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A B S T R A C T   

Herein, the elastomer composites with temperature and strain-induced tunable electromagnetic interference 
(EMI) shielding effectiveness (SE) were successfully obtained by introducing temperature-sensitive microspheres 
(TSM) into the mixture of polydimethylsiloxane/multi-walled carbon nanotube (PDMS/CNT). The EMI shielding 
performance of the composites under different temperature and compression strain was evaluated carefully to 
investigate the mechanism of temperature and strain-induced regulation on EMI shielding. The TSM particles in 
the PDMS/TSM/CNT composites could be easily adjusted by specific temperature and strain, which resulted in 
the rearrangement of CNT conductive network and exhibited different electrical conductivity and EMI shielding 
performance. For temperature-induced regulation, the EMI SE of the composites decreased after being treated at 
120 ◦C and then partly recovered at 150 ◦C. For strain-induced regulation, the EMI SE of the composites was 
reduced after being compressed 70%. Furthermore, the strain-induced reduction of the composites could partly 
recover once heating at 120 ◦C again.   

1. Introduction 

Electromagnetic interference (EMI), an inevitable byproduct of 
modern electronics, comes as a serious issue that cannot be ignored, 
having a considerable impact on the nearby electronic apparatus and 
even posing a significant threat to the living environment and human 
health [1–4]. In order to effectively suppress EMI pollution, high- 
performance EMI shielding materials that can attenuate the propaga-
tion of electromagnetic waves are currently being developed [5–9]. 
Compared to the traditional metal-based shielding materials, conductive 
polymer composites (CPCs) with the properties of flexibility, versatility, 
economic adaptability and excellent processability have inspired huge 
interest, showing great prospects in the field of EMI shielding [10–13], 
wearable electronic devices [14–17], and energy storage [18,19] etc. 

Generally, CPCs could be simply classified into the following two 
kinds: one is the intrinsically conductive polymers, such as polyaniline 
(PANI), and another is the insulating polymers that require conductive 
fillers, such as polydimethylsiloxane (PDMS). However, the PANI in the 

intrinsic state owns poor conductivity. Some ways of proton acid doping 
or oxidation are developed, then the insulator could be converted to the 
conductor in polymers based on PANI, making it possible to apply in 
fields of EMI shielding and strain sensing [20,21]. To realize a more 
significant EMI SE, many efforts have been made in CPCs by using su-
perior conductive materials, such as metallic nanowires [22,23], MXene 
[24–26] as well as liquid metal [27,28], and adapting thoughtful 
structures like segregated, porous, multilayer, and co-continuous 
structures [29–34]. For example, the segregated polypropylene/cross- 
linked poly(ethylene-co-1-octene)/CNT composites showed a percola-
tion threshold of 0.24 vol% which was lower than the conventional 
composites of 1.75 vol%, and a EMI SE of ~25 dB which was higher than 
the conventional composites of ~17 dB [35]. Besides, the rGO-MXene/ 
epoxy nanocomposites with the honeycomb structure had a conductivity 
of 387.1 S/m and a EMI SE of 55 dB, which were 2978 and 5 times higher 
than those of simply blending epoxy composites [36]. 

Furthermore, construction of porous structures has been used as an 
effective means to improve the EMI SE [37–39]. Most studies, however, 
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were focused on changing either the pore size or the thickness of foamed 
samples [40–42]. Regarding the adjustment of shielding, discussions 
were mainly surrounded by introducing gradient concentrations of 
active fillers or changing parameter of the preparation process [43,44]. 
Besides, some ideas such as controlling the degree of foaming and 
changing the size of the grid were proposed to get the tunable shielding 
effect [45,46]. However, the mentioned above exists certain application 
limitations since sample itself is not adjustable to electromagnetic waves 
in different environments. The adjustment in EMI shielding through the 
response of the composite itself to external stimuli owns greater po-
tential applications in practical life [47]. In other words, it is imperative 
to develop the smart composites with the tunable control of EMI 
shielding under various external stimuli like temperature, stress, pH, 
electric or magnetic fields. 

In the early years, the temperature-dependent effect on the EMI 
shielding was investigated in response of the short carbon fiber/silica 
composites [48]. As a result, a temperature-sensitive adaptive EMI 
shielding composite was obtained based on the changes in inherent 
electrical characteristic at various temperatures. Later, the polymer 
foams were designed via simple dip-coating for adjustable EMI shielding 
based on the mechanical compression [49]. A hydro-sensitive sandwich 
structure based on pyrolytic graphite papers and porous polymeric non- 
woven composites was fabricated and exhibited the self-tunable 
shielding capability [47]. However, the regulation on EMI shielding 
performance was usually focused on the composite foams, which could 
not withstand the highly external pressure due to low compression 
strength [50,51]. Meanwhile, the interaction between conductive fillers 
and matrix was usually weak, facing the problem of retention stability of 
fillers [52]. 

