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flexible poly(ether ether ketone)
based composite film with excellent thermal
stability and mechanical properties for wide-band
electromagnetic interference shielding†

Ruiqi Na,a Jinying Liu,b Guibin Wang a and Shuling Zhang *a

This study proposes an efficient method for fabricating a light weight and flexible composite film with

excellent thermal stability and mechanical properties for wide-band electromagnetic interference (EMI)

shielding, which was prepared by melt blending and subsequent melt extrusion using poly(ether ether

ketone) (PEEK) as a matrix, multi-walled carbon nanotube wrapped poly(ether sulfone) (wrapped

MWCNTs) as a conductive filler, and GENIOPLAST® PELLET S (GPPS, high-temperature lubricant) as

a processing aid. GPPS was firstly used in EMI application, to reduce the melt viscosity of PEEK as well as

to improve the dispersion of wrapped MWCNTs, which enables it to fabricate a highly efficient EMI

shielding (�74.6 dB mm�1) PEEK/wrapped MWCNT/GPPS1.0 composite film with a thickness of 180 mm.

Furthermore, the lightweight composite film exhibits high thermal stability (i.e. degradation temperature

at 5% mass loss of 586 �C) and good mechanical properties (tensile strength of 101 MPa), being superior

to other previously reported EMI shielding films. The above mentioned enhanced property demonstrated

its potential application as a high performance EMI shield for certain applications such as in the

aerospace, weapons, and microelectronics industries, which require materials exhibits EMI shielding as

well as superior mechanical properties and thermal stability.
1. Introduction

The advent of wireless communication has dramatically
increased the use of electronic devices in both commercial and
military sectors.1,2 However, the high-frequency electromagnetic
(EM) radiation (megahertz to gigahertz) emitted by these
devices interferes with nearby equipment and causes its mal-
function or breakdown, thus requiring wide-band EM radiation
shielding to avoid EM interference (EMI) and keep working
environments safe.3,4 Although metals are commonly used as
EMI shielding materials,5,6 their numerous drawbacks such as
high density, poor mechanical exibility, being prone to
corrosion and processing difficulties limit their use in modern
electronics.7,8 In addition, metals are highly microwave-
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of AC conductivities and thermal

T/GPPS1.0 and PEEK/wrapped
etailed EMI SE and specic EMI SE of

wt% wrapped MWCNT) at various
reective, shielding only devices enclosed within them and
failing to protect the working environment. The above
mentioned problems can be solved by the development of
materials capable of absorbing EM radiation, e.g., thin and
easily foldable EMI shielding lms, which can nd applications
in prospective exible electronics such as foldable phones,
electronic paper displays, and wearable devices. Up to now,
much effort has been directed at developing thin, lightweight,
exible, and corrosion-resistant new-generation smart mate-
rials capable of strong EM radiation absorption over a wide
frequency range.9,10

Compared to conventional metal based EMI shielding
materials, polymer composites containing carbon-based
conductive llers exhibit the advantages of being lightweight,
exible, corrosion-resistant, and easily processable.11,12 Speci-
cally, multi-walled carbon nanotubes (MWCNTs) are excellent
llers for EMI shielding materials owing to their unique elec-
trical, mechanical, and thermal properties.13–15 However, certain
applications (e.g., aerospace, weapons, vehicles, and micro-
electronics) requiring materials with superior mechanical
properties and thermal stability necessitate the use of high-
performance polymers instead of general ones. Poly(ether
ether ketone) (PEEK) is a semi-crystalline thermoplastic, high
performance engineering polymer with superior mechanical
properties, thermal stability, and corrosion resistance, being
This journal is © The Royal Society of Chemistry 2018
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View Article Online
frequently used in the aerospace industry and electronics.16–20

More importantly, PEEK/MWCNT composite lms can meet the
requirements imposed on next-generation EMI shielding
materials even in harsh environment.

