Published in : Materials Research (2026), vol. 194, pp. 113793 h
DOI: 10.1016/j.materresbull.2025.113793 4 L I EG E
Status : Postprint (Author’s version) < universite

SUB-TERAHERTZ ABSORPTION SHIELDING PERFORMANCES OF
POLYURETHANE - CARBON NANOTUBES COMPOSITE FOAMS

Ahmad Mamoun Khamis #, Laetitia Urbanczyk °, Christophe Detrembleur <, Isabelle Huynen ?

9|CTEAM Institute, Université Catholique de Louvain, Louvain-la-Neuve, 1348 Belgium

b Center for Education and Research on Macromolecules (CERM), CESAM Research Unit, University of Liege, Sart-
Tilman B6a, 4000 Liege, Belgium

¢WEL Research Institute, Avenue Pasteur 6, 1300 Wavre, Belgium

Abstract

This study presents a novel investigation of the impact of multiwalled carbon nanotube (CNT) on the
microstructure and electromagnetic shielding properties of polyurethane (PU) foams across an
exceptional ultra-wideband frequency range, from 5.85 GHz to 330 GHz. The microstructure results
show that the CNT formed an interconnected and well-distributed network on the PU surface. In
addition, increasing CNT content from 1 wt.% to 11.2 wt.% significantly enhanced the total shielding
effectiveness (SEr) by approximately four times over the whole frequency range. The absorption is
identified as the main mechanism contributing to the SEr performance of our 2.4 mm-thick foamed
composite samples, representing >98 % of the SEr above 40 GHz and up to 330 GHz. Hence, the
corresponding absorption level achieved in this range is 13 — 45 dB. Our samples exhibit significant
potential for electromagnetic interference shielding applications since they meet the standard
commercial requirements.

Keywords : Electromagnetic shielding effectiveness Absorption, Carbon nanotubes, Polyurethane
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1. Introduction

Electromagnetic interference (EMI) has recently gained attention because of the rapid developments
in electronic products and technology. EMI poses a risk to human lives and the economy due to the
interference with the normal operations of circuits, components, communications, and electronic
equipment [1-4]. Therefore, shielding the electrical apparatuses over a wide range of frequencies is
crucial to ensure their proper function. Metals are traditionally used for this purpose; however, metals
have drawbacks such as poor corrosion resistance and large weight [5-7]. To overcome these
drawbacks, many researchers have been focusing on polymer-based materials due to their multiple



advantages such as corrosion resistance, low weight, flexibility, and low cost. Nevertheless, most
polymers have insulating electrical characteristics, making them poor shielding materials. Therefore,
conductive nanoparticles are used as fillers to enhance the electromagnetic (EM) shielding
performance, especially the absorption which is highly preferred in many applications [8,9]. Recently,
anchored C/Co and C/CosSe4 cobalt-based nanoplates were prepared for the purpose of designing and
regulating their microscopic electron behavior and macroscopic electromagnetic response. Such
nanoplates can effectively absorb and convert unwanted gigahertz EM radiation into used heat energy
[10]. Lei et al. also prepared a (CoFeNiCuMn)O composite supported with reduced graphene oxide,
synthesized using plasma process, for EM absorption applications [11]. High entropy (HE) materials
have been extensively investigated for EM wave absorption due to the unique HE effect, hysteresis
diffusion, lattice distortion effect, and synergistic effects, which are expected to meet the
requirements of a wide range of applications [12]. In addition, a multifunctional magnetic CNTs
heterodimensional structure was assembled through interface and defect engineering, for improving
the EMI shielding performance [13].

