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The extensive utilization of radiation is rapidly developing worldwide involving abundant
fields like medical, industrial, research, and nuclear facilities. This makes the need for study-
ing radiation shielding materials and their properties more urgent than ever. In the present
study, bulk and nano ZnO were mixed by the same ratio each time (10, 20, 30, and 40 wt.%),
with high-density polyethylene as a polymer matrix and characterized by X-ray diffraction.
The results confirmed the good dispersion of bulk and nano ZnO particles within the polymer
matrix. The prepared composite samples were used in different thicknesses as gamma ray
shielding materials, and the heaviness was calculated and compared to lead. Using HPGe de-
tector at specific energies (59.53, 356.01, 661.66, 1173.33, and 1332.50 keV) for different
radioactive point sources (?4!Am, 133Ba, 137Cs, and °°Co), the mass attenuation coefficient for
the samples was measured experimentally. Depending upon the obtained values, the linear at-
tenuation coefficient, half-value layer, tenth value layer, heaviness and relaxation length were
estimated. Using the XCOM database, the values of linear attenuation coefficient, mass atten-
uation coefficient, and other parameters were calculated theoretically for the bulk ZnO
blended with high-density polyethylene. The obtained results were compared to the experi-
mental values for nano and bulk ZnO blended with high density polyethylene. The radiation
shielding behavior of nano ZnO blended with high density polyethylene was found to be
more promising and efficient for radiation protection against gamma ray.

Key words: nano ZnO, bulk ZnO, high-density polyethylene, composite sample, mass attenuation
coefficient, radiation shielding material

INTRODUCTION

Radiation is always considered as a serious
threat in nuclear power, medical, high energy research,
agricultural, and industrial facilities [ 1-6]. Restraining
radiation, hindering its physical, biological harm to
human health and the environment, is becoming the
main concern to ensure human safety. According to
the type of radiation used, including neutrons, gamma
rays, and X-rays, the effects of radiation can be deter-
mined based on the degree of interaction of radiation
beams with the shielding material involved. The prin-
ciple of radiation shielding is mainly based on how the
elemental properties constituting the shielding mate-
rial can attenuate the radiation beam by reducing its ef-
fects. When choosing and designing appropriate radi-
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ation shielding material, it is recommended to have
enough background, knowledge about its structural,
physical, and nuclear properties. Furthermore, the
most important properties to determine the effective-
ness of a material, as a radiation barrier, are linear at-
tenuation coefficient, 1, mass attenuation coefficient,
U, half-value layer (HVL), tenth-value layer (TVL),
relaxation length, 4, and heaviness. Many studies have
attempted to evaluate the shielding effectiveness of
various materials by determining the values of the
most important shielding parameters [7, §8]. Nowa-
days, the field of radiation shielding is oriented to-
wards manufacturing new materials such as composite
polymers and enhancing their properties against
gamma radiation [9]. Their competent properties like
lightness, low cost, softness, stability, and elasticity
make them beneficial alternatives compared to lead in
the attenuating radiation [10]. Many studies investi-
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gated the use of various polymers as a basic matrix
with different metal or metal oxide fillers. Aycik and
Belgin et al. [11] inspected linear low-density polyeth-
ylene (LLD-PE) by varying the amounts of powdered
fillers PbO and WO; as shielding materials against
ionizing radiation. They found that for higher filler
loadings, good attenuation performance against
gamma radiation was achieved. Mortazavi ef al. [12]
designed a neutron shield composed of high-density
polyethylene with boron nanoparticles as a filler, they
concluded that borated high-density polyethylene
(HDPE) was more effective in shielding than raw
HDPE. Afshar et al. [13] developed HDPE composite
loaded with W, MoS, and B,C to study their radiation
attenuation capability. The 45 wt.% HDPE/W com-
posite fraction demonstrated a good attenuation of ra-
diation compared to HDPE/Pb, HDPE/B,C and
HDPE/W composites. Mahmoud et al. [14], fabri-
cated, characterized nano and micro lead oxide with
different weight fractions that were dispersed in high
density polyethylene. They concluded that the attenu-
ation coefficients increased with the increase of PbO
content and the radiation parameters (HVL, TVL, and
A) for HDPE/PbO nanocomposites revealed better
performance in radiation shielding.

