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Abstract: In this work, black nanocarbon-loaded 0–100 parts-per-hundred (phr) PbO-filled acryloni-
trile butadiene rubber (NBR)/styrene-butadiene rubber (SBR) blend composites were prepared by
using an ordinary standard rubber mixer. Both mechanical and gamma attenuation properties of
the prepared samples were investigated. Maximum tensile strength and elongation at break were
obtained at 40 phr PbO concentration. The obtained values for the mass attenuation coefficient
with the increased PbO concentration from 0–100 phr ranged from 0.12–0.22 cm2/g at 0.239 MeV.
Scanning electron microscope (SEM) with the elemental mapping analysis results showed high
homogeneity at 40 phr of the prepared rubber composites, with some areas of elemental agglom-
eration at a high concentration of lead oxide. The obtained results highly recommend the use of
the prepared nanocarbon-reinforced PbO/NBR/SBR blend compared to those previously used as
personal protective equipment in radiation-shielding applications.

Keywords: NBR; SBR; mechanical properties; lead; gamma shielding; carbon nanocomposites

1. Introduction

People are at risk of being exposed to harmful ionizing radiation due to today’s rapid
advancement in radiation innovation and applications in different fields such as industry,
farming, and medicine. As a result, radiation protection procedures such as using shielding
materials became necessary [1,2]. In the gas and petroleum industry, natural radioactivity
may be found in rocks and around certain oil and gas-bearing formations. Drilling through
these rocks or bringing them to the surface can result in radioactive waste. Dealing with
radioactive waste is likely to require the use of protective wearables such as aprons, gloves,
and overshoes made from radiation-shielding material [3]. The interaction of gamma rays
and neutrons with various plastics and rubber polymers used for their shielding properties
has been researched and investigated utilizing simulation programs [4–6].

Heavy elements such as lead, bismuth, and barium and their compounds are generally
utilized for gamma shielding applications due to their minimal expense, heavy molecular
weight, high density, and high radiation attenuation capabilities. These elements have
customarily been shaped as sheets, plates, foils, laminates, blocks, and bricks [7,8]. Poly-
mers loaded with heavy elements are broadly preferred for radiation-shielding purposes
because of their special properties such as their shaping flexibility, low expense, low density,
lower toxicity, high adaptability, and processing simplicity [9]. Several polymeric materials
such as nitrile butadiene rubber (NBR) and styrene-butadiene rubber (SBR) have distinct
properties that may be useful for radiation-shielding applications. The former has a broad
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range of radiation stability and radiation resistance, while the second has good mechanical
properties and high elasticity [9].

Because lead and its constituents have a high gamma shielding efficiency, the fabri-
cation and investigation of polymeric composites containing Lead or Lead oxides have
been the attention of various studies [8,10,11]. Rubber–lead mixture samples exhibit good
pliability and homogeneity, and with increasing lead concentrations, they provide the best
radiation shielding [12]. Furthermore, polyethylene, polyethylene plastic, and ethylene
propylene diene monomer (EPDM) composites doped with lead oxides provide effective
radiation shielding [13–16].

Polymers filled with nanoparticles such as nanocarbon black are a development of
nanocomposite materials. The new approach aims to use filler nanoparticles to improve
their general performance [17–19]. In the literature, there have been numerous forms of
nanocomposites based on plastics and rubbers. Because of its plentiful supply, low density,
persistent conductivity, and low cost, nanoscale carbon black (CB) is one of the most widely
utilized nanofillers. It is a well-known nanotechnology application and nanomaterial for
modifying the mechanical, electrical, and other physical properties of polymers [17]. It
has been used to improve tensile properties, tear and abrasion resistance, hardness, etc., of
vulcanized rubber [20,21].

The current study aims to prepare a new shielding material composite made from an
NBR/SBR blend and loaded with black nanocarbon particles. This blend will be the host
matrix for a PbO filler. The effect of lead oxide concentration on both the mechanical and
shielding properties of the prepared blend will be investigated. The optimum concentration
of the lead filler will be determined. This developed material composite should have
distinct physicomechanical and attenuation features, be lightweight, and have low expense
allowing it to be used in the fabrication of radiation protection equipment used by medical,
industrial, and military personnel.

