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ABSTRACT

In the present study, six silicone rubber doped by tellurium borate oxides were fabricated using the
casting method. The densities of the fabricated silicon rubber-doped by tellurium borate oxides samples
were measured using the Archimedes Method. Moreover, the linear attenuation coefficient of silicone
rubber doped tellurium borate oxides samples was evaluated experimentally using the hyper pure
germanium, and the recorded linear attenuation coefficient values were affirmed using the theoretical
Phy-X program. The experimental measurements were performed using the narrow beam transmission
method with radioactive isotopes Am-241, Cs-137, and Co-60 with energies of 59, 661, 1173, and
1332 keV. The linear attenuation coefficient values showed an enhancement by 4.73 times, 1.20 time, 1.17,
time, and 1.17 time, respectively at gamma photon energies of 59, 661, 1173, and 1332 keV, when the TeO,
concentration increased in the fabricated composites from 0 to 50 wt%. The enhancement of the linear
attenuation coefficient values has a positive effect on the transmission rate values where the half-value
thickness and transmission rate were decreased accompanied by an increase in the RPE.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a result of its high penetrability and potentially harmful
impacts on the human body, gamma ray poses a significant threat
to the safety of employees in the nuclear power industry and in
radiation treatment; consequently, radiation safety design in
radioactive equipment has emerged as an important concern in
recent years. New progress in movable nuclear plants and facilities
for the disposal of nuclear waste has resulted in new prerequisites
for integrated designs that are light, functional, and provide radi-
ation shielding. On the other hand, traditional radiation shielding
components like cementitious materials, iron, and lead are either
heavy, hazardous or have poor mechanical properties, making it
difficult for them to reach the stringent requirements of new ra-
diation shielding configuration [1—10]. There has been a lot of
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research conducted on polymer matrix composites that are
employed as radiation protection components [11—14]. Polymeric
composite materials have the potential for possible utilization in
the radiation shielding industry due to their low density, ease of
processing, multifunctional property, and tailorable shielding
competence.

Silicone rubber is known for its high levels of elasticity and low
production costs. As a result of its durability, ease of manufacture,
and ability to take on a number of different forms, silicon rubber is
used in an extremely diverse range of applications [15,16]. Previous
research has examined the possibility of using radiation shielding
applications for these rubbers by adding PbO as well as other filler
components [17—19].

Additives, such as TeO,, Sb,03, W03, and Bi,03 may be included
in the polymers of the rubbers in order to enhance the materials’
capacity to shield the ionization radiation. These additions raise the
likelihood that the shield will have some sort of interaction with
the photons that are entering the system, hence increasing the
amount of radiation that is absorbed [20—22].
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Simulation based on the Monte Carlo method is utilized
extensively in radiation protection. A precise evaluation of the ra-
diation shielding parameters, including the attenuation factors that
may be used to determine the performance of the shielding ma-
terials, can be achieved with the assistance of this technique (i.e
Monte Carlo simulation) [23—26].

In this work, Silicone rubber composites embedded with TeO,
and B,03 were used as shielding flexible materials against ionizing
radiation, where the attenuation coefficients were calculated at
different energies of incident photons by experimental measure-
ments and confirmed by theoretical techniques.

2. Materials and methods

In the present work, silicone rubber with its hardener was used
as a matrix mixture while tellurium dioxide (TeO;) and boron oxide
(B203) were utilized as fillers. The used silicone rubber has the
same properties as the previous works [27—29], the average size of
filler oxides was 50 + 10 pm. The silicone rubber composites are
manufactured according to the weight ratio shown in Table 1,
where the mixture was stirred for 10 min to obtain a homogeneous
mixture and then poured into molds and left for 24 h to solidify and
become flexible.

The flexible samples were experimentally exposed to gamma
photons from different sources (therefore, different energies
include low (Am-241, 59 keV), medium (Cs-137, 662 keV), and high
(Co-60, 1173 and 1333 keV) energies. These photons were detected
by high resolution (1.92 keV at 1333 keV) and efficient (24%) HPGe
detector. The count rate was calculated due to the photon's in-
teractions with the detector crystal in case the presence and the
absence of a flexible SR-PT sample, where the SR-PT sample was
placed axially between the source and the detector, as shown in
Fig. 1. The distance between the detector-to-source and the sample
was chosen as previously calibrated using materials with known
attenuation coefficient such as copper and aluminum. From the
count rate calculation, the LAC can be calculated by the next for-
mula [30—32]:

_1 In£
X Co

= (1)

where the C; and C are the count rates recorded by the detector in
the absence and presence of the fabricated SR-BT samples. The
experimental linear attenuation coefficient (i, cm™!) results were
compared with the values obtained from Phy-X [33]. The half-value
thickness (Ags) and mean free path (1) are the shielding parame-
ters that describe the attenuation efficiency of the shielding ma-
terial depending on the experimentally measured p values, as
illustrated below in equations (2) and (3) [34—36]:

Table 1
The weight percentage of the fabricated silicone rubber mixture.