Carbon foam also emerged as an attractive candidate in EMI shielding applications due to its low
density, protection against shocks, resistance to chemical corrosion and to high temperature [14]. In
addition, polyurethane foams have recently started to replace plastics and metals in many engineering
applications by combining the flexibility of rubber with the durability and hardness of metal [15]. Many
researchers have studied the effects of multiwalled carbon nanotubes on the EM properties of the
polyurethane but they only focused on the following frequency ranges: 10 - 106 Hz [16], 8.2 - 12.4 GHz
[17-20], 1-18 GHz [21], and 5 — 50 GHz [22]. This indicates there is no previous research that has
conducted such studies in a broad frequency range, leading to a lack of information reported in
literature. Therefore, our study fills a gap in literature by investigating the EM shielding properties of
CNT-PU composites in the 5.85 — 330 GHz frequency range. This investigation helps in extending the
usage of CNT-PU samples in EMI shielding applications. The CNT-foam samples can be fabricated using
two main methods. In the first one which is called the bottom-up method, the CNTs are directly
dispersed in the polymer matrix, followed by the foaming process as described in [23,24]. In the second
method, the CNTs are deposited onto a ready-made foam sample by dip-coating process [25-27].

The terahertz (THz) waves are electromagnetic waves that have a wavelength and frequency of 30 um
to 1 mm and 0.3 to 10 THz in a vacuum, respectively. Waves generally have a high penetration
capability through non-polar materials, while they have significant absorption properties when
interacting with polar materials. On the other hand, the sub-terahertz waves, with wavelengths and
frequencies ranging from 1 to 10 mm and 0.03 to 0.3 THz, respectively, share similar properties with
THz waves but offer superior transmission properties [28]. The sub-THz band has started to be used in
various applications such as 5 G networks and it is also paving the way for 6 G, which will use the carrier
frequencies higher than millimeter to provide point-to-point communication, and the 100 — 300 GHz
frequency range is considered the first effective window [29]. This rapid growth of millimeter-wave
technologies has caused major difficulties in controlling the EMI and maintaining stable operation of
electronic devices [30]. To address this urgent need, it is crucial to investigate the capabilities of EMI
shielding materials in the millimeter wave frequency range.



The carbon-based foams are relatively new materials for the THz absorber applications. The inner
structure is the main feature of these materials. The void spaces contained in the pore structure
behave like cavities where the THz waves go through multiple reflections [31] and get absorbed by the
material. Even though extensive studies have been conducted on the EM wave absorption of carbon
foam materials in the microwave range, fewer studies have been recorded in the THz range [32]. The
carbon nanotubes were used in the sub-THz range of frequencies to conduct studies for several
applications, such as antenna [33], thin films deposited on fused quartz [34], optically tunable THz
devices [35], and photothermal devices [36]. Our study extends the applications of CNT to the EMI
shielding field in the sub-THz range. In general, the characterizations in the THz frequency range were
conducted using a time domain spectroscopy system [37-40] or a network analyzer equipped platform
with a pair of frequency extenders [41,42].

This study presents a novel perspective on investigating EM shielding and absorption performance of
CNT-PU samples in frequency bands ranging from 5.85 to 330 GHz. The impact of CNT content on the
microstructure of PU surface is also presented. To the best of our knowledge, it is the first time that
CNT-PU foam samples are characterized in an ultra-wide frequency range using frequency extenders
(W-band, D-band, and J-band) and different waveguides to investigate the EMI shielding effectiveness
and absorption from 5.85 GHz up to 330 GHz frequency range. An experimental analysis of absorbed,
reflected, transmitted power, and shielding effectiveness is proposed and is supported by an SEM
analysis of the morphology of the fabricated nanocomposite foams.

2. Experimental section

This section presents the following subjects: the raw materials used to fabricate the CNT-PU samples,
the fabrication process of the samples, the microstructure and electromagnetic characterization, and
the equations used to evaluate the shielding performance.

2.1. MATERIALS

The CNT-PU samples were prepared using the following materials: open-cell polyurethane foam (SiPLA
SA, Wavre, Belgium) with a net density of 54 kg/m?®and an average pore diameter of 0.46 mm, and
AQUACYL™ AQO0303 multiwall carbon nanotubes waterborne dispersion (Nanocyl SA, Sambreville,
Belgium).

