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A Simulation and experimental study on neutron attenuation 
of polyester composites incorporated with boron carbide 

micro- and nano-particles  

INTRODUCTION 

Exposure to neutrons poses a significant hazard to 
human health due to their higher linear energy 
transfer (LET) compared to electrons and photons. 
Neutrons can cause severe, often irreparable damage 
to human organs and operational disruptions to 
space electronics, necessitating enhanced protection 
in aerospace, medical, and industrial applications (1, 2). 
Exposure to neutron radiation has been linked to 
neurological disorders, vomiting, decreased blood 
count, nausea, and hematopoietic syndrome in 
humans (3, 4). 

Different types of neutron radiation exist in space, 
including high-energy (fast), low-energy (thermal, 
epithermal, or slow), and backscattered neutrons (5). 
Different types of neutron radiation exist in space, 
including high-energy (fast), low-energy (thermal, 
epithermal, or slow), and backscattered neutrons (6). 

Hydrogen nuclei are particularly effective in neutron 
absorption because their mass closely matches that of 
neutrons and they do not produce secondary 
neutrons. Thus, suitable neutron shielding materials 
should contain a high hydrogen content along with 
elements possessing a large neutron absorption cross
-section (7, 8). 

Polyethylene, a hydrogen-rich thermoplastic 
polymer, is widely used for fast neutron shielding due 
to its low density and effective protective properties. 
However, despite its excellent radiation shielding 
capability, pure polyethylene lacks the necessary 
thermal stability and structural strength required for 
protective applications (9). Consequently, many 
research groups have focused on developing 
multipurpose composites that use polyethylene as a 
base material (10). 

More recently, thermoset matrices have been 
increasingly employed over thermoplastic polymers 
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ABSTRACT 

Background: To mitigate neutron exposure hazards in industries like aerospace, 
flexible, lightweight polymer-based shields with high-temperature tolerance have 
been developed using suitable fillers that moderate fast neutrons and capture slow 
neutrons, ensuring reliable radiation protection. Material and Methods: This study 
involved exposing unsaturated polyester resin (UPS) composites reinforced with nano- 
and micro-sized boron carbide (B₄C) to neutron radiation from a ²³⁹Pu–Be source. 
Various weight percentages (0.5%, 1%, 2%, and 5%) of nano- and micro-B₄C fillers, 
along with thicknesses of 2.5 mm, 5 mm, 7.5 mm, and 10 mm, were evaluated. 
Experimental measurements were carried out to count fast and thermal neutrons, 
measure the macroscopic cross-section, half value layer, and Geant4 Monte Carlo 
simulations were performed for benchmarking. Results: Higher concentrations of B₄C 
resulted in increased total cross-section values and decreased half-value thickness 
measurements. At 5mm, 7.5mm, and 10 mm thicknesses, significant differences 
between nano- and micro-composites emerged at 2 wt.% (p < 0.05), becoming more 
pronounced with higher filler concentrations and greater sample thickness. These 
findings confirm the superior neutron attenuation performance of nano-sized B₄C, 
attributed to its higher surface-to-volume ratio and improved dispersion within the 
matrix. Geant4 simulations closely matched the experimental data at higher filler 
loadings, except under certain conditions. Conclusion: Both experimental and 
simulation results confirmed that protection improves with increased thickness and 
filler weight percentages, as expected. The study also highlighted the impact of 
nanotechnology on shielding properties, showing its advantage over micro-sized 
samples. 
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in the production of advanced composite materials, 
owing to their superior cross-linked properties, 
durability, strength, thermal stability, and chemical 
resistance (11-13). Therefore, there is a lot of interest in 
using polystyrene instead of polyethylene as a 
polymer substrate for neutron shielding (14, 15). 

To further enhance neutron shielding and overall 
performance, various additives with high thermal 
neutron cross-sections - such as boron (10B) (16-18), 
lithium (6Li) (19, 20), and cadmium (113Cd) (21, 22) - can 
be incorporated into the polymer matrix. These 
additives not only improve neutron shielding but also 
enhance mechanical strength and thermal insulation. 
Particularly in polyester matrix composites, micro- 
and nano-fillers can significantly improve the 
mechanical properties of polymers (23). The highest 
thermal neutron absorption cross-section among ¹⁰B 
compounds is 3840 barns (1 barn = 10-24 cm2) (24). 

