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Abstract  

 Nanocomposites are advanced materials used experimentally in various applications, such as optical and industrial, 

and recently in radiation attenuation. This research aims to fabricate polycaprolactone/polyethyleneimine (PCL/PEI) 

blend polymer hybrid nanocomposites loaded with silicon dioxide (SiO2) and graphene oxide (GO) nanomaterials to 

improve their performance and properties. The solvent casting method, assisted by sonication, was employed to create 

four samples: BP, NCP1, NCP2, and NCP3, which were cast in Petri dishes. Structural characterization was conducted 

using X-ray diffraction, Fourier transform infrared spectroscopy, optical microscopy, and field-emission scanning 

electron microscopy. The nanocomposites exhibited enhanced structural homogeneity and increased crystallinity due to 

the addition of both SiO2@GO nanoparticles in NCP3 rather than a blend polymer or reinforcement with a single 

nanomaterial. The NCP3 sample exhibited notable enhancements in the most favourable results, including optical 

conductivity, dielectric constants, refractive index increase (36.5%), and extinction coefficient (42.1%) compared to the 

blend polymer. Furthermore, the real and imaginary dielectric constants showed improvements of 48.7% and 55.3%, 

respectively. The attenuation coefficients (µ) increased by 71.8% compared to the blend polymer, which was computed 

using a caesium-137 (662 keV) source. Furthermore, the measurements confirmed a significant improvement in radiation 

attenuation, indicating a synergistic effect between the nanofillers. Combined nanomaterials (SiO2-GO) demonstrated 

superior performance compared to a single nanomaterial, rendering them an exceptional candidate for various advanced 

applications, particularly in light shielding or sanitary landfill of radioactive materials using lightweight concrete. 
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Introduction 

The need to develop radiation-shielding materials 

that are lightweight, flexible, and highly efficient has 

arisen in recent years due to the increasing use of 

ionising radiation in medical, industrial, and nuclear 

applications [1]. While conventional materials, such as 

lead, are effective, they are burdened by environmental 

and health issues. Consequently, researchers have begun 

investigating safer and more sustainable materials [2]. 

Hybrid nanocomposites have garnered increasing 

attention among these alternatives due to their ability to 

integrate polymers with nanomaterials, enhancing their 

performance in radiation protection, particularly gamma 

rays [3]. Graphene and silica are among these materials  

 

that serve as effective mediators in nanocomposites [4]. 

This is a result of its distinctive characteristics, 

including a large surface area, lightweight nature, and 

capacity to interact with ionising radiation. Multiple 

studies have shown that incorporating nanomaterials 

into polymer matrices can induce structural changes at 

the nanoscale [5], improving radiation interaction 

behaviour through photon scattering and increased 

absorption potential [6].  
Polyethyleneimine (PEI) and Polycaprolactone 

(PCL) were employed as the polymer matrix in this 

investigation due to their complementary chemical and 

physical properties. PCL is distinguished by its 
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exceptional flexibility and capacity to form films [7], 

whereas PEI is defined by its abundant amino groups, 

which serve as active sites for nanomaterial interaction 

[8]. Nanomaterials, including silicon dioxide and 

graphene oxide, were also employed. The increased 

surface area of these nanoparticles amplifies their 

interaction with incoming photons, thereby enhancing 

their radiation attenuation efficacy [9]. It is anticipated 

that integrating these materials into a cohesive polymer 

matrix will result in a synergistic effect, enhancing the 

absorption efficacy and the membranes’ overall 

effectiveness in radiation shielding applications [10].  

Kaew-On et al. [11] participated in the 

development of polymer composite sheets by mixing 

poly(vinylidene fluoride-co-hexafluoropropylene) or 

P(VDF-HFP) with different quantities of barium sulfate 

(BaSO4) for X-ray shielding purposes. The photon 

counting method was used to assess the composite 

shielding properties using the linear attenuation 

coefficient. Surface characteristics, encompassing 

surface morphology, hydrophobicity, and surface 

energy, were examined using an atomic force 

microscope (AFM) and a water contact angle apparatus. 

Scanning electron microscopy (SEM) was used to 

examine the microstructural distribution and dispersion 

of BaSO4 particles inside the polymer matrix, offering 

insights into the composite’s homogeneity and structural 

integrity. The composite polymer sheets' bulk 

characteristics, including crystal structures, tensile 

strength, and thermal stability, were analysed. The 

findings indicate that raising the content of BaSO4 in 

BaSO4/P(VDF-HFP) composite sheets significantly 

enhances their X-ray attenuation properties. 