Herein, the closed-cell composite foams with highly tunable EMI 
shielding response on temperature and strain were successfully fabri-
cated. The temperature-sensitive microspheres (TSM), were directly 
introduced into the mixture of polydimethylsiloxane/multi-walled car-
bon nanotube (PDMS/CNT) via simply mixing. The conductivities in the 
samples of PDMS/TSM/CNT under different loading TSM and CNT were 
investigated. Furthermore, the EMI shielding performance of the com-
posites under different strain and temperature were discussed carefully 
and exhibited the desirable self-adjustable microwave attenuation. The 
conductive variation and morphology evolution were also demonstrated 
to illustrate the tunable shielding mechanism. In general, the dual 
regulation of temperature and strain endowed the PDMS/TSM/CNT 
composites with more potential applications. 

2. Experimental 

2.1. Materials 

Multi-walled carbon nanotube (CNT, NC 7000), was bought from the 
company of Nanocyl S.A (Belgium). Temperature-sensitive micro-
spheres (TSM), consisting of a thermoplastic resin shell and low-boiling 
hydrocarbons, was acquired from AkzoNobel Inc (Netherlands). Poly-
dimethylsiloxane (PDMS) with trade name of sylgard 184, being 

composed of silicon base and curing agent was provided from the 
company of Dow Corning (USA). 

2.2. Sample preparation 

Fig. 1 shows the facile fabrication procedure for obtaining the 
composites of PDMS/TSM/CNT. First, the CNTs were dispersed in 
dichloromethane under an ultrasonic treatment. Herein, a homogeneous 
solution of CNT/CH2Cl2 was gained by using a cell crusher at 80 W for 4 
min to break up the CNT aggregates. Then, the elastomer base of PDMS 
was directly added to the solution and the mixture was heated at 80 ◦C 
with mechanically stirring to volatilize dichloromethane. After the sol-
vent was completely evaporated, the uniform PDMS/CNT mixture with 
different CNT loadings (0.8, 1.6, 2.4, 3.2 vol%) was gained. Second, the 
curing agent together and TSM (2.5, 5, 10, 20 vol%) were then directly 
introduced into the mixture of PDMS/CNT, following with the proced-
ure of degassing. The mass ratio of silicon base and curing agent was 
10:1. The PDMS/TSM/CNT composites with a thickness of 1.9 mm were 
finally obtained by compression molding at 80 ◦C for 2 h. For conve-
nience, the composites were donated by PDMS/TSM-a/CNT-b. Here, a 
and b meant the volume content of TSM and CNT in the composites, 
respectively. 

Then, the tunable EMI shielding in PDMS/TSM/CNT composites 
towards temperature as well as strain were investigated carefully. In this 
case, the samples were subjected to corresponding heat treatment and 
compression. First, the compression strain of 70% was applied to the 
initial composites to get the samples in compressed state. Besides, the 
initial composites were placed in the oven for heat treatment (120 ◦C, 
0.5 h) to obtain the heated samples. Then, some heated samples were 
compressed entirely. Meanwhile, some were reheated again at 150 ◦C 
for 0.5 h to gain the samples in the state of over-heated. Furthermore, 
the heated-compressed composite was surrendered to 120 ◦C to inves-
tigate the heating repair performance. Overall, the PDMS/TSM/CNT 
composites in different states, including untreated (without any treat-
ment), compressed (compressed to 70% strain), 120 ◦C (treated at 
120 ◦C for 0.5 h), 120 ◦C-compressed (treated at 120 ◦C for 0.5 h, and 
then compressed to 70% strain), 120 ◦C-compressed-120 ◦C (treated at 
120 ◦C for 0.5 h, then compressed to 70% strain, after that treated at 
120 ◦C for 0.5 h again) as well as 120–150 ◦C (treated at 120 ◦C for 0.5 h, 
and then treated at 150 ◦C for 0.5 h), were focused to discuss the tem-
perature and strain-induced regulation on attenuating the radiation of 
electromagnetic wave. 

2.3. Characterization 

The morphologies for the samples were characterized under a 5 kV 
operating voltage in vacuum chamber of the field emission scanning 
electron microscope (FE-SEM, JSM-7800F). The samples were soaked in 
the liquid nitrogen for 5 h, and then the sections were gained after being 
cryo-fractured. Before observing, all the samples were coated with 
platinum under spraying. 

