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Abstract: The aim of this study was to simulate gamma radiation attenuation using a polymer matrix composite of 

an epoxy (DGEBA) resin that was reinforced with carbon fiber cloth fabric and then dispersed with bismuth (III) 

oxide (Bi2O3) nanoparticles. The quantitative methodology was used for this simulation with the software 

Topas MC (version 3.7). The mass ratios of the bismuth (III) oxide nanoparticles in the composite were 

approximately 0.163, 0.244, 0.325 and 0.407. The photon energy in the simulation was 100 keV, typical X-ray 

energy in Medical Imaging (Diagnostic Radiography).  The mass ratio of 0.407 and the polymer matrix composite at 

a thickness of 2.29 mm provided 89.03% attenuation of the photon energy. However, for the lead plate, a thickness 

of 0.34 mm was necessary for similar attenuation. Nonetheless, the fabrication process of a composite plate is 

easier than that of a lead plate. In conclusion, a composite of an epoxy polymer matrix, with bismuth (III) oxide 

dispersion, reinforced with carbon fiber, is an excellent option as compared to a lead plate. The composite plate can 

attenuate photon energy and does not present an acute or chronic danger to the environment or to health. Also, it 

is non-carcinogenic, and does not cause reproductive toxicity, both clear advantages over lead. Finally, it should be 

noted that other applications of the composite would be production of an X-ray shield and aerospace industries, 

among others. 
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1. Introduction 

Currently, there has been growing interest in the use of bismuth and bismuth oxide for radiation protection 

applications, due to their unique properties, such as non-toxicity and high density. Radiation shielding materials 

incorporating Bi2O3 have been introduced to provide equivalent or greater attenuation compared to commercial 

lead-based or lead-free materials (e.g. BaTiO3, Bi2O3, Br2, CaWO4, among others). Recently, polymers loaded with 

powdered metallic compounds, such as Bi2O3, Gd2O3, BaSO4, among others, have been developed to take advantage 

of their potentially useful attenuating capabilities [1], [2], [3], [4]. 

However, research that considers the mechanical properties of the composite and the radiation attenuation 

of bismuth trioxide are needed, but before of make a laminate it is better execute a simulation about radiation 

attenuation of the composite with a dispersion with Bi2O3. 

This study shows the results of simulation of radiation attenuation of the dispersion of the Bi2O3 in a composite 

with epoxy polymeric matrix, reinforced with carbon fiber. 

2. Methodology 

For the simulation, the software Topas MC (version 3.7) [5] was used. It is a free distribution software, updated 

and user-friendly, which is based on the Monte Carlo method for simulating the interaction of radiation with 

matter [6]. There are several software that use the Monte Carlo methodology to simulate the interaction of 

radiation with material: ETRAN [7], ITS [8], EGS4 [9], PENELOPE [10], GEANT4 [11], MCNP6 [12], Topas [5], among 

others. Since all the mentioned software have the simulation results close to the results observed in practice, when 

photons are simulated. 

For the simulation, a laminated plate measuring 100x100 mm was used, and the thickness of the laminate was 

2.5, 5.0, 7.5 and 10 mm and such measurements were reproduced in practice and were determined due to the 

delimitation of the X-ray generator equipment [13]. 

The laminate of polymer matrix has 0.2 mm of carbon fiber. To finalize the thickness of the polymer matrix, 

epoxy resin is added with the dispersion of Bi2O3 to complete the total thickness of 2.5, 5.0, 7.5 and 10 mm. This 

separation between the polymeric matrix with dispersion and reinforcement is a simplification so that the 

simulation can be performed, since, in practice, the carbon fiber and the polymeric matrix interact in a microscopic 

way. 

To perform the simulation of radiation attenuation, provided by the composite object of this research study, 

the percentage of each chemical element present in such material must be calculated, such percentages are 

presented in the following paragraphs. 

Furthermore, it is known that the average molar mass of the cross-linked epoxy resin is approximately equal 

to 115594 g.mol-1 [14]. That is, 24 chemical structures of epoxy resin bond with 4 chemical structures of amines 

thus forming the epoxy polymer matrix. This provides the following percentages: carbon 65.78%; oxygen 17.48%; 

Hydrogen 7.10% and nitrogen 0.14% [14], [15], [16]. Considering the dispersion percentages of bismuth trioxide 

(Bi2O3), object of this study and the composition for the production of the laminate, the percentages presented in 

Table  can be concluded. 
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Table 1. Mass composition of the chemical elements of the composite with a polymer matrix of epoxy resin with 

dispersion of bismuth trioxide (Bi2O3) particles, reinforced with carbon fiber fabric (estimate). 

