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Abstract 

Incorporating multifunctional nanostructured materials that absorb radiation into polymers 

enhances their radiation-shielding properties. The role of boron nitride (BN) as an effective filler 

to enhance the mechanical and shielding properties and resist the deteriorating effects of 

irradiation has yet to be studied in detail. Our study examined the effects of gamma radiation 

doses ranging from 0 to 100 kGy on the mechanical properties of high-density polyethylene (HD) 

reinforced with two types of BN with different dimensions: hexagonal boron nitride (hBN) and 

boron nitride nanosheets (BNNSs). Scanning electron microscopy micrographs showed some 

aggregated plates with good distribution uniformly distributed in all regions in the matrix, which 

suggests proper adhesion between polyethylene and BN. The study showed that HD, 1 wt.% 

composite, and 1 wt.% nanocomposite samples experienced a 58%, 47%, and 33% reduction in 

elongation at break at 100 kGy compared to nonirradiated samples. The loss of tensile strength at 

100 kGy for HD, 1 wt.% composite, and 1 wt.% nanocomposite was 57%, 44%, and 44%, 

respectively, compared to the nonirradiated samples. It is concluded that the addition of BNNSs 

in lower dimensions than hBN into polyethylene reduces the destructive effects of radiation and is 

a way to improve the stability of polymer shields against ionizing radiation. 
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1. Introduction 

With the increased usage of ionizing radiation in several scientific fields, there is a higher chance 

of severe injuries and health problems, such as radiation poisoning and burns. Therefore, it is now 
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more crucial than ever to strictly control radiation [1-3]. The amount of radiation that is received 

by people during radiation treatments is reduced by adopting radiation protection techniques such 

as shielding in clinical oncology [4, 5]. Protecting humans and the environment from the harmful 

effects of neutron and photon radiation (i.e., gamma and X-rays) is essential when building a 

radiation plant. Research on radiation shielding is becoming increasingly interesting in polymer 

matrices and composites using filler/reinforcement. Numerous studies have been published on the 

creation of new polymer composites based on compounds containing boron as ionizing radiation 

absorbers [6-9]. 

Layered-boron-containing absorbers such as hexagonal boron nitride (h-BN) and boron nitride 

nanosheets (BNNSs), as some of the most important two-dimensional materials, are highly 

promising for thermal neutron shielding applications. This is due to their numerous exceptional 

physical, chemical, and mechanical properties, particularly their enormous thermal neutron 

capture cross-section (3840 barns for 
10

B), which is several orders of magnitude larger than those 

of most other isotopes [10-13]. Currently, layered BN-containing composites are used in 

engineering and radiation shielding applications because they possess good strength, high elastic 

modulus, low weight, excellent resistance, etc. [14-18]. The mechanical properties of these 

composites depend on the matrix phase, dimension of reinforcement, distribution of reinforced 

particles in the matrix, and bonding between the matrix and reinforcements. 

Research has suggested evaluating the radiation resistance of the proposed composites at various 

doses before making them commercially accessible [19]. Potential shielding materials may be 

defined by calculating several parameters. The most popular method for assessing a material's 

ability to operate as a shield is by analyzing the mechanical properties of samples subjected to 

radiation [6, 20]. Researchers have shown that various properties of polymer composites are 

significantly influenced by gamma radiation, with the type and size of the filler playing a crucial 

role. For instance, Bansel et al. reported that, especially at higher doses, gamma radiation 

improved the mechanical and thermal characteristics of recycled low-density polyethylene 

biocomposites made of Sesamum indicum L. [21]. However, the addition of hydroxyapatite 

particles to PMMA composites resulted in a loss of mechanical characteristics, which were 

exacerbated by gamma radiation [22]. According to Hassan [23], elongation at break decreases as 

talc content increases, while the tensile strength of gamma-irradiated waste polyethylene/recycled 

waste rubber powder (WPE/RWRP)/talc increases with talc content up to 10%. Additionally, 

