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ABSTRACT

Composite samples of compositions (X-70) (SiOz): X(Bi:03):
30(3Ca0.Si0;) were synthesized and studied for their ra*diation shielding
properties. The density of each sample was measured using digital
densimeter. The densities of the samples were found to increase as the
quantity of bismuth oxide (Bi:O3) increases. The linear attenuation
coefficient (LAC), mass attenuation coefficients (MAC), half value layer
(HVL), tenth values layer (TVL), mean free path (MFP) of the samples were
calculated from the experimental data. The results reveal that the values of
LAC and MAC consistently decrease while the values of HVL, TVL and MFP
increase steadily as the photon energy increases suggesting a good material
for radiation shielding. The sample with 25 % of Bi>Os suggested the most
effective for radiation attenuation. This study highlights the possibility of
locally obtained materials that are readily available and cost effective for
viable radiation shielding applications as a worthwhile alternative to the
conventional lead-based shielding materials.

1. INTRODUCTION

X-ray radiation plays a crucial role in various scientific fields, including chemistry, materials
science, medicine, and clinical settings. The high penetrating power of X-ray through dense
materials enables the investigation of inner structures in both materials and the human body. It
easing precise dose detection, flaw inspection, and radiation monitoring [1]. X-ray radiation has
numerous applications such as imaging and is also use to enhances safety control in areas such as
nuclear medicine [2]. However, excessive exposure to X-rays can lead to severe health risks,
including radiation-related illnesses, injuries, and even death.
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To mitigate these risks, specially fabricated shielding materials needs to been developed to
minimize exposure to X-ray radiation. Radiation shielding works by leveraging the interaction
between radiation and materials, where the materials absorb or scatter the radiation, effectively
reducing its intensity [3]. The ability of a shielding material to attenuate radiation depends on the
density of the material and its atomic number [4]. Consequently, various materials have been
explored for radiation shielding purposes, including clay-white cement mixtures, silica-based
glasses, ball clay, kaolin-coated textiles, cement-based mortars with sand and eggshells as well as
polymer nanocomposites [5-10].

Materials like lead, concrete, and aluminium are frequently used for radiation shielding, having
been assessed for their ability to effectively block gamma rays and X-rays [3]. The lead-based
shielding materials are commonly used due to their high shielding performance against X-rays
[3]. However, the toxicity of lead poses a substantial concern, and its disposal after used can lead
to environmental hazards [11] hence the need for a practical alternative.

Bismuth-based composites may standout in radiation shielding due to their exceptional attenuation
properties [8]. By integrating bismuth with cement, shielding effectiveness may be greatly
improved, which can present a potential replacement for conventional lead-based shielding
materials. In spite of progress in radiation shielding materials, optimizing them for specific uses
and as suitable substitute for lead, especially in extreme conditions, remains a challenge.
Therefore, continuous research is crucial in other to create solutions that balance performance,
cost, and environmental suitability. In addition to cost, the toxicity of lead presents a serious
environmental and health risks, highlighting the need for safer, innovative and non-toxic
alternatives that can provide reliable and versatile radiation protection while ensuring safety and
practicality.

This study aimed to investigates X-ray attenuation performance of bismuth oxide (Bi203), silica
(S10,), and cement (3Ca0.Si02) embedded as a matrix with focus on material composition and
energy dependence.

2 MATERIALS AND METHODS
2.1 Materials

The materials used in this study was bismuth which was collected from Abuja in Nigeria. The
Bismuth was then taken to National Metallurgical Development Centre (NMDC) in Jos for
separation of impurities that may be present. Bismuth was crushed into smaller particles and then
grounded into powdered form. Other materials are cement (3Ca0O.SiO:) and silica (SiO;) which
are commercially available in an open market in Jos, Plateau State. Figure 1 (a) shows the bismuth
in clay form and Figure 1(b) illustrations the bismuth in its powdered form.

