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gh-strength and lightweight
microcellular polysulfone foam with a segregated
CNT network for excellent electromagnetic
shielding†

Yeping Xie,a Fan Ye,a Wenhua Chen,bc Jiahong Tanga and Pengju Liu *ad

Fabrication of microcellular polymer composite foam based on high-performance plastic is a promising

strategy for preparing the lightweight, high-strength and multifunctional materials. Herein, we proposed

a facile and green method to prepare microcellular polysulfone/carbon nanotube (PSU/CNTs) composite

foams with segregated structure by combining solid-phase milling and supercritical carbon dioxide

(scCO2) foaming. The segregated PSU/CNTs foam with as low as 5.0 wt% CNT was provided with a good

electrical conductivity of 5.2 S m�1 and an acceptable electromagnetic interference shielding

effectiveness (EMI SE) of 23.7 dB, respectively. Moreover, the segregated PSU/CNT foam exhibited an

ultralow percolation threshold of 0.06 vol%. An absorption-dominant shielding feature was observed for

segregated PSU/CNT foam, which could be attributed to the synergistic effect of the perfect CNT

networks and the microcellular structure in PSU domains. In addition, benefitting from the inherent

properties of the PSU matrix, foam density dropped to 0.69 g cm�3, and the material still possessed

a high specific compression strength of 38.8 MPa cm3 g�1. Therefore, our work provided an insight into

the preparation of lightweight, high-strength and multifunctional materials that might have great

potential applications in aerospace and military areas.
1. Introduction

Over the past 10 years, the rapid rise of the information tech-
nology, especially the explosive advance of portable devices has
brought convenience to our lives. However, it also causes
serious electromagnetic (EM) pollution invisibly, which not only
obstructs the normal use of electronic equipment but also does
great harm to human health as well as national defense
security.1–4

In contrast to the traditional metallic shielding materials,
conductive polymer composites (CPCs) show signicant
advantages for electromagnetic interference (EMI) shielding,
due to their unique characteristics, including lightweight,
tunable electrical conductivity, resistance to corrosion, and
good processability.5–13 As is known to all, the value of elec-
tromagnetic interference shielding effectiveness (EMI SE) over
ngineering, Polymer Research Institute of
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tion (ESI) available. See DOI:

003
20 dB is a general requirement for CPCs materials to meet the
commercial application.14–16 In order to achieve this target,
a high content of conductive llers have to be incorporated
into the electrically insulated polymer matrix. However, this in
turn results in higher cost, deteriorated processability and
degraded mechanical performance.17–19 Recently, constructing
a segregated structure, differing from the traditional melt
blending and solution mixing, has been widely recognized as
an efficient strategy to enhance the electrical conductivity and
EMI SE of the CPCs at a relatively low conductive ller
loading.20–28 For segregated CPCs, the conductive llers are
selectively located at the interfacial regions rather than scat-
tering over the whole system, and thus the conductive
networks are readily constructed along the polymer
surface.29,30 Zhang et al.31 comparatively evaluated the EMI SE
of extrusion blended and segregated PPS/CNT composite, and
investigated the critical role of the segregated network for
enhancement in the shielding performance. The results
showed that the segregated PPS/CNT composite with only
5.0 wt% CNTs was provided with a high EMI SE value of 49.6
dB and electrical conductivity of 72.0 S m�1, while a low EMI
SE of 24.9 dB was observed for the extrusion blended
composite with an equal amount of CNTs. However, a signi-
cant increase in the reected power coefficient always occurs,
which can be attributed to the impedance mismatch at
This journal is © The Royal Society of Chemistry 2020
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View Article Online
interfacial regions between air and CPCs.32–34 This reection
dominant mechanism makes CPCs unsuitable for some
specic applications where EMI shielding is required rather
than generating the secondary EM reections. The reected
EM wave caused by shielding materials will cause severe
adverse effects on the neighboring devices and circuits.

