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This study examines the effect of incorporating single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTS) into carbon fiber reinforced polymers (CFRPs) based on Elium® thermoplastic acrylic
resin and investigates the relationship between the studied properties. SWCNTSs exhibited better dispersion in the ma-
trix, which leads to better electrical conductivity (2.72 + 0.34 S/m) and impact resistance (154 + 14.6 kJ/m?) compared
to MWCNTs. Microstructural analysis revealed a defect-free architecture of the SWCNT-modified laminates, while
the MWCNT laminates showed small voids and agglomerates. The increased dispersion and interconnectivity of
the SWCNTs contribute to an EMI shielding efficiency of 24.6 dB, a 30% improvement over the unmodified samples.
These findings highlight the potential of SWCNTs to improve the multifunctional properties of thermoplastic CFRPs,
including mechanical strength, electrical performance and EMI shielding capability, making them highly suitable
for advanced aerospace, electronics and power applications. Moreover, the recyclability and lightweight nature of
the Elium® resin matrix make these composites environmentally friendly and an alternative to traditional materials in

a variety of industrial contexts.

Keywords: CFRP, Elium® resin, carbon nanotubes

INTRODUCTION

In today's rapidly advancing technological era,
the prevalence of electromagnetic fields (EMs) is
becoming increasingly common due to the wide-
spread use of electronic devices. EMs are gener-
ated by various electrical and electronic devices
such as televisions, mobile phones, computers,
and wireless networks [1, 2]. While these technol-
ogies bring numerous benefits, there is growing
concern about the potential risks associated with
exposure to electromagnetic fields. The adverse
effects of electromagnetic fields may compromise
people's health and safety, including interference

with medical devices, alterations to the nervous
system, and even potential risks of developing
cancer [3,4]. As a result, researchers, engineers,
and scientists are striving to develop methods and
materials that can protect against these electro-
magnetic fields. One such material with great po-
tential is carbon fiber reinforced polymers
(CFRPs) [5-7], which are widely used in the aero-
space, automotive, construction, sports and energy
industries [8-12].

CFRPs may be effective electromagnetic
shields for several reasons. Firstly, carbon fibers
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in the composite possess high electrical conduc-
tivity, allowing efficient absorption and dissipa-
tion of electromagnetic energy [13]. Secondly, the
composite structure is well-organized, facilitating
the conduction of electrical current and preventing
the penetration of electromagnetic waves [14].
Moreover, CFRPs are corrosion-resistant, provid-
ing durable protection against environmental fac-
tors, making them more versatile than metallic
materials [15]. Lastly, owing to their light weight
and strength, CFRPs can be used as thin and effi-
cient electromagnetic shields that can be easily tai-
lored to different applications [16]. Modifying the
structure of CFRPs by incorporating conductive
nanoparticles into the polymer matrix is one way
to improve the effectiveness of electromagnetic
interference (EMI) shielding. Examples of such
nanoparticles include graphene, carbon nanotubes
and metallic powders. The addition of these con-
ductive materials creates a conductive path inside
the CFRP, resulting in effective EMI shielding
[17,18]. Furthermore, the addition of carbon nano-
tubes to the polymer matrix improves the mechan-
ical properties of CFRPs, including impact re-
sistance [19, 20]. Accordingly, carbon nanotubes
improve the interfacial bonding between the car-
bon fiber and the matrix, and consequently, im-
prove the mechanical properties of CFRPs.
Conventional CFRPs are manufactured based
on thermosets; however, thermoplastics are in-
creasingly being used in production. CFRPs based
on thermoplastic resins offer unique properties
and numerous advantages. These composites com-
bine the strength and stiffness of carbon fibers
with the versatility and processability of thermo-
plastics [21, 22]. They exhibit excellent mechani-
cal properties such as high tensile strength, stiff-
ness and impact resistance, making them ideal for
structural applications [23]. They can be repeat-
edly processed without significant loss of mechan-
ical properties, allowing easy repair, recycling and
reshaping of composite parts, leading to cost sav-
ings and sustainability benefits [24-26]. One ap-
proach under development is the use of Elium®
thermoplastic acrylic resin, which combines the
characteristics of both thermoplastics and thermo-
sets. It offers advantages such as low viscosity,
high strength, light weight, adjustable reactivity,
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excellent UV resistance, and the ability to cure at
room temperature. In addition, Elium® resin is en-
vironmentally friendly because it can be recycled
by means of chemical and mechanical processes,
and is free of toxic components such as styrene
and bisphenol A (BPA). These properties make
Elium® resin suitable for a variety of industries,
including wind power, marine, construction and
transportation.