Furthermore, higher BaSO4 concentrations improve the 

material’s hydrophobicity, flexibility, and thermal 

stability, underscoring the promise of these composites 

for sophisticated radiation shielding applications. In 

addition, in 2021, Paula et al. [12] examined the impact 

of PCL nanocomposite films including 0.5% MCM-48, 

whereby MCM-48-NH2 nanoparticles were 

transformed using (3-aminopropyl) triethoxysilane 

(APTES) and then exposed to gamma radiation at 25 

kGy. The images obtained using MEV and TEM 

revealed the presence of nanoparticle aggregates 

randomly dispersed inside the films. This study aimed 

to investigate the impact of gamma radiation on 

nanocomposites.  The solvent casting technique was 

used to produce the nanocomposite films. After 

processing the sample, it was subjected to gamma 

irradiation at a dose of 25 kGy in an aerobic atmosphere 

to study the effect of radiation on its structural and 

optical properties. Exposure to gamma radiation did not 

significantly alter the thermal or mechanical properties 

of NC films. The findings indicated that gamma 

radiation was an effective method for sterilizing these 

materials. 

In a separate study, the integration of GO 

nanosheets, as shown by researchers [13]. Facilitates 

robust interfacial contact among components and 

modifies the XRD spectrum. The addition of GO 

demonstrated a substantial improvement in the optical, 

mechanical and thermal characteristics [14]. This 

enhancement markedly escalates with the rise of the GO 

ratio in the matrix. Nanocomposites were effectively 

accomplished with a homogeneous and fine dispersion 

of the GO nanosheets inside the matrix [15]. The optical 

characteristics exhibit enhancement owing to the 

substantial influence of GO nanosheets. The energy gap 

between the permitted and prohibited indirect transitions 

is enhanced by reducing the values [16]. The 

nanocomposites were first synthesized, and the findings 

demonstrated a significant capacity for radiation 

adsorption [17]. Consequently, it has shown potential 

for gamma-ray absorption and may serve as a radiation 

shielding material; moreover, it holds promise for 

several applications, including UV filters, solar cells, 

and specific optoelectronic uses [18]. 
Expanding upon this line of research, in 2022, 

Abdali [19] investigated SiO2-based nanocomposites for 

gamma shielding, as well as polymer blends and 

composites (PB and PCs), which are novel materials 

with proven radiation protection capabilities. This study 

investigates the impact of adding silicon dioxide (SiO2) 

nanoparticles (NPs) on the radiation shielding 

capabilities of carboxymethyl cellulose, poly(N-vinyl 

pyrrolidone), and polyethylene glycol. Depending on 

HVCMC/PVP/PEG with SiO2 NPs, samples were 

designated k0, k1, k2, and k3. XRD, FTIR, and OM 

were used to characterize the structure. Additionally, the 

attenuation coefficients were calculated using Cs-137 

sources. Results showed that increasing SiO2 NPs from 

0 to 0.045% increases the attenuation coefficient and 

decreases the (N/No) values, with 0.045% being the 

optimal doping level. The primary influence on GRS 
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characteristics occurred within the k3 samples for Cs137 

radiation sources. To accomplish this, a variety of 

morphological, structural, and chemical functional 

analyses were performed, along with UV optical 

assessment, to elucidate the internal structure of the 

nanocomposites and their efficacy in absorbing or 

blocking light. In previous studies, the effects of both 

silicon dioxide SiO2 and graphene oxide GO were 

investigated individually in nanocomposites; however, 

the 2 nanomaterials were not combined within a bi-

polymer matrix. 

The present study aims to investigate the 

synergistic effects of combining two polymers (PCL and 

PEI) with 2 nanomaterials (SiO₂ and GO) on the efficacy 

of radiation-shielding nanocomposite films. The reason 

for the nano synergy and enhancement is due to the 

ability of silicon dioxide to disperse, the high density of 

electrons, and the interfacial interaction of graphene 

oxide, which enables them to work together to improve 

the attenuation of gamma rays. Four unique samples 

were prepared: The basis polymer blend (BP), PCL-

PEI/SiO₂ (NCP1), PCL-PEI/GO (NCP2), and PCL-

PEI/SiO₂@GO (NCP3). The goals include assessing the 

impact of each composition on structural features (via 

XRD and FTIR), optical qualities (by UV-Vis 

spectroscopy), and gamma radiation attenuation 

efficacy utilizing Cs-137. 