Figure 1
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2.2. Sample preparation

The sample of bismuth oxide (Bi>03) was in powdered form and was prepared for fabrication of
the concrete according to the chemical formula (70-X)(Si0z): X(Bi203):30(3Ca0.Si0>), where x =
5, 10, 15, 20 and 25 wt% by adding the percentage of Bi,03, 3Ca0.SiO2 and SiO,. The mixture
was properly done until a homogeneous solution was obtained. The mixture was then moulded in
the fabricated mould of thickness 2.0 cm. Table 1 shows the compositions percentage of Bi>O3,
Si0; and 3Ca0.SiO:.

Table 1: Compositions of Fabricated Samples

Sample Cement Silica (Si0») Bismuth Total
(3Ca0.Si0y) oxide(Bi203) composition

X %  mass(g) %  mass(g) %  mass(g) % mass(g)
5 30 21 65 455 5 3.5 100 70

10 30 21 60 42.0 10 7.0 100 70

15 30 21 55 385 15 105 100 70

20 30 21 50 350 20 14.0 100 70

25 30 21 45  31.5 25 175 100 70

2.3. Density of the samples

The densities of the samples were measuered using digital densimeter with model number MH-
300A with an accuracy +0.001 g/cm® using Archimedes’ principle [12]. Table 2 shows the
variation of densities with mass composition of Bi,0O3, SiO2 and 3CaO.SiO:. The densities of the
samples increasing with increases in the composition of Bi>0;. Perhaps one can clearly said that
density of the samples increases as the concentration of Bi,Os increases with the composition of
(70-X)(Si02): X(Bi203):30(3Ca0.Si0:).

Table 2. The density of the prepared samples in a concret form.

Sample wt% Density (g/cm?)
5.00 2.53
10.00 2.63
15.00 2.72
20.00 2.76
25.00 2.78
2.4 Radiation measurements

The setup of the experiment was discussed elsewhere by Masok et al [13]. X-ray attenuation
efficiency experiments was carried out using Siemens Mobile X-ray machine (Serial No:
02441502). The tube voltage is in (kVp) and current in (mAs). The experiment was carried out at
the voltage of 40 - 80 in step of 5 kVp and the current was constant at 20 mAs. The dose rates (in
uSv/hr) were recorded using a dosimeter GCA-07nW (Serial No: 10325) which is a digital Geiger
counter with a Neon halogen tube and 0.38-inch mica window. The distance of separations
between the point source and the detector was maintained at 100 cm throughout the experiment.
The radiation attenuations testing was done by taking readings of different energies. Background
readings were also recorded before the samples were placed in its holder for each of the chosen
tube voltage/current.
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RESULTS AND DISCUSSION
3.1 Linear attenuation coefficient (LAC) and Mass attenuation coefficient (MAC)

Linear attenuation coefficeint is important in shielding parameter, when a particle interact either
by scattereing or absorption of photon. The attenuation is usually establish by the Lambert- Beer
law[ 14, 15] stated as

I=1IeHt (1)

where I is the attenuated intensity, I, is the unattenuated intensity , u (cm™) is linear attenuation
coefficient and ¢ is the thickness of the material. The log of Eq.(1) can be expressed as

1
b= in(l,/D @
Eq.(2) was used to calculate the values of LAC for the samples.

Figure 2 show the graph of linear attenuation coefficeient against the photon energy in (kVp) of
the X-ray machine. The samples have diferent percentage concentration of Bi2O3 ranging from
5 to 25wt %. As can be seen from the graphs, the photon energy increases the value of LAC
decreases up to 60 kVp. This indicates that great energy photons are less effective for the offset
per thickness. Samples that has high percentage of Bi>Os (sample with 20 and 25 wt%) has highest
values of LAC. This signifies that it’s the most effective for radiation shielding material per
thickness. However, sample with 5 wt% has the lowest values of LAC indicating the less effect
for radiation shielding material per thickness. This observation was also reported by Kaewjaeng et
al [16] using glass material. At lower photons energy, all the materials are effective for radiation
shielding per unit thickness. This suggest that the suitable material for radiation shielding is sample
with 25 wt% of Bi>0s.

