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This study investigates the impact of increasing carbon nanotube (CNT) concentration
on the AC conductivity, dielectric, and electromagnetic shielding properties of
polyurethane (PU) foams. Four CNT-PU foam samples with different CNT contents (1
wt.%, 2.3 wt.%, 6 wt.%, and 11.2 wt.%) were fabricated using the dip coating method.
Three different measurement techniques were employed to characterize the AC
conductivity and complex permittivity of the CNT-PU composites across various
frequency ranges (kHz, MHz, and GHz). COMSOL software was also used to calculate
the scattering parameters and visualise the electric field distribution. The
microstructure SEM images of CNT-PU samples confirmed that the CNTs formed
interconnected and well-distributed networks on the PU surface skeleton, leading to
conductive pathways that boost the absorption loss. Therefore, increasing CNT content
increased the permittivity and conductivity of CNT-PU samples, and consequently, the
total shielding effectiveness (SET). The incorporation of 11.2 wt.% CNT greatly
enhanced the AC conductivity, increasing it from 3.6 x 10-6 S/cm (pure PU) to 0.0068
S/cm at 10 MHz. Furthermore, the corresponding values of complex permittivity also
increased from 1.32 — j 0.0059 to 8.65 —j 3.7 at 1000 MHz. The complex permittivity of
11.2 wt.% CNT sample was 3.76 —j 3.56 at 25 GHz. The samples with 6 wt.% CNT
and 11.2 wt.% CNT met the standard requirements for the electromagnetic interference
shielding applications because their total shielding effectiveness (SET) values
surpassed the 20 dB threshold within the 18 — 26.5 GHz frequency range. The
visualization of the electric field distribution further confirmed that the 11.2 wt.% CNT
sample greatly attenuated the electric field propagation through the material. The
contribution of the absorption loss mechanism to the SET of CNT-PU samples
surpassed 94% in the 18 — 26.5 GHz frequency range, indicating that the absorption
loss was the main shielding mechanism in our samples.
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Journal of Materials Science: Materials in A dielectric material test set using a parallel plate capacitive configuration is used for

Electronics considers only outstanding the first time to measure the permittivity of composite conductive foams.

papers that make a distinct contribution to Our work fills a gap in the literature by proposing a solution for non-destructive

the field of experimental electronic characterization of foams over a wide frequency range.

materials. This includes optoelectronic The combination of SEM imagery, frequency measurements, and COMSOL

and photonic materials as well. simulations provides a comprehensive analysis that aids in the design of composite

foams for electromagnetic shielding applications
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work is outstanding and what
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Special Issue (Sl), and were you asked to
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Dear Editor,

We are pleased to submit the revised version of our manuscript, JMSE-D-25-03626. We
greatly appreciate the opportunity to improve it based on the editors’ and reviewers'
comments.

The comments of the reviewers were accordingly and carefully addressed, and all changes
were highlighted in yellow. The manuscript was also enriched with new relevant studies.

We hope that the reviewers and editors will evaluate positively the revised manuscript for
publication in the Journal of Materials Science: Materials in Electronics. Our responses to

the valuable comments of the reviewers and editors are attached to this letter.

We are looking forward to receiving your feedback.

Sincerely yours,

Dr. Ahmad KHAMIS,
Corresponding author

L OUVAIN-LA-NEUVE | BRUXELLES | MONS | TOURNAI | CHARLEROI | NAMUR
Place du Levant, 3 - PO Box L5.03.02 - 1348 Louvain-la-Neuve, Belgium
Tél. +32 (0)10 47 23 08 — fax +32 (0)10 47 21 80 — ahmad.khamis@uclouvain.be — www.uclouvain.be/icteam



Revision of manuscript JMSE-D-25-03626

Answers to the comments of the Editor

We thank the Editor for reviewing our manuscript and making valuable comments. We have
carefully addressed each comment by the Editor and reviewers below.
Changes made in response to comments are highlighted in yellow in the revised manuscript.

Comment 1:
Please modify your manuscript as appropriate and provide replies to the referee comments.
Please identify the revisions in the new manuscript by highlighting them in yellow.

Answer to comment 1:

The manuscript has been modified and improved as appropriate. The reviewer comments
were carefully addressed. The revisions in the revised manuscript have been highlighted in
yellow.

Comment 2:

If you are citing references from this journal that have been published in the last 3 years, please
ensure that the references are relevant. We would like to eliminate unnecessary self-citations
of the journal itself.

Answer to comment 2:
The references used in our manuscript are relevant.

Comment 3:

If the referees have suggested the inclusion of certain references, please ensure that these are
relevant to the work and explain to the editor why they are or are not relevant in your reply
letter.

Answer to comment 3:
The referees did not suggest including certain references.

Comment 4:

VERY IMPORTANT: You must follow the author instructions in the online document "JMSE
Guidelines for Authors on Notation and Best Scientific Practice” at
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.springer.com%
2Fjournal%2F10854%2Fsubmission-
guidelines%23linksAndDownloads&data=05%7C02%7Cahmad.khamis%40uclouvain.be%7
C04a3599a3b0f441c79f408ddd8c09477%7C7ab090d4fa2edectbc7c4127b4d582ec%7C1%7
C0%7C638905043819476864%7CUnknown%7CTWFpbGZsh3d8eyJFbXB0eU1lhcGkiOnR
ydWUslIYiOilwLjAuMDAwWMCIsIIAIOiJXaW4zMilsIkFOljoiTWFpbClslldU1joyfQ%3D%
3D%7C0%7C%7C%7C&sdata=f7qcpC%2Bs7fHSRUNCATcXm7PkZIh2TctyZxe5wriXMU
E%3D&reserved=0

Answer to comment 4:
We have read and followed the instructions of this online document.
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https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.springer.com%2Fjournal%2F10854%2Fsubmission-guidelines%23linksAndDownloads&data=05%7C02%7Cahmad.khamis%40uclouvain.be%7C04a3599a3b0f441c79f408ddd8c09477%7C7ab090d4fa2e4ecfbc7c4127b4d582ec%7C1%7C0%7C638905043819476864%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=f7qcpC%2Bs7fHSRUNcATcXm7PkZlh2TctyZxe5wrjXMUE%3D&reserved=0

Comment 5:

VERY IMPORTANT: Your manuscript must comply with the journal's requirements on
notation (including the use of points for decimals and not commas), the use of significant
figures, errors and uncertainties, the use of the Scherrer equation, Williamson-Hall analysis
and the depiction of smooth curves through the experimental points. Manuscripts that do not
comply with JMSE's requirements will be rejected.

Answer to comment 5:
We followed the mentioned requirements in our manuscript.

Comment 6:

The title of your paper must represent the work without superlative adjectives and without
unjustifiable claims such as "amazing", "extraordinary", "unbelievable", "outstanding™ etc. If
necessary, please modify the title of your paper. (See link under Point (4) above.)

Answer to comment 6:

The title of our manuscript does not contain such unjustifiable claims.
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Answers to the comments of Reviewer 2

We thank the reviewer for the valuable comments on our manuscript. Such comments enhance
the quality and clarity of our work.

The manuscript was carefully modified to address all comments, and the changes were
highlighted in yellow in the revised manuscript.

Comment 1:
Clearly emphasize why your study on CNT-PU foams and their dielectric properties over such
a broad frequency range is important compared to prior work.

