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Introduction

Ultralow percolation threshold and enhanced
electromagnetic interference shielding in
poly(L-lactide)/multi-walled carbon nanotube
nanocomposites with electrically conductive
segregated networksf

Kai Zhang,® Gen-Hui Li,® La-Mei Feng,® Ning Wang,® Jiang Guo,© Kai Sun,®
Kai-Xin Yu,? Jian-Bing Zeng,® Tingxi Li,*? Zhanhu Guo (2 *© and Ming Wang () *

Electrically conductive segregated networks were built in poly(L-lactide)/multi-walled carbon nanotube
(PLLA/MWCNT) nanocomposites without sacrificing their mechanical properties via simply choosing two
different PLLA polymers with different viscosities and crystallinities. First, the MWCNTs were dispersed
in PLLA with low viscosity and crystallinity (L-PLLA) to obtain the L-PLANT phase. Second, the PLLA
particles with high viscosity and crystallinity (H-PLLA) were well coated with the L-PLANT phase at
140 °C which was below the melting temperature of H-PLLA. Finally, the coated H-PLLA particles were
compressed above the melting temperature of H-PLLA to form the PLLA/MWCNT nanocomposites with
segregated structures. The morphological observation showed the successful location of MWCNTs
in the continuous L-PLLA phase, resulting in an ultralow percolation threshold of 0.019 vol%s MWCNTs.
The electrical conductivity and the electromagnetic interference (EMI) shielding effectiveness (SE) of
the composites with the segregated structure are 25 S m™! and ~30 dB, showing three orders and
36% higher than that of the samples with a random distribution of MWCNTs with 0.8 vol% of MWCNT
loading, respectively. High-performance electromagnetic interference (EMI) shielding was also observed
mainly dependent on the highly efficient absorption shielding, which can be achieved by the densely
continuous MWCNT networks and the abundant interfaces induced by the segregated structures.
Furthermore, the composites with segregated structures not only showed higher Young's modulus and
tensile strength than the corresponding conventional composites, but also maintained high elongation
at break because of the continuous and dense MWCNT networks induced by the segregated structures
and the high interfacial interaction between H-PLLA and L-PLLA.

which can be generated by using electronic technology, is
harmful to electronic devices and human beings.'® Recently,

Electronic technology, including computers, mobile phones, the
Internet, and electronic organizers, brings much convenience
in our daily life. However, electromagnetic (EM) radiation,
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conductive materials with electromagnetic interference (EMI)
shielding have attracted considerable attention for civil, commer-
cial, military, and aerospace applications.” "> Among the EMI
materials, conductive polymer composites (CPCs) exhibit many
advantages, such as light weight, tunable conductivity, resistance
to corrosion, and good processability.’*™® Normally, the electrical
conductivity and EMI shielding efficiency of CPCs depend mainly
on the conductive networks formed by adding conductive
fillers."”° The formation of conductive networks has been con-
sidered to be related to filler loadings. The percolation threshold
(¢o) which is the critical content of conductive fillers with
insulator/conductor transition is used to indicate the formation
of conductive networks.?* " However, high ¢, is usually found
in conventional composites to form conductive networks.
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This high content of conductive fillers always leads to poor
processability, low economic affordability and inferior mechan-
ical properties.>83°

Recently, the percolation threshold has been greatly reduced
by controlling the distribution of conductive fillers in polymer
matrices.>’™*® For example, double percolation structures can
be formed in a co-continuous immiscible polymer blend with
conductive fillers selectively located in one continuous phase or
interfaces.>* As a result, the electrical conductivity and EMI
shielding performance can be significantly enhanced with a low
percolation threshold.>® However, it is still a great challenge to
fabricate high-efficient double percolation structures through
the conventional blending method.*® In the past decade, a facile
controllable strategy based on segregated structures has been
demonstrated to be an efficient approach to improve the
electrical conductivity and EMI shielding performance with
ultra-low percolation threshold.>”~** The conductive fillers
can be easily located at the interfaces of polymer particles to
construct dense conductive networks.*® However, the dense
conductive fillers at interfacial layers will lead to hard fusion
of the polymer particles and be harmful to the formation of
high-performance CPCs. In addition, the agglomerates of the
conductive particles are always very serious at this situation.
Therefore, the final segregated CPCs usually have poor mechan-
ical properties compared with the bulk polymer.**