The electrical conductivity of the samples were tested on the four- 

Fig. 1. Schematic diagram of the preparation for the samples of PDMS/TSM/CNT. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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point probe instrument (RTS-8) at 23 ± 2 ◦C. Pressing the probe against 
the composites to make them get touch. Then the corresponding con-
ductivity was obtained after adjusting the testing current and calibra-
tion. At least five specimens were tested for collecting the data and the 
average values were given. 

The compression treatment of the samples was operated at a uni-
versal testing machine (Sansi CMT6503) at 23 ± 2 ◦C. The compression 
strain of 70% was performed under the compression speed of 5 mm/min. 

The EMI SE of the samples was evaluated under a vector network 
analyzer (Agilent N5247A) in the frequency range of 8.2–12.4 GHz (X- 
band) at 23 ± 2 ◦C. Generally the EMI SETotal consists of absorption 
(SEA), reflection (SER), and multiple reflection shielding effectiveness 
(SEM).They could be calculated according to the below equations: [53]. 

SETotal = 10log(Pin/Pout) = SEA + SER + SEM (1)  

SEA = − 10log(T/(1 − R)) (2)  

SER = − 10log(1 − R) (3)  

3. Results and discussion 

3.1. Morphology 

Fig. 2 shows the morphologies of TSM and the PDMS/TSM/CNT 
composites. Obviously, the TSM particles were in full spherical shape. 
Meanwhile, the initial size of microspheres were relatively uniform, 
ranging from 7 to 12 μm. After the microspheres were directly heated in 
an oven with the temperature of 120 ◦C for 10 min, and the expanded 
TSM were gained due to its special thermal sensitivity. After expansion, 
the TSM particles could also maintain complete and smooth spheres, and 
the diameter had almost tripled (21–36 μm), as shown in Fig. 2c. It was 
found that the low-boiling hydrocarbons in the TSM would be released 
at high temperature. The 9.4% and 14.8% weight loss were found in 
TSM after being heated at 120 and 150 ◦C, respectively. Figure S1 shows 
the digital images and weight changes of TSM. 

Fig. 2d and 2f show the morphology of the PDMS/TSM-2.5/CNT-3.2 
and PDMS/TSM-20/CNT-3.2 composites, respectively. The TSM parti-
cles were uniform distribution without obvious agglomeration in the 

PDMS matrix. The distance between TSM particles was reduced when 
increasing the content of TSM. The full spherical shape of TSM was 
maintained well in the matrix after the preparation. There was no 
obvious gap between TSM and the matrix of PDMS, indicating a better 
interfacial interaction. It was because the chemical bonds probably 
formed among the resin shells and silicone rubber molecular chains 
during the curing process. In addition, the CNT particles were also 
relatively even dispersion in PDMS matrix, as shown in Fig. 2e, because 
of the premixing with the assistant of ultrasound and solvent. 

3.2. Electrical conductivity 

The high performance of EMI shielding was usually found in the 
composites with dense conductive networks where the content of 
conductive fillers was higher than the percolation threshold [54]. Ac-
cording to our previous work, the percolation threshold was 0.44 vol% 
in the PDMS/CNT composites [55]. Therefore, the CNT volume content 
of 0.8 vol% was chosen to evaluate the effect of TSM loadings on elec-
trical conductivity. Fig. 3a depicts the electrical conductivity of the 
PDMS/TSM/CNT-0.8 composites with different content of TSM. The 
electrical conductivity of PDMS/CNT-0.8 without TSM was the lowest 
value of 8.6 S/m. When 2.5 vol% TSM was introduced, the conductivity 
was increased by 1/3 compared to the samples of PDMS/CNT-0.8, 
reaching the conductivity of 12.9 S/m. The enhancement on electrical 
conductivity probably resulted from the volume exclusion effect be-
tween microspheres, which enabled the conductive filler concentrated 
in the matrix, showing higher conductivity. However, as the loadings 
further increased, the conductivity decreased, indicating that there was 
a balance between conductivity and the content of TSM. The excessive 
addition of TSM, to some certain extent, limited the formation of inner 
conductive networks. Furthermore, the electrical conductivity of all the 
PDMS/TSM/CNT composites in other different CNT loading (1.6, 2.4 
and 3.2 vol%) increased first and then decreased with the increase 
loading of TSM (Figure S2). 