This study is intended for developing new, low
cost, and light radiation shielding materials starting
from HDPE and ZnO as a filler. Different fractions
(10,20, 30, and 40 wt. %) of bulk and nano ZnO parti-
cles were added identically to the HDPE matrix. The
linear and mass attenuation coefficients in addition to
other parameters such as HVL, TVL, 1, and heaviness
were calculated and compared to HDPE. Both bulk
and nano ZnO particles were chosen to enhance the at-
tenuation properties of the composites, whereas the
HDPE polymer was used as a matrix to reduce the
heaviness of the composites and provide their easy
manufacturing and formability.

THEORETICAL BACKGROUND

Calculation of total mass attenuation coefficient,
linear attenuation coefficient, density, and
discrepancy

Better shielding properties against gamma ray
photons are obtained by the ZnO nanoparticles, which
are highly dispersed within the polymer matrix. Their
high electron density increases the probability of inter-
action with gamma rays. The linear attenuation coeffi-
cient i [cm™'] of the absorber was calculated accord-
ing to the following eq. [15]

u=iln[]]:],°J (1)

where N, is the detector count rate without the polymer
target, Ny—the count rate with the polymer target, and x
[cm] the thickness of the absorber.

The mass attenuation coefficientu,, [cm?g '] isa
widely used quantity in radiation calculations, repre-
senting the effectiveness of the absorber in radiation
shielding and is obtained by the following equation

H=ppp (2)
The total mass attenuation coefficient, (11/p0)qom-

pound/mixture 10T any chemical compound or mixture of
elements, is given by the mixture rule [16]

u
== wi(Hy) A3)
P i
where w; represents the weight fraction defined as
A
w; = L (4)
2niA;

where 4; is the atomic weight of the sample and ni is
the number of formula units.

The total linear attenuation coefficient of the
compound can be derived as follows

.ucompound :[lu] Y (5)
P compound

where p is the apparent density of the sample deter-
mined by the Archimedes technique. To calculate the
average density of the composite samples based on
ASTM D 792-91 (ASTM, 1997) [17], three organic
liquids (toluene, chlorobenzene, and ethanol) and an
electrical balance with a calibrated pan (Analytical
balance, GR200, Japan) were used. After determining
their weights the composites' densities were calculated
using the equation

pexp :(A[iBJpL (6)

where pey, is the experimental density of the compos-
ite, A — the weight of the composite in air, B — the
weight of the composite in the organic liquid, and p; —
the density of the organic liquid

Using the relation below, the theoretical values
of p for the composites were calculated and compared
to the experimental vs.

1

"M F
7+7

Pr (7N

where pr is the theoretical density of the composite, M
[%] — the mass of the matrix, p,, — the density of the
matrix, F'[%] — the mass of the filler, ps— the density of
the filler.

The discrepancy A% values between u of
nanocomposites and bulk composites are calculated ac-
cording to the following equation

_ H(nanocomp) ~ H(bulkcomp) .100 [

A %] (3

,Lt( nanocomp)
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Calculation of HVL, TVL,
heaviness and relaxation length

The HVL is defined as the thickness of an ab-
sorber reducing the radiation level by a factor of 2, i.e.
to half of its initial level and is determined by the fol-
lowing equation

HVL = In2 )
u

Correspondingly, TVL is defined as the thick-
ness of an absorber needed to reduce the radiation
beam to one-tenth of its initial value and is calculated

by In10

u

where A is defined as the average distance between
two successive interactions. It is also known as photon
mean free path, which is determined by the equation
A= 1 11
u
By assigning lead as standard and normalized to
100 % the heaviness of HDPE/ ZnO composites was
calculated using the equation

TVL = (10)

Density of composite

Heaviness = - -100[%] (12)
Density of lead
MATERIALS AND METHODS
Materials

Bulk ZnO (Molar weight 81.39 gmol™!, purity
98-100.5 %) was used without further purification.
ZnCl, (Mw 136.3 gmol™!, purity >99 %) and NaOH
(Mw 40 gmol ™!, purity >96 %) used in the synthesis of
ZnO nanoparticles were supplied by Sigma Aldrich.
HDPE supplied with a density of 960 kgm and melt
flow index (MFI) about 0.05 g/10 min was dried at
90 °C ground by a mechanical grinder (HRPM-13,
Jiangsu, China) and crushed into pellets was chosen as
a base polymer matrix.