Two different polymers have been used to solve the fusion
properties of the segregated CPCs.*”™*° However, the improvement
in mechanical properties is very limited because of the poor
compatibility between two polymers. Recently, the addition of only
2.7 wt% high-density polyethylene (HDPE) was found to signifi-
cantly increase their mechanical properties. For example, the
strain, tear strength, and impact strength of the segregated carbon
nanotube/ultrahigh-molecular-weight polyethylene (UHMWPE)
composites showed a remarkable increase with values of 265,
61.9, and 167% compared with those of the conventional
segregated materials, respectively, due to strong inter-diffusion
and heat-sealing between the HDPE and UHMWPE molecules.*®
Meanwhile, chemically cross-linked polyolefin elastomer (POE)
granules were used as the segregated phase and uncrosslinked
POE/multi-walled carbon nanotubes (POE/MWCNTSs) were used
as the continuous phase to form segregated composites. The
formed conductive elastomeric composites not only exhibited
a low percolation threshold (from 9.0 to 1.5 vol%) but also
enhanced mechanical properties (more than 12% and 30%
increase in stress at 100% and 300% strain).”" Inspired by
these works, the problem of mechanical reduction for segre-
gated CPCs probably can be solved by constructing segregated
structures in two polymers with similar molecular structures
but different viscosities. Besides, poly(i-lactide) (PLLA) has
been attracting much interest in both industry and academia
because of its attractive sustainability, biocompatibility, bio-
degradability, mechanical strength and easy processability.>>"°
In addition, the most important advantage of PLLA is that its
viscosity can be tuned by controlling its molecular weight and
crystallinity.>*° Therefore, it may be very easy to fabricate a
segregated structure in the biodegradable PLLA with both high
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performance conductive and mechanical properties. However,
fabrication of segregated structures using two PLLA polymers
with different viscosities has not been reported.

In this work, two different PLLA polymers were used to
fabricate biodegradable PLLA/MWCNT composites with segre-
gated structures. One PLLA (H-PLLA) had a higher molecular
weight, viscosity and crystallinity than the other (L-PLLA). The
L-PLANT composites were obtained by melt-mixing L-PLLA with
MWCNTs and then coated on the H-PLLA particles to construct
the PLLA/MWCNT composites with segregated structures.
The final PLLA/MWCNT composites exhibited ultralow percola-
tion threshold, high-performance EMI shielding and enhanced
mechanical properties, due to the continuous and dense MWCNT
networks induced by segregated structures and higher interfacial
interaction between H-PLLA and L-PLANT phases.

Experimental section

Materials

Two kinds of poly(i-lactide) (PLLA) with different viscosities
were used in this work. One is of high viscosity with a melt flow
index of 7.75 g/10 min at 190 °C and under 2.16 kg, denoted
as H-PLLA. The H-PLLA (trade name 4032D) with 98.7 mol%
L-isomeric content, a weight-average molecular weight (M,,) of
2.1 x 10° g mol™" and a density of 1.24 g cm > was purchased
from NatureWorks LLC (USA). The other is of low viscosity with
a melt index of 30 g/10 min at 190 °C and under 2.16 kg,
denoted as L-PLLA. The L-PLLA (trade name Hisun Revode 201)
with 96.5 mol% r-isomeric content, a weight-average molecular
weight (M,,) of 1.5 x 10> g mol " and a density of 1.25 g cm
was purchased from Zhejiang Hisun Biomaterials Co., Ltd, China.
The MWCNTs (NC 7000) with an average diameter of 9.5 nm,
an average length of 1.5 um, a surface area of 250-300 m> g~ %,
a density of 1.75 g ecm ® and a carbon purity of 90% were
supplied by Nanocyl S.A. (Belgium).

Sample preparation

The H-PLLA and L-PLLA were dried at 60 °C for 48 h in a vacuum
oven before use. The raw H-PLLA particles with a diameter of
30-50 mm were first pulverized using a high-speed mechanical
pulverizer, and then meshed with a screening sifter. The
pulverized granules with 40-60 meshes (250-425 pum) were
annealed at 80 °C for 6 h to reach high crystallinity (35.8%,
calculated on the basis of DSC results) for the segregated phase.
The procedure for the segregated PLLA/MWCNT composites can
be divided into three steps, Fig. 1. First, L-PLLA and MWCNTs
with different loadings were melt-mixed in a rotational mixer
(Hapro RM-2004) at 60 rpm for 5 min to obtain the L-PLANT
master batches at 170 °C. Second, the 90 wt% H-PLLA granules
and 10 wt% L-PLANT master batches were melt-mixed in the
rotational mixer at 60 rpm for 5 min at 140 °C which is between
the melting flow temperature of H-PLLA and L-PLLA. After
mixing, the H-PLLA granules were coated with a thin layer
of L-PLANT. In the last step, the coated H-PLLA granules
were melt-compressed into sheets with a thickness of 1.5 mm

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic description of the processing procedure for preparing the H-PLLA/L-PLANT composites with segregated structures.

at 10 MPa for 8 min to achieve the composites with segregated
structures. The melt-compression temperature was set at 170 °C
which was above the melting temperature of H-PLLA. For the
comparison study, the 90 wt% H-PLLA granules and 10 wt%
L-PLANT master batches were melt-mixed at 60 rpm for 5 min
at 175 °C, and then melt-compressed into sheets with a thick-
ness of 1.5 mm at 10 MPa at 170 °C to form the PLLA/MWCNT
samples with a random distribution of MWCNTs. For conve-
nience, the segregated PLLA/MWCNT composites and the
samples with a random distribution of MWCNTs were marked
as S-PLLA/MWCNTs and R-PLLA/MWCNTSs, respectively.

