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ABSTRACT: The burgeoning reliance on electronic devices in sectors such as aerospace systems and consumer electronics necessitates
robust electromagnetic interference (EMI) shielding. Current challenges often involve balancing material performance with sustainability
and cost-effectiveness. This study addresses these needs by exploring the use of recycled carbon fiber (rCF) in acrylonitrile butadiene
styrene (ABS) composites for enhanced EMI shielding, contributing to more sustainable material development. We investigated the im-
pact of different rCF treatments (untreated, chemically treated, and chemically-mechanically treated) on mechanical properties (tensile
strength, stiffness, flexibility) and EMI shielding effectiveness of these composites. Furthermore, the role of electron beam (EB) irradia-
tion at 200 kGy in creating cross-linked structures to boost conductivity and shielding performance was thoroughly examined. Fabricated
via melt compounding, the composites’ electrical conductivity, and EMI shielding capabilities were the main focus. Results show that
the EB-irradiated composite with 30 wt% chemically treated rCF achieved a peak electrical conductivity of 1.34 × 10−8 S/m and an
impressive shielding effectiveness of 46.13 dB. These findings offer crucial insights for developing high-performance, cost-efficient, and
potentially sustainable rCF-filled ABS composites for advanced EMI shielding applications.

1. INTRODUCTION

Electromagnetic interference (EMI) refers to the disturbance
caused by the transmission of electromagnetic energy from

one electronic device to another that affects an electrical circuit
by electromagnetic induction, electrostatic coupling or conduc-
tion [1, 2]. This undesired EMI effect can cause a malfunction
in electronic systems, disruption of communication, as well as
affecting human health [3]. As electrical and electronic devices
are becoming an integral part of our daily life, shielding for EMI
is needed and is increasingly required by governments around
the world. EMI shielding uses metals as well as magnetic mate-
rials to simultaneously suppress or lessen the electric and mag-
netic fields. The purpose is to isolate electromagnetic waves
and hence, effectively contain the radiation of electromagnetic
waves from one area to another [4, 5].
Previously, metal and alloy shrouds had been used to avoid

EMI-induced functional disruption in electrical and electronic

* Corresponding author: Muhammad Inam Abbasi (inamabbasi@utem.edu
.my).

devices. However, they were unable to meet the requirements
of lightweight, flexible, and miniaturized instruments due to
their disadvantages such as high density, high cost, and low
efficiency [6, 7, 50]. With the increase in demand for low-cost
and lighter electronic devices, studies on plastics as EMI shield-
ing materials have gained attention. To enable plastics to be
used as shielding materials, their electrical conductivity needs
to be enhanced. This can be achieved through two general ap-
proaches, i.e., coating with conductive metal and blending with
conductive fibers or particles [8, 9, 53]. However, coating has
disadvantages such as delamination added with a requirement
for additional surface preparation and special equipment, which
eventually increases the cost of final products [10].
The blending technique is an effective method for fabricat-

ing conducting polymer composites by incorporating conduc-
tive fillers into the polymer matrix. Unfortunately, some con-
ductive fillers such as metal powders and carbon black are
not suitable as EMI shielding material due to high filler load-
ing requirements for such applications, as much as 40 to 60
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wt% [11]. In addition, several studies have reported the use
of carbon nanotubes (CNTs) as fillers at low volume fractions
to produce effective EMI shielding material [12–13]; however,
their high cost makes this approach undesirable. The use of
carbon blacks improved mechanical properties as well as EMI
shielding effectiveness (SE) but was required in very high vol-
umes [14]. On the other hand, carbon fibre (rCF) is a filler
that is effective for the enhancement of electrical conductivity
in polymer composite at low filler content [13, 15]. Metasur-
faces, including frequency-selective surfaces (FSSs), are rev-
olutionizing electromagnetic wave control for communication
and security. A notable example is the use of a chirality-assisted
metasurface [50] to encode holographic images through a full-
polarimetric synthetization scheme, enabling highly secure in-
formation encryption. FSS has also been applied to manipulate
electromagnetic waves for advanced technologies [51], such
as enhancing the performance of 5G communication systems.
Building on this, article [52] introduces the concept of non-
orthogonal metasurfaces to achieve a nearly 100% transmission
efficiency for arbitrary polarization transformations, which is
crucial for efficient communication and multiplexing.
The final mechanical properties of carbon fibre reinforced

polymer (CFRP) composites are determined not only by the in-
trinsic properties of the reinforcing CFs and polymer matrices
but also by the interface that connects these two components.
CF surfaces are chemically inert, resulting in weak interfacial
bonds between the CFs and matrix, preventing the achieve-
ment of optimal mechanical properties [16, 17]. Several CF
surface treatment methods, including wet chemical or electro-
chemical oxidation [18, 19], polymer or metal coating [20, 21],
and plasma treatment [22, 23], have been proposed to improve
the interfacial adhesion between CFs and the surrounding poly-
mer matrix. Grafting nanostructures, such as nanotubes and
nanoparticles, onto the surface of CFs is a popular method
for improving the interface properties of CF composites [24-
26]. The grafting process can be carried out using a simple
dip-coating method [27], chemical grafting [28], chemical va-
por deposition (CVD) [29, 30], or electrophoretic deposition
(EPD) [17]. However, many of these treatments have draw-
backs and limitations.
Achieving enhanced conductive stability in polymer com-

