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Abstract In this study, the effects of multi-walled carbon

nanotube (MWCNT) dispersion and poly(styrene-co-acry-

lonitrile)-g-maleic anhydride (SAN-g-MAH) as a compat-

ibilizer on the electrical conductivity, electromagnetic

interference shielding effectiveness (EMI SE), and rheo-

logical properties of polycarbonate (PC)/poly(acryloni-

trile–butadiene–styrene) (ABS)/MWCNT composites were

investigated. The morphological results from the scanning

and transmission electron microscope images showed that

the droplet size of the ABS decreased when the SAN-g-

MAH (5 phr) was added to the PC/ABS (80/20) blend. This

result suggests that the SAN-g-MAH acts as an effective

compatibilizer in the PC/ABS blend. Also, the MWCNT

appeared to be located more in the ABS phase (dispersed

phase) than in the PC phase (continuous phase). The

interfacial tension of the ABS/MWCNT composite was

lower than that of the PC–MWCNT composite, and the

lower value of interfacial tension of the ABS/MWCNT

composite affected the preferred location of the MWCNT

in the ABS phase more than in the PC phase. The electrical

conductivities and EMI SE of the PC/ABS/MWCNT

composite with the compatibilizer were higher than those

of the composite without compatibilizer. The complex

viscosity of the PC/ABS/MWCNT composite containing

the SAN-g-MAH increased with the frequency compared

to that of the composite without SAN-g-MAH. This result

is possibly due to the increased degree of MWCNT dis-

persion. The result of rheological properties is consistent

with the results of the morphology, electrical conductivity,

and EMI SE of the PC/ABS/MWCNT composite.

Introduction

The polycarbonate (PC) and poly(acrylonitrile–butadiene–

styrene) (ABS) blend has good mechanical properties,

processibility, and heat resistance. For that reason, the

PC/ABS blend has been used in automobiles, home

appliances, and electronic equipment such as cellular

phones, etc. [1–4]. Unfortunately, the electromagnetic

emissions produced by electronic devices can interfere

with other devices, causing potential problems. For this

reason, many researchers have studied conductive poly-

mer composites that show electrical conductivity and

electromagnetic interference shielding effectiveness (EMI

SE) [5–16].

Recently, carbon nanotube (CNT) has become a very

attractive research source because of its advantageous

properties including electrical, mechanical, physical, and

chemical [11–18]. However, CNT is difficult to use as a

reinforcing filler in the polymer composite, because CNTs

generally agglomerate like a bundle in the polymer matrix.

Therefore, the dispersion of CNTs in the polymer matrix is

very important. Chemical functionalizing is one of the
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general methods used to improve CNT dispersion in the

polymer matrix [19–21]. However, after being modified by

acid or other chemical solvents, CNTs might develop a

defect on the surface or their length may be shortened. As a

result, the electrical, mechanical, and thermal properties of

CNT can be destroyed [20].

Recently, to increase the dispersion of the multi-walled

carbon nanotube (MWCNT) in the polymer composites,

localization of the conductive filler in polymer blends has

been studied by many investigators [22–29]. If the con-

ductive filler tends to locate in the dispersed phase, the

dispersion of conductive filler would be increased when the

polymer blend is formed as a sea-island structure. If the

compatibility of the polymer blend is increased by the

addition of a compatibilizer, the distribution of the dis-

persion phase will be more uniform and the dispersion of

MWCNT can increase in the composites. Goldel et al. [22]

have studied the localization of MWCNT in a PC and poly

(styrene-co-acrylonitrile) (SAN) blend. They observed a

higher electrical conductivity of the PC/SAN/MWCNT

composite compared to PC or SAN composites with the

same MWCNT content by melt processing. In our previous

studies of poly(propylene carbonate) (PPC)/poly(lactic

acid) (PLA)/MWCNT composites, selective localization of

the MWCNT in the PPC phase was shown to improve the

conductive paths and, therefore, increase the electrical

conductivity of the PPC/PLA/MWCNT composites [29].