Characterization

The nonisothermal crystallization behavior of H-PLLA and
L-PLLA was performed using a differential scanning calori-
meter (NETZSCH DSC-214) in a dry nitrogen atmosphere. For
each measurement, about 5 mg of sample was placed in an
aluminum pan, which was first heated from 25 to 190 °C at a
heating rate of 10 °C min~" and held for 5 min to remove the
thermal history effect, then cooled down to 25 °C at a cooling
rate of 10 °C min~*, and finally reheated to 190 °C at a heating
rate of 10 °C min".

The rheological behavior of H-PLLA and L-PLLA was mea-
sured on a rotational rheometer (TA AR200ex) with two parallel
plates. The dynamic frequency sweep mode was used with a
strain of 1% from 0.0628 to 628 rad s ' at 140 and 170 °C.

The electrical conductivity and percolation threshold of the
samples were evaluated using a digital high resistance machine
(PC68, Shanghai Precision Instrument Manufacture, China) at
room temperature (23 °C). The electrical conductivity of the
S-PLLA/MWCNT composites with 0.6 and 0.8 vol% MWCNTs
and the R-PLLA/MWCNT composites with 0.8 vol% MWCNTs was
conducted on a four-point probe instrument (RTS-8, Guangzhou
Four-Point Probe Technology Co., Ltd, China) at room tempe-
rature. At least five specimens were tested and average data
were reported.

The surface of the coated and uncoated H-PLLA granules, the
segregated structures and MWCNT distribution in the samples
were evaluated using a field-emission scanning electron micro-
scope (SEM, JEOL, JSM-7800F). Before the SEM observation, the
H-PLLA granules were directly coated with a layer of platinum in

This journal is © The Royal Society of Chemistry 2017

a vacuum chamber. While the composites were firstly cryo-fractured
in liquid nitrogen, and then coated with a layer of platinum in a
vacuum chamber. The segregated morphologies of the samples
were also observed using an optical microscope (OM, Olympus
BX51). Films with a thickness of 30 um were cryo-microtomed
from the PLLA/MWCNT composites with segregated structures.

Tensile tests were done using a Sansi CMT6503 Universal
Testing Machine at a crosshead speed of 5 mm min~" at 23 +
2 °C. At least five specimens were tested for each sample, and
the average results were evaluated.

The electromagnetic interference (EMI) shielding effectiveness
(SE) of the composites was evaluated using an Agilent N5247A
10 MHz to 67 GHz PNA-x network analyzer at room temperature in
the frequency range of 8.2-12.4 GHz. The samples with 12 mm
diameter and 1.5 mm thickness were used for the test. The total
EMI SE which summarizes the absorption shielding (SE,), reflec-
tion shielding (SEg), and multiple reflection shielding (SEy)
is also defined as the logarithmic ratio of incoming (P;,) to
outgoing power (P,y) of electromagnetic radiation.*>®°

SEtotal = 1010g(Pin/Pout) = SEa + SEg + SEy (1)

Results and discussion

Phase morphology and MWCNT distribution in S-PLLA/
MWCNT composites

Fig. 2 shows the melting behavior and rheological properties of
two different PLLA polymers. Before annealing, the H-PLLA
exhibits multiple transitions upon heating: a glass transition
temperature (Ty) of ~60 °C, a cold crystallization peak (P.)
of ~115 °C and a melting peak (P,,) of ~170 °C. However, the
P, disappears and the T, moves to a higher temperature of
65 °C after annealing. The crystallinity of H-PLLA, which is
calculated using the obtained melting enthalpies to the melting
enthalpies of 100% crystalline PLLA of 93.7 J g %' also
increases from 2.8% before annealing to 35.9% after annealing.
The results indicate that good crystallization in H-PLLA can be
achieved by annealing. Fig. 2a also shows the melting behavior
of L-PLLA without annealing. No P.. and P,, were observed
except only a T, of 53 °C, suggesting the amorphous morphol-
ogy of L-PLLA.

J. Mater. Chem. C, 2017, 5, 9359-9369 | 9361
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Fig. 2b gives the complex viscosity of H-PLLA and L-PLLA
at 140 °C (the coating temperature) and 170 °C (the melt-
compression temperature). Because of the quasi-solid state of
H-PLLA at 140 °C, we cannot give the rheological information of
H-PLLA at this temperature. In fact, the complex viscosity of H-
PLLA at 140 °C (quasi-solid state) can be supposed to be much
higher than that of H-PLLA at 170 °C (melting state). However,
L-PLLA can be melted into the melting state at 140 °C and show
higher complex viscosity than that of L-PLLA at 170 °C, but still
lower than that of H-PLLA at 170 °C, indicating that the complex
viscosity of L-PLLA is much lower than that of H-PLLA at the
same temperature. Furthermore, the quasi-solid state of H-PLLA
and the melting state of L-PLLA at the coating temperature of
140 °C are thought to help the coating procedure.”” The largely
different viscosity at a melt-compression temperature of 170 °C
will also retard the diffusion of MWCNTs into the H-PLLA phase.

