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In this study, eco-engineered composite pellets made of fly ash and boron carbide (B₄C) are designed and evaluated for 
gamma-ray and neutron shielding applications. Composite samples with different B₄C ratios (0–75 wt%) have been prepared 
and examined using both theoretical and experimental methods. XRD and SEM are used for structural and morphological 
characterizations. A NaI(Tl) detector is used to measure gamma-ray attenuation parameters such as LAC, MAC, HVL, TVL, 
MFP, Zeff, and buildup factors. These values are further evaluated using Phy-X/PSD and GAMOS simulations. Values for 
the fast neutron removal cross-section (FNRCS) are also calculated. The composite with the most balanced performance is 
BCFA25, which has a compact microstructure and improved attenuation efficiency. Increasing the content of boron and 
carbon with lower atomic numbers increased neutron shielding but decreased Zeff and electron density. Strong agreement is 
found between theoretical models and experimental outcomes. The results indicate that B₄C/fly ash composites, especially 
BCFA25, offer a lead-free and sustainable option for radiation shielding in industrial, nuclear, and medical applications. 
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Introduction 
The increasing use of ionizing radiation in medical 

diagnostics, nuclear energy, space missions, and 
industrial applications has enlarged the need for 
effective and ecologically radiation shielding 
materials1–3. Conventional shielding materials like 
lead, though effective due to their high density and 
atomic number, causes serious health and 
environmental risks. Therefore, current research is 
focused on developing non-toxic, lightweight and 
cost-effective alternatives, especially those based on 
composite or ceramic systems4–6. 

Among advanced materials, boron carbide (B4C) 
has gained prominence for its outstanding radiation 
attenuation capabilities, particularly for neutron 
shielding, owing to its high boron content and large 
neutron absorption cross-section7. Additionally, its 
low density (~2.52 g/cm3)8, excellent mechanical 
strength, and high-temperature stability make it 
suitable for portable and structural shielding 
applications9. The scientific literature has consistently 
demonstrated that the presence of boron and carbon 
atoms contributes to the observed moderate gamma-
ray attenuation performance10–13. The incorporation  

of B4C into composite formulations, encompassing 
polymers, concretes, and glasses, has been 
demonstrated to yield enhanced gamma and neutron 
attenuation characteristics14–16. 

Conversely, fly ash, a byproduct of coal 
combustion in industrial settings, is characterized by a 
high content of oxides, including SiO2, Al2O3, Fe2O3, 
and CaO17. These components contribute to gamma-
ray attenuation through mechanisms such as 
photoelectric absorption and Compton scattering, 
especially at lower photon energies18–20. The 
incorporation of fly ash into various construction 
materials, such as bricks, geopolymers, and concretes, 
has been studied for its potential to enhance shielding 
properties while concurrently reducing production 
costs and environmental impact 21–24. 

In addition to fly ash, other industrial and mining 
waste products have been investigated for use in 
radiation shielding. For instance, Bi2O3-based waste 
composites, red mud, and heavy metal slag-derived 
materials have been reported to improve gamma-ray 
attenuation and contribute to sustainable waste 
management practices25–27. Incorporating references 
to these studies on waste-based shielding provides 
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broader context for situating the present work within 
the growing field of eco-friendly radiation shielding 
materials. 

Although numerous studies have independently 
investigated the shielding capabilities of B4C and fly 
ash in various matrices, there is no research on their 
combined use in a single composite system. In 
particular, the synergistic integration of B4C and fly 
ash as hybrid shielding materials has not been 
extensively investigated, especially over a wide 
photon energy spectrum. This study evaluates the 
combined performance of the two materials and 
presents a new approach that takes advantage of the 
high neutron absorption capacity of B4C with the cost-
effectiveness and density of fly ash. 

