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ABSTRACT: The proliferation of electronic devices has given rise to
electromagnetic interference (EMI), which can cause malfunction in electronic
devices and disrupt wireless communication systems. Polymers in their pure
form exhibit limited EMI shielding properties due to their inherently low
electrical conductivity. A promising approach to address this limitation is
found in four-dimensional (4D) printing, which can manipulate the intrinsic
characteristics of 3D-printed objects in response to external stimuli, such as
electron beam (EB) irradiation. This paper investigated the effects of electron
beam irradiation (0, 125, 250 kGy) on the thermal, electrical, and mechanical
properties of 3D-printed ABS samples. In addition, it evaluates the influence
of EB irradiation on the shielding effectiveness (SE). Both tensile strength and
modulus showed a slight decrease with the increase of EB dosage. Contrarily,
thermogravimetric analysis (TGA) results indicated an improvement in
thermal stability with EB irradiation. EB irradiation causes polymer chains to
undergo chain scission, where the polymer backbone is broken, leading to a
decrease in the mechanical properties. While chain scission might reduce
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tensile strength due to a weakened polymer structure, it may simultaneously
increase thermal stability because shorter polymer chains are less susceptible
to degradation at elevated temperatures. Moreover, a slight increase in SE
value at a certain frequency is observed in the EB irradiated 3D-printed ABS.
The increase in SE might be attributed to the decrease in porosity due to
formation of crosslinked networks induced by EB radiation. The findings
suggest that both crosslinking and chain scission take place upon EB
irradiation of 3D printed ABS in this particular dosage range. Most
significantly, this study demonstrates a promising method for improving the
properties of 3D printed ABS intended for use in EMI shielding applications.
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1.0 INTRODUCTION

Electromagnetic interference, also known as EMI, is a phenomenon
that can be defined as the transfer of disruptive electromagnetic
radiation from one piece of electronic equipment to another through
either the radiated, conducted, or both paths, resulting in difficulties
with the operation of both pieces of equipment [1,2]. An undesirable
EMI impact occurs when sensitive electronic equipment receives
electromagnetic waves emitted by other electric or electronic devices.
This impact can result in the system's failure and injury to the human
body. Consequently, using EMI shielding materials is necessary to
prevent EMI from causing functional disruption in electronic
equipment. EMI shielding is the reflection and/or absorption of
electromagnetic radiation by a substance, in which the material
functioning as a shielding material prevents the penetration of high-
frequency radiation.

Traditional EMI shielding products based on thermoplastic
composites are generally manufactured using separate moulds at a
specific temperature and pressure. The production process, therefore,
is time-consuming and costly. In contrast, additive manufacturing
(AM) technology enables the thin fabrication of intricate designs at a
reduced cost and exceptional efficiency [3]. The AM process is a type
of production that involves adding material in successive layers. This
technology is ideal for producing products with intricate shapes that
could not be manufactured using conventional machining processes.
One of the currently available AM methods is fused deposition
modelling (FDM). Nowadays, three-dimensional (3D) printing is one
of the FDM processes widely known and utilized to manufacture 3D
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components directly from the geometrical model generated in a CAD
system. FDM-based 3D printing has become more cost-effective with
the development of thermoplastic polymers such as acrylonitrile-
butadiene-styrene (ABS) and polylactic acid (PLA) [4]. In a typical
FDM process, thermoplastic polymer feedstock, often a filament, is
heated to the glass transition temperature (Ts) and extruded through
the 3D printer's nozzle, whose diameter determines the printing
resolution. Computer-generated 3D models are constructed by
successively adding layers of thermoplastic.

Acrylonitrile butadiene styrene (ABS) is a type of polymer variety
widely used in 3D printing applications due to its unique structures
and properties. Today, it has become an irreplaceable and universal
substance with a critical impact on many industries. Nevertheless, the
use of the 3D printed ABS does not completely satisfy the high-
performance plastic class, hence significantly restricting its
application. Novel investigations demonstrate that by adding electron-
beam (EB) irradiation to the manufacturing process, the materials’
properties may improve substantially. When irradiation is applied to
a polymer matrix, active free radicals are produced due to the reaction.
These radicals can enhance inter-chain interaction by creating C-C
intermolecular bonds, allowing them to crosslink two long molecular
chains. Up to a certain range of irradiation dose, the mechanical and
thermal strength of the material improved [5].

