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Abstract
Theoretical and practical research has been done on reinforced polymer composites, a more recent type of improved shielding 
material. This study examined the protective qualities of silicone rubber packed with nano- and micro-sized  Al2O3. Aspects 
like the effective atomic number, mean free path, linear attenuation coefficient, and mass attenuation coefficient are used 
to evaluate these shielding materials. In terms of weight percentage and size,  Al2O3 particles have been used to reinforce 
silicone rubber. Energy dispersive X-ray spectroscopy, X-ray diffraction, UV visible spectrometer, thermal analysis, and 
Fourier transform infrared spectroscopy have been investigated. The results show that aluminum oxide nanoparticles have 
a more homogeneous distribution within the samples than micro aluminum oxide particles, which is due to the fact that 
nanoparticles have a very large surface area-to-volume ratio when compared to the same material in bulk. As a result, the 
sample containing 40% by weight of nano  Al2O3 has the largest attenuation coefficient value and the lowest half value layer 
(HVL), tenth value layer (TVL), and mean free path (MFP) values. Finally, it can be concluded that the sample containing 
nano  Al2O3 can be utilized to create an innovative and versatile silicone rubber material. This material holds great potential 
for the manufacturing of gloves and protective jackets, specifically designed for radiation and nuclear shielding applications.
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1 Introduction

The use of radiation in numerous parts of daily life is no 
longer something that people can deny [1]. This is due to the 
widespread usage of radioactive gamma sources in health-
care, agriculture, industry, scientific research, and many 
other practical sectors [2]. Living organisms that depend 
on gamma energy face significant risks when exposed to 
gamma beams [3]. Due to the dangerous effects of these poi-
sonous radiations being emitted by undetected radioactive 

sources, a helpful material as a barrier is always essential to 
saving lives, as are diverse materials. This shield's primary 
function is to reduce the potentially harmful dose by inter-
acting with both the radiation source and its waning intensity 
[4]. For this purpose, large atomic number compounds like 
Pb blocks and metal-infused concrete are typically utilized. 
Other metal-based protective materials, such as copper, 
tungsten, and bismuth, are currently being employed [5]. 
Pb stands out from all of these materials due to its high 
atomic weight, low cost, and excellent density [6]. However, 
Pb exhibits several fundamental flaws that restrict its uses 
and applications, including its large weight, high toxicity, 
rigidity, and poor chemical stability.

Aluminum is known for its exceptional resistance to 
radiation damage, surpassing that of commonly used space-
craft materials by a factor of 100. Its lightweight nature and 
impressive strength-to-weight ratio have made it a staple 
in space hardware, serving as both a radiation shield and 
a structural enclosure. To combat radiation particles, cur-
rent spacecraft employ multiple layers of thin aluminum 
shields with air gaps in between, effectively slowing down 
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their impact. Furthermore, aluminum plays a crucial role in 
the construction of outer spacesuits, safeguarding astronauts 
from the harmful effects of radiation in the vastness of space. 
Notably, aluminum radiation shielding is also utilized in the 
production of nuclear protection suits. In the medical field, 
there is a growing interest in the utilization of personalized 
3D-printed aluminum radiation shields [7]. These shields 
aim to minimize the toxicity experienced by normal tis-
sues while simultaneously delivering a substantial radiation 
dose to cancer cells during radiation therapy. This innovative 
approach holds great promise for enhancing the effective-
ness of cancer treatment while reducing the potential harm 
to healthy tissues [8].

Studying novel materials to shield people from radiation 
and reduce environmental contaminants is crucial and excit-
ing. The attenuation of gamma beams by polymeric mate-
rials is a current area of research that is interesting [5, 9]. 
Polymer composites were extensively researched as substi-
tute radiation-protective materials to get over these restric-
tions [10]. Polymers are helpful because of their flexibility 
in applications that call for a certain quality despite having 
very poor mechanical qualities. Under extreme strain con-
ditions, they typically deform [11, 12]. Our understanding 
of the relationship between the structure of the polymers 
and their properties has supplemented the major advance-
ments in polymer research during the last few years [13, 14]. 
Because of their desirable qualities, including durability, 
transparency, flexibility, ease of synthesis, and capacity to 
produce electrical and thermal resistance, polymers are the 
perfect materials for a wide range of industrial applications 
[15]. Many scientists are interested in the potential uses of 
polymer composites doped with fillers of high atomic num-
ber (Z) metals or metal oxides, such as tungsten (W), barium 
(Ba), lead (Pb), tin (Sn), gadolinium (Gd), and bismuth (Bi). 
Considering their special qualities [16, 17], which include 
affordable price, simplicity of processing, light weight, flex-
ibility, good mechanical strength, and optical and electrical 
properties [18]. In industrial applications including wave-
guiding layers, biochemical sensor implantation, and extrud-
ing machines, the mechanical properties of polymers like 
stiffness and tensile strength are crucial [19–21].