Fig. 3b showed the conductivity comparison between low and high 
content of TSM (2.5 and 20 vol%) in PDMS/CNT with different volume 
fraction of CNTs. Obviously, both the conductivity of the PDMS/TSM- 
2.5/CNT and PDMS/TSM-20/CNT samples increased with the increase 

Fig. 2. SEM images of (a, b) TSM, (c) expanded TSM, (d, e) PDMS/TSM-2.5/CNT-3.2, and (f) PDMS/TSM-20/CNT-3.2 composites. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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of CNTs. It was because that more conductive paths were formed inside 
and the quantum tunneling effect also increased while the content of 
CNT increased, leading to a significant improvement in conductivity. 
Take PDMS/TSM-0.25/CNT as an example. When the CNT content was 
increased from 0.8 to 3.2 vol%, the conductivity has been enhanced by 
nearly ten folds, receiving the value of 112.2 S/m. However, it was 
found that the conductivity of samples with high content of TSM was 
generally inferior to that of samples with low content TSM under the 
same addition of CNTs. Approximately 1/3 of conductivity was reduced 
in the samples with 20 vol% TSM compared to the composites with 2.5 

vol% TSM. The excessive addition of TSM would have an adverse effect, 
resulting in the destruction of the conductive pathways. Hence, the 
PDMS/TSM-0.25/CNT composites were selected as the main represen-
tatives for further discussion of tunable electromagnetic interference 
shielding. 

3.3. Temperature-induced tunable electromagnetic interference shielding 

Because the TSM can expand nearly three times in volume at 120 ◦C 
and retract at 150 ◦C (Figure S1 and S3), the electrical conductivity and 

Fig. 3. (a) Electrical conductivity of the PDMS/TSM/CNT-0.8 composites with different content of TSM, and (b) conductivity comparison of PDMS/TSM-2.5/CNT 
and PDMS/TSM-20/CNT composites with different content of CNTs. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 4. EMI SE of the PDMS/TSM-2.5/CNT composites with CNT loadings of (a) 0.8, (b) 1.6, (c) 2.4, and (d) 3.2 vol% under different states of untreated, 120 ◦C, and 
120–150 ◦C. The content of TSM in the composites was maintained at 2.5 vol%. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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EMI shielding performance probably can be tuned by the temperature. 
Fig. 4 depicts the effect of thermal treatment on the EMI SE of the PDMS/ 
TSM-2.5/CNT composites with different content of CNTs. The thickness 
of the original samples was ~1.9 mm which exhibited little change after 
the thermal treatment (Figure S3). First, the microwave shielding per-
formance in the original PDMS/TSM-2.5/CNT-0.8 composites was 
~20.1 dB, which reaching the basic requirement for commercial EMI 
shielding materials (20 dB). With the gradual increase of CNT loadings, 
the value of EMI SE increased. For example, the EMI SE of PDMS/TSM- 
2.5/CNT enhanced from 20.1 to 32.6, 42.3 and 47.8 dB by altering the 
addition of CNT from 0.8 to 1.6, 2.4 and 3.2 vol%, respectively. More 
conductive pathways were formed with increasing content of CNT 
fillers. The denser conductive networks were accounted for the 
enhancement of EMI shielding. 

Second, the thermoplastic shell of TSM would soften and expand at 
120 ◦C, which endowed the obtained composites with different con-
ductivity and EMI shielding. The PDMS/TSM-2.5/CNT composites were 
subjected to a 120 ◦C-heating treatment for 0.5 h. Expectedly, the EMI 
shielding performance was controllably reduced in all PDMS/TSM-2.5/ 
CNT composites after heat treatment. The 4.9, 9.2, 13.7, and 6.0% 
reduction in average EMI SE was found in the composites with 0.8, 1.6, 
2.4 and 3.2 vol% CNTs after the 120 ◦C treatment. The largest variation 
of average EMI SE was found in the samples with 2.4 vol% CNTs, 
dropping from 42.3 to 36.5 dB. During the thermal expansion of the 
TSM, a certain pressure was generated inside the microspheres in the 
composites, which probably led to a relative displacement of the sur-
rounding conductive fillers. According to the ideal-gas equation (PV =

nRT), the TSM under process of expanding would release a huge forces 
(Figure S1). In other words, the internal pressure released by the 
expansion of the microspheres compressed the PDMS/CNT matrix, 
which caused the CNT fillers to rearrange with the enlarged gap. In this 
case, the conductive network could hardly maintain its initial state well, 
following with partial destroyed networks, which probably was the main 
reason of the temperature-induced tunable EMI SE for the composites. 