with up to 50 kGy of irradiation, the blends' tensile strength increases, suggesting that 

crosslinking is the main mechanism. This team [24] also discovered that up to 20 wt.%, the 

mechanical characteristics of gamma-irradiated composites made of waste polyethylene (WPE), 
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recovered waste rubber powder (RWRP), and glass fiber (GF) improved significantly with filler 

content. The enhancement of mechanical, thermal, and morphological characteristics may be 

attributed to the filler's reinforcement and the crosslinking caused by radiation, particularly at 

relatively mild levels of approximately 10 wt.% GF load and 75 kGy dosage. All of these 

investigations point to the complexity and diversity of gamma radiation's impact on the 

mechanical stability of polymer composites. 

To the best of our knowledge, however, the mast of research has been done on the thermal, 

mechanical, and shielding characteristics of BN/PE [25-33]. There are very few reports on its 

radiation shielding performance. Shen, for instance, examined the impact of carbon-doped boron 

nitride (BCN) and modified BCN-KH550 on the mechanical, thermodynamic, and structural 

characteristics of silicon rubber composites both before and after ɔ irradiation [34]. The tensile 

strength and thermal characteristics of h-BN/epoxy resin composites were examined following ɔ-

ray and neutron irradiation [35]. The radiation stability of hBN/HD and BNNSs/HD composites 

exposed to ɔ-rays is unknown, although their neutron shielding capabilities have been 

documented. There is still ongoing debate regarding the optimum filler dimensions and the 

underlying mechanisms governing this phenomenon. Further research is needed to fully 

understand the relationship between filler dimension and mechanical stability. 

Thus, an attempt was made to study the influence of the dimension of layered-BN materials in 

resisting irradiation stability and counter its deteriorating effects on the mechanical properties of 

polyethylene. In the current study, the typical mechanical properties of the gamma-irradiated 

hBN/HD composite and BNNSs/HD nanocomposite were evaluated using a tensile technique. To 

support the mechanical findings, scanning electron microscopy (SEM) studies were conducted to 

observe the morphological characteristics of the sample at two different BN-layered material 

concentrations. 

2. Experimental 

Materials 

hBN (lateral dimensions 1 to 5 mm) was supplied by the Aldrich Company, and the BNNSs 

needed for the investigation were made using the method outlined in [36]. HD, which is referred 

to as EX3 (Jam company, HM 5010 T2N, EX3), is utilized. 
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Production of boron-containing composites and nanocomposites 

Melt mixing was used to fabricate the hBN/HD composite and BNNSs/HD nanocomposite with a 

1 wt.% filler component. The samples were produced at a processing temperature of 180 °C, a 

processing speed of 60 rpm, and a processing time of 10 min. First, the internal mixer was filled 

with high-density polyethylene. The system was loaded with layered-BN compounds when the 

torque stabilized for 90 seconds. The system was allowed an additional 8.5 minutes to be 

thoroughly blended. The neat HD sample was just put to melt mixing to compare the results. 

After the samples had cooled, a hot press was used to produce the dumbbell-shaped samples 

needed for mechanical testing. 

Characterization 

The composite samples were created using an internal mixer (Brabender, Germany). Scanning 

electron microscopy (SEM) images were taken with a Hitachi S-4160 field emission SEM 

(FESEM) system to characterize the morphology of hBN and BNNSs. A Zeiss Evo18 SEM was 

also utilized to ascertain the structural composition of the materials. For the microscopic 

examination of the HD/BN composite films, fracture surfaces were produced by breaking the 

samples after immersion in liquid nitrogen. Tensile test samples were irradiated to investigate the 

effect of ionizing radiation on mechanical properties in a gamma cell located in the Atomic 

Energy Organization of Iran. The source used was Co60 with an activity of 8775 Ci, and the 

samples were irradiated. The mechanical test based on the ASTM D638 standard was performed 

to determine the mechanical properties by the Hiwa/Material Testing, Hiwa-200 machine at a 

speed of 50 mm/min. 

