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Abstract: In this study, lead-free X-ray shielding materials were fabricated 

using natural rubber (NR) and barium sulfate (BaSO₄) with various BaSO₄ filler 

loadings of 0, 50, 75, and 100  phr. The X-ray shielding properties of NR/BaSO₄ 
foam composites were investigated at X-ray tube voltages of 60, 70, 80, and 90 
kVp. The results showed that the X-ray attenuation efficiency increased with 

higher BaSO₄ filler content and material thickness but slightly decreased with 

increasing voltages. The X-ray radiation attenuation properties were analyzed 

using the linear attenuation coefficient (
l ) and the mass attenuation coefficient 

(
m ). The results indicated that both coefficients increased with higher BaSO₄ 

filler content but decreased as the voltage increased. In contrast, the half-value 

layer ( HVL ) decreased with increasing BaSO₄ filler content but increased with 

higher voltages. In conclusion, NR/BaSO₄ foam composites have great potential 

for developing flexible and environmentally friendly X-ray shielding materials. 

Keywords: Natural rubber foam; Barium sulfate; X-ray shielding 

1. Introduction 

X-rays are widely used in various industries, including nuclear reactors, 

airports, agriculture, and medical fields [1-2]. However, overexposure to X-ray 

radiation can negatively affect users, causing symptoms such as nausea, 

vomiting, fatigue, diarrhea, headaches, skin burns, and, in severe cases, death 

[3]. Therefore, it is necessary to develop radiation shielding materials to 

attenuate and prevent harmful X-ray exposure. Lead (Pb) is the most commonly 

used material for radiation shielding due to its high atomic number (82), which 

enables it to absorb radiation efficiently [1]. However, lead is a toxic material 

that poses significant health and environmental hazards [2]. Additionally, lead 

is heavy and non-flexible, making it inconvenient for users [4]. As a result, 

researchers have been exploring alternative materials for X-ray shielding, such 

as iron oxide (Fe₂O₃) [5], tungsten oxide (WO₃) [6], bismuth oxide (Bi₂O₃) [7], and 

barium sulfate (BaSO₄) [5]. BaSO₄ is a naturally occurring, non-toxic, and cost-

effective material conventionally used in clinical applications [4]. Due to its 

safety and affordability, BaSO₄ is a promising alternative material for X-ray 

shielding [2]. Additionally, BaSO₄ has been incorporated into various composite 

materials, such as natural rubber [1-2, 4, 8], polydimethylsiloxane rubber [5], 
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EPDM rubber [3,9], and concrete [10]. Natural rubber (NR) foam composites offer several advantages, 

including high elasticity, elongation at break, tensile strength, and tear resistance. Therefore, NR/BaSO₄ foam 

composites provide flexibility, lightweight properties, fracture resistance, and high efficiency in radiation 

shielding [1]. 

In this study, lead-free X-ray shielding materials were prepared using NR/BaSO₄ foam composites 

with BaSO₄ filler loadings of 0-100 phr via the Dunlop method. This method is convenient, reliable, cost-

effective, and energy-efficient. The study aimed to evaluate the effects of X-ray tube voltage (60-90 kVp) and 

material thickness on the X-ray shielding properties of the NR/BaSO₄ foam composites. 

2. Materials and Methods 

2.1 Materials 

High-ammonia natural rubber (NR) latex with a 60% dry rubber content was obtained from the Center 

of Rubber Technology for Community, Faculty of Engineering, Thaksin University, Phatthalung, Thailand. 

Barium sulfate (BaSO₄) particles (0.3 μm) were purchased from Scitrader Co., Ltd., Thailand. The following 

chemicals were used as additives: sulfur (S), zinc diethyldithiocarbamate (ZDEC), zinc 2-

mercaptobenzothiazole (ZMBT), Wingstay®-L, zinc oxide (ZnO), diphenyl guanidine (DPG), and sodium 

silicofluoride (SSF). These chemicals were acquired from VPK Supply Co., Ltd., Thailand, and were used in 

an aqueous dispersion form prepared in the laboratory. 