Boron compounds are especially attractive due to 
their natural abundance, low density, affordability, 
low-energy secondary photon production, low 
weight, non-toxic nature, and consistent neutron 
absorption performance across various energy levels. 
Their safe composition and ease of manufacturing 
also make them ideal as fillers in shielding materials 
(25, 26). 

The primary boron-based neutron absorbers 
include boron carbide (B4C), boron trioxide (B2O3), 
boron nitride (BN), and boric acid (H3BO3) (27-31). 
Among these, B₄C exhibits the highest theoretical 
cross-section for thermal neutron absorption and 
generates low-energy secondary photons (29, 32). B₄C 
is widely utilized in high-performance applications 
due to its remarkable properties, including extreme 
hardness, high melting point, low density, and 
excellent resistance to chemical agents, as well as 
superior thermoelastic, thermoelectric, corrosion, 
and oxidation resistance. These features have led to 
its extensive use in various high-performance fields, 
including nuclear and aerospace applications (33, 34). 

In this study, we investigated a new composite 
based on unsaturated polyester (UPS) filled with 
nano- and micro-sized B₄C particles at varying weight 
percentages (0.5-5 wt.%) and sample thicknesses 
(2.5-10 mm). This composite avoids the toxicity of 
cadmium and overcomes the limitations of 
polyethylene noted previously. This study is the first 
to develop the neutron shielding efficiency of nano-
B₄C fillers and to compare the shielding performance 
of nano- and micro-sized B₄C within equivalent 
matrices and experimental environments, supported 
by statistical analysis. Geant4 Monte Carlo simulation 
was employed to validate the experimental results. 
This combined experimental and computational 
approach represents a significant step toward 
systematically designing and validating next-
generation lightweight, flexible, and highly efficient 
neutron shielding materials. 

 

780 

MATERIALS AND METHODS 
 

Experimental study 
Fabrication of samples: In this study, composites 
were fabricated using commercially available 
unsaturated polyester resin (UPS) (Knowledge-Based 
Companies Campus, Abadeh, Fars, Iran) as the 
polymer base. The reinforcements and radiation 
shielding component, B₄C, was supplied by Neutrino 
Company (Tehran, Iran) in both micro- (~100 µm) 
and nano-sized (~50 nm) forms. First, the 
commercial UPS was weighed, and 0.4% cobalt (as an 
accelerator) (Knowledge-Based Companies Campus, 
Abadeh, Fars, Iran) was added to prepare the polymer 
matrix for blending with B₄C filler. Micro-sized B₄C 
particles were then mixed with the resin at the 
desired weight percentages (0%, 0.5%, 1%, 2%, and 
5%). For the nano-B₄C, 50 nm particles were 
uniformly dispersed in the polyester matrix using 
ultrasonic methods to enhance dispersion and 
consistency.  

The prepared solutions were poured into disc-
shaped molds with a 4 cm radius and thicknesses of 
2.5, 5, and 10 mm. A hardener, 1.38 wt.% methyl 
ethyl ketone peroxide (Knowledge-Based Companies 
Campus, Abadeh, Fars, Iran), was added to initiate the 
curing reaction. The curing process took 
approximately 12 hours. The composites were then 
annealed in an oven at 40 °C for one day. 
Additionally, 2.5 mm and 5 mm samples were stacked 
to construct the 7.5 mm samples. In total, 36 samples 
were prepared, including four without filler, 16 with 
UPS/nano-B₄C, and 16 with UPS/micro-B₄C (figure 
1). 

Theoretical formula: Two mechanisms govern the 
interaction of neutrons with materials: scattering and 
absorption. Neutron scattering comprises both elastic 
and inelastic scattering processes. The absorption 
process includes nuclear reactions, activation, fission, 
and related interactions. The probability of the 
neutron interaction with a target nucleus is 
expressed with the total microscopic cross-section, 
σtot (barns), which is the sum of the absorption (σA) 
and scattering (σS) cross-sections. The total 
macroscopic cross-section, Σtot, (1/cm) is obtained by 
equation 1-a (35) or calculated from Beer-Lambert 
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Figure 1. The prepared polyester/boron carbide(B4C)               
composites with (a) nano-B4C and (b) micro-B4C. (c) The        

control samples (pure polyesters) are shown on the right side. 
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Law (equation1-b)(36):  
 

1)    a) ∑tot= ∑i Ni (σtot)i     or     b) I = I0e-∑tot×x 
 

where; Ni is the atom density (i.e., the number of 
nuclei per unit volume).  