Fig. 3 shows the uncoated and coated H-PLLA granules. It
can be seen that the surface of the H-PLLA granule becomes
smooth by coating with 10 wt% L-PLLA, indicating that H-PLLA
granules can be well coated with a layer of L-PLLA at the mixing

Fig. 3 SEMimages of H-PLLA granules (a), L-PLLA coated PLLA granules (b),
and L-PLANT with 0.5 vol% MWCNTSs coated H-PLLA granules (c) and (d).
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(a) DSC first-melting curves and the (b) complex viscosity at 140 and 170 °C for the H-PLLA granules and L-PLLA samples.

temperature of 140 °C. The L-PLANT with 0.5 vol% MWCNTs
can also easily absorb on the H-PLLA surface and form a thin
coating layer but with a rough surface (Fig. 3c), because of the
MWCNT bundles at the coating layer (Fig. 3d). The successful
coating is attributed to the largely different viscosity and the
highly interfacial interaction between H-PLLA and L-PLLA. The
good coating behavior will also lead to the well segregated
structures in the nanocomposites.*®

OM and SEM were performed to evaluate the formation
of segregated structures and the conductive networks in the
S-PLLA/MWCNT composites. As expected, the well segregated
structures were achieved by choosing two PLLA polymers with
different viscosities and temperature control. Fig. 4a and b
shows the OM images of the S-PLLA/MWCNT composites with
0.05 and 0.6 vol% MWCNTs (i.e. 0.5 and 6 vol% in the L-PLLA
phase), respectively. The black domains indicate the L-PLANT
phase while the white domains represent the H-PLLA phase,
because light cannot transmit through the L-PLANT domains.

Fig.4 OM images of the S-PLLA/MWCNT composites with MWCNT
contents of (a) 0.05 vol% and (b) 0.6 vol%, and SEM micrographs of (c)
S-PLLA/MWCNT composites with 0.6 vol% MWCNTSs in the L-PLLA phase
and (d) the magnification of (c).

This journal is © The Royal Society of Chemistry 2017
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It can be found that the H-PLLA phase is the segregated phase
in the continuous L-PLANT phase, indicating that MWCNTSs are
selectively distributed in the L-PLANT phase and restricted to
penetrate into the interior of the PLLA granules during proces-
sing. This unique structure also helps to form conductive
networks as long as the L-PLANT phase is conductive. Further-
more, the well-defined segregated structures are found in both
S-PLLA/MWCNT composites with 0.05 and 0.6 vol% MWCNTs,
suggesting that the selective distribution of MWCNTS is regard-
less of MWCNT content. However, the denser MWCNTSs are
found in the S-PLLA/MWCNT composites with 0.6 vol%
MWCNTs because of the darker L-PLANT domains. The SEM
images give clearer images for the segregated structure and
MWCNT dispersion. Fig. 4c shows the well-defined segregated
structure of the S-PLLA/MWCNT composites with 0.6 vol%
MWCNTSs with an ~ 15 um coating layer. Furthermore, no gaps
were found at the interfaces between the L-PLANT phase and
the H-PLLA phase, indicating the high interfacial interaction
between the two phases. Fig. 4d also shows that the MWCNT
bundles are well dispersed in the L-PLLA phase which will
enhance the electrical conductivity of the composites.

Electrical conductivity of S-PLLA/MWCNT composites

Fig. 5 shows the electrical conductivity and percolation thresh-
old behavior of the PLLA/MWCNT composites with segregated
structures (S-PLLA/MWCNTs) and the random distribution
of MWCNTs (R-PLLA/MWCNTS). The electrical conductivity of
both S-PLLA/MWCNTs and R-PLLA/MWCNTSs increases with
increasing the content of MWCNT loadings. Furthermore, the
increasing trends for both samples are the typical S-shaped
curves. However, the electrical conductivity of the S-PLLA/
MWCNT composites is higher than that of the R-PLLA/MWCNT
composites at the same content of MWCNTs. For example, the
electrical conductivity of S-PLLA/MWCNT composites with
0.1 vol% MWCNTs is 1.57 x 10" ° S m ', while the R-PLLA/
MWCNT composites with 0.1 vol% MWCNTs can only reach
3.15 x 107 S m™ . The electrical conductivity of S-PLLA/MWCNT
composites can reach 25 S m™', while only 0.03 S m™" for
the R-PLLA/MWCNT composites with 0.8 vol% MWCNTs.

View Article Online
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The results indicate that the conductive properties of PLLA/
MWCNT composites can be obviously improved by the fabrica-
tion of segregated structures therein. The high electrical con-
ductivity of the S-PLLA/PCLNT nanocomposites is ascribed
to the dense distribution of MWCNTs in the L-PLLA phase
and the continuous L-PLANT networks formed by the segre-
gated structures.