Answer to comment 1:

The broad frequency range can increase the number of applications where the samples may be
implemented.

The following two sentences were added to the introduction:

“It is important to note that the number of EM applications (such as EMI shielding) in which
a certain material can be used depends on its EM properties at specific frequency ranges.
Therefore, investigating the EM properties over a broad frequency range will increase the
number of applications where the material may be used, compared to a narrow frequency
range”

“Several applications are covered in these frequency ranges including marine communications
in the 30 - 300 kHz range, television, microwave, and mobile phones in the 300 MHz — 1 GHz
range, and satellite communications in the 10 — 26.5 GHz range.”

Comment 2:
Highlight any unique aspects of your sample preparation or characterization (e.g., the 3D
holder for DMTF) and why these overcome limitations in the field.

Answer to comment 2:

We have highlighted in section 2.2 the unique aspect of our sample preparation as follows:
“In this study, the dip coating method is chosen for the fabrication of CNT-PU foam samples
because of three advantages: it is the most cost-effective, the fabricated foam can be used
directly without post-processing, and finally the foam is fully covered with the applied
nanofiller.”

The importance of using the 3D holder for DMTF was highlighted in the introduction. The
following sentences were added “Such pressing decreases the thickness of the foam sample
under test, leading to the following problems: the content of air inside the foam sample will
decrease, which may result in wrong values of dielectric constant; it is not possible to measure
the new thickness of the foam sample after the upper electrode presses the foam sample, and
finally it is not possible to obtain the real dielectric constant of the MUT since a significant
change in dimensions occurred. ..... which will overcome the limitations of characterizing
foam samples using DMTEF.”

Comment 3:
When presenting results (e.g., conductivity, permittivity, shielding effectiveness), compare
them explicitly to prior literature values or benchmarks.
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Answer to comment 3:
The following statements were added to compare our work with the literature:

In Section 4.2

“These results are consistent with a study conducted by Hoang [40]. llya also reported that the
AC conductivity of PU is approximately 10 S/cm within the 10°-10° frequency range [41].”

In section 4.3:
“The ¢’ values of PU sample reported in this study are in accordance with the ones reported by
Wang [36].”

In addition, we added Table 2 in Section 4.5, in which we compared the SEt values obtained
in our study with the ones previously reported in the literature.

Comment 4:
Discuss how your results meet or exceed commercial standards (you mention 20 dB shielding
effectiveness at 24.5 GHz) and what that implies practically.

Answer to comment 4:

In order to address this important comment, we added the following sentences in section 4.5
before Figure 9: “The good EMI shielding material causes a maximum attenuation of the EM
wave by absorption or reflection with inappreciable transmission. When the SEt of a certain
material is 20 dB, this means that there is an attenuation of 99% of the total energy of the
incident wave [54]. The EMI shielding requirements depend on the application. For example,
the EMI shielding of 15-20 dB is considered an adequate level of shielding for desktop
computers and laptops [55].”

Comment 5:
Quantify the improvement from CNT concentration increases more clearly.

Answer to comment 5:
Quantitative discussions were added to address this important comment. The following
sentences were added to the manuscript:

In section 4.2 before equation 1:

“At 10 MHz, the o4c Values were 0.00048 S/cm, 0.0012 S/cm, 0.0037 S/cm, and 0.0068 S/cm
for the 1 wt.% CNT, 2.3 wt.%, 6 wt.%, and 11.2 wt.% samples, respectively. This indicates
that the oac increased by 150%, 208%, and 83% by increasing the CNT concentration from 1
wt.% to 2.3%, 2.3 wt.% to 6 wt.%, and 6 wt.% to 11.2 wt.%, respectively”

In section 4.4, 2 paragraphs before Figure 8:

At 25 GHz, the €’ values were 1.37, 1.86, 2.39, and 3.76 for the 1 wt.%, 2.3 wt.%, 6 wt.%, and
11.2 wt.% CNT samples while the corresponding values of €”” were 0.44, 0.82, 2.07, and 3.56.
This indicates that the ¢’ and &’ increased by 36% and 86% with increasing the CNT
concentration from 1 wt.% to 2.3 wt.%. ”
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In addition, Table 1 was added to present the values of complex permittivity of CNT-PU
samples obtained using the impedance analyzer at 1000 MHz.

Comment 6:
Beyond EMI shielding, briefly discuss other possible applications for CNT-PU composites,
such as sensors, flexible electronics, or thermal insulation.

Answer to comment 6:

Some applications of CNT-PU samples were added to the introduction as follows:

“The conductive PU composites can also be found in other applications such as environmental
and medical sensing, electrochemical energy storage, and tissue regeneration [22].
Additionally, the CNT-PU nanocomposites have been studied in various fields such as bone
substitute, cardiovascular applications, ligament, tendon, and neural tissue engineering [23].

Comment 7:
Consider adding more details on sample reproducibility, error analysis, and measurement
uncertainties.

Answer to comment 7:
The following was added to address the uncertainty topic:

In Section 3.1 before Figure 1:

“The uncertainty in the sample geometry was provided by manufacturer as follows: for a
sample with a thickness of 0.1 mm, the error in the thickness has to be less than 1 um for a 1%
accurate result.”

In section 3.1 before Figure 2:

“Measurement accuracy of impedance analyzer applies when the calibration is performed at 23
°C 5 °C. When the calibration is below 18 °C or above 28 °C, the measurement error doubles.
The basic accuracy is £0.65% and the impedance range is 120 mQ to 52 kQ (10% measurement
accuracy range).”

In section 3.1 after Figure 1:
“The typical power level accuracy (dB) of the VNA is = 0.60 for the 10 — 18 GHz frequency
range.”

Comment 8:
Can be consider to cite some similar references in introduction section.

Answer to comment 8:
The Introduction Section was improved, and eight new references were added.
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Answers to the comments of Reviewer 3

We appreciate the constructive comments of the reviewer, which helped us improve the quality
and readability of our manuscript. The comments were carefully and accordingly considered
in the revised version of the manuscript, and all changes were highlighted in yellow.

Comment 1:
The authors may add graphical abstracts and highlights to make the manuscript easier to read.

Answer to comment 1:
After careful check of the guidelines of the journal, graphical abstract and highlights are not
asked/mandatory.

Comment 2:

Improving the title is recommended; the title should be reflective and specific, and the primary
methods and findings used in the study should be made clear and more focused. This title is
more suitable for a review rather than a research paper.

Answer to comment 2:

The title has been modified into:

Effects of carbon nanotubes on the AC conductivity, permittivity, and electromagnetic
shielding performance of polyurethane foams in the 15 Hz - 25 GHz frequency range

Comment 3:

The experimental synthesis protocol section should include a reference; otherwise, the authors
should optimize the process under different parameters and conditions. Additionally, 1
recommend improving the material section on page 2, name and explain the brand of the
materials you have used. Also, stop counting the techniques in the characterization section;
explain them with a related title. The COMSOL simulation section should be described in
detail, with associated citations and computational models description.

Answer to comment 3:

Two references were added to the Fabrication Section 2.2.

All the brands and names of the materials are mentioned in the paper. As these are commercial
samples, their exact composition is not available.

The techniques counting was stopped, and the related titles were modified. The COMSOL
Simulation (subsection 3.2) was improved.

Comment 4:
I strongly recommend improving the captions of all figures by providing detailed information
and including labels.