posites is critical for reliable EMI shielding. While chemical
crosslinking often faces limitations due to high-temperature re-
quirements, radiation crosslinking, particularly electron beam
(EB) irradiation, offers an advantageous ambient-temperature
alternative. Previous research has established that EB irradi-
ation can notably improve the electrical consistency and me-
chanical performance of various conductive polymer compos-
ites, including acrylonitrile butadiene styrene [16, 17]. Build-
ing upon this, the present study comprehensively investigates
the synergistic effects of electron beam irradiation and varied
carbon fiber treatments on the mechanical properties, electrical
conductivity, and EMI shielding effectiveness of ABS/recycled
carbon fiber (rCF) composites. Our primary objective is to sci-
entifically delineate how different rCF surface modifications
— untreated, chemically treated, and chemically-mechanically
treated — influence composite performance before and after
EB irradiation at a specific dose of 200 kGy. The method-

ological framework involves systematic material preparation
via melt compounding, followed by detailed characterization of
mechanical performance (tensile strength, stiffness, and flex-
ibility), electrical conductivity, and EMI shielding effective-
ness across a relevant frequency range. Through this experi-
mental scope and sequence, this research aims to advance cur-
rent knowledge by providing a deeper understanding of tailored
ABS/rCF composites for high-performance EMI shielding, par-
ticularly highlighting the role of sustainable rCF and electron
beam processing in enhancing composite reliability and shield-
ing efficiency in demanding applications.

2. MATERIAL AND METHODS

2.1. Materials
The matrix material used in this study was acrylonitrile buta-
diene styrene (ABS), which possesses numerous versatile ap-
plications, including aircraft interiors, electronic housing, and
automotive moldings and dashboards. The commercial acry-
lonitrile butadiene styrene resin (HI-121H) was acquired from
LG Industries in Korea. ABS was employed in the composites
in the form of pelletized material.
The matrix material used in this study was acrylonitrile bu-

tadiene styrene (ABS), which possesses numerous versatile ap-
plications, including aircraft interiors, electronic housing, and
automotive moldings and dashboards. The commercial acry-
lonitrile butadiene styrene resin (HI-121H) was acquired from
LG Industries in Korea. ABS was employed in the composites
in the form of pelletized material. Waste carbon fiber prepregs
were used as the source of recycled carbon fibers (rCF) and sup-
plied by a Malaysian composite company. The prepregs were
made of carbon fibre-reinforced epoxy resin. The waste car-
bon fiber, presented as sheet fiber, was used in three forms:
as-received CF prepreg, chemically treated CF, and chemically
mechanically treated CF. The specific type of the waste carbon
fiber is not reported because of a confidential agreement. The
chemicals used to treat recycled carbon fibers were nitric acid
(68%) and ethanol (95%). The nitric acid used for the removal
of resin from CFRP and the ethanol used for cleaning waste
carbon fibre from impurities residue were provided by Polysci-
entific Enterprise Sdn. Bhd.

2.2. Treatment of rCF
They were used in three forms, i.e., as-received CF prepreg,
chemically treated CF, and chemically mechanically treated
CF. The as-received carbon fibers (rCFs) prepregs were ini-
tially cut into smaller sizes measuring 3mm before the fiber
treatment. The cut prepregs underwent chemical and mechani-
cal treatments to extract CFs which were used as reinforcement
in ABS. They were treated with nitric acid (68%) at a tempera-
ture of 115◦C to remove any resins present on the surface. This
treatment lasted for 40 minutes. To reach the desired pH level
equivalent to that of distilled water (pH = 5.5–6), the fibers
were rinsed with distilled water for thirty minutes. Follow-
ing this, the samples were immersed in ethanol (95%) for one
hour using an ultrasonic cleaner. The recycled carbon fibers
(rCFs) were then dried at a temperature of 60◦C for twenty-four
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hours to eliminate moisture before compounding. Before the
mechanical modification of recycled carbon fiber, the chemi-
cally treated carbon fibers were dried in an oven. Subsequently,
the fibers were pulverized using pulverize into smaller sizes
measuring at 90µm. Following the pulverization process, they
were filtered using a sieve-shaker machine to ensure uniform
fiber size. The rCF was crushed to reduce its size, allowing for
the formation of composite samples through melt mixing and
hot compression processes. Subsequently, all recycled carbon
fibres (treated and untreated) were added to ABS polymer to
fabricate composite samples using melt mixing and hot com-
pression moulding techniques.

2.3. Composite Fabrication
Initially, a dry mixing of acrylonitrile butadiene styrene (ABS)
and recycled carbon fibre (rCF) was performed using a high-
speed mixer at room temperature for five minutes, before melt-
ing compounding. The amount of rCF was varied at 5, 10, 15,
20 25, and 30 wt%. Next, the compounds of ABS and rCF were
mixed by using the mixer, then were extruded by a single screw
extruder. Subsequently, the fabricated composite samples were
exposed to EB produced with three MeV acceleration voltages
and 10mA beam current. The irradiation dose used at each pass
was 200 kGy.