Third, the shell of TSM tended to rupture or shrink and the samples 
would retract if the maximum thermal endurance temperature (150 ◦C) 
of the thermoplastic shell reached [56]. The 120 ◦C-treated samples 
were given to the over-heat treatment at 150 ◦C for 0.5 h. Interestingly, 
the EMI SE of the 120 ◦C-treated composites was restored partially. For 
the 120 ◦C-treated PDMS/TSM-2.5/CNT-2.4 composites, the EMI SE 
value was improved from 36.5 to 39.8 dB after the 150 ◦C treatment. The 
other composites with CNT loadings of 0.8, 1.6 and 3.2 vol% also 
exhibited the similarly self-adjustable trend, as shown in Fig. 4. During 
the retraction, the inner conductive networks were re-established again 
with the smaller distance among conductive fillers, and partial CNT 
networks were recovered. As a result, the EMI SE gained favorable 
tunable performance. It should be noted that the leakage of low-boiling 
hydrocarbons contained in TSM resulted in the retraction, even retrac-
ted back to its initial unexpended size (Figure S3). Therefore, the PDMS/ 
TSM/CNT composites could not expand again after the 150 ◦C treatment 
because of the irreversible escape of gas. Nevertheless, the fabricated 
PDMS/TSM/CNT composites had unique temperature-induced tunable 
EMI shielding. After heat treatment under 120 ◦C, the EMI SE value was 
effectively reduced while under the over-heated at 150 ◦C again, the 
shielding effectiveness could be restored partly. 

Fig. 5 depicts the calculated SEA, SER and conductivity for PDMS/ 
TSM-2.5/CNT composites with different CNT loadings at 12.4 GHz, ac-
cording to Eq. (2) and (3). It was found that the SEA was much higher 
than SER in all samples. Specifically, the values of SER were 3.0, 2.7, and 
2.9 dB, while the SEA were 39.2, 33.8 and 37.0 dB, for the PDMS/TSM- 
2.5/CNT-2.4 composites in the state of untreated, 120 ◦C and 120–150 
◦C, respectively. It meant that the reflection and absorption in total 
attenuation of microwaves were ~7.0% and ~93.0%, respectively. The 
absorptivity (A), reflectance (R), and transmittance (T) coefficients were 
calculated to evaluate the interaction between electromagnetic waves 
and conductive composite films. The A value was higher than the R and 
T values for all the samples on a whole (Figure S4). Hence, it indicated 
that the mechanism for attenuating microwaves in the samples was 

Fig. 5. The SEA, SER at 12.4 GHz and conductivity of the PDMS/TSM-2.5/CNT composites with CNT loadings of (a) 0.8, (b) 1.6, (c) 2.4, and (d) 3.2 vol% in the state 
of untreated, 120 ◦C, and 120–150 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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absorption-dominated mechanism. 
Furthermore, the electrical conductivity showed similar changes 

with the value declined and then partially recovered for all composites 
with the same content of CNTs. It mainly because that the expansion 
force of the TSM damaged the conductive pathways during the heating 
treatment of 120 ◦C while the over-heated temperature of 150 ◦C 
enabled the microspheres to retract with the conductive pathways being 
partially reconstructed. For example, the electrical conductivity of the 
PDMS/TSM-2.5/CNT-2.4 composites first decreased from 74.2 to 57.5 
S/m after heating at 120 ◦C and then increased to 66.7 S/m in the state 
of 120–150 ◦C, as shown in Fig. 5c. The results indicated that the 
decrease of EMI SE was much related to the reduction of electrical 
conductivity in the composites after 120 ◦C treatment. When the loading 
of CNT fillers was low (0.8 and 1.6 vol%), the average EMI SE was also 
reduced but did not have a big differentiation because of the low elec-
trical conductivity of the composites and the low degree of reduction in 
electrical conductivity after 120 ◦C treatment. When the loading of CNT 
fillers was too high (3.2 vol%), the dense conductive networks were 
firmly formed. Even if the electrical conductivity showed decrease, the 
drop of EMI SE was relatively small, which was mainly because the 
conductivity was still high after 120 ◦C treatment. Therefore, the best 
regulation effect of shielding performance was found in the samples with 
middle content of CNTs (2.4 vol%). 

In addition, the skin depth (δ), meaning the microwaves intensity 
inside the shielding composite changed to 1/e of its initial value at the 
surface [57], plays an essential role in the field of microwave shielding. 
It was reported that conductive composite could absorb the multiple 
reflected waves when the calculated skin depth was thinner than its 
original thickness, where multiple reflection could be neglected. [58]. 
The equation below demonstrated the calculation of the value in δ. 

δ =

̅̅̅̅̅̅̅̅̅̅
1

πf μσ

√

(4)  

where f and σ represent the microwave frequency and electrical con-
ductivity while μ is magnetic permeability, which could be gained from 
the following equation. 