The above studies of the polymer/polymer/conductive filler

composites mostly focus on the electrical conductivity of

the composites; therefore, results for the EMI SE are rarely

given. The selective localization of the conductive filler

was explained by the difference of interfacial tension

between the conductive filler and each polymer, which was

induced from the difference in polarities and surface

tensions.

In this study, we investigated the effect of MWCNT

localization on the morphological, electrical, and rheolog-

ical properties of PC/ABS/MWCNT composites. The

effect of SAN-g-maleic anhydride (MAH) as a compati-

bilizer on the properties of PC/ABS/MWCNT composites

has also been studied. The electrical properties of polymer/

polymer/MWCNT composites have been studied by other

researchers, however, the use of compatibilizer with the

polymer/polymer/MWCNT composites is hardly reported.

For the electrical properties, the electrical conductivity and

EMI SE of the PC/ABS/MWCNT composites were mea-

sured using the four-probe method and vector network

analyzer, respectively. The morphological and rheological

properties of the PC/ABS/MWCNT composites were

measured using scanning electron microscopy, transmis-

sion electron microscopy, and an advanced rheometric

expansion system.

Experimental

Materials

PC and ABS which were designated as PC 30010 and

XR401, respectively, were supplied by LG Chemical Ltd.

(South Korea). SAN-g-MAH was used as a compatibilizer

and was supplied by LG Chemical Ltd. MWCNT was

synthesized by the chemical vapor-grown method and was

supplied by Jeio Ltd. (South Korea). The diameter of

MWCNT ranged from 9 to 12 nm with lengths from 10 to

15 lm. The characteristics of the PC, ABS, and MWCNT

are shown in Table 1.

Composite preparations

The PC/ABS/MWCNT composites were prepared by melt

mixing, and the materials were dried in a vacuum oven at

80 �C before mixing. For melt mixing, a lab-scale twin

screw extruder (Bautek Inc., South Korea) was used and

the length to diameter screw ratio was 40:1 (11 mm). The

extrusion temperature was set at 230 and 280 �C in the

feeding and barrel zones, respectively. The blending ratio

of PC and ABS was 80/20 (wt%), and the MWCNT con-

tents added in the PC/ABS/MWCNT composite were 1, 3,

and 5 parts per hundred parts resin by weight (phr). The

SAN-g-MAH was added 5 phr in the PC/ABS blend and

PC/ABS/MWCNT composite. For the investigation of

electrical and rheological properties, samples were pre-

pared using a hot press at 260 �C and 20 MPa for 3 min.

Morphology

The morphology of the PC/ABS (80/20)/MWCNT com-

posites was investigated using a field emission scanning

electron microscope (SEM) (Hitachi S-4300SE, Tokyo,

Japan). Samples were cryogenically fractured and coated

with white gold before scanning. The accelerating voltage

was 25 kV. Images of the microstructure of the PC/ABS/

MWCNT composites were taken using a transmission elec-

tron microscope (TEM) (FEI Tecnai 20, Eindhoven, Neth-

erlands) with unstained specimens. The sectioning thickness

was around 100 nm prepared by the ultramicrotome

Table 1 Characteristics of polymers and MWCNT used in this study

Materials Mn
a Mw

a Tg (�C) Diameter

(nm)

Length

(lm)

Polycarbonate 11000 30000 156 – –

ABS 26000 82000 105 – –

MWCNT – 9–12 10–15

a Measured by GPC
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technique (Power-Tome PC Ultramicrotome, Boeckeler

Instruments, Inc., Arizona, USA) at a general temperature

for TEM observation.

Contact angle measurements

Contact angle measurements of the PC and ABS were

carried out using the contact angle analyzer (model Go-

nioStar 150, Surfacetech, South Korea). The size of the

polymer specimen was 3.0 9 5.0 cm2 with a 2 mm thick-

ness. Polymer specimens were prepared using hot press.

Distilled water was dropped on the surface of the polymer

sheet. Then, the measurement of contact angle was made

between water drop and polymer sheet. For all measure-

ments, five specimens were measured and averaged.