The classical percolation theory was also used to analyze
the percolation threshold behavior of the S-PLLA/MWCNT and
R-PLLA/MWCNT composites. The percolation threshold (¢.) of
the composites was achieved by fitting the variation of electrical
conductivity (¢) with the volume content of MWCNTSs (¢) as

shown in eqn (2):*'

o= 00(¢ - ¢c)t (2)

where g, is a constant that is typically assigned to the plateau
conductivity of fully loaded composites and ¢ is the scaling
exponent which is used to predict the mechanism of the
conductive network. In theory, the values of ¢ ~ 1.3 and ¢t ~ 2
indicate two-dimensional and three-dimensional conductive net-
works, respectively. However, the experimental value of ¢ ranges
from 1 to 12."° The deviation between the theoretical prediction
and the experimental value is still unclear. The most acceptable
explanation is that the value of ¢ > 2 means three-dimensional
conductive networks while ¢ < 2 indicates two-dimensional
conductive networks formed in CPCs.®*®* In this work, the
value of ¢ is 1.63 and 3.89 for the R-PLLA/MWCNT and S-PLLA/
MWCNT composites, respectively (Fig. 5b), suggesting the presence
of three-dimensional conductive networks in the S-PLLA/IMWCNT
composites but two-dimensional conductive networks in the
R-PLLA/MWCNT composites. Therefore, the S-PLLA/MWCNT
composites exhibit better electrical conductivity behavior than
that of the R-PLLA/MWCNT composites.

As expected, the percolation threshold of PLLA/MWCNT
composites is abruptly reduced by constructing the segregated
structures. An ultralow percolation threshold of 0.019 vol%
is found in the S-PLLA/MWCNT composites, while the per-
colation threshold of the R-PLLA/MWCNT composites is about

~_ R-PLLA/MWCNTSs
~)—S-PLLA/IMWCNTSs

Electrical Conductivity (S/m)
3
e e B Py b B, P R Bl R Bl T T B iy

1
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Volume fraction of MWCNTSs (vol.%)

L b

11 ™ R-PLLAIMWCNTSs,$=0.220,t=1.63
[ (D S-PLLAIMWCNTS,$=0.019,t=3.89

Log(o)

21 18 -5 12 09 06 03
Log(¢-¢.)

Fig. 5 (a) Electrical conductivity of the PLLA/MWCNT nanocomposites with a random distribution of MWCNTSs and segregated structures as a function
of MWCNT loadings, (b) the fitting lines of the nanocomposites using the classical percolation theory.
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Table 1 Comparison of the electrical properties of the S-PLLA/MWCNT composites and reported PLLA/MWCNT composites

Processing method Percolation threshold MWCNT loading Conductivity (S m™") Ref.

Melt mixing 0.35 wt% 2.0 Wt% 107° Quan et al.®®
Melt mixing 0.5 wt% 1.0 wt% 1073 Kobashi et al.®®
Electro-spinning 0.3 Wt% 0.6 Wt% 107* McCullen et al.”
Solution mixing 13.5 wt% 20 wWt% 0.1 Zhang et al.®®
Melt mixing 0.48 vol% — — Mai et al.®®
Solution mixing — 1.2 wt% 107° Kim et al.”®
Melt mixing 0.21 wt% 0.5 wt% 10°* Zhang et al."”
Melt mixing 3.0 wt% 5.0 wt% 0.1 Wang et al.”*
Melt mixing 0.73 wt% 2.0 wt% 10 Huang et al.”
Solution mixing 0.495 wt% 5.0 wt% 1 Zhang et al.”?
Melt mixing 0.1 Wt% 5.0 wt% 1 Manfredi et al.”*
Melt mixing 0.8 Wt% 4.0 wt% 100 Liet al”®
Forming 0.16 vol% 5 wt% 0.16 Kuang et al.”®
Melt mixing 0.5 wt% 2 wt% ~10 Villmow et al.”’
Melt mixing 3 Wt% 5 Wt% 100 Wang et al.”®
Segregated structure 0.04 vol% 1.0 wt% 12 Cui et al.*®
Segregated structure 0.019 vol% (0.027 wt%) 0.8 vol% (1.1 wt%) 25 This work

0.22 vol% which is ~10.6 times higher than that of the S-PLLA/
MWCNT composites. Table 1 shows the comparison of elec-
trical properties for the S-PLLA/MWCNT composites and
reported PLLA/MWCNT composites. It can be seen that our
work has the lowest percolation threshold in comparison with
the reported PLLA/MWCNT composites so far. The ultralow
percolation threshold is ascribed to the continuous and dense
MWCNT networks in the PLLA/MWCNT composites with
segregated structures.