The ZnO nanoparticles synthesis

Using the co-precipitation method, ZnO
nanoparticles were synthesized from 1M ZnCl, and
distilled water as precursors. After dissolving 30 g of
ZnCl, in distilled water, the solution was mixed at a
constant stirring rate for 30 minutes. Then 4M
NaOH was added dropwise to the stirred solution to
adjust the pH =13. Later, the solution was submitted to
the constant stirring at 80 °C for 2 hours. Then it was
washed several times with hot distilled water to set-
tle the pH = 7 and then dried at 100 °C for 18 hours.
The established powder was calcined afterward at 550
°C for 5 hours to obtain ZnO nanoparticles, which

were ball-milled with a ratio of 1:5 (powder: balls) at
250 rounds per minute for 10 minutes.

Polymer composites fabrication

The HDPE composites with 10, 20, 30, and 40
wt.% of ZnO filler were synthesized by a compression
molding technique. The HDPE was melted in a roll
mixer (XK400, Shandong, China) for 10 minutes. The
appropriate fractions of either bulk or nano ZnO parti-
cles were added with continuously mixing for 15
minutes. After that, the mixture was agitated well to
obtain a homogeneous mixture distributed uniformly
within the polymer matrix. The obtained specimens
were removed from the mixer after milling process
and then spilled into rectangular stainless-steel mold
of dimensions (25 cm x x25 cm x 0.3 cm) and
smoothed between two layers of thermal teflon. This
was followed by hot pressing using a hydraulic press
of 20 MPa at 170 °C for 15 minutes. Under compres-
sion, the obtained samples were cooled by water at 20
°C min~'. The prepared composites with 10, 20, 30,
and 40 wt. % ZnO filler were cut into disc specimens
of 8.5 cm diameter for the subsequent radiation shield-
ing test.

The X-ray diffraction

The crystallite size of the obtained samples was
determined using X-ray diffraction (Model: D§ FO-
CUS BRUKER), employing Cu-k, radiation (A =
0.154 nm) in a range 10° <26 < 70°.

Gamma rays acquisition and analysis

Using a multi-channel analyzer (MCA) the experi-
mental gamma ray measurements were determined in the
Radiation Physics laboratory (RPL), Faculty of Science,
Alexandria University, Alexandria-Egypt. The most in-
tense peaks in the spectra were observed and treated by
using ISO 9001 Genie 2000 data acquisition and analysis
software by Canberra. Four radioactive point sources
were used for the calibration process ! Am, 133Ba, 1¥7Cs,
and *°Co. Statistical uncertainties >1 % were achieved by
increasing the acquisition time. By exploiting automatic
peak search and peak area calculations, the acquired
spectra by the MCA of gamma rays were processed. To
execute the needed calculations, the peak areas,
real-time, starting time, and live time were entered into
charts for each spectrum. As shown in fig. 1, the gamma
ray spectrometry is acquired by the HPGe detector that is
connected to MCA. The obtained spectrum from MCA is
analyzed using the Canberra software so that a very nar-
row beam can be acquired while neglecting the effect of
detector dead time [18]. The detector was enclosed with
lead blocks to reduce the background.
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By estimating the transmission of gamma rays
through the samples using five different thicknesses (2
mm, 4 mm, 6 mm, 8§ mm, and 10 mm) the linear attenu-
ation coefficient g[cm™'] and the mass attenuation co-
efficient i, [cm2g '] of polymer composites were de-
termined using the XCom software. The experimental
attenuation results were measured and compared to the
calculated theoretical results. The four radioactive
point sources (**'Am, '33Ba, '37Cs, and ®°Co) were
chosen to emit (59.53, 356.01, 661.66, 1173.33, and
1332.50 keV) and these sources were purchased from
Physikalisch-Technische Bundesanstalt in Braun-
schweig and Berlin. Using a well- calibrated high pu-
rity germanium cylindrical detector (HPGe) (Model
GC1520) with relative efficiency 15 % and energy
range (50 keV-10 MeV). The count rate (N) was calcu-
lated from the net areas under the spectral lines 59.53,
356.01, 661.66, 1173.33, and 1332.50 keV. A linear
plot of In NV vs. x (thickness) of each sample was pro-
vided to obtain the best fit for u [cm™'].