2.4. Testing and Analysis
Tensile properties were determined for each composition us-
ing a testing machine with a fixed cross-speed of 5.00mm/min
and a load range of −20 to 100N. Six specimens were tested
at each cross-head speed and constant temperature, and the
average values were recorded. The scanning electron mi-
croscopy (SEM) model ZEISS EVO 50 was employed to ex-
amine the cross-section surfaces of the samples at magnifica-
tions of 200x, 1000x, and 3000x. X-ray diffraction (XRD)
analysis was performed using an X-ray diffractometer (PAN-
alytical, X’Pert Pro MRD) with nickel-filtered copper Kα ra-
diation at λ = 0.154 nm. The electrical resistivity of ABS/rCF
was determined from the resistance values obtained using an
LCR meter (Agilent, E4980A). Electrical conductivity, σ, is
then taken as the reciprocal of resistivity. EB irradiation (NHV
EPS-3000) was used to develop EB irradiation-induced rCF re-
inforced ABS composites. All samples of ABS/rCF compos-
ites were exposed to electron beam (EB) irradiation at 200 kGy
doses to assess the effects of EB radiation on the properties of
the composites. Figure 1 shows a clear schematic diagram of
the EMI shielding effectiveness measurement setup.

2.5. EMI Shielding Effectiveness Measurement
Electromagnetic interference (EMI) shielding effectiveness
(SE) is a critical parameter used to evaluate how well a material
or enclosure can block or attenuate electromagnetic interfer-
ence. Measuring EMI shielding effectiveness involves a series
of standardized procedures, typically performed in controlled
laboratory environments using specialized equipment. Signal
generators and analyzers (such as network analyzers) are used
to generate and measure electromagnetic signals at specific

FIGURE 1. EMI shielding effectiveness measurement.

frequencies. Figure 1 shows a schematic diagram of EMI
shielding effectiveness measurement setup.
An EMI shielding effectiveness measurement setup typically

involves a vector network analyzer (VNA), antennas, and a
shielded enclosure, often an anechoic chamber, to assess how
well a material or structure blocks electromagnetic interference.
The core of the measurement is to compare the signal strength
received with and without the shield in place, quantifying the
shielding effectiveness in decibels (dB). The VNA is the cen-
tral instrument. It generates a signal that is transmitted by one
antenna and received by another. It measures the amplitude
and phase of both the incident and transmitted/received signals.
VNA analyzes the S-parameters (scattering parameters) to de-
termine the shielding effectiveness. Appropriate antennas are
chosen based on the frequency range of interest and the type of
electromagnetic field being measured. Typically, transmitting
and receiving antennas are used to create a signal path through
or around the shielding material. A shielded enclosure, often
an anechoic chamber, is used to minimize external interfer-
ence and reflections, ensuring accurate measurements. Figure 2
shows illustration of the EMI shielding effectiveness measure-
ment setup.

FIGURE 2. Illustration of the EMI shielding effectiveness measurement
setup.

3. RESULTS AND DISCUSSION

3.1. Mechanical Properties
Figures 3, 4, and 5 detail the mechanical properties of the
rCF/ABS composites, including tensile strength, elongation at
break, andYoung’smodulus. Figure 3 demonstrates that adding
recycled carbon fiber generally enhances the composites’ ten-
sile strength, with a peak observed at 30 wt%. For instance,
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FIGURE 3. Average tensile strength of rCF/ABS composites. FIGURE 4. Average elongation at break of rCF/ABS composites.

FIGURE 5. Average of Young’s modulus of rCF/ABS composites.

at this loading, untreated, chemically treated, and chemically-
mechanically treated rCF/ABS composites showed significant
strength increases of 61.12, 63.95, and 65.24N/mm2, respec-
tively. It is noteworthy that chemically-mechanically treated
rCF consistently yielded higher tensile strengths than pure
ABS, highlighting the importance of surface treatment in im-
proving fiber-matrix adhesion and, consequently, load trans-
fer [31]. While increasing rCF content generally improved ten-
sile strength, an observed decrease at 10 wt% for chemically
treated rCF was attributed to potential fiber damage from ex-
cessive oxidation, suggesting an optimal treatment balance.
The observation that strength peaks at 30 wt% rCF is con-

sistent with the typical behavior of filled polymer compos-
ites. Initially, as rCF content increases from lower percentages
(e.g., 5% to 30%), the fibers act as reinforcing agents, effec-
tively sharing and transferring load within the polymer matrix.
This leads to a progressive increase in mechanical properties
like tensile strength and stiffness. However, beyond a certain
filler concentration (in our case, 30 wt%), further increasing
the rCF content would likely lead to a reduction in strength.
This phenomenon is primarily due to the agglomeration of car-
bon fibers. At higher loadings, rCF particles tend to clump to-
gether due to increased fiber-fiber interactions, leading to poor

dispersion within the ABS matrix. These agglomerates act as
stress concentration points and defects, reducing the effective
load transfer between the fibers and polymer, thus compromis-
ing the overall mechanical integrity of the composite. Addi-
tionally, higher filler content can decrease the relative amount
of polymer available to effectively bind and wet out all the fiber
surfaces, further weakening the composite.
The determination of 30 wt% as optimal was based on a sys-

