold point was lower

than 2% and highlighted the importance of the double percola-

tion for attaining better conductivity values.

Rheology

Rheology measurements constitute an important method for

assessing the microstructure of composites loaded with micro-

particles and nanoparticles. Figure 6 compares the variation in

the complex viscosity with the angular frequency for PS/EVA

blends with pure components. With regard to the unloaded

blend components [Figure 6(a)], the EVA matrix presented a

lower viscosity (450 Pa s at 10 rad/s) than PS (700 Pa s at 10

rad/s); this confirmed the predicted preferential location of CB

inside the EVA phase in the filled blends.23

The viscosities of the filled PS/EVA composites presented higher

values than those found for the filled binary composites (PS/CB

and EVA/CB). As an example, the viscosity values of the PS/EVA,

PS, and EVA composites loaded with 15% CB at 10 rad/s were

22.3, 14.7, and 11.3 KPa s, respectively. This behavior was observed

for all of the filled blends with different CB contents; this sug-

gested that the presence of a conductive network provided by the

CB particles acted as a reinforcing agent for the PS/EVA blends.

The behavior of the storage modulus (G0) with the angular fre-

quency provided important information with regard to the

distribution of particles in a polymer system.24,25 Figure 7

illustrates the variation of G0 with the angular frequency for

the PS/CB, PS/CB, and PS/EVA/CB blends. All of the compo-

sites presented gradual increases in G0 as the amount of CB

increased, and this behavior was more important at low fre-

quencies and indicated the development of the CB network

with increasing filler content.26,27 It was possible to observe a

significant increase in G0 between the unloaded systems and

those containing only 2% CB; this suggested that the filler net-

work structure started to form in this CB content range. That

is, the rheological percolation was envisaged in this composi-

tion range. This difference was higher for the PS/EVA blends

and indicated the formation of the filler conducting network

Figure 4. Effect of the CB content on the dc electrical conductivity of the

CB-loaded (a) PS, (b) EVA, and (c) PS/EVA (70:30 w/w) composites.

Figure 5. Effect of the CB content on the ac conductivity of the CB-

loaded PS, EVA, and PS/EVA (70:30 w/w) blends. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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at a lower CB content; this agreed with the electrical percola-

tion discussed in the previous section. As the amount of CB

content increased, G0 also increased and became less dependent

on the frequency. In all of the CB compositions that we used,

G0 was higher for the PS/EVA blends; this confirmed the

higher network structure formed in the cocontinuous

blend.26,28

EMI SE

The effect of the PS/EVA blend composition on the overall EMI

SE at 10 GHz is illustrated in Figure 8, for composites contain-

ing 5% of CB. The EMI SE increases with the amount of PS in

the blend and reaches maximum value at 70:30 w/w PS/EVA

blend (8.7 dB). This composition also displays the highest elec-

trical conductivity, as illustrated in Figure 1, and emphasized

Table III. Electrical Conductivity of the PS-, EVA- and PS/EVA (70:30 w/w)-Based Composites as a Function of the CB Content

Composite component

PS (wt %) EVA (wt %) CB (wt %) dc conductivity (S/cm)
ac conductivity at
10 Hz (S/cm)

100 0 0 1.0 3 10213 1.3 3 10215

99 0 1 1.0 3 10212 —

98 0 2 1.1 3 10210 1.6 3 10214

95 0 5 1.1 3 1024 4.1 3 1027

92.5 0 7.5 5.4 3 1023 7.7 3 1025

90 0 10 2.3 3 1022 2.1 3 1024

87.5 0 12.5 3.1 3 1022 —

85 0 15 1.1 3 1021 1.0 3 1023

0 100 0 1.0 3 10213 1.3 3 10214

0 99 1 2.3 3 10213 —

0 98 2 1.4 3 10210 6.2 3 10213

0 95 5 1.4 3 1023 1.8 3 1025

0 92.5 7.5 2.0 3 1022 7.0 3 1025

0 90 10 4.1 3 1022 3.6 3 1024

0 87.5 12.5 7.0 3 1022 —

0 85 15 1.1 3 1021 2.5 3 1023

70 30 0 1.3 3 10213 1.9 3 10214

68.6 29.4 2.0 4.5 3 1028 4.6 3 1027

66.5 28.5 5.0 3.3 3 1022 9.8 3 1026

64.75 27.75 7.5 4.8 3 1022 1.6 3 1024

63.0 27.0 10.0 8.5 3 1022 2.3 3 1024

59.5 25.5 15.0 2.4 3 1021 1.0 3 1023

Figure 6. Dependence of the viscosity on the angular frequency for the (A) unloaded PS, EVA, and PS/EVA blend matrices and (B) 15% CB-loaded PS,

EVA, and PS/EVA blend matrices. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the importance of double percolation for reaching better con-

ductivity values and EMI SE.

