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ABSTRACT ARTICLE HISTORY
Radiation is useful but can be harmful to humans if used care- Received 23 September 2023
lessly. Therefore, radiation protection equipment is necessary for ~ Accepted 6 December 2023
workers. In this paper, we aim to study a cement composite with

BaS04/Bi,03 for protection against X-rays and gamma rays. The g:r‘i{uvrvnzgl?aie; bismuth
shielding ability was measured using a diagnostic X-ray with ener- oxide; radiation shielding;
gies of 60-120 keV and gamma rays of Cs-137, Ba-133, Co-57 and X-ray; gamma; Portland
the morphology structure was determined including radiation pro- cement

tection properties. The results showed that Portland cement with a
high concentration of BaSO4/Bi; O3 had the ability to absorb radia-
tion from X-rays in the range of 95.54-99.87% and gamma energy in
the range of 93.37-98.88%. Moreover, the composite of BaSO4/Bi; 03
induced a homogenous structure of Portland cement possibly affect-
ing the strength of the material. In addition, Portland shielding can
be designed for use in related applications in various energy ranges
including ones that are environmentally friendly and suitable for the
development of radiation protection in the future.

1. Introduction

Currently, radiology has extensive studies and research on radiation shielding materials (7).
The main purpose is to use composites to replace lead shielding in certain applications,
particularly when there is a need to reduce the weight (2) and toxicity associated with lead
(3). Because lead has health and environmental concerns associated with its use, it has led
to the exploration of alternative materials like composites (4).

The alternative usage of composite materials for radiation shielding depends on the
specific requirements of the application including the type and energy of radiation being
shielded (5), weight constraints (6) and cost considerations (7). For effective radiation shield-
ing, materials with high atomic numbers are preferred because they are more effective at
attenuating ionizing radiation (8). High atomic numbers have a greater number of protons
in their atomic nuclei, which results in stronger interactions with ionizing radiation (9). Due
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to a phenomenon known as the photoelectric effect, materials with high atomic numbers
demonstrate increased effectiveness in shielding high-energy photons. The photoelectric
effect is a process wherein photons interact with matter, transferring their energy to elec-
trons within the material and causing the ejection of these electrons. This phenomenon
holds particular significance when dealing with high-energy photons, including X-rays and
gamma rays (70). The most commonly used high-Z materials for radiation shielding include
Tungsten (W) (77) Bismuth (Bi) (72) Uranium (U) (713) Thorium (Th) (74) and Barium (Ba) (75)

In previous research articles, various materials have been studied for radiation protec-
tion, such as epoxy composites with tungsten for Co-60 radiation shielding (76), with BaSO4
(17), BiO3 (18) or even iodine contrast media (79) for radiation shielding in diagnostic and
nuclear medicine. The results showed that adding high atomic number substances to the
mixture can greatly reduce the radiation dose.

Furthermore, previous studies investigate the X-ray radiation shielding properties of
cement mortars prepared with different types of aggregates such as sand, fine stone, bev-
erage glass, untreated funnel glass, treated funnel glass and barite. Several previously
published studies have explored the role of composites in mortar for shielding. The results
demonstrated the feasibility of using different types of aggregates in cement mortar for
diagnostic X-ray shielding, with the potential for enhancing radiation shielding ability
through increased mortar density (20). The investigation by Yao Y, et al. of the shielding
ability of a Bi,Os-loaded concrete mixture against gamma rays from a 137Cs (662 keV)
radioactive source was compared with theoretical values calculated using the XCOM pro-
gram (27). Kavaz E et al. studies of gamma ray shielding effectiveness of the Portland cement
pastes doped with brass-copper found significant gamma absorption (22). Composites
cement/BaS04/Fe304/Cu0O was studied by Gharissah M. S, et al. for improving the X-ray
absorption characteristics and were successful for the X-ray radiation shield with energies of
55,66 and 77 keV. These results indicated a high potential for composite designs instead of
concrete for new and efficient radiology rooms (23). The study of shielding Mortars for Radi-
ation Source Transportation and storage was prepared and the impact of WO3 and barite
on their radiation shielding performance was evaluated using radioactive sources (Am-241,
Cs-137, Eu-152, Ba-133). This material is promising as an effective shield of radiation-
emitting sources during transportation and long-term storage (24). Further, preparations
of Mortar with Fe;03 Nanoparticles for Cs-137, Co-60 and Am-241 radiation shielding were
compared with the XCOM program, and a very good agreement between the theoretical
and experimental results was obtained (25). Likewise, Portland cement is the most common
type of cement used in construction and has several benefits that make it an ideal choice
for a wide range of applications: it has great resistance to cracking and shrinkage but less
resistance to chemical attacks (26).