 

Materials and methods 

PCL is a white powder with a MW of 80,000 

g•mol–1, and (C6H10O2)n is the chemical Formula. PEI 

has an Mw of 25,000 g•mol–1, and a chemical formula 

of (C2H5N)n and is light yellow. All ingredients 

necessary to create graphene oxide (GO) are described 

in the earlier paper [20]. The manufacturer of this 

material is Aldrich Chemistry, part of the Sigma-Aldrich 

group in the United Kingdom. High-purity (99.8%) 

white material is silicon dioxide. It is found in 

nanopowders, which are 20 - 30 nanometers. The source 

of this material was from Hongwu International Group 

Ltd., a Chinese company. The synthesis of graphene 

oxide was carried out, and all requirements were 

provided by Sigma-Aldrich, a UK company, with a 

purity of 99%. The synthesis methods and full 

characterization of the synthesized GO were reported in 

a previous publication [20]. 

Using chloroform, the PCL and PEI polymers 

were dissolved separately to create dissolved polymer 

samples. Both polymers were combined in equal 

proportions at 22 °C, with a 50:50 ratio. Chloroform was 

used to prepare the 2 nanomaterials, SiO2 and GO, 

individually at a concentration of 0.2 g/50 mL. From 

these stock solutions, 25 mL of each aliquot containing 

0.1 g of each nanomaterial was withdrawn. Each 

nanomaterial was placed on a stirrer for varying 

durations. At a rate of 5 h per day, SiO2 was stirred for 

5 days, while GO was stirred for 8 days under identical 

conditions. In addition, both materials were subjected to 

ultrasonic treatment for 5 min at half-hour intervals. The 

new (PCL-PEI/SiO2) nanocomposites were developed 

by adding SiO2 to the blended (PCL-PEI) at a weight 

percentage of 1%. After being agitated for 10 min per 

hour using sonication for the 1st 3 h, this mixture was 

continuously combined for 48 h, with 30 min of 

sonication in a sonication bath performed at 150W 

power and 40 Hz. The synthesized (PCL-PEI/GO) 

nanocomposite was subjected to the exact method. The 

(SiO2@GO) nanoparticles are subsequently combined 

in a weight-per-cent loading ratio of (50:50) to create the 

fourth (PCL/PEI/SiO2@GO) nanocomposite. The 

finished nanocomposites were molded onto Petri dishes 

and stored in a fume cabinet for three days to ensure 

complete drying and solvent removal. To prevent 

moisture absorption, store the desiccator with the dry 

nanocomposite samples. The digital micrometer was 

used to measure the 80 ± 10 µm thickness of the 

nanocomposite samples. Table 1 presents the ratio of 

sample preparation. 

 

Table 1 Weight percentage of the prepared samples. 

Samples 
Weight percentage % 

PEI PCL SiO2 GO 

BP 50 50 0 0 

NCP1 49.5 49.5 1 0 
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Samples 
Weight percentage % 

PEI PCL SiO2 GO 

NCP2 49.5 49.5 0 1 

NCP3 49 49 1 1 

 

This investigation’s instruments and technical 

specifications are as follows: FTIR measurements were 

performed with a Perkin Elmer Spectrum IR-10.62, 

covering a range of 500 - 4000 cm–1 in the USA. XRD 

analysis was conducted using a PANalytical AERIS, 

ranging from 5° to 80° (Netherlands). The FESEM 

analysis employed the INSPEC F50 manufactured by 

FEI (Netherlands). A Shimadzu UV-2100 was utilized 

for UV-Vis spectroscopy, functioning throughout the 

190 - 110 nm region (Japan). Optical microscopy (OM) 

was performed using a Nikon 73364 microscope from 

Olympus, providing magnification of up to 40× (Japan). 

Double beam spectrophotometer type Shimadzu, UV-

1800, with wavelength range (200 - 1100), utilized to 

characterize the samples at room temperature. The 

average thickness of the prepared films reached 80 

micrometres. Use a blank reference film (polymer 

matrix without nanomaterials) to ensure data accuracy. 

The Giger probe and device connected to the software 

were used to obtain absorption data from the computer. 

