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Abstract
Properties such as gamma shielding, cure characteristics, and mechanical properties of natural rubber (NR) system with addi-
tion of oxides such as: iron (II, III) oxide  (Fe3O4), tungsten (III) oxide  (W2O3), or bismuth (III) oxide  (Bi2O3) were studied 
for potential replacement of flexible lead (Pb), and introduced as gamma-shielding materials, to minimize risks caused by 
Pb. The results showed that increase in the content of oxides such as  Fe3O4,  W2O3, or  Bi2O3 from 0 to 100, 300, and 500 
parts/100 parts of rubber by weight (phr) increased the gamma attenuation coefficients, tensile modulus at 100% elongation, 
and hardness (Shore A), though they reduced the tensile strength and elongation-at-break. The composites also underwent 
thermal aging tests at 70 °C for 96 h. The results indicated slight reduction in the overall tensile properties. Specifically, for 
NR composites with 300 or 500 phr of  Bi2O3, the mass attenuation coefficients (μm) of these composites were the highest 
among other composites and even higher than lead sheets that were measured using the same set-up. The outcome of the 
results imply great possibilities of replacing hazardous lead-containing gamma-shielding materials with the investigated 
composites, while still providing safe and efficient gamma-shielding properties for the users.
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Introduction

Gamma rays (γ) have been utilized heavily in various appli-
cations since their discovery by Paul Ulrich Villard in 1900. 
Examples of gamma utilization include the gamma knife for 
medical surgery [1, 2], sterilization [3], mutation breeding 
[4, 5], and gamma imaging in cargo inspection [6]. However, 
mild gamma poisoning could lead to harmful health risks 
including nausea, vomiting, and fatigue, while large acute 
gamma exposure could cause diarrhea, headache, hair loss, 
skin burns, and death [7, 8].

Along with time and working distance management, 
proper shielding installation is one of the methods consist-
ent with “As Low As Reasonably Achievable” (ALARA) 
principles that aim to promote better radiation safety in 
working environments [9]. To shield or to attenuate gamma 
rays, the gamma rays must transfer or give up their energy 
into matter encountered through three main interactions 

such as: photoelectric effect, Compton scattering, and pair 
production [10–12]. The attenuation resulting from these 
interactions of gamma rays with matter can be mathemati-
cally described by the following relationship:

where I, I0, μl, and x are the intensity of transmitted gamma 
rays, the intensity of incident gamma rays, the linear attenu-
ation coefficient of the shielding material, and the thickness 
of the material, respectively. In addition, μl, which represents 
the probability of gamma rays being scattered or absorbed 
by an electron in a specific volume of a material, could 
indicate how well the material could shield against gamma 
rays. However, since μl is dependent on the density of the 
material, a quantity called the mass attenuation coefficient 
(μm), which is independent of the density of a material, could 
be used as the basis of comparison in sheilding properties 
of different materials, regardless of their form or state. For 
example, water vapor, which has a much lower density than 
ice, would have a lower μl than ice, since water molecules 
in vapor state are more scattered and less interactions could 
occur in a given volume as with ice. However, both water 
vapor and ice would have the same μm, because they are both 

(1)I = I0e
−�lx,
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