Composite code Weight percentages (%) Density, g/cm®

Silicone rubber TeO, B,0s3
SR-BTO 40 - 60 1.770
SR-BT10 40 10 50 1.845
SR-BT20 40 20 40 1.928
SR-BT30 40 30 30 2.018
SR-PT40 40 40 20 2.118
SR-PT50 40 50 10 2227
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3. Results and discussion

The LAC (or pu) was measured experimentally for the prepared
SR-BT composites using the narrow bean transmission method. The
measurements were performed using three different y-ray energies
Am-241, Cs-137, and Co-60, that emit photon energies of 59, 661,
1173, and 1332 keV. The experimental p values for the fabricated Sr-
BT composite were compared to the p values calculated theoreti-
cally using the Phy-XPSD free program. The difference (3, %) be-
tween the experimental and Phy-X/PSD results is ranged between
+1, as illustrated in Fig. 2. Fig. 2 also describes modes of variation of
the p results for the SR-BT composites versus the incident y-pho-
tons. The first observation is the high values of p values at Ey of
59 keV compared with the p results at various studied Ey. The p for
the Sr-BT composites are 0.368, 1.418, 2.561, 5.801, 5.187, and
6.702 cm ™! for SR-BTO, SR-BT10, SR-BT20, SR-BT30, SR-BT40, and
SR-BT50, respectively. These values are considered the highest
compared to the selected various Ey in the current study. The E,
value of 59 keV (Am- 241) lies in the interval of photoelectric
interaction in which the cross-section varied reversely with E>*
[37,38]. Thus, as the smallest incoming photon Ey, the highest cross-
section of interaction is associated with high values of the p values.
After that, for the isotopes Cs-137 and Co-60, the p values mini-
mized linearly with raising the E, photons. The p values were
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Fig. 2. The linear attenuation coefficient versus the incoming y-ray photons.

minimized by 28.7%, 29.2%, 29.8%, 31.1%, 30.8%, and 31.3% for
samples SR-BTO, SR-BT10, SR-BT20, SR-BT30, SR-BT40, and SR-
BT50, respectively, when the E, values raised from 662 to
1332 keV. This behavior is related to the Compton Scattering. The
cross-section in the mentioned interval is inversely varied with E.
Thus, the cross-section diminished linearly with raising the Ey
values, which causes a linear decrease in the .

Fig. 3 describes the incrementation of the TeO, effects on the
fabricated SR-BT composites i values. The obtained experimental
results refer that the replacement of B,O3 concentration by TeO,
compound in the fabricated SR-BT composites has a great effect on
the low E, values (i.e., 59 keV), but this effect is diminished with
raising the Ey values (i.e., 662 keV, and 1252 keV). At 59 keV, the
enhancement in the p values for SR-BT50 (50 wt.% of TeO2) com-
posite reaches 4.73 times higher than the SR-BTO (0 wt.% of TeO,).
This high percentage of enhancement is attributed to the photo-
electric interaction cross-section and effective atomic number
(Zefr), since the cross-section is directly changed with Z4.5 [39,40].
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Fig. 3. Dependence of the LAC on the TeO, concentration of the fabricated SR-BT
composites.
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The replacement of the B,O3 compound with the TeO, compound
causes a significant increase in the density of the given composites
which leads to an increase in the effective atomic number of the
fabricated composites. Thus, the interaction cross-section is notably
increased. The net results are a high increase in the energy
consumed by photons to escape from the composite thickness,
associated with an increase in the p for the composites. In contrast
for intermediate Ey values, the enhancement on the p is very small
compared to that achieved at Ey of 59 keV where the p values were
enhanced by factors of 25% and 20% for E, of 662 and 1252 keV,
respectively. This behavior is related to the CS cross-section which
is proportional to Z. So, a linear increase in the interaction cross-
section is associated with an increase in the Zqs of the fabricated
composite.

The Ags refers to the fabricated SR-BT composites’ thickness
ability to minimize the intensity of the utilized y-photon sources by
50%. The Ags was calculated based on the experimental p data.
Fig. 4 depicts a high increase in the Ags at the low E, interval fol-
lowed by a linear increase in the intermediate energy region be-
tween (662 keV < Ey<1332 keV). The previous trends are attributed
to the interaction mode (photoelectric or Compton scattering),
where the cross-section of interaction varied inversely with E>
and E for photoelectric and Compton interaction, respectively, as
early illustrated in the discussion of p section. The decrease in the
cross-section with raising the E, values leads to a significant
decrease in the p values of the fabricated SR-BT composites. Thus, a
lot of incident photons can ease penetrate the composite thickness,
therefore, a thicker layer of the fabricated composites is required
for stopping half of the incident y-photons. The Ags values were
grow by 3.6 times, 13.3 times, 23.3 times, 55.7 times, 44.2 times,
and 53.2 times for samples SR-BTO, SR-BT10, SR-BT20, SR-BT30, SR-
BT40, and SR-BT50, respectively when the y-photon energy ranged
between 59 keV and 1332 keV.