RESULTS AND DISCUSSION
The X-rays diffraction

Figures 2(a)-2(d) illustrate the XRD patterns of
HDPE, ZnO nanoparticles, HDPE/ ZnO nano-co
mposites and HDPE/ bulk ZnO composites, respec-
tively. As shown in fig. 2(a), HDPE possesses an
orthorhombic, hexagonal crystal structure with reflec-
tion planes (110), (200), and (020). An intensive peak
is displayed at 20 = 21.61°, followed by other small
peaks at 24.02 ° and 30.04 °, having interplanar spac-
ingat 4.11,3.7,and 2.97 A (1 A = 107" m), respec-
tively [19]. Figure 2(b) displays the planes (100),
(002), (101), (102), (110), (103), (200) and (112) cor-
responding to hexagonal (wurtzite) structure of ZnO
nanoparticles of average crystallite size 27 nm esti-
mated by Rietveld method using MAUD program fit-

ting [20]. Three major strong peaks at 260 = 31.86 °,
34.52 ° and 35.74 °, appear and the sharpness of the
peaks depicts the high degree of crystallinity of the ox-
ide.

In fig. 2(c), 10 wt.%, 20 wt.%, 30 % and 40 wt.%
XRD patterns of HDPE/ZnO nanocomposites are dis-
played. The sharp peaks of these composites illustrate
the presence of amorphous crystallite structure. All
displayed patterns form a conjunction between peaks
of HDPE and ZnO nanoparticles, with a change in in-
tensity and peak width, while the peak position re-
mains the same in the range. The identified peaks of
ZnO nanoparticles are detected at 260 =32.38°,34.88 °,
and 36.86 °. For low wt.% of ZnO nanoparticles, the
planes (110) and (200) corresponding to the HDPE re-
main unchanged indicating that the chemical and crys-
tallite structure of HDPE matrix has not changed. As
the filler concentration increases the HDPE peaks are
attenuated and become weaker for 30 and 40 wt.% of
ZnO nanoparticles. This illustrates the good disper-
sion of ZnO nanoparticles into the polymer matrix.
Figure 2(d) displays the analogous behavior of XRD
patterns for HDPE/ bulk ZnO composites.

Measurement of gamma ray attenuation
parameters with different energies

Experimentally, the gamma ray attenuation was
measured with and without the polymer sample. The
density of the sample is an important parameter in the
attenuation process, where for heavy atoms more in-
teractions with photons can occur per unit length of a
sample. It is more convenient and precise to use the
mass attenuation coefficient 1, [cm?g'] to define the
attenuation behaviour of a given sample. Table 1 illus-
trates the values of the measured linear attenuation co-
efficient u[cm ], theoretical u [cm™!] calculated from
XCOM program, measured density p, discrepancy
A% between the measured and the theoretical values
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Figure 2. The XRD patterns of (a) HDPE, (b) ZnO nanoparticles, (c) HDPE/ ZnO nanocomposites, and (d) HDPE/ bulk

ZnO composites, respectively

of u and the mass attenuation coefficient u,, [cm?g]

for HDPE, 10, 20, 30, and 40 wt. % of HDPE/bulk
composites at 59.53, 356.01, 661.66, 1173.25, and
1332.50 keV, respectively. It is clear, from the results
prevailed by tab. 1 that the measured values of p in-
crease with the increase of bulk ZnO content. This is
attributed to the dispersion of HDPE with the bulk
ZnO having a higher density (p = 5.61 gcm™) com-
pared to HDPE, which consequently increases the
packing density of the composite. The ligands at-
tached to bulk ZnO particles influence their interac-
tion with the HDPE matrix, thus affecting the particle
behavior and spatial distribution [21]. The data listed
in tab. 1 confirm that the increase in ZnO bulk content
increases the magnitude of i in all wt.% of the com-
posite samples at all energy ranges.