The fact that MWCNTs are prone to agglomeration and are
difficult to disperse in PEEK complicates, which restrict their
use in EMI shielding materials.21 To solve this problem, we used
MWCNTs wrapped in poly(ether sulfone) (noted as wrapped
MWCNT) as a ller and a high-melt-index/low-melt-viscosity
PEEK as matrix in our previous study, owing to the interaction
between p-bonded surface of MWCNTs and the aromatic
structure of the PES, the PES rm coating on the MWCNTs,
which effectively avoiding the MWCNT agglomeration;
secondly, the molecular structure of PES is similar to that of
PEEK, which further enhancing their dispersibility in PEEK
matrix.13,16 However, low-melt-viscosity PEEK is not suitable to
produce exible and thin composite lms, using high-melt-
viscosity PEEK as lm matrix is necessary and still a chal-
lenge, since the low melt index and high melt viscosity prop-
erties of the high-melt-viscosity PEEK severely lead to failure of
the ller dispersion and lm processing. Besides, the EMI
shielding effectiveness (EMI SE) of materials has mostly been
evaluated in a narrow frequency range (8–12 GHz, X band),22–25

necessitating the development of advanced materials with good
EMI SE in a wider frequency range of 8–40 GHz, which covers
the bands used by civil, commercial, and military
applications.20

In the present study, a series of PEEK/wrapped MWCNT/
GENIOPLAST® PELLET S (GPPS) composite lms with high
exible, good thermal andmechanical properties were prepared
and applied to EMI shielding materials for the rst time. PES
was chosen as a coating for MWCNTs to ensure their strong
interfacial adhesion and good dispersibility in PEEK matrix.
Besides, we used a high-temperature lubricant, GPPS, in PEEK/
wrapped MWCNT composites, which is an important silicone-
based processing additive used in thermoplastics compound-
ing in the plastics industry, for decreasing the melt viscosity of
composites. In this system, the GPPS effectively reduce the melt
viscosity of PEEK and further improve the dispersion of wrap-
ped MWCNTs therein, to make it possible for the preparation of
light weight and exible PEEK/wrapped MWCNT/GPPS
composite lms, and improves the EMI SE in a wider
frequency range of 8–40 GHz at the same time. The EMI SE,
electrical conductivity, mechanical properties, and thermal
stability of PEEK/wrapped MWCNT/GPPS composite lms were
discussed detailed in this study.

2. Experimental
2.1 Materials

PEEK (melt ow index: 25 g 10 min�1) and poly(ether sulfone)
(PES, inherent viscosity: 0.34 dL g�1) powders were purchased
from Jilin University Super Engineering Plastics Research Co.,
Ltd. (China). MWCNTs (outside diameter¼ 10–20 nm, length¼
10–30 mm, purity > 95 wt%, grown by chemical vapor deposi-
tion) were supplied by Chengdu Organic Chemicals Co., Ltd.
(China). Granular GENIOPLAST® Pellet S (GPPS) supplied by
This journal is © The Royal Society of Chemistry 2018
Wacker Co., Ltd. (Germany), which was ground into a powder
before compounding.

2.2 Preparation of PEEK/MWCNT-GPPS composites

PEEK powder (93 wt%), MWCNTs (7 wt%), and GPPS (0, 0.4, 0.7,
1.0, 2.5, and 5.0 wt% of the total weight of PEEK and MWCNTs)
were pre-mixed using a high-speed mixer.

PEEK/MWCNT composites without and with GPPS were
prepared by using a Mini-Haake co-rotating twin-screw extruder
(Thermo Fisher Scientic, Waltham, Massachusetts, USA) at
a screw speed of 40 rpm and a temperature of 390 �C. The ob-
tained samples were noted as PEEK/MWCNT composite-GPPSx,
where x is weight percent of the GPPS in the total PEEK and
MWCNTs. The composites were cut into granules, then dried at
100 �C for 6 h in a vacuum oven, and then molded with the
HAAKE MiniJet at a temperature of 400 �C and a pressure of
82 MPa for different measurements.

2.3 Preparation of wrapped MWCNTs

The wrappedMWCNTs was obtained following the procedure in
our previous study.13 Briey, PES powder was dissolved in
dimethylacetamide (DMAc), and MWCNTs were added upon
stirring. The resulting mixture was poured into deionized water
several times to remove DMAc, affording wrapped MWCNTs.

2.4 Preparation of PEEK/wrapped MWCNT/GPPS composite
lms

PEEK powder (99, 97, 95, 93, and 91 wt%), wrapped MWCNTs
(1, 3, 5, 7, and 9 wt%), and GPPS (1 wt% of the total weight of
PEEK and wrapped MWCNTs) were pre-mixed using a high-
speed mixer.