The effect of the CB content on the overall EMI SE was eval-

uated for the PS, EVA, and 70:30 w/w PS/EVA composites in

the X-band, as illustrated in Figure 9. As expected, the increase

in the CB content increased the EMI SE because of the conduct-

ing character of CB, whose charge carriers moved freely and

interacted directly with the incident electromagnetic field; this

contributed to the electromagnetic wave attenuation. For sys-

tems with CB contents higher than 5%, the increase in the con-

ductivity was marginal, whereas the EMI SE significantly

increased. Beyond this composition, the continuous conducting

network was already formed, and an increase in the CB content

only contributed to an increase in the number of the conduct-

ing pathways. However, the networks became denser and

denser; this prevented the penetration of electromagnetic radia-

tion and, thus, improved the EMI SE.

The presence of 2 wt % CB on 70:30 w/w PS/EVA composite

exerted a greater influence on the EMI SE than those related to

the PS- and EVA-based composites with similar amounts of CB.

At this CB content, the PS/EVA composite already displayed a

conducting network, as indicated by the electrical conductivity

behavior discussed in the previous section; this contributed to a

Figure 7. G0 as a function of the angular frequency for the PS, EVA, and

PS/EVA (70:30 w/w) blends containing different amounts of CB. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 8. Variation of EMI SE with the composition of the PS/EVA blends

filled with 5% CB as measured at 10 GHz.

Figure 9. Overall EMI SE of the PS, EVA, and PS/EVA (70:30 w/w) blends

containing different amounts of CB: (a) 0, (b) 2, (c) 5, (d) 7.5, (e) 10,

and (f) 15%.
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significant improvement in the EMI SE, as compared with the

binary PS/CB or EVA/CB composites. With increasing CB con-

tent, the EMI SE also increased as the conducting network

became denser. For CB contents as high as 15%, the EMI SE of

the 70:30 w/w PS/EVA blend was similar to that found for the

EVA/CB composites and a little higher than that corresponding

to the PS/CB composites; this indicated that at this CB propor-

tion, a similar and dense conducting network was formed in

both the EVA and 70:30 w/w PS/EVA blend matrices. At this

composition, the EVA phase in the PS/EVA composite was satu-

rated with the conducting filler, and the conducting network

was well distributed in both the PS and EVA phases.

When electromagnetic radiation finds a material, it undergoes

different effects, such as transmission power (T) through the

material, reflection power (R), and absorption power (A) by the

material. The overall EMI SE results from a combination of all

of these processes. The scattering parameters S21 (S12) and S11

(S22) obtained from the network analyzer provide the T and R,

respectively, according to the following equations29,30:

PT5PI
���Et
�

Ei

���25PIjS12j2 (5)

PR5PI
���ER
�

Ei

���25PIjS11j2 (6)

where Et 5 transmitted electromagnetic radiation; Ei 5 incident

electromagnetic radiation; ER 5 reflected electromagnetic

radiation.

A is then determined by the following equation:

PA5PI2 PR1PTð Þ (7)

where PR is the reflection power obtained from S11 (S22), PT is

the transmission power obtained from S21 (S12), and PI is the

power of incident radiation. For application purposes, it is very

important to determine the percentage of each event exerted by

the material in contact with an electromagnetic wave.