Liquid silicone rubber is a thermoset polymer that can-
not be remolded. It is commonly used as a filler material 
for radiation protection, particularly when combined with 
a high Z material. The backbone, or "main chain," of sili-
cone rubber is composed of siloxane bonds (-Si–O-Si-). 
These bonds are known for their exceptional stability. The 
filler is utilized to enhance the attenuation properties of the 
composites. Various fillers and polymers were employed to 
create a reinforced polymer composite. Previous research 
has explored the use of nano- and micro-particle reinforced 
composites as shields against gamma rays and neutron flux. 
Silicone rubber stands apart from other elastomers due to 

the remarkable strength of the siloxane bond. While carbon 
bonds possess a binding energy of 355 kJ/mol, the silox-
ane bond boasts an impressive strength of 433 kJ/mol. This 
inherent characteristic grants silicone rubber superior heat 
resistance, exceptional chemical stability, and outstanding 
electrical insulation properties. Gouda M. M. et al. [10] 
demonstrated that the radiation protection properties of sili-
con rubber composites are influenced by the particle size and 
weight fraction of tin oxide. The effectiveness of shielding 
protection was assessed by measuring the linear attenuation 
coefficient and calculating the buildup factor. The results 
obtained from scanning electron microscopy (SEM) mor-
phology images revealed that nanocomposites exhibit a more 
uniform distribution compared to microcomposites. Moreo-
ver, the shielding parameters of nanotin oxide composites 
were found to be superior to those of microtin oxide com-
posites at equivalent weight fractions. Additionally, it was 
observed that as the concentration of tin oxide increased, the 
attenuation parameter also increased. In a study conducted 
by Rammah et al. [22], the radiation protection properties of 
silicate glasses reinforced with tin (II) oxide were examined. 
The researchers discovered that the shielding characteristics 
of the samples improved as the weight percentage of tin (II) 
oxide increased. Alavian et al. [23] investigated the shield-
ing properties of light-density polyethylene (LDPE) filled 
with tungsten (W) of varying sizes and weight fractions. 
Their findings revealed that the weight fraction of W had 
a greater impact on attenuation properties compared to the 
size scale of W.

In this study, we utilized silicone rubber (polydimethyl-
siloxane) as a polymer matrix to investigate the impact of 
incorporating micro and nano  Al2O3 as a filler. Our objective 
was to examine the changes in the linear attenuation coef-
ficient, mass attenuation coefficient, half-value layer, and 
tenth-value layer.

2  Experimental Technique

2.1  Synthesis of Bulk and Nano Aluminum Oxide

Using an arc discharge method, bulk and nano aluminum 
oxide were created. The system is made up of the following 
parts:

(1) Manual metal arc (MMA) inverter DC welding equip-
ment (CT33102 CROWN) with power supply for vapor-
izing aluminum metal.
(2) A cooling system that maintains a temperature of 10° 
C during the preparation.
(3) high-quality 99.99 percent aluminum electrodes as a 
cylindrical anode and cathode.
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(4) Ethanol, where the aluminum electrodes are sub-
merged on top of it and an electric arc discharge takes 
place inside of it [24].

A DC power source with a low voltage of 80 V and a 
high current of 20A was used to progressively advance the 
anode electrode toward the cathode electrode. Table 1 shows 
the parameters used in the fabrication of  Al2O3. The alu-
minum electrode poles melted or evaporated as they came 
into contact because the two electrodes generated an arc 
discharge. These electrodes were placed 8 cm into ethanol, 
spaced approximately 1 mm apart, and vertically oriented 
at a roughly 70-degree angle. The ability of the metal elec-
trode holders to swivel forward and backward during the 
arc discharge allowed for the best possible adjustment of 
the electrode gap.

The technique didn't involve the use of any chemical sub-
stances [25, 26]. The media employed was pure solutions 
(ethanol). The formation of nanoparticles from vaporized Al 
metal takes place in three stages: nucleation, cluster devel-
opment, and condensing in ethanol. The bulk particles were 
obtained by transferring the ethanol to another container 
while keeping the bulk particles in the first container and 
using filtration paper to obtain them. The bulk particles were 
suspended in the ethanol along with the nano aluminum 
oxide that was concentrated under the container. By utiliz-
ing filtration sheets, it is possible to acquire the suspended 
nanoparticles.

2.2  Fabrication of Silicone Rubber /  Al2O3 
Composites

In this particular study, we utilized  Al2O3 as a filler in both 
nano and micro sizes. We prepared free silicon rubber, as 
well as micro- and nanocomposites, with 10%, 20%, 30%, 
and 40% weight concentrations of aluminum oxide filler. 
To ensure a uniform mixture, the mixing process lasted for 
15 min. Through catalyzed cross-linking reactions, silicon 
is converted into an elastomeric solid structure. Approxi-
mately 2 wt% of a stiffener is added to the polymer liquid. 

