Nuclear Engineering and Technology 55 (2023) 4664-4670

NUCLEAR :
ENGINEERING AND
TECHNOLOGY

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier.com/locate/net

ELSEVIER

Original Article ' A

Check for

Production and investigation of 3D printer ABS filaments filled with some [
rare-earth elements for gamma-ray shielding

Batuhan Gultekin ?, Fatih Bulut ", Hatice Yildiz*, Hakan Us?, Hasan Ogul®"

@ Department of Nuclear Engineering, Sinop University, Sinop, Turkey
Y Scientific and Technological Research Applications and Research Center, Sinop University, Sinop, Turkey

ARTICLE INFO ABSTRACT

Keywords: Radiation is the main safety issue for almost all nuclear applications, which must be controlled to protect living
3D Pri_mer o organisms and the surrounding materials. In this context, radiation shielding materials have been investigated
fsslatlon shielding and used in nuclear technologies. The choice of materials depends on the radiation usage area, type, and energy.

Polymer materials are preferred in radiation shielding applications due to their superior characteristics such as
chemical inertness, resistivity, low weight, flexibility, strength, and low cost. In the presented work, ABS polymer
material, which is possibly the most commonly used material in 3D printers, is mixed with Gd203 and EryO3
nanoparticles. ABS filaments containing these rare-earth elements are then produced using a filament extruder.
These produced filaments are used in a 3D printer to create shielding samples. Following the production of
shielding samples, SEM, EDS, and gamma-ray shielding analyses (including experiments, WinXCOM, GEANT4,
and FLUKA) are performed. The results show that 3D printing technology offers significant enhancements in
creating homogeneous and well-structured materials that can be effectively used in gamma-ray shielding

Rare-earth elements

applications.

1. Introduction

"Radiation" could be an unpleasant term for many people, but its
usage area is considerably wide and includes many critical fields in our
lives, such as scientific, defense, medical, industrial, and nuclear power
plant applications. It can be considered a major safety issue for almost all
nuclear applications, as it must be controlled to protect living organisms
and the surrounding materials of these applications. In this context,
radiation shielding materials have been investigated and used in nuclear
technologies. Here, the choice of materials needs to be based on the
radiation usage area, type, and energy. Consequently, various types of
shielding materials have been reported in the literature, including glass
[1-3], alloys [4-6], concrete [7-9], and polymers [10-12].

The analysis presented in this paper focuses on polymers, where it’s
important to note that the production of polymer-based materials can be
accomplished through various techniques, with “casting” and “printing”
standing out as perhaps the most popular options. In fact, there are
numerous published works that report the molding of novel polymer
radiation shields [10-15]. It hosuld be noted here that the main draw-
back of the "casting" technique is that it cannot easily achieve the desired
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sizes and complex shapes that can be readily accomplished with 3D
printers since complex shapes often require complex molds. In this re-
gard, considering the widespread availability and well-known advan-
tages of 3D printers, it can be safely stated that they are excellent
candidates for creating radiation shielding materials. Therefore, the
"printing" option was chosen as the technique for this work. There have
been limited reports on the use of 3D printers to produce shielding
materials. For instance, Elsafi et al. [16] printed PLA samples embedded
with bismuth nanoparticles and evaluated their gamma-ray shielding
performance. The authors concluded that 3D printed samples hold
promise as radiation shielding materials. In another study, Jreije et al.
[17] produced 3D filaments by adding TiO, nanoparticles and investi-
gated their radiation shielding performance. They found that the printed
ABS sample containing 5% TiOy particles could be used to protect
electronic devices operating in a radiotherapy room from radiation.
Similarly, using 3D printing technology, Viskadourakis et al. [18]
examined the electromagnetic shielding effectiveness of PLA material
containing graphene oxide and ABS containing carbon nanotubes. The
results indicated that the 3D printing technique could be a useful option
for fabricating alternative electromagnetic shielding materials. Further
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Table 1
The composition of the samples.

Sample Code ABS (%) Gd,03 (%) Er,03 (%) Density (g/cm3)
ABS-0 100 0 0 1.0442
ABS-Gd5 95 5 0 1.0756
ABS-Er5 95 0 5 1.0768
ABS-Gd10 90 10 0 1.1261
ABS-Er10 90 0 10 1.1289
ABS-Gd20 80 20 0 1.2428
ABS-Er20 80 0 20 1.2490

studies on this topic can be found in Refs. [19-22].