Additionally, BaSO4 is commonly used as a radiopaque contrast agent in medical imag-
ing procedures (27). Barium has a relatively high atomic number (Z = 56) (28), which makes
it effective at interacting with and absorbing ionizing radiation. This property makes bar-
ium sulfate a suitable material for shielding against X-rays and gamma rays (29). BiOs is
sometimes used in radiation shielding applications, primarily for its high atomic number
(Z2) and density (30). Bismuth (Bi) has a high atomic number (Z = 83) (37), which means
it has a greater number of protons in its atomic nucleus. This high atomic number makes
bismuth an effective material for attenuating ionizing radiation, particularly gamma rays
and X-rays (32). Moreover, BaSO4 and Bi;O3 can be considered relatively environmentally
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friendly when used in controlled and regulated applications. In addition, Portland cement
is one of the most widely used construction materials in the world (33). It is a versatile and
essential component in various construction applications due to its strength (34), durability
(35) and ability to bond with other materials (36).

However, previous studies focused on a single substance and only studied the energy
range in diagnostic radiation or nuclear medicine. For that reason, this study aims to inves-
tigate the Portland radiation shielding properties with composites of BaSO4 and Bi,Os3 for
both radiation protection in X-ray and gamma rays. The knowledge from this research may
help create radiation-shielding materials in each area. In addition, the resulting material is
environmentally friendly.

2. Material and methods
2.1. Raw materials

Commercial Portland cement (ASTM C-150) was obtained from the local company (TPI
Polene Public Company Limited, Thailand). The chemical composition of cement deter-
mined by X-ray fluorescence spectrometer (XRF) is presented in Table 1. Barium sulfate
(BaSOg4) with purity of 99% was provided by KEMAUS (Australia) and powder bismuth
oxide (BiO3) with purity of 99.9% was provided by Thermo Fisher Scientific (Belgium). The
physical appearances of the raw materials are shown in Figure 1.

2.2. Preparation of Portland radiation shielding

The materials were mixed for 10 min in a mixing machine with 4 formulations (%w/w) as
shown in Table 2 and then, the material was added to the block (10 x 10 x 2 cm) for X-ray
shielding and thickness 5 cm for gamma shielding. After that, the materials were cured at

Table 1. The chemical composition of base materials used in the research work.

Constituent Cao Si0, Al,03 MgO Fe,03 SO3 K,0 Na, 0
Percentage 50.60 15.20 2.28 1.54 1.22 1.16 0.19 0.127

P

Portland cement Barium sulphate (BaSO,) Bismuth oxide (Bi,0,)

Figure 1. Raw materials.
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Table 2. Mixture percentage of prepared Portland cement.

Composition
Sample Portland cement (%) BaS04 (%) Bi, 03 (%) Water (%)
Sample 1: Control 100 - - 50
Sample 2: 10% BaSO4 + Bi, 03 90 5 5 50
Sample 3:20% BaSO4 + Bi, 03 80 10 10 50
Sample 4: 30% BaSO4 + Bi, 03 70 15 15 50

For X-ray (thickness: 2cm For Gamma (thickness: 5cm)

Figure 2. The Portland cement sample in the radiation shielding properties.

room temperature for 30 days and removed from the molds prior to testing. The samples
are shown in Figure 2.

2.3. Characterization of Portland radiation shielding

The scanning electron microscope (SEM) images: The sample of material shielding was bro-
ken and then mounted on a stub. The assemblies were dried under reduced pressure at an
ambient temperature overnight, and then coated with a thin layer of gold prior to obser-
vation. The morphology of material shielding was observed by JEOL JSM-IT300 scanning
electron microscope (USA) with an operating voltage of 15kV. SEM-EDS was applied to
check the chemical composition of BaSO4 and Bi; O3 in Portland cement shielding material.

