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The current study investigates the potential of styrene-butadiene rubber (SBR) 
nanocomposite reinforced with nano-lead (N-Pb) as a protective shield against gamma 
radiation emitted from a Cobalt-60 (Co-60) source. The influence of varying N-Pb 
concentrations (50–300 parts per hundred parts of rubber, pphr) on the structural, 
morphological, and radiation-shielding characteristics was investigated. The nanocomposite 
was characterized using several analytical techniques, including X-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). 
The results demonstrate that increasing the N-Pb concentration leads to enhanced 
crystallinity, improved homogeneity, and significantly enhanced gamma radiation shielding 
capabilities of the material. Notably, the nanocomposite exhibited a substantial decrease in 
gamma count rate (31.9% reduction with 300 pphr N-Pb), mean free path (81% decrease), 
half-value layer (77% decrease), and tenth-value layer (87% decrease) as the N-Pb content 
increased. These findings highlight the promising potential of SBR-N-Pb nanocomposites 
as a cost-effective and efficient shielding material for various gamma radiation applications. 
 
 
(Received November 29, 2024; Accepted February 27, 2025) 
 
Keywords: Styrene-butadiene rubber, Gamma radiation shielding,  
                  Attenuation coefficients, Polymers nanocomposites, Nuclear applications 
 
 
1. Introduction 
 
The rising prevalence of cancer, coupled with the expanding applications of nuclear 

technology, has underscored the urgency for developing effective radiation protection solutions [1]. 
Among the various forms of radiation, gamma rays and high-energy electromagnetic radiation are 
particularly pernicious due to their deep penetration capabilities, posing significant risks to medical 
personnel and patients undergoing radiotherapy and workers in nuclear facilities [2]. The most 
crucial use of gamma rays in medicine is the diagnosis and treatment of injuries, especially the 
treatment of cancerous tissue. It kills precancerous cells and prevents them from growing as these 
rays penetrate the skin and ionize cells, killing the cell’s lead [3]. It is also used to treat eyes, increase 
thyroid secretion, and sterilize medical instruments through radiation. During the regular treatment 
of patients with tumours, the standard, unaffected tissues of the patient and those treating them are 
exposed to harmful radiation. For this purpose, suitable protective materials must be used to avoid 
damage to the healthy tissue of patients and employees in tumour centers [4]. 

Effective radiation shielding materials are essential for ensuring the safe use of ionizing 
radiation technologies, such as those involving gamma rays and radioactive isotopes. Continued 
advancements in nuclear radiation protection emphasize the development of enhanced shielding 
solutions, highlighting the increasing relevance of this area of research. One of the contemporary 
advancements in shielding materials is the development of "transparent shielding polymers." These 
materials incorporate a percentage of highly efficient nanoparticles into standard transparent 
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polymers, resulting in enhanced optical and radiation shielding properties [5, 6]. Recently, a novel 
radiation shielding material, composed of polyurethane and polyvinyl chloride reinforced with 
heavy metal salts (e.g., lead and barium), has been developed; this composite, offering protection 
against X-rays and gamma rays, represents a significant advancement in radiation protection 
technology[7]. 

The composite materials made of polymer and metal, or ceramic, have improved physical 
properties such as (thermal conductivity, mechanical, optical, magnetic, and electrical). Some 
studies focus on creating composite materials by integrating various fillers into different matrices, 
aiming to combine their properties into a single effective radiation shield [8].  

Polymer-based nanocomposites are being developed for radiation shielding applications. 
The high surface area of the nanoparticles, coupled with the flexibility and durability of the polymer, 
results in lightweight and effective radiation barriers. Moreover, silicon rubber matrices combined 
with various nanomaterials have been shown to improve the gamma radiation attenuation 
capabilities of these nanocomposite shielding solutions. These engineered composites' uniform 
dispersion and reduced internal stresses enhance their protective performance [8, 9]. 