The half value layer (HVL) of the composite is 
calculated by equation 2 (37): 

               

2)   HVL=ln2/∑≅0.693/∑ 
 

The neutron attenuation can be calculated using 
equation 3: 

 

3) 
                                                    

Where; x is the sample thickness, and I and I0 are 
the neutron flux recorded by the detector with and 
without the composite, respectively. 
Neutron attenuation measurements: The samples 
were irradiated using a 239Pu–Be neutron source 
(Radiation Research Center, Shiraz University, Shiraz, 
Fars, Iran) with an activity of 4.6 Ci (±0.03 Ci). Figure 
2 presents a schematic of the neutron source and 
detector setup. Polymeric granules, serving as the 
moderator material, were placed inside a cylindrical 
holder alongside the neutron source. A neutron meter 
(Model 488A) (Radiation Research Center, Shiraz 
University, Shiraz, Fars, Iran) equipped with a boron 
probe with a radius of 1.3 cm was used as the 
neutron detector. The distance between the detector 
and the 239Pu–Be source was maintained at 5.5 cm. 

To detect both fast and thermal neutrons (total 
neutrons), a polyethylene casing was applied around 
the boron probe. Polyethylene was selected for its 
effective moderation of emitted neutrons, bringing 
them into the thermal energy range and enhancing 
the probability of absorption by the target nucleus 
(22). This method replaces a solid moderator, like 
polyethylene blocks, with a non-static medium such 
as water, to slow down neutrons (38). Consequently, 
the polyethylene coating converts fast neutrons into 
thermal neutrons, enabling the measurement of both 
types. The I value was calculated at various micro- 
and nano-B₄C concentrations using Equation 3. Each 
experiment was conducted in triplicate.  

Simulation study 
Monte Carlo Simulation toolkit: The simulation 

component of this study was performed using the 
Geant4 (version 11.0) Monte Carlo toolkit (39). Geant4, 
developed in C++, is a versatile and widely validated 
simulation platform used extensively in ionizing 
radiation shielding studies (40-43). The QGSP_BIC_HP 
physics list was employed to define the physical 
interactions with matter, including hadronic (elastic 
and inelastic), decay, standard electromagnetic, and 
high-precision neutron physics models - suitable for 
radiation protection and dosimetry applications (44, 

45). Simulations were executed on a computing system 
featuring a 60-core CPU and 160 GB of RAM. 

 

Geometry and source definition: B₄C micro- and 
nano-particles were modeled as simple spheres 
embedded in a polymer cube, representing the 
composite matrix (figure 3a). The radius of the 
sphere and the side length of the cube were adjusted 
to achieve the desired filler concentration, defined 
using equation 4:  
 

Concentration (wt.%)=100×(ρf×Vf)/(ρm×Vm) (4) 
 

Where; ρ and V represent the density and volume 
of the filler and matrix, respectively. By increasing 
the sphere radius relative to the cube side length, 
filler concentration increased, and vice versa. The 
cube was then replicated in a 3D grid to model a 
complete sample consistent with the actual 
experimental thicknesses. Figure 3b shows the lattice 
structure of a small cube of polyester with a side 
length of 1 mm and a filler concentration of 5%. 

The radiation source was simulated in two stages. 
First, a 239Pu–Be neutron source was modeled in a 
vacuum, and the energy spectrum of emitted 
neutrons was recorded in a phase space file. In the 
second stage, the source was defined as a pure 
neutron emitter using this recorded spectrum. Figure 
4 illustrates the collimated neutron transport 
towards the sample. 
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Figure 2. An illustration of the neutron source, sample, and 
detector. 

A B 

Figure 3. An illustration of boron carbide (B4C) filler (red 
sphere) inside the polyester substrate (a). The lattice structure 

of the sample simulated as a small cube with a side of 1 mm 
and a filler concentration of 5% (b). 

Figure 4. A view of 
the transport of 

collimated             
neutrons towards 

the sample. 
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Since only neutron counts entering the detector 
were required, the detector material was defined as 
air in the simulation. While the detector type affects 
volume flux calculations, in this study the surface flux 
was calculated at the detector face. Neutrons arriving 
at the detector surface were recorded with and 
without the composite samples, and neutron 
attenuation was calculated using equation 3. From 
the sample thickness and this attenuation, the 
macroscopic neutron cross-section was determined. 
Simulations employed 8×108 primary neutrons, 
resulting in a statistical uncertainty below 1%. 