Structural design of polymer composites is an efficient
strategy for improving the material's properties and has
attracted increasing attention from academic and industrial
researchers. Porous CPCs, fabricated by foaming technology,
are regarded as new alternative candidates for EMI shielding
because of lightweight and absorption-dominated shielding
mechanism by incorporating air phase.35–39 Moreover, the
massive interfaces existing in the porous CPCs can improve the
EMI SE by multiple scatterings and reections, and thus
consuming the energy of electromagnetic waves ultimately.40,41

So far, the porous CPCs with segregated conductive network is
seldom reported.

Recently, polymer foams are mainly based on the general
plastics, including polystyrene, polyethylene, polyurethane,
polyvinyl chloride, etc. However, these conventional polymer
foams suffer from the unsatisfactory performance limited by
their inherent characteristics, which cannot meet the special
requirements in aerospace and other high-end applications.
Alternatively, polysulfone (PSU), as a typical special engineering
plastic, has the excellent comprehensive performance,
including intrinsic ame retardancy, good chemical resistance,
high heat resistance andmechanical strength.42However, to our
knowledge, few studies have been conducted on the preparation
of PSU and PSU-based foams because of the high processing
temperature (270–300 �C). Thus, some advanced methods
should be developed to prepare the lightweight PSU-based
foams with high-strength and multifunction, which will facili-
tate the potential applications in widespread elds.
Fig. 1 Illustration showing the fabrication process of the PSU/CNT com

This journal is © The Royal Society of Chemistry 2020
To solve the above issues, a novel and green strategy was
proposed in this study to prepare the high-performance PSU/
CNTs composite foams, including the construction of segre-
gated CNTs network in PSU composites through solid-phase
milling, and then creating microcellular structure in PSU
domains by scCO2 foaming. The prepared PSU/CNTs composite
foams were endowed with the high electrical conductivity, EMI
shielding and mechanical strength, showing a huge potential to
meet some specic application in the harsh environment.
Moreover, the porous segregated CPCs display an absorption
dominant EMI shielding mechanism, which is more suitable
for applications where the secondary reection should be
avoided as much as possible.
2. Experimental section
2.1. Materials

PSU particles with the size range from 150 to 250 mm were
supplied by Suyu Plastic Co., Ltd (Shanghai, China). CNTs
(NC7000, Belgium) with the average diameter of 9.5 nm and
length of 1.5 mm were purchased from Nanocyl S.A. CO2 was
provided by Chengdu Xuyuan Co., Ltd., with the purity around
99.5%.
2.2. Fabrication of the PSU/CNTs composite foams

The fabrication of the segregated PSU/CNTs composite foam is
shown in Fig. 1. Firstly, CNTs and PSU particles were mixed in
a ball milling machine (QM-3SP4, Nanjing Nanda instrument
Co., Ltd, China) for 1 h with a speed of 500 rpm to prepare
CNTs coated PSU complex particles. Then, the complex parti-
cles were molded into a PSU/CNTs composite at 320 �C for
15 min, under a pressure of 10 MPa. The segregated PSU/CNTs
composites (denoted as s-PC) with various CNTs contents of
0.1, 0.5, 1.0, 3.0, and 5.0 wt% were prepared. For convenient,
posite foams with segregated structure.

RSC Adv., 2020, 10, 11994–12003 | 11995
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Table 1 Some parameters of s-PCF at various processing conditions

CNTs content in
foamed samples (wt%) Apparent density (g cm�3) Expansion ratio Foaming temperature (�C)