Answer to comment 4:
The captions of all figures were improved as recommended.
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Answers to the comments of Reviewer 4

We are thankful to the reviewer for his important and valuable comments on our manuscript.
All comments were carefully addressed, and the changes were highlighted in yellow in the
revised manuscript.

Comment 1:
Abstract must be enriched via valuable results which pave the way for understanding the
audiences.

Answer to comment 1:
The abstract was enhanced based on the reviewer’s comment.

Comment 2:
The novelty of this study should be inserted in the text clearly.

Answer to comment 2:
The novelty of this study has been clearly inserted in the text. Please, see our answer to
comment 4 by the reviewer.

Comment 3:
The discussion section is very short compared to the obtained results. Please go through it and
add more comments and interpretations.

Answer to comment 3:
In Section 3 “Results and Discussion” of the revised manuscript, results are carefully discussed
taking into account the comments made by all reviewers.

Comment 4:
Please clearly mention the novelty of this work in the main parts of the article (introduction,
method, results, and conclusion section).

Answer to comment 4:

The novelty of this work was clearly mentioned in various parts of the manuscript, for example
at the end of the introduction, in Section 3 before subsection 3.1, as concerning the use of
Comsol, and in Section 3.1, two paragraphs before Figure 2, concerning the 3D holder. Please,
see also our answer to Comment 11 below.

Comment 5:
There are more and more errors in the standard of English (and other typo errors/mistakes),
and then the authors should be proofread the paper carefully.

Answer to comment 5:
A proofreading was conducted for the manuscript.
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Comment 6:

The introduction section is very short and poorly described. It doesn't present the reference to
the manuscript scope. In the introduction section, authors should make an in-depth literature
review concerning the application of advanced technologies such as nanotechnology and
advanced crystalline materials and composites, and nanostructures for improving people's
lives, environmental remediation, sensors, wastewater treatment, renewable and clean energy
production and storage, addressing environmental issues, and optical applications. Introduction
has deficiency citation to valuable works published before.

Answer to comment 6:
The introduction was improved according to the comments made by all reviewers.

Comment 7:
And the structure of the manuscript might need a major adjusting for a better understanding.

Answer to comment 7:
The manuscript was modified in some places for better readability and understanding.

Comment 8:
Redesign the chapter of proposed model the way so anybody can repeat your procedures.

Answer to comment 8:
Section 3.2 now includes all details enabling reproduction of the results from Comsol
simulations.

Comment 9:

Results and discussion: - To increase the scientific value of the manuscript Authors should
consider extension of the all results section with comparison of the obtained results with the
results described in previous publications.

Answer to comment 9:

Our SEr results were compared with previously published studies in Table 2.

Other comparisons with the values of the literature are provided as an answer to Comment 3
by Reviewer 2.

Comment 10:
Indeed, there are impressive amount of results. However, the conclusions section needs to
improve with selected and highlighted main findings.

Answer to comment 10:
The conclusion was improved by highlighting the main findings.

Comment 11:
What is the main significance of paper in comparison to other published works?
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Answer to comment 11:

Our work has several advantages compared to previously published works, such as:

1. Characterising our sample over a wide range of frequencies (kHz, MHz, and GHz).

2. Using the DMTF to characterise foamed samples for the first time.

3. Reporting EMI shielding materials, based on absorption mechanisms, with higher
shielding performance compared to reported works.

4. Proposing a fabrication method which is cost-effective with no postprocessing
requirements.

All these points were highlighted in the revised manuscript.

Comment 12:
The authors should prepare TEM and HRTEM images for detailed investigation of structure
and morphology of samples.

Answer to comment 12:

We were not able to conduct the TEM and HRTEM measurements for our samples because
some experiments and manpower were reduced during the summer vacation period ending in
September. Nevertheless, the SEM images presented and discussed in Section 4.1 yet allow us
to conclude about the presence of an interconnected network of carbon nanotubes that ensures
a sufficient level of conductivity, yielding an excellent shielding effectiveness level.

Comment 13:
This work should be compared with the other work in Table form.

Answer to comment 13:
As already indicated in our response to Comment 9, our SEt results were compared with
previously published studies in Table 2.

Comment 14:
The novelty of this study should be inserted in the text clearly.

Answer to comment 14:
The novelty has been inserted clearly in the text, as previously explained in our answer to
Comment 3 and 11, please see above.

Comment 15:
Where is the practical application of this manuscript? It must be added.

Answer to comment 15:

The practical application of this work has been clearly added to several places in the
introduction:

“Additionally, polymer composites showed outstanding EMI shielding performance for
construction, aerospace, electronics, and medical market”
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“Several applications are covered in these frequency ranges, including marine
communications in the 30 - 300 kHz, television, microwave, and mobile phones in the 300
MHz — 1 GHz, and satellite communications in the 10 — 26.5 GHz [5].”

“This research aims to fabricate and characterize CNT-PU samples for EMI shielding
applications. These applications are applied in several industries such as microelectronics,
computer, automotive, and aerospace.”

Comment 16:
The discussion section is very short compared to the obtained results. Please go through it and
add more comments and interpretations.

Answer to comment 16:
This comment looks similar to Comment 3 by the same reviewer. Please kindly refer to our
answer to Comment 3 above.

Comment 17:
Please clearly mention the novelty of this work in the main parts of the article (introduction,
method, results, and conclusion section).

Answer to comment 17:
This comment is very similar to Comment 4 by the same reviewer. Kindly refer to our answer
to that comment above.

Comment 18:
All figures must be cleared (enlarge) and improved.

Answer to comment 18:
All figures were enlarged and improved.

Comment 19:
The figure caption should also include key experimental conditions and operating parameters.
This applies to all figures.

Answer to comment 19:
All figures captions were modified.

Comment 20:
Please remake the scale bar in the images (figure 5) to make sure it is clear to read.

Answer to comment 20:
The positions of the scale bar in Figure 5 were changed to make it clear to read.
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Additional change