Table 2 illustrates the experimental values of lin-
ear attenuation coefficient i [cm™'], mass attenuation
coefficient u,, [cm’g™'], and density p [gem™] for
HDPE, HDPE/ZnO nanoparticles and HDPE/ bulk
ZnO composites at energies 59.53, 356.01, 661.66,
1173.33, and 1332.50 keV, respectively. The linear
and mass attenuation coefficients for the samples de-
crease as the photon energy increases. This behavior is
related to the ability of the composite to attenuate radi-

ation and its permeability. For the same wt.% the linear
and mass attenuation coefficients are higher for the
ZnO nanoparticles filled composite compared to the
bulk ZnO composite. This indicates that ZnO
nanoparticles are better than bulk ZnO in shielding
performance.

Figures 3(a)-3(b) display the variation of linear
attenuation coefficient u [cm™!] values of HDPE and
the bulk and nano ZnO composites vs. photon ener-
gies, respectively. For all the selected composite mate-
rials, the variety of iz with the incident photon energy is
almost the same. Two main energy regions could be
characterized: the low energy region, E, < 0.4 MeV
where u decreases sharply and high energy region, £,
> 0.4 MeV, where 1 decreases slightly. These regions
are attributed to the photon absorption mechanisms for
different photon energies [22]. By increasing the
gamma ray energy the interaction cross-sections are
decreased. At low energies, the photoelectric effect is
dominant, whereas the Compton scattering overlaps
with the photoelectric effect within the energy range
(100keVto 1.33 MeV). But above this range of energy
pair production is significantly higher [23]. There is
only complete absorption of the incident gamma pho-
tons in case of the photoelectric effect, rather than
Compton scattering and pair-production where pho-
tons are not completely absorbed. The discrepancy
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Table 1. The ZnO wt.%, the measured values of density, linear, mass attenuation coefficients, and the theoretical values
estimated by the XCOM program of HDPE and HDPE/ZnO bulk composites at 59.53, 356.01, 661.66, 1173.25, and
1332.50 keV

Linear attenuation coefficient [cm™'] Density of Mass attenuation
Sample Energy [keV] A [%] composites coefficient
Measured XCOM [gem ] [em’e ]

59.53 0.174 0.167 3.898 0.196

356.01 0.103 0.101 2.042 0.116

HDPE 661.66 0.08 0.078 2.459 0.887 0.090

1173.23 0.062 0.060 4.189 0.070

1332.50 0.058 0.056 4.044 0.065

59.53 0.331 0.321 2.969 0.318

. 356.01 0.112 0.117 —4.200 0.108

A0wt.% Bulk 661.66 0.0886 0.090 1681 1.041 0.085
nO composite

1173.23 0.0704 0.069 2.578 0.068

1332.50 0.064 0.064 —0.453 0.061

59.53 0.502 0.473 6.109 0.455

. 356.01 0.124 0.122 1.455 0.112

20 wt.% bulk 661.66 0.096 0.094 2.265 1.104 0.087
ZnO composite

1173.23 0.074 0.071 3.577 0.067

1332.50 0.068 0.067 1.589 0.062

59.53 0.713 0.675 5.593 0.579

) 356.01 0.132 0.134 —1.785 0.107

30 wt.% bulk 661.66 0.102 0.103 0.824 1.231 0.083
ZnO composite

1173.23 0.08 0.078 2.278 0.065

1332.50 0.075 0.073 2.327 0.061

59.53 0.902 0.857 5.277 0.703

) 356.01 0.142 0.138 2.935 0.111

40 wt.% bulk 661.66 0.107 0.105 1743 1.282 0.083
Zn0O composite

1173.23 0.084 0.080 5.101 0.065

1332.50 0.078 0.075 4.134 0.061

Table 2. The HDPE/ ZnO composites filler wt.%, density, [p], discrepancy A %, linear and mass attenuation coefficients at
different energies