2.2. SYNTHESIS OF CNT-PU SAMPLES

The CNT-PU foam samples were prepared using the dip-coating method. The CNT solution was
prepared by diluting the commercial CNT/water masterbatch Aquacyl 0303 with the appropriate
amount of distilled water. The dilution factors used were 1/4, 1/10, 1/20, and 1/40 for a total volume
of 1200 ml. The PU foam was then dipped in the diluted CNT solution for 24 h. The foam was immersed
by applying weight (1 kg) on the whole surface of the foam and squeezed five times in the first hour to



promote liquid penetration in the foam. Then, the foam samples were removed and dried in a vacuum
oven at 70 °C for 1 day. The amount of CNT incorporated is deduced from the weight difference of the
foam before and after the dipping process. This fabrication process led to four CNT-PU samples with
different CNT contents (1 wt. %, 2.3 wt. %, 6 wt. %, and 11.2 wt. %). The prepared samples shared the
same surface dimensions (16 cm x 16 cm) and a thickness of 2 cm. Finally, the sample dimensions were
reduced for EM characterization to 7 cm x 7 cm x 2.4 mm using a cutter and 3D-printed holder.

2.3. CHARACTERIZATIONS

The microstructure and morphology of CNT-PU samples were examined using the scanning electron
microscopy (SEM). An Anritsu vector network analyzer (VNA) and Keysight PNA were used to
characterize the scattering parameters of CNT-PU samples in the 5.85 — 40 GHz and 40 — 330 GHz
frequency ranges, respectively. The calculations of EM absorption and shielding parameters are
introduced in Egs. (1) — (7).

2.3.1. SCANNING ELECTRON MICROSCOPY

The SEM is an essential tool for investigating nanomaterials since it provides the observation of
structure, shape, and size [43]. A JEOL 7600F SEM, operating at 15 keV, was used to investigate the
dispersion of CNT in the CNT-PU samples. The specimens were mounted on stubs and coated with a
12 nm gold layer using the Cressington sputter 208HR to create a thin conductive layer to minimize
degradation and drift due to thermal expansion. Finally, the stubs were placed inside the SEM chamber
for analysis.

2.3.2. EM MEASUREMENTS IN THE 5.85 - 60 GHZ FREQUENCY RANGE

The measurements of scattering parameters (reflection and transmission coefficients S1; and Sz1) were
performed in the 5.85 - 40 GHz frequency range using an Anritsu VNA (MS4644B). Meanwhile, a
Keysight PNA (N5227B) network analyzer was used for measurements from 40 to 60 GHz. The VNA was
calibrated using a Thru-Reflect-Line (TRL) method for 801 points at room temperature for each
frequency range. Then, the material under test (MUT) was carefully placed between the waveguide
flanges to avoid air gaps, and the measurements were conducted for each frequency range to obtain
the reflection and transmission coefficients corresponding to the reflection of EM signal at the input
of the sample and transmission through it, respectively. This so-called “flange method” [44] offers
many advantages: it is non-destructive, adaptable to the material under test (MUT) thickness, and does
not require fabricating the MUT with specific dimensions. Hence, a single MUT with a large surface can
be characterized across a wide range of frequencies.

2.3.3. EM MEASUREMENTS IN THE 75 - 330 GHZ FREQUENCY RANGE

A Keysight PNA (N5227B) network analyzer with N5292A Millimeter Test Set connected to the
frequency extenders of W-band (N5295AX03, Keysight), D-band (VDI, Virginia Diodes), and J-band (VDI,
Virginia Diodes) was used to conduct the measurements. The frequency extenders of W-band, D-band,
and J-band cover the following frequency ranges 75 — 110 GHz, 110 — 170 GHz, and 220 — 330 GHz,



respectively. The calibration for W-band was conducted using the 85058B standard calibration kit
(Keysight, 1.85 mm) which includes LB Load (50788), Open (51330), Short 1 (51830), Short 2 (50685),
Short 3 (50681), Short 4 (50673), and Line. The calibration kits for D and J bands were WR6.5 (VDI) and
WR3.4 (VDI). The D and J bands shared the same calibration procedures of the Thru-Reflect-Line (TRL)
[45] for 201 points at room temperature. Thru was conducted by directly connecting the waveguide
flanges, Reflect was conducted using SCR3 Short (15-175), and Line was conducted using a quarter-
wave Shim. Two 3D-printed holders were designed and fabricated at the WELCOME facility of
UCLouvain to enhance the measurement accuracy of D and J bands frequency extenders. Such holders
preserve perfect alighment of frequency extenders to ensure the maximum transmission power from
the input to the output port [42]. After performing and validating the calibration, the measurements
were conducted by carefully inserting the MUT between the flanges. Finally, Microsoft Excel combined
the reflection and transmission results obtained using the PNA and VNA systems in a single curve for
each sample.

