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Abstract 
Biodegradable epoxy (B-epoxy) was prepared from diglycidyl ether of bisphenol A and epoxi-
dized linseed oil. The mechanical properties of B-epoxy composites reinforced with multi-walled 
carbon nanotubes (MWCNTs/B-epoxy) were examined by employing dynamic mechanical 
analysis, critical stress intensity factor (KIC) tests, and impact strength tests. The electromagnetic 
interference shielding effectiveness (EMI-SE) of the composites was evaluated using reflection 
and absorption methods. Mechanical properties of MWCNTs/B-epoxy were enhanced with an 
increase in the MWCNT content, whereas they deteriorated when the MWCNT content was >5 
parts per hundred resin (phr). This can likely be attributed to the entanglement of MWCNTs with 
each other in the B-epoxy due to the presence of an excess amount of MWCNTs. The highest 
EMI-SE obtained was ~16 dB for the MWCNTs/B-epoxy composites with a MWCNT content 
of 13 phr at 1.4 GHz. The composites (13 phr) exhibited the minimum EMI-SE (90%) when used 
as shielding materials at 1.4 GHz. The EMI-SE of the MWCNTs/B-epoxy also increased with an 
increase in the MWCNT content, which is a key factor affecting the EMI-SE.

Key words: Multi-walled carbon nanotubes, Biodegradable epoxy, EMI shielding effectiveness, 
mechanical properties

1. Introduction

With advances in the development of electronic devices and components, electromagnetic 
interference (EMI) has emerged as a serious problem [1,2]. EMI not only causes operational 
malfunction of electronic devices, but also has a negative impact on human health. Therefore, 
EMI shielding materials have recently been developed by many researchers [3-6]. Metal materi-
als have commonly been used for reducing EMI, even though they exhibit several disadvantages 
such as heaviness, rapid corrosion, and poor processability [7,8]. Because of these disadvantages, 
polymer-based composites consisting of carbon fillers embedded in a polymer matrix have re-
cently received much attention as EMI shielding materials. Polymer-based composites are light-
weight materials exhibiting corrosion resistance and good processability [9-13]. The EMI shield-
ing effectiveness (EMI-SE) of carbon/polymer composites depends on the intrinsic conductivity 
and the aspect ratio of the carbon fillers [14,15]. Among various carbon fillers, carbon nanotubes, 
owing to their high aspect ratio (>1000) and nanoscopic dimensions, impart electrical conductiv-
ity and mechanical properties to the polymer matrix [16,17].

Carbon/polymer composites have been used in different fields as well as for EMI shield-
ing. However, the polymer industry faces serious problems owing to environmental pollu-
tion and Earth’s limited petroleum reserves. Accordingly, the development of biodegradable 
polymers using green environment materials is important [18-22]. Vegetable oils are valu-
able resources in the manufacturing of biodegradable polymers. Epoxidized vegetable oil, 
owing to its low cost and environmental advantages, has been synthesized for use as a new 
biodegradable polymer by many researchers [23-25].

In this study, we prepare multi-walled carbon nanotube (MWCNT)-reinforced vegeta-
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~10 nm; length, 10–20 μm) and supplied by Nanosolution (Ko-
rea), were used as the reinforcement material.

Before use, the MWCNTs were purified using the follow-
ing method. The purification was carried out using a mixture 
of concentrated nitric acid (HNO3) and sulfuric acid (H2SO4) 
at a ratio of 1:3. In a typical experiment, 1 g of raw MWCNTs 
was added to 40 cm3 of the acid mixture in a round-bottomed 
flask; the mixture was then refluxed for 30 min. On cooling, 
the mixture was washed with distilled water on a sintered 
glass filter until the washings were non-acidic. A schematic 
diagram of the MWCNT purification process is provided in 
Fig. 1c. DGEBA and ELO were blended at a ratio of 90:10 (by 
weight) to prepare a biodegradable epoxy. DGEBA and ELO 
were mixed using an oil bath at 80°C for 24 h. The blends 
were named B-epoxy. The MWCNTs were subsequently 
dispersed in the B-epoxy for 1 h using a 3-roll-mill at room 
temperature. The mixtures were then poured into a mold and 
cured at 100°C for 1 h and 130°C for 1 h. MWCNTs/B-epoxy 
composites were prepared with different MWCNTs weight 
fractions from 2 to 13 parts per hundred resin (phr). Table 1 
listed descriptions of the samples. The preparation process 
of the MWCNTs/B-epoxy composites using a 3-roll mill is 
schematically illustrated in Fig. 1d.