1 0.83 1.49 165
0.65 1.84 170
0.45 2.68 175

3 0.84 1.50 165
0.68 1.85 170
0.47 2.72 175

5 0.86 1.47 165
0.69 1.83 170
0.48 2.63 175
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composite samples with different CNTs content were dened
as s-PC-0.1, s-PC-0.5, s-PC-1, s-PC-3, s-PC-5. As a comparison,
the conventional extruding PSU/CNTs composite (denoted as
e-PC) with CNTs llers distributed randomly in PSUmatrix was
obtained. PSU and CNTs were mixed in a HAAKE internal
mixer (150 rpm, 20 min) and molded at 320 �C and 10 MPa for
10 min. Aer saturated by scCO2 (14 MPa and 170 �C) in a high-
pressure vessel for 90 min, the PSU/CNTs composite foams
(denoted as s-PCF or e-PCF) were ultimately prepared by rapid
depressurization (5 MPa s�1). It should be noted that the
s-PCF-5 with different mean densities of 0.86, 0.69 and
0.48 g cm�3 were obtained through changing the foaming
temperature, including 165, 170 and 175 �C, and the related
parameters, including apparent density and expansion ratio
were listed in Table 1. Due to relatively low loading, the
addition of CNTs almost had little effect on the nal foam
density.
2.3. Characterizations

The morphologies of PSU particles coated with CNTs, the
fractured surfaces of solid and foamed PSU composites were
studied using the SEM equipment (Inspect F, FEI) at 0.5 torr
and 15 kV. The liquid nitrogen was used to freeze the samples'
structure and they were fractured immediately and covered
with Au coating. The mean pore size was calculated by
analyzing the SEM images through the soware Nano-
Measurer. In order to observe the segregated structure more
prominently, the solid s-PC samples were cut into a thin lm
with a thickness of 20 mm through the microtome and the
translucent lm was inspected through an optical microscope
(Leica DM2500P) with a Micro-Publisher 3.3 RTV CCD camera.
The densities of PC (r) and PCF (rf) were conducted on an
automatic density instrument (MDMDY-350, Meidi analytical
Co., Ltd., China). The electrical conductivities of the s-PC with
1.0, 3.0, and 5.0 wt% CNTs and the e-PC composites with 3.0
and 5.0 wt% CNTs as well as s-PCF with 3.0, and 5.0 wt% CNTs
were investigated using a four-point probe instrument (RK-FA,
Ningbo Ruikeweiye instrument Co., Ltd, China). The other
samples with low CNTs loading were measured by a Fluke 15
B+ digital multimeter (Fluke, USA). In order to eliminate the
effect of the contact resistance, the cross-sectional of the
circular sample was coated with a thin layer of silver. The
electrical conductivity was calculated using the equation s ¼
11996 | RSC Adv., 2020, 10, 11994–12003
L(SR), where s and R represent the electrical conductivity and
electrical resistance, and L and S represent the length and
cross-sectional area of the circular sample. For the electrical
conductivity test, compact samples were prepared in a circular
column with a diameter of 13 mm and a height of 2 mm and
the foam samples were measured directly. In all cases, two
measurements were performed for each sample and 5 samples
for each PSU/CNTs composite were prepared, last, the average
values were obtained. The EMI shielding performance of the
PSU/CNTs composites and foams in the X-band frequency
(8.2–12.4 GHz) was measured using a high-performance
network analyzer (Agilent N5247A) connected with a coaxial
test cell (APC-7 connector). The sample is in the disk shape
with the thickness of 2.0 mm and diameter of 13.0 mm. At
least ve sample replications were performed for each case,
and the average values were reported. The reected power
coefficient (R), absorption power coefficient (A), transmitted
power coefficient (T), as well as microwave reection shielding
(SER) and microwave absorption shielding (SEA) were obtained
by calculating the scattering parameters (S11 and S21) using the
following equations.43

R ¼ |S11|
2 (1)

T ¼ |S21|
2 (2)

SER ¼ �10 lg(1 � R) (3)

SEA ¼ �10 lg(T/(1 � R)) (4)

SETotal ¼ SEA + SER + SEM (5)

Among them, when SETotal is greater than 10 dB, microwave
multiple internal reections (SEM) can be ignored.25

Compression property of s-PCF was tested using a universal
machine (Instron 5567, Instron Co., Ltd., United States).
Foamed samples were prepared from a solid sample with
a diameter of 16 mm and a height of 3 mm. Aer foaming, the
slight change of diameter and obvious increase of height were
observed in all foamed samples, as shown in Fig. S1.† Then the
foamed sample were cut into 3 mm in height using a sharp
knife used for compression testing, and the crosshead speed
was 5 mm min�1.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of (a) PC-5 complex granules (inset is the magnified SEM image); (b) cryo-fractured surface of the (inset is the magnified SEM
image); (c) OM image of the s-PC-5 slice.
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3. Results and discussion
3.1. Morphology and microstructure