During the revision of the manuscript, we noticed that equations (2-4) in the old version of the
manuscript were wrongly applied to the calculation of SEt, SEa and SEr previously shown in
Figures 11 and 12. We apologize for this error and have replaced the wrong results with the
correct ones for Figures 10 and 11 in the revised manuscript. This error does not affect the
message delivered in our manuscript since the corrected results show higher values of
shielding. We have also reorganized Figures 9 to 12 to enhance the readability and structure of
the manuscript as requested by the reviewers. Figure 9 now shows return loss associated to S-
parameter Si1, and Figure 10 shows SEr associated to S-parameter Sz1. The analysis of the
contributions to SEt and the EF distribution are now shown in Figures 11 and 12 respectively,
in the revised manuscript.
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12 Abstract
ii This study investigates the impact of increasing carbon nanotube (CNT) concentration on the AC conductivity,
15 dielectric, and electromagnetic shielding properties of polyurethane (PU) foams. Four CNT-PU foam samples
16 with different CNT contents (1 wt.%, 2.3 wt.%, 6 wt.%, and 11.2 wt.%) were fabricated using the dip coating
17 method. Three different measurement techniques were employed to characterize the AC conductivity and complex
18 permittivity of the CNT-PU composites across various frequency ranges (kHz, MHz, and GHz). COMSOL
19 software was also used to calculate the scattering parameters and visualise the electric field distribution. The
20 microstructure SEM images of CNT-PU samples confirmed that the CNTs formed interconnected and well-
21 distributed networks on the PU surface skeleton, leading to conductive pathways that boost the absorption loss.
ég Therefore, increasing CNT content increased the permittivity and conductivity of CNT-PU samples, and
o4 consequently, the total shielding effectiveness (SEt). The incorporation of 11.2 wt.% CNT greatly enhanced the
25 AC conductivity, increasing it from 3.6 x 10® S/cm (pure PU) to 0.0068 S/cm at 10 MHz. Furthermore, the
26 corresponding values of complex permittivity also increased from 1.32 —j 0.0059 to 8.65 — j 3.7 at 1000 MHz.
27 The complex permittivity of 11.2 wt.% CNT sample was 3.76 —j 3.56 at 25 GHz. The samples with 6 wt.% CNT
28 and 11.2 wt.% CNT met the standard requirements for the electromagnetic interference shielding applications
29 because their total shielding effectiveness (SEt) values surpassed the 20 dB threshold within the 18 — 26.5 GHz
30 frequency range. The visualization of the electric field distribution further confirmed that the 11.2 wt.% CNT
31 sample greatly attenuated the electric field propagation through the material. The contribution of the absorption
32 loss mechanism to the SEr of CNT-PU samples surpassed 94% in the 18 — 26.5 GHz frequency range, indicating
gj that the absorption loss was the main shielding mechanism in our samples.
35 Keywords
36
37 Carbon nanotubes, polyurethane, permittivity, numerical simulation, shielding effectiveness, microwave
38 absorption.
39
40 1- Introduction
j; Electromagnetic interference (EMI) is a critical problem for communication systems and modern electronic
43 devices, often causing reduced performance, data corruption, and malfunction [1]. EMI is created by external
44 electromagnetic (EM) waves that interrupt the standard operation of electronic devices. Therefore, it is crucial to
45 develop EMI shielding materials that can operate over a wide range of sectors such as aerospace, medical,
46 electronics, defense, and automotive [2]. Metals are conventionally used for EMI shielding because of their high
47 conductivity. Nevertheless, they are heavy, hard to process, and vulnerable to corrosion [3]. Therefore, polymer
48 composites have emerged as an alternative solution to the metal-based EMI shielding. The advantage of polymer-
49 based composites, compared to metal materials, is the manufacturing process that enables the production of
gg complex shapes with lower density, leading to lower fuel consumption (for automobile and aviation) and higher
52 speed in competitive sport [4]. Additionally, polymer composites showed outstanding EMI shielding performance
53 for construction, aerospace, electronics, and medical market [5]. It is challenging to design conductive polymer
54 composites (CPCs) because over-shielding leads to higher sample cost, while under-shielding could cause a
55 product failure. There are three mechanisms involved in EMI shielding: absorption, reflection and multiple
56 reflections. Absorption depends on the shield’s thickness, and it increases with increasing concentration of
57 magnetic or electrical dipoles that can dissipate the EM energy. The reflection is the primary shielding mechanism
58 in a homogeneous conductive material, and the multiple reflection is the internal reflection within the shielding
59 sample [6]. Conductive fillers such as carbon black, carbon nanotube (CNT) [7], graphite, and graphene [8] are
gg added to polymers to form the conductive polymer composites.
62
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In the 21% century, nanotechnology is considered one of the most promising techniques. This technology involves
transforming the nanoscience theories of into practical applications by controlling, assembling, manipulating, and
manufacturing samples at the nanoscale [9]. Nanostructure refers to structures or materials which have at least
one dimension between 1 and 100 nm. These structures are fabricated using simple and complicated methods
[10]. The very rapid development of nanoscience confirms that the manufacturing at the nanoscale will be
integrated into all fields of technology and science. With development in science and technology, researchers
embrace products and technologies which are cheaper, cleaner and safer than previous technologies [11].
Currently, nanotechnology is widely used in several industries and fields such as electronics, medicine, printing,
textiles, agriculture, automotive, construction, and renewable energy [12]. A wide variety of nanomaterials have
recently been developed for various applications such as sensing, catalysis, optoelectronics, and electronics [13].
In this study, carbon nanotubes were used to prepare the samples because their fibrous structures with high-aspect
ratios are suitable as EMI shielding materials [14]. In addition, the polymer foams are widely used in many
applications such as protective equipment, furniture cushioning, packaging of food, thermal insulation of medical
devices, and transportation [15]. The CNT fillers can be incorporated into different polymers for EMI shielding
applications, such as polypropylene (PP) [6], isotactic PP, high-density polyethylene (HDPE) [16], PU foam [17],
polycarbonate (PC) [18], polycaprolactone (PCL) [19], and polylactic acid (PLA) [20]. However, PU foam is used
in this study because it has unique properties such as low weight, low cost, and porosity, that influences the
multireflection of EM waves inside the material [21]. The conductive PU composites can also be found in other
applications, such as environmental and medical sensing, electrochemical energy storage, and tissue regeneration
[22]. Additionally, the CNT-PU nanocomposites have been studied in various fields such as bone substitution,
cardiovascular applications, ligament, tendon, and neural tissue engineering [23]. 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 to the polymer matrix, followed by the foaming process. In the second method, the CNTs are deposited
(dip coating) onto a ready-made foam sample [24]. In this research, the latter method was used to fabricate the
CNT-PU foam samples.

The electromagnetic properties of CNT-PU foams, fabricated via the bottom-up method, were studied in different
frequency ranges such as 102 — 10 Hz [25], 30 MHz — 1.5 GHz [26], and 2 — 18 GHz [27]. On the other hand,
studies on CNT-PU samples, prepared using the second method, focused on the engineering scaffolds [28],
wearable pressure sensors [29], and damping applications [30]. It is important to note that the number of EM
applications (such as EMI shielding) in which a certain material can be used depends on its EM properties at
specific frequency ranges. Therefore, investigating the EM properties over a broad frequency range will increase
the number of applications where the material may be used, compared to a narrow frequency range. This study
investigates the interaction between the EM waves and CNT-PU samples, prepared using the second method, in
three different frequency ranges (kHz, MHz, and GHz). Several applications are covered in these frequency
ranges, including marine communications in the 30 - 300 kHz range, television, microwave, and mobile phones
in the 300 MHz — 1 GHz range, and satellite communications in the 10 — 26.5 GHz range [5]. Therefore, three
different setups were used to characterise the samples. Such characterizations are crucial for enabling CNT-PU
samples to be used in a wide range of frequencies. To the best of our knowledge, foamed samples have never been
characterized using the Dielectric Material Test Fixture (DMTF) because the upper electrode always presses the
material under test (MUT). Such pressing decreases the thickness of the foam sample under test, leading to the
following problems: the content of air inside the foam sample will decrease, which may result in wrong values of
dielectric constant; it is not possible to measure the new thickness of the foam sample after the upper electrode
presses the foam sample, and finally it is not possible to obtain the real dielectric constant of the MUT since a
significant change in dimensions occurred. Thus, we developed a 3D holder to maintain a constant distance of 2.5
mm between the upper and lower electrodes, which will overcome the limitations of characterizing foam samples
using DMTF. Therefore, this study presents, for the first time, the characterizations of foam samples using DMTF.

