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Polypropylene was produced using compression molding and combined with bulk Bi,O5/CuO,
and Bi,03/CuO nanocomposites at various filler weight fractions (0 %, 5 %, 10 %, 15 %, and
20 %). Gamma-ray energies from four radioactive sources (241Am, 133Ba, 137Cs, and %°Co), rang-
ing from 59.53 keV to 1332.5 keV, were used to evaluate the radiation attenuation capabilities of
the new PP/Bi,O;/CuO polymer composite. Parameters such as the mass attenuation coefficients,
total molecular cross-section, effective atomic cross-section, total electronic cross-section, electron
density, effective atomic number, half-value layer, tenth value layer, and relaxation length were ex-
amined. The results underscored the significant influence of both the size and weight fraction of
Bi,0;/CuO fillers on the gamma-ray shielding ability of the polypropylene composite, particularly
at lower gamma-ray energy levels. Pure lead, a traditional and widely used shielding material, was
used as a reference to assess the effectiveness of the polypropylene composite's half-value layer. Poly-
propylene composites incorporating nano-sized Bi,O;/CuO exhibited notable improvements in at-
tenuation parameters, highlighting their potential for radiation protection and gamma-ray shield-

ing applications.
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INTRODUCTION

Radiation in its various forms has become wide-
spread, especially in essential daily applications such
as industry and medicine. However, its constant use
brings serious hazards, urging researchers to focus on
developing and implementing effective radiation pro-
tection and shielding properties. Such hazards affect
humans and the environment alike, depending on the
time, distance, and protection from the radiation
source [1]. However, it is undeniable that the benefits
of radiation outweigh the risks, especially when used
safely and shielded appropriately. The more protected
people are from radiation through appropriate shield-
ing material, the more benefits we could gain from ra-
diation, including gamma rays, and the lower the
health and environmental risks will become. Hence,
researchers have designed shields that can absorb high
energy to protect humans from these hazardous radia-
tions depending on their chemical and physical [2],
structural and nuclear properties, and the characteris-
tics of the radiation affecting them.

* Corresponding author, e-mail: ms241178@hotmail.com

Lead, a metal with high density and atomic num-
ber, has been the most common material used for atten-
uating higher quantities of generated gamma rays.
However, it makes for a rather impractical shielding
material as it is toxic[3], heavyweight, chemically un-
stable, and has limited mechanical properties. There-
fore, there is a growing trend towards replacing tradi-
tional fillers with inorganic micro- and nano-filler-
reinforced polymer composites, such as epoxy, poly-
ethylene, polyester, and polyimide. These composites
offer a safer, more cost-effective, lighter, and more
flexible alternative. Additionally, they are chemically
stable and possess beneficial physical and radiation
properties. They also have high plasticity and are eas-
ily shapeable during the reinforcement process, which
involves combining them with high-density materials
due to their low atomic number. Due to these reasons,
oxides, including bismuth oxide and copper oxide, are
generally considered better shielding material against
gamma rays than lead [3]. Micro and nano-fillers can
be created using various metal oxides, such as PbO,
Bi,0;, and WO;. These metal oxides' high density al-
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lows the polymer composite to significantly improve
its radiation shielding ability by offering uniform dis-
persion and a larger surface/volume ratio of the filler at
the nanoscale [4-8].

Several nanocomposite materials/polymers
have been developed and improved by researchers
such as Kunzel and Okuno [9] investigated polymeric
resin incorporating copper oxide (CuO) particles at
5 %, 10 %, and 30 % in both micro- and nano-sizes.
The findings indicated that the effectiveness of the
CuO-resin composites was higher with nano-sized
particles compared to micro-sized particles. Addition-
ally, during another research study, high-density poly-
ethylene (HDPE) was blended with micro and nano-
sized cadmium oxide particles to reduce photon beams
with energies between 59.53 keV and 1408.01 keV.
The researcher's findings suggested that incorporating
nanoscale-reinforced HDPE improved the overall
shielding effectiveness, especially at lower photon en-
ergies [10]. A study by Alyaa H.[11] examined the ef-
fectiveness of a nanocomposite material, consisting of
ultra-high molecular weight reinforced with varying
concentrations of Bi,03, in shielding against gamma
radiation. The findings indicated that the shielding ca-
pabilities of the synthesized composites improved as
the bismuth oxide concentration increased. It was ob-
served that the polymer containing 2.0 % Bi,0; dem-
onstrated higher efficiency in attenuating photons.