Linear attenuation coefficient [cm™'] Density of ZnO | Mass attenuation
Sample Energy [keV] 7nO NPs Bulk ZnO A[%] NPs composites |coefficient of ZnO
composites composites [gem ] NPs [em’g ']

59.53 0.422 0.331 21.563 0.397
356.01 0.118 0.112 5.084 0.111
10 wt.% 661.66 0.096 0.0886 7.708 1.063 0.090
1173.23 0.077 0.0704 8.571 0.072
1332.50 0.071 0.064 9.859 0.067
59.53 0.516 0.502 2.713 0.483
356.01 0.134 0.124 7.462 0.126
20 wt.% 661.66 0.104 0.096 7.692 1.067 0.097
1173.23 0.082 0.074 9.756 0.077
1332.50 0.074 0.068 8.108 0.069
59.53 0.71 0.713 —0.422 0.636
356.01 0.137 0.132 3.649 0.123
30 wt.% 661.66 0.111 0.102 8.108 1.116 0.099
1173.23 0.087 0.08 8.0459 0.078
1332.50 0.081 0.075 7.407 0.073
59.53 0.945 0.902 4.550 0.772
356.01 0.152 0.142 6.578 0.124
40 wt.% 661.66 0.121 0.107 11.570 1.224 0.099
1173.23 0.094 0.084 10.638 0.077
1332.50 0.086 0.078 9.302 0.070
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Figure 3. Linear attenuation coefficients of HDPE with
(a) bulk and (b) nano ZnO composites vs. energy

values A% listed in tab. 1, confirm the close agreement
between the measured linear attenuation coefficients
and XCOM data results.

The u,,, depends on both the incident photon en-
ergy and filler wt.%; u,,, increases when filler wt.% in-
creases, but decreases with the increase of incident pho-
ton energy. This may be ascribed to the increase of ZnO
content within the polymer matrix and the good disper-
sion of the filler within HDPE. For all investigated
gamma ray energies, a significant increase is observed
in u and p,, values for the composites filled with ZnO
for the same wt.%. The probability of interaction be-
tween the composite samples and the photon beam is
enhanced due to the high electron density and high sur-
face area of ZnO nanoparticles that are uniformly dis-
tributed within the polymer matrix. So it is confirmed
that both composites containing bulk ZnO and ZnO
nanoparticles improve HDPE as a shielding material,
but the better attenuation performance is credited to the
composites containing ZnO nanoparticles.

The relaxation length, A, is calculated and listed
in tabs. 3 and 4 for all the composite samples at the
photon energies 59.53, 356.01, 661.66, 1173.25, and
1332.50 keV, respectively. It represents the average
distance between two successive interactions so that
the shielding properties of the fabricated samples can
be compared easily. Better shielding properties of the
materials are attained by those having less relaxation

Figure 4. Relaxation length of HDPE with (a) nano
ZnO and (b) bulk ZnO composite materials vs. photon
energy

length. Figures 4(a)-4(b) show the variation of the re-
laxation length, A, with photon energies for the
HDPE/ZnO composite samples. It is obvious that at
the lower energy range photons can lose their energy at
a shorter distance, whereas the high energy photons
need a longer distance. Also, from both figs. 5 and 6, it
can be noticed that the samples with high ZnO wt.%
show the shorter relaxation length, which confirms
their performance in gamma ray attenuation shielding
over the energy range 59.53,356.01, 661.66, 1173.25,
and 1332.50 keV, respectively.

Two important parameters must be considered
when designing a new shielding material, HVL and
TVL. Figures 5 and 6 show the changes of HVL and
TVL values with the wt.% of ZnO content at energy
1173.23 keV. Both HVL and TVL values decrease
with the increase in ZnO wt.% content. Also, the varia-
tion of HVL and TVL for all samples are elucidated in
tabs. 3 and 4. These values are useful for selecting the
best radiation shielding sample that has a higher con-
tent of ZnO nanoparticles.