This study investigates the effect of adding
single-walled carbon nanotubes (SWCNTSs) and
multi-walled carbon nanotubes (MWCNTSs) as
a nanofiller in CFRP laminates based on Elium®
thermoplastic acrylic resin. The system proposed
in this study may solve the difficulties of weaken-
ing EMI shielding using a conductive resin. The
main aim of this study is to compare the properties
of composites with MWCNTs and SWCNTs as
nanofillers as well as evaluate the EMI shielding
ability of such materials.

MATERIALS AND METHODS

Materials

Elium® 188XO acrylic liquid thermoplastic
resin (Arkema, France) was used as the CFRP ma-
trix, where dibenzoyl peroxide powder (Acros Or-
ganics, Geel, Belgium) was employed as the initi-
ator of the polymerization reaction. Tuball™
SWCNTs (OCSiAl, Leudelange, Luxembourg)
and MWCNTs (Nanocyl, Belgium) were selected
as the nanofillers to modify the polymer matrix.
Unidirectional (UD) carbon fabric with a 600 gsm
aerial weight (Saertex, Saerbeck, Germany) was
utilized to manufacture the CFRPs.

Manufacturing

The addition of SWCNTs or MWCNTSs in
a proportion of 0.02 wt% to the Elium® acrylic resin
was dispersed by an ultrasonic process, which was
conducted by means of a VCX 1500 ultrasonic pro-
cessor (Sonics & Materials, Newtown, CT, USA)
with a maximum frequency of 20 kHz. The ultra-
sonic process was carried out with the following
parameters: process time 1 h, amplitude 40%, ul-
trasonic wave activity 10 s and time between ul-
trasonic waves 14 s. The mixture prepared in this
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way was used to produce CFRPs by the infusion
technique under a vacuum pressure of 0.9 bar.
Unmodified and modified Elium® resin was mixed
with 2.0 wt% benzoyl peroxide before the process.
Three different laminates were prepared: a refer-
ence sample (L REF), with the addition of
SWCNTs  (L_SWCNT), MWCNTs
(L_ MWCNT).

and

Methods

The macrodispersion state of the SWCNT or
MWCNT and Elium® acrylic resin mixtures was
evaluated by transmission light microscopy. The
prepared mixtures were placed on glass slides and
observed under a PZO Biolar transmission micro-
scope (Biolar, Warsaw, Poland). Microstructure
observations of the fabricated laminates were per-
formed utilizing a scanning electron microscope
(SEM, SU-70 Hitachi, Tokyo, Japan), where the
accelerating voltage was 5 kV. To prepare the
samples (10 x 10 mm), they were ground with
sandpaper of five different grain sizes (P240,
P600, P1200, P2500, P4000) and then polished
with diamond suspension containing 1 pm parti-
cles. A 3 nm thick Au-Pd layer was then deposited
using a voltage of 2 kV, a current of 15 mA and
a deposition time of 90 s to ensure electrical con-
ductivity.

The influence of introducing SWCNTs and
MWCNTs into the structure of the laminates on
their impact resistance was evaluated using
a Charpy test performed on a Zwick Roell
RKP450 (with a maximum impact force of 300 J).
All the tests followed the EN ISO 179 standard.
Ten unnotched specimens were tested for each
material, and the impact resistance was calculated
based on the energy absorbed during fracture un-
der EN ISO 179.

The electrical conductivity of the fabricated
CFRPs was measured by means of a Keithley
6221/2182A device connected to a measuring
stand with copper electrodes. The measurement
was performed using the four-point method and in
delta mode to ensure a reduction of noise and ther-
moelectric effects. The electrical conductivity test

was performed through the laminate thickness,
where the test specimens (5 pieces for each lami-
nate) were 10 x 10 mm in size and were cut from
different locations on the panel.