2. Materials and Methods
2.1. Sample Preparation

Acrylonitrile butadiene rubber (NBR) with a 32% acrylonitrile content and a specific
gravity of 1.17 was supplied by Bayer AG (Berlin, Germany). Styrene-butadiene rubber
(SBR) with a 23.5% styrene content and a specific gravity of 0.945 was supplied by Bayer AG
(Berlin, Germany). Butadiene rubber (BR) with a specific gravity of 0.90 was supplied by
Bayer AG (Berlin, Germany). As a plasticizer, dioctyl phthalate (DOP) with a specific gravity
of 0.991 and boiling point of 384 ◦C was used. Two phr elemental sulfur, a fine pale-yellow
powder, with a specific gravity of 2.04–2.06 at room temperature was used as a cross-
linking agent with other additives such as ZnO, stearic acid and mercaptobenzothiazole
sulfenamide (MBTS) with concentrations 5, 2, and 2 phr, respectively. Trimethyl-quinoline
(TMQ) was used as an antioxidant. Solvents and other chemicals of commercial grade such
as processing oil and N330 (nanocarbon black) were also used. All of the rubber ingredients
were of commercial grade and were purchased from Aldrich Co (Steinheim am Albuch,
Germany). All ingredients were compounded as shown in Table 1.

Following ASTM D1417-16, NBR/SBR blends were first mixed on two roll mixing
mills, with an outer diameter of 470 mm, a working distance of 300 mm, a roll flow speed of
24 rpm, and a fraction ratio of 1:1.4 at 25 ◦C for 15 min. Then, ZnO, stearic acid, DOP, MPTS,
and processing oil were added and mixed for about 10 min. Sulfur was subsequently added
and mixed at the end before making sheets using a hot hydraulic press at 162 ± 1 ◦C and a
pressure of about 4 MPa.



Sustainability 2023, 15, 2165 3 of 17

Table 1. The investigated NBR/SBR blend’s chemical components and concentrations.

Ingredients Amounts (phr) *

Acrylonitrile butadiene rubber (NBR) 50
Styrene-butadiene rubber (SBR) 50

Butadiene rubber (BR) 20
Stearic acid 2

ZnO 5
Processing oil 10

Dioctyl phthalate (DOP) 10
N330 (nanocarbon black) 40

Mercapto benzothiazole sulfenamide (MBTS) rubber accelerator 2
Trimethyl-quinoline (TMQ) 1

Sulfur (S) 2
PbO 20–100

* phr: parts-per-hundred NBR-SBR rubber.

2.2. Material Characterization

A JASCOFT-IR6200 spectrometer using the KBr pellet technique was used to measure
the Fourier-transformation infrared (FTIR) absorption spectra of prepared samples in the
spectral range 400–4000 cm−1.

A scanning electron microscope (SEM), (FEI Inspect S, Oxford, MS, USA) was used
to determine the nature of the particle distribution in the prepared rubber matrix. EDX
mapping assisted in the assignment of the elements in the observed agglomeration of the
SEM-scan images.

The crystallographic phase identification and line profile analysis of the prepared
samples were checked and analyzed at room temperature using X-ray diffraction (XRD).
An X-ray powder diffractometer, Philips X’pert Pro, was used for XRD analysis, employing
Cu Kα radiation (1.5418 A) with a scanning speed reaching 0.3 s.

2.3. Mass Density Measurement

The mass density was measured at room temperature with a standard Archimedes
procedure based on the following equation [22]:

ρ =
Wa

Wa − Wb
ρb (1)

where Wa is the sample’s weight in air, Wb is the sample’s weight in toluene, and ρb is
toluene density of (ρb = 0.87 g/cm3).

Teledyne isotopes (Huntsville, AL, USA) and a “2 × 2” NaI (Tl) scintillation detector
under appropriate geometrical conditions with an energy resolution of 8% at 0.662 MeV,
and four gamma energies were used to measure the gamma-ray shielding parameters
for the prepared rubber blends. From a Cs-137-point source, 0.662 MeV gamma photons
were emitted, from a 232Th-point source, 0.239 MeV and 0.911 MeV gamma photons were
emitted, and finally, from a Co-60-point source, 1.332 MeV gamma photons were emitted.

