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Abstract: The present work aims to fabricate new inex-
pensive epoxy-based composites with a concentration
described by the formula (90 − x)epoxy + 10Sb2O3 + xPbO,
where x = 5, 10, 15, and 20wt%. The impacts of the sub-
stitution of epoxy by PbO on the composite density and
radiation shielding properties of the fabricated composites
were studied. The density of the fabricated composites
varied between 1.30 and 1.49 g·cm−3, enriching the PbO
concentration. Utilizing the narrow beam transmission
method, the linear attenuation coefficient (LAC) of the
fabricated composites was measured using the NaI (Tl)
detector as well as radioactive sources Am-241 and Cs-137.
The LAC increased by 84% and 18% at gamma-ray energy
of 0.059 and 0.662MeV, when the PbO concentration
raised between 5 and 20wt%, respectively. Then the trans-
mission rate and half-value layer of the fabricated compo-
sites were reduced by raising the PbO concentration.
Therefore, the fabricated composite has good shielding
properties in the low gamma-ray energy interval to be
suitable for medical applications and low radioactive
waste container constructions.

Keywords: epoxy resin, lead oxide, Sb2O3, NaI detector,
radiation

1 Introduction

It is imperative that any radiation that is produced by
devices that continue to utilize the use of radiation be
contained and prevented, to the greatest extent feasible,
from reaching out to either people or the natural envir-
onment. Ionizing radiation can cause major health pro-
blems if it is exposed to it for an extended period of time,
which is why radiological shields are commonly utilized
to protect people from its potentially dangerous effects.
Radiation shields are layers of substances that are posi-
tioned between a source of radiation and a target region
to protect from radiation (1). Materials used for radiation
shielding have been developed specifically to absorb the
maximum amount of radiation that can be accommo-
dated by the given setting. It may be necessary for a
radiation shield to be lightweight, flexible, cheap, and
eco-friendly and have the capacity to absorb radiation
for very long periods, based on the particulars of the
situation (2–10).

Epoxy resins are widely used as a foundational mate-
rial for the fabrication of various composite materials.
The exceptional performance of epoxy resins is well
known. Epoxy resins provide a number of useful proper-
ties when correctly cured, such as cure in a vast range of
temperature conditions, corrosion resistance, excellent
capabilities in terms of electrical insulation and reten-
tion, high compression, tensile, and bending strengths,
low cost, and low toxicity. When epoxy resins are mixed
with other fillers, they produce composite materials that
have features that are useful in a wide variety of applica-
tions. This is due to the fact that epoxy resins function
effectively even when subjected to extreme conditions.
Epoxy resin, when combined with heavy metal oxides,
can be shaped into an effective shield of ionizing radiation
(11–15). There have beenmany different ways explored to get
a deeper understanding of the resistance of altered epoxy
composites to ionizing radiation. In addition, a great deal of
effort has been put into developing novel radiation-shielding
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polymers that are based on epoxy and have a high level of
functionality (16–19). One of the primary goals of nuclear
engineers is to produce radioactive shieldingmaterials using
epoxy with high atomic number fillers like Pb, Sb, or W
(20–23). These days, polymeric composites are effective,
environmentally friendly materials with several uses in
radiation protection equipment used in X-ray rooms, hos-
pital computerized tomography (CT) rooms, and other set-
tings. In addition, polymeric materials can be used in the
construction of containers that are used in the transporta-
tion of low-level liquid radioactive wastes (LLW) and inter-
mediate-level liquid radioactive wastes (ILWs) (24–27).

The most significant industrial antimony is produced
in the antimony(III) oxide Sb2O3 compound. Sb2O3 is an
important catalyst that is used in the vulcanization of
rubber as well as the manufacturing of polyethylene ter-
ephthalate plastic. On the other hand, lead oxide is one
of the main compounds that are preferable for radiation
shielding applications due to its compactness and high den-
sity of lead (28). Thewalls, floors, and ceilings of the lab and
consultation rooms were constructed using lead-lined ply-
wood and lead-lined drywall. When there are cutouts or
penetrations, lead angles are intended to offer leak-proof
nuclear shielding (29). Furthermore, epoxy reinforced with
PbO compounds is an eco-friendly material that does not
produce any type of lead dust on the surface of fabricated
materials. Lead dust has the main dangerous effect on
human health because lead dust may become airborne and
be inadvertently inhaled or ingested by humans (30).