Rheology

Dynamic measurements of rheological properties were

carried out using the advanced rheometric expansion sys-

tem (ARES model 2 K FRTN 1, USA). Frequency sweeps

from 0.1 to 100 rad/s were performed at 260 �C under dry

nitrogen conditions. For all measurements, PC/ABS/

MWCNT samples were tested within the linear viscoelastic

strain range.

Electrical properties

To measure the electrical conductivity, the four-probe

method was used to eliminate contact resistance using a

digital multimeter (model 2000 multimeter, Keithley). Four

thin gold wires (0.05 mm thick and 99 % gold) were

attached in parallel to the samples with conducting graphite

paint [30]. For electromagnetic interference shielding

efficiency (EMI SE) measurements, the PC/ABS/MWCNT

composites were connected to a vector network analyzer

(Agilent-HP 8719ES-400 Network Analyzer) with a two-

ports flanged coaxial line holder. EMI SE was measured in

the far-field region for magnetic composite films with a

frequency range of 0.05–1.5 GHz using the ASTM D4935-

99 method [31]. The reference and load specimens must be

the same material and thickness. The diameter and thick-

ness of the specimens were 13.3 cm and 2 mm, respec-

tively. The specimen of the PC/ABS (80/20)/MWCNT

composites was obtained using injection molding machine.

Results and discussion

Morphology

Figure 1a–b shows transmission electron micrographs of

the PC/ABS (80/20, wt%) blend without and with the

compatibilizer of SAN-g-MAH (5 phr), respectively. From

Fig. 1, it is observed that the droplet size of the ABS was

decreased from 2.61 to 0.46 lm when the SAN-g-MAH

(5 phr) was added in the PC/ABS (80/20) blend. This result

suggests that the SAN-g-MAH successfully acts as a

compatibilizer in the PC/ABS (80/20) blend.

Figure 2a–b shows the schematic diagram of the PC/

ABS/MWCNT composite without and with the compati-

bilizer, respectively. The domain size of the PC/ABS blend

is seen to decrease when the compatibilizer is added. The

maleic anhydride (MAH) which contains carbonyl group is

highly polar; therefore, the MAH will interact with the

polar ester group in PC when they are blended. Also, the

ABS contains SAN group, and van der Waals force will

exist between the ABS and SAN-g-MAH. Therefore, it is

expected that interfacial tension between PC and ABS will

be decreased after addition of the SAN-g-MAH in the PC/

ABS blend. As a result, the domain size will be decreased

when the SAN-g-MAH is added in the PC/ABS blend [32].

Fig. 1 Transmission electron micrographs of a PC/ABS (80/20)

blend and b PC/ABS (80/20) blend with compatibilizer (SAN-g-

MAH, 5 phr)
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Conductive fillers tend to prefer to locate in the phase

that has a lower interfacial tension in the polymer/con-

ductive filler composite [29, 33]. From Fig. 2, the

MWCNT appears to be located more in the ABS phase

(dispersed phase) than in the PC phase which is the con-

tinuous phase. After measurements of interfacial tension of

the PC/MWCNT and ABS/MWCNT composites and from

the results of SEM and TEM analysis of the composites,

the schematic diagram of Fig. 2 can be understood more

clearly as will be explained later.

Figure 3 shows scanning electron micrographs of the

cross-sectional surface of the PC/ABS (80/20)/MWCNT

(3 phr) composite with the compatibilizer (SAN-g-MAH,

5 phr) by cryogenically fracturing. The SEM morphology

shows that the PC/ABS (80/20) blend is immiscible. Since

the morphology of the PC/ABS/MWCNT composite is not

clearly shown by SEM, we used TEM to more clearly

observe the morphology of the composite. Figure 4a–b

shows the transmission electron micrographs of the PC/

ABS (80/20)/MWCNT (3 phr) composite without and with

the SAN-g-MAH (5 phr), respectively. As observed in

Fig. 1, the domain size of Fig. 4b is observed to decrease

with the addition of the compatibilizer (SAN-g-MAH,

5 phr). The MWCNT appears to be located more in the

ABS phase (dispersed phase) than in the PC phase (dis-

persed phase). However, some of the MWCNTs are found

in the PC phase. The above results of the preferred local-

ization of MWCNT in one phase can be explained by

measuring the interfacial tension of the PC/MWCNT and

ABS/MWCNT composites, which will be discussed in the

following section.