Recent studies have investigated the radiation-shielding capabilities of polymer 
nanomaterials; Ibrahim et al.[10] studied the physical properties of styrene-butadiene rubber 
solutions in heptane before and after exposure to gamma radiation from a Co-60 source with an 
energy of 1.22 MeV and a radiation dose of 255.08 Rad. The research involved calculating various 
rheological properties, such as viscosity and revealed a decrease in density values following 
irradiation. Shruti et al.  [11] explored the radiation shielding effectiveness of a nanocomposite 
consisting of nanomethylsiloxane and bismuth oxide. Their findings demonstrated that a composite 
containing 44.44% bismuth oxide nanoparticles attenuated X-rays at 60 kilovolts with a thickness 
of 3.73 mm. Badawy et al.[12] developed a polyvinyl alcohol (PVA)/magnetic materials 
nanocomposite, which exhibited enhanced radiation shielding properties. This improvement was 
attributed to the lower saturation magnetization of the magnetic materials (MS) than that of pure 
magnetite and the superconductive behavior of PVA at room temperature. Al-Qaisi and Aobaid [13] 
investigated the impact of gamma radiation from a Co-60 source on the thermal conductivity of an 
epoxy resin reinforced with SiC nanoceramic and a hybrid SiC-graphite material with weight 
fractions of 2%, 4%, and 6%. Their results indicated that thermal conductivity increases with higher 
weight fractions before irradiation. However, due to the superior conductivity of the graphite 
reinforcing material compared to silicon, the thermal conductivity values further increased after 
irradiation with doses of 6, 8, and 10 KGy. El-Khatib et al. [14] examined the morphological 
properties and attenuation coefficients for gamma radiation protection in dimethylpolysiloxane 
mixed with micro- and nano-sized PbO at different weight ratios. Their research found that 
increasing the proportion of lead oxide filler significantly enhanced the linear attenuation coefficient 
and improved radiation shielding parameters, particularly at lower gamma energies. 

Furthermore, the study indicated that using nano-sized lead oxide in the silicone rubber (SR) 
matrix resulted in superior radiation shielding performance. Rola et al. [15] investigated the 
relationship between the cutting connection of the memory formation density of the vulcanized 
natural rubber (SMNR) with different sulphur contents in the range (0.75-2)pphr, and the results 
showed that the increased crosslinking negatively impacted the shape memory properties of the 
"smart" rubber material. Compared to lead monoxide, PbO exhibits superior performance over the 
other lead oxides[16]. Rubber-lead mixtures were highly flexible and homogeneous, and their 
radiation protection properties improved with increasing lead concentrations [17]. By reinforcing 
the SBR matrix with various loading ratios of Pb-NPs and additional additives, like chlorophyll and 
TiO2, this study aims to create practical barriers to ionizing radiation and increase safety for medical 
personnel, patients, and workers at nuclear facilities. These improvements include increased 
crosslink density, improved resistance to oxidation, and increased rubber compound efficiency for 
shielding against gamma rays. 
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2. Experimental practical 
 

2.1 Preparation of samples 
A polymeric composite master batch preparation involved meticulously mixing the 

materials using a laboratory mill equipped with rolls measuring 150mm on the outside and a working 
distance of 300mm. The slow roll operated at 24 rpm, and the mill facilitated precise control over 
the gap distance between the rolls. The ingredients were carefully added according to the standard 
IT1060 specifications, following the formulation outlined in Table 1. The processing recipe for the 
master batch incorporated varying mixing times. The mixing and homogenization process proceeds: 
The styrene-butadiene rubber (SBR) was passed between the rollers several times. At the same time, 
the opening between the two rollers was reduced. This process is carried out at a temperature of 
45°C. Stearic acid was then added at a rate of 1.75 pphr and continuously mixed with the rubber 
between the rollers. Then zinc oxide and titanium oxide were added at a rate of 0.6 and 20 pphr, 
respectively. Twenty pphr of Chlorophyll was added by extracting it from the plant (Alfalfa) using 
acetone as solvent [18]. The accelerator TMTD was added at 0.6 pphr and sulphur at 2.6 pphr to 
ensure the temperature does not exceed 45°C. Then, nano-lead is added in a different ratio, as shown 
in Table 1. Roll the batch around the two rolls several times while reducing the hole to 0.28 mm for 
final homogenization, then cool to room temperature and let stand for 24 hours to avoid internal 
stress to remove the characterizations. 

 
Table 1. The compounding of the rubber nanocomposites. 