 

 Gamma-ray attenuation measurement setup 

 Gamma-ray attenuation experiments of blended 

polymers and nanocomposites were conducted to 

examine the attenuation characteristics of gamma rays 

in samples with varying concentrations of GO and SiO2 

nanoparticles. Test samples with varying concentrations 

were positioned in front of a collimated beam emanating 

from a caesium-137 (Cs137, with 662 keV) gamma-ray 

source. The gamma-ray source is located 3 cm from the 

detector, whereas the nanocomposite samples are 

situated 5 cm from the gamma-ray source. detector type 

(NaI (Tl)), and counting time (300 s). The gamma-ray 

fluxes transmitted through the samples are quantified 

using a Geiger counter, which was used to calculate the 

linear attenuation coefficients. The Geiger counter 

comprises a Geiger-Müller tube, which detects 

radiation, and the electronics that process and present 

the results. The Geiger-Müller tube contains a gas, such 

as helium, neon, or argon, at minimal pressure, 

subjected to high voltage. The electrical charge will be 

conducted down the tube when an incoming particle or 

photon ionizes the gas, making it conductive [21]. 

The attenuation coefficient µ is approximately 

proportional to the material density, where (µ𝑚) is 

frequently used instead of (µ). The mass attenuation 

coefficient is obtained by dividing µ by the material 

density (ρ) [22]. 

 

  µ𝑚 =  
µ

𝜌
                                                                               (1) 

 

The value of (µ𝑚) is approximately constant for all 

materials. The absorption 

The law for gamma particles can be written in the 

appropriate form depending on Equation order [22]. 

 

N =  No e−μx         (2) 

  

where N is the number of photons passing through the 

thickness x of the  absorber [23]. For radiation protection 

design, a commonly specified entity is the half-value 

thickness, which characterizes suitable materials for any 

particular type of radiation and the energy involved. As 

the name indicates, this number directly gives the 

thickness required to reduce the intensity of the 

incoming radiation by half. For calculations, the more 

fundamental attenuation coefficient) µ) is preferred, 

which, of course, is related to the half-value thickness 

Eq. (3) [24]. 

 

x
1

2     ⁄ =
ln 2

µ
                                                                 (3) 

 

 x
1

2     ⁄ and (µ( depends on the material of the absorber 

and the energy of the radiation [25]. 

 

Results and discussion 

The FTIR in Figure 1 of the sample reveals 

structural changes resulting from incorporating GO and 

SiO2 into the PCL-PEI matrix. Distinct peaks around 

2922 cm–¹ correspond to symmetric C-H stretching 

vibrations [26], while the peaks observed in the range 
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between 1558 - 1583 cm–¹ are attributed to N-H bending 

vibrations from PEI [27]. Peaks at around 1106 - 1070 

cm⁻¹ are associated with C-O-C and Si-O-Si stretching 

vibrations, confirming the integration of silica within the 

polymer structure [28]. The spectrum alterations signify 

robust intermolecular interactions between the polymer 

matrix and the nanofillers, suggesting improved 

structural uniformity. These interactions may enhance 

the nanoparticle’s structural stability and dispersion 

within the polymer [29].

 

 

Figure 1 FTIR spectra examination of nanocomposites.  

 

XRD examination in Figure 2 indicated that the 

integration of PEI and PCL polymers resulted in 

structural alteration without the emergence of a new 

phase, and the addition of (SiO2@GO) nanomaterials 

enhanced crystallinity owing to the interaction between 

nanoparticles and polymer chains [30]. The pronounced 

XRD peaks at 21 and 23, which rise to 118 and 34 cps, 

respectively, demonstrate a more significant structural 

order than the 1st mix compared with JCPDS Card Nos. 

0-1431 for PCL, JCPDS card 72-2303 for PEI, JCPDS 

card No. 00-041-1487 for GO and JCPDS card 29-0085 

of SiO2. Whereas introducing (SiO2@GO), 

nanomaterials revealed a slight shift to the higher value 

of the peaks to (2θ = 21.62°) and (2θ = 23.92°) compared 

with all samples. The increase in crystallinity observed 

in the NCP3 nanocomposite can be assigned to the 

influence of the SiO2 and GO nanoparticles, which act 

as nucleating agents that enhance the alignment and 

ordering of polymer chains [31]. 

Eq. (4) was derived from Bragg’s principles. The 

interplanar d-spacing was obtained by examining the 

peak position [32]. 

 

𝑛𝜆 =  2𝑑𝑠𝑖𝑛 (Ѳ)                                                                   (4) 

 

The variables (n), (𝜆), (d), and (Ѳ) in this equation 

are the integers representing the entering X-ray 

wavelength, d-spacing, and the angle among the 

radiation and the scattering plane. The crystallite size 

(D) in nanometers was determined by applying the 

Scherrer formula [33]. 