Shielding effectiveness (SE) was measured in
GTEM cell (gigahertz transverse electromagnetic
cell). A signal with an amplitude of 40 dBm from
300 MHz to 1 GHz generated with the NSG4070
was fed into the cell. The measurement consisted
of two steps: 1) The measurement of magnitude of
reference electric field E.: in this step measured
by the probe (Loomi loop LS PROBE 1.2), which
was placed in the cell at half of the distance be-
tween the floor and the septum to obtain the max-
imal field strength. 2) The measurement of electric
field magnitude transmitted through the shielding:
in this step, the measuring probe was placed be-
hind the composite sample to be measured. The
measuring probe was connected to the transducer
with an optical fiber cable. Measurement control
(setting of the measurement parameters, calibra-
tion, the triggering of individual measurements
and recording of results) was performed employ-
ing WIN 6000 software from TESEQ. SE was de-
fined as the logarithm of the ratio of the magnitude
of the electric field Err incident on the shielding
material to the magnitude of the electric field
transmitted through it. It is usually expressed in
decibels (dB) and is described by the formula:

E = 20log, e,
= 0810 Eoo
RESULTS AND DISCUSSION

Macrodispersion of SWCNTs/MWCNTs

Obtaining a uniform dispersion of the nano-
filler in the polymer matrix is one of the challenges
during the fabrication of nanocomposites and af-
fects the obtained properties of both the nanocom-
posites and the CFRPs, especially the mechanical
and electrical properties. To this purpose, the
macrodispersion of SWCNTs and MWCNTSs in
the Elium® thermoplastic acrylic resin was studied
before the polymerization process and the fabrica-
tion of CFRPs. The results, which were obtained

Composites Theory and Practice 25:2 (2025) All rights reserved



70  S. Demski, K. Dydek, Z. Krawczyk, K. Sobolewski, P. Madry, P. Kozera, A. Boczkowska, J. Sroka, H. Ehrlich

for the blends produced with the same mixing pa-
rameters, are presented in Figure 1. In the case of
the Elium/SWCNT mixture (Figure la), a more
uniform distribution of SWCNTs in the polymer
matrix was observed than in the case of the
MWCNTs. This could be caused by the fact that
SWCNTs have lower intermolecular energy than
MWCNTs since there are no interlayer interac-
tions (as in MWCNTs). Also, the multilayer na-
ture of MWCNTs could result in difficulties in
uniform wetting of the nanotubes by the resin,
leading to agglomeration.

Fig. 1. Macrodispersion in thermoplastic acrylic resin
a) SWCNTs, b) MWCNTSs

Microstructure observations

In order to evaluate the quality of the fabri-
cated laminates and the infusion process con-
ducted using the modified acrylic resin, micro-
structure observations were performed by means
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of SEM, and the obtained micrographs are pre-
sented in Figure 2a-2c. The L _REF and
L SWCNT laminates were defect-free; no voids
or air bubbles were observed, and also in the case
of the SWCNT addition, all the carbon fabric lay-
ers were very well infiltrated. In the case where
MWCNTs were applied to modify the Elium®
acrylic resin, single voids were noticed in the lam-
inate structure (Figure 2c). This was likely due to
the less uniform distribution of the MWCNTs in
the polymer matrix and visible agglomerates.

HL D47 x50

EInELE

2 mm

Fig. 2. Microstructure observations of a) L_REF, b) L SWCNT,
¢)L MWCNT
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Electrical and mechanical properties