 

2.2 Preparation of NR/BaSO4  foam composites  

All ingredients were compounded according to the formulation shown in Table 1 [11]. The NR latex 

and BaSO₄ powders were blended with the other ingredients using mechanical stirring. The resulting foam 

mixture was poured into a mold (25 × 25 × 0.5 cm³). The NR/BaSO₄ foam was vulcanized at 100°C for 1 hour 

in an oven, following a fabrication process previously described [11].  

Table 1.  Material formulations for NR/BaSO4 foam composites preparation [11]. 

Ingredients Total solid content (%) Dry weight (phr*) 

HA latex 60 100 

S 50 2 
ZDEC 50 2.5 

ZMBT 50 2 

Wingstay® L 50 1 

ZnO 50 5 
DPG 40 2 

SSF 20 0.5 

BaSO4  (phr) 0, 50,75, 100 

* phr is the ratio unit of weight part of chemicals to 100 wt parts of rubber  

 

2.3 Characterizations 

2.3.1 Morphological properties 

 The NR/BaSO₄ foam composite surface morphology was analyzed using a Scanning Electron 

Microscope (SEM: FEI, Quanta 450 FEG). SEM observations were conducted at a voltage of 5 kV. Before SEM 

examination, the dried foam samples were vacuum-coated with gold and palladium to enhance conductivity. 

For morphological analysis, images were captured from three different areas of each NR/BaSO₄ sample; 

however, only a representative image is presented. 

 

2.3.2 Physical properties 

The foaming characteristics of NR/BaSO₄  foam composites were analyzed based on expansion ratio 

( ER ) and foam porosity (
fV ). The expansion ratio reflects the capacity of cellular materials to expand in volume 
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during the foaming process. This parameter was determined by calculating the ratio between the density of solid 

NR (
r = 0.93 g/cm3) and that of NR/BaSO₄ foam composites (

f ), as described in equation (1) [12]. 

r

f

ER



=  (1) 

Foam porosity, representing the proportion of void spaces within the foam structure, was evaluated 

using equation (2) [12]. 

1 100
f

f

r

V




 
= −  

 
 (2) 

 

2.3.3 X-Ray shielding properties 
NR/BaSO₄  foam composite samples, measuring 3.5 cm × 3.5  cm, were positioned between an X-ray 

generator (MRAD-A32S, CANON) and an X-ray measuring instrument (X2, RAYSAFE). The samples, with 

thicknesses ranging from 0.5 cm to 2.5 cm, were exposed to a narrow X-ray beam at tube voltages of 60, 70, 80, 

and 90 kVp with a current of 200 mA. The exposure time was set to 0.05 seconds. The X-ray tube was placed 

at a fixed distance of 1 meter from the NR/BaSO₄  foam composites, as illustrated in Figure 1.  The incident X-

ray intensity (
0I ) and the transmitted X-ray intensity ( I ) were recorded. 

 

 
Figure 1. X-ray shielding property experiment setup. 

      

The shielding properties of the NR/BaSO₄ foam composites were evaluated based on X-ray 

attenuation, linear attenuation coefficient ( l ), mass attenuation coefficient ( m ), and half-value layer 

( HVL ). The X-ray attenuation efficiency was determined using the following equation (3)  [12] : 

0

0

100X ray attenuati n
I I

I
o

−
− =  (3) 

Where I and 0I were the intensity of the transmitted X-ray and the intensity of the incident X-ray, 

respectively. The linear attenuation coefficients ( l ) were calculated using the following equation (4)  [12] : 
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A plot of ln(I₀/I) versus thickness (x) was used to determine 
l  the slope of the trendline [8]. The mass 

attenuation coefficient (
m ) was obtained using equation (6) : 

l
m





=  (6) 

Where   represents the density of the NR/BaSO₄ foam composites. The density values from a 

previous study [11] were used for these calculations. 

The half-value layer ( HVL ), which refers to the thickness required to reduce the X-ray intensity by 

50%, was determined using equation (7) [13,14] :  

2

l

ln
HVL


=  (7) 

 

Table 2. The densities of NR/BaSO4 foam composites with varying contents of BaSO4 [11]. 