The heaviness percentage of HDPE with bulk
and nano ZnO composites was calculated compared to
lead as a standard (100 %) as illustrated in fig. 7. The
heaviness percentage of 40 wt.% sample is 9.8 % for
nano ZnO and 10.8 % for bulk ZnO. The values ob-
tained confirm that the obtained HDPE/ZnO compos-
ites are much lighter compared to lead. In addition to
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Figure 5. The HVL, TVL, and A values of HDPE/ZnO
nanocomposites measured at energy 1173.23 keV

Table 3. The experimental values of HVL, TVL, and 1 of HDPE and HDPE/ZnO nanocomposites
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Figure 6. The HVL, TVL, and A values of HDPE/bulk

ZnO composites measured at energy 1173.23 keV

Sample Energy [keV] HVL [cm] TVL [cm] A [em]
59.53 3.984 13.233 5.747

356.01 6.730 22.355 9.709

HDPE 661.66 8.664 28.782 12.500
1173.23 11.180 37.138 16.129

1332.5 11.951 39.700 17.241

59.53 1.643 5.456 2.370

356.01 5.874 19.513 8.475

10 wt.% nano 661.66 7.220 23.985 10.417
1173.23 9.002 29.904 12.987

1332.5 9.763 32431 14.085

59.53 1.343 4.462 1.938

356.01 5.173 17.183 7.463

20 wt.% nano 661.66 6.665 22.140 9.615
1173.23 8.453 28.080 12.195

1332.5 9.367 31.116 13.514

59.53 0.976 3.243 1.408

356.01 5.059 16.807 7.299

30 wt.% nano 661.66 6.245 20.744 9.009
1173.23 7.967 26.466 11.494

1332.5 8.557 28.427 12.346

59.53 0.733 2.437 1.058

356.01 4.560 15.149 6.579

661.66 5.728 19.030 8.264

40 WE.% nano 1173.23 7.374 24.496 10.638
1332.5 8.060 26.774 11.628

661.66 6.796 22.574 9.804

1173.23 8.664 28.782 12.500

1332.5 9.242 30.701 13.333

their high performance in radiation shielding, these
composites are flexible and non-toxic.

CONCLUSION

New light and considerably low-cost materials
for gamma ray radiation shielding were successfully

fabricated from HDPE and ZnO as a filler. XRD re-
sults confirm the crystallinity of ZnO nanoparticles of
average crystallite size 27 nm, which is well dispersed
within HDPE. The values of linear and mass attenua-
tion coefficients decrease with the increase in photon
energies but increase with ZnO filler content. Heavi-
ness, half-value layer, and tenth-value layer decrease
with the increase in ZnO filler concentration. The re-
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Table 4. The experimental values of HVL, TVL, and 1 of HDPE and HDPE/ZnO bulk composites
Sample Energy [keV] HVL [cm] TVL [cm] A [em]
59.53 3.984 13.233 5.747
356.01 6.730 22.355 9.709
HDPE 661.66 8.664 28.782 12.500
1173.23 11.180 37.138 16.129
1332.5 11.951 39.700 17.241
59.53 2.094 6.956 3.021
356.01 6.189 20.559 8.929
10 wt.% bulk 661.66 7.823 25.989 11.287
1173.23 9.846 32.707 14.205
1332.5 10.830 35.978 15.625
59.53 1.381 4.587 1.992
356.01 5.590 18.569 8.065
20 wt.% bulk 661.66 7.220 23.985 10.417
1173.23 9.367 31.116 13.514
1332.5 10.193 33.862 14.706
59.53 0.972 3.229 1.403
356.01 5.251 17.444 7.576
30 wt.% bulk 661.66 6.796 22.574 9.804
1173.23 8.664 28.782 12.500
1332.5 9.242 30.701 13.333
59.53 0.768 2.553 1.109
356.01 4.881 16.215 7.042
40 wt.% bulk 661.66 6.478 21.519 9.346
1173.23 8.252 27.412 11.905
1332.5 8.887 29.520 12.821
laxation length increases with photon energies but de-
100 { e creases with ZnO wt.%. The composites containing
90 ZnO nanoparticles as a filler show superior perfor-
80 BHE 2B comperite mance in radiation shiel‘ding for al.I investig.atgd ener-
Z 701 gies. The ZnO nanoparticles were involved in increas-
g - ing the 1nt§ractlog probability with gamma rays by
- effectively increasing the electron density. The fabri-
£ cated HDPE/ZnO composites are lighter compared to
01 lead, easily manufactured, non-toxic, and highly rec-
o ommended for manufacturing comfortable, profes-
204 pramo sional outfits for all staff working in radiation facilities
o 20wt% 30wt% Wia .. i
10 A HDPE 10 wt.% - and around radiation-based equipment.
0
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3annad AJICAJE], Moxamen C. BAJIABU, Pamagan ABAIJI,
Aoy3eyn A. TABET, Axmen M. EJIKATUDB