The morphologies of PSU granules coated with CNTs are shown
in Fig. 2a. PSU granules are irregular-like granules with an
average diameter of 190 mm. From the inset image in Fig. 2a,
CNTs llers are homogeneously and tightly enriched on the
surface of the PSU particles, which will facilitate the construc-
tion of perfect conductive networks in the subsequent pro-
cessing and foaming steps. In order to give an intuitive insight
into the conductive pathways and identify the formation of
conductive networks in the s-PC, the fractured surface and
detailedmicrostructure of the s-PC-5 was further investigated by
SEM observation. From Fig. 2b, massive CNTs are squeezed
Fig. 3 SEM images of (a) pure PSU foam; (b) s-PCF-1; (c) s-PCF-3; (d) s-P
PCF-5 foamed at the same condition of 14 MPa and 165 �C.

This journal is © The Royal Society of Chemistry 2020
among the interfacial regions and joint the neighboring PSU
domains, clearly indicating the formation of the perfect segre-
gated network. The magnied image (inset in Fig. 2b) reveals
the directive enrichment of CNT along the boundaries of the
PSU domains.44 Moreover, the OM observation was also used to
conrm the successful establishment of perfect segregated
structure in a further vivid manner and the related photo is
displayed in Fig. 2c. As expected, we can nd a honeycomb-like
structure in this photo where the continuous CNTs phases (dark
line) surround the isolated PSU domains (bright regions). When
the CNTs loading is as low as 0.5 wt%, the interconnected
conductive network is constructed (Fig. S2†), and the conduc-
tive CNTs pathways become denser and thicker with the
increase of CNTs content. The unique segregated conductive
CF-5; (e) magnified SEM image of (d); (f) SEM images of conventional e-

RSC Adv., 2020, 10, 11994–12003 | 11997
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networks dramatically improve the utilization efficiency of
CNTs and are promising to fabricate PSU/CNTs composite
foams with good electrical conductivity and EMI shielding
performance.

Fortunately, aer foaming by scCO2, the original segregated
conductive networks still exist in the interface of PSU granules
and only with slight damage. What's more interesting is that s-
PCF show the similar cellular structure with the PSU foams
because the CNTs selectively distribute on the surface of PSU
particles and do not act as the heterogeneous nucleation sites.45

In contrast, the cell size of e-PCF is smaller than that of s-PCF.
According to the classical nucleation theory, the introduction of
CNTs can signicantly increase the nucleation sites, in addi-
tion, well-dispersed CNTs also improve the melt strength of PSU
matrix resins.46–48 As shown in Fig. 3b, the CNTs are distributed
in each cellular wall and the random distribution of CNTs
greatly reduces their utilization efficiency. As a result, e-PCF will
be provided with much lower the electrical performance and
EMI SE property than s-PCF. Besides, the pore size distributions
of PCF with different CNTs content were determined by statistic
soware and plotted in Fig. 4. The values of the mean pore size
of the pure PSU and segregated composite foams range from 8.8
to 11.6 mm. As expected, e-PCF-5 presents smaller pores with
a mean size of 6.8 mm, which is due to the signicant hetero-
geneous nucleation of CNTs.
3.2. Electrically conductive and EMI shielding performance

Achieving a good EMI shielding property is urgently needed for
the commercialization of materials in aerospace and electronics
industry applications. As we all know, the EMI shielding of
CPCs is tightly related to their electrical conductivities.15,20,22
Fig. 4 Cell size distribution of PSU and PSU/CNTs composite foams prep
s-PCF-1; (c) s-PCF-3; (d) s-PCF-5; (e) e-PCF-5.