The effect of modification of Elium® thermo-
plastic resin by adding SWCNTs or MWCNTSs on
the electrical and mechanical properties of the
CFRPs was investigated, and the results are pre-
sented in Figure 3. Starting with electrical conduc-
tivity, the lowest value was noted for L REF
and was 0.76 £ 0.08 S/m. Adding SWCNTs
or MWCNTs to the resin improved the electrical
conductivity of the CFRPs. For L _SWCNTs,
a value of 2.72 + 0.34 S/m was obtained, and for
L MWCNTs, the conductivity was 1.41 £ 0.11 S/m,
respectively. The introduction of CNTs into
Elium® resulted in the formation of conductive
networks in the layers between the carbon fabrics
[27-29], and this resulted in an increase in electrical
conductivity. Comparing the electrical conductiv-
ity values between L SWCNT and L MWCNT,
higher values were obtained for L SWCNT,
which was attributed to better dispersion of the na-
noparticles in the polymer matrix. As for the im-
pact resistance, as in the case of electrical conduc-
tivity, the lowest value (138 + 12.5 kJ/m2) was ob-
tained for L REF. The addition of SWCNTs to the
resin resulted in an improvement of 11.5% and
a value of 154 + 14.6 kJ/m2 was obtained. The ad-
dition of MWCNTs to the resin also resulted in an
increase, but not as noticeable as for SWCNTSs; the
improvement was 7.2% and the impact value was
148 £ 14.6 kJ/m2. The enhancement in impact re-
sistance following the incorporation of SWCNTs
or MWCNTs was attributed to mechanisms like
the pullout and bridging of CNTs, which played
a significant role in improving the fracture tough-
ness of the CFRPs [30]. Based on the obtained re-
sults, a statistical analysis was also carried out em-
ploying one-way ANOVA and then a Tukey post-
hoc test to compare the impact resistance values of
L REF, L SWCNT and L MWCNT. The analy-
sis was performed with a significance level of
p < 0.05. The results show that the difference be-
tween L_REF and L SWCNT is statistically sig-
nificant (p <0.05), confirming the effectiveness of
SWCNT reinforcement in improving impact re-
sistance. Nevertheless, the difference between

L REF and L MWCNT, as well as between
L SWCNT and L MWCNT, proved to be statis-
tically insignificant (p > 0.05), which suggests that
the improvement observed for the MWCNTSs may
be within the range of measurement variability,
possibly resulting from the weaker dispersion of
CNTs in the acrylic matrix for L MWCNT than
L SWCNT.

Electrical conductivity [77-7] Impact resistance

.

35

- 180

el
o
L

160

F140 &
£

I
wn

=
F120 <

[d

o
I
e

o
L100 §

wn
L

80

60

o
|

Electrical conductivity (S/m)

Impact resis

|40

e
wn

F20

e
o
I

L_REF L_SWCNT L_MWCNT

Fig. 3. Obtained properties of manufactured laminates

Shielding effectiveness

The achievement by the CFRPs of SE values
above 10 dB for frequencies above 450 MHz is the
basis for considering it as an electromagnetic radi-
ation absorbing material and having justification
for use in many industrial applications. Literature
reports indicate that materials with an electromag-
netic field shielding efficiency of 10 dB can pre-
vent up to 90% of the delivered energy from pass-
ing through, and up to 99% of the energy in the
case of a shielding efficiency of 20 dB [31, 32].
Analyzing the results presented in Figure 4, it
could be concluded that all the fabricated lami-
nates meet this requirement. The highest average
value of electromagnetic field shielding was ob-
tained for L SWCNT and was 24.6 dB, which rep-
resented a 30% improvement over L_REF, where
the average value was 18.8 dB. The increase in the
obtained SE can be attributed to the much higher
electrical conductivity of the L SWCNT laminate
compared to L _REF, which is one of the factors
affecting the level of shielding efficiency [33], as
well as the absence of defects in the structure of
the L SWCNT laminate. In the case of the
L MWCNT composite, despite the slightly higher
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electrical conductivity, a lower SE efficiency was
obtained. This may be attributed to the much less
uniform dispersion of the MWCNTs in the poly-
mer matrix, as well as visible defects in the micro-
structure.