μ = μ0μr (5)  

where μ0 means the vacuum permeability (4π × 10− 7 H/m) and μr 
represents the relative magnetic permeability with the value of 1 in the 
composites in this work. When the conductive fillers of the PDMS/TSM- 
2.5/CNT composites increasing from 0.8 to 1.6 and 3.2 vol%, the δ 
decreased from 1259 to 767 and 427 μm, respectively. It could be seen 
that the conductivity of the composites had a significant effect on δ, 
which decreased dramatically with increasing fillers concentrations. 
Meanwhile, the outstanding EMI shielding performance was usually 
achieved once the δ was smaller than the thickness of the composites 

[48]. In this way, the values of δ mentioned above were much thinner 
than their original thickness of 1.9 mm, resulting in the superior 
shielding effect towards microwaves. Specifically, the skin depth were 
525, 596 and 553 μm at the frequency of 12.4 GHz, which may be ac-
count for the variation in microwave shielding with the value changing 
from 42.3 to 36.5 dB and then to 39.8 dB for the PDMS/TSM-2.5/CNT- 
2.4 composites in the state of untreated, 120 ◦C, and 120–150 ◦C, 
respectively, indicating that the thinner the δ, the better the EMI SE. 

3.4. Compression strain-induced tunable electromagnetic interference 
shielding 

The compression strain-induced tunable EMI shielding was evalu-
ated in the composites after being treated at 120 ◦C for 0.5 h. Fig. 6 
depicts shielding performance and electrical conductivity in the PDMS/ 
TSM-2.5/CNT composites with 0.8 vol% and 2.4 vol% CNTs after 120 ◦C 
and then compressed up to 40%. The EMI shielding showed little dif-
ferentiation comparing with the composites being treated at 120 ◦C. For 
example, the average value of EMI SE for the PDMS/TSM-2.5/CNT-0.8 
composites was 19.1 and 19.8 dB after the 120 ◦C treatment and then 
compressed up to 40%, respectively. In other words, under middle 
strains, the shielding performance of the composites could maintain well 
since the conductive network had little been destroyed at the strain of 
40%. The electrical conductivity exhibited slightly decreased in the 
120 ◦C treated composites when they were then suffered the compres-
sion of 40%, as shown in Fig. 6b. Therefore, the large strain was required 
to get the obvious EMI shielding changes via compression. 

Fig. 7 shows EMI SE of the PDMS/TSM-2.5/CNT composites with 
different CNT loadings under a large compression strain of 70%. The 
EMI SE of the foamed composites exhibited a more significant adjustable 
when being suffered the 70% compression strain. For all samples with 
different level CNT loadings, the 70% compression led to a sharp drop in 
shielding performance after 120 ◦C treatment. The shielding perfor-
mance for the 120 ◦C-compressed composites with 0.8, 1.6, 2.4 and 3.2 
vol% CNTs obtained obvious tunable effect, with the value of EMI SE 
decreased to 15.2, 23.7, 29.5 and 36.3 dB, respectively. Namely, the EMI 
shielding got controllably weaken with approximately 20% decrease 
after the compression treatment compared to the same samples in the 
state of 120 ◦C. Under the large external strain, the hollow TSM in the 
composites were directly crushed. In this process, the stacking of the 
collapsed microspheres greatly destroyed conductive paths on the lon-
gitudinal and lateral level. Meanwhile, the matrix of the PDMS/CNT 
composites was also accompanied by a certain degree of irreversible 
damage in conductivity. Therefore, the flattened microspheres and the 
destruction of the conductive network were the major causes for 
adjusting the microwave shielding under high strain deformation. 

Surprisingly, the shielding performance of the samples in the state of 
120 ◦C-compression-120 ◦C showed partly recoverability. The EMI SE 

Fig. 6. (a) EMI SE and (b) electrical conductivity of the PDMS/TSM-2.5/CNT composites with 0.8 vol% and 2.4 vol% CNT after 120 ◦C and then compressed up to 
40%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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increased from 29.5 to 33.5 dB by heating the compressed PDMS/TSM- 
2.5/CNT-2.4 composites at the oven of 120 ◦C, as shown in Fig. 7c, while 
the PDMS/TSM-2.5/CNT-3.2 composites enhanced from 36.3 to 39.3 
dB, as shown in Fig. 7d. It was ascribed that the encapsulated low- 
boiling alkanes under heating would vaporize again to support the 
TSM, like a balloon recharging with gas. This process could transform 
the shape of TSM from flattened to spherical. Therefore, the recon-
struction of the CNT networks occurred and EMI shielding performance 
was partly recovered. Nevertheless, the regulation based on temperature 
as well as compression strain through the internal TSM and inner 
conductive network variation provides a new concept to design the 
materials with temperature and strain-induced tunable EMI shielding 
performance (Figure S5). 