 
 

RESULTS  
 

Experimental findings 
Total neutron rate: Figures 5(a) - 5(d) show the 
mean total neutron rate (thermal and fast) in counts 
per minute for composite samples with thicknesses 
of 2.5, 5, 7.5, and 10 mm, respectively. Neutron 
counts were measured for each weight percentage 
(wt.%) of the B₄C nano- and micro-fillers. Mean and 
standard deviation were reported to represent the 
total neutron rate. The mean total neutron flux 
without any sample present was 653±31 counts/min. 
Independent t-tests were used to assess differences 
between samples with nano- and micro-fillers at each 
thickness and filler concentration. Statistical 
significance was defined as p<0.05. The mean total 
neutron rates (counts/min), total macroscopic cross-
sections (cm⁻¹±SD), and corresponding p-values are 
summarized in table 1. Additionally, the 
corresponding half-value layers (HVLs, in cm±SD) 
and their p-values are presented in table 2. Error 
bars in figure 5 represent 10% of the data. 

The mean total neutron rates measured for the 
control samples (UPS without fillers) were 638±45, 
624±43, 609±41, and 596±40 count/min for 
thicknesses of 2.5, 5, 7.5, and 10 mm, respectively. As 
shown in figure 5 and tables 1, for the 2.5 mm 
thickness, the mean total neutron rate with 0.5 wt.% 
of B₄C nano-filler was 628±45 count/min. This rate 
decreased to 617±43, 607±41, and 586±39 count/
min for 1, 2, and 5 wt.% of B4C nano-filler, 
respectively. The corresponding rates for B₄C micro-
fillers were 628±44, 623±42, 619±43, and 614±41 
count/min. At this thickness, no statistically 
significant differences were observed between nano- 
and micro-fillers (p>0.05). Similarly, at other 
thicknesses (5, 7.5, and 10 mm) with 0.5 and 1 wt.% 
of filler, no statistically significant differences were 
found (p>0.05). However, differences became 
apparent at 2 and 5 wt.% (figure 5 and table 1).  

For instance, at 5 mm with 5 wt.% nano-filler, the 
mean total neutron rate was significantly lower (526 
± 36 counts/min) compared to the micro-filled 
composites (577±42 counts/min), with a p-value of 
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Table 1. Total Neutron Rate (Count/min) reached the detector 
and the total macroscopic cross-section of neutrons (fast and 
thermal) for nano- and micro-boron carbide (B4C) in polyester 
composite with 2.5mm, 5mm, 7.5mm, and 10 mm thicknesses 

as well as different weight percentages (wt.%) of the filler 
(0.0%, 0.5%, 1%, 2%, 5% of B4C). 

Thickness 
(mm) 

 Wt.% 
I (Count/min)(Mean ± SD) 

p-value 
Nano filler Micro filler 

2.2 

0.5 %  826  ±45  826  ±44  1.00 
1.0 %  817  ±44  824  ±42  0.45 
2.0 %  807  ±41  816  ±44  0.21 
5.0 %  568  ±46  814  ±41  0.12 

2.5 

0.5 %  802  ±44  802  ±44  1.00 
1.0 %  561  ±41  564  ±42  0.26 
2.0 %  522  ±47  554  ±40  0.02*  
5.0 %  528  ±46  577  ±42  0.001*  

5.2 

0.5 %  576  ±42  576  ±41  1.00 
1.0 %  550  ±40  588  ±41  0.16 
2.0 %  522  ±47  554  ±40  0.02*  
5.0 %  472  ±45  544  ±46  0.001*  

15 

0.5 %  580  ±41  554  ±40  0.78 
1.0 %  516  ±46  540  ±46  0.12 
2.0 %  464  ±48  525  ±46  0.01*  
5.0 %  424  ±44  510  ±47  0.0005*  

SD = Standard deviation, Wt.% = weight percentages, I = Total Neu-
tron Rate (Count/min),  = Macroscopic cross-section, * P-value <0.05 

Figure 2. The mean total neutron (fast and thermal) rate 
(count per min) reached the detector through (a) 2.5 mm, (b) 

