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adient vapor grown carbon fiber
based polyurethane foam for shape memory driven
microwave shielding†

Yongjie Yan,a Hong Xia,b Yiping Qiu,c Zhenzhen Xud and Qing-Qing Ni *bd

Gradient vapor grown carbon fiber (VGCF) based shape memory polyurethane foam (VGCF@SMPUF) was

fabricated by alternate dipping in a gradually diluted VGCF@SMPU/DMF solution and distilled water for

shape memory driven microwave shielding. Shape memory performance for this VGCF@SMPUF was

achieved by heat transfer of thermally conductive VGCF. Shielding effectiveness (SE) was adjusted

through different degrees of angle recovery. A consistent shielding effect from either side indicated that

electromagnetic reflection may take place at both the surface and inside of the non-homogeneous

composite shield. For shape memory effect, hot compression made this VGCF@SMPUF achieve a faster

recovery time and higher recovery ratio owing to improved thermal conductivity. Moreover,

VGCF@SMPUF, which was bent to the positive side (PS) with a higher VGCF content, showed shorter

recovery time and higher recovery ratio than that bent to the negative side (NS) with a lower VGCF

content. We attribute this result to the relatively small mechanical compression strength of the negative

side with the lower VGCF content at the bending point when expanding from the positive side.

Furthermore, hot compression obviously improved the shielding effectiveness of the VGCF@SMPUF,

mainly through a considerable increase of the electrical conductivity. The VGCF@SMPUF hot compressed

to a thickness of 0.11 mm achieved a SE value of�30 dB, corresponding to a shielding efficiency of�99.9%.
1. Introduction

Over the past few decades, conventional metallic composites
have been widely investigated in the eld of electromagnetic (EM)
shielding for applications including aviation and radar systems,
restricting electromagnetic interference (EMI), and protecting
human health from EM radiation, especially that of the micro-
wave frequency band. Recently, carbon based nano/micro-
composites, such as graphene,1–3 carbon nanotubes (CNTs),4–6

carbon black (CB),7 graphite,8 and carbon nanobers (CNFs),9

have attracted considerable attention for EM shielding owing to
their high specic surface areas, electrical conductivity, and
unique one, two, and three dimensional structures10,11 of these
materials. Carbon-based composites can take different forms
such as lms, foams, nonwoven fabrics, porous materials, and
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textiles. Different applications benet from additional properties
such as being light weight and resistant to environmental
corrosion oxidation and having high strength and exibility.12–16

Consequently, carbon/polymer composites, as an important
group of carbon composites, are considered important in the
eld of EM shielding because of the rich variety of available
natural and synthetic polymers, which can be modied and
adjusted for targeted properties.

Rapid development of advanced intelligence security and
smart electronic equipment has led to demand for functional
EM shielding devices, which can respond to external stimulus
(i.e., electricity, heat, and light) or/and have tunable shielding
effect, such as controllable EM shielding switch for cutoff and
reception of EM signals.17–24 For example, Wang and co-workers
have reported a kind of hydro-sensitive sandwich structure by
embedding porous polypropylene non-woven spacers into
highly conductive pyrolytic graphite papers. In the presence and
absence of polar water molecules, porous spacers achieved
a switchable structural transformation through polar induced
interfaces. Thus, under dry and wet conditions, the sandwich
structures exhibited weak and strong EM shielding ability,
respectively.25 Furthermore, Chen et al. prepared a biomass-
derived electrically conductive macroscopic carbon grid
(MCG) by carbonizing wood-pulp fabric matting. They found
that double-layered MCG showed tunable EM shielding
performance by varying the interleaving degree of the stacked
RSC Adv., 2019, 9, 9401–9409 | 9401
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Fig. 1 Schematic illustration showing fabrication of gradient VGCF@SMPUF. (a) Alternative dipping of PP substrate in VGCF@SMPU/DMF (A) and
DL water (B) with partial removal of solution A and addition of solution C after each dipping procedure into solution A; (b) chemical structure of
SMPU; (c) two-stage drying and hot prepress of VGCF@SMPUF.
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View Article Online
grids through tiny translational motion.26 Therefore, increasing
attention is being paid to developing carbon based shielding
composites for functional EM shielding.