Interfacial tension of MWCNT and polymers

The localization of MWCNT in the PC/ABS (80/20) blend

was further examined by measuring the interfacial tension

of the PC/MWCNT and ABS/MWCNT composites. The

interfacial tension (c12) can be calculated from the har-

monic-mean equation [34], which is a general method for

calculating the interfacial tension between two compo-

nents, as shown in Eq. (1):

c12 ¼ c1 þ c2 � 4
cd

1c
d
2

cd
1 þ cd

2

þ cp
1c

p
2

cp
1 þ cp

2

� �
ð1Þ

where c1 and c2 are the surface tension of the components 1

and 2, respectively, cd is the dispersive part of the surface

tension, and cp is the polar part of the surface tension [34, 35].

The surface tensions of PC, ABS, and MWCNT were 34.5,

36.8, and 45.3 mJ/m2, respectively (Table 2). The surface

tensions of the PC and ABS were obtained from the contact

angle measurements (PC = 70.8� and ABS = 65.4�). The

surface tension of MWCNT was obtained from Nuriel et al.

[36]. The surface tensions for the cd and cp were calculated

from Van Krevelen and Te Nijenhuis [35]. From the surface

tensions shown in Table 2, the interfacial tensions of the PC–

ABS, PC–MWCNT, and ABS–MWCNT pairs were calcu-

lated using Eq. (1), and the results were found to be 8.2, 10.8,

and 0.9 mJ/m2, respectively. From the calculated interfacial

tensions between the MWCNT and polymers, it is observed

that the interfacial tension of the ABS–MWCNT pair is

lower than that of the PC–MWCNT pair.

From the results of TEM analysis of Fig. 4, MWCNTs

appear to be more localized in the ABS phase (dispersed

PC/ABS (80/20) blend             MWCNT   PC/ABS/MWCNT 
without compatibilizer composite without 

compatibilizer

PC/ABS (80/20) blend  MWCNT         PC/ABS/MWCNT 
with compatibilizer composite with

compatibilizer

(a)

(b)

Fig. 2 Schematic diagram of

the PC/ABS/MWCNT

composites: a without

compatibilizer; b with

compatibilizer
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phase) than in the PC phase (continuous phase). Since the

interfacial tension of the ABS/MWCNT composite was

lower than that of the PC/MWCNT composite, MWCNT

tended to locate more in the ABS phase. The melt vis-

cosities of the PC and ABS are similar at the high fre-

quency of about 100 rad/s; therefore, the localization of the

MWCNT is dependent on a combination of thermody-

namic and kinetic parameters. Since selective localization

of MWCNT can result in the formation of a conductive

path, the localization of MWCNT may affect the electrical

conductivity of the PC/ABS/MWCNT composite [29, 33].

Electrical property of the PC/ABS/MWCNT

composites

Figure 5 shows the electrical conductivities (r) of the

composite of PC/ABS (80/20) with the MWCNT content.

From the results of Fig. 4, the electrical conductivities of

Fig. 3 Scanning electron

micrographs of the PC/ABS(80/

20)/MWCNT (3 phr)

composites with the

compatibilizer (SAN-g-MAH,

5 phr): a low magnification;

b high magnification

Fig. 4 Transmission electron micrographs of the PC/ABS (80/20)/

MWCNT (3 phr) composites: a without compatibilizer; b with

compatibilizer (SAN-g-MAH, 5 phr)

Table 2 Surface tensions (c) of dispersive part (cd) and polar part

(cp) for polycarbonate, poly(acrylonitrile–butadiene–styrene) (ABS),

multi-walled carbon nanotube (MWCNT), and water

Materials c (mJ/m2) cd (mJ/m2) cp (mJ/m2)

Polycarbonate 34.5 3.3 31.2

ABS 36.8 14.2 22.6

MWCNT 45.3 18.4 26.9

Water 72.8 21.8 51.0

MWCNT Contents (phr)
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m
)