EB irradiation could be a potent and straightforward technique for
improving the mechanical properties of polymer composites through
crosslinking [6]. It was found to be effective in improving interface
compatibility, tensile strength, flexural strength, and thermal
conductivity of ABS/Al2Os composites [7]. However, it also decreases
impact strength and thermal stability. The optimal radiation dose for
improved overall performance is 30 kGy. They found that electron
beam irradiation induces radiation-induced grafting and crosslinking
reactions, forming stable crosslinked networks within the composites.
It enhances the composites' interfacial adhesion and mechanical
properties, increasing tensile and flexural strength.

Although limited research has explored the effects of EB irradiation on
3D-printed ABS, these studies have predominantly focused on specific
dosage ranges, as highlighted in the works of Wady et al. [8] and
Stuchebrov et al. [9]. A comprehensive understanding of how EB
irradiation influences polymers across a spectrum of dosage levels is
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vital for advancing the development of products and materials based
on 3D-printed ABS. This study addresses this research gap by
investigating the consequences of EB irradiation within the previously
unexplored range of 125 — 250 kGy for 3D-printed ABS. This particular
range has not been documented in prior research. In addition to
comprehensive mechanical, physical, and thermal characterizations,
the influence of EB irradiation on the material's shielding effectiveness
is also evaluated. This study contributes valuable insights into the
potential effects of EB dosage intensity on 3D-printed ABS, which can
significantly inform the optimization of its properties for various
applications.

2.0 METHODOLOGY

2.1 Materials

The 3D-printed ABS test pieces were made using a commercial 3D
printing filament from Flash Forge, measuring 1.75 mm in diameter.
The 3D-printed items were exposed to electron beam (EB) radiation at
varying EB doses of 0, 125 and 250 kGy to generate 4D-printed objects
by an external stimulus, as shown in Table 1.

Table 1: The EB irradiation doses applied for the 4D printing of the test pieces

Sample Name EB Dose (kGy)
4DP-0 0
4DP-125 125
4DP-250 250

2.2 4D Printing of ABS via Electron Beam Irradiation

Firstly, the test piece drawings were created using AutoCAD. After the
3D models were drafted, the 3D files were exported into STL files before
they were 3D printed. The samples were fabricated using a fused
deposition modelling (FDM) 3D printing process using a 3D printer.
The diameter of printer nozzle was set to 0.4 mm uniformly across the
board to maintain consistency. The temperature of the printer nozzle
was maintained at 215 °C during the whole operation, while the
temperature of the printer build platform was maintained at 60 °C. The
parameters for the printing were changed such that the printing speed
was set at 50 mm/s, the layer thickness was set at 0.2 mm, and the line
width was set at 0.2 mm.

As illustrated in Figure 1, 4D printing was performed by exposing the
3D printed samples to electron beam (EB) irradiation. The samples were
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subjected to EB irradiation at an average dose rate of 15 kGy/s utilizing
a 3 MeV electron beam. The dosages chosen were 125 and 250 kGy
(Table 1). Following irradiation, the 4D-printed samples were
immediately placed in hermetic plastic bags and stored at 2 °C before
characterization.
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Commercial 3D filament 3D Printing Process 4D by Electron Beam

Figure 1: Conducting 4D printing via the exposure of a 3D printed sample to
an electron beam

2.3 Testing and Characterization

2.3.1 Tensile Test

The tensile test of the 4D-printed samples was performed according to
ASTM D638-Type 4 using the universal testing machine. The test
sample was drawn at a 50 mm/min crosshead speed. Each composition
underwent a total of five separate tensile tests to ensure reliability.
Then, the resultant average values were calculated and documented.

2.3.2 FTIR

A Fourier transform infrared (FTIR) spectrophotometer was used to
capture the FTIR spectra with a resolution of 4.0 cm? and in the
wavenumber range of 4000 to 400 cm™ to examine the change in the
surface structure of 4D printing samples upon EB irradiation.

2.3.3 EMI Shielding Effectiveness

A vector network analyzer (VNA) was used to measure the EMI
shielding effectiveness of the 4D-printed samples. Toroidal samples
with an outer diameter of 6.95 mm and an inner diameter of 3.05 mm
were employed for this purpose.