30
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Shielding effectiveness (SE) [dB]

0

300 400 500 600 700 800 900 1000
Frequency [MHz]

Fig. 4. SE results for analyzed laminates

SUMMARY

The study focused on the incorporation of
SWCNTs and MWCNTs in CFRPs based on
Elium® thermoplastic acrylic resin. The work was
aimed at facing the challenges of increasing the
electromagnetic interference (EMI) shielding ef-
fectiveness in addition to achieving excellent me-
chanical and electrical properties, which are cru-
cial for advanced aerospace, electronics and in-
dustrial applications, as well as examining the cor-
relation between the two. The research involved
the preparation of three types of CFRP laminates:
a reference laminate (L_REF) without nanofillers,
and two modified variants containing SWCNTs
(L_SWCNTs) and MWCNTs (L. MWCNTs) at a
concentration of 0.02 wt%. Dispersion of the nan-
ofillers was achieved by ultrasonication, using
precisely controlled parameters to ensure optimal
distribution of the nanotubes in the resin matrix.
The laminates were then fabricated by means of
a vacuum-assisted infusion technique, ensuring
a uniform structure. A detailed analysis of the
macro- and microstructural properties of the lami-
nates was carried out utilizing light microscopy
and SEM. The SWCNTs showed better dispersion
compared to the MWCNTs, as evidenced by the
absence of voids and agglomerates in the
L SWCNT laminates. In contrast, the MWCNT-
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modified laminates exhibited localized defects
and uneven dispersion, which negatively affected
their performance. Mechanical characterization
using Charpy impact tests revealed notable im-
provements in the impact resistance for
L SWCNT (154 + 14.6 kJ/m?) compared to
L REF (138 £ 12.5 kJ/m?») and L MWCNT
(148 £ 16.6 kJ/m?). These improvements were at-
tributed to mechanisms such as nanotube pullout
and bridging, which increased the fracture tough-
ness of the composite. The electrical conductivity
measurements showed significant improvements for
the SWCNT-modified laminates (2.72 + 0.34 S/m)
compared to both L REF (0.76 £ 0.08 S/m) and
L MWCNT (1.41 £ 0.11 S/m), correlating with
the improved SWCNT dispersion and the for-
mation of conductive networks in the resin matrix.
The electromagnetic shielding (SE) performance
tests confirmed that all the laminates exceeded the
industrially relevant threshold of 10 dB at frequen-
cies above 450 MHz. Nonetheless, L SWCNT
achieved a maximum SE of 24.6 dB, a 30% im-
provement over L REF, while L MWCNT per-
formed worse because of microstructural defects
and reduced conductivity. The observed shielding
performance was mainly attributed to the electri-
cal conductivity of the composite, as well as the
uniformity of the nanofiller distribution. This
study underscores the use of SWCNTSs as effective
nanofillers to improve the multifunctional proper-
ties of CFRPs based on thermoplastic acrylic res-
ins.

Acknowledgements

This study was carried out with funding from
grant no. LIDER/46/0185/L-11/19/NCBR/2020,
financed by The National Centre for Research and
Development.

REFERENCES

[1] Nallabothula H., Bhattacharjee Y., Samantara L.,
Bose S., Processing-Mediated Different States of Dis-
persion of Multiwalled Carbon Nanotubes in PDMS
Nanocomposites Influence EMI Shielding Perfor-
mance, ACS Omega 2019 4 (1), 1781-1790, DOI:
10.1021/acsomega.8602920.



Relationship between electrical, mechanical and microstructural properties of CFRPs based on thermoplastic...

73

[10]

[11]

Jelmy E.J., Ramakrishnan S., Kothurkar N.K. (2016),
EMI shielding and microwave absorption behavior of
Au-MWCNT/polyaniline nanocomposites. Polym.
Adv. Technol., 27: 1246-1257. DOI: 10.1002/pat.3790.
Wallin M.K.E.B., Marve T., Hakansson P.K., Modern
wireless telecommunication technologies and their
electromagnetic compatibility with life-supporting
equipment. Anesth Analg. 2005 Nov;101(5):1393-
1400. DOI: 10.1213/01.ANE.0000180216.83554.00.
PMID: 16244000.

Jung M., Lee Y., Hong S.G., Moon J., Carbon nanotubes
(CNTs) in ultra-high performance concrete (UHPC):
Dispersion, mechanical properties, and electromagnetic
interference (EMI) shielding effectiveness (SE), Ce-
ment and Concrete Research,Volume 131, 2020,
106017, ISSN 0008-8846, https://doi.org/10.1016/
j-cemconres.2020.106017.