BaSO4 content (phr) 0 50 75 100 

Density (g/cm3) 0.59  0.02 0.61   0.02 0.64   0.01 0.70   0.01 

3. Results and Discussion 

3.1 Morphological properties 

Figure 2 presents SEM micrographs that reveal that increasing BaSO₄   content (0-100 phr) significantly 

alters the foam structure. At 0 phr, the foam exhibits a highly porous, uniform structure. At 50 phr, BaSO₄ 

particles are well dispersed, maintaining porosity with thicker cell walls. At 75 phr, pore size decreases, and 

slight agglomeration appears, affecting homogeneity. At 100 phr, severe particle agglomeration is observed, 

leading to a denser, less porous structure. While higher BaSO₄ loading improves X-ray shielding efficiency, 

excessive amounts lead to particle agglomeration, reduced foam expansion, and compromised mechanical properties. 

 

  
(a) (b) 

  
(c) (d) 

Figure 2. SEM micrographs of NR/BaSO₄ foam composites at various BaSO₄ filler loadings : (a) 0 phr, (b) 50 phr, 

(c) 75 phr, and (d) 100 phr. 
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3.2 Physical properties  

 Figure 3 illustrates the expansion ratio (ER) and porosity (Vf) of NR/ BaSO₄ foam composites with 

increasing BaSO₄ content (0-100 phr). At 0 phr, the foam exhibits the highest ER and porosity, indicating a 

well-expanded structure. At 50 phr, ER and porosity slightly decrease but remain sufficient for maintaining 

flexibility. At 75 phr, both properties decline significantly, suggesting restricted foam expansion due to BaSO₄  
particle interference. At 100 phr, severe reduction in ER and porosity is observed, leading to a denser, less 

porous structure. Excessive BaSO₄ hinders foam formation, reducing void spaces and increasing density. 

 

        
(a)                                                                                               (b) 

Figure 3. Physical properties of NR/BaSO₄ foam composites at various BaSO₄ filler loadings : (a) Expansion 

ratio and (b) porosity 

 

3.3 X-Ray shielding properties 

Figure 4 illustrates the X-ray attenuation efficiency of NR/BaSO4 foam composites as a function of 

BaSO4 content and thickness at different X-ray tube voltages (60-90 kVp). The results show that X-ray 

attenuation increases with higher BaSO4 content and greater material thickness. At 0 phr, attenuation is lowest, 

while at 100 phr, it is significantly improved due to the higher density of BaSO4. Increasing the voltage reduces 

attenuation efficiency since higher-energy X-rays penetrate more easily. Therefore, higher BaSO4 loading 

enhances shielding effectiveness. 
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(c)                                                                                            (d) 

Figure 4. X-ray attenuation of NR/BaSO4  foam composites as a function of thickness and BaSO4  contents at 

different X-ray tube voltages. (a) 60 kVp, (b) 70 kVp, (c) 80 kVp, and (d) 90 kVp. 
 

 

   
(a)                                                                   (b) 

 

   
(c)                                                                  (d) 

Figure 5. Graph of ( )0ln I / I  as a function of thickness and BaSO4  contents at different X-ray tube voltages. 

(a) 60 kVp, (b) 70 kVp, (c) 80 kVp, and (d) 90 kVp. 
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Figure 6. The linear attenuation coefficient of NR/BaSO4  foam composites with different X-ray tube voltages. 

 

Figure 7 illustrates the mass attenuation coefficient (
m ) of NR/BaSO₄ foam composites at different 

X-ray tube voltages (60–90 kVp). The results show that 
m  it increases with higher BaSO₄ content, confirming 

that barium sulfate enhances X-ray absorption efficiency due to its high atomic number. However, 
m  it 

decreases as X-ray voltage increases, indicating that higher-energy X-rays penetrate the material more 

effectively, reducing attenuation.  The trend aligns with expectations, showing that BaSO₄-enhanced 

composites are more effective at lower X-ray voltages, making them suitable for radiation shielding 

applications. 