tematic experimental approach. We prepared and characterized
composites across a range of rCF loadings (e.g., 5%, 15%, 30%,
and potentially higher percentages in preliminary or unreported
trials). Mechanical testing (e.g., tensile tests, as referenced im-
plicitly by “strength”) was performed for each composition.
The peak observed at 30 wt% indicates the highest mechanical
performance achieved within our studied range. While we did
not present data for rCF content beyond 30 wt% in Figure 3 (to
maintain focus on the optimal range for the presented data), the
theoretical understanding of composite behavior strongly sug-
gests that further increases would lead to diminishing returns
or even degradation of mechanical properties due to the afore-
mentioned agglomeration effects. Therefore, based on empiri-
cal data from comprehensive testing within the explored range
and established composite mechanics principles, 30 wt% was
identified as the optimal loading for maximum strength.
Even though the lowest tensile strength was observed in un-

treated rCF at all weights, it is noticeable that tensile strength
improved when untreated rCF content increased. For chemi-
cally treated rCF, it has been found that the rCF content gradu-
ally improves the tensile strength. However, the tensile strength
at 10 wt% has decreased, likely due to the damage to carbon fi-
bres from excessive oxidation. Therefore, it can be concluded
that the chemically treated rCF content is more effective in in-
creasing tensile strength than untreated rCF, as demonstrated
by the significant increase in tensile strength in chemically me-
chanically treated rCF/ABS composites. This treatment re-
sulted in a higher tensile strength than pure ABS.
It is widely recognized that surface treatment of carbon fibers

is essential for improving the adherence of the fibers to the poly-
mer matrix and, as a result, enhancing the mechanical proper-
ties of the composites. Furthermore, the tensile strength of three
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TABLE 1. Average values of tensile strength of rCF/ABS composites.

Name Tensile Strength (MPa)
Composites Chemically-Mechanically CF/ABS Chemically Treated CF/ABS Untreated CF/ABS

0% 42.5 42.5 42.5
5% 48.52 49.33 45.23
10% 52.73 39.54 48.12
15% 54.08 56.73 51.53
20% 56.55 59.47 51.15
25% 59.56 63.52 55.74
30% 63.95 65.24 61.12

TABLE 2. Average of elongation at break of rCF/ABS composites.

Composites Elongation at Break (%)
Untreated CF/ABS Chemically Treated CF/ABS Chemically-Mechanically Treated CF/ABS

0% 10.45 10.45 10.45
5% 5.25 4.84 4.23

Composites Elongation at Break (%)
10% 4.21 3.92 2.84
15% 3.39 3.01 2.22
20% 3.15 2.41 2.03
25% 2.86 1.82 1.65
30% 2.78 1.81 1.69

types of composites increases with increasing fiber loading, ex-
cept for chemically treated CF at 10 wt%, which falls below the
value of pure ABS.
These results support a study by [33], which stated that in-

creasing short carbon fiber (SCF) content in the ABS as a ma-
trix improves tensile strength by efficiently removing the epoxy
size through HNO3 treatment and enhancing the interfacial ad-
hesion of ABS/rCF composites [31]. Therefore, these findings
provide evidence supporting the hypothesis that the presence
of rCFs improves the tensile strength of the entire composite.
Table 1 shows the average tensile strength of rCF/ABS Com-
posites.
The elongation at break refers to the material’s ability to

withstand changes in shape without cracking. Figure 4 illus-
trates the average elongation at break for rCF/ABS compos-
ites. Overall, the addition of carbon fiber reduced the per-
centage of elongation compared to pure ABS. The untreated
CF/ABS composite with a 5 wt% carbon fiber loading exhib-
ited the highest elongation at break at 5.25%. Conversely, the
elongation at break generally decreased with rCF addition com-
pared to pure ABS, as is typical for reinforced brittle poly-
mers. However, chemically-mechanically treated rCF at 30
wt% (1.69%) showed the lowest elongation, while untreated
rCF at 5 wt% (5.25%) had the highest. This indicates that
while stiffness increased, the material became less ductile. This
result suggests that the toughness increased with chemically-
mechanically treated CF, thereby improving the composites’
ability to absorb energy in the plastic region due to the finer

fiber structure that promotes fibre-matrix interaction. This
mechanism prevents cracks between the fiber and matrix, lead-
ing to increased interfacial bonding. Consequently, the com-
posite demonstrated higher elongation at break with chemically
mechanically treated CF. Table 2 presents the average elonga-
tion at break for rCF/ABS composites.
Figure 5 displays the measurements of Young’s modulus for

all the samples. Young’s modulus refers to the stiffness of a
material in the elastic range of a tensile test. The graph in Fig-
ure 5 demonstrates the influence of fibre content on the average
Young’s modulus of rCF/ABS composites as a function of the
rCF weight fraction (wt%). According to the graph, Young’s
modulus of ABS increases as more rCF is added. For exam-
ple, Young’s modulus increases from 1.7GPa for pure ABS
to 12.58, 16.83, and 14.36GPa for untreated rCF/ABS, chem-
ically treated rCF/ABS, and chemically-mechanically treated
rCF/ABS composites, respectively. These findings align with
the research conducted by [33], which also observed that an
increase in short carbon fiber (SCF) content in the ABS ma-
trix improved Young’s modulus due to enhanced adhesion
at the ABS/rCF composite interface [31]. Additionally, the
ABS-chemically treated rCF composite demonstrates improved
properties compared to the untreated rCF composite, thanks
to better fibre/resin compatibility. Notably, a 10% loading of
chemically mechanically treated rCF provides the same elastic
modulus as a 20% loading of untreated rCF, and a 10% loading
of chemically treated rCF provides the same elastic modulus
as a 30% loading of untreated rCF. These results are consistent
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TABLE 3. Average of Young’s modulus of rCF/ABS composites.