This study is based on the hypothesis that the 
synergistic incorporation of B₄C and fly ash at 
optimized ratios will yield eco-friendly composite 
materials with enhanced and well-balanced gamma-ray 
and neutron shielding capabilities, surpassing the 
performance achievable by either constituent material 
alone. Accordingly, the aim of this research is to 
evaluate the radiation shielding properties of B₄C/fly 
ash composites produced at different weight ratios. 
Both experimental measurements and theoretical 
approaches are employed to determine key gamma-ray 
attenuation parameters, including the linear attenuation 
coefficient (LAC), mass attenuation coefficient 
(MAC), half value layer (HVL), tenth value layer 
(TVL), mean free path (MFP), effective atomic number 
(Zeff), electron density (Neff), as well as buildup factors 
(EBF and EABF). To validate and complement the 
experimental findings obtained using a NaI(Tl) 
scintillation detector, calculations are performed with 
the Phy-X/PSD platform and Monte Carlo simulations. 
In addition, the fast neutron removal cross section 
(FNRCS) is determined to assess the neutron shielding 
performance of the composites. 
 

Experimental Section 
 

Materials preparation 
Composite shielding pellets were prepared by 

mixing fly ash and B₄C in different weight ratios, 
where the proportions represent fly ash to B₄C by 
weight: 100:0, 75:25, 50:50, and 25:75. These 
composite materials were designated as BCFA0, 
BCFA25, BCFA50, and BCFA75, corresponding to 
the B4C contents of 0 wt.%, 25 wt.%, 50 wt.%, and  
75 wt.%, respectively. The B4C powder (Nanografi 
Nano Teknoloji A.Ş., Ankara, Turkey) had 99.5% 
purity. Fly ash (Aker Kimya, İstanbul, Turkey) was 

sourced from a local thermal power plant. Each 
mixture was then compressed into cylindrical pellets 
using a uniaxial hydraulic press under 10 MPa 
pressure. The diameter, height, and mass of the 
cylindrical pellets were measured. Their volume was 
then calculated geometrically, and the measured mass 
was divided by the corresponding volume. 
 

Characterization techniques 
 

XRD analysis 
For structural analysis, XRD measurements were 

conducted over a 2θ range of 10° to 90°, with a step 
size of 0.01° and a scan rate of 10°/min. The obtained 
diffraction patterns were analyzed using the Joint 
Committee on Powder Diffraction Standards (JCPDS) 
database for phase identification. 
 

SEM analysis 
SEM analysis (Phenom ProX equipped with a 

CeB6 gun) was used to observe the morphology, grain 
size, and distribution of B4C and fly ash particles in 
the composite matrix. Prior to scanning, a thin gold 
layer (~8 nm) was deposited onto the surface of 
composites via sputter coating, thereby increasing 
surface conductivity. SEM analyses were performed 
at 15 kV to observe the morphology and evaluate the 
dispersion quality of the B4C and fly ash in the 
composite. Backscattered electron images were 
captured at various magnifications to highlight 
compositional contrast.  
 

Gamma-Ray Shielding Experiments 
The gamma-ray attenuation characteristics of the 

pellets were investigated using a NaI(Tl) scintillation 
detector connected to a multichannel analyzer (MCA) 
(Fig. 1). The system was calibrated using certified 
gamma sources. To cover a wide photon energy, 
range from 81 keV to 1408 keV, standard gamma 

 
 

Fig. 1 — Scheme of experimental setup 
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sources including 133Ba, 137Cs, 59Co, and 152Eu were 
used. Each measurement was performed by placing 
the pellet between the source and the detector with a 
fixed geometry, and both incident (I0) and transmitted 
(I) intensities were recorded. All measurements were 
repeated three times to ensure reproducibility. 

The parameters under consideration for radiation 
shielding consist of the LAC, MAC, HVL, TVL, MFP 
Zeff and Neff. The formule for the parameters under 
consideration are provided below28–33: 
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where I0, I, x, ρ, and LAC are the incident radiation 
density, the transmitted radiation density, thickness of 
the composites, density of the composites and the 
linear attenuation coefficient, respectively. 
 