4. Results and discussion 

Scanning electron microscopy is one of the best techniques for examining the morphology of 

materials and polymer mixtures. The FESEM photographs of hBN and BNNSs are shown in 

Figure 1 (a, b). The image of hBN shows that, in accordance with the layered nature of hBN, the 

materials consist of thin particles or sheets, typically with a lateral size between 1 and 5 mm and a 

thickness of over 50 nm [36]. BNNSs were also lamellar. At the same time, the size of the BNNS 
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sheets decreased and became more dispersed. Micrographs of HD fracture surfaces reveal that 

HD has a uniform and continuous structure (Fig. 1 (c, d)). 

To examine the structure and morphology of the composite samples at low and high 

magnification, SEM micrographs of the 1 wt.% composite and 1 wt.% nanocomposite are 

displayed (Figs. 2-3). Fig. 2 illustrates that hBN plates appear as bright spots dispersed over the 

dark HD substrate. The sample has a dispersed phase morphology in the continuous phase, and 

there are discrete hBN inclusions in a continuous matrix. These micrographs clearly show that 

hBN is available in a variety of sizes. The hBN plates in the composite matrix are well dispersed, 

parallel to each other, and perpendicular to the pressure force of the hot-pressing stage of molding 

the sample [37]. The fracture surface of the hBN/HD composite is much rougher than that of the 

neat PE sample, which is probably due to the dispersion of the filler platelets in the PE polymer 

matrix [37-39]. A high-magnification SEM micrograph of the composite shows hBN 

agglomeration that is composed of smaller particles or hBN platelets. Despite agglomeration, the 

homogeneous distribution of hBN, which comprises some aggregated rather than BN sheets 

throughout the composites, indicates proper adhesion between polyethylene and boron nitride in 

the bulk, which is caused by the hydrophobic nature of the hBN surface. 
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Fig. 1 SEM image of representative FESEM images of (a) the starting powder of h-BN and (b) 

BNNSs from h-BN precursors and SEM images of the neat HD fracture surface at (a) low and (b) 

high magnification. 

 

 

Fig. 2 SEM images of the composite fracture surface based on HD containing 1 wt.% hBN at (a) 

low and (b) high magnification 

SEM images of BNNSs/HD nanocomposites with 1 wt.% are shown in Fig. 3. The many 

dispersed nanosheets in the polyethylene substrate are visible at low magnification. However, the 

high magnification image of the nanocomposite reveals the aggregation of some of these 

nanosheets, making their thickness larger than the value stated in the production stage [36]. 

Additionally, a large accumulation of nanoplates can be seen on the left side of the image with 

high magnification. The tendency of nanosheets to minimize their contact surface with the 

polymer substrate due to the hydrophilic property of their surface [36] causes the aggregation and 

accumulation of these sheets. 
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Fig. 3 SEM images of the nanocomposite fracture surface based on HD containing 1 wt.% 

BNNSs at (a) low and (b) high magnification 

To confirm the structure of the composite/nanocomposite, SEM combined with EDX mapping 

characterization was conducted. EDS mapping analysis was carried out on the selected region, 

which is shown as a pink rectangle in Fig. 4a, b. The analysis reveals the presence of elements 

such as boron, nitrogen, carbon, and oxygen. The blue dots, yellow dots, red dots, and green dots 

corresponding to the distribution states of C, B, N, and O indicated that BN was successfully 

distributed into the polymer matrix [40] following the SEM results demonstrated in Fig. 2 and 

Fig. 3. In addition, EDX mapping disclosed the presence of oxygen, which is due to the presence 

of B2O3 contamination, and BN materials often suffer from these contaminants [36, 41]. 
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Fig. 4 SEM micrographs and elemental mapping of the hBN/HD composite (a) and (b) 