5 mm, (c) 7.5 mm, and (d) 10 mm polyester/boron carbide 
(B4C) composites of 0.5, 1, 2, and 5 weight percentages(wt.%) 

of the nano- and micro-B4C. 
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0.001. At 7.5 mm (table 1), the neutron rate for the 
nano-filled sample dropped to 472±35 counts/min, 
while the micro-filled sample remained higher at 
543±39 counts/min (p=0.001). At 10 mm, the mean 
total neutron rate with 0.5 wt.% B₄C nano-filler was 
560±41 counts/min, decreasing to 518 ± 39, 484 ± 
36, and 423 ± 33 counts/min at 1, 2, and 5 wt.% 
loadings, respectively. For the B₄C micro-fillers, the 
corresponding rates were 554±40, 540±38, 525±38, 
and 510±37 counts/min (figure 5 and table 1). At this 
thickness, nano-fillers consistently outperformed 
micro-fillers, particularly at 5 wt.% loading, where 
neutron rates were 423±33 counts/min for nano-
filled samples compared to 510 ± 37 counts/min for 
micro-filled samples (p=0.0005), indicating 
significantly enhanced neutron attenuation with nano
-filler formulations. 

Figure 6 illustrates the total neutron rates 
detected in polyester composites containing 5 wt.% 
nano- and micro-B₄C fillers. Error bars in figure 6 
represent 10% of the data.  

As shown in figure 6 and summarized in table 1, 
the total neutron rates (fast and thermal) for 
polyester composites with 5 wt.% nano- and micro-
sized B₄C fillers were measured at different 
thicknesses. Neutron transmission decreased with 
increasing sample thickness for both filler types, 
indicating improved shielding. At 2.5 mm, the total 
neutron rate was 58±39 counts/min for nano-filled 
samples and 614±41 counts/min for micro-filled 
samples (p=0.12), showing no significant difference. 
However, at 5 mm thickness, a statistically significant 
reduction in neutron rate was observed for nano-
filled samples (526±38 vs. 577±42 counts/min, 
p=0.001). This difference became more pronounced 
at 7.5 mm (472±35 vs. 543±39 counts/min, p=0.001) 
and reached a high level of statistical significance at 
10 mm (423±33 vs. 510±37 counts/min, p=0.0005). 
These results demonstrate that nano-sized B₄C fillers 
provide enhanced neutron attenuation compared to 
micro-sized fillers, especially at higher sample 
thicknesses. This is likely due to the improved 
dispersion and higher surface area of nano-fillers, 
which facilitate more effective interactions with 
incoming neutrons.  
Macroscopic cross-section (Σ) and half value layer 

(HVL): The total neutron macroscopic cross-section 
(Σ) for both nano- and micro-B₄C-filled polyester 
composites increased with rising B₄C filler 
concentrations across all thicknesses (2.5 mm to 10 
mm), indicating enhanced neutron attenuation. For 
the control samples, Σ was 0.0934±0.005 cm⁻¹, 
0.0929±0.005 cm⁻¹, 0.0928±0.005 cm⁻¹, and 
0.0102±0.005 cm⁻¹ for thicknesses of 2.5, 5, 7.5, and 
10 mm, respectively. From 1.0 wt.% to 5.0 wt.%, the 
nano-B₄C composites consistently exhibited 
significantly higher Σ values than their micro 
counterparts. Differences were especially 
pronounced at 2.0 wt.% and 5.0 wt.% B₄C. For 
example, at 2.5 mm thickness and 5.0 wt.% B₄C, Σ 
was 0.433±0.0001 cm⁻¹ for nano-filled composites 
compared to 0.247 ± 0.0007 cm⁻¹ for micro-filled 
ones (p<0.00001). These trends persisted across all 
thicknesses, demonstrating nano-B₄C’s superior 
capacity to interact with neutrons. Statistical 
comparisons showed that below 1.0 wt.% filler 
content, the difference between nano and micro 
fillers was not significant (p>0.05). However, as filler 
content increased, the improvements in Σ for nano 
composites became statistically significant, with p-
values ranging from 0.0011 to <0.00001 (table 2). 