In recent years, many types of shape memory polymers
(SMPs) containing lms, foams, bers, hydrogels, and fabrics,
have been reported, which can respond to various external
stimuli such as heat, electricity, light, chemical solvent and
pH.27–33 In most cases, shape recovery and xity effects, which
include recovery time, ratio, force, and xity ratio, were mainly
studied to estimate primary performance of those SMPs.
However, in terms of the evaluation for their practical applica-
tions, little relevant work has been performed except for limited
applications, such as so actuators, functional textures, and
medical applications.34–40 As for the reason, there is still a limited
understanding of how SMPs might be applicable to different
elds. Thus, with the aim of expanding applications of SMPs.We
therefore introduced shape memory polymers to EM shielding
eld for the development of functional shielding devices.

In this research, we fabricated gradient vapor grown carbon
ber (VGCF) based shape memory polyurethane foam
(VGCF@SMPUF) via alternatively dipping in distilled (DL)
water, and a VGCF containing SMPU/DMF solution with
a continuously decreasing VGCF concentration, for shape
memory driven microwave shielding. The shape memory effect
was achieved by heat transfer of thermally conductive VGCF.
The shielding effectiveness (SE) of this VGCF@SMPUF was
controlled by different degrees of shape recovery. Moreover, the
gradient distribution of the VGCF could directionally improve
the efficiency of the shape recovery. Furthermore, microwave
shielding of this VGCF@SMPUF was also be adjusted by
different degrees of hot compression.
Fig. 2 Raman spectrums of VGCF, SMPUF, and VGCF@SMPUF.
2. Experimental
2.1 Materials

Polyurethane (MM 6520, SMP Technologies Inc, Japan), Vapor
grown carbon ber (VGCF, Showa Denko K. K., Japan), N,N-
9402 | RSC Adv., 2019, 9, 9401–9409
dimethyl formamide (DMF, Wako Pure Chemical Industries,
Ltd), DL water (Wako Pure Chemical Industries, Ltd), and all
other reagents were used as received without further
purication.
2.2 Fabrication of gradient VGCF@SMPUF

On the basis of H2O–DMF solvent exchange, gradient
VGCF@SMPUF was fabricated by alternate dipping of a PP
substrate in DL water, and VGCF containing SMPU/DMF solu-
tion, where the VGCF concentration decreased for later dipping
cycles, as illustrated in Fig. 1. Specically, 2 g of VGCF (electrical
conductivity of 1 � 104 S cm�1, ber diameter of �150 nm) was
at rst dispersed in 100 mL 80 mg mL�1 of a SMPU/DMF
solution by sonication for 1 h and magnetic stirring for 1 h in
turn. Then, a polypropylene (PP) substrate was alternately dip-
ped into solution A (VGCF@SMPU/DMF), and solvent B (DL
water) for 25 cycles. Aer each dip into solution A, 5 mL of
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a–d) Digital images of positive and negative sides of gradient VGCF@SMPUF and corresponding FESEMmorphologies; (e) cross sectional
view of gradient VGCF@SMPUF.

Fig. 4 (a) Structure information of VGCF@SMPUF; (b and c) weight contents and electrical conductivities for PS and NS of VGCF@SMPUF.
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solution A was removed, and 10 mL of solution C (SMPU/DMF),
having the same SMPU concentration as that of solution A, was
added. The mixture was then sonicated for 5 min and
magnetically stirred for 5 min in turn to uniformly disperse the
VGCF. Next, the lm formed on the PP substrate was suspended
in air and dried slowly by fan at room temperature (RT) for 1
week. The lm was peeled off and dried in an oven at 80 �C for
48 h. Finally, the obtained gradient VGCF@SMPUF was pre-
pressed at 80 �C for 12 h. Pure SMPUF was similarly prepared by
alternate dipping into an 80 mg mL�1 SMPU/DMF solution and
DL water for 25 cycles.
Fig. 5 Strain–stress curves of pure SMPUF, and gradient
VGCF@SMPUF.
2.3 Characterization