Another promising and effective shielding mate-
rial is polypropylene (PP), a well-known thermoplas-
tic [12] polymer with applications in various fields,
such as plastic packaging, medicine, and electrical in-
dustries. One of the main reasons for its wide use is
that polypropylene is a hydrocarbon polymer- as it
consists substantially of carbon atoms, it is capable of
effectively mitigating the effects of radiation. More-
over, polypropylene has excellent tensile strength and
temperature resistance [13-16], making it a favorable
choice for experiments. Overall, the capabilities and
efficiency of polymer nanocomposites are dependent
on various factors including filler type, the filler
weight fraction to the matrix, the conditions set, and
the synthesis procedure. This research project aims to
design new composite materials by choosing PP as a
matrix due to its high-pressure resistance and superior
mechanical properties, where Bi,O; and CuO bulk and
nano-composites were selected as a filler with differ-
ent weight fractions (0 %, 5 %, 10 %, 15 %, 20%) mi-
cro and nanocomposite due to their potential proper-
ties such as ability in their potential properties,
including their high melting point and the ability to be
turned into fine powder. The compression molding
technique was used to create the polymer composites,
while the mechanical ball mill approach was used to
prepare the nanocomposite. At gamma-ray energies of
59.53 keV, 356.01 keV, 661.66 keV, 1173.23 keV, and
1332.5 keV, the radiation attenuation parameters of
the PP/(Bi,04/CuO) composite were examined to as-

sess the impact of (Bi,O,/CuO) fillers' size and weight
fraction on the easily and inexpensively made polymer
nanocomposite materials. The outcome of this investi-
gation will not only demonstrate the potential for these
new composite materials to be further developed for
radiation shielding applications. It will also provide
valuable prospects for creating new, safe, and effec-
tive gamma-ray protective PP nanocomposites.

EXPERIMENTAL
Materials

A commercial sample of polypropylene was ob-
tained from Egyptian Propylene and Polypropylene
Company under the trade name (FM525J) with a density
of 0.9 gcm 3 and a Melt Flow Index (MFI) of 3 g per 10
min was used as a matrix in this study. Microparticles of
bismuth oxide were collected from Sigma Aldrich, Spain
in powder form (purum 98 %) with a molecular weight
(MW) of 465.96 gmol ! and a density of 8.9 gcm ™ . In
addition, copper oxide (cupric oxide) was obtained by
the same company- Sigma Aldrich, China- as a powder
(<10 pm and purity 98 %). It has a density of 6.31 gem™
and an MW of 79.55 gmol ! . Both Bi,0, and CuO were
used without further purification.

Bi,O; and CuO nanocomposite
preparations

To start the preparation method 0f Bi,05 or CuO,
A mechanical method designated by a high energy
planetary ball mill (Retch, PM 100) was used in a dry
state for 60 min with the following conditions: the ball
to powder weight ratio was 10:1 and the milling speed
was set at 400 (revolutions per minute), where the
milling was stopped for 1 min every 20 min to cool
down the system. The sizes obtained for Bi,O, and
CuO were 74.30 nm and 14.30 nm, respectively.

Bi,O; -CuO bulk /nanoparticle
mixture preparations

To ensure homogeneity for both bulk and
nano-mixtures, commercial or the obtained nano Bi,0O;
(70 %) and CuO (30 %) were used. They dispersed in
pure ethanol under stirring for around 60 minutes. The
solvent was evaporated at 60 °C during stirring.

Polymer composite synthesis

The compression molding process was used to cre-
ate PP composites with filler weight fractions of 0 %,
5%, 10 %, 15 %, and 20 % of (Bi,O/CuO) Bulk (B) and
(Bi,04/CuO) NP(N). The categories, names, and de-
scriptions of the samples are displayed in tab 1. After
weighing, the PP pellets were added to XK400 two-roll
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Table 1. Category, name, and descriptions of samples

Category Name

Descriptions

PP PP

Polymer without reinforcement

5 wt % (Bi,03/CuO) Bulk(B)

PP filled with 5 wt % of (Bi,05/CuO) Bulk(B)

Polymer Composites of pure

10 wt % ( Bi,03/CuO ) Bulk(B)

PP filled with 10 wt % of (Bi;05/CuO) Bulk(B)

Composites (Bi,O3/CuO) as received

15 wt % ( Bi,05/CuO ) Bulk(B)

PP filled with 15 wt % of (Bi,O3/CuO) Bulk(B)

20 wt % (Bi,05/CuO) Bulk(B)

PP filled with 20 wt % of (Bi;05/Cu0) Bulk(B)

5 wt % (Bi;05/Cu0) NP(N)

PP filled with 5 wt % of (Bi,05/CuO) NP(N)

Polymer Composites of Composites

10 wt % (Bi,05/Cu0O) NP(N)

PP filled with 10 wt % of (Bi»O5/CuO) NP(N)

(B1,053/CuO) milled for 60 min

15 wt % (Bi,03/CuO) NP(N)

PP filled with 15 wt % of (Bi,05/CuO) NP(N)

20 wt % (Bi,03/CuO) NP(N)

PP filled with 20 wt % of (Bi,05/Cu0O) NP(N)

Computer
Figure 1. The experimental i
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mill mixers. The mixer was then set to 40 rpm and heated
for 15 minutes at a temperature of 190 °C. To prevent
clumping, specific volumes of either (Bi,O;/CuO)
Bulk(B) or (Bi,05/CuO) NP(N) were introduced to the
mixing chamber. Once the polymer matrix was fully
melted, the prepared samples were shaken after ten min-
utes to ensure thorough and even mixing. The samples,
along with a Teflon layer, were placed in a rectangular
stainless-steel mold measuring 25 cm x 25 cm % 0.3 cm
to achieve a smooth surface. Subsequently, a 10-minute
hot press was conducted at 8 MPa and 190 °C. The pres-
sure was then gradually increased to 15 MPa for 10 min-
utes. The formed composite sample was then progres-
sively cooled with water at a rate of 20 °C per minute
until it reached room temperature. Thus, a pure PP sam-
ple was produced without adding (Bi,O5/CuO). Each
prepared sheet was then divided into five disk samples,
each with a diameter of 8.3 cm, to examine their gamma
radiation shielding properties.