Figure 10 illustrates the percentage of each event for the 70:30

w/w PS/EVA blends containing 2 and 15% CB. For the sample

with 2% CB, the main event was T, but there were great percen-

tages of A and R of the EM radiation by the composite. At this

low amount of CB, the effect was similar in the entire frequency

range studied. Despite the conducting network already formed,

the structure presented several spaces that could facilitate the

penetration of electromagnetic radiation. Therefore, the A phe-

nomenon was more important. With increasing CB content, the

EMI shielding was significantly more effective, as indicated by

the very low percentage of T. However, the main attenuation

phenomenon was related to R because of the formation of a

dense conducting network; this resulted in an increase in the

amount of charge carriers in the conducting filler. These charge

carriers interacted directly with the incident wave and contrib-

uted to the R mechanism. Similar behavior was also reported

by Al-Saleh and Sundararaj31 for systems constituted by poly-

propylene and MWCNTs. According to those authors, the lower

A was a consequence of the lower power transmitted into the

Figure 10. Percentage of T, A, and R in the X-band frequency range for the PS/EVA (70:30 w/w) blends with a 1-mm thickness. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. Effect of CB on the Percentage of Absorbed, Reflected, and Transmitted Radiation of the PS/EVA (70:30 w/w) Composites at 10 and 12 GHz

as a Function of the Amount of CB

10 GHz 12 GHz

PS (wt %) EVA (wt %) CB (wt %) SE (dB) A (%) R (%) T (%) R/A SE (dB) A (%) R (%) T (%) R/A

68.6 29.4 2.0 0.5 31 27 42 0.86 0.6 30 27 43 0.90

66.5 28.5 5.0 8.0 35 49 16 1.40 7.5 35 47 18 1.30

64.75 27.75 7.5 11.4 34 59 7 1.73 10.9 40 51 9 1.27

63.0 27.0 10.0 15.5 36 61 3 1.69 15.0 42 55 3 1.31

59.5 25.5 15.0 20.8 29 70 1 2.41 20.8 35 64 1 1.82
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sample because of the better R. On the basis of the EMI SE

theory, mobile charge carriers were responsible for the R effect

and increased in importance for the systems with higher conduc-

tivities.32,33 At high amounts of CB, the R decreased as the fre-

quency increased, and A increased. This behavior may have been

due to the lower wavelength of the electromagnetic radiation,

which could penetrate into the material more easily. This

resulted in better interaction between the radiation and the

material. Liu et al.34 also observed similar behavior for carbon

nanotube/polyurethane composites and attributed this to the

contribution of the increase in the dielectric loss of the compos-

ite. The A, R, and T contributions and the overall EMI SE values

at frequencies of 10 and 12 GHz are summarized in Table IV. All

composites presented contributions of both A and R mecha-

nisms to the overall EMI SE; this suggested that these materials

were good electromagnetic absorbers and are interesting for mili-

tary applications. It was interesting to observe that the attenua-

tion mechanism for the blend with 2% CB was mainly A. When

the amount of CB increased, the R phenomenon became more

important. These results were explained by the increase in the

conducting filler amount; this also increased the amount of

charge carriers interacting with the electromagnetic radiation.

Although R is an important event, the R/A ratio was not so

high; this suggested that these materials were good absorbers,

mainly at higher frequencies, where this ratio was lower.

CONCLUSIONS

PS/EVA blends with different compositions and loaded with CB

were developed to establish compositions for attaining better

electrical conductivity and a higher EMI SE. Although the PS/

EVA blends presented a wide range of cocontinuous composi-

tions, the best performance in terms of the electrical conductiv-

ity and EMI SE was observed for the 70:30 w/w PS/EVA blend;

this was attributed to the double percolation, that is, the

cocontinuous structure of the blend associated with the selec-

tive location of CB at the EVA phase; this was the minor phase

in this cocontinuous blend. The rheological properties were

also measured in terms of the viscosity and G0, and the results

obtained from the percolation threshold obtained from the ac

electrical conductivity and rheological measurements were in

agreement.

The EMI SE values of the PS, EVA, and 70:30 w/w PS/EVA

blends containing 15% CB stayed around 20 dB with samples

1 mm in thickness and should be considered very good for

most applications. The electromagnetic wave attenuation

occurred by A and R, although R was somewhat predomi-

nant, mainly for higher amounts of CB; this was is attributed

to the denser conducting structure, thus increasing the

amount of charge able to interact with the electromagnetic

radiation. Finally, in this article, we highlight the importance

of the morphology and conductivity in attaining a good EMI

SE.
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