2.4. Mechanical Properties Measurement

The ASTM standard testing procedure was used to determine the mechanical prop-
erties of the rubber samples such as tensile strength, elongation at break, and hardness.
Tensile strength was tested using an electronic Zwick tensile testing machine (model Z010,
Germany) according to ASTM D412. Hardness was tested using a Durometer Shore A
(Bareiss, Oberdischingen, Germany) according to ASTM D2240.
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3. Theoretical Background

The mass attenuation of a photon beam through a certain medium material of den-
sity (ρ) and thickness (t) can be determined by using the modified Beer–Lambert law as
follows [23]:

µm =
1
ρt

ln
(

Io

I

)
(2)

where Io and I are the incident and transmitted intensities through the investigated material,
respectively. The mass attenuation coefficient (µm) of a compound or a mixture can be
determined as follows:

µm = ∑
i

wi(µm)i (3)

where (µm)i is the mass attenuation coefficient of the ith element of the mixture. The XCOM
web database was used for calculating the values of the mass attenuation coefficients across
a broad range of energy from 0.015–15 MeV in this study [24].

The material thickness that reduces the photon beam intensity to one-half of its
initial value is defined as the half-value layer (HVL), which can be calculated with the
following equation:

HVL =
0.693

µ
(4)

where µ is the coefficient of linear attenuation of the material, which depends on the
material type, the photon energy, and the mass density.

The effective atomic number of a material (Zeff) is the ratio between its effective
atomic cross-section (σa) and electronic cross-section (σe). Utilizing the values obtained
for Equation (4), we can determine Zeff values for the prepared rubber samples using the
following equation [25]:

Ze f f =
σa

σe
=

∑i fi Ai(µm)i

∑i fi
Ai
Zi
(µm)i

(5)

where Ai, Zi, and fi represent the atomic weight, atomic number, and fractional abundance
of the ith element, respectively. Taylor recently developed and introduced the Auto-Zeff
program in Visual Basic to rapidly compute effective atomic numbers [26]. The effective
electron densities (Neff) of the rubber mixture samples were calculated using the following
equation [27]:

Ne f f = NA
Ze f f

∑i fi Ai
(electrons/g) (6)

where NA is Avogadro’s number. As shown in Equation (6), Neff varies with the energy in a
similar manner to Zeff which depends on the interaction processes involved.

4. Results and Discussion
4.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the NBR/SBR blends filled with different concentrations of lead
oxide (0–100 phr) are shown in Figure 1. The two strong peaks observed in all samples in
the range 2915–2908 cm−1 and 2846–2839 cm−1 were due to the symmetric stretching of the
C–H band. The peak at 1723–1722 cm−1 was due to the C=O stretching band of aldehyde
in the system. The peak at 1640–1634 cm−1 corresponded to the C=C stretching band that
can be attributed to the alkane group, and the peak at 1430–1426 cm−1 corresponded to the
O-H bending band that can be attributed to carboxylic acid. Both peaks at 1385–1383 cm−1

and 1361–1360 cm−1 corresponded to the S=O stretching band of phenol. The peak at
1263–1258 cm−1 corresponded to a C-O stretching group attributed to alkyl aryl ether, while
the peak at 1227–1224 cm−1 corresponded to the C-N stretching group attributed to the
amine class. Both peaks at 1114–1111 cm−1 and 1066–1060 cm−1 corresponded to a C-O
stretching group attributed to the ester class. The peaks observed at 957–959 cm−1 and
749–751 cm−1 correspond to the C=C bending attributed to the alkane group. The peak
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observed at about 470 cm−1 in all of the samples except S0 (lead-free) is attributed to the
Pb–O stretching linkage in the filled blend molecules [28,29].
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Figure 1. FTIR spectra of 0–100 phr PbO-filled NBR/SBR.

4.2. Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM, FEI Inspect S, Oxford USA) was used to deter-
mine the nature of the particle distribution in the prepared rubber matrix. Figure 2 shows
the SEM images of NBR/SBR composites with different fillers (PbO) concentrations. The ar-
eas of elemental agglomeration are shown in some parts of Figure 2a–f. This agglomeration
appears differently among the obtained samples, which may result from the compound-
ing technique between PbO and the SBR/NBR blends. The elemental concentration of
the NBR/SBR blends at different PbO concentrations is detected by energy dispersive
X-ray analysis (EDX) and depicted in Table 2. Upon increasing the filler concentration, the
SEM microphotographs of the PbO-containing NBR/SBR composites revealed different
morphologies. The 10 phr-filled NBR/SBR blend composite had a fine and consistent
distribution. According to the findings, the homogeneity of particle distribution decreases
as the PbO level rises. Similar behavior was observed in several rubber composites at
different filler concentrations [30]. The EDX mapping of the elemental compositions of all
the prepared composites is shown in Figure 2a–f. This elemental mapping assists in the
assignment of the elements involved in the observed agglomeration in the SEM images
(Figure 2).

Table 2. EDX detected elemental contents (wt%) of the lead/NBR/SBR composites.