As shown in table 3, at 0.5 wt.% filler, the 

Table 2. Neutron macroscopic cross-section (cm-1) for             
nano- and micro-boron carbide (B4C) in polyester composite 
with 2.5mm, 5mm, 7.5mm, and 10 mm thicknesses as well as 
different weight percentages (wt.%) of the filler (0.0%, 0.5%, 

1%, 2%, 5% of B4C). 
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Figure 6. Variations in the total neutrons (fast and thermal) 
rate (count per min) through polyester/nano- and                       

micro-boron carbide(B4C) composites at different sample 
thicknesses (2.5, 5, 7.5, 10 mm) containing 5 weight                  

percentages (wt.%) of nano- and micro-B4C. 

Thickness 
(mm) 

 Wt.% 
Σ (cm⁻¹ ± SD) 

p-value 
Nano filler Micro filler 

2.2 

0.5 %  0.157±0.0006  0.157 ±0.0006  1.00 
1.0 %  0.226±0.0012  0.166 ±0.0006  0.0011*  
2.0 %  0.264±0.0006  0.215 ±0.0012  0.00008*  
5.0 %  0.444±0.0001  0.247 ±0.0007  <0.00001*  

2.5 

0.5 %  0.184±0.0004  0.184 ±0.0004  1.00 
1.0 %  0.244±0.0004  0.160 ±0.0007  0.0006*  
2.0 %  0.404±0.0004  0.217 ±0.0005  0.00004*  
5.0 %  0.442±0.0005  0.246 ±0.0008  <0.00001*  

5.2 

0.5 %  0.184±0.0006  0.184 ±0.0006  1.00 
1.0 %  0.226±0.0007  0.161 ±0.0006  0.0010*  
2.0 %  0.266±0.0002  0.216 ±0.0004  0.00004*  
5.0 %  0.441±0.0007  0.248 ±0.0007  <0.00001*  

15 

0.5 %  0.154±0.0004  0.185 ±0.0008  0.0280*  
1.0 %  0.241 ±0.0008  0.160 ±0.0001  0.0006*  
2.0 %  0.400 ±0.0008  0.216 ±0.0001  0.00004*  
5.0 %  0.444 ±0.0002  0.247 ±0.0001  <0.00001*  

SD = Standard deviation, Wt.% = weight percentages, Σ (cm⁻¹) = Mac-
roscopic cross-section, * P-value <0.05 

Table 3. The half value layer (HVL) of neutrons for nano- and 
micro-boron carbide(B4C) in polyester composite with              

different weight percentages (wt.%) of the filler (0.0%, 0.5%, 
1%, 2%, 5% of B4C). 

Wt.% of B4C in com-
posite samples 

HVL (cm ± SD) 
p-value 

Nano filler Micro filler 
5.2 %  4.48  ±0.108  4.26  ±0.064  0.484 
1.5 %  4.00  ±0.041  4.85  ±0.027  0.0007*  
2.5 %  2.42  ±0.042  4.16  ±0.027  0.001*  
2.5 %  1.56  ±0.0044  2.60  ±0.0044   <0.00001*  

SD = Standard deviation, Wt.%= weight percentages,* P-value <0.05 
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difference in HVL between nano and micro fillers was 
not statistically significant (p>0.05). However, at 1.0, 
2.0, and 5.0 wt.% B₄C, the differences were highly 
significant (p<0.001).  

 

Simulation findings 
Neutron attenuation, calculated as (1-(I/I0)), was 

determined for the samples containing polyester 
with 2 wt.% and 5 wt.% of nano-B₄C filler at 
thicknesses of 5 mm and 10 mm. Results from Monte 
Carlo simulations were compared with experimental 
data (figure 7, table 4). For 2 wt.% nano-B₄C filler at 
5 mm thickness, the experimentally derived 
attenuation was 0.060 ± 0.005, matching the 
corresponding Geant4 simulation result of 0.060 ± 
0.005. 

Figure 8 and table 5 illustrate the neutron 
attenuation values for samples containing polyester 
with 1 wt.% and 5 wt.% nano-B₄C filler at both 5 mm 
and 10 mm thicknesses. At 1 wt.% and 5 mm 
thickness, the experimental attenuation 
(0.077±0.004) exceeded the Geant4 simulation 
(0.060±0.004, p=0.02). At 5 wt.% and 5 mm 
thickness, however, experimental and simulated 
results were in close agreement (0.116±0.005 vs. 
0.117±0.004, p=0.92). This agreement did not extend 
to 10 mm thickness, where Geant4 simulations 
overestimated attenuation (0.240±0.005) compared 
to the experimental value (0.220±0.006, p=0.01). 