 

𝐷 =  𝑘𝜆 /𝛽𝑐𝑜𝑠 (Ѳ)                                                               (5) 

 

𝜀 = 𝛽/4 tan(𝜃)                                                                      (6) 

 

 The variables (k) and (𝛽) represent the form factor 

and the total width at half-maximum (FWHM) of the 

crystal mean, respectively. The current value of (k) is 
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roughly 0.9. Table 3 shows the inclusion of the 

crystallinity of the nanocomposites. 

The Scherrer equation indicates that an increase in 

crystallite size (D) is associated with a rise in peak 

intensity in the XRD pattern. This results from fewer 

microstructural distortions and grain boundary 

influences, facilitating more effective X-ray diffraction. 

The noted increase in peak intensity confirms the 

enlargement of crystallite size and the improvement in 

crystallinity.

  

 

Figure 2 The XRD patterns for the sample.  

 

Table 2 shows the samples’ peak positions, FWHM, d, crystallite size, and Lattice strain. 

Specimens 
Peak position 2θ 

(°) 

FWHM 

(β) 

d 

(nm) 

D 

(nm) 

Average D 

(nm) 
(Ɛ) % Average (Ɛ) %×10–3 

BP 

12.13 

17.23 

21.21 

23.69 

2.2042 

2.368 

0.3149 

0.3149 

0.729 

0.729 

0.418 

0.375 

35.72078849 

26.63952381 

26.79666129 

26.91200682 

29.02 

 

0.0095 

0.010 

0.0073 

0.0065 

 

8 

NCP1 

20.98 

23.32 

35.2 

43.96 

0.1574 

0.2755 

0.2362 

0.4723 

0.424 

0.382 

0.205 

0.206 

35.71175136 

26.89393472 

27.63241002 

28.40347438 

 

 

29.66 

 

0.0037 

0.0058 

0.0019 

0.0009 

 

 

3.1 

NCP2 
9.83 

21.05 

0.1181 

0.2362 

0.899 

0.421 

35.24448761 

26.80945055 

 

 

0.0005 

0.0055 
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Specimens 
Peak position 2θ 

(°) 

FWHM 

(β) 

d 

(nm) 

D 

(nm) 

Average D 

(nm) 
(Ɛ) % Average (Ɛ) %×10–3 

23.37 

42.92 

0.1574 

0.3149 

0.379 

0.210 

26.89635909 

28.3009709 

29.31 0.0033 

0.0012 

2.6 

NCP3 

10 

18.6 

21.62 

23.92 

27.6 

0.0787 

0.2362 

0.2362 

0.2362 

0.9446 

0.883 

0.476 

0.410 

0.371 

0.322 

35.24902328 

26.68977331 

26.81479648 

26.92339462 

9.041572751 

 

 

24.94 

0.0003 

0.0001 

0.0010 

0.0010 

0.0040 

 

 

1.3 

  

 Crystallisation denotes the qualitative 

enhancement in diffraction results, whereby the crystal 

size D is quantitatively determined using the Scherrer 

equation, excluding the calculation of the overall 

crystallinity index. The increasing value of the lattice 

strain (Ɛ) reveals the existence of distortions inside the 

lattice owing to the presence of nanomaterials. These 

distortions subsequently result in alterations in 

interatomic distances, hence influencing physical 

qualities such as hardness and structural stability. Those 

with high strain may display a more disordered 

structure, whereas those with low strain exhibit a more 

crystalline and regular structure [34].  

 Figure 3 shows the OM images of the surface of 

BP (NCP1), (NCP2), and quaternary (NCP3) 

nanocomposites, with magnification (40×). The image 

of the surface morphology of the pure blend polymer 

(PCL-PEI) revealed a comparatively even and 

consistent texture, suggesting a homogeneous 

combination of the two polymers. The absence of 

noticeable aggregation or phase separation indicated a 

high level of compatibility between PCL and PEI. The 

surface of the (PCL-PEI-SiO2) turned less smooth and 

more uneven when SiO2 was added to the mixed 

polymer. It may attribute the observed roughness to 

SiO2-distributed nanoparticles throughout the polymer 

matrix [35].  

 Furthermore, when adding graphene oxide to a 

polymer blend (PCL-PEI/GO), the image revealed 

rough morphology and presented good dispersion of 

graphene-oxide nanosheets and aggregation of some 

nanosheets also presented [36], which was related to 

attraction by van der Waals forces as reported by several 

investigations [37]. Regarding the image of the addition 

of SiO2 and GO nanomaterials to the polymer mix, it 

increased the roughness. This rise may be due to GO 

nanosheets, which are known to form a more varied and 

diverse surface structure. The uniformity of the 

distribution of GO nanosheets and SiO2 nanoparticles 

improves the characterization of the nanocomposite. 