Measurements of gamma-ray
attenuation coefficients

Gamma-ray attenuation measurements were
conducted at Alexandria University's Radiation Phys-
ics laboratory. Figure 1 outlines the setup using a scin-
tillation Nal detector [17]. The gamma-ray spectrome-
try system includes a high voltage (HV) power supply

for detector operation, a preamplifier to reduce noise
and shape the pulse induced by fluctuations, and an
amplifier to enhance the signal, sometimes over 1000
times. Additionally, a timer is connected to the scalar
to record pulses, ensuring optimal time interval con-
trol and management. These components interface
with ISO 9001 Genie 2000 software for analysis. Ra-
dioactive sources (**' Am, '¥3Ba, 137Cs, and °°Co) were
procured from the Physical-Technical Federal Insti-
tute (PTB) in Braunschweig and Berlin and measured
ata 75 cm axial distance from the detector's front sur-
face. Table 2 illustrates the emitted energies that spec-
ify the sources [18-21].

The sample was positioned on a holder between
the source and the detector, and the gamma-ray gener-
ated during experimental measurements was added.
This repeated process involved sequentially adding
five different thicknesses of the sample with the same
composite, and then the detected spectra were ana-
lyzed using Genie2000 software. The net area beneath
each characteristic peak was highlighted and mea-
sured to determine the count rate (N). To ensure statis-
tical reliability with less than 1 % uncertainty, the ac-
quisition time was adjusted until at least 20000 counts
were registered beneath the full-energy peak. Sources
were placed far from the detector surface to mitigate
counting rate, dead time, and pile-up effects.
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Table 2. Photon energy of the used radioactive sources

Radioactive sources Photon energy [keV]
*Am 59.53
"Ba 356.01
YCs 661.66
1173.23
60
co 1332.5

The best-fitting analysis of the plotted slope rep-
resenting the linear relationship between In [N] and the
thickness of the disc specimens x (cm) was deter-
mined. The linear attenuation coefficient u [em™'][22]
of each composite sample was then calculated

u=ih{ﬂ (1

N, and N, are the detector count rates with and without
the composite sample.

Accurate measurements of the apparent density
p of the prepared composite samples were performed
using a calibrated balance (precision of 0.1 mg) and
applying the following equations based on Archime-
des' technique [23]

p= (a)pw 2

a+w->b

where a is the apparent mass of the specimen weighed
in the air without wire, b — the apparent mass of the
specimen completely submerged in water and the wire
partially submerged in water, is the apparent mass of
the wire partially submerged in water, and p,, — the
density of water (1.00 gem ™).

Dividing i by the measured density of the com-
posite sample p yields the value of mass attenuation
coefficient g, (cm?g™") by using the following equa-
tion [24, 25]

Hn =2 3
o

The theoretical values of the mass attenuation
coefficients of the mixture or composite have been in-
vestigated by NIST XCOM standard reference data-
bases and were used to obtain the theoretical values of
the mass attenuation coefficients of the mixture or
composite based on the mixture rule. The contribution
of each element to the total interaction of the
gamma-ray photon was taken into assumption. The
following equation is then used to acquire the total
mass attenuation coefficient [26]

Hn :Zwi(#m)i 4)

where wi and (u,); represent the weight fraction and
the mass attenuation coefficient of the constituent ele-
ments of the composite, respectively.
The equation used to determine the weight frac-
tion is as follows
. = n;A,; 5)

l Z”iAi

i

where 4; and n; are the atomic weight and the number
of formula units of the it" constituent element of the
composite, respectively.

The values of the calculated theoretical density
of the composite samples were calculated by [27]

100
Pr :( J (6)
M matrix /:Dm +mﬁller /pf

where my,uix 18 the wt % of PP, mgpe, — the wt % of
Bi,05/CuO, py, — the density of PP, and p¢— the density
of B1203/Cu0

The obtained experimental values of the mass at-
tenuation coefficient i, were compared to the theoret-
ical values acquired using the NIST XCOM database.

The following equations are used to calculate the
total molecular cross-section o, (cm? per molecule)
and the total atomic cross-section &, (cm? per atom)

atm

[28] )
O ol = /;[m ZniAi (7)
'A i
Oum =4 ‘“)mv"v’f - ®)
wyy) o

where N, is the Avogadro constant (6.022 1367(36) x
10% mol ™).

The total electronic cross-section o, (cm? per
electron) is obtained by

__L g Jidif p
a=yL7y (pl ©)

1
where Z; is the atomic number of each element and f; —
the number of atoms relative to the total number of at-
oms of all elements in the mixture.