In this study, the base material is ABS, and the chosen additives are
rare-earth compounds: Gd;03 and EryOs. There is already some radia-
tion shielding studies on rare-earth elements [23,24]. However, there is
no study reported on the chosen base material and additives. Among the
selected additives, Gdy0s3, specifically the gadolinium (Gd) element,
possesses the highest thermal neutron absorption cross section among
all elements. It is commonly used in nuclear reactor control rods for
effective fission distribution, making it advantageous for shielding
thermal neutrons. The neutron shielding capacities of these additives are
well-documented in the literature, and it is worth investigating their
gamma-ray shielding performance as well. Additionally, it is known that
gadolinium-containing contrast agents are administered to patients to
enhance image contrast in magnetic resonance (MR) devices, which are
imaging techniques used in the field of nuclear medicine. Hence, the use
of gadolinium-based additives can be considered more appropriate in
terms of human health compared to the toxic components mentioned in
the literature [25]. The other additive, Er,Os3, contains the erbium (Er)
element, which is utilized in neutron absorbing control rods in nuclear
technology [26,27]. Furthermore, both Gd and Er elements are expected
to contribute positively to gamma-ray shielding due to their high atomic
numbers. The choice of oxide forms as additives instead of using Gd and
Er directly is due to the tendency of Gd and Er elements to bind non-
metals within the polymer material, which can result in the release of
nonmetal gases until saturation is reached [28]. Moreover, EryOs is
employed as an additive material in infrared absorber glasses and
welding glasses [29]. It is important to emphasize that there is currently
no literature study that investigates the combination of 3D printing
technology and the mentioned rare-earth elements for gamma-ray
shielding. Besides, it should be underlined that there is a design
freedom with help of 3D printers. The presented study proves the
capability to generate required physical forms and characteristics that
would otherwise be unattainable through conventional manufacturing
methods.

2. Materials and methods

In this study, the base material chosen is acrylonitrile butadiene
styrene (ABS) polymer, while the additive nanoparticles used are Gd,O3
and Ery03. ABS and poly lactic acid (PLA) are the most commonly used
commercial polymers in 3D printers. ABS offers several advantages over
PLA, including easier printability [30], superior mechanical properties
[21], and a higher melting temperature [21]. These properties make
ABS more durable and suitable for use at higher temperatures. There-
fore, ABS was chosen for this work. Additionally, the main motivation
on choosing nanoparticle size additives relies on the fact that filling the
polymers with nanoparticles results in higher density compare to the
micron sized ones [10]. The production of filaments with the desired
mass ratios of the additives was carried out using a filament extruder
machine as the first step. Subsequently, test samples were printed using
a 3D printer. To evaluate the surface morphology of the prepared test
samples, SEM/EDS measurements were conducted. Gamma-ray shield-
ing tests were then performed as described below.
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Fig. 1. The fabricated filaments.

Fig. 2. The pictures of the printed samples.

2.1. Filament and sample production

The used additives, Gd;03 nanopowder (99.95% purity, particle size:
95 nm), and Er,O3 nanopowder (99.95% purity, particle size: 110 nm),
were purchased from Nanografi Company (Tiirkiye), while ABS granules
were obtained from RIIZ Company (Tiirkiye). A twin-screw extruder
(Gulnar Machines, Turkey: screw diameter 16 mm, L/D = 40) was used
to fabricate the filaments described in Table 1. It should be noted here
that ABS granules and the selected nanopowders were dried in an oven
at 100 °C for 12 h before the production. The pictures of the produced
filaments are shown in Fig. 1.

Then, the filaments were used to print the shielding material samples
in the sizes of 10 mm thickness and 20 mm diameter with help of an 3D
printer (Creality CR-10 Smart Pro 3D Direct Drive). The pictures of the
printed samples are given in Fig. 2. The average densities of the printed
samples are calculated using the Archimedes method [31]. In short, the
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Fig. 3. The design of the gamma-ray shielding tests.
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Fig. 4. The SEM images and EDS mapping results of the samples. All graphs are shown at 100 pm scale.

given densities in Table 1 are obtained using the following equation. 2.2. Gamma-ray shielding tests

A
P=a g (€D)] Gama-ray shielding tests are conducted on experimental measure-
ments (HPGe detector system), theoretical calculations (WinXCOM

where A and B define the weight of the polymer in the air and water, [32]) and Monte Carlo (MC) simulations (GEANT4 [33] and FLUKA
respectively, while p;, corresponds to the density of water. [34]1). 10.7.2 version of GEANT4 is used while FLUKA (2021.2.9) is

interfaced with Flair 3.1. The details about experimental apparatus, MC
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Fig. 5. Comparison of MAC results for the printed samples.