Demonstrates excellent dispersion of nanoparticles 

throughout the polymer matrix, resulting in improved 

structural and functional characteristics. The challenges 

in this procedure stem from the combined impacts of 

SiO2 nanoparticles and GO nanosheets, as seen in 

Figure 3. The surface morphology displays increased 

intricacy, typified by a rough and diverse form. 
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(BP) (NCP1) 

(NCP2) (NCP3) 

Figure 3 OM photomicrographs (40×) for blend polymers and samples. 

 

 

 Figure 4 presents FESEM images of BP, NCP1, 

NCP2, and NCP3. A homogeneous BP surface exhibited 

fissures and grains. Literature indicates [38] that PCL 

and PEI’s chemical and physical compatibilities may 

reveal areas where the constituent materials have 

aggregated or coalesced, exhibiting both soft and hard 

segments on the surface. SiO2 improved sample 

homogeneity in the polymer mix. SiO₂ particles enhance 

interfacial cohesion by increasing dispersion and 

decreasing aggregation. (NCP2) shows how GO affects 

GO surfaces. Its graphene oxide is evenly distributed, as 

seen by the tiny dots on the surface. Tiny dots suggest 

graphene oxide uniformity. Dispersion improves 

polymer matrix fracture resistance. In contrast to the 

other samples, (SiO2@GO) nanoparticles are evenly 

dispersed throughout the (NCP3) polymer matrix. 

 The surface roughness of the last sample (NP3) is 

attributed to the synergistic dispersion effect of the used 

nanomaterials (SiO2@GO), as this is related to the 

optical conductivity and dielectric coefficients. Also, the 

surface inhomogeneity enhanced the attenuation of 

gamma rays due to the presence of many scattering 

centres [39]. The homogeneity and good dispersion of 

nanomaterials assist the films in resisting fracture 

because this homogeneity prevents stress concentration 

and contributes to easier load transfer within the matrix, 

which in turn hinders crack growth and improves 

strength properties [40].
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(BP)

 

(NCP2) 

 

(NCP1) 

(NCP3) 

Figure 4 FESEM images and their nanocomposites. 

 

 

 The transmittance Figure 5 indicates that the 

integration of nanomaterials into the polymer matrix 

(BP) led to a progressive reduction in light transmittance 

across the wavelength spectrum of 200 to 800 nm, 

signifying an enhancement in absorbance or light 

scattering within the synthesized nanocomposites 

NCP1, NCP2, and NCP3. The NCP3 sample had the 

lowest transmittance relative to the other samples, 

indicating that it has the maximum light absorption 

among all samples analyzed. The optical properties of 

these NCP3 nanocomposites provide them with a viable 

option for radiation shielding applications, including 

gamma-ray protection [41].
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Figure 5 Spectral transmittance curves of nanocomposite samples in the 200 - 800 nm wavelength range. 

 

The optical characteristics of the polymers and 

nanocomposites samples in Figure 6 were examined 

using the refractive index (n) and the extinction 

coefficient (k), which together indicate the complex 

optical constants of the material. The results suggest that 

the 1st sample, which is composed of the blend polymer 

(PEI-PCL), has the lowest values in refractive index (n) 

and extinction coefficient (k)due to its high 

transmittance to radiation, and the highest value was in 

the last sample, NCP3, due to the addition of 

(SiO2@GO) nanomaterials. This behaviour is due to the 

high levels of optical density and absorption of the 

material [42]. 

The ratio between the light speed in a vacuum and 

inside the substance is known as a refractive index (n), 

that given in Formula (7) [43]. 

 

n =  
1+√R 

1− √R
                                                                               (7) 

 

(R) means the material reflectance. 

 The imaginary component of the complex 

refractive index (N) is known as the extinction 

coefficient, which is considered by Eq. (8) [44]. 

 

𝐾° =  𝛼𝜆
4𝜋⁄                                                                               (8) 

 

(λ) is the incident ray wavelength.

 

A B 

Figure 6 (A) refractive index (n) and (B) extinction coefficient (K) as a function of the wavelength for samples. 
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 The dielectric constant determines matter’s 

capacity to polarize; it may respond to numerous 

frequencies very difficult, and electronic polarity 

dominates other forms of polarization. The real (εr) and 

imaginary (εi) dielectric constants may be calculated 

from Eq. (6) [45]. 