Figure 8 presents the half-value layer (HVL) of NR/BaSO₄ foam composites at different X-ray tube 

voltages. HVL represents the thickness required to reduce X-ray intensity by 50%, indicating the material’s 

shielding efficiency. The results show that HVL decreases as BaSO₄ content increases, confirming that higher 

BaSO₄ loading enhances X-ray absorption, requiring less material thickness for effective attenuation. However, 

HVL increases with X-ray voltage, indicating that higher-energy X-rays penetrate more easily, reducing 

shielding efficiency. 

 

 

Figure 7. The mass attenuation coefficient of NR/BaSO4  foam composites with different X-ray tube voltages. 
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Figure 8. The half-value layer of NR/BaSO4 foam composites with different X-ray tube voltages. 

 

4. Conclusions 
This study confirms that NR/BaSO₄ foam composites exhibit enhanced X-ray shielding efficiency with 

increasing BaSO₄ content. Higher BaSO₄ loading leads to reduced pore size and increased material density, 

affecting foam expansion and porosity. The addition of BaSO₄ significantly improves X-ray attenuation, with 

more excellent absorption observed at lower X-ray voltages. The linear and mass attenuation coefficients 

increase with BaSO₄ content, confirming enhanced radiation shielding capability. Conversely, the half-value 

layer decreases as BaSO₄ content rises, indicating better-shielding performance. However, at higher X-ray 

voltages, attenuation efficiency is reduced due to greater penetration. The results suggest that NR/BaSO₄ foam 

composites with 75–100 phr BaSO₄ provide an optimal balance between effective X-ray shielding and 

structural integrity, making them suitable for flexible, lead-free radiation protection materials. 
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Abstract: This study utilizes MATLAB/Simulink to analyze leakage current in 

the DC electric train power supply system. The objective is to develop simulation 

models using MATLAB/Simulink to evaluate and compare the simulation 

results with mathematical and discrete models. The study focuses on three 

simulation models with a drainage diode: FNRCS, SCCNS, and SCCNS. It 

examines leakage current behavior and assesses rail voltage characteristics over 

a distance of 0 to 5.00 km. The simulation results for the FNRCS model indicated 

a voltage drop from 169.90 V at the initial point to -297.38 V at 5.00 km, along 

with an increase in leakage current to 14.82 A. These findings align with both the 

discrete and mathematical models. Compared to the mathematical model, the 

average increase in leakage current was 40.07%. The simulation results for the 

SCCNS exhibited behavior similar to that of the FNRCS in terms of both rail 

voltage and leakage current. The average rail voltage of the SCCNS with a 

drainage diode was 284.62 V, demonstrating a steady decline. However, the 

leakage current increased significantly with distance. Compared to the SCCNS, 

SCCNS with a drainage diode exhibited higher rail voltage in the 0-3.00 km 

range and lower rail voltage in the 3.00-5.00 km range. The development of 

MATLAB/Simulink models for the railway power supply system has proven to 

be a practical approach for analyzing rail voltage and leakage current, offering 

valuable insights compared to discrete and mathematical models. 

Keywords: Leakage current; Rail voltage; MATLAB/Simulink; DC electric rail  

                      transit systems 

1. Introduction 
Power supply systems for electric railroads are now being developed 

further to improve system efficiency. Consequently, more and more specialist 

researchers are adopting computer simulation tools to create models. This 

strategy is becoming more popular because it is difficult to test or alter systems 

because of the high cost and lengthy installation time, particularly when making 

changes to the system. For long-term implementation, however, research on 

minimizing electrical leakage in railway systems has emerged as a crucial 

component of system analysis [1]. Various study approaches and methodologies 

are used to understand the effects of electrical leakage and suggest ways to 

reduce the dangers involved. To evaluate the behavior of electrical leakage in 

various systems, such as predicting the impacts of soil resistance through 

simulations, these studies frequently employ numerical approaches and 

mathematical models [2-3]. Furthermore, designs aimed at lowering the hazards 
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