2.2. Characterization

The storage modulus and tan δ of the MWCNTs/B-epoxy 
composites were examined using a dynamic mechanical ana-
lyzer (DMA; TA, TA Instruments Ltd., USA) with a frequen-
cy of 1 Hz and a temperature range of 0–150°C at a heating 
rate of 5°C/min. The dimensions of the specimens were 25 
mm×10 mm×2 mm. According to American Society for Test-
ing and Materials (ASTM) D-5045-95, the fracture tough-
ness parameter, a KIC of the composites, was measured by 
employing a single-edge-notched test as part of a three-point 
flexural test conducted on a universal test machine (LR5K 
plus, Lloyd, UK) with a cross-head speed of 1 mm/min. 
Impact-strength tests were performed using an Izod impact 
tester (BESTIPT-320I; SSAUL Bestech, Korea) according to 
ASTM D256. According to ASTM D257, the room-tempera-
ture volume resistivity of the composites was measured using 
a four-probe electric resistivity tester (Mitsubishi Chemical 
Co., Japan) with parallel aluminum or platinum contacts us-
ing a resistivity test fixture and an electrometer. According to 

ble oil-based biodegradable epoxy matrix composites for EMI 
shielding applications. We discuss the EMI-SE and mechani-
cal properties of the MWCNT-reinforced biodegradable epoxy 
matrix composites for different MWCNT contents. The critical 
stress intensity factor (KIC) and impact strength are investigated 
in order to determine the mechanical properties of the compos-
ites. The EMI-SE of the composites is evaluated using reflection 
and absorption methods.

2. Experimental

2.1. Specimen preparation

Diglycidyl ether of bisphenol A (DGEBA; YD-128), supplied 
by Kukdo Chemical Co. (Korea) was used as the epoxy resin in 
our study. Epoxidized linseed oil (ELO) was synthesized. The 
chemical structures of ELO and DGEBA are shown in Fig. 1a 
and b. A modified cycloaliphatic amine curing agent (KH-819) 
supplied by Kukdo Chemical Co. was used. MWCNTs, manu-
factured by chemical vapor deposition (purity 95 wt%; diameter, 

Fig. 1. Schematic diagram of (a) epoxidized linseed oil (ELO), (b) diglyc-
idyl ether of bisphenol A (DGEBA), (C) purified multi-walled carbon nano-
tubes (MWCNTs), and (d) preparation process of composites. B-epoxy, 
biodegradable epoxy.

Table 1. Descriptions of the samples

Sample Description

B-epoxy DGEBA blended with ELO (10 wt%)

2 (B-epoxy) B-epoxy filled with MWCNTs (2 phr)

5 (B-epoxy) B-epoxy filled with MWCNTs (5 phr)

8 (B-epoxy) B-epoxy filled with MWCNTs (8 phr)

13 (B-epoxy) B-epoxy filled with MWCNTs (13 phr)

B-epoxy, biodegradable epoxy; DGEBA, diglycidyl ether of bisphenol A; 
ELO, epoxidized linseed oil; MWCNTs, multi-walled carbon nanotube; 
phr, per hundred resin.
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>13 phr [27]. From the tan δ results, MWCNTs, owing to their 
reinforcement effects, are assumed to interfere with the move-
ment of the B-epoxy. On the other hand, MWCNTs might be 
entangled with each other in the B-epoxy due to the presence of 
an excessive amount of MWCNTs at >13 phr. The average bulk 
structure of the carbon materials can be readily examined using 
X-ray diffraction.

As a function of MWCNT content, the mechanical proper-
ties of the MWCNTs/B-epoxy composites were determined by 
evaluating the KIC. The value of KIC was calculated using the 
following equation [28,29].

	 (1)

and

	 (2)

, where P is the rupture force, L is the span between the supports, 
and Y is the geometrical factor, where a, b, and d are the speci-
men pre-crack length, width, and thickness, respectively.

The influence of the MWCNT content on the mechanical 
properties of the MWCNTs/B-epoxy composites is shown in 
Fig. 3. Fig. 3a shows the KIC values of the composites as a func-
tion of the MWCNT content. The KIC values gradually increased 
with the MWCNT content, as shown by the DMA results. By 
interfering with the movement of the polymer matrix, MWCNTs 
are assumed to improve composite resistance to cracks. How-
ever, the KIC values decreased above 8 (B-epoxy). MWCNTs got 
entangled with each other in the matrix due to the presence of an 
excess amount of MWCNTs [30]. 

Fig. 3b shows the impact strength of the MWCNTs/B-epoxy 
composites as a function of the MWCNT content. The change 
in the impact strength is similar to that in KIC. The 5 (B-epoxy) 
exhibited the maximum impact strength; however, the impact 
strength decreased owing to the formation of MWCNT aggre-
gates at >5 phr. 

Fig. 4 provides SEM pictures of the fracture surface of the 8 
(B-epoxy) composites. The white regions in Fig. 4a represent the 
aggregated MWCNTs. In order to verify the existence of aggre-
gated MWNCTs, the region indicated with a circle is magnified 

ASTM D4935-89, the EMI-SE of the composites was mea-
sured with an EMI shielding tester (Agilent, USA) in a fre-
quency range of 0.15–1.5 GHz.