In order to eliminate air bubbles from the matrix, a vacuum 
was applied for a duration of 30 min.The homogeneous 
mixture is molded into cylinders with a diameter of 3 cm 
and varying thicknesses. After a waiting period of 24 h, the 
mixture transforms into a solid elastomeric material. The 
Archimedes technique was employed to determine the aver-
age density (g/cm3) of all the samples, using water as the 
immersion medium.

2.3  Characterization Techniques

X-ray diffraction (XRD) was carried out using a Bruker 
Diffractometer (D8 DISCOVER,USA) Diffractometer and 
Cu-K radiation with a wavelength of 1.54060 Angstrom at 
the laboratory of Alexandria University, Alexandria, Egypt, 
to determine the structural properties. Fourier transform 
infrared spectroscopy of nano and bulk  Al2O3 was carried 
out in the 500 – 4000  cm−1 spectral range using an ATI 
Mattson (Infinity series FT-IR, India) spectrophotometer. 
Free silicone rubber, micro and nano aluminum oxide /sili-
cone rubber were examined for morphology using a JEOL- 
scanning electron microscopy (JXA810, England).Trans-
mission electron microscope (TEM) [JEM-2100F, JEOL, 
Japan], operating at 200 kV, has been employed in our 
experimental research) at the Nawah Laboratory in Cairo, 
Egypt. The samples receive an Au coating thanks to ion 
sputter coating technology. Thermal analysis was performed 
for bulk and nano  Al2O3 to determine the thermal stability 
of the materials using the (NEXTA DSC, Japan) instrument.

2.4  Setup for Gamma‑ray Spectroscopy

The gamma-radiation tests used five typical radioactive 
point sources from the Physikalisch-Technische Bundesan-
stalt PTB in Braunschweig and Berlin: 241Am, 133Ba, 137Cs, 
60Co, and 152Eu, emitting energies between 59.53 keV and 
1408.01 keV [27]. Table 2 shows the photon energies and 
Half-life time for the used radioactive sources. By using 
the radiation physics laboratory at Alexandria University 
in Egypt and the Canberra Type 802 scintillation detector, 
measurements of the gamma-ray shielding properties of the 
micro- and nanocomposites were made [28]. A photomul-
tiplier tube, a 14-pin connector, and a NaI(Tl) crystal with 
dimensions of 76.2 in height and 38.1 mm in radius make 
up the detector, which has a highly efficient and resolu-
tion of 8.5% at 661 keV [29]. Typical operating voltages 
are + 110 V dc from the cathode to the anode and + 80 V dc 
from the dynode to the dynode [30].

Emerging photons from the sample under examination 
interacted with the detector, which transformed them into 
electrical signals of various sizes and presented them as 
peaks in a spectrum using the Genie 2000 software [31]. 
After doing each measurement a sufficient number of times, 

Table 1  Parameters used in the fabrication of  Al2O3

Key parameters Value

Values Discharging voltage (average value) 80 V
Discharging current (average values) 30 A
cathode disk (length, diameter) 10 cm, 5 mm
Anode (length, diameter) 8 cm, 4 mm
The temperature of the solution (before & after) 10 °C
Volume of solution 2 L
Pressure Atmospheric
Discharging Duration time 30 min
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the gamma spectra were captured, ensuring that the statisti-
cal error would be less than 1% [32]. The net area under each 
spectrum peak was then entered into an Excel sheet for each 
energy and thickness to calculate the shielding properties of 
the examined composites [33]. To ensure the experiment's 
validity, the experimental attenuation coefficient values were 
compared to those from the XCOM program.

2.5  Radiation Parameters

The chance of photons interacting with matter per unit 
length is the linear attenuation coefficient (µ), or LAC 
 (cm−1), and it is calculated empirically using the well-known 
Beer-Lambert's law [34].

where x is the target material's thickness, and I and  I0 are the 
transmitted and incident intensities, respectively. It should 
be noted that the mass attenuation coefficient, or MAC (µ/ 
ρ), can be calculated by dividing the sample's empirical lin-
ear attenuation coefficient (µ) by its density (ρ) [35].

MACs were theoretically estimated using the NIST 
XCOM web program [36] to verify the authenticity of the 
experimental data. It is beneficial to extend the calculations 
to include the other shielding parameters for the examined 
samples, the half value layer (HVL), the tenth value layer 
(TVL), and the mean free path (MFP) [37]. According to the 
following relations, the HVL and TVL are determined as the 
thicknesses needed to reduce the incident photon intensity 
by a factor of 1/2 and 1/10, respectively [38].

(1)� = −
1

x
Ln

I

I
0

(2)MAC =
�

�

The average distance a photon travels inside the sample 
without encountering any interactions is known as the MFP 
(cm) [39].