This research aims to fabricate and characterize¢ CNT-PU samples for EMI shielding applications. These
applications are applied in several industries such as microelectronics, computer, automotive, and aerospace [5].
The novelty of this work lies in the following aspects: 1- The usage of DMTF to characterize foam samples. 2-
Investigating the electromagnetic properties of CNT-PU foam samples over a broad frequency range from 15 Hz
to 26.5 GHz. 3- Visualizing the effects of increasing CNT concentrations on the electric field distribution of CNT-
PU samples. The AC conductivity of CNT-PU samples is studied in the 15 Hz to 10 MHz frequency range. The
permittivity results are also presented in the 10 MHz — 1 GHz and 10 — 25 GHz frequency ranges. In addition,
COMSOL Multiphysics was used to calculate the scattering parameters (Si; and S»;) and visualize the electric
field distribution (EFD) of CNT-PU samples in the 18 — 26.5 GHz frequency range. The impact of CNT
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concentrations on the EFD inside CNT-PU samples has not been studied previously using COMSOL. Five
simulations were conducted to investigate the effects of CNTs content on the intensity and distribution of the
electric field.

2- Materials and methods
2.1 Materials
Two materials were used in the fabrication of the CNT-PU foam samples:

1- AQUACYL™ AQO0303 waterborne dispersions of multiwall carbon nanotubes (Nanocyl SA, Sambreville,
Belgium).

2- Open-cell polyurethane foam with a net density of 54 Kg/m3 (SiPLA SA, Wavre, Belgium). The average pore
diameter is around 0.46 mm.

2.2 Fabrications of CNT-PU samples

In this study, the dip coating method is chosen for the fabrication of CNT-PU foam samples because of three
advantages: it is the most cost-effective, the fabricated foam can be used directly without post-processing, and
finally the foam is fully covered with the applied nanofiller. The dip coating method has been used in previous
studies to coat foam samples with different fillers [31, 32]. The commercial CNT/water masterbatch Aquacyl 0303
was diluted with distilled water at specific ratios to prepare four different CNT solutions. The dilution factors used
were 1/40, 1/20, 1/10 and 1/4 for a total volume of 1200 ml. Then, the pure PU foam was immersed in the diluted
CNT solution for twenty-four hours. A weight of 1 kg was applied to the foam’s surface to immerse the sample,
and it was squeezed 5 times during the first hour to enhance the penetration of liquid inside the foam. Afterwards,
the sample was removed and dried in a vacuum oven for twenty-four hours at 70°C. The weight difference between
before and after the dipping process was used to deduce the amount of CNT incorporated into the PU foam. This
procedure led to CNT-PU foam samples containing different CNT concentrations (1 wt.%, 2.3 wt.%, 6 wt.%, and
11.2 wt.%). The surface dimensions of each sample were (16 cm x 16 cm) with a thickness of 2 cm. Samples were
prepared in a rigorous manner. The CNT concentration is estimated with 5% error due to the balance precision of
0.01 grams used.

3- Characterization and simulation methods

All measurements were performed at room temperature (22.5 °C). The scanning electron microscope (SEM) was
used to examine the morphology of CNT-PU samples. Novocontrol was used to characterize the AC conductivity.
The impedance analyser and vector network analyser were used to characterize the permittivity.

COMSOL Multiphysics software was used to obtain scattering parameters and electric field distributions.
Characterizing of CNT-PU samples, over a broad frequency range using multiple measurement techniques is a
key novelty of this study.

3.1 Morphology, AC conductivity, and permittivity measurements

The dispersion of CNTs on the surface of PU was investigated using JEOL 7600F SEM (operating at 15 keV).
The CNT-PU samples were coated with a gold layer using the Cressington sputter 208HR.

The AC conductivity of CNT-PU samples was measured in the 15 Hz to 10 MHz frequency range using Alpha-A
Analyzer (Novocontrol) connected to a Dielectric Test Fixture (Agilent, 16451B). This system uses the parallel
plate method that sandwiches the MUT between two electrodes to form a capacitor [33] as shown in Fig.1. The
measurements were conducted using Novocontrol Windows-based WinDETA software, which supports dielectric,
impedance, conductivity, and gain phase measurements. The accuracy of the results was validated by measuring
a reference material (PTFE) before conducting the measurement on the CNT-PU samples. The thickness of each
sample was 4 mm. The uncertainty in the sample geometry was provided by the manufacturer as follows: for a
sample with a thickness of 0.1 mm, the error in the thickness has to be less than 1 um for a 1% accurate result.
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Unguarded electrode Guarded electrode

Fig. 1: Dielectric Test Fixture setup for AC conductivity measurements in the 15 Hz to 10 MHz
frequency range.

The Dielectric Material Test Fixture (Keysight, 16453A) connected to the Impedance Analyzer (Keysight,
E4991B) was used to measure the relative permittivity (¢’ — je””) of CNT-PU samples in the 10 MHz - 1 GHz
frequency range at room temperature (22.5 °C). The measurement setup is presented in Fig. 2. This test fixture
employs the parallel plate capacitor method [34]. Calibration was performed in three stages: open, short, and load.
In the first stage (open), the knob was pulled up and the latch button was pressed while holding up the knob. The
second stage was performed after releasing the latch button, so the upper electrode contacted the lower one. A
PTFE sample with 0.770 mm thickness was used as a load to perform the third stage of calibration. It was also
used as a reference material to confirm the calibration accuracy. Initially, it was not possible to measure the foamed
CNT-PU samples using the standard DMTF because the upper electrode always compresses the MUT, which
cannot keep its initial thickness and air content. Hence, we designed a novel 3D holder to keep the knob holding
up. With the 3D holder in place, the distance between the electrodes matched the samples’ thickness of 2.5 mm.

Measurement accuracy of the impedance analyzer applies when the calibration is performed at 23 °C + 5 °C.
When the calibration is below 18 °C or above 28 °C, the measurement error doubles. The basic accuracy is £0.65%
and the impedance range is 120 mQ to 52 kQ (10% measurement accuracy range).
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Fig. 2: Keysight impedance analyser connected to the DMTF for permittivity measurements in the 10
MHz - 1 GHz frequency range.

The relative permittivity (¢’ — j €”) of CNT-PU samples was measured using the vector network analyzer (VNA,
Keysight, N5242B) connected to an OECP (Performance probe kit) in the 10 — 25 GHz frequency range. The
typical power level accuracy (dB) of the VNA is + 0.60 for the 10 — 18 GHz frequency range. The Agilent (N4691)
Electronic Calibration (ECal) was connected in line between the OECP and the VNA, as shown in Fig. 3. The
“Coaxial Probe Method” option was selected in the Keysight Materials Measurement Suite. The calibration stages
were as follows: Open, short, and distilled water, for 201 points, at room temperature (22.5 °C). After performing
the calibration, two different reference materials (water and isopropanol) were used to validate the calibration
accuracy. The measurements of CNT-PU samples were conducted with free-gap contact between the MUT and
the probe.
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Fig. 3: Keysight N5242B VNA connected to an OECP for permittivity measurements in the 10 —
25 GHz frequency range.

3.2 COMSOL simulations

COMSOL Multiphysics 6.2 is a Finite Element Method (FEM) software. The FEM divides the continuous spatial
domain under scope into a finite number of small modules, set up each module of the formula and solve it, then
combine them [35]. In our study, the permittivity values of CNT-PU samples measured using the VNA connected
to the OECP were used to calculate the scattering parameters (Si; and Sz;) and visualize the electric field
distribution using COMSOL. The simulated WR42 waveguide has the dimensions of 1.0668 cm x 0.4318 cm [36],
and it covers the 18 — 26.5 GHz frequency range. The waveguide geometry was divided into three sections as
shown in Fig. 4, where a sample thickness of 1 cm is considered.