The effective atomic number Z_; is related to
O ,m and o, as follows [29]

Zop =2 (10)
Ol

The effective electron density N4 (electrons per
g x 10??) is defined as the number of electrons per unit
mass and obtained from [30]

Ny

Z”iAi

i

N = Zeffzni (11)

The half-value layer (HVL) is defined as the
thickness of a material needed to reduce the intensity
of the incident radiation to half of its original value.
The tenth-value layer (TVL) is the thickness required
to reduce the intensity to one-tenth of its original value
[31]. They are calculated using the following equa-

tions
HVL:IH—2 =70'693 (12)

1023026
A= (13)
wooou

TVL =
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The relaxation length, also known as the mean
free path and defined as the average distance traveled
by a gamma photon [31] during different collisions
with the medium's atoms, can also be used to under-
stand the shielding feature of a material. The measure-
ment was conducted utilizing relation

A=—

u

where p is the coefficient of linear attenuation coeffi-
cient.

(14)

RESULTS AND DISCUSSION
Linear attenuation coefficient (1)

The linear attenuation coefficient (LAC) is a ba-
sic parameter used to experimentally measure the ab-
sorptive capacity of any material for incoming radia-
tion. It is described as the probability of photon
interaction by one physical process or another per unit
distance [32]. The values obtained from experimenta-
tion, the calculated values p using NIST XCOM data-
bases, and the density values of PP, PP/(Bi,0,/CuO)
Bulk(B), and PP/(Bi,05/CuO) NP(N) composites at
59.53 keV, 356.01 keV, 661.66 keV, 1173.23 keV, and
1332.5 keV are compiled and displayed in tab. 3.

The primary interaction of gamma rays occurs
with atomic electrons. Consequently, the linear attenu-
ation coefficient is directly linked to the electron den-
sity, which is in turn proportional to the bulk density p
of the absorbing material. The density of the poly-
propylene sample is 0.9277 gem™>, while the bulk
composites range from 0.9692 to 1.1183 gcm™ and the
nanocomposites range from 0.9958 to 1.1507 gem™.
Increasing the weight percentage of the reinforcing
material leads to a higher linear attenuation coefficient
of the composites, attributable to their greater density.
Conversely, the linear attenuation coefficient de-
creases with higher energy levels, as shown in tab. 3.

Mass attenuation coefficient yi,,

The mass attenuation coefficient (MAC) is a
constant that is commonly used to evaluate how effective
various materials are at absorbing and shielding from ra-
diation. The concept can be described as the probability
of the gamma photon interacting with the medium per
unit mass of the absorber [32]. The value is not influ-
enced by density and was calculated by dividing the lin-
ear attenuation coefficient by the material's density by us-
ing eq. 3. Table 4 summarizes the theoretically calculated
values using NIST XCOM databases, experimentally
obtained values, and experimentally values of PP,

Table 3. Density, linear attenuation coefficients, and theoretical values were measured using an XCOM database for pure

PP, PP/Bi,03/CuO(B), and Bi,O3;/CuO(NP) composites

Linear attenuation coefficient i Density p [gem ]
Sample Energy [kev] | Bi,0,/CuO | Bi,05/CuO; X-COM Bi,03/Cu0 Bi,05/Cu0;

Nano Bulk(B) Nano Bulk(B)
59.53 0.1770 0.1751
356.01 0.1039 0.1055

Pure PP(0 wt %) 661.66 0.0810 0.0816 0.9277

1173.23 0.0624 0.0622
1332.5 0.0582 0.0582
59.53 0.3908 0.3434 0.3901
356.01 0.1300 0.1151 0.1209

5 wt %(PP\Bi,05/Cu0O) 661.66 0.0937 0.0852 0.0888 0.9958 0.9692
1173.23 0.0692 0.0644 0.0674
1332.5 0.0646 0.0611 0.0630
59.53 0.6028 0.5211 0.6230
356.01 0.1407 0.1233 0.1371

10 wt % (PP\Bi,03/CuO) 661.66 0.0996 0.0894 0.0963 1.0412 1.0109
1173.23 0.0727 0.0668 0.0728
1332.5 0.0669 0.0628 0.0679
59.53 0.8431 0.7075 0.7148
356.01 0.1581 0.1362 0.1358

15 wt % (PP\Bi,03/CuO) 661.66 0.1073 0.0939 0.0943 1.1047 1.0614
1173.23 0.0773 0.0698 0.0698
1332.5 0.0706 0.0653 0.0652
59.53 1.1040 0.9268 0.9338
356.01 0.1725 0.1494 0.1483

20 wt % (PP\Bi,0;/CuO) 661.66 0.1113 0.0990 0.0997 1.1507 1.1183
1173.23 0.0802 0.0728 0.0731
1332.5 0.0728 0.0680 0.0683
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Table 4. Measured values of mass attenuation coefficients, relative increase rate, theoretical values of mass attenuation