 

 
 
2.2. Radiation-shielding characterizations   
Gamma radiation, a form of electromagnetic radiation discovered by Paul Villard in 1900, 

exhibits energies ranging from 1 to 14 MeV and travels at the speed of light. A lead equivalence test 
(IEC 61331-3:2014) was conducted to evaluate the shielding sheet's effectiveness. This test 
measures the reduction in gamma ray intensity (dI), which is directly proportional to both the initial 
intensity (I) and the thickness (dx) of the shielding material [19]: 

 
 dI= −𝜇𝜇𝐿𝐿Idx                                                                             (1) 

 
Integrating this equation, we obtain the Lambert-Beer law [20] :  
 

I=Io 𝑒𝑒−𝜇𝜇𝐿𝐿𝑥𝑥 
                                                                                (2)                       

where: 
      I= the intensity of photons transmitted across some distance x 
      Io= the initial intensity of photons  
      𝜇𝜇𝐿𝐿= is the linear attenuation coefficient, representing the relative decrease in the number 

of photons per unit thickness measured in cm-1.  
      x= shielding thickness    

Manufacturer  pphr Compounding ingredients 
Synthos S.A. Oswiecim ,Poland 100 SBR 

BASF AG, Germany 0.6 Zinc Oxide 
BASF AG, Germany 1.5 Stearic acid  

Beesworks, China 1 Paraffin wax 
JSC Khimprom, Russia 0.5 TMQ 

Taizhou Huangyan Donghai Chemical Co., Ltd., 
China 

1 TMTD 

TIANHAO, China 6 DOP 
BASF AG, Germany 2 Sulfur 
Laboratory prepared 20 Chlorophyll 

Wuxi CHTI New Materials Co., Ltd., China 20 TiO2 
American Elements, USA 50,100,150,200,300 Nano-lead ratio 
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Materials with a large atomic number are preferred for manufacturing special gamma ray 
shields, and lead is considered the first material for gamma ray shielding. 

The half-thickness is the thickness required to reduce the intensity to half of its original 
value: 

 
1
2
𝐼𝐼0 = Io 𝑒𝑒−𝜇𝜇𝑋𝑋½                                                                             (3)  

 
  𝜇𝜇 = (0.693/x1/2)                                                                             (4) 

 
The mass absorption coefficient data provided by Hubbell was utilized to determine the 

appropriate energy corresponding to the half-value layer for a specific energy level. This method 
was employed to pinpoint the most effective energy for optimal utilization [21]. The samples were 
exposed to gamma rays emitted by a Cobalt-60 source, which has an average energy of 1.25 MeV  
[22-24] 

The linear attenuation coefficient can be represented as: 
 

 𝜇𝜇𝐿𝐿 = −Ln(I/Io) 
x

                                                                         (5) 
 

The relationship between the mass attenuation coefficient (μₘ) and the linear attenuation 
coefficient can be expressed as: 

 
𝜇𝜇𝑚𝑚 = 𝜇𝜇𝐿𝐿

𝜌𝜌
                                                                               (6) 

 
where ρ is the shielding material density. 

The average distance between successive photon interactions, known as the mean free path 
(MFP), can be determined using the following formula: µ (in cm⁻¹) represents the linear attenuation 
coefficient. 

 
𝑀𝑀𝑀𝑀𝑀𝑀 = 1/𝜇𝜇𝑚𝑚                                                                         (7) 

 
Rubber compound absorbance or reduction of gamma radiation intensity to half at a given 

energy is measured using the half-value layer (HVL). The relationship below is used to calculate the 
HVL [14]: 
 

𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝑙𝑙2/𝜇𝜇𝐿𝐿                                                                        (8) 
 
The gamma radiation attenuation coefficient is computed and proportional to the intensity 

decreasing to a tenth at a specific energy. Based on the relationship below, one can compute the 
tenth value layer (TVL) [25]: 
 

𝑇𝑇𝐻𝐻𝐻𝐻 = 𝑙𝑙𝑙𝑙10/𝜇𝜇𝐿𝐿                                                                         (9) 
 
2.3 Characterizations of the prepared samples  
Various analytical techniques were employed to evaluate the prepared samples' 

characteristics. Scanning electron microscopy (CARL ZEISS ULTRA PLUS GEMINI FESEM) was 
used to examine the dispersion of lead nanoparticles within the rubber blends and to detect any 
surface agglomerations. Fourier transform infrared (FT-IR) spectroscopy (IRAffinity-1 S, 
Shimadzu, Japan) was utilized to analyze the chemical interactions among the components of the 
prepared samples. 