-0.1

0.0

0.1

0.2

0.3

PC/ABS (80/20)/MWCNT
PC/ABS (80/20)/MWCNT with SAN-g-MAH (5 phr)

Fig. 5 Electrical conductivity of the PC/ABS(80/20)/MWCNT com-

posites with the MWCNT content: (open circle) without compatibi-

lizer; (open triangle) with compatibilizer (SAN-g-MAH, 5 phr)
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the PC/ABS/MWCNT composites with and without the

compatibilizer (SAN-g-MAH, 5 phr) increased with an

increase of the MWCNT content. For the PC/ABS/

MWCNT composite with the compatibilizer, the electrical

conductivities were found to be 4.3 9 10-3, 9.8 9 10-2,

and 2.0 9 10-1 S/cm when the MWCNT content was 1, 3,

and 5 phr, respectively.

For the PC/ABS/MWCNT composite with the compat-

ibilizer, the electrical conductivities were higher than those

of the composite without the compatibilizer. This behavior

possibly occurs because the conductive path can be made

more easily when the domain size is decreased and, as a

result, the MWCNT can be dispersed more evenly. Since

the MWCNT presents more in the domain (ABS phase),

the electrical conductivity will be increased when the

domain size is decreased and when the number of the

domain is increased, as we have seen from the TEM results

(Fig. 4).

Figure 6 shows the EMI SE of the composite of the PC/

ABS (80/20) with the MWCNT (3 wt%) over the fre-

quency range of 0.05–1.5 GHz. The EMI SE is defined in

terms of the ratio of the power of the incident electric field

and transmitted electric field [37]. The relationship

between the electrical conductivity and EMI SE is shown

in Eq. (2). From Eq. (2), the EMI SE increases as the

electrical conductivity of the composite increases based on

the EMI far-field shielding theory [16, 31]:

EMI SE ¼ 20 log 1þ 1

2
r dZ0

� �
ð2Þ

where r is the electrical conductivity, d the sample thick-

ness, and Z0 the free space impedance (constant: 377/S).

Figure 6 shows that the EMI SE of the PC/ABS/

MWCNT composite increased with the addition of SAN-g-

MAH (5 phr) compared to that of the composite without

SAN-g-MAH. From Fig. 6, the EMI SE of the PC/ABS/

MWCNT composite with the compatibilizer ranged from

5.4 to 8.4 dB, and the composite without the compatibilizer

ranged from 2.5 to 4.2 dB at a frequency of 0.1 to 1.5 GHz.

From the result shown in Fig. 6, it is suggested that the

SAN-g-MAH affected the dispersion of the MWCNT in the

composite. Therefore, the increased MWCNT–MWCNT

network structure resulted in an increase in the EMI SE

when compared with the PC/ABS/MWCNT composite

without SAN-g-MAH. From the results of electrical con-

ductivity and EMI SE of the PC/ABS/MWCNT composite,

it is suggested that the electrical conductivity and EMI SE

are strongly dependent on the degree of MWCNT disper-

sion in the polymer matrix.

Rheological property

Figure 7 shows the complex viscosity (g*) of the PC, ABS,

and PC/ABS (80/20) blend with and without SAN-g-MAH

(5 phr). For the PC and ABS, the complex viscosity of the

ABS was higher than that of the PC. For the PC/ABS (80/20)

blend with and without the SAN-g-MAH, the complex vis-

cosity of the blend decreased with the frequency. The values

of the complex viscosity at a frequency of 5.0 rad/s were

1250.8 and 539.7 Pa s for the PC/ABS (80/20) blend with

and without SAN-g-MAH, respectively. This result suggests

that SAN-g-MAH acts as a compatibilizer between the PC

and ABS phases. Therefore, the increase in the viscosity was

observed when the compatibilizer was added to the PC/ABS

blend. In the studies of the polyamide 6/SAN blend, similar

results were reported by Jafari et al. [38].