The morphologies and structures of the VGCF@SMPUF speci-
mens were characterized separately by eld emission scanning
electron microscope (FE-SEM, Hitachi S-5000, 20 kV) and
Raman spectrometer with 532 nm laser excitation (HoloLab
series 5000, Kaiser Optical Systems). Conductivity was
measured by MCP-HT450 conductivity meter (Dia Instruments
Co.) using standard four-probe method, and mechanical
This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 9401–9409 | 9403
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Fig. 6 (a) Measurement mechanism of electromagnetic shielding; (b) measurement devices, and conditions of electromagnetic shielding.
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properties were measured by Tensilon tensile tester (RTC1250A,
A&D Co.). The weight percentages of the VGCF composition at
PS and NS were regarded as the VGCF contents of the
VGCF@SMPU in the initial and nal dipping solutions
(VGCF@SMPU/DMF). These weight percentages were indirectly
calculated by precipitating the dipping solution to obtain the
weight of VGCF@SMPU, and re-dissolving and centrifuging the
Fig. 7 SE change of (a) PS and (b) NS with increasing recovery angle; ang
VGCF@SMPUF.

9404 | RSC Adv., 2019, 9, 9401–9409
SMPU composition of the dried VGCF@SMPU to obtain the
weight of the VGCF.

The microwave shielding properties were evaluated in the
frequency range between 6 and 16 GHz with a transmission
attenuation measurement system (KEYCOM Corp.) connected
to a vector network analyzer (37247D, Anritsu Co. Ltd.) to
calculate the shielding effectiveness (SE). A heating device was
equipped near the circular test area (F 7.5 cm) of the system to
le variation and corresponding SE value of (c) PS and (d) NS of gradient

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Shielding effectiveness of (a) PS and (b) NS of the
VGCF@SMPUF specimens at different extents of compression; (c)
electrical conductivities, and change of SEA and SER for the
VGCF@SMPUF specimens with different thickness compression.
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measure the variation of the shielding effectiveness during
shape recovery. A VGCF@SMPUF specimen that was bent to the
positive side (PS) (i.e., the higher VGCF content side) recovers
from the PS, and is denoted as the recovery from the PS. The
electromagnetic waves entered from this side. In a similar way,
we describe the VGCF@SMPUF that was bent to the negative
side (NS) (i.e., the lower VGCF content side) recovers from the
NS.

3. Results and discussion

The VGCF had a diameter of approximately 150 nm and a length
of a few micrometers, as shown in Fig. S1.† Raman measure-
ment veried the presence of D and G feature peaks of VGCF
(Fig. 2). The SMPU used in this research, as previously studied
in our group, is a typical shape memory polymer with a glass
transition temperature (Tg) of �65 �C, and melting temperature
(Tm) of �170 �C.41,42 The polymer was obtained by polyaddition
of linear chain diisocyanate and polyol (Fig. 1b). The amino
(–NH–) and ketone (–CO–) groups in its structure, carbamate
(–NH–CO–O–), were detected by FTIR, as shown in Fig. S2.†

The as-obtained VGCF@SMPUF had a black positive side
and a white negative side with a porous morphology, as shown
in Fig. 3a–d. Compared with the low content of VGCF on the
negative side, the higher content of VGCF on the positive side
obviously impeded the formation of a continuous SMPU phase
(Fig. 3c). For the formation of porous structure on the negative
side, we attribute it to the slow evaporation of DL water during
drying process (Fig. 3d). Owing to the strong solubility of DMF
for the SMPUF component, inter-laminar fusion led to a subtle
layer structure in the VGCF@SMPUF (Fig. 3e).

This gradient VGCF@SMPUF was 1.21 mm thick with
a density of �0.31 g cm�3 and a VGCF content of 13.18 wt%,
which exhibited an electrical conductivity (s) of �4.68 �
10�3 S cm�1 (Fig. 4a). By comparison the PS and NS showed
weight contents and electrical conductivities of approximately
19.78 wt% and 4.87 wt%, and 8.72 � 10�2 S cm�1 and 2.45 �
10�4 S cm�1, respectively (Fig. 4b and c). This result suggested
successful fabrication of a gradient VGCF@SMPUF. Strain–
stress curves indicated that the addition of VGCF into SMPUF
enhanced the elastic modulus and mechanical strength of the
VGCF@SMPUF to be approximately 4 times as high as their
original values, whereas the elongation decreased to be more
than 2 times as high as its original value (Fig. 5). We conclude
that the addition of VGCF increased the strength and lowered
the exibility of this SMPUF. This result is consistent with most
studies that carbon nanober or nanotube based llers have
mechanical reinforcement effect on polymer matrices43–46