11998 | RSC Adv., 2020, 10, 11994–12003
Fig. 5a illustrates the electrical conductivity of solid and foamed
segregated PSU/CNTs composites with various CNTs loadings.
Continuous improvement in electrical conductivity is observed
with increasing CNTs content. Both PSU/CNTs composites and
foams present the typical percolation behavior, for example,
a sharp variation of nearly 9 orders of magnitude in electrical
conductivity for solid PSU/CNTs composites with CNTs loading
increasing from 0.1 to 0.25 wt%. For comparison, the conduc-
tive performance of solid and foamed e-PC with randomly
distributed CNTs were also investigated (shown in Fig. S3†). The
electrical conductivity of the s-PC is far superior to that of e-PC
at the same CNTs loading. For instance, the electrical conduc-
tivity of s-PC-3 reached 6.9 S m�1, much higher than 1.0 S m�1

that is the target value satised with commercial EMI shielding
applications. When the loading of CNTs increases to 5 wt%, an
excellent electrical conductivity value of 35.4 S m�1 is achieved,
while the electrical conductivity of e-PC-5 is as low as 2.6 S m�1.
Aer foaming by scCO2 technology, the foamed segregated PSU/
CNTs composite is provided with a declined electrical conduc-
tivity than solid composite, which can be attributed to the
damaged CNTs network caused by cellular structure formed in
PSU domains. It was reported that incorporating cellular
structure could enhance the electrical conductivity of CPCs due
to the rearrangement of conductive llers in cell walls.49,50 But
cell size of the cellular structure generated in PSU/CNTs
composite is in the range of several to tens of microns, much
larger than the dimensions of CNTs ller, and thus no align-
ment of CNTs occurs during the foaming process. Fortunately,
the electrical conductivity of s-PCF-5 (with an expansion ratio of
1.44) is kept at the high level of 5.2 S m�1, which is much higher
than that of e-PCF-5 (0.016 S m�1). In this way, it can be
ared at the same condition of 14 MPa and 165 �C: (a) pure PSU foam; (b)

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Electrical conductivity versus CNTs loading for the solid and foamed segregated PSU/CNTs composites (the inset shows the fitted
results of experimental data of s-PC and s-PCF according to the percolation law); (b) EMI SE in the frequency of 8.2 to 12.4 GHz for the s- and e-
PC with the thickness of 2.0 mm as a function of CNT contents; (c) EMI SE as a function of frequency X-band for the s- and e-PCF with the
thickness of 2.0 mm as a function of CNT contents.
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concluded that selective distribution of CNTs in the interfacial
regions is a more efficient strategy for constructing the
conductive network than random distribution in polymer
matrix, and this unique network can be well maintained even in
the subsequent foaming procedure.

Fig. 5b and c show EMI SE of the PSU/CNTs composites and
foams as a function of CNTs loading in the X-band (8.2–
12.4 GHz). It can be clearly seen from Fig. 5b the s-PC exhibit
a gradually enhanced EMI SE with an increase in CNTs content.
Higher loading of CNTs induces a larger number of free elec-
trons, which not only improves the electrical conductivity but
also attenuates the incident electromagnetic waves inside the
segregated PSU/CNTs composite. The segregated composite
containing 5.0 wt% CNTs is provided with the excellent EMI
shielding performance and with the shielding effectiveness as
high as 41 dB. As expected, resulting from the negative effect of
foaming on electrical conductivity, a declined EMI shielding
property was observed in the s-PCF. For example, the EMI SE of
s-PCF-5 is decreased to 23.7 dB due to the partial damage on the
original CNTs network aer foaming. However, the conven-
tional extruded composite foams show obviously decreased EMI
SE and only 10.4 dB is obtained for e-PCF-5. As we mentioned
above that the foaming process will unavoidably weaken the
electrical conductivity and EMI shielding performance of
segregated composites. However, benet from CNTs llers
enriching on the interfaces among porous PSU domains, the
segregated composite foams exhibit signicant advantages over
the traditional composite foams with randomly distributed
CNTs. Therefore, the unique porous segregated structure we
constructed in CPCs is practicable for preparing
Table 2 The related parameters about EMI shielding properties of s-PC