EMI shielding of S-PLLA/MWCNT composites

Fig. 6 shows the EMI SEq, of the S-PLLA/MWCNT and R-PLLA/
MWCNT composites, as a function of MWCNT loading over the
frequency of the X-band. It can be seen that the EMI SEy, of
the PLLA/MWCNT composites increases with increasing the
MWCNT loading. Furthermore, the enhancement in EMI SEa
becomes more obvious in the composites with segregated
structures. A higher EMI SE,, value means more efficiency
for attenuating microwave intensity. For example, the EMI
SEota Of 20 dB implies the blocking of 99% incident microwave
energy according to eqn (1), which is also required to be

40 | S-PLLAIMWCNTSs:
L O S-01Vol% v S-02Vol.% < S-06Vol.% © $-0.8Vol.%
35 R-PLLA/MWCNTSs:
m R-0.1Vol.%

T

R-0.2 Vol.%
g

R-0.6 Vol.% R-0.8 Vol.%

30

25

EMI SE (dB)

©

10 S

m)@@
\»

8 9 10 1 12
Frequency (GHz)

Fig. 6 The EMI SEiq as a function of frequency (X-band range) for
S-PLLA/MWCNT and R-PLLA/MWCNT composites with different MWCNT
loadings.
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commercially applicable in EMI shielding devices.”>*® For the
R-PLLA/MWCNT composites, the EMI SE value >20 dB can
be only found in the high MWCNT loading of 0.8 vol%. The
average EMI SE,, values of the R-PLLA/MWCNT composites
with 0.6 and 0.8 vol% MWCNTs is ~18 and ~22 dB, meaning
that 98.42% and 99.37% microwave radiation can be blocked by
the sample, respectively. However, for the S-PLLA/MWCNT
composites with 0.6 and 0.8 vol% MWCNTSs, the average EMI
SE a1 Values of ~28 and ~30 dB can be achieved, corres-
ponding to 99.84% and 99.90% blocking of microwave radiation,
respectively. It can be found that the average EMI SE,., values
of the S-PLLA/MWCNT composites are 1.56 and 1.36 times
higher than those of the R-PLLA/MWCNT composites with
0.6 and 0.8 vol% MWCNTSs, respectively.

Table 2 also shows the comparison of the EMI SE;, for the
S-PLLA/MWCNT composites and the reported polymer/MWCNT
composites. It can be found that it is very difficult to obtain the
polymer/MWCNT composites with high-performance EMI
shielding (>20 dB) at low MWCNT loading (<2 wt%) and thin
sample thickness (<2 mm). Here, the high EMI SE, value
(~30 dB) can be achieved in the S-PLLA/MWCNT composites
with 1.1 wt% MWCNTs and 1.5 mm sample thickness. The high-
performance EMI shielding of the S-PLLA/MWCNT composites
is attributed to their high electrical conductivity and ultralow
percolation threshold. It is well known that the free charges
(electrons and holes) in conductive materials directionally
move to produce the induced current during electromagnetic
radiation.®™" The induced current can be quickly attenuated
using resistance materials, leading to the blocking of electro-
magnetic radiation."”* Thus, the high-performance EMI shield-
ing can be achieved in the S-PLLA/MWCNT composites because
of their high electrical conductivity.

The skin depth (6) which is related to the electric field
and the magnetic field of the materials is very important to
evaluate the critical thickness for electrical conduction and EMI
shielding. It has been reported that high-performance EMI
shielding occurs at the thickness of the samples beyond
the 6.°% In other words, a higher J value indicates worse EMI
shielding of the materials. The ¢ value of the PLLA/MWCNT

This journal is © The Royal Society of Chemistry 2017
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Table 2 Comparison of EMI SE (in the X-Band) of the S-PLLA/MWCNT
composites and reported polymer/MWCNT composites?

Polymer MWCNT Thickness EMI

matrix  loading (mm) SE¢otal (dB) Ref.

PLLA 0.8 vol% (1.1 wt%) 1.5 ~30 This work

PLLA 1.0 wt% 0.9 ~17.5 Cui et al.*®
PLLA 3 wt% 2.5 ~12 Kuang et al.”®
PLLA 20 wt% 3.7 ~19 Cui et al.™*
PLLA/ 0.8 wt% 1.5 ~18 Zhang et al.*®
PCL

PA 2 wt% 1.5 ~4 Li et al.®*

PS 3.5 Wt% 2.0 ~10 Arjmand et al.®>
PS 5 wt% 2.0 ~17.2 Mahmoodi et al.®
PES 10 wWt% 0.5 ~26 Abbas et al.®*
PTT 5 Wt% 2.0 ~23 Gupta et al.®®
ABS 5 wt% 1.1 ~25 Al-Saleh et al.®®
PU 22 wt% 0.1 ~25 Hoang et al.%’
FCP 6 Wt% 3.8 ~22 Fletcher et al.®®
PP 1.0 vol% 2.8 ~4.6 Al-Saleh et al.®®
PPCP 1.8 vol% 2.0 ~23 Verma et al.”°
PE 1.0 wt% 2.1 ~17 Jia et al.**

“ PCL: poly(e-caprolactone); PA: polyacrylate; PS: polystyrene; PES: poly-
ethersulfone; PTT: poly(trimethylene terephthalate); ABS: acrylonitrile-
butadiene-styrene; PU: polyurethane; FCP: fluorocarbon polymer; PP:
polypropylene; PPCP: polypropylene random copolymer; PE: polyethylene.

composites with various MWCNT loadings can be calculated
using eqn (3).