Ryu S.H., Han Y.K., Kwon S.K., Kim T., Jung B.M.,
Lee S.B., Park B., Absorption-dominant, low reflection
EMI shielding materials with integrated metal
mesh/TPU/CIP composite, Chemical Engineering Jour-
nal, Volume 428, 2022, m131167, ISSN 1385-8947,
https://doi.org/10.1016/j.cej.2021.131167.

T. Chakraborty, S. Dutta, A.S. Mahapatra, K. Das,
S. Das, A. Roy, M. Mukherjee, S. Das, S. Sutradhar,
Superior EMI shielding effectiveness of light weight
and stretchable X-type hexaferrite-poly(vinylidene flu-
oride) laminated nanocomposite materials, Journal of
Magnetism and Magnetic Materials, Volume 570,
2023, 170508, ISSN 0304-8853,
https://doi.org/10.1016/j.jmmm.2023.170508.

H. Zhu, K. Fu, B. Yang, Y. Li, Nickel-coated nylon
sandwich film for combination of lightning strike pro-
tection and electromagnetic interference shielding of
CFRP composite, Composites Science and Technol-
ogy, Volume 207, 2021, 108675, ISSN 0266-3538,
https://doi.org/10.1016/j.compscitech.2021.108675.

K. Morioka, Y. Tomita, K. Takigawa, High-temperature
fracture properties of CFRP composite for aerospace
applications, Materials Science and Engineering:
A, Volumes 319-321, 2001, Pages 675-678, ISSN
0921-5093,
https://doi.org/10.1016/S0921-5093(01)01000-0.
J.J.M. Machado, P.D.P. Nunes, E.A.S. Marques, Lucas
F.M. da Silva, Adhesive joints using aluminium and
CFRP substrates tested at low and high temperatures
under quasi-static and impact conditions for the auto-
motive industry, Composites Part B: Engineering, Vol-
ume 158, 2019, Pages 102-116, ISSN 1359-8368,
https://doi.org/10.1016/j.compositesb.2018.09.067
L.W. Zhang, A.O. Sojobi, K.M. Liew, Sustainable
CFRP-reinforced recycled concrete for cleaner eco-
friendly construction, Journal of Cleaner Production,
Volume 233, 2019, Pages 56-75, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro.2019.06.025.

J. Zhang, G. Lin, U. Vaidya, H. Wang, Past, present and
future prospective of global carbon fibre composite de-
velopments and applications, Composites Part B: Engi-
neering, Volume 250, 2023, 110463, ISSN 1359-8368,
https://doi.org/10.1016/j.compositesb.2022.110463.

[12]

[13]

[15]

[17]

(18]

[19]

[20]

(21]

[22]

X. Wang, Z. Zhang, P. Zhuge, Transient analysis of
a novel full submersible floating offshore wind turbine
with CFRP tendons, Ocean Engineering, Volume 266,
Part 1, 2022, 112686, ISSN 0029-8018,
https://doi.org/10.1016/j.oceaneng.2022.112686.

[.M. Alarifi, Investigation the conductivity of carbon fi-
ber composites focusing on measurement techniques
under dynamic and static loads, Journal of Materials
Research and Technology, Volume 8, Issue 5, 2019,
Pages 4863-4893, ISSN 2238-7854,
https://doi.org/10.1016/j.jmrt.2019.08.019.

Mikinka E., Siwak M., Recent advances in electromag-
netic interference shielding properties of carbon-fibre-
reinforced polymer composites — a topical review.
J Mater Sci: Mater Electron 32, 24585-24643 (2021).
https://doi.org/10.1007/s10854-021-06900-8

Geetha S., Satheesh Kumar K.K., Rao C.RK.,
Vijayan M., Trivedi D.C. (2009), EMI shielding: Meth-
ods and materials — A review. J. Appl. Polym. Sci., 112:
2073-2086, https://doi.org/10.1002/app.29812.

Yizhe Chen, Meng Yuan, Hui Wang, Ruichang Yu,
Lin Hua, Progressive optimization on structural design
and weight reduction of CFRP key components,
International Journal of Lightweight Materials and
Manufacture, Volume 6, Issue 1, 2023, Pages 59-71,
ISSN 2588-8404,
https://doi.org/10.1016/j.ijlmm.2022.07.001.