The above mixture was melt-blended (Haake PTW16/25p co-
rotating twin-screw extruder, screw speed ¼ 80 rpm, tempera-
ture prole¼ 270/350/355/360/365/360 �C) and granulated, with
the obtained granules subsequently dried at 100 �C for 4 h.

Next, PEEK/wrapped MWCNT/GPPS composite lms were
fabricated by melt extrusion of dried granules using an arcuate-
slit-head extruder at a screw speed of 120 rpm, a temperature
prole of 270/350/360/365/370/380 �C, and a three-roller
calender stretching speed of 2 m min�1.

It should be noted that the above molding process generally
becomes very difficult at MWCNTs contents above 9 wt%, the
composite lms become discontinuous or uneven due to the
increased ller content. Hence, the loading of wrapped
MWCNTs did not exceed 9 wt% in this study.

2.5 Characterizations

Morphologies of fractured composites and lm surfaces (gold-
sputtered before scanning) were observed by eld emission
scanning electron microscopy (FE-SEM; FEI Nova Nano 450)
and Superscan scanning electron microscope (SEM; Shimadzu
SSX-550), respectively.

Electrical conductivity measurements were performed at
room temperature in a frequency range of 102–106 Hz using an
Agilent 4294A precision impedance analyzer. The composites
RSC Adv., 2018, 8, 3296–3303 | 3297
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Fig. 1 (a) Dependence of AC conductivity of PEEK/MWCNT
composite-GPPSx on frequency at room temperature. (b) Depen-
dence of shear viscosity of PEEK/MWCNT composite-GPPSx on shear
rate at 400�.
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and lms were cut into round specimens with a diameter of 10
mm, and two opposite surfaces of specimens were coated with
silver conductive glue to ensure their good contact with
electrodes.

The EMI SE of produced lms was calculated based on vector
scattering parameters S11 (as a measure of the forward reec-
tion coefficient) and S21 (as a measure of the forward trans-
mission coefficient), which were measured using an N5244A
PNA vector network analyzer (Agilent, USA). For EMI shielding
test, all lm samples were cut into rectangular shapes, the lm
had a thickness of �180 mm, and the precisely dimensions at
different frequency band are shown in Table S1.†

The densities (g cm�3) of composite lm were measured by
buoyancy method, using an electronic densimeter (SD-200L),
from Alfa Mirage Co., Ltd, Japan. The composite lms were
cut into square shapes with a size of 20 mm � 20 mm � 0.18
mm, and each lm sample was tested three times.

Tensile testing was conducted on a Shimadzu AG-1 universal
testingmachine at room temperature and a rate of 5mmmin�1,
and tensile strength and elongation at break were also obtained
from stress–strain curves. The gauge length, width and thick-
ness of the test samples were 18.00 mm � 4.00 mm � 2.00 mm
(length � width � thickness, for composites) and 18.00 mm �
4.00 mm � 0.18 mm (length � width � thickness, for
composite lms), respectively. The results of each composition
were reported as average of at least three samples tests.

Thermogravimetric analysis (TGA) of composites and lms
were performed in air atmosphere, using a Perkin Elmer Pryis 1
TGA analyzer. For each measurement, 6 � 1 mg of sample was
heated at a heating rate of 10 �C min�1.

3. Results and discussion

The improvement in the dispersibility of the ller in the poly-
mer matrix can be achieved not only by adjusting the melt index
of the polymer matrix and bymodifying the ller, but also by the
addition of a suitable amount of processing aid GPPS. Thus, the
PEEK/MWCNT composite-GPPSx were prepared, and their
frequency dependence of the room-temperature alternating
current (AC) conductivity are shown in Fig. 1a. The conductivity
of the PEEK/MWCNT composite without GPPS was about 3.5 �
10�2 S m�1. With an increase of the content of GPPS from
0.4 wt% to 1.0 wt%, the conductivity of the PEEK/MWCNT
composite-GPPS gradually increased. Moreover, the conduc-
tivity increased to 8.9 � 10�2 S m�1 aer introduction of
1.0 wt% GPPS, which is an increase of about 154%. However,
with a further increase of the content of GPPS to 2.5 wt% and
5.0 wt%, the conductivity decreased to 8.8 � 10�2 S m�1 and 7.8
� 10�2 S m�1, respectively. It could be seen that the conductivity
of the PEEK/MWCNT composite-GPPS shows an initial increase,
followed by a decrease as the weight fraction of GPPS increases.
The highest conductivity was achieved with the PEEK/MWCNT
composite-GPPS1.0 containing 1.0 wt% GPPS.