Based on the effective gamma radiation shielding
properties of PbO and Sb2O3, as well as the benefits of
epoxy composites, such as their softness, easy fabrica-
tion, and excellent environmental adaptability, the cur-
rent work novelty is to fabricate new composites based
on inexpensive epoxy reinforced with Sb2O3/PbO to be
utilized in radiation shielding applications. An experi-
mental evaluation of the fabricated composites’ gamma

ray shielding capacity was performed in the low- and
mid-gamma-ray energy intervals.

2 Materials and methods

This work used a two-component epoxy thermosetting
resin: type A represents the epoxy resin, while type B is
the hardener. The density of the pure epoxy resin used in
this work is 1.1 g·cm−3 under a solidification time of 24 h.
The utilized epoxy resin and curing agent utilized in the
current work were supplied by SlabDOC (Ivanovo, Russia),
where the epoxy resin and its curing agent were mixed in a
ratio of 2:1. In addition, two different oxides, Sb2O3 (Fluka,
purity >98%) and PbO (Sigma-Aldrich, purity >99%), were
used as doping compounds to prepare the current radia-
tion shielding materials. Four different sample composi-
tions were formed by the molding and curing process. For
all fabricated composites, the concentration of Sb2O3 was
kept constant at 10 wt%, while the PbO compound was
inserted at concentrations ranging from 5 to 20 wt%.
After weighing the epoxy matrix, the required amount
of PbO and Sb2O3 doping compounds are added. The mix-
ture is mixed well under magnetic stirring for 15min to
ensure that the particles are evenly dispersed throughout
the matrix. The mixture was thoroughly stirred before
being put into a cylindrical mold with a diameter of 3 cm
and a height of up to 3 cm. It was then left to freely set for
24h without any outside interference before being removed
from the mold (Figure 1). For each composite, four different
thicknesses were fabricated tomeasure the radiation shielding
parameters experimentally.

In order to determine the density of the newly devel-
oped Sb2O3/PbO-doped epoxy composites, the electric
balance with an uncertainty of ±0.001 mg was used to
measure the fabricated composites’mass in the air (Wair, g)

Figure 1: The prepared epoxy reinforced by Sb2O3/PbO composites.
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and immersed in the ethanol (We, g). Then, the fabricated
composites’densitywasmeasured by applying theArchimedes
principle (Eq. 1) (31):

=

−

×ρ W
W W

ρair

air e
e (1)

In the above equation, ρe is 0.789 g·cm−3. The che-
mical composition and the density of the pure curing

epoxy in addition to the fabricated composites are illu-
strated in Table 1.

A collimated gamma-ray method with the help of a
NaI (Tl) detector was utilized to measure the linear attenua-
tion coefficient (LAC). The NaI (Tl) crystal is a Harshaw type
with dimensions 250mm × 60mm and can detect gamma-
ray photons with energy intervals between 15 keV and 3MeV.
The NaI (Tl) resolution is less than 7.5% at 0.662MeV. The
NaI crystal was capsuled by an aluminum sheet with a thick-
ness of 0.4mm. The setup that was utilized for this study can
be seen in Figure 2. Two radioactive sources Am-241 (with
the energy of 0.059MeV) and Cs-137 (with the energy of
0.662MeV) were employed to measure the fabricated com-
posites’ LAC. The measurement was carried out both with
and without a prepared composite, and the peak in the spec-
trum was identified with the use of the CASSY Lab 2. The
radioactive source’s activity concentration was determined in
the presence (N) and absence (N0) of the substance being
tested (Figure 3), and as a result, the LAC was computed
experimentally using the following formula (4,32–34):