2.3.4 Thermal Analyses
Thermal characteristics of the 4D printed ABS samples were studied
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using differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). For DSC measurement, nitrogen gas was used with a
50 mL/min flow rate to maintain an inert atmosphere. In order to
remove thermal history, samples were first heated from -80 to 200 °C
with a heating rate of 10 °C/min to, then cooled down to -80 °C at a
cooling rate of 10 °C/min. Then, the samples were reheated to 200 °C at
10 °C/min. Meanwhile, TGA measurements were performed using a
Pyrist 6 TGA analyzer by Perkin Elmer. The analysis enables us to
investigate the effect of EB irradiation as an external stimulus on the
thermal stability of 3D-printed ABS samples. The analysis was carried
out at a heating rate of 10 °C/min from 30 to 600 °C. Nitrogen gas was
utilized at a 20 mL/min flow rate to maintain an inert atmosphere.

2.3.5 Morphological analysis by FESEM

Field emission scanning electron microscopy (FESEM) was utilized for
capturing the microstructure images of the samples. Before the
morphological examination, the specimens were cut into smaller sizes
of about 55 mm and coated with platinum using a Quarum Q150R S
coater.

3.0 RESULTS AND DISCUSSION

3.1 Tensile Properties

Figure 2 demonstrates the ultimate tensile strength (UTS) of 3D printed
ABS samples irradiated with different dosages of EB. UTS decreases
almost monotonically with increasing irradiation dose.
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Figure 2: Impact of EB radiation dosage on tensile strength (left bar) and
Young's modulus (right bar) of 3D printed ABS samples
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The non-irradiated sample shows the highest tensile strength at 40.27
MPa. This result falls in the range of 3D-printed ABS reported
elsewhere, around 30-45 MPa [10,11]. The tensile strength decreased by
2.71% to 39.18 MPa after the sample was irradiated at 125 kGy. When
the irradiation dosage was increased to 250 kGy, the rupture stress was
reduced by 4.69%, coming in at 38.38 MPa. High electron beam
irradiation induces chain scissoring in the polymer matrix,
considerably reducing tensile strength and elongation at break of the
ABS samples [12]. Chain scissions and oxidative degradation were the
primary processes that occurred during irradiation. Both of these
processes decreased the material's molecular weight due to the
generation of shorter chains and structures. It is well known that
subjecting polymers to high-energy radiation will result in changes to
the macromolecular structure of the polymer. These changes come
about via the processes of competitive chain scission and crosslinking.
According to the findings, irradiation influences the crystallinity and
structure of polymers, which may change the performance of polymers.

3.2 FTIR

The examination of ABS transmittance using FTIR analysis reveals
peaks between 2980 and 2800 cm. These peaks are potentially caused
by the stretching vibration of carbon-hydrogen (C-H) bonds. The
evidence for this is the C-H bond deformation, as reported in some
studies [13-15]. In addition, bending vibrations associated with the -
CHz and CHs groups were detected at 1465 cm? and 1375 cm’,
respectively. The energy at which the stretching vibration of the C=C
peak can be observed is around 3010 cm™! [7]. The peak observed at
approximately 2250 cm™ corresponds to the -C=N functional group
present in acrylonitrile within the ABS material [16]. By observing two
distinct peaks at 750 cm™ and 690 cm’!, one can determine that the
aromatic ring of styrene exhibits a mono-substitution pattern. High-
energy electrons are projected into a gaseous medium, which
frequently comprises water and oxygen molecules, in the process of
electron beam radiation. The chemical effects induced by EB irradiation
are responsible for these alterations. This procedure provides rise to
reactive charged or ionized particles.

Based on the FTIR spectrum, it can be observed that as the electron
beam dosage increased, the intensity of the -C-H stretching, CHoe-
bending, and -CHs bending vibrations corresponding to wavenumbers
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2940 cm™, 1450 cm!, and 1375 cm, respectively, jumped. The observed
phenomenon can be ascribed to the chain scission of ABS polymer.
Crosslinking butadiene chains may have produced -C-C-bonds, as
indicated by the increase in the stretching vibration of the -CH- group.
Moreover, after subjecting ABS to electron beam with dosages of 125
kGy (4DP-125) and 250kGy (4DP-250), the intensity of the C=C peak
remains unchanged. The prominent peak associated with the
vibrational mode of -OH occurs between 3600 and 3100 cm. The
spectral range of 1690-1640 cm™ exhibits the emergence of a novel
broad peak attributed to the -C=N vibration subsequent to 125 kGy of
irradiation. By increasing the dose to 250 kGy, the intensity of this
apogee further escalates. It was observed that as the EB intensity
increased during the experiment, the intensity of the peak
corresponding to C=N vibration at 2250 cm™ decreased.