2.4. OBTENTION OF ELECTROMAGNETIC ABSORPTION AND SHIELDING
EFFECTIVENESS

The fraction of EM absorbed power (A) inside our CNT-PU samples is evaluated using the following
formula:
A=1-R-T (1)

Where the fractions of reflected power (R) and transmitted power (T) are evaluated using the following
two equations involving the S-parameters (Si1;and Sz1) measured by a VNA [46]:

R= |511|2 (2)
T=|Sxu|? (3)

In the next sections, the fractions of R, T and A will be represented in percent; 100 x R, 100 x T, and
100 x A, respectively.

The total shielding effectiveness (SEt) of CNT-PU samples is defined as a function of T as follows:
SET = - 10 X loglo(T) (4)

Where T was calculated using Eq. (3). The contribution of reflection loss and absorption loss to the
total shielding was calculated using the following equations [27]:

SEp = — 10log(1 — R) (5)
T

SE; = — 10log (1) (6)

The SEris a combination of the three following mechanisms [47]:

SET = SER + SEMR + SEA (7)

Where SEr, SEmr, and SE represent the shielding effectiveness due to reflection, multiple internal
reflections, and absorption, respectively. The SEur can be neglected when the SEris greater than 10 dB



[27]. The increase in shielding efficiency in decibel (dB), corresponds to an increase in energy
consumption in the shielding material [48].

It is worth noting that Eq. (7) is widely used in literature to calculate the SEr[24,27]. In our study, Eq.
(4) was used to calculate the SE+. Egs. (4) and (7) give the same results because the impact of SEmr s
negligible.

3. Results and discussions

3.1. MORPHOLOGY ANALYSIS

The morphology of CNT-PU composites was characterized using the SEM. The images of pure PU in Fig.
1 (a and b) show a relatively smooth skeleton. This observation is in line with foam morphologies
reported in previous studies [49,50]. The PU foam has an open-cell structure with pores ranging from
108 to 843 um, as shown in Fig. 1a. The apparent CNT diameter (Dapparent) Sizes presented in Fig. 1g
show the values of 30.9 nm and 25.5 nm. However, these numbers do not represent the real values of
CNT diameters because of a gold coating layer of thickness L = 12 nm is present on both sides of the
diameter. Therefore, the real value (Drea) of CNT diameter was calculated using the following formula:

Drea = Dapparenn — 2L (8)

The real CNT diameter ranges from 6.9 to 1.5 nm. Similarly, the real length of the CNT ranges from 295
nm to 445 nm, which is calculated by subtracting 24 nm from the values presented in Fig. 1i. However,
the length values mentioned only represent the apparent side of CNT, not the whole length of CNT.
The cracks visible on the surface of PU foam samples were due to the gold coating. The CNTs are visible
and evenly distributed throughout the sample with no accumulation. This observation is per the study
[51], which reported that CNTs with a large ratio of length to diameter tend to tangle with each other
to form the conductive networks.

The entangled structure presented in the images of CNT-PU samples shows that the CNTs are
intertwined together to form interconnected networks. Furthermore, the PU surface, shown in Fig. 1
(a and b), is not detected in all CNT-PU specimens (Fig. 1c-j), indicating that the CNT networks covered
the entire PU surface. The SEM images also show that increasing the CNT content does not significantly
impact the nanostructure of CNT-PU samples because the images of Fig. 1 (d, f, h, and i), which share
the same magnification scale of 35 K, display similar CNT networks. This could be due to the tiny scale
of CNT, which was evenly dispersed on the PU surface, making it difficult to visually distinguish the
impact of increasing CNT content on the interconnected networks. In other words, the visible surface
density of CNT-PU samples seems unchanged with increasing CNT content because SEM technique
only examines the MUT surface covered by CNT. This technique cannot examine the thickness of CNT
layer that normally increases with increasing CNT loading in the samples. The CNT successfully formed
an interconnected network in the 1 wt. % CNT sample which had the lowest CNT content. Therefore,
increasing the content of CNT by>1 wt. % does not produce an observable change in the microstructure



since it is only possible to examine the specimen surface not the thickness of the CNT layer in each
sample.