⎛
⎝

⎞
⎠

=

x
N
N

LAC 1 In o (2)

where x (cm) represents the thickness of the fabricated
composites. The thicknesses of the fabricated epoxy com-
posites were measured using an X-PERT digital caliper

Table 1: The composition of the newly developed composites

Chemical composition (wt%)

Pure
cured
epoxy

Sb10Pb5 Sb10Pb10 Sb10Pb15 Sb10Pb20

H 6.97 5.91 5.56 5.20 4.85
C 43.89 37.32 35.09 32.87 30.66
Na 0.23 0.20 0.18 0.17 0.16
O 36.42 32.83 31.35 29.88 28.41
Na 2.35 1.98 1.87 1.75 1.63
Cl 8.47 7.19 6.76 6.33 5.90
K 1.50 1.27 1.19 1.12 1.04
Co 0.17 0.14 0.13 0.13 0.12
Sb 0.00 8.47 8.46 8.45 8.45
Pb 0.00 4.71 9.40 14.09 18.78
Density
(g·cm−3)

1.03 1.30 1.35 1.40 1.49

Figure 2: The experimental setup for the NaI (Tl) detector used to measure the attenuation factors of the current composites.
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with measurement ranges of 0–150mm (0–6 IN) and
measurement uncertainty of 0.01 mm (0.0005 IN) pro-
duced in Moscow, Russia.

The transmission rate (TR), which is the ratio of the
number of photons transmitted from the fabricated sam-
ples’ thickness (N) to the total number of photons emitted
from the radioactive source (No), can be described as
follows (35,36):

=

N
N

TR
o

(3)

Other shielding parameters, such as the half-value layer
(HVL), mean free path, and tenth value layer (TVL), were
estimated using the measured LAC data as follows (37–39):

=HVL 0.693
LAC

(4)

=MFP 1
LAC

(5)

=TVL 2.303
LAC

(6)

3 Results and discussion

3.1 Density of the prepared samples

It is known that the density (ρ) is an important factor for
the radiation shielding study, so we first examine the
density of the new materials as a function of PbO content
in Figure 4. It is reported that ρ lies within the range of

1.30–1.49 g·cm−3, and this is higher than the pure epoxy,
which is in the order of 1.1 g·cm−3. The fabricated compo-
sites’ ρ values increased with raising the PbO concentra-
tion from 5% to 20%, which is a logical finding since
the amount of epoxy is decreased as we move from
Sb10Pb5 to Sb10Pb20, while the amount of PbO is increased
and it is known that the lead has a very high density, so
we expected an enhancement in the density with increasing
the content of PbO. However, the density of the manufac-
tured composites was only increased by a factor of 14.6%
when the PbO concentration was increased from 5 to
20 wt%.

Figure 3: The experimental spectrum for Am-241 radioactive source measured by NaI (Tl) using CASSY Lab 2 software.

Figure 4: The influence of the fabricated composites’ on the PbO
concentration added to the fabricated composites.
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3.2 Radiation shielding properties

The transmission ratio is affected by the enrichment of
PbO concentration, where the enrichment of PbO content
between 5 and 20 wt% significantly decreases the TF ratio
from 0.55 to 0.4, respectively, at 0.059 MeV, as illustrated
in Figure 5. The enrichment of PbO concentration in the
fabricated composites increases the effective atomic number
(Zeff) and the interaction cross sections (electronic [σe] and
atomic [σa]) as illustrated in Tables S1–S10. Therefore, the
interactions between the incident photons and the electrons

of the fabricated composites increased, followed by an
increase in the amount of energy consumed inside the
fabricated materials. As a result, the transposed photons
do not have enough energy to penetrate the thickness of
the fabricated composites and the TF values decreased. In
addition, the TF results show an increase as energy is
increased. The increase in gamma-ray energy is followed
by a decrease in the interaction cross-sections, which causes
a decrease in the number of interactions inside the fabricated
composites. Therefore, the TF values increased as the inci-
dent gamma-ray energy increased.