3.3 DSC

In FDM printing, printing materials must be heated above Tg and
cooled to room temperature. Thus, T is the first and most essential
parameter to be measured prior to any 3D modelling [17]. Table 2
shows the Tg value of commercially available unirradiated ABS
filament (4DP-0), which is close to 106 °C. This figure went up to 107 °C
for 4DP-125 after being exposed to 125 kGy of EB irradiation, and
further increased to 109 °C after exposed to 250 kGy EB irradiation, in
4DP-250 sample. The melting temperature (Tm) and crystallization
temperature (Tc) were not observed in the samples, indicating that they
were fully amorphous. Radiation crosslinking is the probable cause for
the increase in Tg. This result indicates that upon EB irradiation, the
potential for molecular mobility decreases, and that greater energy is
required to transition from the glass to the rubbery state. This decrease
in molecular mobility may be associated to the decrease in free volume,
due to the increased crosslinking in the system, which constrains the
motion of the polymeric molecules. Because of the increased
crosslinking, polymer chain mobility is decreased, leading to a lower
free volume and, consequently, a greater Ty [18]. The increase in Tg
value in the irradiated samples is consistent with the expected increase
in crosslinking in the polymer's amorphous sections.
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Table 2: Glass transition temperatures (Tg) of ABS sample under EB radiation
during the second heating ramp

Sample T (°C)
4DP-0 106.00
4DP-125 107.25
4DP-250 109.35

In the amorphous portion of the polymer, the crosslinking that
occurred due to electron beam irradiation was responsible for the
observed alteration in the properties [19,20]. The results of the DSC
experiment provide more credence to the hypothesis that the
crosslinking chain processes are the most important contributors to the
radiation chemistry of ABS.

34 TGA

Thermal stability is mostly determined by bond energy. The polymer
degrades as the temperature rises to the point where vibrational energy
induces bond breaking. TGA analysis was thus performed to
investigate the thermal stability characteristics of 4D printed materials.
It is necessary for the heated constructed chamber, also known as an
HBC, to reach a temperature high enough to liquefy the composites. On
the other hand, if the temperature is raised too high, the components of
the polymer may get damaged. TGA examined the thermal stability of
the materials to ensure that the filaments would not disintegrate in the
3D printer's heated build chamber (HBC) and would remain stable
rather than becoming brittle [17].

Under pyrolytic conditions in an N2 atmosphere, the materials
decomposed with a fast weight loss between 400 and 480 °C (Figure 3),
followed by the formation of possible organic fragments (e.g. styrene,
toluene, propenylbenzene, etc.). The onset temperature (Tonset) is
defined as the temperature at which a testing sample loses 5% of its
whole weight. From Figure 3, the Tonset of the samples is around 339.17
°C. As the HBC temperature was set to 230 °C, which is more than 100
°C below the Tonset, the polymer material turns into viscous and rubbery
fluid instead of dissolving. The selected temperature was also
sufficiently higher than the T of the ABS, allowing the filaments to pass
through the 3D printer without issue. For T values between 104 and
110 °C, we can successfully avoid thermal deformation throughout the
printing process by calibrating the heated build platform (HBP)
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temperature 20 to 30 °C below T and maintaining the nozzle and HBC
temperatures at 130 °C and 230 °C, respectively.