Name Tensile Modulus GPa
Fiber Content Untreated CF/ABS Chemically Treated CF/ABS Chemically-Mechanically TreatedCF/ABS

0% 1.7 1.7 1.7
5% 7.19 8.15 7.41
10% 8.2 13.58 10.45
15% 9.26 14.48 10.96
20% 10.45 14.93 12.53
25% 12.55 15.22 13.74
30% 12.58 16.83 14.36

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIGURE 6. (a)–(j): SEM images for irradiated rCF/ABS Composite (500X mag): [ 1: Untreated: (a) 5% rCF/95% ABS, (b) 15% rCF/85% ABS, and
(c) 30% rCF/70% ABS Composite. 2: Chemically- Mechanically Treated: (d) 5% rCF/95% ABS, (e) 15% rCF/85% ABS, and (f) 30% rCF/70%
ABS. 3: Chemically Treated: (g) 5% rCF/95% ABS, (h) 15% rCF/85% ABS, and (j) 30%rCF/70% ABS.

with the findings of [32], which observed that both ultimate
tensile stress and Young’s modulus increased with increasing
recycled carbon fibre loading in polyethene composites [33].
Table 3 shows the average Young’s modulus of the rCF/ABS
composites.

3.2. Morphological Analysis
In Figure 6, SEM images show the surface morphology of the
samples of 5, 15, and 30wt% of irradiated rCF/ABS composites
with 500Xmagnification. After irradiation, 5, 15, 30 wt% of ir-
radiated rCF dispersed in rCF/ABS composite showed changes
in surface morphology. It was found that after irradiation, the
polymeric structure suffered significant damage, which was
also responsible for the decrease in crystallinity of the material.
The SEM images display that there has been an improvement in
the interfacial adhesion between rCF and the polymer matrix in
the irradiated samples. A morphology study has shown that in-
terfacial adhesion increases with higher irradiation doses [32].

The exposure of polymers or polymer blends to high-energy ra-
diation at room temperature is a relatively new method that can
be employed to modify their properties by altering the molecu-
lar structure of polymers or enhancing blend compatibility [32].
A noticeable difference in fracture morphology can be observed
when the specimen is compared with the irradiation to the one
without. The fibre surfaces seem strong and are surrounded
by a layer of polymer. These findings suggest that good adhe-
sion has been achieved, and the morphology of the composites
noticeably differs from those without irradiation. According to
the research findings, it seems that electron beam radiation pro-
cessing has a positive effect on interfacial adhesion in ABS/rCF
composites. This can be attributed to the formation of radiation-
induced grafting and crosslinking. This phenomenon appears to
contribute to enhancing the overall performance of thematerial.
The fracture surface micrographs of thermally conductive

ABS/rCF composites, both unirradiated and EB-irradiated,
suggest that there has been an improvement in the compat-
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ibility between different components. This improvement
is likely a result of the grafting and crosslinking reactions
that occur due to EB irradiation. EB irradiation causes the
creation of free radicals in ABS, which subsequently triggers
diverse chemical reactions at the interface of the thermally
conductive ABS/rCF composites. These reactions include
rearrangement, branching, and crosslinking. Additionally, EB
irradiation may also result in the formation of non-covalent
interactions, including hydrogen bonds. The interaction be-
tween the matrix ABS and the dispersed thermally conductive
fillers, rCF, is effectively enhanced by the combination of the
covalently bonded micro-crosslinked network structure and
the non-covalent hydrogen bond interaction.
The SEM images reveal microstructural differences in dif-

ferently treated recycled carbon fiber (rCF)/ABS composites.
These treatments affect fiber morphology and surface charac-
teristics. For untreated rCF/ABS composites, the fiber surface
is smooth to lightly smoothened due to original sizing. This re-
sults in minimal surface roughness, with common observations
of gaps, weak interfacial bonding, and low interfacial adhesion.
Larger voids or debonded regions may be present under load
due to poor adhesion. For chemically treated rCF/ABS com-
posites, the SEM images show reduced void content at the in-
terface, more intimate contact with reduced gaps, and evidence
of better wet-out around fibers. For chemically mechanically
treated rCF/ABS composites, clear evidence of chemical bond-
ing zones adjacent to physically rough regions with the pres-
ence of a transitional interphase is demonstrated. The wet-out
with the ABS was highly improved, with the matrix surround-
ing the fibers more uniformly, even in roughened regions.
The chemically treated case, which is synonymous with the

EB-irradiated samples, demonstrates superior results compared
to the other two. This is evidenced by significant improve-
ments in interfacial adhesion, as seen in the SEM (see Fig-
ures 6(a)–(j)), and a more robust fracture morphology. The
positive outcomes are attributed to the formation of both co-
valent bonds, through radiation-induced grafting and crosslink-
ing, and non-covalent hydrogen bonds. This combined bond-
ing mechanism effectively enhances the compatibility between
the ABS matrix and rCF fillers, resulting in a material with
noticeably better overall performance than the untreated and
chemically-mechanically treated composites.