The SMPU used in this research is a typical temperature-
responding one-way shape memory polymer. The shape
recovery effect occurs when heating up to the Tg point of the
polymer (approximately 65 �C). The VGCF@SMPUF fabricated
based on this shape memory polymer was used to investigate
the shape memory driven microwave shielding performance.
Variation of the SE with the angle recovery was evaluated by the
electromagnetic coverage extent of the VGCF@SMPUF to the
circular testing area (Fig. 6a and b). One side of the
This journal is © The Royal Society of Chemistry 2019
VGCF@SMPUF was expanded from the initially xed right-angle
status. The other side was clamped by two aluminum (Al) plates
pre-heated to 90 �C. Thus, angle recovery of the VGCF@SMPUF
bent to a right angle was achieved by heat transfer from the hot
Al plates to VGCF@SMPUF.

As shown in Fig. 7a and b, the shielding result suggests that
the SE of the VGCF@SMPUF increased as the recovery angle
increased in the frequency range of 6–16 GHz. When the
VGCF@SMPUF, which was initially bent to PS and NS, recovered
from the PS and NS upon heat transfer, there was no obvious
difference in the SE values. For the two cases, VGCF@SMPUF
gave a similar SE at a similar recovery angle. However, the
recovery time from the PS and NS were obviously different. As
shown in Fig. 7c and d, recovery from the PS required 323 s
whereas recovery from the NS required 538 s. We attribute these
results to the different mechanical strength of PS and NS of the
VGCF@SMPUF. The mechanism is discussed in the following
section.

VGCF@SMPUF specimens with thicknesses varying from
1.21 to 0.11 mm were obtained by hot compression. Microwave
shielding evaluations indicated an increase of the SE value with
decreasing thickness. As shown in Fig. 8a and b, the gradient of
the 0.11 mm thick VGCF@SMPUF sample reached a SE value up
RSC Adv., 2019, 9, 9401–9409 | 9405
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Fig. 9 Reflection effect from the PS and NS of gradient
VGCF@SMPUF.
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to �30 dB (i.e., a shielding efficiency of 99.9%) in the frequency
range of 6–16 GHz. As for the reason, the shielding effectiveness
is the sum of the reection (SER), absorption (SEA), andmultiple
reection (SEMR). Improved electrical conductivity (s) generally
results in an increase of SER. Therefore, the considerable
increase of s, which was attributed to continuous compression,
increased SER. As shown in Fig. 8c, the VGCF@SMPUF at
a thickness of 0.11 mm had s values more than �200 times as
great as that of original VGCF@SMPUF with a 1.21 mm thick-
ness. Additionally, due to non-magnetic properties of the
VGCF@SMPUF, compression is considered to have no obvious
effect on permeability (m), as shown in the inset of Fig. 8c. Thus,
the value of SEA increased despite the decrease of thickness.
Given that the part of SEMR can be neglected here (>15 dB), as
a result, the total SE increased with compression. This indicates
that the increase in SE is attributed to an increase of both
reection and absorption.

A comparison of the shielding properties indicates that the
PS and NS of the VGCF@SMPUF specimens with different
Fig. 10 (a) Recovery time, (b) recovery ratio, and (c) fixity ratio of PS and
were initially bent and fixed at a right angle.

9406 | RSC Adv., 2019, 9, 9401–9409
thickness had similar shielding effects in the frequency range of
6–16 GHz, as shown in Fig. 8a and b. In fact, the SER parts of
those VGCF@SMPUF specimens were considered to be
approximately the same because there should be no obvious
change of SEA when the microwave entered from either side of
the VGCF@SMPUF. This result suggests that for a non-
homogeneous shielding composite, SER not only depends on
the surface properties, such as surface resistance and permit-
tivity, but also relies on internal properties of the shielding
composite. In other words, SER is the sum of the surface and
internal reection, thus, making the SER of PS and NS similar,
as illustrated in Fig. 9.