The changes in the conductivity of the PEEK/MWCNT
composite-GPPS depend on the dual roles of GPPS. On the
one hand, the dispersion of the MWCNTs in the PEEK matrix
could be improved as the content of GPPS in the composite
3298 | RSC Adv., 2018, 8, 3296–3303
increased, thereby increasing the conductivity of the composite.
On the other hand, the content of MWCNTs dispersed in the
PEEK matrix was reduced as the content of GPPS increased, due
to the intrinsic insulativity of the GPPS, thus the conductivity of
the PEEK/MWCNT composite-GPPSx decreased. A balance
between these two effects is achieved with the optimal loading
of GPPS of 1.0 wt%, which suggests that a small amount of GPPS
(1.0 wt%) was sufficient to enhance the conductivity of the
PEEK/MWCNT composites. Furthermore, the conductivity of
the composites became independent of frequency in the range
of 102–106 Hz. This may be because the content of MWCNTs was
sufficient to effectively provide a tunnel for hopping of the
electrons.

The high melt viscosity of PEEK with the low melt index
generally lead to failure of the ller dispersion and processing;
this disadvantage severely limits the applicability of this mate-
rial. High-temperature lubricant GPPS is an important pro-
cessing agent in decreasing the melt viscosity of composites. On
the one hand, it can reduce the entanglement between the
polymer chains, which helps to decrease the melt viscosity and
achieve the better dispersion of ller in polymer matrix; on the
other hand, it can decrease the friction between the composites
and processing equipment which contributes to the improve-
ment in the processability of exible and thin composite lms.
Fig. 1b shows the shear viscosity of the PEEK/MWCNT
composite-GPPSx without and with GPPS versus the shear
This journal is © The Royal Society of Chemistry 2018
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Table 1 Mechanical properties of PEEK/MWCNT composite-GPPSx

Amount of GPPS
(wt%)

Tensile strength
(MPa)

Elongation at
break (%)

0 115 37.2
0.4 115 38.8
0.7 115 46.4
1.0 115 45.1
2.5 112 37.7
5.0 108 35.1
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rate, and the afore-mentioned phenomenon is substantiated by
the data in this gure. The addition of GPPS evidently reduces
the melt viscosity of the PEEK/MWCNT composite-GPPSx.
Moreover, the shear viscosity of the PEEK/MWCNT composite-
GPPSx composite gradually decreased with increasing GPPS
content. Therefore, the addition of GPPS helps to decrease the
melt viscosity in the processing temperature range of the PEEK/
MWCNT composite, leading to better dispersion of the
MWCNTs in the PEEK matrix and higher electrical conductivity
of the PEEK/MWCNT composite.

To further illustrate the effect of the GPPS on the conduc-
tivity and melt viscosity of the PEEK/MWCNT composite, the
detailed observation of the cross-section morphology of the
PEEK/MWCNT composite and PEEK/MWCNT composite-
GPPS1.0 were carried out and shown in Fig. 2. The dispersion
of the MWCNTs in the PEEK/MWCNT composite without GPPS
was relatively inhomogeneous (Fig. 2a), and the place without
MWCNTs has been marked in the gure. In contrast, the
MWCNTs are found to be homogenously dispersed in the PEEK/
MWCNT composite-GPPS1.0 matrix (Fig. 2b), and almost no
obvious aggregation of the MWCNTs was observed due to the
regulation of the viscosity of GPPS. That is, the decrease in the
melt viscosity of the PEEK matrix facilitates dispersion of the
MWCNTs, thus improves the conductivity of the composites.
This is in accordance with the changes in the conductivity and
melt viscosity of the PEEK/MWCNT composite-GPPS without
and with GPPS.