Theoretical calculations 
 

Phy-X/PSD Computation 
In this study, Phy-X/PSD software was employed 

theoretically to calculate the gamma-ray attenuation 
parameters of the BCFA composite pellets35.  
Phy-X/PSD is a widely utilized, web-based 
computational platform specifically designed for 
evaluating photon interaction and dosimetric 
parameters across a broad energy spectrum. This tool 
was selected for its demonstrated capacity to 
accurately model fundamental photon interactions, 
such as the photoelectric effect, Compton scattering, 
and pair production, while simultaneously providing 

high computational reliability for materials of varying 
density, atomic number, and elemental composition. 

The main advantage of Phy-X/PSD is its capacity 
to determine essential shielding parameters. These 
capabilities enabled a comprehensive theoretical 
evaluation of the gamma shielding efficiency of the 
composite materials developed in this work. For these 
reasons, it was selected as the primary tool for 
evaluating the photon attenuation behaviour of the 
BCFA composites in this work. 
 

GAMOS simulations 
To validate experimental results and evaluate 

photon interaction mechanisms, simulations were 
conducted using GAMOS36. In the theoretical part of 
this study, GAMOS v.6.2.0, a Monte Carlo simulation 
toolkit based on GEANT4, was employed to evaluate 
the gamma-ray attenuation properties of the BCFA 
composite pellets. 

In the present work, the GAMOS simulation 
environment was configured to replicate the 
experimental setup used for gamma-ray attenuation 
measurements. The simulation geometry included a 
cylindrical NaI(Tl) scintillation detector, a collimator, 
and a BCFA composite pellet, all placed within an air-
filled room of 200×200×200 cm³. The detector consisted 
of 2”×2” NaI(Tl) crystal, enclosed in aluminum housing 
with a metal light shield. The test sample was modeled 
as a cylindrical pellet and positioned along the central 
axis between the collimator and the detector37. 

A lead collimator was designed with a height of  
10 cm, an outer diameter of 7 cm, and a 2 cm central 
aperture to produce a narrow photon beam directed 
toward the sample. The incident gamma-ray energies 
were defined to match those used in the experimental 
study, covering the range from 81 keV to 1408 keV. 

The physics processes, source definitions, and dose 
scoring parameters were specified using the GAMOS 
input files. Electromagnetic physics modules were 
used to account for photoelectric absorption, Compton 
scattering, and pair production processes. Dose 
deposition in the NaI(Tl) crystal was recorded to 
determine the transmitted photon intensity. A total of 
109 photon histories were simulated for each energy to 
ensure statistical reliability without applying variance 
reduction techniques.  
 
Results and Discussion 

The densities of BCFA0, BCFA25, BCFA50  
and, BCFA75 composite materials are 2.6, 2.58, 2.55,  
2.53 g/cm3, respectively. 
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Structural and morphological characterization 
The XRD patterns of the B4C and fly ash are 

presented in Fig. 2. The boron carbide sample  
(Fig. 2a) predominantly shows peaks corresponding to 
boron carbide as referenced by JCPDS cards 01-071-
0108; however, additional peaks associated with 
sodium aluminum silicate (JCPDS cards 01-072-
1245) are also detected, suggesting the presence of 
minor impurities in the material. In the case of the fly 
ash sample (Fig. 2b), characteristic peaks of silicon 
oxide (JCPDS cards 01-078-1252) and aluminum 
silicon oxide (JCPDS cards 01-079-1454) were 
observed together. 

The morphology and distribution of the composite 
components were examined through SEM analysis, as 

shown in Fig. 3. Each sample was imaged at ×5000 
magnifications to assess dispersion and matrix 
integrity. B4C and fly ash are clearly distinguishable 
in the micrographs. The images demonstrate that the 
B4C and fly ash are well dispersed in matrix. 