Mass attenuation coefficient is the quantity that defines the interaction probability between the X-
ray photons and the mass per unit area for certain material. The mass attenuation coeffient (MAC)
can be evaluated as

Hm= (%) =W (%) 3)

where p is the density of the material and w; is the weight fraction of the ith element constituent
[17]. Figure 3 shows the variation of MAC with the photons energy in (kVp). The values of all the
samples decreases with increase in photons energy of the X-ray. This shows that in elevation
photon energy is a lesser amount of effective per unit mass of the material. The values for all the
samples decreases to minimal at 60 kVp. Sample with 25 wt% of BioO3 has high values of MAC
making it the most effective for radiation shielding. This may be due to high atomic number in
the sample[18]. In disparity the sample with less percentage of Bi2O3 has lower values of MAC
making it the less effective for radiation shielding. Therefore, we may say that the best material
for radiation shielding is sample with 25 wt% of Bi>Os3.
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Figure 2. The variation of linear attenuation coefficient with photon energy for concentration of
Bi>0s from 5 to 25 wt%.
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Figure 3. Variation of mass attenuation coefficient with photon energy for concentration of Bi,03

from 5 to 25 wt%.

3.2 Half value layer (HVL), Tenth value layer (TVL) and Mean free path (MFP)

The HVL and TVL are necessary for thickness of the absorber material to decrease the radiation
intensity by one half and one tenth respectively. The values of HVL and TVL were computed
using Eq. (4) and (5) respectively [19, 20] as follows
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HVL="2 )

TVL= 222 (5).

However, the mean free path (MFP) is the average distance at which the photon travel through the
sample without interaction. The MFP can be estimated [21] as

1
MFP = . (6)

Figure 4 shows the graph of HVL as a function of photon energy for the samples of varying
concentration from 5 to 25 wt% of Bi>O3. The plot illustrates that as photon energy increases the
values of HVL also increases. It increases from the minimum value of 40kVp to 60 kVp and then
decreases. This shows that high photon energy requires thicker material for radiation shielding.
At lower energies, the variances in shielding efficiency are more noticeable, though at higher
energies, the gap constricts as all materials struggle to attenuate high-energy photons.

Figure 5 illustrates the graph of TVL against photon energy. The values of photons energy also
increase with TVL for all the samples. This specifies that high photon energy is necessary for
denser materials.

Figure 6 shows graph of MFP as a function of photon energy in (kVp) for the samples of
compositions (70-X)(Si0;): X(Bi>03):30(3Ca0.Si0:), where x =5, 10, 15, 20 and 25 wt%. As the
photon energy increases, the Mean Free Path (MFP) increases for all samples ranging from 5 to
25 wt%, signifying that higher-energy photons entail a more distance to interact with the material,
making them more penetrating. This similar observation was reported [13].
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Figure 4. Plot of HVL against photon energy for samples.
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Figure 5. The graph of TVL as a function of photon energy for vary concentration of Bi>O3 between
5 to 25 wt%.
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Figure 6. The plot of MFP against photon energy for samples with varying concentration between
5 to 25 wt% of Bi203.
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CONCLUSION

The report presented on the study of composition of bismuth oxide, cement and sand as x-ray
radiation shielding materials. The study provides a qualitative confirmation of X-ray attenuation
principles. The samples were fabricated by using the chemical composition of (70-X)(SiO:):
X(Bi;03):30(3Ca0.Si0>), where X= 5, 10, 15, 20 and 25 wt%. The density of the samples wre
determined using digital densimeter with model number MH-300A with an accuracy +0.001 g/cm?
by Archimedes’ principle. It was observed that the density increases with increase in percentage
composition of Bi»O3. The radiation attenuation shielding materials such as LAC, MAC, HVL,
TVL and MFP were all evaluated. The results reveal that the composite composition of Bi>Os3,
Si0; and 3Ca0.SiO: can form a suitable radiation shielding material.
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