The crystalline properties of the samples were investigated using X-ray diffraction (Rigaku 
Ultima-IV). The linear attenuation coefficient of the rubber compounds for gamma rays emitted by 
a Co-60 source (1.25 MeV) was measured using a digital LED display gamma-ray spectrometer 
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(EG&G Ortec DSPEC-USA). Furthermore, the density of the rubber compounds was determined 
with a DM 3000 density tester (ManTech, USA) in accordance with ASTM D297 standards. 

 
 
 
3. Results and discussion  
 
3.1. XRD analysis 
The XRD analysis of natural rubber samples with varying lead concentrations revealed that 

the sample containing 50 pphr Pb exhibited the lowest intensity peaks. This indicates it possesses a 
lower degree of crystallinity than the other samples. For the 100 pphr Pb sample, slightly higher 
intensity and broader peaks are observed, indicating an increase in crystallinity, as shown in Figure 
1. At 200 pphr Pb, even enhanced and sharper diffraction peaks occur for the sample, showing a 
higher structural order within the material. The sample with the highest lead content of 300 pphr 
shows the most intense and well-defined peaks. This confirms the strongest crystalline nature in the 
series. Therefore, the crystallinity of the natural rubber composites progressively increases with 
increasing lead concentration from 50 to 300 pphr based on changes in the peak profiles. The lead 
acts as a filler, strengthening the rubber matrix through physical interactions, limiting mobility and 
allowing denser packing of the polymer chains in crystalline lamellae. This gives natural rubber 
harder and stiffer properties with increased lead loading levels, as demonstrated by XRD analysis. 
The increasing lead concentration in the natural rubber composites significantly influenced the 
formation of crystalline domains through their interactions at the molecular level. As more lead 
particles were incorporated, they directly controlled polymer movements by imposing physical 
constraints. By dispersing and binding across numerous chain segments, the reinforcing lead fillers 
spatially limited the vibrations and fluctuations of these segments. This enabled optimized 
sequencing depending on the amount of filler by controlling cooperative movements into preferred 
orientations for crystallization. With additional lead loading, more excellent containment and 
direction could be achieved as the intervention potential multiplied. Chains experienced increased 
cooperative leadership toward closer cohesion within the lamella blades. The addition of nano-Pb 
can convert the amorphous phase to the crystalline phase due to molecular diffusion during the 
treatment [26]. Such concentration-dependent effects correlate with the systematically sharper XRD 
patterns, indicating increased structural regularity attributed to the dose-tuned modulation of the 
chain cooperativity of the fillers. The optimized structuring reached its peak at the highest tested 
load.  

 

 
 

Fig. 1. XRD of the sample with different concentrations of Pb. 
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3.2. FTIR result  
Fourier transform infrared spectroscopy (FTIR) was conducted to analyze the functional 

groups in SBR with varying lead ions (Pb) concentrations, as illustrated in Figure 2. The FTIR 
spectra for both untreated SBR and Pb-loaded SBR displayed absorption bands in the 4000–400 
cm⁻¹ range. Prominent peaks for pure SBR were observed at 3600 cm⁻¹, 2988 cm⁻¹, 2867 cm⁻¹, 1653 
cm⁻¹, 1455 cm⁻¹, and 840 cm⁻¹. 

The peaks at approximately 2988 cm⁻¹ and 2867 cm⁻¹ were attributed to the symmetric 
stretching of CH bonds [27]. The broad peak at 3600 cm⁻¹ corresponds to O-H stretching vibrations, 
typically associated with alcohols, phenols, and carboxylic acids found in SBR biopolymers [28]. A 
weak absorption at 1733 cm⁻¹ was identified as carbonyl (C=O) stretching of non-ionic carboxylic 
groups such as -COOH and -COOCH₃, indicating the presence of carboxylic acids and their esters. 
Previous studies suggest that carboxyl and hydroxyl groups in SBR biopolymers can interact with 
metal ions via adsorption processes [29]. 