Frequency (GHz)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0

2

4

6

8

10

12

14 PC/ABS (80/20)/MWCNT (3 phr) with SAN-g-MAH (5 phr)
PC/ABS (80/20)/MWCNT (3 phr) 

E
M

I 
SE

 (
dB

)

Fig. 6 EMI SE of the PC/ABS(80/20)/MWCNT (3 phr) composites

with frequency: (open circle) without compatibilizer; (open triangle)

with compatibilizer (SAN-g-MAH, 5 phr)

Frequency (rad/s)
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C
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si
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s)
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104

105

106

PC
ABS
PC/ABS (80/20)
PC/ABS (80/20)/SAN-g-MAH (5 phr)

Fig. 7 Complex viscosity of the PC/ABS blend with frequency:

(open circle) PC; (open triangle) ABS; (open square) PC/ABS (80/

20); (open down pointing triangle) PC/ABS (80/20) with SAN-g-

MAH (5 phr)
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Figure 8 shows the complex viscosity of the PC/ABS

(80/20)/MWCNT (3 phr) composites with and without

SAN-g-MAH (5 phr). For the PC/ABS/MWCNT compos-

ite with and without the SAN-g-MAH, the complex vis-

cosity of the composite decreased with the frequency. For

the PC/ABS/MWCNT composite at a frequency of 5.0 rad/

s, the values of the complex viscosity were 2703.2 and

2482.6 Pa s with and without SAN-g-MAH, respectively.

The increase in complex viscosity of the composites with

the SAN-g-MAH was more significant at the low fre-

quencies than at high frequencies. The rheological prop-

erties of the polymer composites at low frequencies reflect

the dispersion of the filler [12, 18, 39].

In the studies of single-walled carbon nanotube and

poly(methyl methacrylate) composite, Du et al. [18] reported

that the higher values of the complex viscosity were asso-

ciated with better nanodispersion of the carbon nanotube,

when all other factors were constant. In our early studies of

PPC/MWCNT composite, similar results showed that higher

MWCNT dispersion resulted in an increased complex vis-

cosity of the composite [29]. Therefore, from the results

shown in Fig. 8, the increased complex viscosity of the PC/

ABS/MWCNT composite with the SAN-g-MAH was pos-

sibly due to the increased degree of MWCNT dispersion.

This result is consistent with the results of electrical con-

ductivity and EMI SE of the PC/ABS/MWCNT composite.

Conclusions

In this study, the morphological, electrical, and rheological

properties of the PC/ABS (80/20)/MWCNT composite

with the SAN-g-MAH as a compatibilizer were investi-

gated. From the results of morphological studies by SEM

and TEM, the droplet size of the ABS was decreased from

2.61 to 0.46 lm when the SAN-g-MAH (5 phr) was added

to the PC/ABS blend, which suggested that the SAN-g-

MAH successfully acted as a compatibilizer in the PC/ABS

blend. Also, the MWCNT appeared to be located more in

the ABS phase (dispersed phase) than in the PC phase

(continuous phase). From the measurements of interfacial

tension of the composites, the interfacial tension of the

ABS/MWCNT composite was lower than that of the PC–

MWCNT composite. From this result, it was suggested that

the lower value of interfacial tension of the ABS/MWCNT

composite affected the preferred location of the MWCNT

in the ABS phase more than in the PC phase.

The electrical conductivities and EMI SE of the PC/ABS/

MWCNT composite with the compatibilizer were higher

than that of the composite without compatibilizer. This

behavior is possibly due to the increased MWCNT disper-

sion when the domain size (ABS phase) is decreased and

when the number of domains is increased. When the domain

size is decreased, the MWCNT–MWCNT network is

increased. Therefore, the electrical conductivities and EMI

SE of the PC/ABS/MWCNT composite were increased.

For the PC/ABS/MWCNT composite with the SAN-g-

MAH, the complex viscosity of the composite increased

with the frequency compared to that of the composite

without SAN-g-MAH. The increased complex viscosity of

the PC/ABS/MWCNT composite with the SAN-g-MAH

was possibly due to the increased degree of MWCNT

dispersion. The storage modulus of polymer composites at

low frequencies reflects the dispersion of the filler. The

result of rheological properties is consistent with the results

of the morphology, electrical conductivity, and EMI SE of

the PC/ABS/MWCNT composite.
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