simulations and radiation sources are given in Reference [14]. Shortly,
the experimental design of the gamma-ray shielding tests is illustrated in
Fig. 3. The distance between the radioactive source and the sample is 3
cm, while the distance between the sample and the detector is 3.9 cm.
The used point sources could be listed as follows: 21Am (59.5 keV),
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133Ba (80.9, 276.3, 302.8, 356.0 and 383.8 keV), *’Na (511.0 and
1274.5 keV), '¥Cs (661.6 keV), and ®°Co (1173.2 and 1332.5 keV). The
obtained radiation density peaks were analyzed using MAESTRO pro-
gram. The same gamma-ray energies and designs are modeled in MC
simulations, and then the codes are executed. Here, 10 000 000 gamma
particles are simulated and sent over the modeled test sample. Both
simulation programs provide the density of the incident and transmitted
radiation.

The considered gamma-ray shielding parameters could be listed as
mass attenuation coefficient (MAC), half value layer (HVL), and radia-
tion protection efficiency (RPE). The formula of the considered param-
eters are given below.

MAC = _|
=R/Se=l T p (2)
pv,— ) (3)
"
RPE = <171)100 ()]
Iy

where Iy, I, X, p, and y stand for the incident radiation density, the
transmitted radiation density, the shielding material thickness, the
shielding material density and linear attenuation coefficient.

Table 2
Experimental HVL values of the printed samples in unit of cm.

Energy (keV) Sample Experiment WinXCOM GEANT4 FLUKA Energy (keV) Sample Experiment WinXCOM GEANT4 FLUKA

59.5 ABS-0 3.6786 3.5216 3.6996 3.5301 511 ABS-0 7.4131 7.1194 7.0995 7.0995
ABS-Er5 0.8299 0.8167 0.8472 0.8200 ABS-Er5 7.3610 6.8217 6.8258 6.8258
ABS-Er10 0.4739 0.4424 0.4581 0.4475 ABS-Er10 6.6980 6.4308 6.4559 6.4308
ABS-Er20 0.2021 0.2145 0.2219 0.2150 ABS-Er20 6.0672 5.6799 5.7384 5.6898
ABS-Gd5 0.9573 0.9189 0.9490 0.9188 ABS-Gd5 7.4131 6.8569 6.8587 6.8624
ABS-Gd10 0.4775 0.4467 0.5222 0.5109 ABS-Gd10 6.8303 6.4490 6.5200 6.5042
ABS-Gd20 0.2629 0.2490 0.2561 0.2489 ABS-Gd20 6.2518 5.7993 5.8509 5.8029

80.9 ABS-0 4.0785 3.8437 3.9609 3.8482 661.6 ABS-0 7.8628 7.9651 7.9219 7.9461
ABS-Er5 1.4636 1.4623 1.5111 1.4623 ABS-Er5 7.8628 7.6998 7.6753 7.6998
ABS-Er10 0.9353 0.8675 0.8971 0.8770 ABS-Er10 7.9426 7.3218 7.3150 7.3150
ABS-Er20 0.4874 0.4465 0.4620 0.4463 ABS-Er20 6.5369 6.5764 6.6156 6.5764
ABS-Gd5 1.6161 1.6110 1.6697 1.6693 ABS-Gd5 8.0239 7.7277 7.7013 7.7363
ABS-Gd10 0.9227 0.8750 1.0186 1.0221 ABS-Gd10 7.5219 7.3403 7.3668 7.3403
ABS-Gd20 0.5538 0.5154 0.5357 0.5154 ABS-Gd20 6.1417 6.6768 6.6937 6.6768

276.3 ABS-0 6.0257 5.5924 5.6394 5.5924 1173.2 ABS-0 11.3344 10.4571 10.4128 10.4128
ABS-Er5 5.2173 5.0526 5.1328 5.0561 ABS-Er5 10.6217 10.1964 10.1613 10.2152
ABS-Er10 4.8851 4.5115 4.6124 4.5126 ABS-Er10 9.8733 9.7788 9.7544 9.7788
ABS-Er20 3.7563 3.6131 3.7365 3.6202 ABS-Er20 9.4286 8.9383 8.9305 8.9383
ABS-Gd5 5.5148 5.1307 5.2065 5.1322 ABS-Gd5 11.0384 10.2174 10.1814 10.2364
ABS-Gd10 4.7630 4.5261 4.7409 4.6434 ABS-Gd10 10.1112 9.8034 9.7959 9.8421
ABS-Gd20 4.0013 3.8043 3.9281 3.8051 ABS-Gd20 9.5361 9.0187 9.0206 9.0187