As shown in figures 7 and 8, overall, the simulation 
results agreed well with the experimental data, except 
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Figure 5. The attenuation of neutrons (fast and thermal) in the 
composite samples with (a) 2 weight percentages (wt.%) and 
(b) 5 wt. % nano-boron carbide (B4C) fillers for a composite 

thickness of 5 and 10 mm. 

Table 4. The neutron attenuation (1-(I/I0)) of experimental vs. 
Geant4 simulated values for nano-sized B₄C fillers at (a) 2 

wt.% and (b) 5 wt.%, and sample thicknesses of 5 mm and 10 
mm. 

Thickness 
(mm) 

Method 
)5I/I(-1 

(Mean ± SD) 
p-value 

(Exp vs Geant4) 

2 
Experimental 0.080±0.005 

0.04* 
Geant4 0.051±0.004 

15 
Experimental 0.140±0.008 

0.001* 
Geant4 0.064±0.005 

A 

B 
Thickness 

(mm) 
Method 

)5I/I(-1 
(Mean ± SD) 

p-value 
(Exp vs Geant4) 

2 
Experimental 0.142±0.008 

0.04* 
Geant4 0.156±0.005 

15 
Experimental 0.156±0.008 

0.01* 
Geant4 0.161±0.008 

I = measured intensity, I0 = baseline intensity, SD = Standard                 
deviation, Wt.%= weight percentages, vs = versus, * P-value <0.05 

Figure 8. The attenuation of neutrons (fast and thermal) in the 
composite samples with (a) 1 weight percentages (wt.%) and 
(b) 5 wt. % micro- boron carbide (B4C) fillers for a composite 

thickness of 5 and 10 mm. 

Table 2. The neutron attenuation (1-(I/I0)) of experimental vs. 
Geant4 simulated values for micro-sized B₄C fillers at (a) 1 

wt.% and (b) 5 wt.%, and sample thicknesses of 5 mm and 10 
mm.  

Thickness 
(mm) 

Method 
)5I/I(-1 

(Mean ± SD) 
p-value 

(Exp vs Geant4) 

2 
Experimental 0.077±0.004 

0.02* 
Geant4 0.080±0.004 

15 
Experimental 0.111±0.005 

0.04* 
Geant4 0.101±0.004 

A 

B 
Thickness 

(mm) 
Method 

)5I/I(-1 
(Mean ± SD) 

p-value 
(Exp vs Geant4) 

2 
Experimental 0.118±0.005 

0.62 
Geant4 0.117±0.004 

15 
Experimental 0.220±0.008 

0.01* 
Geant4 0.240±0.005 

I = measured intensity, I0 = baseline intensity, SD = Standard devia-
tion, Wt.%= weight percentages,* P-value <0.05 
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for the 10 mm thick sample with 5 wt.% nano-B₄C 
filler. The relative difference for this sample was 
32.8%. For micro-B₄C composites, the maximum 
relative difference was 22% for the 1 wt.% micro-B₄C 
composite. 

 
 

DISCUSSION 
 

As shown in previous studies, combining a 
hydrogen-rich polymer with boron carbide provides 
effective radiation shielding against both thermal and 
fast neutrons. Fast neutrons lose energy through 
elastic scattering with hydrogen and are then 
absorbed by boron (46). In this study, as the filler 
content increased from 0.5 wt.% to 5 wt.%, the nano-
B₄C composites showed improvements in neutron 
attenuation of up to 6.7%, 12.6%, 18.3%, and 24.4% 
for sample thicknesses of 2.5, 5, 7.5, and 10 mm, 
respectively. For the micro-B₄C composites, the 
corresponding improvements in neutron attenuation 
were 2.2%, 4.1%, 6.0%, and 8.0% for the same 
thicknesses. These findings are consistent with the 
results reported by Kaewsrithong et al., who studied 
the thermal neutron shielding properties of 
unsaturated polyester resin reinforced with B₄C (0-
20 wt.%). They found that increasing the B₄C content 
enhanced the total cross-section and reduced the 
HVL, with 20 wt.% B₄C composites showing the best 
performance. Consequently, both neutron absorption 
and shielding effectiveness improved (47). 