Tensile testing of Portland radiation shielding: For strength measurement, a tensile
strength test (1TK-10TX, BEMAX, Osaka, Japan) loading at 1-10 ton and X-ray fluorescence
spectrometer-XRF (BRUKER S8 TIGER) analyzed the chemical composition of base materials
of Portland cement.

2.4. X-ray and gamma-ray shielding experiment

The radiation absorption properties were measured from the X-ray with the applied energy
voltages ranging from 60-120 kVp irradiated by general X-ray (FDR smart X/Fujifilm) and
gamma ray were measured from a standard source of Cs-137 (662 keV), Ba-133 (31, 356, 81
and 303 keV), Co-57 (122 keV). The cement material shielding was irradiated by X-ray (FDR
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Figure 3. Schematic of experimental setup of radiation shielding test (a) X-ray test (b) Gamma test.

smart X/Fujifilm) at a distance of 100 cm from the X-ray source and a field size of 8 x 8 cm.
The X-ray dose was measured by Radcal Accu Gold and gamma ray was irradiated at a dis-
tance of 1 cm from standard source. The gamma ray dose was measured by GM pancake
detector (Ludlum offers our Model 44-9 GM pancake detector) as seen in Figure 3.

The properties of radiation shielding such as radiation absorption, linear attenuation
coefficient, HVL and TVL were described by the following Equations (1)-(3)

Linear attenuation coefficient = | = Iy -e ¥ (1
0.693
HVL = —— (2)
"
2.303
TVL = —— (3)
"

I: The intensity of the radiation after passing through the material.
lo: The initial or incident intensity of the radiation before passing through the material.
M: The attenuation coefficient. X: The thickness or path length of the material.

3. Results
3.1. Characterization and morphology of Portland cement radiation shielding

The density values of the Portland cement samples were 1.44, 1.966, 2.492 and 3.018 g/cm3
for Portland (without BaSO4 and Bi;O3), with 10%, 20% and 30% BaSO4 respectively. In gen-
eral, BaSO4 and Bi,O3 have higher molecular weight and density (37, 38), as compared to
pure bismuth (Bi) due to the arrangement of atoms in a crystal lattice (39). The result of this
experiment found that composites of BaSO4 and Bi; O3 had increased density in Portland
cement (Figure 4).
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3.5
2.5

1.5
0.5 I
0

Sample 1 Sample 2 Sample 3 Sample 4
m Density (g/cm3) 1.44 1.966 2.492 3.018

Density (g/cm3)

(=3

Figure 4. Density of the Portland cement samples.

Pure Portland 10% BaSO, / Bi,0, 20% BaSO, / Bi,O, 30% BaSO, / Bi,0,

o

100x

500x

2000x

Figure 5. The SEM image with morphology of Portland cement at 100 x, 500 x and 2000 .

A scanning electron microscope (SEM) of the JSM-IT300, JEOL model was used to pro-
duce morphological images of the prepared Portland cement samples, as shown in Figure
5. The figure shows that the distribution of BaSO4 and Bi;O3 is more homogeneous with

increased percentages of BaSO4 and BiyOs.
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Figure 6. Result of SEM-EDS analysis. EDS spectrum of Portland cement (a) sample 1 or control (b)
sample 2 (c) sample 3 and (d) sample 4.

The SEM-EDS for chemical analysis in Portland cement material are shown in Figure 6.
Figure 6(b-d) reveals that the composite of Ba and Bi increases with increasing concen-
tration of BaSO4 and Bi;Os. But in sample 2, (formula of 10% BaSO4 and Bi;O3) Bi was not
detected in the composite which may have been caused by mixing in the forming process.