3. Results and Discussion

Temperature-dependent mechanical properties were exam-
ined using DMA with a ramp rate of 5°C/min and a frequency 
of 1 Hz. Typical DMA curves are shown in Fig. 2. Fig. 2a shows 
the tan δ values for the MWCNTs/B-epoxy composite as a func-
tion of the MWCNT content. The temperature, determined from 
the peak position of tan δ, corresponds to the glass transition 
temperature (Tg) of the composites. The results indicate that the 
Tg values of the composites increased slightly with the MW-
CNT content. MWCNTs dispersed in the matrix are assumed to 
lower the fluidity of the composite materials due to the interac-
tion between the MWCNTs and the matrix [26]. Fig. 2b shows 
the storage modulus of the MWCNTs/B-epoxy composites as 
a function of the MWCNT content. The addition of MWCNTs 
resulted in an increase in the storage modulus in both the glassy 
and rubbery regions, whereas the storage modulus decreased at 

Fig. 2. Typical dynamic mechanical analyzer curves for MWCNTs/B-ep-
oxy composites as a function of MWCNT content: (a) storage modulus and 
(b) tan δ. MWCNT, multi-walled carbon nanotube; B-epoxy, biodegradable 
epoxy.

Fig. 3. Mechanical properties of MWCNTs/B-epoxy composites as a 
function of MWCNT content: (a) critical stress intensity factor (KIC) and (b) 
impact strength. MWCNT, multi-walled carbon nanotube; B-epoxy, biode-
gradable epoxy; DGEBA, diglycidyl ether of bisphenol A.
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SEtotal=SEA+SER+SEM. The EMI-SE of a material can also be de-
fined as the ratio of the transmitted power to the incident power, 
which can be represented by the following equation [31,32].

	 (3)

where P1 is the incident power and P2 is the transmitted power. 
Eq. 3 was used to experimentally calculate the contribution of 
the absorption and the reflection loss.

The EMI-SE of the composites was calculated using Eq. 3. 
Fig. 6 shows the EMI-SE values of the MWCNTs/B-epoxy com-
posites as a function of the MWCNT content in the frequency 
range of 0.5–1.5 GHz. The high performance obtained for the 
composites in terms of EMI-SE demonstrated in our work can 
be mainly attributed to the high conductivity and to the high 
number density of MWCNTs, which resulted in the formation 
of good conductive networks in the insulating B-epoxy matrix.

Most EMI shielding materials are electrically conductive. Ac-
cordingly, the volume resistivity of the MWCNTs/B-epoxy com-
posites was measured to confirm their electrical conductivity. Fig. 7 
shows the effect of the MWCNT content on the volume resistivity 
of the composites. The volume resistivity gradually decreased with 

and shown in Fig. 4b. It can be confirmed that this region is aggre-
gated MWCNTs. Because they act as defects in the MWCNTs/B-
epoxy composites, the aggregated MWCNTs reduce the reinforc-
ing effects of the MWCNTs. This is why the presence of an excess 
amount of MWCNTs lowers the mechanical properties.

Schematic diagrams of the EMI shielding tester and the 
EMI shielding mechanism are shown in Fig. 5a and b, respec-
tively. The EMI-SE of the materials is defined as the attenua-
tion of the propagating electromagnetic waves produced by 
the shielding materials. Thus, the total EMI-SE (SEtotal) can be 
represented as the sum of contributions from absorption loss 
(SEA), reflection loss (SER), and multiple reflections (SEM), i.e., 

Fig. 4. Scanning electron microscope pictures of the fracture surface in 8 (B-epoxy) composites. B-epoxy, biodegradable epoxy.

Fig. 5. (a) Apparatus of the electromagnetic interference (EMI) shield-
ing tester and (b) schematic representation of the EMI shielding mecha-
nism.

Fig. 6. Electromagnetic interference shielding effectiveness of MW-
CNTs/B-epoxy composites as a function of MWCNT content. MWCNT, 
multi-walled carbon nanotube; B-epoxy, biodegradable epoxy.
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Our experimental results suggest that the mechanical properties 
gradually improved with an increase in the MWCNT content. 
However, the mechanical properties deteriorated when the MW-
CNT content was increased above a certain value. The MW-
CNTs became entangled with each other in the matrix due to 
the presence of an excess amount of MWCNTs. The electrical 
conductivity and EMI-SE of the MWCNTs/B-epoxy composites 
also improved with an increase in the MWCNT content because 
of the formation of enhanced electric networks. The EMI-SE 
of 13 (B-epoxy) was found to be similar to that of 8 (B-epoxy), 
indicating that a further increase in the MWCNT content is un-
necessary.
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