1 .
5= 'nf,ua when ¢ > 2nfey, u= pou, 3)

where &, f; 1, fr, and i, are the permittivity of free space (equal to
8.854 x 10> F m™ "), the frequency, the magnetic permeability of
materials, the relative magnetic permeability of the conductive
shield relative to that of free space (1, = 1 in this case), and the
permeability of free space (equal to 4n x 10~7 H m™ '), respec-
tively. The ¢ values at 8.2 GHz are 6.94, 1.75 and 1.11 mm for the
S-PLLA/MWCNT composites with 0.2, 0.6 and 0.8 vol% MWCNTSs,
respectively. However, the J value at 8.2 GHz is 32.09 mm for the
R-PLLA/MWCNT composites with 0.8 vol% MWCNTSs. The results
indicate that the S-PLLA/MWCNT composites exhibit better EMI
shielding than the R-PLLA/MWCNT composites. It is also found
that only the ¢ value at 8.2 GHz of the S-PLLA/MWCNT composites
with 0.8 vol% MWCNTs is lower than the thickness of our testing
sample of 1.5 mm, indicating the highest efficiency for attenuat-
ing microwaves.

Furthermore, the EMI Shielding mechanism is mainly based
on the reflection and absorption mechanisms. In a conductive
material, the shielding by reflection (SEr) can be expressed
using eqn (4).%

SEr =168 + 10 - log

rf 4)
where o, is the conductivity of the materials relative to the
conductivity of copper, while the shielding by absorption (SE,)
which attenuates an electromagnetic wave through interaction
with free charge carriers and/or electric/magnetic dipoles can
be calculated using eqn (5).%*

SEs = 131 - b\/fu,0r (5)

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Comparison of SE, and SEg as a function of frequency (X-band
range) for S-PLLA/MWCNT and R-PLLA/MWCNT composites with different
MWCNT loadings.

where b is the thickness of the sample. From eqn (4) and (5), it can
be found that both SEr and SE, values increase with increasing
oy, indicating that the higher conductivity can enhance both
reflection and absorption. However, the SEr decreases and
SE, increases with increasing y;, suggesting that the magnetic
materials deteriorate the reflection loss and enhance the absorp-
tion. Here, the effect of u, can be omitted because of the weak
magnetic response of the composites. In addition, the SE, value is
proportional to the thickness of the samples.

Fig. 7 shows the SE, and SEg values of the PLLA/MWCNT
composites with different contents of MWCNTSs in the X-band
range. It can be found that the SE, value significantly increases
with increasing electrical conductivity, while the SEr value
shows a little enhancement in both S-PLLA/MWCNT and
R-PLLA/MWCNT composites. The SEg value of all the samples
is very low (<5 dB) and the contribution of SEg to SE is also
very weak, indicating that the absorption is the major contribu-
tion to EMI shielding, particularly at high MWCNT loadings. For
example, the SE, and SEg of the S-PLLA/MWCNT composites
with 0.8 vol% are ~26 and ~ 4 dB, respectively. The shielding by
absorption is over 5.5 times more than shielding by reflection.
For R-PLLA/MWCNT composites with 0.8 vol%, the SE, and SEx
values are ~19.5 and ~2.5 dB, showing that the contributions
of absorption and reflection are 89% and 11%, respectively. The
high percentage of absorption shielding is mainly ascribed to the
high conductivity of MWCNTSs where the free charges can move
and attenuate during electromagnetic radiation.*®® It is worth
noting that the SE, value of the S-PLLA/MWCNT composites is
higher than that of R-PLLA/MWCNT composites with the same
MWCNT loading, which is mainly attributed to the abundant
interfaces produced by the segregated structures. These inter-
faces can reflect and absorb the microwaves many times. There-
fore, it is very difficult for the microwaves to escape from the

sample before being absorbed.**”®

Mechanical properties of S-PLLA/MWCNT composites

Fig. 8 shows the mechanical properties of the S-PLLA/MWCNT
and R-PLLA/MWCNT composites. It can be found that the
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Young’s modulus of the R-PLLA/MWCNT composites increases
from 1017 to 1372 MPa with the MWCNT loadings increasing
from 0 to 0.8 vol%. Furthermore, the Young’s modulus of pure
H-PLLA is 1078 MPa which is also lower than the PLLA/MWCNT
composites with high contents of MWCNTs. The results indi-
cate that the addition of MWCNTSs can obviously enhance the
modulus of the PLLA matrix. It is worth noting that the Young’s
modulus of the S-PLLA/MWCNT composites is much higher
than that of the R-PLLA/MWCNT composites with the
same MWCNT loading. For example, the Young’s modulus of
the S-PLLA/MWCNT composites is 15% higher than that of
the R-PLLA/MWCNT composites with 0.6 vol% MWCNTs. The
enhancements are attributed to the MWCNT network in the
L-PLLA phase and the double continuous structure probably
formed by the segregated strategy. The transcrystals which are
formed by the nucleating effect of MWCNTSs at the interfaces
between the H-PLLA and L-PLANT phases (Fig. S1, ESIt) also
contribute to the high Young’s modulus.”*®°

In addition, the tensile strength of the R-PLLA/MWCNT
composites is also enhanced by the addition of MWCNTSs.
For example, the tensile strength of the R-PLLA/MWCNT com-
posites increases from 53.2 to 62.7 MPa by the addition of
0.8 vol% MWCNTs. The results are ascribed to the high strength
of MWCNTs and the nucleating effect of MWCNTs which increase
the crystallinity of PLLA (Fig. S2, ESIt). The higher crystallinity
usually results in a higher modulus and tensile strength.'”