The thermograms and derivatograms (DTG) of 4DP-0, 4DP-125 and
4DP-250 are shown in Figures 6(a) and (b), respectively. The highest
breakdown rate of 4DP-0 occurs at a temperature of 392 °C. In contrast,
the maximum rate of decomposition of 4DP-125 and 4DP-250 takes
place at 399 °C and 413 °C, respectively. Hence, it is possible to conclude
that the initial and maximum rate of thermal degradation of the
irradiated 3D-printed ABS takes place at a greater temperature than the
unirradiated material. In other words, the thermal stability of the 4DP-
125 and 4DP-250 is improved compared to their unirradiated
counterparts, which is consistent with findings documented by
Barkoula et al. [21]. The improved thermal stability of 4D-printed ABS
might be related to the development of three-dimensional network
upon irradiation by EB, which is caused by the crosslinking of the ABS
chains. Improvement of thermal stability owing to crosslinking is
further supported by higher values of maximum degradation
temperature and lower rates of deterioration of 4D-printed samples, as
evident in Figure 3.
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Figure 3: TG curves (a) and DTG (b) of unirradiated and irradiated 4D-
printed ABS as a function of temperature

3.5 EMI Shielding Effectiveness

The electromagnetic interference (EMI) shielding performance of 4D
printed ABS with 125 kGy (4DP-125) and 250 kGy (4DP-250) EB
irradiation is depicted in Figure 4. The EMI shielding of the 4D printing
samples was improved by 125 kGy and 250 kGy EB irradiation of the
3D-printed ABS polymer. It has been reported that the porosity of a
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polymer created by applying 3D printing technology can affect the
material's EMI shielding effectiveness [22]. The formation of strong
crosslinks makes the polymer less porous. This observation agrees with
the morphological analysis using FESEM. The irradiated samples
possess a lower porosity than the control samples. This is due to the fact
that high crosslinks tend to reduce the size of pores that connect them
and the capillary structure [23]. At 8 GHz and 9 GHz, the 4D printed
ABS demonstrated an increase in EMI shielding effectiveness from 2.8
and 1.87 dB to 3.45 and 4.10 dB, respectively.
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Figure 4: EMI shielding effectiveness of 4D-printed ABS at different EB
dosages

3.6 Morphological Analysis

Figure 5 illustrates the FESEM images of the top surface of 4D-printed
ABS layers. It is evident that the top surface of the membrane exhibited
porous structures prior to irradiation as shown in Figure 5(a).
However, upon EB irradiation, the introduction of robust crosslinks in
4DP-125 and 4DP-250 resulted in a notable reduction in the polymer's
porosity. Over-crosslinking tends to reduce the size of the apertures
that connect them to the capillary network [23].
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(a) 4DP-0 (b) 4DP-125 (c) 4DP-250
Figure 5: FESEM images of 4D-printed ABS samples at different EB dosages:
(a) 0 kGy, (b) 125 kGy and (c) 250 kGy

3.7 Color Changes

Figure 6 displays photographic examples of discolored plastics due to
the irradiation levels. The 4DP-250 sample appears slightly yellowish
compared to the other samples. The discoloration or yellowish
indicates the degradation level or radiation damage experienced by the
samples. Radiation damage can lead to discoloration in specific
polymer systems. This knowledge can be harnessed for opportunistic
dosimetry, helping to determine the optimal timing for replacing
printed materials. The alteration in hue may be influenced by either
chemical activity or exposure to electron beams. The material's
deposition density is subject to multiple factors associated with the
printing process. It is evident that radiation-induced discoloration is
linked to areas of increased porosity, while regions with higher density
exhibit reduced color changes. This observation supports the
hypothesis that radiation-induced chemical alterations are significantly
influenced by the transportation of oxygen, hence the formation of
pores, and the printing pattern [20].

0 kGy 125 kGy 250 kGy
Figure 6: Color changes of the EB irradiated 3D-printed ABS at different EB
dosages: (a) 0 kGy, (b) 125 kGy and (c) 250 kGy
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4.0 CONCLUSION

In this work, EB irradiation in the range of 125-250 kGy was performed
on 3D-printed ABS to obtain 4D-printed ABS. The structural properties,
thermal stability, and EMI shielding of the 4D-printed ABS were
discussed comprehensively. It was discovered that 4D printing with EB
irradiation produced materials with improved thermal stability,
structural properties, and EMI shielding effectiveness. The EB
irradiation causes chain scission and crosslinking in the polymer,
leading to a decrease in tensile strength but an increase in thermal
stability. The EMI shielding effectiveness of the 4D-printed ABS is also
enhanced due to the reduction in porosity caused by the formation of
crosslinked networks. This research demonstrates the potential of EB
irradiation for enhancing the properties of 3D-printed ABS for various
applications.
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