D.D.L Chung, Electromagnetic interference shielding
effectiveness of carbon materials, Carbon, Volume 39,
Issue 2, 2001, Pages 279-285, ISSN 0008-6223,
https://doi.org/10.1016/S0008-6223(00)00184-6.
Daeik Jang, B.H. Choi, H.N. Yoon, Beomjoo Yang,
H.K. Lee, Improved electromagnetic wave shielding
capability of carbonyl iron powder-embedded light-
weight CFRP composites, Composite Structures, Vol-
ume 286, 2022, 115326, ISSN 0263-8223.

Cheon J., Kim M., Impact resistance and interlaminar
shear strength enhancement of carbon fiber reinforced
thermoplastic composites by introducing MWCNT-an-
chored carbon fiber, Composites Part B: Engineering ,
Volume 217, 2021, 108872, ISSN 1359-8368,
https://doi.org/10.1016/j.compositesb.2021.108872.
Kostopoulos V., Baltopoulos A., Karapappas P.,
Vavouliotis A., Paipetis A., Impact and after-impact
properties of carbon fibre reinforced composites en-
hanced with multi-wall carbon nanotubes, Composites
Science and Technology, Volume 70, Issue 4,2010,
Pages 553-563, ISSN 0266-3538,
https://doi.org/10.1016/j.compscitech.2009.11.023.

H. Zhao, Z. Gao, D. Zhai, G. Zhao, Enhanced mechan-
ical property of continuous carbon fiber/polyamide
thermoplastic composites by combinational treatments
of carbon fiber fabric, Composites Communications,
Volume 38, 2023, 101508, ISSN 2452-2139,
https://doi.org/10.1016/j.coc0.2023.101508.

V.C. Gavali, P.R. Kubade, H.B. Kulkarni, Mechanical
and Thermo-mechanical Properties of Carbon fiber Re-
inforced Thermoplastic Composite Fabricated Using
Fused Deposition Modeling Method, Materials Today:
Proceedings, Volume 22, Part 4, 2020, Pages 1786-
1795, ISSN 2214-7853,
https://doi.org/10.1016/j.matpr.2020.03.012.

Composites Theory and Practice 25:2 (2025) All rights reserved


https://doi.org/10.1002/pat.3790
https://doi.org/10.1016/j.cej.2021.131167
https://doi.org/10.1016/j.compscitech.2021.108675
https://doi.org/10.1016/j.compositesb.2018.09.067
https://doi.org/10.1016/j.jclepro.2019.06.025
https://doi.org/10.1016/j.compositesb.2022.110463
https://doi.org/10.1016/j.oceaneng.2022.112686
https://doi.org/10.1016/j.jmrt.2019.08.019
https://doi.org/10.1007/s10854-021-06900-8
https://doi.org/10.1002/app.29812
https://doi.org/10.1016/S0008-6223(00)00184-6
https://doi.org/10.1016/j.compositesb.2021.108872
https://doi.org/10.1016/j.compscitech.2009.11.023
https://doi.org/10.1016/j.coco.2023.101508
https://doi.org/10.1016/j.matpr.2020.03.012

74

S. Demski, K. Dydek, Z. Krawczyk, K. Sobolewski, P. Madry, P. Kozera, A. Boczkowska, J. Sroka, H. Ehrlich

(24]

(23]

[26]

(27]

M. El-Tahan, K. Galal, V.S. Hoa, New thermoplastic
CFRP bendable rebars for reinforcing structural con-
crete elements, Composites Part B: Engineering, Vol-
ume 45, Issue 1, 2013, Pages 1207-1215, ISSN 1359-
8368,
https://doi.org/10.1016/j.compositesb.2012.09.025.
Gebhardt M., Manolakis 1., Kalinka G., Deubener J.,
Chakraborty S., Meiners D., Re-use potential of carbon
fibre fabric recovered from infusible thermoplastic
CFRPs in 2nd generation thermosetting-matrix compo-
sites, Composites Communications, Volume 28, 2021,
100974, ISSN 2452-2139,
https://doi.org/10.1016/j.coc0.2021.100974.
Yamamoto T., Makino Y., Uematsu K. Improved me-
chanical properties of PMMA composites: Dispersion,
diffusion and surface adhesion of recycled carbon fiber
fillers from CFRP with adsorbed particulate PMMA,
Advanced Powder Technology, Volume 28, Issue 10,
2017, Pages 2774-2778, ISSN 0921-8831,
https://doi.org/10.1016/j.apt.2017.08.003.