However, the morphology from SEM can be confirmed as composite BaSO4 and Bi; O3
were mixed in Portland cement and it also results in the material being more homogenous
when increasing the composite of BaSO4 and Bi,O3.
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3.2. Compressive strength

The compressive strength of the Portland cement decreased as the combined loading of
BaSO4 and Bi,0s. Figure 7 shows that the force, tensile strength and tensile stress are
decreased when increasing the concentration of BaSO4 and Bi,Os. Figure 7(a) shows the
maximum force (kN) of Portland cement with composite of BaSO4 and Bi; O3 as 99.47,99.12,
98.96 and 98.59 kN, respectively. Figure 7(b) indicates the maximum strength (N/mm) of
Portland cement with composite of BaSO4 and Bi; O3 as 994.72, 991.29, 989.62 and 985.95
N/mm, respectively and in Figure 7(c) the maximum stress of Portland cement with com-
posite of BaSO4 and Bi; O3 as 58.51, 58.31, 58.21 and 57.997, respectively. The results show
that the composite of BaSO,4 and Bi; O3 can affect Portland cement strength by reducing
compressive strength when increasing the concentration of BaSO4 and Bi;Os.

3.3. X-ray and gamma-ray shielding properties

The radiation of X-ray shielding properties was determined from the exposure technique
60-120 kVp and gamma ray using standard source from radioactive in the energy range of
31-662 keV (Co57, Ba133 Cs137). Portland cement with a concentration of 15% BaSO4 and
15% Bi, O3 at thickness of 2 cm for X-ray test and 5 cm for gamma test had higher shielding
efficiencies for reducing the radiation dose from X-ray and gamma ray as depicted in Figure
8(a) and 8(b). Additionally, the radiation shielding abilities of the Portland cement with lead
were compared in both X-ray and gamma ray and found that the radiation shielding prop-
erties in high concentration of BaSO4 and Bi;Os3 are similar in X-ray test but are less than
lead in gamma test. For Figure 9(a), the radiation after shielding by lead did not detect radi-
ation from Co-57 and very low in Ba-133 as 0.22 mSv/hr and not shown in the histogram.
As a result, the linear attenuation, HVL and TVL values cannot be determined.

In addition, Portland cement with composite of BaSO4 and Bi, O3 was good at reduc-
ing radiation at low energy and blocking ability decreased with the increasing irradiation
energy and found that the shielding properties increased with an increasing composite of
BaSO4 and Bi203,

3.4. Radiation absorption properties, linear attenuation coefficient, HVL and TVL

The other shielding parameter properties based on our research work such as radiation
absorption, linear attenuation coefficient, HVL and TVL were calculated by the following
Equations: (1)-(3). The results demonstrate that the radiation absorption increased with an
increased composite of BaSO4 and Bi;O3. Higher concentrations in Portland cement (15%
BaSO4 and 15% Bi,03) show all absorption characteristics from the experimental data in
this study are higher in both X-ray in 60, 80, 100 and 120 kVp was 99.87, 98.98, 97.09 and
95.54%, respectively in Figure 9(a) and gamma energy in the energy range of 31-662 keV
(Co-57, Ba-133 Cs-137) was 98.88, 96.79 and 93.37%, respectively in Figure 9(b).

The linear attenuation properties of radiation shielding material increased when com-
posite of BaSO4 and Bi; O3 was increased. Portland cement with 30% BaS0O,4/Bi>O3 demon-
strated higher shielding efficiencies as shown in Figure 10.

Additionally, the half-value layer (HVL) and tenth-value layer (TVL) were investigated to
evaluate the performance of the X-ray shielding. For all Portland cement samples, the HVL
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Figure 7. The compressive strength. (a) Force (b) Tensile strength and (c) Tensile stress.
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Figure 8. (a) The radiation dose (X-ray) measurement from 60, 80, 100 and 120 kVp and (b) The radiation
dose (gamma) measurement from energy 31-662 keV.

and TVL seemed to have increased with an increasing composite of BaSO4 and Bi;O3. How-
ever, Portland cement composite with 30% BaS0O4/Bi; O3 compared with 5 mm lead glove,
lead apron and 2.5 cm L-lead shielding showed less shield ability. X-ray testing found that
the efficiency was similar to lead but less than lead in gamma test in all parameters (Figures

11 and 12).
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Figure 9. (a) The radiation absorption from 60, 80, 100 and 120 kVp and (b) The radiation absorption
measurement from energy 31-662 keV.

4. Discussion and conclusion

Radiation shielding devices are crucial in various radiology departments, industries and
applications where ionizing radiation is present (40). The primary purpose of radiation
shielding devices is to protect the health and safety of individuals working in environments
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Figure 10. Linear attenuation coefficient of Portland cement (a) X-ray test and (b) Gamma test.

with ionizing radiation (47) because radiation can have various detrimental effects on the
human cellular components (42-45) especially, DNA damage which can lead to mutations
and cancer (46). Therefore, radiation shielding equipment is necessary to prevent radiation
hazards.