The peak at 1640 cm⁻¹ was also attributed to C=C stretching, characteristic of alkenes. The 
peak at 1280 cm⁻¹ corresponds to C–O stretching, while the peak at 1026 cm⁻¹ represents C–O 
stretching associated with ester groups. Finally, a peak near 1140 cm⁻¹ was assigned to the Pb–O 
stretching linkage, demonstrating interactions between the rubber matrix and lead ions [30]. The 
ratio of absorptions at 840 cm-1 (assigned to =C-H wagging vibrations) and other peaks is frequently 
used in the fingerprint region for SBR characterization [31, 32]. With increasing Pb concentration, 
shifting of some peak positions was noticed, attributed to the interaction between Pb ions and 
carboxylate/hydroxylate groups on SBR through coordination bonding. 

 
 

 
 

Fig. 2. FTIR of SBR sample with different concentrations of Pb. 
 
 
3.3 Microstructure analysis  
The microstructural characteristics of the silicone rubber nanocomposites with varying lead 

nanoparticle (N-Pb) concentrations were analyzed, as shown in Figure 3, using 60K magnification. 
The structural morphology of nanocomposite materials is influenced by several factors, including 
the type of filler, particle shape, particle size, filler selection, segment proportions, softening 
viscosities of segments, and manufacturing conditions [33]. 

As shown in Figure 3, the lead nanoparticles appear to be evenly distributed within the 
silicone rubber matrix, though some agglomeration and flaky structures are also visible. Increasing 
the concentration of lead nanoparticles led to an improvement in the homogeneity of the dispersion. 
Additional dough rolling was performed to reduce lead agglomeration; however, a lump of lead was 
still observed on the surface of the pressed samples. The uniform distribution of lead nanoparticles 
improves the mechanical properties and enhances the gamma-ray shielding efficiency of the rubber 
samples. The increased homogeneity also resulted in a more considerable cutting distance and final 
force, indicating improved mechanical properties [27, 34] . However, at higher nanoparticle loadings 



245 
 

(Figure 3d), the dispersion of nanoparticles transitions into aggregate structures. This aggregation at 
elevated loadings restricts the interaction between the polymer matrix and filler particles, ultimately 
causing filler sedimentation [35, 36]. 

 

 

 

 

 
 

Fig. 3. SEM images of the prepared samples. 
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3.4. Gamma ray attenuation results 
The gamma-ray attenuation properties of the rubber batch were investigated using varying 

ratios of lead (Pb) nanoparticles, as detailed in Table 2. The experimental setup included a shielding 
thickness of 0.3 cm and a distance of 30 cm from the cobalt-60 (Co-60) source to the sample. 

 
 

Table 2.  Linear and mass attenuation coefficients for different nano lead ratios. 
 

300 200 150 100 50 0 Nano lead N-Pb ratio in(pphr) 
501 520 543 560 610 736 Gamma Count rate (CPM) 

2.7775 2.0075 1.7821 1.5511 1.0059 1.0032 Mass density(𝜌𝜌𝑚𝑚(𝑔𝑔𝑔𝑔 𝑐𝑐𝑔𝑔3⁄ )) 
1.2820 1.1580 1.0137 0.9109 0.6259 0.2966 linear attenuation coefficient(𝜇𝜇𝐿𝐿(𝑐𝑐𝑔𝑔−1)) 
0.4616 0.5768 0.5688 0.5873 0.6918 0.2956 Mass attenuation coefficient(𝜇𝜇𝑚𝑚( 𝑐𝑐𝑔𝑔2 𝑔𝑔𝑔𝑔⁄ ) 
0.7800 0.8635 0.9865 1.0978 1.5976 3.3715 Mean free path (MFP) 
0.5406 0.5985 0.6837 0.7609 1.1074 2.3369 Half value layer (HVL) 
1.7960 1.9883 2.2713 2.5277 3.6787 7.7629 Tenth value layer (TVL) 

 
 
The results demonstrate a clear relationship between the concentration of Pb nanoparticles 

and the gamma-ray attenuation characteristics of the rubber batch. As the ratio of nano lead increases 
from 0 to 300 pphr, there is a notable decrease in the gamma count rate, indicating enhanced 
attenuation. Specifically, a 31.9% reduction in the gamma count rate was observed when comparing 
the sample with no nano lead (736 cpm) to the sample with 300 pphr of nano lead (501 cpm). This 
inverse relationship is expected due to the lead's effectiveness as a gamma radiation absorber. Higher 
N-Pb ratios lead to increased attenuation and a lower measured count rate. The mass density also 
decreases with decreasing N-Pb ratio, as incorporating nano lead particles increases the overall 
density. Similarly, the linear attenuation coefficient (μ_L) decreases with increasing nano lead 
content; a 51.2% decrease was observed from 1.2820 cm⁻¹ at 0 pphr to 0.6259 cm⁻¹ at 50 pphr. This 
further supports the improved gamma radiation attenuation with increased nano lead content.  