Element
PbO Concentration (phr)

0 20 40 60 80 100

C 77.60 72.91 75.98 74.98 69.57 66.56
N 09.10 11.92 6.65 8.17 7.95 4.17
O 07.00 6.23 5.87 5.27 5.22 4.39
S 04.41 2.62 2.79 2.72 4.16 4.21

Ca 0.87 0.39 0.36 0.26 0.50 0.45
Zn 1.02 0.45 0.5 0.48 0.59 0.58
Pb 0 5.47 7.93 8.10 11.71 19.64
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Figure 2. Scanning Electron Microscope micrographs of SBR/NBR blends at (a) 0 phr PbO, (b) 20 
phr PbO, (c) 40 phr PbO, (d) 60 phr PbO, (e) 80 phr PbO, and (f) 100 phr PbO. Figure 2. Scanning Electron Microscope micrographs of SBR/NBR blends at (a) 0 phr PbO, (b) 20 phr
PbO, (c) 40 phr PbO, (d) 60 phr PbO, (e) 80 phr PbO, and (f) 100 phr PbO.

As shown in Figure 3, lead oxide seems to be uniformly distributed among the other
elements in the prepared rubber composites at different phr concentrations. This uniformity
supports the recommended use of this PbO-filled NBR/SBR blend as an effective material
for radiation-shielding applications.
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Figure 3. (a) EDX chemical compositions and elemental mapping of 0 phr lead/NBR + SBR. (b) EDX
chemical compositions and elemental mapping of 20 phr lead/NBR + SBR. (c) EDX chemical com-
positions and elemental mapping of 40 phr lead/NBR + SBR. (d) EDX chemical compositions and
elemental mapping of 60 phr lead/NBR + SBR. (e) EDX chemical compositions and elemental map-
ping of 80 phr lead/NBR + SBR. (f) EDX chemical compositions and elemental mapping of 100 phr
lead/NBR + SBR.
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4.3. X-ray Diffraction (XRD)

The X-ray diffraction patterns (XRD) for the lead /NBR/SBR rubber composite sam-
ples doped with different amounts of PbO are shown in Figure 4. The crystallographic
phase identification and line profile analysis were performed using the High Score Plus
program. For sample S0, diffraction peaks were observed at 31.7, 36.2, 56.6, and 67.9◦. The
obtained peaks were matched to the hexagonal ZnO phase (ICDD no 01-070-2551). The
observed peaks were assigned to the (100), (101), (110), and (112) planes, respectively. The
line profile fitting estimates the crystallite size to be 73 nm and the lattice parameters, a,
and c, to be 3.2 and 5.2 A◦, respectively. For sample S1, additional peaks were observed at
26.3, 30.3, 43.4, and 51.4◦, and these peaks were matched to the CaC2 phase with a cubic
system (ICDD no 01-074-2044). The lattice parameter and crystallite size are estimated to be
5.86 A◦ and 101 nm, respectively. On the other hand, although the elemental analysis and
EDX confirm the presence of the Pb element, no peaks for the PbO phase were detected
due to the low amount added.
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The XRD pattern of sample S2 was seen to include the peaks of the previously observed
phases, ZnO and CaC2, in addition to a diffraction peak at 15.02◦, which was assigned
to the orthorhombic phase of PbO with the ICDD card no 00-005-0570. From samples S3
to S5, strong diffraction peaks for the PbO phase were detected and all of them were a
good match with the abovementioned ICDD card. The lattice parameters a, b, and c of the
orthorhombic PbO were 5.48, 4.75, and 5.89 A◦, respectively, and the crystallite size was
estimated to be 60 nm.

The relative intensity ratio for multiple phases is a good indicator for quantitative
phase analysis. As illustrated in Figure 4, as the percentage of PbO increased, the peak
intensity of PbO increased, and the intensity of ZnO and CaC2 decreased. The effect of the
enhancement in the peak intensity ratio of PbO on both ZnO and CaC2 is an indicator of
the PbO percentage, which is in agreement with the results obtained from EDX.
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4.4. Mechanical Properties

Figures 5 and 6 show the influence of lead concentration on the tensile strength and
elongation at the break of an NBR/SBR blend, respectively. Tensile strength and elongation
at break increase with increasing lead concentrations until PbO concentrations reach 40 phr,
at which point they decrease. More surface area is available for intermolecular interaction
between filler particles and rubber molecules as the filler loading is increased, resulting
in reinforcement. However, at roughly 40 phr of filler loading, maximal reinforcing is
obtained, following which, dilution occurs when the filler quantity is raised [10]. Because
the filler particles or aggregates were no longer properly distributed or wetted by the rubber
phase, tensile strength and elongation at break were reduced. Several rubber composites
have revealed similar results, as reported [5,11,31].
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Figure 6. The effect of lead concentration on the elongation at break of the NBR/SBR blend.