The shielding capabilities of composites are described by 
the effective atomic number  (Zeff) parameter [40]. Gamma-
ray energy and the characteristics of pure elements play a 
role [41].

where  Wi,  Ai, and  Zi are, respectively, the weight percentage, 
atomic weight, and element i in the composite.

The relative deviations for the measured mass attenuation 
coefficient compared to the XCOM result (Δ1) and between 
micro and nano measured results (Δ2) are given by the fol-
lowing equations:

3  Results and Discussion

3.1  The Characterization

Energy dispersive X-ray spectroscopy (Edx) is used to char-
acterize element compositions of bulk aluminum oxide, as 
shown in Fig. 1. The EDX can show the percentage of ele-
ments in a sample. As shown graphically, there is a large 
percentage of aluminum (Al) in the MICRO sample, fol-
lowed by oxygen (O). It mesured at the laboratory of Alex-
andria University, Alexandria, Egypt.

The XRD spectrum of nano  Al2O3 is shown in Fig. 2. It 
shows the phase analysis in the 2ϴ range between 5° and 
80°. The spectrum gave rise to the major  Al2O3 at 2ϴ peaks. 
To ascertain the structural characteristics, XRD was per-
formed with a wavelength of 1.54060 Angstrom.
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Table 2  Photon energies and Half-life time for the used radioactive 
sources

Radioactive
source

Photon Energy (keV) Half-Life
(T1/2 Days)

241 Am 59.51 157,680
60Co 1173.2 1925.31

1332.5
137Cs 661.66 11,004.98
133Ba 80.99 3847.91

356.01
152Eu 121.782 4943.29

244.697
778.905
964.079
1408.013
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The particle size of nano aluminum oxide was estimated 
using a Transmission Electron Microscope (TEM) [JEM-
2100F, JEOL, Japan] operating at 200 kV, at the laboratory 
of Alexandria University, Alexandria, Egypt, as depicted 
in Fig. 3. The nanoparticles are composed of networked 
spherical particles with a size ranging from 4 to 20 nm and 
their average was found to be around 10 nm, with a stand-
ard deviation of 5%. These nanoparticles are connected 
through nanowires with a very thin diameter of 2–3 nm. 
The growth mechanism of the mixed nanoparticles 

and nanowires of  Al2O3 through the arc discharge pro-
cess includes both nucleation and growth stages of the 
vapor–liquid-solid (VLS) process [42]. The nanoparticles 
may be started with the dissolution of gaseous sources 
into a few nanometer-sized liquid droplets, followed by 
the nucleation and growth of the crystalline nanoparticles 
[43] and the nanowires are grown from the accumulated 
nanoparticles. The larger nanoparticles of 12–20 nm are 

Fig. 1  EDX analysis of bulk aluminum oxide

Fig. 2  XRD for a sample of  Al2O3

Fig. 3  TEM images of nano-aluminum oxide particles
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those in which a dense amount of the smaller accumulated 
nanoparticles are combined.

Aluminum oxide/silicone rubber composites and free 
silicone rubber were characterized using the scanning elec-
tron microscope. The images show how Nanoparticles are 
arranged and shaped within the composite, demonstrating 
how carefully the particles and material were prepared The 
silicone rubber cross-section morphology was found to be 
smooth and transparent in comparison to filled composites 
in Fig. 4, which shows the SEM of free silicone rubber, 40% 
micro aluminum oxide/silicone rubber, and 40% nano alu-
minum oxide/silicone rubber. Bulk Alumina particles are 
agglomerated with sizes of about 5–25 μm are randomly 
dispersed in the silicone rubber matrix as pointed in Fig. 4b 
with red circles. While agglomerated particles of sizes range 
from 1–3 μm (red circles in Fig. 4c) and nanoparticles are 
thoroughly well dispensed in the silicone rubber matric as 
pointed in Fig. 4c (yellow arrows). Due to the homogenous 
distribution of nano aluminum oxide particles compared to 
micro aluminum oxide particles within the silicone rubber 

sample, the nano combination offered high protective per-
formance. Also, SEM is used to determine the size of bulk 
aluminum oxide, which was found to be 25 µm with a stand-
ard deviation of 2.68 µm.

UV/Visible Spectrophotometer Jenway 6305 and a Xenon 
lamp were used with a range of wavelengths of 198 to 
1000 nm, the UV characterization determines the attenuation 
of light passing through a substance (scatter plus absorption) 
[44]. According to Fig. 5, which displays the UV–visible 
spectra for two samples of nano  Al2O3, it is evident that the 
first sample, with a concentration of 1 mg/ml, exhibits a 
higher optical density compared to the second sample, which 
is diluted four times from the first. Consequently, the sample 
with a higher concentration demonstrates greater absorption. 
Notably, the highest absorption value is observed at a wave-
length of 250 nm. UV/visible characterization was done at 
the laboratory in Alexandria, Egypt.