The process for building and simulating the CNT-PU geometry was conducted using the following steps. The
Model Wizard with 3D model was selected. Then, the Radio Frequency module with Electromagnetic Waves and
Frequency Domain was assigned. Next step, the geometry was built using the Geometry interface, and the EM
properties were stated in Materials. The boundary conditions were then introduced as Perfect Electric Conductor,
and the two ports were defined. The meshing was generated with Finer element size for higher accuracy, before
configuring the frequency range and executing the study (Compute). Finally, the results were exported in terms
of scattering parameters and electric field distribution.

Region 1 (AIR) Region 2 (MUT)  Region 3 (AIR)

Y-Axis

Fig. 4: The waveguide regions in COMSOL simulation.
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4- Results and discussions

This section presents the surface morphology examined using SEM, AC conductivity measured using
Novocontrol system connected to a Dielectric Test Fixture in the 15 Hz - 10 MHz frequency range, complex
permittivity characterized using an impedance analyzer connected to a DMTF and VNA system connected an
OECP in the frequency ranges of 10 — 1000 MHz and 10 — 25 GHz, respectively. The scattering parameters
obtained using COMSOL Multiphysics are also presented, together with the related SEt calculations and EFD
visualization.

4.1 Surface morphology of CNT-PU samples

The SEM was used to examine the morphology of CNT-PU composites. The SEM images, shown in Fig. 5,
shared the same magnification scale of 50k. The PU matrix exhibits a smooth skeleton as also reported in the
previous study [37]. The gold coating, described in Section 3.1, caused the cracks visible in Fig. 5.a. The
CNTs are clearly visible and evenly distributed on the samples’ surfaces with no accumulation, as shown in
the images of Fig. 5 (b, ¢, d, and e). These images also do not show the PU surfaces, proving that the CNT
network covered all PU surfaces in the CNT-PU samples without interruption. The images of CNT-PU
samples also confirm that the CNT fillers are not isolated. Furthermore, the CNTs were intertwined with each
other to establish interconnected networks as presented in the images of Fig. 5 (b, ¢, d, and ¢). The conductive
path of CNT-polymer composites is established by CNTs that are in contact with each other [38]. The SEM
images of our CNT-PU samples confirm that the CNTs are in contact together, leading to a conductive path
on the surface. The interconnected networks were successfully formed in the 1 wt.% CNT specimen that had
the lowest concentration of CNT. Therefore, we cannot see a noticeable change in morphology with increasing
CNT content because the SEM only examines the sample’s surface. Hence, increasing the CNT content leads
to denser conductive networks of CNT. Consequently, the greatest rise in conductivity, complex permittivity,
and SEr, presented in the subsections below, was recorded between the two samples of PU and 1 wt.% CNT.
This is because the percolated networks of CNT were already built at 1 wt.% CNT sample, leading to an
uninterrupted conductive pathway.
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Fig. 5: SEM images of CNT-PU samples, obtained using JEOL 7600F SEM (operating at 15 keV); a:
PU, b: 1 wt.% CNT, c: 2.3 wt.% CNT, d: 6 wt.% CNT, e: 11.2 wt.% CNT.
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4.2 AC conductivity in the 15 Hz - 10 MHz frequency range

The AC conductivity (ga.) of CNT-PU samples measured using the Novocontrol Analyzer in the 15 Hz-10 MHz
frequency range is shown in Fig. 6. In this frequency range, the ohmic conduction dominates the electrical
response below 100 kHz [39]. Increasing CNT contents significantly enhanced the ca.. At 10 MHz, the AC
conductivity values of neat PU (no fillers) and 11.2 wt.% CNT samples were 3.6 x 10 S/cm and 0.0068 S/cm,
respectively, which means that the g, increased by more than 1800 times. These results are consistent with a
study conducted by Hoang [40]. Ilya also reported that the AC conductivity of PU is approximately 10° S/cm
within the 10°-10° frequency range [41].0ur CNT-PU samples are less conductive than copper since they did not
reach the value of 1000 S/cm; however, they are not insulators because their AC conductivity is higher than 108
S/cm [42].

At 10 MHz, the o, values were 0.00048 S/cm, 0.0012 S/cm, 0.0037 S/cm, and 0.0068 S/cm for the 1 wt.% CNT,
2.3 wt.%, 6 wt.%, and 11.2 wt.% samples, respectively. This indicates that the o, increased by 150%, 208%, and
83% by increasing the CNT concentration from 1 wt.% to 2.3%, 2.3 wt.% to 6 wt.%, and 6 wt.% to 11.2 wt.%,
respectively.

The AC conductivity is directly related to the frequency (f) and the imaginary part of permittivity (¢"”) via the
following equation [43]:

Ouc=2megfe" (1

Where &, represents the free space permittivity. Based on Equation 1, the o, is directly proportional to f'and &”.
Increasing CNT content in the samples thickened the CNT coatings on the surfaces, leading to additional
conductive pathways which resulted in higher energy loss, €", and AC conductivity. The additional conductive
pathways also impacted on the increment behaviour of AC conductivity with frequency, where a sharper rise in
AC conductivity occurs in samples with higher CNT content.

AC conductivity

0.007

—PU (no fillers) —1% CNT 2.3% CNT
0.006

6% CNT —11.2% CNT

0.005

0.004

S/em

0.003

0.002

0.001

0
0.E+00 2.E+06 4.E+06 6.E+06 8.E+06 1L.E+07

Frequency (Hz)

Fig. 6: AC conductivity of CNT-PU samples measured using Alpha-A Analyzer (Novocontrol) connected to
Dielectric Test Fixture, employing the parallel plate method, in the 15 Hz-10 MHz frequency range.
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4.3 Dielectric properties in the 10 — 1000 MHz frequency range

The real part of permittivity (dielectric constant, &”) indicates the amount of energy stored by a certain material in
a specific electric field relative to empty space, while the imaginary part of permittivity (loss factor, £”) shows
how much of this energy can be converted into heat [44]. The €’ and & are key indicators for analysing the wave
absorption performance of composite materials [45]. The presence of the conductive CNT fillers in the electrically
insulating matrix of PU significantly increases the permittivity (¢’ and €”) of CNT-PU samples, as shown in Fig.
7 and Table 1. The €’ values of PU sample reported in this study are in accordance with the ones reported by Wang
[46].