The effect of GPPS on themechanical properties of the PEEK/
MWCNT composite were evaluated based on analysis of the
tensile strength and elongation at break of the composites. The
mechanical properties of the PEEK/MWCNT composite-GPPSx
are summarized in Table 1. Generally, any aggregation of the
MWCNTs could result in structural defects with detrimental
effects on the mechanical properties.26 From Table 1, it could be
found that the tensile strength of the composites remained
almost unchanged (115 MPa) with increase of the content of
GPPS from 0 to 1.0 wt%. However, with a further increase of the
content of GPPS to 2.5 wt% and 5.0 wt%, the tensile strength
decreased to 112 MPa and 108 MPa, respectively. In addition,
the elongation at break initially increased and then decreased,
when the content of GPPS increased from 0.0 wt% to 0.7 wt%,
the elongation at break of the composites increased from 37.2%
to 46.4%. However, the elongation at break gradually decreased
from 45.1% to 35.1% with the amount of GPPS increased from
1.0 wt% to 5.0 wt%.
Fig. 2 SEM image of cross-section surface of (a) PEEK/MWCNT
composite and (b) PEEK/MWCNT composite-GPPS1.0 (scale bar ¼ 3
mm).

This journal is © The Royal Society of Chemistry 2018
The changes in the mechanical properties of the PEEK/
MWCNT composites depend on the dual roles of GPPS. On
the one hand, the dispersion of the MWCNTs in the PEEK
matrix were improved as the content of GPPS increases, i.e., the
stress concentration of the PEEK/MWCNT composites was
reduced during the tensile test, thereby increasing the tensile
strength and elongation at break of the PEEK/MWCNT
composites. On the other hand, the lower strength and tough-
ness of GPPS as a processing aid becomes dominant with
increasing content of GPPS higher than 1.0 wt%, thus the
tensile strength and elongation at break of the PEEK/MWCNT
composites decreases. Based on these two effects, it can be
indicated that only a suitable amount of GPPS (1.0 wt%) was
sufficient to enhance the electrical conductivity and mechanical
properties of the PEEK/MWCNT composites.

The effect of adding GPPS to the composite on the thermal
stability of the PEEK/MWCNT composite-GPPSx were evaluated
via TGA under air atmosphere. Fig. 3 shows the thermal
degradation curves of the PEEK/MWCNT composite and PEEK/
MWCNT composite-GPPS1.0. The addition of GPPS did not
impact the thermal stability of the PEEK/MWCNT composite.
The temperature of 5% weight loss (Td5%) of the PEEK/MWCNT
composite-GPPS1.0 is about 595 �C, which is almost equal to
that of the PEEK/MWCNT composite. This phenomenon proves
that the addition of GPPS did not produce a negative effect on
the thermal stability of the PEEK/MWCNT composites, this can
be ascribed to restriction of the thermal motion of the PEEK
chains due to the better dispersion of the MWCNTs, thereby
Fig. 3 TGA curves of PEEK/MWCNT composite and PEEK/MWCNT
composite-GPPS1.0.

RSC Adv., 2018, 8, 3296–3303 | 3299
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Fig. 4 (a) Electrical conductivities on frequency and (b) TGA curves of
PEEK/wrapped MWCNT/GPPS1.0 composite films with different PEEK/
wrapped MWCNT proportion.
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leading to higher thermal stability of the composites. The TGA
curves of PEEK/MWCNT composite-GPPSx with different GPPS
contents are given in Fig. S1.†

The above mentioned experimental data show that the
addition of 1.0 wt% GPPS could effectively improve the elec-
trical and mechanical properties of PEEK/MWCNT composite
and not affecting its thermal stability, thus, the 1.0 wt% GPPS
was chosen as the optimism constituent for further intensively
studied.

In our previous study, we designed a EMI SE material, using
poly(ether sulfone) (PES) wrapped MWCNTs (noted as wrapped
MWCNTs) as conductive ller and dispersed in a high-melt-
index/low-melt-viscosity PEEK matrix by melt-blending
method, the MWCNTs wrapped in PES efficiently minimizing
the agglomeration of MWCNT and enhancing their dis-
persibility, unfortunately, high-melt-index/low-melt-viscosity
PEEK matrix used was not suitable for producing polymer
lms.13 In this study, a low-melt-index/high-melt-viscosity PEEK
matrix was adopted to meet requirements of preparation PEEK-
based composite lms. However, high-melt-viscosity is not
conducive to, even more harmful to the dispersion of MWCNTs
for PEEK. In order to improve the dispersibility of MWCNTs in
the high-melt-viscosity PEEK matrix, MWCNTs were modied
by PES as well as addition of 1.0 wt% GPPS. We compared the
conductivities and thermal properties of the PEEK/wrapped
MWCNT/GPPS1.0 composite lm with PEEK/MWCNT/GPPS1.0
composite lm (both two kinds of composite lms contain
1 wt% GPPS, and the weight ratio of the wrapped MWCNT or
MWCNT are 7 wt%), the comparison results are shown in
Fig. S2.† From Fig. S2,† it could be seen that the usage of PES
wrappedMWCNTs can signicantly enhance the conductivity of
PEEK/MWCNT/GPPS1.0 composite lm, which should be
ascribed that the modication of PES on MWCNTs can avoid
MWCNTs agglomeration and improve the dispersion of
MWCNTs in PEEK. Additionally, the introduction of PES slightly
decrease the thermal stability of PEEK/wrapped MWCNT/
GPPS1.0 composite lm, but its Td5% is still up to 583 �C,
namely PEEK/wrapped MWCNT/GPPS1.0 composite lm also
possesses good thermal stability. Thus, to prepare composite
lm with high shielding effectiveness as well as enough thermal
stability and mechanical properties, we choose wrapped
MWCNTs as conductive ller, and 1.0 wt% GPPS as a processing
aid, doing further investigation.