Fourier transform infrared spectroscopy (FT-IR (data 
analysis can show whether nanofiller is present in a polymer 
matrix and how they interact with one another. Selecting the 

a)

b) c)

Fig. 4  SEM image of (a) free silicone rubber, (b) 40% micro aluminum oxide /silicone rubber, and (c) 40% nano aluminum oxide/ silicone rubber
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right IR sources is crucial to get the best IR spectra of the 
samples. FTIR was performed for bulk Aluminum and nano 
Aluminum oxide at Nawah Laboratory in Cairo, Egypt, as 
shown in Fig. 6. The FTIR spectrum of micro-aluminum 
oxide (Fig. 6) showed a sharp peak at 2963  cm−1 attributed 
to the -OH stretching vibrations related to the lattice of water 
molecules; this may indicate the presence of moisture in the 

powder. A weak band appears at 1408  cm−1 associated with 
Al–OH bond stretching also, a strong peak at 1258  cm−1 due 
to Al-O bond vibration. In addition, the available bands at 
1009, 787, 700, and 463  cm−1 were the consequence of the 
bending vibrations of the Al–O–Al group. The same obser-
vations were reported for the nanosize of alumina in Fig. 6, 
in addition to the appearance of the peak at 3662  cm−1 that 
related to the OH vibrational group for alcohol, indicating 
the presence of ethanol due to preparation. the nano  Al2O3 
spectrum resembles that of the bulk form rather closely, sug-
gesting that the chemical structure of the studied sample 
doesn't change [45, 46]. The rising intensities of peaks for 
nano  Al2O3 indicate a decrease in crystallite sizes in nano 
form [46].

The thermal behavior of bulk  Al2O3 and nanoparticles 
 Al2O3 are depicted in Figs. 7 and 8, respectively, show-
ing curves of DTA (Differential Thermal Analysis), TGA 
(Thermogravimetric Analysis), and DrTGA (The derivative 
thermogravimetric analysis). It can be observed in Fig. 7 
that bulk  Al2O3 allows the separation of two decomposi-
tion steps. The first decomposition step (TGA curve) was a 
slow and gradual weight loss of 5.25% at 33.39 – 307.09 °C, 
which corresponds to one weak endothermic peak in the 
DTA curve. The second decomposition step (TGA curve) 
at 308.93 – 595.99 °C is assigned a dramatic mass loss of 
57.96%, corresponding to three exothermic peaks in the 
DTA curve. Concerning  Al2O3 nanoparticles, Fig. 8 shows 
that the first decomposition step at 34.37 – 258.82 °C with 

Fig. 5  UV is visible for two samples of nano  Al2O3 the first sample 
with a concentration of 1 mg/ml and the second sample is diluted four 
times from the first sample

Fig. 6  FTIR for bulk and nano 
Aluminum oxide



2628 Silicon (2024) 16:2621–2634

a mass loss of 4.076% corresponds to one weak endother-
mic peak. The mass loss accompanying this step could be 
attributed to the removal of moisture and water molecules 
embedded inside the material. The second decomposition 
is of exothermic nature (two peaks) with a mass loss of 
34.56% at 260.21 – 679.16 °C that could be attributed to the 
phase transition. Here, the thermal degradation temperatures 
showed a close trend for bulk and nanoparticles of  Al2O3, 
however, the depletion in the mass loss of the nanoparticles 
with ca. 23.4% could be regarded as the improved stabil-
ity of  Al2O3 nanoparticles. Generally, the higher the tem-
perature corresponding to the decrease of the TG curve, the 
higher the temperature corresponding to the beginning of 
decomposition, the more stable the material is. The deriva-
tive thermogravimetric analysis (DrTGA) has also been used 
to describe the step ranges for better precision. The glass 
transition temperature  (Tg) of bulk  Al2O3 was 355 °C, but 
the  Tg of nano  Al2O3 was 365 °C. This indicates that the 

 Tg for nano  Al2O3 is higher than that of bulk  Al2O3. This 
phenomenon is attributed to the existence of nanoparticles, 
which function as physical cross-links, hence augmenting 
the matrix's stiffness. When the loading is higher and the 
nanoparticles are smaller, the  Tg enhancement effect is more 
noticeable.