There are four polarization mechanisms known in dielectric materials such as PU matrix: interfacial, dipole-
oriented, ionic, and electronic. However, each mechanism corresponds to a certain frequency range. For example,
the interfacial polarization takes place in the low-frequency range while the electronic polarization occurs in the
optical frequency range around 10E15 Hz. Therefore, electronic polarization can be ignored in our study, but the
effects of interfacial polarization could occur at the beginning of the MHz frequency range. In our samples, PU
is a dielectric material while CNT is a conductive filler; therefore, the space charges accumulate at the interface
between the CNT and PU contribute to the interfacial polarization (Maxwell-Wagner—Sillar) [47]. It is worth
noting that the interfacial polarization in our samples may occur at the interface between PU and CNTs because a
surface layer of CNTs was formed on the PU surface as confirmed in Section 4.1. The high permittivity at lower
frequencies could be due to free charge built up at the interface between PU and CNT. Therefore, the permittivity
decreased with increasing frequency because the periodic reversal of the electric field occurred so fast that there
was no excess charge in the direction of the field, leading to a decrease in the interfacial polarization due to the
charge accumulation decrement [48]. The PU has covalent bonds; therefore, the ionic polarization can also be
excluded in this study. Dipole polarization could be dominant in our study because the urethane [-NH-CO-O-]
group, which is the main building block of PU, exhibits a dipole moment. However, the permittivity of PU, shown
in Fig. 7, is constant over the whole frequency range, which suggests that the dipolar relaxation took place below
the measured frequency range. Moreover, the dielectric constant of PU, 1 wt.% CNT, and 2.3 wt.% CNT samples,
shown in Fig. 7, is nearly frequency independent compared to 6 wt.% CNT and 11.2 wt.% CNT samples which
are strongly dependent on frequency below 0.5 GHz. This is explained by the high concentration of CNT, which
causes a denser conductive network, leading to stronger interfacial polarization.

The imaginary part of permittivity also increased with increasing CNT content, in agreement with the increment
in the AC conductivity as presented in Fig. 6. This observation follows the study by Huang [49]. EM waves convert
into electric currents that are resisted by the absorber, generating joule heat that dissipates the EM wave energy
[50]. In our study, the presence of the interconnected network of CNT fillers was confirmed in Section 4.1. Hence,
increasing the CNT content increased the dissipation of EM wave energy due to the increment in conductivity.
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Table 1: Complex permittivity of CNT-PU samples at 1000 MHz, obtained using the impedance analyzer.

Complex permittivity at 1000 MHz
Sample name .
Real part Imaginary part
PU 1.32 0.0059

1 wt.% CNT 2.14 0.55
2.3 wt.% CNT 347 0.98

6 wt.% CNT 7.01 2.36
11.2 wt.% CNT 8.65 3.70

4.4 Dielectric properties in the 10 GHz — 25 GHz frequency range

The real and imaginary parts of permittivity for the CNT-PU samples in the 10 — 25 GHz frequency range are
shown in Fig. 8. The €’ and €” of 6 wt.% and 11.2 wt.% CNT samples continued to decrease with increasing
frequency, which can also be attributed to the denser (additional) conductive networks of CNT as described in
Section 4.1. It is important to note that the cause for the permittivity decrement with frequency in Fig. 7 (MHz
range) and Fig. 8 (GHz range) may not have the same origin. The increment of permittivity with CNT
concentrations could be explained by the increment of conductivity since CNT is symmetric and does not have
dipole moments [51]. Therefore, the impact of dipole polarization in the CNT structure could be neglected, despite
that some local dipoles could arise from curvature or defects.

At 25 GHz, the €’ values were 1.37, 1.86, 2.39, and 3.76 for the 1 wt.%, 2.3 wt.%, 6 wt.%, and 11.2 wt.% CNT
samples while the corresponding values of £”” were 0.44, 0.82, 2.07, and 3.56, respectively. This indicates that the
€’ and &” increased by 36% and 86% with increasing the CNT concentration from 1 wt.% to 2.3 wt.%, respectively.

The relaxation time (t) decreases as frequency increases; therefore, only certain polarization mechanisms with
very low T can contribute to the permittivity such as hopping and tunnelling. The electrons can tunnel from one
CNT to another even when the separations between CNTs are in the order of a few nanometers [52]. The hopping
and tunnelling rates could become slow to follow the quickly changing electric field, leading to a reduction in
permittivity with frequency above 10 GHz, especially in 11.2 wt.% CNT sample where the rates are very high.
Furthermore, the decrement of permittivity with frequency in the 1 wt.% CNT and 2.3 wt.% CNT samples is
minor because the hopping and tunnelling rates were initially low. The permittivity of PU continued its stable
behaviour over the whole frequency range due to the absence of conductive charges.
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Fig. 8: Permittivity of CNT-PU samples measured using OECP connected to VNA (obtained using
VNA connected to the OECP) in the 10 — 25 GHz frequency range. a: real part; b: imaginary part.

4.5 Electromagnetic shielding effectiveness and electric field distribution

The Si; (reflection coefficient) represents the power reflected to port 1, while the S,; (transmission coefficient)
represents the power transferred from port 1 to port 2 [53]. Si; and S;; describe the interaction between EM waves
and MUT. The scattering parameters (Si; and S1) obtained using COMSOL software were used to calculate the
return loss (RL), absorption loss (SE,), reflection loss (SER), and total shielding effectiveness (SE7) using the
following equations:

RL=10 log(S:/%) (2)
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SE 4= -10 log((S2/°) + (1- S1/%)) 3)
SEx = -10 log(1- S1%) )
SEr = SE4 + SEr + SEur (5)

Where the SEmr represents the multiple internal reflections, which can be neglected when the total shielding
effectiveness is higher than 10 dB [54].

Increasing the CNT content increased the electrical conductivity of the sample, resulting in higher EM reflection
and consequently lower return loss, as shown in Figure 9. This finding is in agreement with the AC conductivity
results presented in Fig. 6. The relationship between conductivity and the wave impedance can explain the
increment in EM reflection (reduction in RL). The wave impedance (Z) equation is expressed as follows:

Z = ((jou) = (ac + jooe))*? (6)

Where w =2 1 f represents the angular frequency of the wave, u is the magnetic permeability, o, is the electrical
conductivity of the MUT, and ¢ is the (real) electric permittivity. The conductivity’s increment caused a decrease
in the wave impedance with respect to that of air, which in turn increased the EM reflection. Hence, more EM
energy is reflected with higher CNT concentration because of the impedance mismatch. The RL values of PU, 1
wt.% CNT, 2.3 wt.% CNT, 6 wt.% CNT, and 11.2 wt.% CNT samples were -37.7 dB, -17.63 dB, -11.80 dB, -8.08
dB, and -6.07 dB, respectively. The PU sample had the lowest RL over the whole frequency range because of the
good impedance matching between the free space and the PU sample (which has a low value of dielectric
constant). On the contrary, increasing the CNT content resulted in higher values of dielectric constant, leading to
higher impedance mismatching and consequently higher RL values.

At 26.5 GHz, the SEt of PU, 1 wt.% CNT, 2.3 wt.% CNT, 6 wt.% CNT, and 11.2 wt.% CNT samples were 0.57
dB, 8.33 dB, 14.20 dB, 30.90 dB, and 42.84 dB, respectively. This means that increasing the CNT content from 0
wt.% CNT (PU) to 1% CNT enhanced the SEr by around 1361% while the increment from 6 wt.% CNT to 11.2
wt.% only enhanced the SEr by around 39%. The reason for this drop from 1361% to 39% could be because of
the conductive network of CNT which was built on the 1 wt.% CNT sample, as confirmed in Subsection 4.2.
Then, increasing the CNT content to the pre-built conductive network can slowly enhance the SEr.

The SEr of CNT-PU samples increased with increasing frequency and CNT content as shown in Fig. 10. The SEr
increment with increased CNT content can be attributed to the increase in AC conductivity which caused higher
energy absorption. Additionally, increasing frequency causes higher ohmic loss per volume unit because the power
(current) density normally increases with increasing frequency. Samples with higher CNT concentrations tend to
block more EM waves due to the increment in absorption as explained in Subsection 4.3. It is also worth noting
that increasing the content of CNT caused an increase in the ascending trend of SEr values. The SErvalues of PU
are almost constant compared to the ones of the 11.2 wt.% CNT sample that ascends steeply. This trend is
attributed to the fact that EM waves tend to dissipate more when interacting with absorbing material at higher
frequencies.