3.2. ELECTROMAGNETIC BEHAVIOR OF CNT-PU SAMPLES

Eg. (1) reveals that obtaining good absorption implies minimizing the fractions of reflected power R
and transmitted power T. The behavior of R, T, and A is discussed in the following subSections 3.2.1,
3.2.2, and 3.2.3, respectively. From the discussion, it will be concluded that EM absorption is the main
mechanism involved in the EMI shielding achieved by our CNT-PU composites. The two factors that
influenced the EM absorption are as follows:

1. The CNT which has a high electrical conductivity [52].

2. The PU foam which has electrical insulation properties [53].

3.2.1. REFLECTED POWER (R)

The fraction of reflected power, presented in Table 1 and Fig. 2, was extracted from measurements of
CNT-PU samples using Eq. (2). The 11.2 wt. % CNT sample exhibited the highest R in the 5.85 — 40 GHz
frequency range. This behavior could be attributed to the high content of CNT which has high electrical
conductivity whereby the electrons migrates to form a conductive current in the presence of EM field
[54].

The reflected power decreased with increasing CNT concentrations above 40 GHz, this decrement can
be associated with the behavior of the absorption, which will be discussed in SubSection 3.2.3. This is
also confirmed in literature that the loss in reflection is an important parameter in evaluating the
absorption performance of EM-absorbing materials [55]. This is because the transmitted and reflected
waves significantly decrease with greatly enhanced absorption [56].

Overall, the behavior of R is induced by the foamed structure of the material under scope. The air filling
factor of our foams exceeds 90 %, which combined with the nominal value of the dielectric constant
of PU lower than 3.6 [57], yields a low value of dielectric constant of the composite foam, around 1.26
thus close to air and lowering the reflection. This partly explains that the reflected power remains
below 10 % above 40 GHz. Moreover, the reduction of reflection can also be favored by the presence
of percolative conductive CNT network that, above a threshold frequency (around 40 GHz in our case),
contributes to favor the absorption of the signal into the foam.

3.2.2. FRACTION OF TRANSMITTED POWER (T) AND ASSOCIATED TOTAL SHIELDING
EFFECTIVENESS SE+

The fraction of transmitted power (T) is shown in Fig. 3. Increasing the CNT content induces a decrease
in the transmitted power over the whole frequency range. This is consistent with the conductive nature
of the CNT; increasing the conductive content also increases the ohmic losses in the samples, hence
their capacity to attenuate and block the EM wave. A low transmitted power is associated with a high
SEraccording to Eq. (4).



The shielding is mainly dependent on absorption because the reflection R of CNT-PU composites
remains below 10 % above 40 GHz as presented in Fig. 2. In general, higher absorption and reflection
lead to lower transmission and thus higher SEras presented in Figs. 3 and 4, respectively. In our case,
as reflection is not significant, the high SEris mainly due to absorption. The variation in SEramong the
samples is relatively small in low frequencies and significantly grows with increasing frequency. It is
attributed to the capacitive coupling occurring between CNT at high frequency, responsible for the
formation of an efficient percolative conductive network at microwaves and sub-THz frequencies [58].
For each CNT content, the SEris clearly maximum in the 220 — 330 GHz frequency range and is
influenced by the CNT content, as summarized in Table 2and shown in Fig. 4. This performance will be
compared to state-of-the-art in SubSection 3.2.4.

It can already be noted that the SErof 11.2 wt. % and 6 wt. % samples reaches the threshold of 20 dB,
which is the targeted value for commercial absorbers, above 26.5 GHz and 110 GHz, respectively.