BNNSs/HD nanocomposite 

To further investigate the structure of the produced composites, an X-ray diffraction test was 

performed to investigate the influence of the boron nitride plates on the structure of the 

polyethylene (Fig. 5). In the XRD pattern of hBN, the sets of peaks at 26.72̄  and 41.59̄ 

correspond to interlayer spacings (calculated based on Bragg's law) of 3.33 ̄ A and 2.17 ̄ A, 

which correspond to the (002) and (100) planes, respectively [15, 36]. The diffraction pattern of 
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the nanosheets shows significant changes compared to hBN. The sharp reduction in the peak 

intensity of the (002) plane and its shift to lower angles (2q=26.66̄ ) as well as the relative 

increase in FWHM associated with the Scherer broadening confirm the presence of exfoliated 

boron nitride nanosheets [36]. The HD diffraction pattern shows a strong peak at 2q=21.61̄ , a 

relatively strong peak at 23.96̄, and a weak peak at 36.21̄, which is related to the (110), (200), 

and (020) planes [15, 42]. The characteristic BN peak of the hBN/HD composite has a very low 

intensity, and its FWHM increased from 0.28 to 0.47, while the (002) peak of BN in the 

BNNSs/HD nanocomposite disappeared. Structural characterization supports that the structure of 

the hBN/HD composite and BNNSs/HD nanocomposite is intercalated [43-45]. 

 

Fig. 5 (a) XRD spectra of HD, hBN power, hBN/HD composite, and BNNSs/HD nanocomposite. 
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Three events occur when polyethylene samples are subjected to radiation: branching, chain 

scission, and cross-linking. Crosslinks, which improve the mechanical properties, develop 

together with random branching and chain scission, which have a negative effect on the 

properties. The speed and quantity of these processes influence the composite's final behavior 

[46]. 

Singh provided two mechanisms for how irradiating polyethylene in air results in cross-links and 

oxidative degradation in 1992 [47]. Radiation causes the bond between carbon and hydrogen to 

be broken, producing radicals. These radicals combine with oxygen to form peroxides. 

PEÅ+PEÅ­PE-PE          (1) 

PE+O2­PEO2Å              (2) 

PEÅ+PEO2Å­PEOOPE   (3) 

Since the rate of oxygen penetration is the limiting factor at high irradiation rates (²10
3
 Gy/s), 

reaction (1) is significant in competition with the other two processes, leading to a dominant 

quantity of crosslink reactions. With a lower radiation rate, the formation of peroxide radicals and 

oxidative damage accelerate [47]. The prolonged irradiation time and low irradiation rate 

consequently contribute significantly to the decrease in tensile strength. 

Fig. 6(a-c) shows the stress strain diagrams of unirradiated and irradiated neat HD, 1 wt.% 

hBN/HD and 1 wt.% BNNSs/HD at different dose levels. The peak stress and percentage of 

the strain of neat HD, composite, and nanocomposites were shown to decrease if the irradiation 

dose was increased. All materials, both nonirradiated and irradiated, exhibit hammering behavior; 

thus, well-known mechanical functions such as stretching, yielding, strain softening, cold 

stretching, and strain hardening are demonstrated in the stress strain curves of the samples. 
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Fig. 6 Stress vs. strain diagrams of unirradiated and irradiated (a) neat HD (b) 1 wt.% hBN/HD 

composite and (c) 1 wt.% BNNSs/HD nanocomposite at different absorbed doses (0, 25 and 100 

kGy) 

Tensile characteristics were taken from stress strain diagrams of neat HD, hBN/HD composite, 

and BNNSs/HD nanocomposite at various doses to study the effects of layered-BN material 

dimension and absorbed dose on mechanical properties. In Figs. 7-9, the effects of the layered BN 

material dimensions and radiation dose on the tensile strength, Young's modulus, and elongation 

at break (El@Br) of neat HD, the composite and the nanocomposite are displayed. 