 

εr = (n2 − K°
2 )                                                                           (6)  

 

εi = (2nK°)                                                                          (7) 

 

According to Eq. (8), optical conductivity directly 

depends on the refractive index, absorption coefficient, 

and the light velocity in vacuum (c) [46]. 

 

σop =  αnc
4π⁄                                                                       (8) 

 

 In Figure 7, the actual dielectric constant (𝜀₁) is 

plotted as a function of wavelength. 𝜀₁ is a measure of 

the material’s capacity to store photoelectric energy 

without incurring losses.  In samples BP, NCP1, NCP2, 

and NCP3, the optical constant increases as the 

wavelength increases, signifying a diminished optical 

insulation response [47]. At the wavelength range of 240 

- 280 nm, a notable rise in 𝜀₁ is observed progressively 

from BP, NCP1, and NCP2 with the addition of the 

nanomaterial, reaching its peak in sample NCP3. This 

suggests that the integration of nanomaterials 

(SiO2@GO) into the polymer matrix augmented the 

polarization property and elevated the density of 

electrons interacting with the optical field, hence 

enhancing electrical energy [48]. While the imaginary 

dielectric constant (𝜀2) reflects the energy loss within the 

material due to light absorption, it expresses optical 

losses [49]. The BP sample shows the lowest energy 

absorption. 

 In contrast, the NCP3 sample shows the highest 

value, which indicates that it absorbs the most 

significant amount of photoelectric energy due to the 

enhancement of electronic transitions in the presence of 

nanoparticles [50]. This reflects an improvement in the 

optical properties of the system, both in its ability to 

store energy and in its absorption of electromagnetic 

radiation [5]. The effect of nanomaterials has led to an 

improvement in the optical properties, making the NP3 

model more suitable, which could make it one of the 

promising applications in radiation protection [51].

 

A B 

Figure 7 Curves representing the actual component 𝜀₁ and imaginary part 𝜀₂ of the dielectric constant of materials (BP, 

NCP1, NCP2, and NCP3) in the ultraviolet range. 

 

 Figure 8 illustrates the correlation between optical 

conductivity, measured in (S)–1, and wavelength (nm) 

for 4 samples. The results demonstrate that the optical 

conductivity in NCP1, NCP2 and NCP3 exhibits 

superior values relative to BP. At wavelengths 240  - 340 

nm, whereas sample NCP3 exhibited the best results of 

conductivity, followed by NCP2 and NCP1 [52]. This 

phenomenon is ascribed to the elevated density of free 

electronic states and the augmented responsiveness of 

the material to electromagnetic radiation resulting from 

the presence of SiO2@GO nanomaterial. The spectrum 

indicates that conductivity diminishes progressively 
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with rising wavelengths, a typical phenomenon 

attributed to less photon absorption at elevated 

wavelengths [53]. In comparison to the literature [54] , 

the NCP3 sample exhibited a significant increase in 

conductivity, surpassing the optical conductivity of 

traditional composites made from SiO2-supported 

PMMA materials. Furthermore, the absorption spectra 

demonstrated a wider and more pronounced absorption 

in the ultraviolet and visible regions, which is 

advantageous for radiation mitigation via the photon 

absorption mechanism. This enhancement results from 

the synergistic impact of SiO2@GO nanoparticles in our 

present study.

 

 

Figure 8 Spectral of optical conductivity in nanocomposites. 

 

The absorption coefficient of lead of the gamma 

radiation from a given source [23]. The absorption law 

for gamma particles can be written in the appropriate 

form, depending on Eq. (2) [22]. In Figure 9, the 

efficacy of the nanocomposite samples in radiation 

attenuating gamma-rays N and radiation attenuation 

(N), which represents the number of photons that passed 

through the sample, and radiation particle number (No). 

Ln (N) and the ratio (N/No) are the fundamental metrics 

for evaluating the efficiency of gamma radiation 

attenuation.  The results show a significant decrease in 

the (N/No) ratio, gradually when adding nanomaterials 

in an ascending manner, when adding nanomaterials to 

samples NCP1, NCP2, and NCP3, and thus an increase 

in the absorbance of gamma rays. This is attributed to 

the increased interaction between photons and 

nanomaterials, which are characterized by their high 

surface area. The sample showed the lowest 

transmittance ratio and, thus, the highest absorbance due 

to the scattering and absorption of photons, which is 

consistent with the literature [55].

 

Table 3 The percentage of improvement in optical metrics, attenuation coefficient, and conductivity between the BP and 

NP3 samples. 