NCTPAXKNBAIBE ITAPAMETAPA CIIAB/BEIbA TAMA 3PAYEIbA HOBHUX
SANITUTHNX MATEPUJAIIA CACTAB/BEHUX O HAHO ZnO
INOMEMAHOTI' C NOJIMETUJIEHOM BUCOKE I'YCTHUHE

ExcrensuBHa ynotpeba 3paderma Op30 ce INPU CBETOM, YKIbyuyjyhu o6uMHE 0061acTi IOMyT
MEJIUIMHCKUX, MHAYCTPHUjCKHUX, UCTPAKUBAYKUX U HYKJICAPHHUX IOCTpojerma. 360r Tora je morpeba 3a
IIpoy4yaBambeM MaTepujaja 3a 3allTUTY Of] 3padetba U BbUXOBHUX CBOjCTaBa XUTHUja HETO UKaJl. Y OBOM paay
OCHOBHA TojIora ¥ HaHo ZnO MemaHu ¢y cBaku NyT y uctoM omHocy (10-40 MaceHux mpoueHara), ca
MOJIMETUIIEHOM BHUCOKE TYCTHMHE Kao IOJUMEP MAaTPUKCOM U OKapaKTEepHUCaHU Cy AUMpakiujoMm
PEHATeHCKHX 3paka. PesynTaTu cy HOTBpAnIN [oOpy AUCIECP3Ujy OCHOBHUX U HaHO ZnO 4yecThia yHyTap
nonuMepHe Matpuue. I IpunpemMibeH KOMIIO3UTHY y30PLK KOpULTheHH Cy ca pa3IMuuTuM Jel0buHaMa Kao
rama 3amTuTHU MaTepujall, a BIXOBa jaurHa n3padyHara je u ynopebena ca onosom. Koputnthetsem HPGe
[IETEKTOpa €KCIEePUMEHTATHO je U3MEPEH MaceH! Koe(ulujeHT cnabibemha y30paKka Ipu cequuaHuM
eneprujama (59.53,356.01, 661.66, 1173.33, 1 1332.50 ke V) pa3nuuutux paguoak TUBHIX TAYKACTUX U3BOPa
(*'Am, 3°Ba, ¥’Cs, u %Co). ¥ 3aBucHOCTH Off HOOMjeHMX BPEJHOCTH NPOLEHECHHU Cy JIMHEAPHH
koedumjeHT clabbema, AeObrHa Moayciaabiberma, nebhbuHa cnabibema JIeceT MyTa, KoeUIHmjeHT
TexXnHe 1 y>kKuHa penakcanuje. Kopucrehu XCOM 6a3y nopaTtaka, TeOpUjCKHU Cy U3padyHaTe BPeTHOCTU
Koe(UIMjeHTa IMHEPAHOT cl1abibeha, MACCHOT Koe(uInjeHTa clabibeha U IPYry NapaMeTp 32 OCHOBHU
ZnO momemiaH ca TOJUETWIEHOM BHCOKe ryctuHe. JloOmjeHm pe3ynratu ynopebenm cy ca
eKcrepuMeHTaIHUM BpefHocTuMa. [loka3ano ce ma je 3amrTura of 3payerma HaHO ZnO moMenaHor ca
MOJIMETUIIEHOM BUCOKE TYCTHHE NEPCIEKTUBHU]ja U €(DUKACHHUja 32 raMa 3paydee.

Kwyune peuu: naro ZnO, ochosru Zn0, iloaueiiiuier ucoKe 2yciluHe, KOMIUOIUIUHU Y30PAK, MACEHU
Koeuyujeriti caabmerba, Mattiepujan 3a 3auiiuiny 00 3paierba