3.2.3. EM ABSORPTION OF POWER

The EM absorption represented the energy dissipation resulting from the interaction between EM
signals and the absorber [48]. When EM signals pass through conductive composite materials, EM
absorption occurs and converts EM energy into heat energy due to ohmic loss. The origin of ohmic loss
can be the energy dissipation by mobile charge carriers through electrical conduction, hopping, and
tunneling. Under an external EM field, the free electrons migrate and hop through conductive
networks [56] constructed by CNT. Therefore, the conductivity of the composites is determined by
electronic transport. The hopping electrons can jump across the interface between CNTs, and this
hopping mechanism can improve the micro-current in the CNT networks when the CNT filling content
is sufficient [59]. Gong et al. [60] found that increasing the CNT content increases the number of
dissipating charge carriers, causing higher ohmic loss. The fraction of absorbed power, calculated using
Eq. (1), is presented in Fig. 5 and Table 3.

Ohmic loss is dependent on the skin depth, which decreases with increasing frequency. Skin depth (8)
is the depth from the surface where the electric field incident on the material has diminished to 1/e of
its value at the surface [61]. The skin depth is calculated using the following formula [62]:

1
5_W (9)

Where o and U represent the material’s conductivity and permeability, respectively, and f is the

frequency. Based on Eq. (9), the skin depth is around seven times smaller at 330 GHz compared to 5.85
GHz, which means that the power (current) density at 330 GHz is greater compared to 5.85 GHz. This
will lead to a higher ohmic loss (joule heating) per volume unit when increasing the frequency, because
the relationship between the ohmic loss and power density is directly proportional. Hence, the
absorption will increase with increasing frequency since higher ohmic loss at higher frequencies is
associated with higher absorption. The interconnected and well distributed CNTs, discussed in Section
3.1, formed a conductive network in the CNT-PU composites on the nanoscale. The electron transport
in the CNT networks could be explained as a series of circuit model where the hopping and migrating
transports take place in parallel [59]. Such transport is influenced by the CNT content. Therefore, the



currents induced by the EM signal in the CNTs, uniformly covering the whole surfaces of CNT-PU
composites, might lead to a higher absorption.

Apart from conduction losses associated with the CNTs present in the dielectric PU matrix, there are
four types of polarization possible in dielectric materials: electronic, ionic, dipole-oriented, and
interfacial (space charge). The total polarizability in a dielectric material is the sum of these four
contributions [63]. The electronic polarization occurs due to the displacement of the outer electron
clouds with respect to the inner positive atomic cores [64]. This polarization can be neglected in this
study since it takes place in the optical frequency range around 10E15 Hz, and the frequencies where
the electric field oscillates in our study are too low to stimulate the electronic polarization. The
interfacial polarization occurs due to the accumulation of charges at the interfaces between CNT
nanofillers and the PU matrix. This type of polarization is also ignored in this study because it takes
place in low-frequency ranges around 10 kHz [65]. Additionally, ionic polarization does not occur in the
CNT-PU composites because both CNT and PU have covalent bonds. Dipole polarization might be
dominant in our study because the urethane [-NH—CO—-0O-] group, which is the main building block of
polyurethanes [66], exhibits a dipole moment. The dipolar polarizability describes the second-order
response of a system to an external electric field perturbation [67]. However, the dipoles start to lag
behind the field as the frequency increases, leading to a lower absorption [68].

Both CNTs and PU contribute to the overall absorption of CNT-PU composites, but the contribution of
CNT is higher than that of PU. This is because the PU is an electrically insulating material compared to
CNT, which is a conductive material and has more potential to dissipate the EM power through ohmic
loss. Such materials are highly recommended in EMI shielding applications because materials with high
absorption capabilities combined with low reflectivity reduce the risk of dispersing spurious signals
into the environment via multiple reflections [69].

Indeed, the absorption cannot take place inside the sample if the EM signals are totally reflected at its
surface. Highly conductive materials, such as copper, have high reflectivity and limited absorption
potential. Therefore, highly conductive materials use the first shielding mechanism (reflection) to
suppress the EM waves in EMI shielding applications. In this study, the CNT-PU composites greatly rely
on the absorption mechanism to attenuate the EM energy, also reducing the EMI caused by signals
reflected to the surrounding environment.

3.2.4. SUMMARY OF SHIELDING PERFORMANCE AND COMPARISON WITH STATE-OF-THE ART

As discussed in the previous sections, the SEr performance in our sample is mainly due to absorption.
This is illustrated by the bar charts shown in Fig. 6 where the SEgr and SEavalues are obtained from Egs.
(5) and (6), respectively. Whatever the frequency and CNT concentration, the reflection R is not
significant and does not influence the total shielding performance SE+, which is close to the shielding
achieved by absorption.