Fig. 4a shows room-temperature AC conductivities of PEEK/
wrapped MWCNT/GPPS1.0 composite lms as functions of
frequency, with different PEEK/wrapped MWCNT proportion
(PEEK wt%/wrapped MWCNT wt% ¼ 100/0–91/9). The
conductivities of composite lms were signicantly improved
with increasing ller loading, and attained 1.29 S m�1 when the
wrapped MWCNT up to 9 wt%. In addition, the conductivity of
PEEK lms increased with increasing frequency, implying
insulating behavior. However, 1 wt% composite lm showed
a plateau followed by a gradual conductivity increase with
increasing frequency, indicative of semiconducting behavior. At
MWCNT loadings above 3 wt%, the conductivities of composite
lms became independent of frequency in the range of 102–
106 Hz, which was mainly attributed to the fact that a certain
3300 | RSC Adv., 2018, 8, 3296–3303
content of wrapped MWCNTs was sufficient for them to inter-
connect and form conductive networks in the insulating PEEK
matrix.

Thermal stability is an important parameter affecting the
operational life of EMI shielding materials. Therefore, we
investigated the thermal stabilities of the above mentioned
PEEK/wrapped MWCNT/GPPS1.0 composite lms by TGA test
in air atmosphere. Fig. 4b illustrates the TGA curves of
composite lms with different wrapped MWCNT contents. The
initial decomposition curves of composite lms were shied to
higher temperature with the addition of MWCNTs, implying the
increased thermal stabilities of the composite lms. This
phenomenon was rationalized as follows, on the one hand,
MWCNTs possess good thermal stability,27 with their decom-
position temperature of greater than 600 �C, exceeding that of
pure PEEK; on the other hand, the network structure formed by
MWCNTs in the PEEK matrix hinders the thermal motion of
PEEK chains, thereby enhancing the thermal stability of PEEK.
The 5% weight loss temperature (T5%) of composite lms with
9 wt% wrapped MWCNT exceeded 586 �C, indicating their
superior thermal stability.

Since the good mechanical properties and light-weight are
important indicators determining the practical application of
the lms, the tensile strength, elongation at break and density
of PEEK/wrapped MWCNT/GPPS1.0 composite lms were eval-
uated and illustrated in Table 2.
This journal is © The Royal Society of Chemistry 2018
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Table 2 Mechanical properties and densities of PEEK/wrapped
MWCNT/GPPS1.0 composite films

PEEK/wrapped
MWCNT (wt%/wt%)

Tensile strength
(MPa)

Elongation at
break (%)

Density
(g cm�3)

100/0 89 180 1.2776
99/1 110 156 1.2932
97/3 109 128 1.3028
95/5 105 80 1.3150
93/7 102 62 1.3247
91/9 101 53 1.3380

Fig. 5 (a) EMI SE and (b) specific EMI SE for PEEK/wrapped MWCNT/
GPPS1.0 composite films with different PEEK/wrapped MWCNT
proportion at frequencies of 8.2–12.4 GHz. (c) Specific EMI SE of PEEK/
wrapped MWCNT/GPPS1.0 composite films (9 wt% wrapped MWCNT)
in four frequency ranges of 8.2–12.4 GHz (X band), 12.4–18 GHz (Ku
band), 18–26.5 GHz (K band), and 26.5–40 GHz (Ka band).
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The tensile strength of composite lms exceeded that of pure
PEEK lm, whereas an opposite trend was observed for elon-
gation at break, which was explained as follows, on the one
hand, MWCNTs increase the strength of composite lms; on
the other hand, the addition of MWCNTs decreases matrix
crystallinity and increases the amount of structural defects.13