Sample Apparent density (g cm�3) EMI SE (

s-PC-5 1.27 41.2
s-PCF-5 0.86 23.7

0.69 19.8
0.48 15.6

This journal is © The Royal Society of Chemistry 2020
multifunctional composite foams with the satisfactory
conductive and EMI shielding performance. From the data lis-
ted in Table 2, the expansion ratio (i.e. foam density) has a great
effect on the EMI shielding performance of foamed sample. The
EMI SE value of s-PCF-5 declined from 23.7 to 15.6 dB with its
apparent density decreasing from 0.86 to 0.48 g cm�3. More-
over, the specic EMI SE, calculated by the ratio of EMI SE and
apparent density, was proposed to evaluate the shielding
property of the foamed materials. The s-PCF-5 with apparent
density of 0.48 g cm�3 had a specic EMI SE value of 32.5 dB
cm3 g�1, which was basically at the same level as the solid s-PC-5
composite.

To better understand and further enhance the EMI shielding
behavior of the composites with porous segregated structure, it
is necessary to analyze the main EMI shielding mechanism
including absorption and reection. Thus, the contributions of
SEA and SER to EMI SE of the solid and foamed PSU/CNTs at the
specic frequency of 10.0 GHz are determined by the scattering
parameters (Fig. 6a and b). Apparently, for both composites and
foams, SEA raises signicantly with the increase in CNTs
loading, and SER uctuates slightly. Meanwhile, SEA is much
larger than SER among all samples. This result distinctly
conforms an absorption-dominated shielding rather than
reection mechanism, mainly due to the generation of the
unique segregated network. For instance, SEA and SER of the s-
PC-5 are 36.9 and 4.3 dB at 10.0 GHz, respectively, which means
that the absorption shielding contributes a much larger
proportion (89.6%) than the reection shielding. For compar-
ison, the EMI SE of the e-PC-5 with randomly distributed CNTs
was also investigated. The SEA and SER of the e-PC-5 are 14.2
F with various apparent densities

dB)
Specic EMI
SE (dB cm3 g�1)

Specic compression
stress (MPa cm3 g�1)

32.4 —
27.6 36.4
28.7 38.8
32.5 22.1
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Fig. 6 (a) Comparison of SET, SEA and SER at the frequency of 10 GHz for the (a) solid and (b) foamed s- and e-PC with various CNTs contents;
comparison of T, R and A at the frequency of 10 GHz for the (c) solid and (d) foamed s- and e-PC composites with various CNTs contents.
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and 3.9 dB at 10.0 GHz, respectively, indicating the contribution
of absorption is only 78.5%. Aer foaming, the samples with
porous segregated structure show the further increased ratio of
SEA/SET (92.1%), while the ratio of the foamed sample with
randomly dispersed CNTs is as low as 58.3%. In a word, inte-
grating the cellular structure with CNTs conductive networks
will signicantly enhance the ability of porous segregated
materials to absorb EM waves.

Considering that SEA and SER only represent the capability of
shielding electromagnetic waves that can enter materials, and it
is also needed to study the transfer behavior of EM wave inci-
dent on the material surface. Fig. 6c and d show the power
coefficient (including T, R, and A) of the solid and foamed PSU/
CNTs composites as a function of CNTs content. The variation
in the power coefficient of segregated composites before and
aer foaming was comparatively studied. For the solid sample,
T changes slightly with the increase of CNTs content, and R
experiences a signicant enhancement with CNTs loading
rising to 3 wt%, which is due to the impedance mismatch at
interfaces caused by the relatively high conductivity of s-PC.
Aer foaming, a slight change is observed in T, except for the
sample containing 1 wt% CNTs with low electrical conductivity.
The value of R decreases greatly because of the resistance
reduction caused by the introduction of cellular structure. In
this way, EM waves can easily enter into the interior of the
samples and along with a small fraction of reections on their
surface. The unique porous segregated structure, combining
the micropores and CNTs networks can greatly facilitate the
12000 | RSC Adv., 2020, 10, 11994–12003
incident microwaves to be absorbed and followed by converting
into thermal energy through the multiple reections and scat-
terings on the multi-level interfaces of the CNTs conductive
networks and cellular walls.