Fig. 8 shows the SEA, SER at the frequency of 12.4 GHz and con-
ductivity of the PDMS/TSM-2.5/CNT composites. The variation trend of 
electrical conductivity in the composites was similar with the changes of 
EMI SE. First, the electrical conductivities of all the 120 ◦C-treated 
composites were reduced after being suffered the 70% compression. 
Especially, the largest decrease of 45% in conductivity was found in the 
PDMS/TSM-2.5/CNT-2.4 composites after being compressed, as shown 
in Fig. 8c. Second, the electrical conductivities of all the 120 ◦C-com-
pressed composites increased under the 120 ◦C treatment again. For 
example, the electrical conductivity of the PDMS/TSM-2.5/CNT-3.2 
composites decreased from 87.7 to 52.5 S/m under 70% compression, 
and then recovered to 64.3 S/m after 120 ◦C treatment. The results were 
attributed that the TSM were crushed under the large strain of 70%, only 
a small part of the crushed TSM could be restored to the original state. 

Similarly, the value of SER were much lower than SEA for all 

composites, revealing the absorption-dominated shielding mechanism. 
Moreover, the SEA also exhibited obvious reduction when the samples 
were under the treatment of 120 ◦C-compressed. For example, the value 
of SEA in the 120 ◦C treated composites with 0.8, 1.6, 2.4, and 3.6 vol% 
CNT were 17.4, 27.4, 33.8, and 42.3 dB, while the SEA of the 120 ◦C- 
compressed composites decreased to 13.4, 21.8, 27.1, and 33.5 dB, 
respectively. It was ascribed to the obvious decrease in electrical con-
ductivity of the 120 ◦C-compressed composites. Furthermore, it should 
be noticed that the thickness of the samples was varied during the 
temperature and strain treatment. The specific EMI SE (EMI SE/thick-
ness) values were calculated and displayed, where the variation trends 
were exactly consistent with the original data without considering the 
effect of thickness change (Figure S6). 

3.5. Tunable mechanism of electromagnetic interference shielding 

In order to find the tunable mechanism of the EMI SE in the com-
posites with TSM, the morphology of the composites at different treat-
ment conditions was evaluated by SEM. Fig. 9 shows the morphological 
changes of the PDMS/TSM-20/CNT-3.6 composites being suffered the 
different conditions. It was found that the variation in morphology was 
much related to the changes of electrical conductivity and EMI SE. First, 
the manually torn surfaces of the PDMS/TSM-20/CNT-3.6 composites 
without treatment and after the treatment of the 120 ◦C and then 70% 
compression was observed to study the specific morphological changes. 
It could be seen that the TSM particles were squashed, could not 
maintained its original full spherical shape after being suffered the 70% 
compression strain, as shown in Fig. 9a and 9b. In order to better 

Fig. 7. EMI SE of the PDMS/TSM-2.5/CNT composites with CNT loadings of (a) 0.8, (b) 1.6, (c) 2.4 and (d) 3.2 vol% under the conditions of 120 ◦C, 120 ◦C- 
compression, and 120 ◦C-compression-120 ◦C. The composites was compressed up to 70%. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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investigate the internal structure of the TSM and the distribution of CNT 
in the matrix, the composites after being treated at different conditions 
were cryo-fractured in liquid nitrogen. Under the cryo-fracture, most of 
TSMs were broken and shown as hemispheres. 

Second, the heat treatment at 120 ◦C enabled the TSM in the com-
posites expand to the diameter of 10–30 μm, as shown in Fig. 9e. The 
expansion TSM compressed the PDMS/CNT matrix, which leaded to the 
rearrangement of CNTs with the enlarged distance. Admittedly, some 
microspheres could not be fully expanded due to the limited matrix 
space. Meanwhile, the good interface interaction between the shell of 
TSM and the substrate of PDMS/CNT was found. Moreover, in the matrix 
among the TSM, the CNTs were also well dispersed without evident 
agglomerations, as shown in Fig. 9e′. The SEM images with high mag-
nifications were also indicated that the CNTs were relatively uniform 
dispersion in the PDMS (Figure S7). 