The mass attenuation coefficient (𝜇𝜇𝑚𝑚) also decreases with higher nano lead concentrations; 
it falls from 0.6918 cm2  /g  at 0 pphr to 0.4616 cm2 /g at 300 pphr, reflecting a 33.2% reduction. 
The linear attenuation coefficient quantifies how the beam intensity decreases exponentially with 
thickness, so higher μL values indicate more attenuation per unit thickness. The trend of increasing 
μL with lower N-Pb ratios matches the density and count rate trends. 

Similarly, the mass attenuation coefficient, which normalizes for differences in density, still 
increases with lower N-Pb ratios within the range of densities measured. This suggests that lead is 
the primary attenuating element. The MFP decreases approximately from the lowest to the highest 
lead concentration, and these results agree with those of a previous study [37, 38]. This reduction in 
MFP indicates a shorter mean distance traveled by gamma rays before interaction with lead 
nanoparticles. Furthermore, the half-value layer (HVL) and tenth-value layer (TVL) demonstrate 
significant reductions (approximately 77% and 87%, respectively) with increasing lead 
concentration. This enhanced attenuation efficiency is attributed to the high density and atomic 
number of lead, significantly increasing the material's absorption capacity. The decrease in HVL 
and TVL, representing the thicknesses required to reduce radiation intensity by half and one-tenth, 
respectively, directly confirms the improved shielding performance of the composite material [39]. 
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Fig. 4.  Effect of Nano lead (PPhr) on the intensity of absorption gamma radiation. 
 
 
Figure 4 illustrates the inverse relationship between gamma radiation intensity and nano-

lead concentration (pphr), demonstrating the attenuating effect of lead nanoparticles. This 
observation supports the potential application of lead-containing materials, such as lead-powder-
filled rubber gloves, for radiation shielding in environments with high ionizing radiation exposure, 
like cancer treatment facilities, to enhance the protection of medical personnel. The calculation rate 
of gamma radiation emitted from a cobalt source (Co-60) with different thicknesses has been 
measured and shown in Table 3. 

 
 

Table 3. The compounds of rubber with 300pphr Pb have different shielding thicknesses. 
 

𝐋𝐋𝐋𝐋(𝐈𝐈/𝐈𝐈𝐨𝐨) Gamma Count 
rate(cps) 

Gamma Count 
rate(cpm) 

Thickness  
X (cm) 

shield 

0 12.26 736 0 SBR+ nano Pb shield 
-0.089 11.21 673 0.15 
-0.163 10.41 625 0.2 
-0.384 8.35 501 0.3 
-0.549 7.08 425 0.4 

 
 
The results in Table 3 show the attenuating gamma radiation by examining the gamma count 

rate in counts per second (cps) and counts per minute (CPM) as a function of shield thickness. The 
results reveal that the gamma count rate decreases significantly with increasing shield thickness, 
indicating the shield's effectiveness in attenuating gamma radiation. Specifically, the gamma count 
rate drops from 736 cpm (12.26 cps) with no shielding to 425 cpm (7.08 cps) at a shield thickness 
of 0.4 cm, representing a 42.3% reduction in the gamma count rate. Additionally, the logarithmic 
attenuation ( 
Ln(I/Io) ) shows a marked increase as the shield thickness increases, starting at 0 with no shielding 
and increasing to -0.549 at a thickness of 0.4 cm.  