In this experiment, we compared Portland cement composite with BaSO,4 and Bi;O3
compared to standard lead shielding. The shielding material from composite of Portland
cement with substances of BaSO4 and Bi;O3 had good radiation absorption for X-ray but
still less than gamma ray. The research is consistent with the previous theory that Gamma
rays and X-rays consist of high-energy waves (47), especially those with high energy have
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Figure 11. Half-value layer (HVL) (a) X-ray test and (b) Gamma test.

a great ability to penetrate other materials and can penetrate matter easily (48). The abil-
ity to penetrate matter increases with increasing energy (48) and decreases with increasing
atomic number of the absorbing material (49).

In our research we found that the characteristics of Bi;O3 have more density and atomic
number than BaSO4 (50, 51), resulting in high efficiency of radiation attenuation in Portland
cement. However, the Portland composite with 30% BaSO4/Bi, 03 had efficiency of radia-
tion absorption for X-ray (99.87%) similar to lead apron (99.81%) and lead glove (99.96%).
In contrast, the efficiency of radiation absorption for gamma rays (93.37%) was less than
L-lead shield (97.31%).
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In addition, the morphology structure of Portland cement by scanning electron
microscopy found that the morphology was homogenous in the Portland cement with
BaSO4 and Bi; O3 more than pure Portland cement. This effect is likely related to the small
particle size and shape of bismuth and barium which are less than the particle size of
Portland cement components (52). Typically, the increased solubility of smaller dissolved
substances is linked to their favorable interactions with the solvent, larger surface area, and
reduced energy needed to break intermolecular forces. Together, these elements play a
crucial role in generating highly homogeneous solutions (53). As a result, substances can be
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mixed together homogeneously. However, this affects the strength of the cement because
bismuth and barium have less cohesive and hardening properties than the components
in the Portland cement. As a result, the compressive strength is decreased with increasing
concentrations of bismuth and barium. The results of this study are related to the integra-
tion of bismuth and barium with the components of Portland cement at a chemical level
may be problematic, potentially resulting in the formation of less stable compounds. This,
in turn, can have adverse effects on the overall strength and cohesion of the cement matrix
(54); the bismuth and barium composite may exhibit differences in particle size and distri-
bution compared to pure Portland cement. These variations in particle characteristics can
influence the packing density of the cementitious material, potentially resulting in a matrix
that s less cohesive and weaker (55). Moreover, the binding capacity of bismuth and barium
might not be equivalent to that of the components in pure Portland cement. The binding
capacity plays a crucial role in forming a robust and cohesive cement matrix. If the compos-
ite lacks efficient binding, it could lead to a decrease in strength (56). Therefore, the mixing
and forming process should be improved in order to increase the strength of the material,
for example, adding substances that help the material to hold together by strong bonding
and strength, including being developed for use in various radiological applications. The
type and quantity of aggregates in the concrete are important components for radiation
protection properties of concretes (57, 58).

The results of the experiments are consistent with research that has mixed BaSO4 and
Bi»O3 and are known radiation shielding composites in various materials such as polyethy-
lene (59), Polyvinyl chloride (60), Epoxy Resins (77), Silicon rubber (67) and gypsum board
(62). The choice of material will depend on factors such as the type of radiation being
shielded (e.g. gamma rays, X-rays, neutrons) (63), the required thickness of the shielding
(64), the physical properties needed (flexibility, rigidity or density) (65) and cost considera-
tions (66).

Ongoing research for radiation shielding (67, 68) using Portland cement, which is ver-
satile and durable makes it a fundamental building material in construction and civil
engineering (69), playing a critical role in the development of infrastructure and buildings
worldwide (70).

Based on this information, the goal is to create shielding material for diagnostic radiol-
ogy and nuclear medicine departments using composites of Portland cement with BaSO4
and Bi;O3 that compare favorably to traditional lead shielding. This study will be useful
for the selection and fabrication of radiation shielding materials that are locally available,
inexpensive, easy to mold, nontoxic to manufacture and have similar properties to lead.
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