3.2  Gamma Rays Stydies

The experimental mass attenuation coefficient (MAC) of 
free silicone rubber, 10%,20%,30%, and 40% micro  Al2O3/
SR, and 40% nano  Al2O3/SR against gamma rays in the 
59.53–1408.01 keV range and the corresponding theoreti-
cal mass attenuation coefficient determined from XCOM are 
shown in Table 3. The relative deviation for free silicone 
rubber ranges from 1.86 to 3.5. For 10% micro  Al2O3/SR, 
the range is from 0.6 to 3.26. For 20% micro  Al2O3/SR, the 
range is from 0.93 to 2.83. For 30% micro  Al2O3/SR, the 

Fig. 7  Thermal analysis for 40% 
micro aluminum oxide

Fig. 8  Thermal analysis for 40% 
nano aluminum oxide
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Table 3  Variation of mass 
attenuation coefficient (μm) with 
gamma-ray energies for free 
silicone rubber and (10%, 20%, 
30%,40%) Micro  Al2O3/SR

Sample name Energy
(keV)

Density (g/cm3) Mass attenuation coefficient μm(cm2/g)

Measured XCOM Δ1%

SR 59.53 1.15 ± 0.02 0.2316 ± 0.0012 0.2261 2.4108
80.99 0.1880 ± 0.0050 0.1841 2.0886
121.78 0.1591 ± 0.0021 0.1561 1.9272
244.7 0.1260 ± 0.0011 0.1236 1.9721
356.01 0.1105 ± 0.0002 0.1076 2.6524
661.66 0.0863 ± 0.0001 0.08324 3.6216
778.9 0.0791 ± 0.0001 0.07730 2.3338
964.08 0.0712 ± 0.0021 0.06988 1.8568
1173.24 0.0657 ± 0.0023 0.06343 3.5044
1332.5 0.0614 ± 0.0004 0.05944 3.2981
1408.01 0.0591 ± 0.0002 0.05779 2.3173

10%
Micro
Al2O3/SR

59.53 1.26 ± 0.01 0.2279 ± 0.0002 0.22480 3.2551
80.99 0.1871 ± 0.0022 0.18270 2.3781
121.78 0.1583 ± 0.0001 0.1547 2.3123
244.7 0.1253 ± 0.0001 0.12240 2.3313
356.01 0.1073 ± 0.0004 0.10670 0.6062
661.66 0.0831 ± 0.0032 0.08248 0.7410
778.9 0.0789 ± 0.0001 0.07660 3.0301
964.08 0.0711 ± 0.0001 0.06924 2.7232
1173.24 0.0639 ± 0.0002 0.06286 1.7539
1332.5 0.0599 ± 0.0005 0.05890 1.7849
1408.01 0.0585 ± 0.0002 0.05726 2.1974

20% Micro  Al2O3/SR 59.53 1.34 ± 0.04 0.2278 ± 0.0001 0.22360 1.8464
80.99 0.1854 ± 0.0062 0.18120 2.2719
121.78 0.1573 ± 0.0001 0.15330 2.5922
244.7 0.1244 ± 0.0001 0.12130 2.5532
356.01 0.1067 ± 0.0001 0.10570 0.9363
661.66 0.0829 ± 0.0003 0.08172 1.5242
778.9 0.0781 ± 0.0022 0.07590 2.8325
964.08 0.0706 ± 0.0002 0.06861 2.8372
1173.24 0.0632 ± 0.0001 0.06228 1.5500
1332.5 0.0592 ± 0.0021 0.05836 1.4624
1408.01 0.0574 ± 0.0001 0.05674 1.2703

30% Micro  Al2O3/SR 59.53 1.46 ± 0.03 0.2239 ± 0.0011 0.22230 0.7536
80.99 0.1850 ± 0.0020 0.17980 2.8260
121.78 0.1572 ± 0.0001 0.15190 3.3796
244.7 0.1243 ± 0.0003 0.12020 3.3337
356.01 0.1066 ± 0.0002 0.10470 1.7900
661.66 0.0826 ± 0.0051 0.08096 2.0077
778.9 0.0775 ± 0.0011 0.07519 2.9849
964.08 0.0701 ± 0.0002 0.06797 3.0372
1173.24 0.0617 ± 0.0002 0.06170 0.1416
1332.5 0.0587 ± 0.0001 0.05782 1.6061
1408.01 0.0569 ± 0.0001 0.05621 1.2611
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range is from 0.14 to 3.37. For 40% micro  Al2O3/SR, the 
range is from 0.14 to 2.91. Lastly, for 40% nano  Al2O3/SR, 
the range is from 2.8 to 15.7. All experimental results for 
free silicone rubber, 10%,20%,30%, and 40% micro  Al2O3/
SR are in good agreement with theoretical XCOM values. 
The mass attenuation coefficient decreases as the photon 
energy increases, while it increases with the increasing pres-
ence of  Al2O3 in the sample. Notably, the sample's mass 
attenuation coefficient exhibits a significant value at a pho-
ton energy of 0.05953 MeV, gradually declining as the pho-
ton energy increases. This behavior can be attributed to the 
photon's partial interaction process. At lower photon ener-
gies, such as 0.05953 MeV, the attenuation values align with 
the photoelectric absorption, which is inversely proportional 
to  E3. In the intermediate energy range, Compton scattering 
becomes the dominant attenuation process, with attenuation 

being inversely proportional to E. For energies equal to or 
higher than 1.022 MeV, the mass attenuation values remain 
relatively constant due to the prevalence of the pair produc-
tion process in this region [47–49].