The most significant change in logarithmic attenuation occurs between 0.2 cm and 0.3 cm 
of shield thickness, with Ln(I/Io) increasing by 135.6% from -0.163 to -0.384, reflecting improved 
shielding efficiency at larger thicknesses of exponential attenuation illustrates behavior described 
by Beer's law, in which the intensity decreases in proportion to the thickness and the attenuation 
coefficient. Even the most negligible thickness of 0.15 cm results in measurable attenuation. 
Notably, doubling the thickness from 0.2 cm to 0.4 cm almost halves the count rate, indicating the 
dramatic additional shielding effect of even a slight increase in thickness. A semi-logarithmic plot 
of Ln(I/Io) versus thickness shows an approximately linear relationship, confirming that Beer's law 
accurately models’ attenuation across the tested thicknesses. An exponential increase in thickness 
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improves the gamma-ray attenuation capabilities of this composite shielding material and 
demonstrates its effectiveness even at small thicknesses for shielding applications [40, 41]. The 
gamma count rate values are plotted with shield thicknesses X(cm), as shown in Figure 5. 

 
 

 
 

Fig. 5.  Relationship between gamma count rate (cpm) and material thickness (cm). 
 
 
The values of ln 𝐼𝐼

𝐼𝐼°
   with shielding thicknesses X(cm) are shown in Figure 6. 

 
 

 
 

Fig. 6.  Gamma count rate as a function of material thickness. 
 
 
The slope of the linear damping coefficient is determined to be μL = 1.015   cm − 1. This 

indicates that the material predominantly absorbs the incident gamma radiation, as evidenced by a 
linear absorption coefficient of 0.1. When the absorption coefficient approaches zero, the material 
exhibits transparency to radiation; conversely, as the absorption coefficient increases towards unity, 
the material's capacity to absorb radiation increases significantly. It is important to note that the 
measured value of the linear attenuation coefficient exceeds internationally published values, which 
are contingent upon the overall attenuation coefficient derived from the combined effects of gamma-
ray interactions, including the photoelectric effect, Compton scattering, and pair production. Figure 
7 illustrates that the linear attenuation coefficients increase with the proportion of nano-lead 
particles. The optimal ratio for radiation shielding is identified as 300 pphr, making it the most 
effective composition for gamma-ray attenuation. 
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Fig. 7. The relation between linear attenuation coefficient and Nano lead in(pphr)unit. 
 
 
Figure 8 shows an inverse relationship between mass attenuation coefficient and nano-lead 

concentration. This trend is attributed to the increase in mass density resulting from the higher 
proportion of nanoparticles. 

 
 

 
 

Fig. 8.  Effect of Nano Lead (N-Pb) Ratio on Mass Attenuation Coefficient. 
 
 
Lead has a high atomic number of 82, which contains many electrons that can interact with 

incident gamma rays [42]. Gamma rays are most likely to interact with materials via the 
photoelectric effect or Compton scattering, and these interaction probabilities increase with the 
number of electrons in an atom. Lead also has a high density of 11.34 g/cm3, so many atoms are 
tightly packed in a small volume. This increases the likelihood of gamma-ray interactions because 
more radiation must pass through more atoms in a given material thickness [43]. In addition, lead 
contains K-shell electrons with absorption edges around 88 keV, corresponding to the usual gamma-
ray energies of radioactive sources such as cobalt-60 and cesium-137 [44]. Likely, the photoelectric 
effect entirely absorbs gamma rays at or below these energies. Due to its high atomic number, 
density, and practical absorption edges, lead exhibits excellent shielding ability over a wide gamma-
ray energy range from about 30 keV to over 1 MeV. Even thin layers of lead can absorb most of the 
incident gamma rays. These material properties give lead uniquely good properties for stopping 
gamma rays through dominant photoelectric and Compton interactions, making it a preferred 
material for applications requiring gamma radiation shielding. 
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4. Conclusions 
 
This study demonstrates the successful enhancement of gamma radiation shielding 

properties in styrene-butadiene rubber (SBR) by incorporating lead nanoparticles. A significant 
reduction in gamma count rate (31.9%) was observed with increasing nano-lead (N-Pb) 
concentration (50-300 pphr), confirming improved attenuation. This improvement is corroborated 
by the enhanced linear (μL) and mass (μm) attenuation coefficients at higher N-Pb loadings. 
Furthermore, the decreased mean free path, half-value layer, and tenth-value layer directly indicate 
reduced gamma ray penetration depth. The uniform nanoparticle distribution within the SBR matrix 
contributes to improved mechanical properties and enhanced shielding efficacy. These findings 
highlight the potential of the developed SBR-N-Pb composite for effective gamma radiation 
protection in diverse applications, including healthcare and nuclear industries, warranting further 
investigation into its long-term stability and scalability for practical implementation. 
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