Identification 
Carbon 

(%) 

Oxygen 

(%) 

Hydrogen 

(%) 

Nitrogen 

(%) 

Silicic 

(%) 

Bismuth 

(%) 

Specific 

mass 

(g.cm-3) 

A (Ep/FC) 73.40 18.37 6.92 0.14 1.17  1.21 

Ep
/F

C
/B

i 2
O

3 

B1 58.72 18.43 5.54 0.11 0.94 16.26 2.61 

B2 51.42 18.44 4.85 0.10 0.79 24.40 3.30 

B3 44.04 18.49 4.15 0.08 0.70 32.53 4.00 

B4 36.74 18.51 3.46 0.07 0.56 40.66 4.70 

 

In Table , it can be seen that the formulation B4 with 40% by mass of Bi2O3 dispersion can increase by 288%, 

approximately, the specific mass of the composite without such dispersion. However, such specific mass still shows 

approximately 58.6% smaller in relation to lead (11.34 g.cm-3). It is of the metals widely used for radiological 

protection for photons. 

For the simulation, a gamma radiation source was used. The energy of such photons ranged from 50 to 

125 keV. The radiation source is a circle of radius 30 mm. For the simulation of the gamma rays generation, a 

Gaussian distribution was used and 500 histories were generated for that simulation. 

The photon energy detection occurred on the 2 largest surfaces of the laminate. The energy of the incident 

photons was detected on the surface closest to the radiation source, and on the surface furthest from the source. 

The energy of the photons that had already interacted was detected with the polymer composite. 

3. Results and Discussions 

 

(a) 

 

(b) 

 

(c) 

Fig. 1. Comparison between the attenuation, result of computer simulation, of a 10 mm thick epoxy composite 

reinforced with carbon fiber without (a) and with Bi2O3 dispersion (b), and 0.5 mm thick lead plate (c), all with 

photons energy of 100 keV. 
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The Fig.  shows a comparison between the attenuation, result of computer simulation, of a 10 mm thick plate 

of the composite object of this research study without dispersion of Bi2O3 (Fig.  (a)); with dispersion of such oxide 

with a mass fraction of 40% (Fig.  (b)) and with a lead plate of 0.5 mm of thickness, customarily used in Personal 

Protective Equipment – PPE, that use such metal (Fig.  (c)), all with photons of 100 keV energy. 

The green lines shown in Fig. , represent the photon trajectory with 100 keV energy. It can be seen that the 

composite plate with Bi2O3 dispersion practically attenuates the photons, being more efficient than the lead plate. 

An estimative of tenth value layers (TVL) and specific mass, is show in Fig. . The horizontal axis is the mass 

bismuth ration, and vertical left axis is the TVL and right is the specific mass. 

 

Fig. 2. Tenth value layers (TVL) and specific mass of composite epoxy with Bi2O3 dispersion and fiber plate in 

function of mass bismuth ration. 

 

The mass ratios of the bismuth (III) oxide nanoparticles in the composite were approximately 0.163, 0.244, 

0.325 and 0.407. The photon energy in the simulation was 100 keV, typical X-ray energy in Medical 

Imaging (Diagnostic Radiography).  The mass ratio of 0.407 and the polymer matrix composite at a thickness of 

2.29 mm provided 89.03% attenuation of the photon energy. However, for the lead plate, a thickness of 0.34 mm 

was necessary for similar attenuation. 

The epoxy polymer composite with Bi2O3 dispersion and carbon fiber fabric, can be used as radiological 

protection for photons, such as X-rays, and such composite proves to be commercially attractive when compared 

to the lead (specific mass 11.34 g.cm-3), metal customarily used for such radiological protection. 

4. Conclusions 

The composite of an epoxy polymer matrix, with bismuth (III) oxide dispersion, reinforced with carbon fiber, is 

an excellent option as compared to a lead plate. The composite plate could attenuate photon energy and does not 

present an acute or chronic danger to the environment or to health. Also, it is non-carcinogenic, and does not cause 
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reproductive toxicity, both clear advantages over lead. Therefore, the applications of the composite could be in the 

production of an X-ray shield and aerospace industries, among others. 