Then, we investigated the recovery time and ratio, and xity
ratio of this gradient VGCF@SMPUF at different extents of
compression. As shown in Fig. 10a–c, hot compression induced
a faster recovery of the VGCF@SMPUF and a higher recovery and
xity ratio. The VGCF@SMPUF at thicknesses of 0.23 and 0.11mm
recovered to 100% within tens of seconds. We attribute this result
to compaction of the VGCF component, which thus improved the
thermal conductivity of the gradient VGCF@SMPUF. As detected
from its bending point, when clamped by the Al plates, the
VGCF@SMPUF compressed to a thickness of 0.11 mm showed
a faster elevation temperature than that of the sample that had not
been subjected hot-compression (Fig. 11).

In addition, the VGCF@SMPUF that was bent to the PS,
showed a faster recovery time and higher recovery ratio than
that bent to the NS. As for the reason, recovery of bending is
a process where stretching (inner edge) and compression (outer
edge) at the bending point proceeds simultaneously. The outer
edge of this gradient VGCF@SMPUF, bent to the NS, and had
a greater mechanical compression strength than that bent to
the PS owing to the higher VGCF content at the outer edge, as
illustrated in Fig. 12a. Therefore, recovery from the PS was
easier than from the NS. Notably, the recovery time, ratios, and
bending point temperatures of this gradient VGCF@SMPUF
became closer as hot-compression was increased, as shown in
Fig. 10a, b and 11. We attribute this result to the approaching
VGCF contents and properties of the two sides with
NS of the VGCF@SMPUF specimens with different compression, which

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Temperature change of the bending point with time for
VGCF@SMPUF specimens with thicknesses of 1.21 and 0.11 mm.
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continuous compression (Fig. 12b). Therefore, we conclude
that this gradient fabrication of VGCF content featured
different shape recovery efficiencies in the two sides (PS and
Fig. 12 (a) Comparison of the compression strength at the outer
edges of PS and NS of gradient VGCF@SMPUF; (b) approaching VGCF
contents of PS and NS with continuous hot compression.

This journal is © The Royal Society of Chemistry 2019
NS). This VGCF@SMPUF may have potential applications in
the eld of structural transformations of functional shield-
ing devices.

This gradient VGCF@SMPUF functionalized traditional EM
shielding material, and achieved the adjustment of EM
shielding performance through the angle recovery. The shape
memory effect was achieved by heat transfer of thermally
conductive VGCF. The shielding effectiveness of this
VGCF@SMPUF was controlled by different degrees of shape
recovery. Moreover, the gradient distribution of the VGCF
could directionally improve the efficiency of the angle
recovery, such as the recovery ratio and time. However, there
are also some limitations to this VGCF@SMPUF. For exam-
ples, thick VGCF@SMPUF has decreased angle xity and
recover ratio, which affect the precision of control and
adjustment of VGCF@SMPUF devices. This aspect might be
improved by adjusting the mechanical strength of the two
sides, which can be achieved by changing the gradient content
of the VGCF in the thickness direction. Recently, some
approaches based on three-point bending have been devel-
oped in order to measure bending recovery effect.47–49 There-
fore, we are intended to quantitatively investigate the bending
recovery force and ratio of this gradient VGCF@SMPUF by
referring those researches. In addition, the shape recovery of
this gradient VGCF@SMPUF is also irreversible, which
decreases the practicality and novelty of the device. In the
following research, we may consider the development of
reversible VGCF@SMP (i.e., two-way SMPs).

4. Conclusion

Gradient vapor grown carbon ber-based shape memory poly-
urethane foam (VGCF@SMPUF) was fabricated by alternative
dipping in a VGCF containing SMPU/DMF solution of
decreasing concentration and distilled water to form shape
memory driven adjustable microwave shielding. Different
electrical conductivities and VGCF contents on two sides of this
gradient VGCF@SMPUF were obtained. The adjustability of the
shielding effectiveness was achieved by different degrees of
angle recovery. Hot compression could not only decrease the
recovery time, and gave a higher recovery ratio, but also clearly
improve the shielding performance of this gradient
VGCF@SMPUF. Moreover, the VGCF@SMPUF recovering from
the side with a higher VGCF content exhibited a faster recovery
time and higher recovery ratio than that recovering from the
side with a lower VGCF content owing to different mechanical
strengths at either side.
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