302.8 ABS-0 6.2828 5.7874 5.8219 5.7874 1274.5 ABS-0 10.8368 10.9126 10.8687 10.9255
ABS-Er5 5.5359 5.3023 5.3731 5.3023 ABS-Er5 10.8368 10.6449 10.6098 10.6449
ABS-Er10 5.1449 4.7969 4.8890 4.8161 ABS-Er10 9.4664 10.2148 10.1885 10.2148
ABS-Er20 3.8968 3.9277 4.0462 3.9277 ABS-Er20 8.7251 9.3431 9.3346 9.3346
ABS-Gd5 5.7907 5.3701 5.4376 5.4152 ABS-Gd5 11.1032 10.6655 10.6298 10.6789
ABS-Gd10 4.9968 4.8128 5.0041 4.8128 ABS-Gd10 9.6710 10.2388 10.2303 10.2303
ABS-Gd20 4.1477 4.1099 4.2254 4.1099 ABS-Gd20 9.2700 9.4241 9.4105 9.4363

356 ABS-0 6.5254 6.1521 6.1710 6.1596 1332.5 ABS-0 11.4426 11.1641 11.1253 11.1641
ABS-Er5 5.8305 5.7525 5.8007 5.7575 ABS-Er5 10.5794 10.8917 10.8614 10.9132
ABS-Er10 5.6398 5.2932 5.3686 5.3686 ABS-Er10 9.8339 10.4530 10.4312 10.4312
ABS-Er20 4.1884 4.4756 4.5798 4.4794 ABS-Er20 9.3909 9.5653 9.5590 9.5653
ABS-Gd5 5.7845 5.8055 5.8519 5.8055 ABS-Gd5 10.9946 10.9130 10.8815 10.9130
ABS-Gd10 5.4810 5.3111 5.4634 5.4440 ABS-Gd10 10.1935 10.4793 10.4731 10.4793
ABS-Gd20 4.6652 4.6360 4.7356 4.6399 ABS-Gd20 9.6075 9.6457 9.6352 9.6457

383.8 ABS-0 6.2143 6.3341 6.3462 6.3429
ABS-Er5 5.6074 5.9657 6.0035 5.9657
ABS-Er10 5.7006 5.5266 5.5900 5.5266
ABS-Er20 4.4879 4.7272 4.8226 4.7272
ABS-Gd5 6.4449 6.0113 6.0497 6.0113
ABS-Gd10 5.9987 5.5456 5.6770 5.6191
ABS-Gd20 4.8114 4.8751 4.9681 4.8751
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Fig. 6. RPE graphs for comparison of commercial aprons and the printed polymers ABS-Er20 (a) and ABS-Gd20 (b).

3. Results and discussion

In the presented work, ABS polymer material was mixed with some
earth-rare elements, and then, 3D printer filaments were produced. The
produced filaments were used to print radiation shielding test samples.
SEM and EDS analyses were carried out in order to examine the surface
morphology of the samples produced using a 3D printer and the distri-
bution of the additive element in the material. In this process, the
samples were coated with gold-palladium so that images can be taken
with the JEOL, JSM-5300 electron microscope. SEM images were taken
at 100X magnification and the EDS mapping method was preferred to
obtain data from the entire sample surface. In the SEM images given in
Fig. 4, itis clear that there is no indication of any impurity on the surface
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of the pure ABS sample. The sample surface is smooth due to the printing
quality and including no additive. There are only printing lines on the
surface which is quite normal in 3D printing technology. It is a
remarkable result that they are at a printable level in all additive ratios.
Fig. 2 and the SEM images presented in Fig. 4 show that there are
excellent printing quality and well-structured ABS samples. In Fig. 4,
besides the SEM images for each sample, the EDS mapping results are
also included. The additive element (both Er and Gd) is given in purple
color and it is clearly seen that it is homogeneously distributed on the
surface. It can be concluded that the doped sample production is carried
out successfully since there is no occurrence of the additive element
agglomeration on the sample surfaces.

The considered first gamma-ray shielding parameter is the mass
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attenuation coefficient. Fig. 5 illustrates the experiment results as a
function of the gamma-ray energy. It is clearly seen that the MAC values
exponentially decrease with the increase of the energy. ABS-Er20 sample
found to be the best gamma-ray attenuator which is followed by ABS-
Gd20 sample. In other words, the addition of nanopowders enhance
the gamma-ray shielding performance of the pure ABS polymer. It is safe
to state that the gamma-ray shielding performance of the pure ABS is
about 18 times increased by addition of 20% Er,03 at 59.5 keV while it is
about 1.2 times improved at 661.6 keV and 1332.5 keV. The impacts of
the additives on the shielding ability are decreased with the gamma-ray
energy increase and gets stable after a point.