Tables 4 and 5 present a comparison of SEr values between our study and recent studies in the
literature at 9 GHz and in the sub-THz range, respectively. The specific shielding effectiveness (SSE) of
the samples was calculated using the following formula:



SET (dB)
Thickness (mm)

SSE (dB/mm) = (10)

The SSE normalizes the shielding effectiveness to the thickness of the sample because it is confirmed
in the literature that the thickness has a significant impact on the SEr [70-72]. Normalizing to the
thickness allows an independent comparison with performance from the literature, since for materials
that are mostly absorbent, SExand SErare directly proportional to the thickness. Our material is mainly
absorbent since SEris negligible according to Fig. 6. However, the SSE formula does not consider the
filler percentage, which may lead to misleading comparisons. Therefore, we based our comparison on
the B factor which considers the sample’s thickness and CNT’s percentage as expressed in the following

equation.
SSE
b= CNT% (11)

Our CNT-PU composites exhibit the highest B factor compared to the corresponding values previously
reported in the literature as presented in Table 4. Moreover, this study investigated the impact of CNT
on PU foam matrix over a wide range of frequencies, paving the way for implementing CNT-PU
composites in the SHF and millimeter wave EMI shielding applications.

In conclusion, the 11.2 wt. % CNT sample with 2.4 mm thickness meets the standard target values for
commercial EMI shielding materials, which is 20 dB [73], above 26.5 GHz. Additionally, the SEr
performance can be significantly enhanced by increasing the thickness since the sample’s thickness is
directly proportional to the absorption loss [74].

Contrary to Table 4, the comparison presented in Table 5 does not include studies on CNT-PU
composites due to the lack of related studies in the literature in the sub-THz. This gap also reflects the
importance of investigating the shielding properties of CNT-PU composites at these frequencies. It is
worth noting that some reported data in Table 5 shows higher SSE values compared to our results due
to the following reasons: 1- The studies were conducted in the 0.5 — 3 THz frequency range and thus
higher frequencies naturally caused higher SSE. 2- High content of filler was used in the composite.
Hence, to the best of our knowledge, our presented samples are superior to previously published sub-
THz composites, especially when taking into account the balance between the sample thickness,
frequency range, filler percentage, and SEr.

4. Conclusion

Four different CNT-PU foam samples were successfully fabricated by dip-coating, and their EM
shielding and absorption properties were investigated across a broad frequency range of 5.85 — 330
GHz. The EM characterization across such a broad frequency range represents a key novelty of our
study. Increasing the CNT content significantly influenced the absorption and SEr performance of the
samples at higher frequencies. The SEM images of CNT-PU samples showed that the CNT formed an
interconnected and conductive network covering the entire surface of the PU foam. The prepared
samples conform to the industrial requirements of EMI shielding materials. Notably, the 11.2 wt. %



sample achieved an SEr between 20 dB and 45.3 dB in the 26.5 — 330 GHz frequency range. The
contribution of the SEgto the SErof 2.3 wt. %, 6 wt. % CNT and 11.2 % wt. % samples was <2 % while
the contribution of SEx was higher than 98 % in the 50 — 330 GHz frequency range. Therefore, the
absorption was the main mechanism contributing to the SErdue to the high absorption capabilities of
CNT across the studied frequency range. Future work could focus on investigating the shielding
effectiveness of CNT-PU samples in the 0.3 - 1 THz frequency range. Our study could also be re-
conducted using different fillers and foam samples. For example, graphene oxides and ferrite
nanoparticles could be used as fillers to enhance the SEr and absorption performance of foam
composites in future research.
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Tables

Table 1 Fraction of reflected power of CNT-PU samples at selected frequencies.

CNT wt. R (%)
%

5.85 20 50 20 140 220 330

GHz GHz GHz GHz GHz GHz GHz
1 9.0 2.2 4.5 5.0 2.2 7.7 4.0
2.3 19.3 6.9 1.0 2.4 1.8 1.1 1.2
6 30.8 9.5 0.9 1.0 0.3 3.5 3.0
11.2 56.7 23.9 1.8 1.4 1.0 1.9 1.4

Table 2 SEr (dB) of CNT-PU samples at selected frequencies.