Waseem S. Khan, Eylem Asmatulu, Md. Nizam Uddin,
Ramazan Asmatulu, 8 — Recycling and reusing of ther-
moplastic and thermoset composites, Editor(s):
Waseem S. Khan, Eylem Asmatulu, Md. Nizam Uddin,
Ramazan Asmatulu, Recycling and Reusing of Engi-
neering Materials, Elsevier, 2022, Pages 141-161,
ISBN 9780128224618, https://doi.org/10.1016/B978-
0-12-822461-8.00001-2.

Wang Y., Wang X., Cao X., Gong S., Xie Z., Li T,
WuC., Zhu Z., Li Z., Effect of Nano-Scale Cu Particles
on the Electrical Property of CNT/Polymer Nanocom-
posites. Compos. Part A Appl. Sci. Manuf. 2021, 143,
106325,
https://doi.org/10.1016/j.compositesa.2021.106325.

Composites Theory and Practice 25:2 (2025) All rights reserved

[28]

[31]

[32]

[33]

Demski S., Dydek K., Bartnicka K., Majchrowicz K.,
Kozera R., Boczkowska A., Introduction of SWCNTs
as a Method of Improvement of Electrical and Mechan-
ical Properties of CFRPs Based on Thermoplastic
Acrylic Resin. Polymers 2023, 15, 506,
https://doi.org/10.3390/polym15030506.

Demski S., Brzakalski D., Gubernat M., Dydek K.,
Czaja P., Zochowski K., Kozera P., Krawczyk Z., Szt-
orch B., Przekop R.E. et al., Nanocomposites Based on
Thermoplastic Acrylic Resin with the Addition of
Chemically Modified Multi-Walled Carbon Nanotubes.
Polymers 2024, 16, 422,
https://doi.org/10.3390/polym16030422.

Demircan O., Sufyan S., Basem A.M., Tensile and
Charpy Impact Properties of CNTs Integrated PET/
Glass Fiber Thermoplastic Composites with Commin-
gled Yarn. Res. Eng. Struct. Mater. 2022,
http://dx.doi.org/10.17515/resm2022.442ma0606.
Sankaran S., Deshmukh K., Ahamed M.B., Khadheer
Pasha S.K., Recent advances in electromagnetic inter-
ference shielding properties of metal and carbon filler
reinforced flexible polymer composites: A review.
Composites Part A: Applied Science and Manufactur-
ing 2018;114:49-71, https://doi.org/10.1016/j.compo-
sitesa.2018.08.006.

Yan X, Xiang L, He Q, Gu J, Dang J, Guo J et al., Elec-
tromagnetic Interference Shielding Polymer Nanocom-
posites. Multifunctional Nanocomposites for Energy
and Environmental Applications, Weinheim, Germany:
Wiley-VCH Verlag GmbH & Co. KGaA; 2018, p. 567-601,
https://doi.org/10.1002/9783527342501.ch19.

Koo C.M., Shahzad F., Kumar P., Yu S., Lee S.H.,
Hong J.P., Polymer-Based EMI Shielding Materials.
[In:] Jaroszewski M., Thomas S., Rane A.V. (eds), Ad-
vanced Materials for Electromagnetic Shielding, Hobo-
ken, NJ, USA: John Wiley & Sons, Inc.; 2018, p. 177-217,
https://doi.org/10.1002/9781119128625.ch9.


https://doi.org/10.1016/B978-0-12-822461-8.00001-2
https://doi.org/10.1016/B978-0-12-822461-8.00001-2
https://doi.org/10.3390/polym16030422
http://dx.doi.org/10.17515/resm2022.442ma0606
https://doi.org/10.1002/9783527342501.ch19
https://doi.org/10.1002/9781119128625.ch9