View Article Online
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However, the tensile strength of the S-PLLA/MWCNT composites
increases at low MWCNT loadings (0, 0.06 and 0.2 vol%) and
decreases at high MWCNT loadings (0.6 and 0.8 vol%). The
decrease of tensile strength is ascribed to the high MWCNT
concentration in the L-PLLA phase (~ 6.0 and ~ 8.0 vol%), which
leads to serious stress concentration in the composites.*”

Fig. 8c shows the elongation at break of the S-PLLA/MWCNT
and R-PLLA/MWCNT composites. It can be seen that the elonga-
tion at break of R-PLLA/MWCNTSs decreases upon increasing the
MWOCNT loading. However, the S-PLLA/MWCNT composites show
higher elongation at break than the R-PLLA/MWCNT composites
and pure PLLA. The results are ascribed to a double continuous
structure induced by the segregated structure and the higher
interfacial interaction between the H-PLLA and L-PLANT phases.
Furthermore, the elongation at break of the S-PLLA/MWCNT
composites increases abruptly at low MWCNT loading (0, 0.06
and 0.2 vol%) and then decreases at high content of MWCNTS
(0.6 and 0.8 vol%) because of the serious stress concentration
in the composites at high loadings.

The tensile fractured surface of the samples was also
observed to evaluate their structural developments upon defor-
mation. Fig. 9 shows a comparison study on the fractured
surfaces of the R-PLLA/MWCNT and S-PLLA/MWCNT compo-
sites with 0.6 vol%. It can be found that the fractured surface of
the e R-PLLA/MWCNT composites is much smoother than that
of the S-PLLA/MWCNT composites with segregated structures.
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Fig. 9 SEM micrographs for the tensile fractured surface of the R-PLLA/
MWCNT (a) and S-PLLA/MWCNT (b) composites with 0.6 vol% MWCNTs.

It is well-known that the rough fractured surface indicates
the ductile fracture and the samples with good toughness.*”
The high toughness of the samples with segregated structures
is also ascribed to the double continuous structures and the
interfacial interaction between H-PLLA and L-PLANT.

Conclusion

In this work, PLLA/MWCNT nanocomposites with segregated
structures were successfully fabricated by using two PLLA
(L-PLLA and H-PLLA) polymers with different viscosities and
crystallinities. The MWCNTs were confined to distribution in
L-PLLA to form continuous MWCNT networks in the PLLA/
MWCNT nanocomposites. The final nanocomposites with
segregated structures (S-PLLA/MWCNTS) exhibited high elec-
trical conductivity, ultralow percolation threshold and high
performance EMI shielding effectiveness (SE) in comparison
with PLLA/MWCNT composites with a random distribution
of MWCNTs (R-PLLA/MWCNTS). For example, the electrical
conductivity of the S-PLLA/MWCNT composites could reach
25 S m~" with 0.8 vol% of MWCNT loading, while the R-PLLA/
MWCNT composites had an electrical conductivity of only
0.03 S m~ ' with the same content of MWCNTs. The percolation
threshold of the S-PLLA/MWCNT composites was ~0.019 vol%,
which was only 8.6% of that of the R-PLLA/MWCNT composites
with the percolation threshold of 0.22 vol%. The high-
performance electrical properties mainly depended on the
dense distribution of MWCNTs in the L-PLLA phase and the
continuous L-PLANT networks formed by the segregated struc-
tures. The S-PLLA/MWCNT composites also exhibited higher
EMI SE values than the R-PLLA/MWCNT composites at the
same MWCNT loading. For example, the EMI SE value of the
S-PLLA/MWCNT composites was ~ 30 dB, which is 36% higher
than that of the R-PLLA/MWCNT composites with 0.8 vol%
MWCNT loading. The improvement in EMI SE is mainly
attributed to the abundant interfaces produced by the segre-
gated structures. These interfaces can reflect and absorb the
microwaves many times. Furthermore, the Young’s modulus,
tensile strength and elongation at break of the S-PLLA/MWCNT
composites were higher than those of the R-PLLA/MWCNT
composites with the same content of MWCNTSs, because of
the continuous and dense MWCNT networks induced by the
segregated structures and the higher interfacial interaction
between the H-PLLA and L-PLANT phases. These approaches

This journal is © The Royal Society of Chemistry 2017
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can be used to build other functional structural composites
with other functional nanofillers or polymer matrices.’>*®
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