The mass ratio of 0.407 (Bi2O3 nanoparticles) and the epoxy composite at a thickness of 2.29 mm provided 

89.03% attenuation of the photon energy (100 keV). So, the production of a polymer composite with an epoxy 

matrix and bismuth (III) oxide dispersion, reinforced with carbon fiber fabric is an innovation. In addition to the 

simulation, it is necessary to reproduce such a simulation in practice. 

Credit author statement 

Pedro Marcio Munhoz: Conceptualisation; Methodology; Formal Analysis; Writing – original draft. Fernando 

Codelo Nascimento: Resources; Writing – review. Leonardo G. A. Silva: Resources; Writing – review. Bruno 

Caravelas Gary: Resources; Writing – review. Wilson Aparecido Parejo Calvo: Resources; Supervision; Writing – 

review. 

Declaration of Competing Interest 

The authors declare no conflict of interest. 

References 

[1] J.P. McCaffrey, F. Tessier, H. Shen, Radiation shielding materials and radiation scatter effects for interventional 

radiology (IR) physicians, Medical Physics. 39, p. 4537–4546, 2012. 

[2] G. Gershony, G. Weisz, M. Mooney, B. Katzen, Novel Lead-Free Lightweight Radiation Attenuating Material for 

Interventional Procedures., Journal of Vascular and Interventional Radiology. 22, 2011. 

[3] L.L.B.L. Marques, Desenvolvimento de formulação com óxido de bismuto, PhD Thesis, 2018. 

[4] Y. Yao et al, Investigation of gamma ray shielding efficiency and mechanical performances of concrete shields 

containing bismuth oxide as an environmentally friendly additive, Radiation Physics and Chemistry. 127, p. 188–

193, 2016. 

[5] J. Perl et al, TOPAS: an innovative proton Monte Carlo platform for research and clinical applications, Medical 

Physics. 39, p. 6818–6837, 2012. 

[6] H. Yoriyaz, Método de Monte Carlo: princípios e aplicações em Física Médica, Revista Brazileira de Física Médica. 

3, p. 141–149, 2009. 

[7] S.M. Seltzer, An overview of ETRAN Monte Carlo methods, Monte Carlo Transport of Electrons and Photons, 

p. 153–181, 1988. 

[8] J.A. Halbleib et al, ITS: the integrated TIGER series of electron/photon transport codes-Version 3.0, IEEE 

Transactions on Nuclear Science. 39, p. 1025–1030, 1992. 

[9] W.R. Nelson, H. Hirayama, D.W. Rogers, EGS4 code system, Stanford Linear Accelerator Center, Menlo Park, CA 

(USA), 1985. 

[10] F. Salvat, J.M. Fernandez-Varea, J. Baro, J. Sempau, PENELOPE, and algorithm and computer code for Monte 

Carlo simulation of electron-photon showers, 1996. 



Proceedings of the 6th Brazilian Conference on Composite Materials ISBN 978-65-00-49386-3 

624 

[11] S. Agostinelli et al, GEANT4—a simulation toolkit, Nuclear Instruments and Methods in Physics Research Section 

A: Accelerators, Spectrometers, Detectors and Associated Equipment. 506, p. 250–303, 2003. 

[12] J.T. Goorley at al, Initial MCNP6 release overview-MCNP6 version 1.0, Los Alamos National Lab.(LANL), Los 

Alamos, NM (United States), 2013. 

[13] M. Savi, D. et al, Study on attenuation of 3D printing commercial filaments on standard X-ray beams for 

dosimetry and tissue equivalence, Radiation Physics and Chemistry. 182, p. 109365, 2021. 

[14] C.A. Jacobs et al, Aplicação do método de Barrett ao estudo da reação de cura de sistema epóxi com 

hidroxipropilcelulose, Salão de Iniciação Científica (10.: 1998: Porto Alegre). Livro de Resumos. Porto Alegre: UFRGS, 

1998. (https://lume.ufrgs.br/handle/10183/88532), accessed 8 august 2021. 

[15] K.I. Milagres, R.J.S. Rodriguez, Formulação e caracterização de um material polimérico com memória de forma, 

UNIVERSIDADE ESTADUAL DO NORTE FLUMINENSE DARCY RIBEIRO – UENF, CAMPOS DOS GOYTACAZES – RJ:, 2015. 

[16] Guidechem, EINECS 220-666-8 Isophorone diamine 2855-13-2 Reach data, (2021). 

(https://www.guidechem.com/products/2855-13-2.html), accessed 17 september 2021. 