Besides, LAC values were examined for the current
composites-based epoxy with different contents of PbO at
0.059 and 0.662 MeV. Figure 6a illustrates that the LAC
values were enhanced by 84% from 1.168 to 2.143 cm−1 by
raising the PbO content from 5 to 20 wt%, respectively.
The high enhancement is attributed to the cross-section
of phonetic interaction (PEcs), which changes with −Zeff

4 5 in
the low gamma-ray energy interval. Furthermore, increasing
the incident gamma photon energy up to 0.662MeV causes
an increase in the Compton scattering interaction with a
cross-section (CScs) that varies with Zeff (40). Therefore,
the enhancement in the LAC values was reduced to only
18% by raising the PbO concentration from 5 to 20wt%,
respectively (Figure 6b).

Figure 6a and b confirms a decrease in the LAC
values as the incident gamma-ray energy increases. The
decrease in LAC is attributed to the PE and CS interactions,
which are prevalent interactions at low and intermediate
gamma-ray energy. Moreover, the measured mass attenua-
tion coefficient (MAC, cm2·g−1) for the fabricated composites

Figure 5: Dependence of the transmission rate TF vs the PbO
insertion ratio in the fabricated composites.

Figure 6: Variation of the LAC of the fabricated composites vs the PbO concentration at (a) 0.059MeV and (b) 0.662MeV.
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was compared to the theoretically calculated MAC (41) in
Table 2 for energies 0.059 and 0.662MeV. The comparison
shows agreement between the experimental and theoretical
calculations, with a difference ranging ±15%. The high
difference is attributed to the uncertainty in the NaI (Tl)
measurements as well as the uncertainty in thickness and
chemical composition measurements.

In addition, the role of the incrementation of PbO con-
tentson thehalf-value layerof the fabricatedcompositeswas
studied at 0.059 and 0.662MeV (Figure 7a and b). Figure 7a
depicts a decrease in the HVL values from 0.593 to 0.323 cm,
raising the PbO content between 5 and 20wt%, respectively,
at 0.059MeV. The decrease in the HVL is related to the
reverseproportionalitybetweentheHVLandtheLACvalues,
where LAC = 0.693/LAC. At 0.059MeV, the HVL considered
for all composites is very small (<0.6 cm), which indicates
that a thin layerof thepreparedcomposites canbeeffectively
developed to shield the low-energy radiation.

Figure 7b shows the dependence of the HVL values
on the PbO concentration at 0.662 MeV. Unlike the HVL

in the first case (i.e., 0.059 MeV), the HVL is relatively
high at 0.662 MeV and spans from 6.26 to 7.39 cm. It
means that a sample of the composite with a thickness
of 6–7 cm is capable to lessen the intensity of half of the
beam of the gamma-ray with an energy of 0.662 MeV. So,
it is unsuitable to use epoxy resin samples that contain
10% Sb2O3 and different amounts of PbO (up to 20%)with
a thickness smaller than 6 cm in applications that require
attenuating photons with energies ≥0.662 MeV. In addi-
tion, from Figure 7b, we found that the HVL is maximum
for Sb10Pb5 and minimum for Sb10Pb20, which again
reaffirms the importance of using heavy metal oxide
(PbO in our study) to improve the attenuation capabilities
of the prepared composites.