Overall, the prepared composite lms exhibited relatively good
mechanical properties, which was attributed to the homoge-
neous dispersion and good interfacial adhesion discussed
above. The densities of PEEK and its composite lms gradually
increased with increasing ller content but did not exceed
1.34 g cm�3 for all lms. Compared to conventional metal-
based EMI shielding materials such as nickel–copper alloys
with densities as high as 8.6 g cm�3, PEEK/wrapped MWCNT/
GPPS1.0 composite lms exhibited the advantage of
combining low density with relatively high EMI SE.

The EMI SE of PEEK/wrapped MWCNT/GPPS1.0 composite
lms were measured at frequencies of 8.2–40 GHz to evaluate
the effects of the wrapped MWCNTs and GPPS, which was
determined by scattering parameters, according to the
equation:

EMI SE ¼ �10 lgjS21j2 ¼ Pout

Pin

where Pin and Pout stand for incident and transmission power,
respectively. It should be noted that EMI SE was positively
inuenced by lm thickness, the EMI SE increases as the
thickness of the sample increase, thus, to compare the EMI SEs
of lms more directly and convenient, specic EMI SE was
calculated by dividing the thickness of the composite
membrane, and the results are shown in Fig. 5b. As shown in
Fig. 5a, the SE of the PEEK/wrapped MWCNT/GPPS1.0
composite lms were signicantly increasing with the wrap-
ped MWCNT loading. This observation was explained by the
fact that increased ller content increases the number of
interconnected wrapped MWCNTs, interacting with the inci-
dent electromagnetic waves and thus results in higher SE. In
addition, the SE of all lms was almost independent of
frequency. The average SE of pure PEEK lm equaled only 0.05
dB,13 whereas that of the composite lm with a 9 wt% ller
loading equaled 10.5 dB, corresponding to 91% shielding. The
high performance of composite lm was mainly due to the good
dispersion of wrapped MWCNTs under the help of the GPPS,
which allowed conductive networks to be formed in the
This journal is © The Royal Society of Chemistry 2018
insulating PEEK matrix. Generally, electromagnetic waves inci-
dent on the surface of shielding materials give rise to the
phenomena of reection (R), absorption (A), and transmission
(T), with the overall SE being the sum of reection and
absorption (SER and SEA, respectively), i.e., SEz SER + SEA. The
PEEK/wrapped MWCNT/GPPS1.0 composite lms (9 wt%
wrapped MWCNT) used herein exhibited average SE, SER, and
SEA of 10.5, 3.3, and 7.2 dB at 8.2–12.4 GHz, respectively,
implying the dominance of absorption over reection and
RSC Adv., 2018, 8, 3296–3303 | 3301
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Table 3 A comparison of the average total EMI SE, tensile strength and T5% values of various reported composite materials with the present work
under optimal conditions

Material
Frequency
(GHz) SE (dB)

SSEa

(dB mm�1)
Thickness
(mm)

Tensile strength
(MPa) T5%

b (�C) Reference

PEEK/wrapped MWCNT/GPPS1.0 8.2–12.4 �10.5 58.3 0.18 101 586 This work
40 16.2 90.0 0.18

PEEK/wrapped MWCNT 12.0–18.0 �55 �27.5 2 91 583 13
Fe3O4@PANI/polyazomethine/PEEK 2.0–18.0 �10 5 2 11.17 �300 28
PANI–CNT/PSc 12.4–18 �24 24 1 — — 29
PS–PANI–clay 8.0 16.2 16.2 1 70.6 �320 30
PVB–PANI nanoberd 8.2–12.4 �26 33.3 0.78 — — 31
Poly lactide/graphene nanoplatelet 9.0 �14.3 9.53 1.5 — — 32
PC/MWCNTe 17.5 27.2 9 3 72 — 33
PMMAf/MWCNT 8.0–12.0 18 60.0 0.3 30 �200 34

a SSE: specic EMI SE, which was divided by the thickness of the composite lm. b 5% weight loss temperature in TGA test. c PANI: polyaniline; PS:
polystyrene. d PVB: polyvinyl butyral. e PC: polycarbonate. f PMMA: polymethyl methacrylate.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 3
/1