The relation length (A, cm) is the distance inside the shield in
which the photon moves between two followed collisions with the
surrounding electrons. It has the same variation mode with Ey as
that early discussed in the Ag 5 section. The impact of TeO; addition
on the values of Ags and A which were calculated based on the
experimental p values was clarified in Fig. 5 at two fixed energies
(59 keV and 1252 keV). The figure reveals that increasing the
incrementation ratio of TeO, causes a decrease in both Ag 5 and A. At
59 keV, the Ags changed from 0.51 to 0.11 cm, and the A varied
between 2.82 and 0.15 cm, respectively. Besides, for E, of 1252 keV,
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Fig. 4. The half value thickness for the current composites.
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relaxation length ().

the Ag s decreased from 6.75 to 5.59 cm and the A diminished from
9.74 to 8.06 cm, respectively. Such change in both Ags and A is
ascribed to the increase in the composite density due to the sub-
stitution of B,03 by TeO, compounds. The mentioned substitution
increases the ability of the fabricated composite to resist the
incoming photons. As a result, the net number of photons pene-
trating the shield thickness decreased as increased the substitution
ratio.

The TF is the number of photons that escape from the composite
(Cy) to the initial total number of y-photons (C,). Further, the
number of y-photons that couldn't escape and annihilated inside
the composite (C,) to the total initial number of y-photons (C,) is
called RPE. The TF and RPE are influenced by many factors such as
Ey, the substitution of the B,03 by TeO,, and the thickness of the
given composites.

The impacts of the incoming E, on the TF and RPE for the
investigated composites were discussed in Fig. 6. The data depicts
an increase in the TF (for both SR-BT 0 and SR-BT40) accompanied
by an equal reduction in the RPE (for both SR-BT 0 and SR-BT40)
when the E, raised from 59 to 1332 keV. For example, the
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Fig. 6. Impacts of the energy on the values of transmission value (TF) and RPE.
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fabricated composite SR-BTO has TF values from 70.12% to 90.70%,
but the RPE diminished from 29.88% to 9.30%, between 59 and
1332 keV, respectively. Also, for the fabricated composite SR-BT40,
the TF raised from 0.15% to 88%, but the RPE was reduced by a factor
of 88% by raising the E, in the same energy interval. The previously
mentioned behaviors can be explained based on the penetration
power of y-photons that increased with raising the Ey. Accordingly,
C; photons increased accompanied by an equivalent decrease in the
C, photons.

The influence of the partial substitution of B,03 by TeO, on the
TF and RPE was also discussed in Fig. 7, for some fixed E, values (59
and 1252 keV). The substitution of B,O3 by TeO, causes an increase
in the molecular mass, Zeff, and density of the selected composites
where the incrementation of TeO, by ratios varied between 0 and
40 wt¥%, causes an increase in the composites' p values from 1.770 to
2.227 g/em®. The illustrated increase in the composites’ p leads to
an increase in the p of the fabricated composites. This is associated
with an increase in the C; photon number and a decrease in the C¢
photon numbers. The net result is an increase in the RPE values. At
59 keV, a thickness of 1 cm of the fabricated composites was able to
increase the RPE from 74.20% to 99.85% while the TF values reduced
from 70.12% to 0.15% when the TeO, increased from 0 wt% to 40 wt%
respectively.

The fabricated composite thickness also plays an important role
in controlling the TF and RPE values (Fig. 8). The results of these
factors against the composite thickness depict a high increase in the
RPE accompanied by an equal decrease in the TF by raising the
thickness between 0.5 and 5 cm. At 59 keV, the fabricated com-
posite SR-BT 40 has the ability to enhance slightly the RPE values
from 9.30% to 11.48% while the TF values for the same composite
reduced from 90.70% to 88.52%, raising the thickness from 0.5 cm to
5 cm, respectively. The increase in the composite thickness higher
than the A values of the composite helps the emitted y-photons to
make more interactions along its pass length inside the composite.
Therefore, the amount of Ey consumed in the composite layer in-
creases associated with an increase in the I; and a decrease in the C¢
photon numbers.

4. Conclusion

Six silicon rubber samples reinforced with a mixture of B,O3 and
TeO, were fabricated using the casting method. The density of the
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Fig. 7. Impacts of the TeO, incrementation on the transmission value and radiation
protection efficiency.
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Fig. 8. Influence of the fabricated composite thickness on the values of transmission
value (TF) and RPE for the SR-BT40 sample.

current samples changed between 1.770 and 2.227 g/cm® with
increasing the TeO, content between 0 and 50 wt%. The experi-
mental measurements used the hyper pure germanium to evaluate
the LAC of the fabricated composites between 59 and 1.25 MeV. The
measurements illustrated that the LAC increased from 0.368 to
6.702 cm ™! at a gamma photon energy of 59 keV, when the TeO,
concentration increased between O and 40 wt%, respectively.
Moreover, at the same energy, the Ags values also reduced by a
factor of 94%, and the TF values decreased from 75% to 0.15%.
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