Third, the TSM became fatigued with many wrinkles inside instead of 
acting as rigid support after the 70% compression strain, as shown in 
Fig. 9c. Most microspheres were even in contact with each other, which 
greatly interrupted the conductive networks among them. Interestingly, 
the TSM could recover from the relaxed and flattened state to a rela-
tively smooth initial shape after being heated again at 120 ◦C, as shown 
in Fig. 9d. The CNTs were also uniform dispersion in the PDMS/CNT 
matrix between the repaired TSM, as shown in Fig. 9d′. The conductive 
networks were partially restored during the repairing of TSM, endowing 
the composites with favorable ability for tunable EMI shielding. When 
the 120 ◦C treated PDMS/TSM-20/CNT-3.6 composites were over- 
heated at 150 ◦C, the retracted TSM with smaller diameter were 
gained, which was favor for the reconstruction of conductive networks 
in the matrix, as shown in Fig. 9f. Generally, the TSM in the composites 
experienced corresponding changes in size and shape under the intro-
duction of heat and strain, which incurred the rearrangement of the 
conductive network in the matrix, thereby regulating the corresponding 

EMI shielding performance. 
Fig. 10 shows the tunable EMI shielding mechanism under different 

condition when the incident microwaves came across the PDMS/TSM/ 
CNT composites. Owing to the addition of hollow TSM, the structure of 
closed-cell in the PDMS/TSM/CNT composite was successfully gained. 
In this case, the introduced multiple interfaces together with the 
outstanding conductivity could probably account for the highly atten-
uation of the microwaves. Specifically, the superior CNT conductive 
pathways endowed the matrix with better dissipation performance by 
converting the microwave energy into heat. Besides, the abundant in-
terfaces between the TSM shells and PDMS/CNT matrix contributed to 
the energy dissipation via the multiple scattering as well as reflections. 
After heating at 120 ◦C, the TSM in the composite expanded, releasing 
force to squeeze the PDMS matrix, which destroyed part of inner 
conductive networks of CNTs. Then, with the further heat treatment at 
150 ◦C, most of microspheres retracted to the small size, which enabled 
the CNT networks to be partially recovered. Meanwhile, the operation of 
70% compression squashed the TSM, which greatly blocked the inner 
conductive pathway, implying the lowest electrical conductivity and 
EMI SE. Furthermore, the reheating of 120 ◦C could partly recover 
shielding performance of the compressed composites. The composites in 
the state of 120 ◦C-compressed-120 ◦C exhibited the heating-repair 
property, obtaining the intact microsphere with partially recovered 
conductivity. In short, the specific temperature and strain changed the 
shape and size of TSM in the PDMS/TSM/CNT composites, inducing the 
rearrangement of the conductive network and the tunable EMI 
shielding. 

4. Conclusions 

In this work, the PDMS/TSM/CNT composites with tunable EMI 
shielding were obtained by adding the hollow temperature-sensitive 

Fig. 8. The SEA, SER at 12.4 GHz and conductivity of the PDMS/TSM-2.5/CNT composites with CNT loadings of (a) 0.8, (b) 1.6, (c) 2.4, and (d) 3.2 vol% under the 
different conditions of 120 ◦C, 120 ◦C-compressed, and 120 ◦C-compressed-120 ◦C, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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microspheres (TSM) into the PDMS/CNT mixture. The shapes and sizes 
of the TSM in the PDMS/TSM/CNT composites could be easily adjusted 
by specific temperature and compression strain, which brought about 
the rearrangement of the CNT conductive networks, thereby showing 
the temperature and strain-induced tunable EMI shielding effect. After 
heating at 120 ◦C, the TSM in the composite expanded, releasing force to 
squeeze the PDMS matrix, which destroyed part of CNT networks. Then, 

with the further heat treatment at 150 ◦C, most of microspheres 
retracted to the small size, which enabled the conductive networks to be 
partially recovered. Meanwhile, the operation of directly 70% 
compression squashed the TSM, which greatly blocked the inner 
conductive pathway, implying the lowest electrical conductivity and 
EMI SE. Furthermore, the reheating of 120 ◦C could partly recover the 
shielding performance of the compressed composites. Therefore, this 

Fig. 9. SEM images of the manually torn surfaces of the PDMS/TSM-20/CNT-3.6 composites (a) without treatment and (b) after the treatment of the 120 ◦C and then 
70% compression, the cryo-fractured surfaces of the composites in the states of (c) 120 ◦C-compressed, (d, d′) 120 ◦C-compressed-120 ◦C, (e, e′) 120 ◦C, and (f, f′) 
120–150 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Schematic illustration of mechanism for the tunable EMI shielding performance in the PDMS/TSM/CNT composites being suffered the different conditions. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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unique tunable microwave shielding property of the composites based 
on temperature and strain would provide a new horizon and strategy to 
design and develop smart composites with favorable self-tunable EMI 
shielding. 
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