In order to validate the fabricated composites, a com-
parison between the HVL of the current composites and
the HVL of similar epoxy reinforcedwith some heavymetal
oxide was performed and is presented in Figure 8a–d. At
0.662MeV, Figure 8a shows a comparison of the HVL of
the fabricated composites to the HVL of epoxy reinforced

Table 2: Comparison between the experimentally measured MAC and the theoretically calculated MAC using the Phy-X/PSD program

MAC (cm2·g−1)

EXP Phy-X Diff (%) EXP Phy-X Diff (%)

Sb10Pb5 0.8982 1.0293 12.7310 0.0721 0.0827 12.8914
Sb10Pb10 1.0591 1.2590 15.8778 0.0723 0.0842 14.0850
Sb10Pb15 1.2181 1.4880 18.1364 0.0728 0.0855 14.8400
Sb10Pb20 1.4387 1.7167 16.1947 0.0742 0.0868 14.4444

Figure 7: Variation of the HVL of the fabricated composites vs the PbO concentration at (a) 0.059MeV and (b) 0.662MeV.
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by Bi2O3 compounds (42). The first observation from the
data given in this figure is that the HVL for all the current
epoxy composites and the epoxy-based micro Bi2O3 parti-
cles is lower than the HVL for the pure epoxy. This shows
the importance of PbO or Bi2O3 in the radiation shielding
field. On the other hand, Sb10Pb10 has an HVL close to
that reported for the epoxy with 5% of Bi2O3. Moreover,
Sb10Pb15 has an HVL close to that reported for the epoxy
with 10% of Bi2O3, while Sb10Pb20 has an HVL slightly
higher than that for the epoxy with 20% of Bi2O3.

Figure 8b shows a comparison of the fabricated com-
posites’ HVL to the HVL of the selected epoxy-based micro
WO3 particles (42). Obviously, the epoxy sample with 5%
WO3 has a higher HVL than Sb10Pb10 and a lower HVL

than Sb10Pb5. Sb10Pb15 and epoxy with 10% of WO3 have
very close HVL. While, due to the high density of epoxy
composites with 20% and 30% of Bi2O3, they have a lower
HVL than all the prepared SbPb-composites.

In Figure 8c, epoxy composites with Al2O3 and Fe2O3

(14) were selected and the HVL for these composites with
the HVL for the currently fabricated composites were com-
pared. The prepared composites, Sb10Pb15 and Sb10Pb20,
have much lower HVL than epoxy with Al2O3 and Fe2O3,
thus they possess better attenuation competence. Sb10Pb10
has a very close HVL with an epoxy sample containing 15%
Al2O3.

Figure 8d shows a comparison of the HVL of epoxy com-
posites doped with various concentrations of micro-MgO

Figure 8: Comparison between the HVL of the current samples and the HVL of previously published epoxy reinforced with: (a) Bi2O3

compound, (b) WO3 compound, (d) Al2O3 and Fe2O3 compounds, and (d) MgO compound.
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ranging from 10 to 40wt% (11) with the currently fabri-
cated composites HVL. The currently prepared composites,
such as Sb10Pb20, have a much lower HVL than epoxy
with 10% and 20% of MgO, while our SbPb-composites
have a higher HVL than the epoxy with 30% and 40%
of MgO.

4 Conclusion

Four different sample compositions containing Sb2O3 and
PbO were formed by the molding and curing process.
The experimental data show a rise in the LAC at 0.059
increased from 1.168 to 2.143 cm−1. The aforementioned
improvement is connected to a drop in the HVL values
from 0.323 and 0.593 cm, enriching the PbO from 5 to
20 wt%, respectively. Increasing the energy to 0.662MeV
causes a decrease in the LAC associated with an increase
in the HVL values, where the LAC enhanced by 18% is
associated with a decrease in the HVL values from 6.26
and 7.39 cm, raising the PbO concentrations between 5
and 20wt%, respectively, at 0.662MeV. The enhancement
in the LAC values is related to the reduction in the TF
values, where the TF values were reduced from 0.55 to
0.40 by raising the PbO concentration between 5 and
20wt%, respectively, at 0.059 keV. The fabricated epoxy-
reinforced Sb2O3/PbO composites have a good shielding
property at low- and mid-gamma-ray energy, but they are
not effective to attenuate photons with energy higher than
0.662MeV. Therefore, the fabricated new composites can be
a suitable candidate for the construction of the LLW and
ILW containers as well as for their efficient use in medical
applications to shield the low and intermediate gamma-ray
energetic photons.
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