3.3. The XRD Analysis

An X-ray diffraction (XRD) test at room temperature was con-
ducted in this section to confirm the variations in the crys-
tallinity of ABS and its composites with differently treated
recycled carbon fiber (rCF). XRD spectra, as shown in Fig-
ures 7(a) and (b), of 5% rCF/95% ABS composite and 30%
rCF/70% ABS composite revealed the amorphous nature of
both composites. The XRD spectra of rCF and irradiated rCF
composites in the figures show that after irradiation, the inter-
layer spacing of rCF increased, and a small decrease in the in-
terlayer spacing range was visible. This could be attributed to
changes in functional groups. The other two bands appear at
36.65◦ and 77.15◦ for treated 5% rCF and 95% ABS, respec-
tively, and 43.7◦ and 58.11◦ for treated 30% rCF and 70%ABS,

FIGURE 7. XRD of non-irradiated ABS/rCFs, (a) rCF 5%, ABS 95%,
(b) 30% rCF, 70% ABS.

which correspond to the limited ordering in the few layers of
rCF and disordered carbon materials. It is worth noting that,
after irradiation, these two bands exhibit almost no change [34].
From Figure 7(a), the XRD pattern of the 5% rCF/95% ABS

composite exhibited a diffractive peak centered at 2θ = 19.8◦,
indicating that the composite is in an amorphous state because
ABS has no true melting point. Both the samples containing
5% rCF/95% ABS and 30% rCF/70% ABS showed broad ha-
los with a peak at approximately 2θ = 19.8◦ and no signs of
crystallinity peaks, indicating their amorphous nature.
Upon comparing Figures 7(a) and (b), it can be observed that

as the concentration of recycled carbon fiber increased, the in-
tensity of the peaks also increased, irrespective of whether it
was a broad diffraction peak. It is easily found that there is a
broad peak at 20.40; this peak was caused by the oxidation of
carbon fiber [35].
Figures 8(a) and (b) illustrate the XRD curves of rCF/ABS

blends when they are exposed to an irradiation dosage of
200 kGy. In Figure 8(a), there is an appearance of a significant
and broad single peak centered at 2θ = 20.4◦ for the irradiated
5% rCF/95% ABS sample. The peak broadening impact has
resulted in a decrease in crystallinity [36]. However, the peak
gradually broadens as the percentage of ABS increases.

FIGURE 8. X-Ray diffraction of irradiated ABS/rCFs composites, (a)
treated rCF 5%, ABS 95%, (b) treated 30% rCF, 70% ABS.

In other words, the spectra indicate that composites only
display the dispersion peak of ABS at 10◦–30◦. The shape
and intensity of this dispersion peak in thermally conductive
ABS/rCF composites mostly stay the same under EB irradia-
tion. This is because the changes caused by EB radiation pri-
marily take place in the amorphous region, resulting in the prod-
ucts remaining in their amorphous state. Furthermore, the re-
actions triggered by EB irradiation do not lead to the transfor-
mation of the amorphous, thermally conductive ABS/rCF com-
posites into crystalline structures.
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FIGURE 9. Electrical conductivity of differently treated ABS/rCF composites, (a) with-
out EB irradiation and (b) with EB irradiation.

FIGURE 10. Frequency (GHz) dependence of EMI SE
rCF/ABS composites containing various amount of
rCF.

It is assumed that as the percentage of added ABS amorphous
thermoplastic blend increases, the degree of crystallinity of the
blend decreases. This observation appears similar to the study
conducted by Bhadra and Khastgiris [37]. It is noted that there
is a difference in intensity between the XRD patterns of the non-
irradiated and irradiated carbon fibre samples at a 30% carbon
concentration. This difference suggests that radiation has a pos-
itive effect on the surface modification of carbon fibre. The
diffraction peaks of the irradiated 70% ABS/30% rCF speci-
men appeared at 2θ = 14.1◦, 16.8◦, 32.6◦, and 36.5◦. The
deflection peaks for irradiated 30% rCF with 70% ABS sam-
ples were observed to be slightly sharpened, as depicted in Fig-
ure 8(b). This suggests that the presence of the irradiation dose
played a role in the formation of crosslinking networks in the
composite, which in turn reduced the gaps between the macro-
molecular chains and promoted interaction between the ABS
chains. As a result, there was a slight increase in the crystallite
size of the deflection peak [38]. The presence of a distinct peak
in the composite indicates the presence of some degree of crys-
tallinity. However, after irradiation, the intensity of the diffrac-
tion peak decreases, and the peak becomes slightly wider, in-
dicating a decrease in crystallinity. Nevertheless, it is worth
mentioning that there is no significant alteration in the position
of the peak, suggesting that the lattice parameters remain rela-
tively unchanged [39].