According to the findings presented in Tables 3 and 4, the 
density of silicone rubber composites demonstrates a direct 
correlation with the percentage of aluminum oxide incor-
porated into the composites. Furthermore, it is worth noting 
that composites filled with nanoparticles exhibit a higher 
density when compared to those filled with microparticles 
at an equivalent weight fraction. Consequently, the utiliza-
tion of nanocomposites yields superior shielding properties 

Table 3  (continued) Sample name Energy
(keV)

Density (g/cm3) Mass attenuation coefficient μm(cm2/g)

Measured XCOM Δ1%

40% Micro  Al2O3/SR 59.53 1.53 ± 0.02 0.2233 ± 0.0004 0.22100 1.0285

80.99 0.1833 ± 0.0001 0.17840 2.6721

121.78 0.1550 ± 0.002 0.1506 2.8734

244.7 0.1226 ± 0.0022 0.11910 2.9172

356.01 0.1059 ± 0.0002 0.10370 2.1372

661.66 0.0817 ± 0.0003 0.08021 1.9246

778.9 0.0762 ± 0.0021 0.07449 2.3013

964.08 0.0685 ± 0.0001 0.06734 1.6930

1173.24 0.0617 ± 0.0001 0.06112 1.0165

1332.5 0.0573 ± 0.0002 0.05729 0.1482

1408.01 0.0558 ± 0.0002 0.05569 0.2691

Table 4  Variation of mass attenuation coefficient (μm) with gamma-
ray energies for 40% Nano  Al2O3/SR

Energy
(keV)

Density (g/cm3) Measuread mass attenua-
tion coefficient μm(cm2/g)

Δ2%

59.53 1.66 ± 0.02 0.2584 ± 0.0004 15.7188
80.99 0.2076 ± 0.0011 13.2570
121.78 0.1745 ± 0.0002 12.5806
244.7 0.1354 ± 0.0003 10.4405
356.01 0.1156 ± 0.0002 9.1596
661.66 0.0884 ± 0.0001 8.2007
778.9 0.0822 ± 0.0001 7.8740
964.08 0.0723 ± 0.0003 5.5474
1173.24 0.0651 ± 0.0016 5.5105
1332.5 0.0593 ± 0.0002 3.4904
1408.01 0.0574 ± 0.0002 2.8674 Fig. 9  The linear attenuation coefficients as a function of photon 

energy
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in comparison to their micro counterparts, as will be seen 
in the next figures.

Figure 9 illustrates the changes in the linear attenuation 
coefficient (LAC) of free silicone rubber, as well as (10%, 
20%, 30%, 40%) micro  Al2O3/SR and 40% nano  Al2O3/SR 
composites. The LAC increases with an increase in the con-
centration of bulk aluminum oxide. Furthermore, the LAC 
values for nano-sized composites are higher compared to 
those of micro-sized composites. This observation aligns 
with the density-dependent nature of LAC, where an increase 
in density leads to a corresponding increase in LAC.

To explore the shielding capabilities of current compos-
ites against gamma rays, we have calculated several param-
eters based on Linear attenuation coefficient (LAC). These 
parameters include the half value layer (HVL), the tenth 

value layer (TVL), and the mean free path (MFP). It is worth 
noting that lower values of these parameters indicate better 
shielding performance.

In Figs. 10, 11, and 12, we present the variations in HVL, 
TVL, and MFP values across all samples, considering the 
incident photon energy. These figures demonstrate that these 
parameters are dependent on photon energy. As the incident 
photon energy increases, we observe a corresponding increase 
in HVL, TVL, and MFP values. This implies that higher 
energy photons have a reduced likelihood of interacting with 
the sample, thereby allowing for enhanced photon penetra-
tion. Figure 13 illustrates the relationship between energy and 

Fig. 10  The variation of the HVL as a function of photon energy

Fig. 11  The variation of the TVL as a function of photon energy

Fig. 12  The variation of the mean free path as a function of photon 
energy

Fig. 13  The effective atomic number of free silicone rubber, 
10%,20%,30%, and 40%  Al2O3/SR for different gamma-ray energies
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the variation of effective atomic number. It demonstrates that 
as energy increases, the effective atomic number decreases, 
which is dependent on the mass attenuation coefficient. Addi-
tionally, an increase in aluminum oxide concentration leads to 
higher values of the effective atomic number.