coefficients, and discrepancy for PP and PP composites

i Mass attenuation coefficient [cm’g ']
Sample Energy [keV] PP XCOM A [%]
59.53 0.1908 0.1888 1.053
356.01 0.1120 0.1138 1.587
Pure PP (0 %) 661.66 0.0873 0.08802 0.807
1173.23 0.0673 0.06708 0.270
1332.5 0.0627 0.06283 0.153
Sample Energy [keV] | Bi,O3/CuO; Bulk(B) | Bi,O3/CuO Nano S [%] XCoOM A [%]
59.53 0.3543 0.3925 10.761 0.3504 1.120
356.01 0.1188 0.1306 9.926 0.1185 0.221
5 wt % (PP/Bi,05/CuO) 661.66 0.0879 0.0941 7.036 0.0883 0.441
1173.23 0.06064 0.0695 4.581 0.0666 0.302
1332.5 0.0630 0.0649 2.902 0.0623 1.048
59.53 0.5155 0.5789 12.304 0.512 0.684
356.01 0.1220 0.1351 10.783 0.1232 0.994
10 wt % (PP/Bi,05/CuO) 661.66 0.0884 0.0957 8.159 0.0885 0.170
1173.23 0.0661 0.0698 5.657 0.0662 0.223
1332.5 0.0621 0.0643 3.421 0.0619 0.283
59.53 0.6666 0.7632 14.490 0.6735 1.027
356.01 0.1283 0.1431 11.524 0.128 0.253
15 wt % (PP/Bi,05/CuO) 661.66 0.0885 0.0971 9.786 0.0888 0.451
1173.23 0.0658 0.0700 6.399 0.0658 0.071
1332.5 0.0615 0.0639 3.874 0.0615 0.022
59.53 0.8287 0.9594 15.769 0.8351 0.762
356.01 0.1336 0.1499 12.214 0.1327 0.672
20 wt % (PP/Bi,03/Cu0O) 661.66 0.0885 0.0967 9.262 0.0891 0.712
1173.23 0.0650 0.0697 7.066 0.0653 0.433
1332.5 0.0608 0.0633 4.047 0.0610 0.434

PP/(Bi,05/CuO) Bulk(B), and PP/(Bi,O5/Cu0O) NP(N)
composites at 59.53 keV, 356.01 keV, 661.66 keV,
1173.23 keV, and 1332.5 keV. The table also presents the
percentage discrepancy between experimental and theo-
retical values for PP composites, and the comparative
rate of increase between the values of (Bi,O;/CuO)
NP(N) and (Bi,05/CuO) Bulk(B) composites by using
the following eq. [33]

5:/unan0 _:ubulk 100[%] (15)
Hpuik

The PP/Bi,0;/CuO NP(N) composite showed
higher values than its counterparts, as shown in tab. 4.
This difference is primarily due to a greater concentra-
tion of Bi,0,/CuO fillers per gram in Bi,O;/CuO NP
compared to bulk Bi,O,/CuO fillers. The discrepancy %
values in the table indicate a close agreement between the
experimentally measured and theoretically calculated
values of 1, for all PP composites, affirming the precise
calibration of the measurement setup. The relative in-
crease rate of & % values suggests that the mass attenua-
tion coefficient values of PP/Bi,O;/ CuO NP(N) com-
posite are higher compared to PP/Bi,0,/CuO Bulk(B)
composite at the same Bi,O5/CuO wt % and same inves-
tigated gamma-ray energy; the high surface-to-volume
ratio of nanocomposite heightens the likelihood of
gamma-ray interaction with the absorbing composite

samples. Typically, densely packed atoms within the
polymer matrix effectively attenuate the primary
gamma-ray beam by increasing the probability of photon
scattering processes [18]. Conversely, the PP/Bi,O5/
CuO NP(N) composite demonstrates better gamma-ray
absorption capabilities. Therefore, it holds potential as a
better gamma-ray shielding material compared to
PP/Bi,05/CuO Bulk(B) composites across the entire
range of studied gamma-ray energies.

Tables 3 and 4 also show that LAC and MAC are
significantly affected by both the incident energies of
gamma rays and the chemical composition of the PP
composites. It experiences a significant decrease be-
tween the gamma-ray energies of 59.53 keV and
356.01 keV. Conversely, it demonstrates an increase as
the weight fraction of Bi,O5/CuO in the PP composites
rises, indicating a direct relationship. In this range of
photon energies, the primary interaction with the com-
posite samples is attributed to the photoelectric effect
[27]. This is because the photoelectric effect was in-
creased at high atomic numbers and low energies, and
decreased with increasing y-ray energy [28]. This ex-
plains the sharp decrease and the enhanced photon ab-
sorption capacity with increased Bi,0,/CuO filler con-
tent. The values of MAC and LAC decrease less
significantly when the energy exceeds 661.66 keV due
to the rising occurrence of Compton scattering [28] at
intermediate energies that are relative to the atomic
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number to the atomic weight ratio (Z/M) and pair pro-
duction interaction at energies greater than 1173.2 keV.
The primary interaction depends on the quantity of un-
attached electrons per unit of mass, rather than on Z,
which diminishes the significance of the Bi,O5/ CuO
filler in the procedure. Additionally, the concentrations
of support material and the density of the nanocompos-
ite were raised, leading to an improvement in the shield-
ing properties for both kinds of samples.

Molecular and atomic cross-section

Table 5 presents the experimentally measured
and theoretically calculated values of the total molecu-
lar cross-section o, and the effective atomic
cross-section o, for PP and its composites. The re-
sults show a correlation between the incident gamma-
ray energies and the chemical composition of the PP
composites. The values of o, and o, exhibit a pat-
tern similar to  and 1., wherein they sharply decrease
between gamma-ray energies of 59.53 keV and 356.01
keV and then slightly decrease within the energy range
from 661.66 keV to 1332.5 keV.