Since the hardness of rubber always increases with the filler load [32], the hardness of
the prepared rubber is increased with the increase in the concentration of lead, as shown in
Figure 7. This behavior can be explained by the reduction in the plasticity of the rubber
chain with the increase in filler concentration resulting in an increase in the rigidity of the
rubber composites due to the hard nature of PbO [33].
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Figure 7. The effect of lead concentration on the hardness of NBR/SBR blend.

4.5. Gamma-Ray Shielding Properties

The measured and theoretically calculated total mass attenuation coefficients (µm), Zeff,
and Neff at 0.239, 0.662, 1.173, 1.332, and 2.51 MeV of the prepared PbO-filled SBR/NBR
blends at different concentrations of PbO are shown in Table 3. Due to the very heavy
atomic weight of Pb (207.2), as the concentration of PbO increases, higher values of the
mass attenuation coefficient are obtained. The obtained experimental values for all of the
measured parameters varied within 5% of the theoretical values.

Table 3. Theoretical and experimental determination of radiation-shielding parameters of PbO-filled
SBR/NBR blends at different photon energies.

Energy
(MeV)

PbO (phr)
µm (cm2/g) HVL (cm) Zeff (Electrons/Atom) Neff (Electrons/g) × 1023

Theoretical Experimental Theoretical Experimental Theoretical Experimental Theoretical Experimental

0.662

0 0.082 0.082 2.468 2.454 3.798 3.800 3.193 3.190
20 0.084 0.084 2.338 2.362 4.278 4.280 3.285 3.280
40 0.087 0.086 2.247 2.254 4.748 4.695 3.360 3.321
60 0.088 0.088 2.188 2.194 5.212 5.210 3.414 3.410
80 0.208 0.208 0.922 0.922 5.656 5.660 3.462 3.460

100 0.091 0.091 2.098 2.097 6.117 6.120 3.493 3.490

1.173

0 0.062 0.062 3.241 3.241 3.796 3.800 3.192 3.190
20 0.062 0.062 3.166 3.176 4.154 4.150 3.190 3.190
40 0.062 0.062 3.119 3.125 4.506 4.510 3.189 3.190
60 0.062 0.062 3.099 3.089 4.853 4.850 1.179 1.180
80 0.062 0.062 3.084 3.088 5.185 5.190 3.173 3.170

100 0.062 0.062 3.068 3.062 5.534 5.530 3.161 3.160

1.332

0 0.058 0.058 3.461 3.462 3.796 3.800 3.192 3.190
20 0.058 0.058 3.389 3.385 4.145 4.140 3.182 3.180
40 0.058 0.057 3.346 3.393 4.487 4.413 3.175 3.125
60 0.058 0.058 3.331 3.326 4.824 4.820 3.160 3.160
80 0.058 0.057 3.320 3.311 5.147 5.061 3.150 3.096

100 0.058 0.060 3.307 3.164 5.487 5.679 3.134 3.238

2.51

0 0.042 0.042 4.847 4.853 3.818 3.820 3.210 3.210
20 0.042 0.042 4.712 4.783 4.196 4.200 3.223 3.220
40 0.042 0.042 4.624 4.614 4.568 4.570 3.233 3.230
60 0.042 0.041 4.580 4.583 4.935 4.813 3.232 3.153
80 0.042 0.042 4.546 4.562 5.285 5.290 3.234 3.230