Table 5 presents the ratio of the half value layer (HVL) 
of composites containing 40% Micro  Al2O3/SR and 40% 
Nano  Al2O3/SR to the HVL of pure 40% Micro Pb/SR. This 
assessment aims to determine the effectiveness of these 
composites as shielding materials. At an energy level of 
59.51 keV, it is evident that a thickness of 2.029 cm of 40% 
Micro  Al2O3/SR is equivalent to 0.194 cm of 40% Micro Pb/

SR shield. This means that the 40% Micro  Al2O3/SR com-
posite is 10.463 times thicker than the 40% Micro Pb/SR 
shield. On the other hand, at an energy level of 1408.1 keV, 
a thickness of 8.119 cm of 40% Micro  Al2O3/SR is similar to 
6.909 cm of 40% Micro Pb/SR. In this case, the 40% Micro 
 Al2O3/SR composite is only 1.175 times thicker than the 
40% Micro Pb/SR shield. Furthermore, it is evident that a 
thickness of 1.616 cm of 40% Nano  Al2O3/SR is equivalent 
to 0.194 cm of 40% Micro Pb/SR shield at 59.51 keV. This 
indicates that the 40% Nano  Al2O3/SR composite is 8.334 
times thicker than the 40% Micro Pb/SR shield. Similarly, 
at an energy level of 1408.1 keV, a thickness of 7.275 cm of 
40% Nano  Al2O3/SR is similar to 6.909 cm.

Table 6 represents a comparison of the linear attenuation 
coefficient at different gamma ray energies between the data 
explained in Gouda M. M. et al. [10] where silicon rubber 
is reinforced with 20% micro- and nanotin oxide. The com-
parison described that LAC of 20% tin oxide was higher 
than 40% aluminum oxide at low energies, but as the energy 
increased, the values of 40% micro- and nano-  Al2O3/SR 
became higher than the values of 20% micro and nano tin 
oxide, and that is according to increasing the density of the 
composite. This led to the validity of using light elements as 
filler in the composite, but with high concentrations to get 
acceptable results.

4  Conclusion

To examine the capability of radiation attenuation, alu-
minum nanoparticles were produced in this study using the 
electric arc discharge method. The effect of particle size on 
radiation shielding capabilities is studied using micro- and 
nano-sized aluminum nanoparticles. With photon energies 
ranging from 59.53 keV to 1408 keV, the shielding proper-
ties of the composites were measured using a NaI scintilla-
tion detector. According to the SEM and TEM images that 
were taken of the generated samples, the addition of nano-
particles and nanowires improved the morphological and 
homogenous qualities more than the inclusion of microparti-
cles. The results show that there is good agreement between 
the theoretical values acquired from the XCOM program 
and the experimental values of the MACs for bulk samples. 
The results show that nano aluminum oxide composites 
have superior gamma ray shielding properties in compari-
son to micro aluminum oxide composites. Also, increasing 
the weight percentage of aluminum oxide led to an increase 
in density, which proved that, when it comes to radiation 
protection, aluminum oxide with a high concentration has a 
better linear attenuation coefficient.

Table 5  The ratio of HVL value of  Al2O3/SR composites to HVL of 
40% Micro Pb/SR

Energy
(keV)

HVL HVL composite / HVL 
40% Micro Pb/SR

40% 
Micro 
 Al2O3/SR

40% Nano 
 Al2O3/SR

40% 
Micro 
Pb/SR
(XCOM)

40% 
Micro 
 Al2O3/SR

40% Nano 
 Al2O3/SR

59.51 2.029 1.616 0.194 10.463 8.334
80.99 2.472 2.011 0.415 5.958 4.849
121.78 2.923 2.393 0.278 10.520 8.613
244.7 3.695 3.084 1.254 2.948 2.460
356.01 4.278 3.612 2.255 1.897 1.602
661.66 5.545 4.724 4.215 1.315 1.121
778.9 5.945 5.080 4.756 1.250 1.068
964.08 6.614 5.775 5.499 1.203 1.050
1173.24 7.343 6.414 6.223 1.180 1.031
1332.5 7.906 7.041 6.704 1.179 1.050
1408.01 8.119 7.275 6.909 1.175 1.053

Table 6  Comparison of the LAC between our result and 20% Micro 
and Nano  SnO2/SR [10] at different energies

Energy
(keV)

Linear attenuation coefficient,  cm−1

40% Micro 
 Al2O3/SR

20%
Micro  SnO2/
SR [10]

40% Nano 
 Al2O3/SR

20%
NanoSnO2/
SR [10]

59.51 0.342 1.632 0.429 2.072
80.99 0.280 0.847 0.345 1.09
121.78 0.237 0.386 0.290 0.488
244.7 0.188 0.192 0.225 0.241
356.01 0.162 0.152 0.192 0.188
661.66 0.125 0.115 0.147 0.139
778.9 0.117 0.104 0.136 0.12
964.08 0.105 0.094 0.120 0.106
1173.24 0.094 0.085 0.108 0.096
1332.5 0.088 0.079 0.098 0.088
1408.01 0.085 0.077 0.095 0.085
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