The o,,,,; and o, increased as the Bi,O,/CuO filler
weight fraction increased for all PP composites and de-
creased with increasing energy. Moreover, PP/Bi,O,/CuO

NP(N) composites show the greatest values of 6, and o,
compared to PP/Bi,0,/CuO Bulk(B) composites when re-
taining Bi,O,/CuO weight fraction and energy value.

The experimental determination of the mass at-
tenuation coefficients for the main composite ele-
ments of PP is challenging due to their low atomic
number. The parameters o, Z.s, and N, are obtained
using egs. (7-11) and exhibit similar behavior across
different gamma-ray energies. These parameters are
influenced by both the low gamma-ray energies of the
incident and the chemical composition of the PP com-
posites. The values of 6, Z.g, and N demonstrate an
increase as the weight fraction of Bi,O;/CuO in the PP
composites increases within the gamma-ray energy
range of 59.53 keV to 356.01 keV. This is attributed to
the predominant impact of the photoelectric effects
with Z*3 dependence [31] on the total interaction with
the composite samples. Within the energy range of
gamma rays from 661.66 keV to 1332.5 keV, oy Zr
and N, maintain relatively constant values across all
energies. This trend persists with an increase in the
mass fraction of the filler Bi,O;/CuO due to the pre-
dominance of Compton scattering [20]. Hence, the el-
evated atomic number of bismuth and copper, com-
pared to other elements in the PP composite, along
with the increase in molecular weight due to the higher
wt %, does not significantly impact the PP composites'

Table 5. Total molecular cross-section and the effective atomic cross-section for PP and PP composites at various filler wt.

% and different energies

Total molecular cross-section G- 1072 (cm2 Effective atomic cross-section oy, 107 (cm2
Sample Energy [keV] per/molecule) per atom)

PP XCOM PP XCOM
59.53 0.130 0.131 1.452 1.465
0wt % 356.01 7.674 7.950 0.894 0.883
(PP/BiZO3/Ein) 661.66 5.983 6.150 0.681 0.683
1173.23 4.609 4.687 0.525 0.520
1332.5 4.299 4.390 0.492 0.487

Sample Energy [keV] Bllgzgﬁ(/(cél)o Blzlg ;guo XCOM ngﬁ(/(%l)o BIZS ;ﬁuo XCOM
59.53 0.259 0.287 0.294 2.834 3.139 3472
5wt % 356.01 8.700 9.563 9.138 0.950 1.044 1.076
(PP/Bi203/0CuO) 661.66 6.440 6.893 6.716 0.703 0.752 0.790
1173.23 4.867 5.090 5.097 0.531 0.555 0.600
1332.5 4.618 4.752 4.763 0.504 0.518 0.560
59.53 0.396 0.445 0.474 4.257 4.781 5.090
10 wt % 356.01 9.389 0.104 0.104 1.007 1.116 1.120
(PP/BiZO3/COuO) 661.66 6.808 7.363 7.340 0.730 0.790 0.787
1173.23 5.087 5.374 5.549 0.545 0.576 0.595
1332.5 4.782 4.946 5.174 0.513 0.530 0.555
59.53 0.540 0.618 0.546 5.697 6.522 5.756
15 wt % 356.01 0.104 1.16 0.103 1.096 1.223 1.093
(PP/BiZO3/8uO) 661.66 7.175 7.877 7.207 0.759 0.830 0.759
1173.23 5.333 5.675 5.337 0.562 0.598 0.562
1332.5 4.989 5.183 4.989 0.525 0.546 0.525
59.53 0.710 0.822 0.715 7.348 8.506 7.404
20 wi % 356.01 0.114 0.128 0.113 1.184 1.329 1.176
(PP/BiZO3/éuO) 661.66 7.586 8.288 7.640 0.784 0.857 0.790
1173.23 5.578 5.972 5.602 0.577 0.617 0.579
1332.5 5.210 5.421 5.234 0.539 0.560 0.541
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ability to attenuate gamma radiation. This observation
aligns with the experimental results for the mass atten-
uation coefficient.

HVL and TVL Values

The design of effective radiation shielding,
based on LAC calculations, heavily relies on the
half-value layer (HVL) and tenth-value layer (TVL).
The HVL indicates the thickness of the radiation
shielding material needed to reduce the radiation level
to 50 % of its initial value [30], while the TVL repre-
sents the thickness required to reduce the radiation to
one-tenth of its original intensity [31]. Equations 12
and 13 are used to calculate the HVL and TVL, respec-
tively. According to the findings depicted in figs.
2(a-b), the HVL values of the tested composites show
a significant decrease compared to pure PP, particu-

L Jswi%s
24 Towt %8

5
= 10 B
=
e =

59.53
(a) Energy [keV]

356.01 661.66 1173.23

13325

larly at lower energies and higher filler concentrations.
This leads to enhanced shielding properties of the
composites compared to pure PP. As photon energy in-
creases, the HVL values also increase, requiring more
thickness of absorbing material to reduce the intensity
of the incident radiation, thus reducing its strength,
and penetrating deeper into the material. The TVL di-
minishes as the percentage of filler weight rises and in-
creases with higher energy levels, as illustrated in figs.
3(a-b).