In addition, a comparative study of samples with randomly
distributed and segregated CNTs was also conducted. Before
foaming, the values of A, T, and R are almost the same, while the
segregated foams are provided with the higher A than the
randomly distributed one aer foaming. Meanwhile, the former
has lower T and R values than the latter. This result further
conrms that this multi-level structure can endow segregated
composite foams with the excellent absorption-dominated EMI
shielding performance.

Based on the above results, the absorption-dominant
shielding feature can be mainly attributed to the synergistic
action of the perfect segregated CNTs networks and the cellular
structure in the PSU domains. Fig. 7 illustrates the microwave
disseminating across the solid and foamed segregated PSU/
CNTs composites. Aer incorporating the uniform micropores
in the CNTs conductive networks, EM reections at the
boundaries occurs, which is caused by the reduced impedance
mismatch between the continuous composite wall and air.
Compared with the solid composites, EM waves will easily enter
into the interior of foams accompanying with a small amount of
reection on their surfaces. Moreover, once EMwaves enter into
the porous PSU matrix embedded with CNTs conductive
networks, they will be scattered or multi-absorbed through
dissipation in the form of heat. Therefore, introducing the
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Schematic representation of microwave transfer across the (a) s-PC and (b) s-PCF.

Fig. 8 Compression performance of the composite foams: (a) compression-strain curves and (b) compression stress, Young's modulus of the s-
PCF-5 with different density.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 1

1:
21

:1
5 

PM
. 

 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
microcellular structure into the segregated composites can
provide the superior EMI shielding absorption property than
these conventional materials.

Fig. 8 displays the compression properties of s-PCF-5 at three
different densities (their cell morphology and cell size distri-
bution are shown in Fig. 4, S4 and S5†). As shown in Fig. 8a, s-
PCF shows the compressive behavior of an initial linear elastic
region and a followed yielding region. Furthermore, it is
obvious that the composite foams present a declining trend in
both compression strength and compression modulus due to
the increased foaming ratio. The results of compression tests
indicate that smaller cell size will always induce the better
mechanical performance, for example, upon the compressive
This journal is © The Royal Society of Chemistry 2020
strain of 30%, the mean pore size of s-PCF decreasing from 23.2
to 9.4 mm leads to 190.9% and 100.4% enhancement in the
compression stress and compression modulus, respectively. In
addition, the specic compression stress of s-PCF-5, dened by
the ratio of compression stress and foam density also declined
to 22.1 MPa cm3 g�1 as the foam density decreasing to
0.48 g cm�3, which further conrmed the negative effect of
excessive foaming on mechanical property.
4. Conclusion

In summary, we successfully fabricated PSU/CNTs composite
foams with segregated conductive networks via integrating the
RSC Adv., 2020, 10, 11994–12003 | 12001
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solid-phase milling and scCO2 foaming. The formation of
a porous segregated structure based on CNTs conductive layers
selectively enriching on the interfaces of the porous polymer
matrix signicantly improve the utilization efficiency of CNTs.
The obtained PSU/CNTs composite foams were provided with
high conductivity (5.2 S m�1) and EMI SE (23.7 dB) at low CNTs
concentration of 5.0 wt%, along with an extremely low perco-
lation threshold of 0.06 vol%. Benecially, the porous PSU/
CNTs composites possessed an absorption-dominant shield-
ing mechanism and markedly reduced EM reection to the
environment, compared to the compact ones with CNTs
randomly distributed regardless inside or at the interface.
Moreover, thanks to the inherent properties of the PSU matrix
resin, even if the foam density drops to 0.69 g cm�3, the
material still possesses strong mechanical properties. This
study presents a facile, green method to manufacture the
microcellular composites embedded with conductive CNTs
networks and provides a new insight into the development of
microcellular conductive materials. Therefore, it can be
concluded that the prepared composite foams with excellent
EMI shielding property and high strength may have great
potential in aerospace and military applications.
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