In this study, the total neutron rate decreased 
more steeply with nano-B₄C fillers than with micro-
B₄C fillers. As the sample thickness increased, the 
nano-B₄C composites demonstrated superior 
attenuation of 4.7%, 9.7%, 15%, and 20% compared 
to the micro-B₄C composites at thicknesses of 2.5, 5, 
7.5, and 10 mm, respectively. Notably, the total 
neutron macroscopic cross-section in the polyester 
composites containing 1 wt.% nano-B₄C filler was 
slightly higher than that in composites with 2 wt.% 
micro-B₄C filler at the same thickness, as shown in 
table 1. Furthermore, the composite sample with 2 
wt.% nano-B₄C filler exhibited a higher total neutron 
cross-section than the sample with 5 wt.% micro-B₄C 
filler. This indicates that the neutron absorption 
capability of the 2 wt.% nano-B₄C composites 
exceeds that of the 5 wt.% micro-B₄C composites. 

The likelihood of neutron radiative capture 
depends significantly on the size and distribution of 
the B₄C particles within the composite. Due to their 
substantial interfacial area, nanoscale B₄C/polyester 
composites often demonstrate better performance 
than those using micron-scale fillers. This 
observation is consistent with published data. To 
develop polymer materials as lightweight, flexible, 
and easily processed shields for neutron radiation 
protection, incorporating nanofillers is essential (48). 
According to the literature, neutron shielding 
efficiency and physical properties are both enhanced 

when nano-fillers are used instead of micro-fillers (49-

51). In conclusion, incorporating boron carbide 
nanoparticles into polyester composites significantly 
enhances their neutron attenuation capability 
compared to microparticles. This improvement is 
largely attributed to the more uniform particle 
distribution and higher surface interaction rates (52). 
Thus, nano-sized B₄C particles improve neutron 
attenuation by providing higher reactivity and better 
dispersion (53, 54). 

According to the simulation results, the particle 
size of the radiation shielding material plays an 
important role in shielding efficiency. Decreasing the 
particle size of the shielding material at each filler 
loading level resulted in improved radiation shielding 
properties. It appears that reducing the particle size 
and ensuring a homogeneous distribution of nano-
B₄C particles increases the probability of collisions 
between incident thermal neutrons and the shielding 
material, thereby enhancing neutron attenuation (52).  

Another study explored various materials for 
nano-shields, including boron compounds (B₄C) and 
ferric compounds in silicone resin, to reduce fast 
neutron exposure from an Am-Be neutron source. 
They reported macroscopic cross-sections ranging 
from 0.15 to 0.32 cm⁻¹ for B₄C at 30-50% 
nanoparticle concentrations for a 2 cm thick sample 
(55). According to the literature, for each thickness 
between 2.5 mm and 10 mm, macroscopic cross-
sections for B₄C at 0.5-5% nanoparticle 
concentrations were approximately 0.15 to 0.43 
cm⁻¹. Despite differences in filler percentage, sample 
thickness, and irradiation source, the macroscopic 
cross-sections are quite similar, indicating good 
agreement between the studies. It can also be noted 
that B₄C combined with unsaturated polyester resin 
(UPS) at lower thicknesses demonstrated better 
macroscopic cross-sections. 

Due to limitations in producing samples with 
higher weight percentages of filler and greater 
thicknesses, our study may not fully capture the 
potential neutron attenuation performance of these 
composites. However, it does highlight the 
importance of incorporating B₄C particle fillers and 
comparing the performance of nano- and micro-sized 
fillers. From this, we can conclude that shielding 
efficacy depends on several factors, including the 
neutron energy spectrum, the mass fraction of B₄C, 
particle size, and dispersion. 

 
 

CONCLUSION 
 

The present study introduces a novel composite 
material designed for neutron radiation protection, 
comprising a polyester matrix reinforced with boron 
carbide (B₄C) in both nano- and micro-sized forms. 
Both experimental and simulation results confirm 
that these composites effectively attenuate neutrons 
emitted from a ²³⁹Pu-Be source. Samples with greater 
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thicknesses and higher weight percentages of either 
micro- or nano-B₄C fillers demonstrate enhanced 
neutron attenuation. Furthermore, polyester 
composites containing nano-B₄C fillers exhibit 
superior attenuation properties compared to those 
reinforced with micro-B₄C fillers. This is attributed to 
their increased surface-to-volume ratio and 
improved dispersion within the matrix. Overall, these 
findings validate the suitability of nano-B₄C 
composites for high-efficiency radiation shielding 
applications. 
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