CNTwt.  SE; (dB)

%

5.85 20 50 90 140 220 330
GHz GHz GHz GHz GHz GHz GHz
1 4.4 4.3 5.8 13.4 12.0 11.8 13.3
2.3 8.2 11.9 14.1 14.4 15.7 16.0 16.6
() 12.8 14.9 17.1 19.0 23.0 25.2 25.9
11.2 16.9 18.1 23.9 28.2 34.6 41.3 45.3

Table 3. Absorption of CNT-PU samples at selected frequencies.

CNT wt. A (%)

%

5.85 20 50 90 140 220 330
GHz GHz GHz GHz GHz GHz GHz
1 54.7 60.8 69.5 90.5 91.4 85.7 91.3
2.3 65.6 86.5 95.1 93.9 95.6 96.4 96.7
6 64.0 87.3 97.2 97.8 99.2 96.2 96.8

11.2 41.3 74.5 97.8 98.4 99.0 98.1 98.6




Table 4. The SE7 of different CNT-PU foam composites at 9 GHz.

Materials CNT % Thickness (mm) SEr (dB) SSE (dB/mm) SEa Preparation type B Ref.
(dB)
CNT-PU 25 % 2 30.2 15.1 ~ 27 bottom-up 0.60 [23]
CNT-PU - 20 =~ 35 1.75 =~ 33 dip-coating - [27]
CNT decorated hollow glass microspheres- PU 13 10 25.03 2.50 ~ 33.65 bottom-up 0.19 [24]
CNT-PU 9 3.4 ~10.5 3.09 ~6 bottom-up 0.34 [75]
CNT/PU 4.35 10 ~ 23 2.3 - dip-coating 0.53 [76]
without buckling structures (UCNPF)
single-walled CNT-PU 20 2 ~16 8 - bottom-up 0.4 [771
CNT-PU 11.2 2.4 |1 6.2 6.75 13.9 dip-coating 0.60 This work
Table 5. The comparison of different shielding materials at sub-THz range.
Composites Filler % Thickness SEr SSE (dB/ SEa Freq Ref.
(mm) (dB) mm)
MXene/polyelectrolyte (PE)- chitosan (CS) hydrogel PE content 0.45 1 38 38 - 330 GHz [78]
g/mL
Cellulose nanofibers (CNF) /sustainable biocarbon (SBC) nanopapers 50 % 3 30 10 29.98 400 GHz [79]
dB
Graphene/carbon fiber composite aerogels 25 % of CF 4 20 5 96.1 % 330 GHz [80]
TizCoTy/poly-(3-glycidoxypropyldimethoxymethylsilane) (PGPDMS) - 1 57.5 57.5 57.4 dB 0.5-3THz [81]
hybrid aerogels
carbon-coated silicon carbide nanoparticles SiC@C/PDMS 10 % of SiC@C 0.29 12 41.8 - 0.5-3.0 [82]
NPs THz

Epoxy/graphene 1.2 % 1 =12 12 ~12dB 330 GHz [83]
CNT-PU 11.2 2.4 45.3 18.83 45.2 dB 330 GHz This




Figures

Fig. 1. SEM images of CNT-PU samples, a-b: PU, c-d: 1 wt. % CNT, e-f: 2.3 wt. % CNT, g-h: 6 wt. % CNT,
j-j: 11.2 wt. % CNT.




Fig. 2. Fraction of reflected power of CNT-PU samples in the 5.85 — 330 GHz frequency range.
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Fig. 3. Fraction of transmitted power in CNT-PU samples in the 5.85 — 330 GHz frequency range.
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Fig. 4. Total shielding effectiveness of CNT-PU samples in the 5.85 — 330 GHz frequency range.
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Fig. 5. Absorption of CNT-PU samples in the 5.85 — 330 GHz frequency range, using Eq. (1).
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Fig. 6. SEr and SE, contributions to the SEr of CNT-PU samples at selected frequencies.
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