Relaxation length A

The ability of a material to shield can be ex-
plained by its relaxation length, also known as the
mean free path. This length refers to the average dis-
tance a gamma photon travels before colliding with at-

[ PP
[ ]5wt %-NPs -
E 10 wt %-NPs ~F
15wt %-NPs 0fa,
[ J20wt %-NPs 233
Yo
o~
59.53 351.01 661.66 1173.23 1332.5
(b) Energy [keV]

Figure 2. Comparison of HVL thickness and gamma-ray energy for the (a) Bi,O3/CuO Bulk(B) composites and

(b) Bi,O3/CuO Nano (NP) composites

1 mee
1 Edswto%ne
35+ |10 wt %-NP
I 15 wt %-NP
S
- 304
E
25 ]
20
15 -
104
54
0+
59.53keV  356.01keV 661.66keV 1173.23keV 1332.5 keV
(@) Energy [keV]

59.53keV  356.01keV 661.66keV 1173.23keV 13325 keV
(b) Energy [keV]

Figure 3. The polymer composites' TVL thickness concerning the filler % weight (a) Bi,O3/CuO Nano (NP) composites

and (b) Bi,O3/CuO Bulk(B) composites
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oms in the medium. It was determined using eq. (14),
and the outcome is depicted in fig. 4. The equation in-
dicates that the relaxation length depends on the LAC,
with a higher LAC value corresponding to a shorter re-
laxation length. The graph shows that A declines as the
filler weight percentage increases, but rises as gamma
energy increases. Low-energy photons dissipate their
energy over a limited distance, whereas high-energy
photons require a greater distance to dissipate their en-
ergy. This indicates that the shielding property of a ma-
terial improves as its relaxation length decreases.
The values of LAC for a nano composite containing
20 wt % varied from 1.1040 cm™! at 59.53 keV to
0.0728 cm! at 1332.5 keV. At the same energy levels,
the HVL ranged from 0.74 cm to 10.19 cm when com-
pared to the bulk and other nano-composite samples.
This indicates that the optimal shielding parameters
were achieved when PP was reinforced with a
nanocomposite containing 20 wt %.

As a result, the HVL values for the composite
sample with 20 wt % were selected for comparison
with pure lead (Pb) due to its outstanding radiation
performance. Table 7 displays the HVL ratio of the PP
composite with a 20% weight fraction of Bi,O5/CuO
compared to pure lead across the gamma-ray energy
range of 59.53 keV to 1332.5 keV, demonstrating the
effectiveness of the investigated PP composites as ma-

20

PP

L L L L L L L
w w0
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Figure 4. The polymer composites' relaxation length
changes based on the filler's weight percentage

terials for shielding against radiation. The equivalence
at 59.53 keV between 7.47 mm of 20 wt % nano
Bi,0;/CuO composite and 0.13 mm of lead shield is
56.65 times the thickness of lead. However, at a higher
energy of 1332.5 keV, 101.93 mm of this composite is
only 9.08 times the thickness of lead, which is equiva-
lent to 11.21 mm of lead. Therefore, this lightweight
nanocomposite shows promise as an absorber for

Table 6. Total electronic cross-section o, effective atomic number Zg, and electron density N for PP and PP composites
at various filler wt % and different energies

Sample Energy [keV] G« (cm?/electron) ‘ Zeff. ‘ N, 107 (electrons /g)
Theoretical

59.53 0.5471 2.6788 3.4502

356.01 0.3314 2.6653 3.4328

0 wt % (PP/Bi,O3/CuO) 661.66 0.2562 2.6666 3.4345
1173.23 0.1953 2.6664 3.4342

1332.5 0.1829 2.6667 3.4346

Energy [keV] Bi,03/CuQO Bulk(B) Bi,03/CuO Bulk(B) | Bi,O0;/CuO Bulk(B)

59.53 0.6199 5.6005 6.4930

356.01 0.3352 3.2093 3.7207

5 wt % (PP/Bi,05/CuO) 661.66 0.2577 3.0682 3.5571
1173.23 0.1961 3.0590 3.5464

1332.5 0.1837 3.0525 3.5390

59.53 0.7001 7.2701 8.8022

356.01 0.3394 3.3017 3.9975

10 wt % (PP/Bi,05/CuO) 661.66 0.2593 3.0362 3.6761
1173.23 0.1971 3.0196 3.6560

1332.5 0.1846 3.0071 3.6408

59.53 0.7306 7.8775 9.2169

356.01 0.3377 3.2383 3.7889

15 wt % (PP/Bi,05/Cu0) 661.66 0.2576 2.9477 3.4489
1173.23 0.1954 2.8774 3.3666

1332.5 0.1830 2.8719 3.3601

59.53 0.8057 9.1894 10.363

356.01 0.3402 3.4574 3.8993

20 wt % (PP/Bi,05/Cu0) 661.66 0.2582 3.0610 3.4522
1173.23 0.1955 2.9650 3.3439

1332.5 0.1831 2.9572 3.3352
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Table 7. The HVL outcomes for the 20 wt % nanocomposite
sample compared with those for pure lead (Pb), and the
ratio between them was calculated

Energy HVL - HVLcomposite

[keV] Pure lead | PP/Bi,0O3/CuO \HVLp,

(Pb) Nano 20 wt %

59.53 0.0132 0.74789 56.65833
356.01 0.2299 4.63953 20.18064
661.66 0.5901 7.00148 11.8649
1173.23 1.0254 9.5212 9.285352
1332.5 1.1218 10.1933 9.086557

gamma rays and could serve as an alternative to lead
shielding.