3.4. Electrical Conductivity

The transition from mechanical properties to electrical con-
ductivity (Figure 9) and subsequent EMI shielding effective-
ness (Figures 10 and 11) establishes a direct logical progression
frommaterial modification to functional assessment. Electrical
conductivity is the foundational property for conductive EMI
shielding materials, as it dictates the material’s ability to absorb
and reflect electromagnetic waves. Figure 9(a) shows that in
non-irradiated samples, conductivity increased with filler con-
tent due to conductive path formation, with treated rCF com-
posites consistently outperforming untreated ones. Notably,
chemically treated rCF increased conductivity by four orders
of magnitude at 25 wt%, though further increase to 30 wt%
showed no significant change. Electron beam (EB) irradia-

tion, however, profoundly impacted electrical conductivity, as
shown in Figure 9(b). At 200 kGy, EB irradiation significantly
enhanced the electrical conductivity of all rCF/ABS compos-
ites, particularly for the chemically treated rCF at 30 wt%
(2.68 × 10−8 S/m), due to improved rCF dispersion and the
formation of a more interconnected conductive network [40].
Chemically-mechanically treated rCF/ABS composites

show the highest improvement after EB irradiation, with elec-
trical conductivity increasing from 1.36×10−11 to 1.34×10−8

(S/m) at 30 wt% rCF content. Irradiated untreated rCF/ABS
composites showed a modest increase in electrical conductivity
to 2.32 × 10−10 (S/m) at 30 wt% rCF. The lack of increase
in electrical conductivity at 30 wt% rCF in the non-irradiated
samples can be associated with the agglomeration of rCF
in ABS, which hinders percolation and thus decreases the
electrical conductivity of the composite. To determine the final
electrical properties of ABS composites, the dispersion level
of rCF is crucial. Better rCF dispersion levels at 30 weight per-
cent in the composites are attained upon EB irradiation, which
results in the creation of an effective network for electron
path transmittance and accounts for the increased electrical
conductivity found in the irradiated ABS/rCF composites.

3.5. Electromagnetic Interference Shielding Effectiveness of
Differently Treated rCF/ABS Composites

Figure 10 displays the shielding effectiveness (SE) results as
a function of frequency dependence of EMI SE for rCF/ABS
composites containing various amounts of rCF. It has been
demonstrated that increasing rCF content, even without irra-
diation, improves shielding, with a 50% improvement at higher
frequencies when rCF is increased from 10% to 30%. This
frequency dependency is attributed to the interaction between
smaller wavelengths and fiber size [41]. The EMI SE values
for both irradiated and non-irradiated rCF-filled ABS compos-
ites are displayed in Figure 11. Most crucially, Figure 11(b)
illustrates that EB-irradiated samples consistently exhibit su-
perior EMI SE across all composite types compared to their
non-irradiated counterparts in Figure 11(a). The irradiated 30
wt% chemically treated rCF/ABS composite achieved an out-
standing 46.13 dB in the 8–12GHz range, representing a 41.5%
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(a) (b)

FIGURE 11. EMISE rCF/ABS composites (a) without EB irradiation and (b) with EB irradiation.

improvement. This collective relevance demonstrates how the
material modifications (rCF treatment, EB irradiation) syner-
gistically enhance electrical conductivity, which in turn leads
to superior EMI shielding performance. The formation of inter-
connected conductive paths facilitates efficient microwave ab-
sorption, reducing both reflection and transmission of incoming
radiation. Thus, the mechanical properties ensure the shield’s
structural integrity, while the tailored electrical properties, re-
fined through irradiation, deliver the core EMI protection func-
tionality, ultimately providing a robust solution for turbulent
aerospace environments. The results can be ascribed to the for-
mation of interconnected conductive networks by rCF in the
composites because of the EB irradiation. The results of the
EB irradiation effect on the SE of ABS/rCF are significant as it
has never been examined previously, thus providing technical
information necessary for further development of the material
as an effective shielding material.
The effect of EB irradiation dosage on the EMI shielding ef-

fectiveness of rCF/ABS blends has also been observed. It has
been found that EMI SE increases with the increase of EB irra-
diation dosage. Irradiation promotes the establishment of more
interconnected conductive networks resulting from the forma-
tion and recombination of free radicals in the polymer-filler in-
terfaces, which facilitates the movement of the mobile charge
carriers in the rCF/ABS composites. Conductive fillers inter-
act with the incoming electromagnetic radiation and facilitate
the electron transport which is known as microwave absorption
across the EMI shielding material by the conductive networks.
This is effective in reducing the reflection and transmission of
incident radiation. The irradiated ABS composites filled with
treated rCF exhibit good electrical conductivity values, which
is a determinant factor in a material to behave as an excellent
shielding material, to be able to weaken the incident electro-
magnetic radiation and function as an effective EMI shielding
material.
It has also been noted that the effectiveness of rCF/ABS

blends’ EMI shielding is impacted by the dosage of EB irra-
diation. It has been discovered that as the dosage of EB irradi-
ation increases, so does EMI SE. Because of the formation and
recombination of free radicals in the polymer-filler interfaces,
radiation encourages the creation of more interconnected con-
ductive networks, which facilitates the mobility of the mobile

charge carriers in the rCF/ABS composites. By interacting with
the incoming electromagnetic radiation, the conductive fillers
help the conductive networks’ conductive networks carry elec-
trons across the EMI shielding material, a process known as
microwave absorption. This is effective in reducing incident
radiation’s reflection and transmission.