100 0.042 0.042 4.510 4.500 5.653 5.650 3.238 3.230

For the purpose of comparison with other shielding materials, the values of the mass
attenuation coefficient for all of the prepared samples and those for Portland concrete
for a wide range of energies 0.015–15 MeV were determined. Figures 8–10 illustrate the
calculated mass attenuation coefficients, effective atomic numbers, and effective electron
densities, respectively. Figure 8 depicts the variation in total mass attenuation coefficients
with incident photon energy with the chemical content of the prepared material, both
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of which may be explained by determining the dominating radiation interaction. The
absorption K-edge for Pb is attributable to the observed peak of µm for all PbO-filled
NBR/SBR blends at 0.088 MeV.
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The observed variation in µm for all of the prepared samples can be explained by the
energy and effective atomic number dependence and interaction with the photon radiation.
At low (E < 0.6 MeV), photoelectric absorption is the most predominant process. The
rapid decrease in µm with increases in the incident photon energy for all of the prepared
composites in this region is due to the fact that the probability of photoelectric absorption
is inversely proportional to the incident photon energy, as E3.5 [34,35]. The significant
difference in the µm values in the low-energy region can be attributed to the direct depen-
dence of the photoelectric cross-section on the atomic numbers of the constituent elements.
The values of Zeff for all of the prepared rubber blends in the energy range from 0.015 to
15 MeV are shown in Figure 4. All of the prepared rubber blends containing PbO exhibited
similar behavior. The attenuation cross-section is proportional to Z4−5 for photoelectric
attenuation, proportional to Z for a Compton interaction, and proportional to Z2 for pair
production. Therefore, the Zeff values increased as the percentage of PbO increased [34,35].
The difference in the atomic number in the low-energy region, which converted into the
Zeff in the case of the material composite, can be observed in Figure 9.

At intermediate incident photon energies (0.6 MeV < E < 5 MeV), the µm decreases
slowly with increasing photon energy and becomes nearly constant when the incident
photon energy reaches 3 MeV. (Figure 8). Furthermore, when compared to the low-energy
area, differences in total attenuation coefficient values are essentially nonexistent; almost
equal values have been found for various composites. This means that in the intermedi-
ate energy zone, the chemical composition of the chosen rubber blends is less relevant.
Figure 8 indicates that Compton scattering (especially incoherent scattering) becomes the
dominating kind of photon interaction as the incident photon energy increases; the partial
µm drops steadily. Because the cross-section of the Compton scattering process is inversely
proportional to the incident photon energy, this coefficient changes (E−1) [34,35]. As a
result, the slow decrease in the values of the total attenuation coefficient at intermediate
energy is primarily due to the contribution of the Compton scattering process’s partial
mass attenuation coefficient, which explains why lower values of all the samples’ mass
attenuation coefficients were obtained in this energy region (the minimum values of µm for
all investigated samples were observed at 5 MeV). The minor difference in µm values seen
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between the six samples in this energy band, on the other hand, is attributable to the linear
Z-dependence of the Compton scattering cross-section [34,35].

When the input photon energy approaches 15 MeV, the µm values become almost
constant (Figure 8) in the high-energy region (5 MeV < E). Moreover, the change in m
with chemical composition reappears, but it is less pronounced than the fluctuation seen
in the low-incident photon energy zone. The pair-production process may have gained
dominance in the high-energy region, causing these behaviors. On the other hand, the
Z-dependence of the cross-section of pair creation, which is proportional to Z2, can explain
the fluctuation of m with chemical composition. [34,35]. Figure 7 depicts a small variation in
Zeff in this high-energy region, which reflects why the variation in µm is small in this region.
All PbO-filled SBR/NBR blend samples have high attenuation coefficients compared to
concrete, especially with low-energy photon emissions, which are necessarily important for
shielding applications used during X-ray diagnoses.

The effective electron density of all of the prepared samples is shown in Figure 10. As
the filler concentration increases, the electron density increases. This was predicted with
a metallic filler such as lead where the high density of electrons will be obtained in the
photoelectric effect region compared with both Compton and pair-production regions.

5. Conclusions

In this study, black nanocarbon-loaded 0–100 phr PbO-filled SBR/NBR blends were
prepared. Both mechanical and gamma shielding properties were investigated. The ob-
tained results indicated that the PbO filler acts as a good reinforcing material for NBR/SBR
blends at 40 phr. The nature of the particle distribution in the prepared rubber matrix was
investigated by using an SEM. The elemental concentrations of the NBR/SBR composites
at different PbO concentrations were determined by using energy dispersive X-ray analysis
(EDX). The EDX mapping of the elemental compositions of all the prepared composites
showed that lead was uniformly distributed among the other elements in the prepared
rubber composites at different phr concentrations. The uniformity recommends the use of
these PbO-filled NBR/SBR blends as effective materials for radiation-shielding applications.
The results obtained for the total gamma attenuation of all prepared PbO-filled SBR/NBR
blend samples showed high gamma attenuation coefficients compared to those for concrete,
especially at low-energy photon emissions. These results support the recommended use
of the prepared PbO-filled NBR/SBR blends for the fabrication of personal protective
equipment used in radiation-shielding applications.
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