CONCLUSION

The Bi,05/CuO (70 %/30 % weight fraction) mi-
cro-and nanocomposite with different weight percent-
ages (0 %, 5 %, 10 %, 15 %, and 20 %) reinforced into
PP samples have been thoroughly investigated for their
potential use in radiation attenuation. Tests on the effec-
tiveness of gamma-ray protection against various en-
ergy sources revealed a good agreement between the
experimental data and NIST-XCOM data. When add-
ing the B1,0,/CuO weight fraction to the PP composite
at low gamma energies, the mass attenuation coeffi-
cients , total molecular cross-section , and effective
atomic cross-section all increased. Notably, for all
gamma-ray energies, there is a significant improvement
in the nanocomposite NP(N) compared to the Bulk(B)
composites. This enhancement is attributed to the high
electron density from the amplification of the
nano-filler in the polymer matrix, which increases the
likelihood of gamma-ray interaction within the
nanocomposites. Conversely, increasing the weight
fraction of Bi,O5/CuOQ in the composites at low energies
increases the total electronic cross-section, the effective
atomic number, and the electron density. However, at
high energies, no significant variation is observed, and
increasing the weight fraction of Bi,0;/CuO in the
composites decreases the half-value layer(HVL),
tenth-value layer (TVL), and relaxation length ?. These
findings are particularly noteworthy at low energies.
The results of shielding parameters demonstrate that for
all tested energies, PP reinforced with nano Bi,O5/CuO
provides superior attenuation compared to PP rein-
forced with micro Bi,O5/CuO. Ultimately, the compos-
ite with 20 wt % (PP/B1,05/CuO) NP showed excellent
shielding qualities, suggesting that it could be a good al-
ternative for radiation shielding.
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Mona M. TOY A, Mona IIEBJIN, Kynyn XABAHIJIAP,
Awmpo OBEU]I, Pamagan ABAJI, Moxamen C. BAIIABU

KAPAKTEPUCTUKE CJ/IIAB/BEIbA TAMA 3PAYEIA ITOJUIIPOIIMIEHOM
NCIOYBEHUM Y MACU HAHOBE/IMYUNHAMA Bi>O3 1 CuO

INonunponusueH je MPOU3BEAECH KOMIPECHUjCKUM IPECOBAHEM U KOMOHMHOBAH Ca HAHOKOM-
nosuruma Bi,O,/CuO u Bi,0,/CuO ca paznuuntuM TexxuHckuM (pakiujama npumeca (0 %, 5 %, 10 %,
15 % 1 20 %). Enepruje rama 3padyema U3 4eTUpH paguoakTusHa ussopa (*'Am, 13Ba, 37Cs u °°Co), y
pacnony of 59.53 keV no 1332.5 keV, kopuntheHe cy 3a npoueHy cnocoOHOCTH clabiberha 3padyetmha HOBOT
KoMro3uTHor nonumepa PP/Bi,0,/CuO. Mcnuranu cy mapaMeTpu: MaceHHU KOS(UIUjEHTH clalibema,
YKyIIaH MOJIEKYJICKU Ipecek, e(peKTUBHA aTOMCKH NPECEK, YKYIaH eJICKTPOHCKH NpeceK, eJIeKTPOHCKA
TyCTHHA, €(PEKTUBHU ATOMCKHU OPOj, BPEHOCTH CJI0ja MOyCcaabibemha ! CI0ja AECETOCTPYKOT cIabibermha i
Ry>KUHa penakcanyje. Pe3ynraTu cy ykasann Ha 3HavyajaH yTUIAj BeIMYMHE W MaceHor yaena Bi,0,/CuO
IIpUMeca Ha CIIOCOOHOCT 3allITUTE Off raMa 3padctha MOJUIPONIICHCKOT KOMIO3UTa, OCeOHO HA HIDKUM
HUBOWMMA €HEpryuje rama 3paka. YmcTo OJ0BO, TPagWIMOHATHMA M IIMPOKO YIOTpeOihbaBaH 3alITHTHU
MaTepujan, KopuitheH je Kao pedepeHna 3a MpoleHy e(puKacHOCTH cjoja TMOoJycliabibema MOIUAPO-
MIJICHCKOT KoMITo3uTa. [TonunponniencKy KOMITO3UTH KOjH cajip>ke HaHoBemynHe Bi,0,/CuO nmokazanu
Cy 3HauajHa NMOOOJblIamka MapaMeTapa ciaabibema, HarjallaBajyhul BUXOB MOTEHIHUjal 3a MPUMEHY Y
3aIITHTH Off TaMa 3pavcka.

Kmwyune pequ: ioauiipoiiunencku komitosui, Bi,03;/CuO nanoxomiio3uit, iapameiiiap caabsversa,
3awinuitia 00 3pa4erba