Another gamma-ray shielding parameter considered in the presented
work is the HVL. HVL describes the material thickness that reduce the
initial radiation intensity to its half. Mathematical formulation is given
earlier. Smaller HVL.

means better gamma-ray shielding. Therefore, in the results of HVL
values, we could find the samples with smaller HVL value in order to
classify it as the better gamma-ray attenuator among the considered
shielding materials. Table 2 presents the experimental HVL values for all
considered samples. The outcome of the HVL values are the same with
MAC results: the best gamma attenuators are ABS-Er20 and ABS-Gd20.
Additionally, the table provides WinXCOM, GEANT4 and FLUKA re-
sults. It seen that there is remarkable agreement between experimental
result, theoretical calculation and MC simulations. The maximum de-
viation is about 7%. The HVL values of ABS-Er20 and ABS-Gd20 at
661.6 keV could be further compared to some commercial polymers.
This energy is chosen since it is very commonly used in many work and
matches with our energy selection. The HVL values of ABS-Er20 and
ABS-Gd20 is given as 6.7106 cm and 6.8131 cm in the presented table.
Unsaturated polyester [35], polyphenylenesulfide [36], poly-
acrylonitrile [36], polyamide [34], polyvinylidenechloride [36] and
ABS [22] are reported as 6.9866 cm, 6.5329 cm, 6.9107 cm, 7.1010 cm,
5.7660 cm and 8.1210 cm, respectively.

The last parameter considered here is the radiation protection effi-
ciency. RPE calculations are made for all energy bins considered in the
presented work. Although a very wide range of gamma-ray energy is
considered in the presented work, here, we would like to focus on
possible usage area of the printed shielding material. Aprons will be
considered here. Most of the current commercial aprons are made of
lead, and they have disadvantages such as being expensive, heavy, and
ineffective against scattered internal radiation [37]. Therefore, there is a
great effort on finding lead free aprons. The commercial lead aprons are
fabricated in two different lead thickness: 0.50 mm and 0.75 mm. In
order to compare our samples with current commercial aprons, Fig. 6 is
prepared using FLUKA simulation program. Here, it is seen that if
ABS-Er20 or ABS-Gd20 apron produced with thickness of 2 cm have
similar gamma-ray protection with lead aprons at low gamma-ray en-
ergy region that is valid energy region for medical applications and x-ray
laboratories. We could go one more step further by comparing the
weight of the polymer and lead aprons. The commercial aprons are
fabricated in two different sizes: medium and large [38]. The surface
area of the large size apron is about 5999.4680 cm? while medium size is
5218.4856 cm? [38]. The weights of large size with 0.50 mm and 0.75
mm are 6.803 kg and 10.205 kg, respectively, while the weights of the
medium size apron are 5.917 kg and 8876 kg [38]. 2 cm thickness of
ABS-Er20 or ABS-Gd20 samples ensure the same shielding effectiveness
with 2.951 kg and 1.778 kg for large size, respectively. On the other
hand, the weights for medium size are 2.280 kg and 1.456 kg. The ob-
tained new shielding materials are very light compared to the com-
mercial lead aprons.

4. Conclusion
In the presented study, ABS filaments were modified by incorpo-

rating rare-earth element nanoparticles. These modified filaments were
then used in a 3D printer to create shielding test samples. SEM and EDS
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analyses revealed that the ABS samples exhibited homogeneity and well-
defined structures. Notably, all produced filaments were found to be
suitable for printing in the desired additive ratios. Gamma-ray shielding
tests were conducted to evaluate the performance of the printed sam-
ples. The experimental, theoretical, and simulation results exhibited a
remarkable agreement, demonstrating that increasing the amount of
additives in the polymer composites enhanced the gamma-ray shielding
effectiveness. RPE calculations indicated that the printed ABS-Er20
aprons could serve as excellent alternatives to commercial aprons in
medical applications and x-ray laboratories. In essence, 3D printers offer
a valuable tool for the manufacturing community to fabricate light-
weight shielding materials, whether in complex or simple shapes, with
lower material costs and desired characteristics. The obtained results
hold promise for future applications and warrant further investigation,
including mechanical testing, to comprehensively assess the perfor-
mance of these materials.
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