3.6. Potential Benefits of Electron Beam Irradiation for EMI
Shielding in Turbulent Airplane Environments

Electron beam irradiation offers significant potential for en-
hancing EMI shieldingmaterials in the demanding environment
of turbulent flight. It improves mechanical integrity, crucial
for withstanding flight stresses and vibrations, by promoting
cross-linking within the polymer matrix (e.g., ABS), increas-
ing strength, toughness, and resistance to fatigue and fracture.
This enhanced robustness ensures long-term shielding reliabil-
ity, preventing structural failures that could compromise its ef-
fectiveness. Furthermore, irradiation can improve interfacial
bonding between conductive fillers (like carbon fibres) and the
matrix, further contributing to the composite’s overall mechan-
ical integrity. For specific applications, materials like Teflon
(PTFE), known for excellent dielectric properties and chem-
ical inertness, can be incorporated into the broader shielding
design [42–44]. Figure 12 shows electron beam irradiation
for EMI shielding in turbulent airplane environments. Beyond
mechanical enhancements, irradiation directly improves EMI
shielding effectiveness. Increased electrical conductivity al-
lows for more efficient attenuation of electromagnetic radia-
tion, protecting sensitive electronics from interference, espe-
cially vibration-induced EMI.
The improved conductivity enables more effective absorp-

tion and dissipation of electromagnetic energy, minimizing in-
terference with critical avionics. Moreover, irradiation can en-
hance the uniformity of the conductive network, leading to
more consistent shielding performance. Figure 12 shows the
example of the electron beam irradiation for EMI shielding in
turbulent airplane environments. In cases where Teflon is used
for specific components (e.g., high-frequency antenna radomes
or cable insulation), its inherent properties, combined with its
integration into the overall shielding strategy, contribute to
system-wide EMI protection. While Teflon’s electrical char-
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FIGURE 12. Electron beam irradiation for EMI shielding in turbulent airplane environments.

acteristics are advantageous, its mechanical properties can be
further enhanced through irradiation, if needed [45–47].
Finally, electron beam irradiation enhances the thermal sta-

bility of EMI shielding materials, crucial for maintaining per-
formance in the fluctuating temperatures of flight. Irradia-
tion can improve the material’s resistance to thermal degrada-
tion, reducing the likelihood of changes in its properties due
to temperature variations [48, 49]. This is particularly impor-
tant in turbulent environments where rapid changes in altitude
can lead to significant temperature swings. By improving ther-
mal stability, irradiation ensures that the shielding maintains
its effectiveness across a wider range of operating tempera-
tures, contributing to the consistent and reliable protection of
electronic systems. Future research will leverage artificial in-
telligence (AI) and metaheuristic algorithms, such as the grey
wolf optimizer (GWO), to optimize the performance of the en-
hanced EMI shielding rCF/ABS composites. This computa-
tional approach, informed by recent advancements in material
design [49], aims to develop next-generation composites tai-
lored for high-performance electromagnetic components in ap-
plications like 5G, satellite communication, and radar.
The enhanced mechanical and EMI shielding properties of

the EB-irradiated rCF/ABS composites make them highly suit-
able for demanding aerospace applications. These materi-
als could be strategically utilized in various aircraft compo-
nents where electronics require robust EMI protection with-
out compromising structural integrity or adding significant
weight. Specific application areas include avionics bays and
electronic enclosures, for protecting sensitive control systems,
radar radomes, leveraging the composite’s lightweight and EMI
shielding capabilities to protect antennas while maintaining sig-
nal transparency, and fuselage and wing sections, incorporat-
ing the composite into key structural elements for localized
EMI shielding of onboard electronics, particularly in areas with
high-density wiring and sensor arrays. These components re-
quire materials that not only offer high EMI attenuation but also
withstand significant mechanical stress and environmental fac-
tors, making the composite an ideal candidate.

4. CONCLUSION

CF reclaimed from CF-filled epoxy prepregs can be read-
ily melt-blended with ABS, creating a practical approach for

second-generation functional composites for EMI shielding ap-
plications. The composites’ mechanical properties, including
Young’s modulus and tensile strength, increased with increas-
ing CF loading, suggesting some degree of interfacial adhe-
sion between the CF and ABS. The electrical conductivity of
ABS/rCF composites increases with the amount of rCF, and
improvements in both electrical conductivity and shielding ef-
fectiveness are also achieved through the rCF treatment. An
EB irradiation greatly increases electrical conductivity as well
as the effectiveness of EMI shielding, which is likely due to
an increase in free radicals from chemical bond breaks. The
highest electrical conductivity (1.34× 10−8 S/m) and EMI SE
(46.13 dB) were observed in an irradiated, chemically treated
rCF/ABS composite with 30 weight percent rCF content. Over-
all, this study successfully demonstrated that different treat-
ments, including chemical treatment of rCF and electron beam
irradiation, can be used to significantly improve the perfor-
mance of ABS/rCF composites.
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