The good EMI shielding material causes a maximum attenuation of the EM wave by absorption or reflection with
inappreciable transmission. When the SEt of a certain material is 20 dB, this means that there is an attenuation of
99% of the total energy of the incident wave [55]. The EMI shielding requirements depend on the application. For
example, the EMI shielding of 15-20 dB is considered an adequate level of shielding for desktop computers and
laptops [56]. Our 6 wt.% CNT and 11.2 wt.% CNT samples meet and exceed the required value (20 dB) for the
mentioned applications over the whole frequency range. Additionally, the shielding performance of CNT-PU
samples can be enhanced by increasing the sample’s thickness and/or CNT content.
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Fig. 9: Return loss of CNT-PU samples in the 18 — 26.5 GHz frequency range obtained using Equation 2.
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Fig. 10: Total shielding effectiveness of CNT-PU samples in the 18 — 26.5 GHz frequency range, obtained
using Equation 5.

The contribution of reflection loss to the SEt is not significant compared to the absorption loss which greatly
influenced the SEr of CNT-PU sample, as presented in Fig. 11. The SE4 contribution to the SEr of CNT-PU
samples was greater at higher frequencies. For example, the SE of 1 wt.% CNT sample caused around 97.6% of
the SEr at 18 GHz compared to 99.1% at 26.5 GHz. Such behaviour could be attributed to higher ohmic loss at
higher frequencies, leading to higher absorption performance. Hence, our samples are highly preferred in industry
because they reduce primary and secondary reflections that can cause unwanted EMI in nearby devices,
eliminating the EMI and preventing it from spreading to the environment.
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Fig. 11: The contribution of SEr and SEa to the SEt of CNT-PU samples at certain frequencies of 18 GHz,

20 GHz, 22 GHz, 24 GHz, and 26.5 GHz, calculated using Equations 3-5.

The SEr results obtained in this study were compared with previously published literature, as presented in Table
2. The SEr results of our CNT-PU samples surpassed reported results, showing better EM shielding performance.

Table 2: The comparison of SEr results with previous studies

Materials and filler percentage Thickness SEr Frequency Ref.
(mm) (dB) (GHz2)
CNT/PU with 4.35% of CNT without buckling 10 ~25 12 [57]
structures (UCNPF)
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CNT-PU with 25% of CNT 2 =30 12 [58]

CNT-PU with 9% of CNT 34 ~9 12 [59]
Polycarbonate - carbon nanotubes (PC-CNT) with 5 ~8 18 [60]
1% of CNT
polycarbonate - poly(styrene-co-acrylonitrile) 2 =20 18 [61]
(PC-SAN) with 3% of CNT
Polyethylene/Poly(vinylidene 2.6 =29 26.5 [62]

fluoride)/Fe;O4/Carbon nanotubes
(PE/PVDF/Fe304/CNTs) with 10% CNT
CNT-PU with 6% CNT 10 30.9 26.5 This work
CNT-PU with 11.2% CNT 10 42.8 26.5 This work

The CNT concentrations had a significant impact on the electric field (EF) distribution as presented in Fig. 12.
The Y axis ranges from - 40 mm to 30 mm. The MUT represents the region from -10 mm to 0 mm. There was a
big change in the EF behaviour in region 3 compared to region 1 for the CNT samples. However, the PU sample
did not have a strong impact on the EF, which only countered a slight decrease in intensity. This pattern can be
explained by the weak interaction between the electric field and pure PU sample. The permittivity values of PU
sample, presented in Figs. 7 and 8, are close to one of free space, leading to a negligible dielectric loss. Therefore,
the EF can pass through the PU sample with a very weak attenuation. On the other hand, the intensity of the EF
in region 3 decreased with increasing the CNT content which enhanced the AC conductivity and caused more
interaction with the EF. The permittivity results shown in Figs. 7 and 8 are consistent with the EF distribution
shown in Fig. 12. Samples with higher permittivity attenuated the EM signal more effectively, leading to a lower
EF in region 3 as the CNT content increased. The EF could not enter the 11.2 wt.% sample because it had the
highest concentration of CNT, which causes more reflection and losses. The regions of strong electric are totally
separated in the 11.2 wt.% CNT samples compared to the 1 wt.% CNT sample where the regions of strong EF are
connected to each other with lower values (around 5 x 10*3 V/m). Increasing the content of CNT caused more
concentrations of the electric field at specific regions.

The EF distribution analysis can help in designing EM shielding materials such as electronic packaging, electrical
enclosures, and gaskets. Such simulations are important before producing the prototype to predict the failures that
could lead to an extensive EF in some regions. The EMI shielding material is usually classified as low quality if
the EF intensity is slightly decreased after passing through it, compared to a high-quality shielding material, which
strongly decreases the EF intensity. These simulations can enhance the design accuracy and reduce the fabrication
cost, leading to optimal EMI shielding materials.
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Fig. 12: Electric field distribution obtained using COMSOL Multiphysics at 26.5 GHz. a: PU sample, b: 1
wt.% CNT, c: 2.3 wt.% CNT, d: 6 wt.% CNT and e: 11.2 wt.% CNT.

5- Conclusion

CNT-PU foam nanocomposites with different CNT contents were successfully prepared and characterized for
absorption-based EM shielding applications. The measurements were conducted over a broad range of frequencies
to cover a wide range of applications. The impact of increasing the CNT content on the AC conductivity and
permittivity was investigated using different measurement techniques. Additionally, the effects of CNT content
on the scattering parameters (Si1, S21) and the intensity of electric field distribution of CNT-PU samples were also
investigated using COMSOL Multiphysics. This study employed the Dielectric Material Test Fixture, for the first
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time, to measure the permittivity of foam samples thanks to our 3D-printed holder. The SEM images confirmed
that the CNTs established interconnected and evenly distributed networks on the PU surface of all CNT-PU
samples. The AC conductivity increased with increasing frequency and CNT content, and the highest value of
0.0068 S/cm was recorded for 11.2 wt.% CNT sample at 10 MHz. Additionally, the permittivity (real and
imaginary parts) of our samples increased with increasing CNT content but decreased with increasing frequency.
At 1000 MHz, the complex permittivity increased from 1.32 —j 0.0059 for PU foam to 8.65 —j 3.70 for 11.2 wt.%
CNT sample. Similarly, the same sample recorded the highest complex permittivity value of 3.76 —j 3.56 at 25
GHz. The total shielding effectiveness was significantly improved by the conductive networks, confirmed by SEM
images, located on the PU surfaces. Two of our prepared samples (6 wt.% CNT and 11.2 wt.% CNT) fulfilled the
standard commercial requirements for EMI shielding applications in the 18 — 26.5 GHz frequency range. The total
shielding effectiveness was also greatly enhanced with the increment of CNT amount. The intensity of the electric
field passing through the samples significantly dropped with increasing the CNT filler concentration. The prepared
samples exhibited a strong absorption performance in dissipating EM energy; such a feature is very advantageous
and preferred in the EMI shielding industry because it reduces the EMI in the environment. This study could be
performed using different foam matrices with higher values of permittivity. Different conductive fillers could also
be used to enhance the dielectric properties of shielding materials.
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