Property Blend polymer NP3 Improvement % 

Optical conductivity 𝛔𝐨𝐩 2.2×1012 S–1 7.3×1012 S–1 231.8% 

Attenuation coefficient (µ) 3.6 cm–1 5.45 cm−1 51.4% 

Real dielectric constant 𝜀₁ 4.4 6.5 47.7% 
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(A) (B) 

Figure 9 Gamma-Ray attenuation assessment of Nanocomposite sample thickness based on (A) (Ln N) and (B) (N/No), 

where N represents the number of gamma-ray counts per second (count/s). 

 

Figure 10 illustrates the variation in the 

absorption coefficient for the nanocomposite samples 

BP, NCP1, NCP2, and NCP3. The findings indicate a 

considerable enhancement in the value of (µ), which is 

the radiation attenuation factor, by incorporating 

nanomaterials. The samples enhance their gamma-ray 

absorption with the augmentation of nanomaterials. The 

minimum absorption value was observed at BP, whereas 

the maximum absorption value was noted at NCP3, 

attributed to incorporating SiO2@GO nanoparticles. 

This demonstrates their superior efficacy in radiation 

shielding [56]. 

The other Figure 10(B) illustrates the extent of 

radiation inhibition for each sample by decreasing the 

photon count relative to the No condition, whereby no 

material is employed. Incorporating nanoparticles into 

the polymer matrix (from NCP1 to NCP3) resulted in a 

progressive reduction in the quantity of penetrating 

photons-matter interaction mechanisms, depending on 

the gamma-ray energy and the material’s atomic 

number. Sample NCP3 had the most significant 

inhibition rate, hence validating the efficacy of 

nanoparticles in radiation protection [57]. 

Another important parameter in the shielding 

radiation is the half-value layer (HVL). It gives the 

information about shielding properties of a given 

absorber. It can be calculated from the Eq. (9).  

 

𝐻𝑉𝐿 =
ln(2)

µ⁄  ≈  0.693
µ⁄                                               (9) 

 

where, the HVL value represented the thickness for the 

shield. It reduces the incident radiation beam intensity 

by 50%. This means the lower HVL value evidences of 

more effective shielding properties of the applied shield. 

Table 4 showed a brief comparative of Half value layer 

(HVL), attenuation coefficients for paraffin-based 

composites from this investigation compared to HVL 

values of other composites (from literature data), which 

contained lead (or lead compounds) and bismuth (or 

bismuth compounds) in their composition with NCP3 

compare. These results reveled an interesting 

nanocomposite with lower filling ratio compared with 

metals like PbO with higher ratio.
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(A) 

 

(B) 

Figure 10 (A) Linear attenuation coefficient (µ) of fabricated nanocomposite, and (B) radiation attenuation relative to the 

sample condition. 

 

Table 4 A brief comparative of Half value layer (HVL), attenuation coefficients for paraffin-based composites from this 

investigation compared to HVL values of other composites (from literature data), which contained lead (or lead 

compounds) and bismuth (or bismuth compounds) in their composition, with NCP3 compared. 

Material Approx. HVL 
Attenuation 

(Relative) 

Filler 

Type 
Pros Percentage % Cons Ref. 

Ceramic-Pbo ~3.5 cm low PbO 
Excellent 

shielding 
10% Toxicity, heavy [58] 

PMMA-Bi ~3.65 cm low Bi 
Non-toxic 

alternative 
60% Non-Toxicity [59] 

OUP, MEKP, Co-6, Bi ~3.89 cm low Bi 
Durable and 

effective 
50% Non-Toxicity [60] 

PCL-PEI/ SiO2@GO Likely > 3.5 cm Low GO-SiO2 
Lightweight, 

safe 
2% 

Low shielding 

performance 
This study 

 

 

Conclusions 

 The creation and formation of four hybrid 

nanocomposites have successfully developed physical 

and functional properties due to their reinforcement with 

SiO2 and GO nanoparticles using the casting method. It 

was shown through structural (XRD, FTIR), 

morphological (OM, FESEM), and optical (UV-VIS) 

investigations that the addition of nanomaterials 

significantly improved the properties, specifically for 

the NCP3 sample compared to the first sample, which 

was formed from a blend polymer (PEI-PCL), as it 

showed the best results in terms of crystallinity, 

absorbance, refractive index, extinction coefficient, 

dielectric constants, and gamma-ray attenuation 

efficiency. This improvement is attributed to the 

presence of nanomaterials, which in turn leads to better 

distribution. NCP3 nanocomposite represents a 

promising material in radiation protection applications, 

especially for gamma rays and electronics. 
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