2/
20

26
 7

:1
4:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
indicating that these lms behaved as electromagnetic wave
absorbers. Fig. 5c shows specic SE values determined for
PEEK/wrapped MWCNT/GPPS1.0 composite lm (9 wt% wrap-
ped MWCNT) in four frequency ranges, namely 8.2–12.4 GHz (X
band), 12.4–18 GHz (Ku band), 18–26.5 GHz (K band), and 26.5–
40 GHz (Ka band), revealing that these values increased when
the frequency range changed from 8.2–18 to 18–40 GHz. For
example, the 9 wt% composite lm exhibited an specic SE of
�55.4 dB mm�1 in the range of 8.2–18 GHz, and was found to
increase to �94.9 dB mm�1 in the range of 18–40 GHz. The
average specic EMI SE was almost 74.6 dB mm�1 in the wide
range of 8.2–40 GHz. Thus, PEEK/wrapped MWCNT/GPPS1.0
composite lms exhibited superior specic EMI SE in a wide
frequency range, the detailed EMI SE and specic EMI SE of
PEEK/wrapped MWCNT/GPPS1.0 lm (9 wt% wrapped
MWCNT) at various frequencies are shown in Table S2.†
Furthermore, this value is superior to those recently reported
EMI SE composite lms, a comparison of the EMI shielding
property of PEEK/wrapped MWCNT/GPPS1.0 lm (9 wt%
wrapped MWCNT) with other composite lms under optimized
conditions is tabulated in Table 3.13,28–34

In addition, the prepared PEEK/wrapped MWCNT/GPPS1.0
composite lm (9 wt% wrapped MWCNT) possessed high ex-
ibility. As shown in Fig. 6a, the lms can be easily wound into
rolls and bent over a large angle, with no cracks and creases
Fig. 6 (a) Digital photographs of a PEEK/wrapped MWCNT/GPPS1.0
composite film with excellent flexibility, i.e., round into a roll, under
bending condition and fold into paper crane shape. (b) Cross-section
SEM image of composite film.

3302 | RSC Adv., 2018, 8, 3296–3303
appearing aer bending; moreover, due to the excellent exi-
bility, the lm can be fold into various shapes, i.e., paper crane.
The properties of composite lms were determined by the
dispersion of wrapped MWCNTs in the PEEK matrix, since the
important features such as conductivity and EMI SE were dis-
rupted by heterogeneity or ller aggregation. Fig. 6b shows the
cross-section SEM image of PEEK/wrapped MWCNT/GPPS1.0
composite lm (9 wt% wrapped MWCNT) with a typical roll
and composite lm fracture morphology, revealing that the lm
possessed smooth surface and wrapped MWCNTs were almost
uniformly dispersed in PEEK matrix, with no agglomeration or
entanglement observed. Besides, no open-ring holes or voids
were detected around wrapped MWCNTs, indicating good
compatibility and interfacial adhesion between the ller and
the matrix. Thus, the relatively good conductivity and EMI SE of
PEEK/wrapped MWCNT/GPPS1.0 composite lm could be
attributed to the addition of a well-dispersible conductive ller
(wrapped MWCNTs) and a high-temperature lubricant (GPPS).
4. Conclusion

In this study, a exible and lightweight PEEK/wrapped
MWCNT/GPPS1.0 composite lm for EMI SE were success-
fully produced. Due to the well-dispersible conductive ller
(wrapped MWCNT) and a high-temperature lubricant (GPPS),
the composite lm exhibited extremely enhanced EMI SE and
electrical conductivities compared to pure PEEK lm.
Remarkably, at a ller loading of 9 wt%, the electrical
conductivity of composite lms reached 1.29 S m�1 at 103 Hz,
with an specic EMI SE of�74.6 dB mm�1, which is superior to
those of other polymer-based EMI shielding materials.
Importantly, the produced composite lms were thin and
lightweight, exhibiting high exibility as well as high
mechanical and thermal properties. Based on these reasons,
we believe that such a lightweight and exible composite lm
with good mechanical properties and thermal stabilities for
wide-band EMI shielding can amplify the application scope of
PEEK based lms for electromagnetic shielding.
This journal is © The Royal Society of Chemistry 2018
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