The BCFA0 composite (Fig. 3a) demonstrates a 
porous and irregular morphology, attributed to the 
absence of B₄C. Conversely, the incorporation of B₄C 
in the BCFA25 composite (Fig. 3b) results in a more 
compact structure, characterized by enhanced 
interparticle contact. As the B4C content increased in 
BCFA50 and BCFA75 (Figs 3c and 3d), a more 
uniform and homogeneous particle distribution was 
observed. This is favourable for minimizing scattering 
losses and promoting consistent photon–matter 

 
 

Fig. 2 — XRD patterns of (a) B4C and (b) fly ash used in composite preparation 
 

 
 

Fig. 3 — SEM images of (a) BCFA0, (b) BCFA25, (c) BCFA50 and (d) BCFA75 samples 



ŞAHIN & MANISA: B4C/FLY ASH COMPOSITES FOR GAMMA AND NEUTRON SHIELDING APPLICATIONS 
 
 

727

interaction pathways. However, an excess of B4C may 
result in reduced photon interaction parameters, such 
as the Zeff. This underscores the advantage of a 
balanced composition in BCFA25. 
 

Gamma-ray shielding parameters 
The gamma-ray attenuation behaviour of the BCFA 

composite pellets was investigated across a wide 
energy spectrum ranging from 81 keV to 1408 keV. 
This investigation involved both experimental 
measurements and theoretical simulations. The 
shielding efficiency was quantified through the 
measurement of key parameters, including the LAC, 
MAC, HVL, TVL and, MFP. 

A capacity of material to attenuate gamma 
radiation per unit thickness is primarily indicated by 
its LAC38. It is significantly influenced by the energy 
of the incident photons and the composite's physical 
properties, particularly its density and atomic 
composition. In the present study, LAC values for all 
BCFA composites demonstrated a consistent decline 
with increasing photon energy, which is typical for 
most shielding materials (Fig. 4). This phenomenon 
can be attributed to the changing dominance of gamma 
interaction mechanisms, in which photoelectric 
absorption is prominent at low energies, Compton 
scattering dominates at intermediate energies, and pair 
production becomes related at higher energies10,39. For 
example, at 81 keV, the LAC of BCFA50 was higher 
than that of BCFA75. This difference is due to the 
combined effects of the boron atoms, which increase 
interaction probabilities in the photoelectric region. 
As the energy increased to 662 keV and beyond, the 
differences between the samples became less distinct. 
This finding is consistent with the energy dependence 

of Compton scattering, which is relatively insensitive 
to atomic number but still affected by electron 
density40. Concrete and polymeric systems that have 
been previously studied have shown similar patterns, 
with higher LAC values being achieved at lower 
photon energies and a sharp decrease as energy 
increases41,42. The LAC values obtained through 
experimental means in this study demonstrated strong 
agreement with theoretical results derived from Phy-
X/PSD and GAMOS. This finding serves to 
substantiate the reliability of the experimental and 
computational approaches that were employed in this 
study. 

In competition, MAC, which normalizes the LAC 
by the density of material, provides deeper insight 
into the intrinsic photon interaction properties of the 
material regardless of its bulk mass43. Furthermore, 
the MAC values of the composites exhibited a 
decreasing trend with increasing photon energy, 
paralleling the changes observed in LAC (Fig. 5). The 
highest MAC values were recorded at lower energies, 
especially in BCFA25 and BCFA50, where B and O 
atoms played a critical role in enhancing photoelectric 
absorption. It is well-established that the photoelectric 
cross-section is proportional to approximately 𝑍4 to 
𝑍5, making atomic number a critical factor at low 
energies28,32. As the energy of the photons increased, 
the MAC values stabilized due to the onset of 
Compton scattering, where the cross-section became 
more dependent on the electron density than on the 
atomic number44. This observation is in line with 
findings, which investigated fly ash and cementitious 
composites, and noted that fly ash-rich samples 
exhibit a sharper drop in MAC as energy increases, 

 
 

Fig. 4 — Experimental and theoretically obtained linear
attenuation coefficient of BCFA composites 

 
 

Fig. 5 — Experimental and theoretically obtained mass
attenuation coefficient of BCFA composites 
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owing to their high Si and Al content, which are less 
effective at higher energies19,45. Furthermore, the 
relatively high MAC values in BCFA50 across all 
energy levels support the idea that an optimized 
BCFA ratio can maximize photon interaction 
efficiency while maintaining manageable composite 
density. 

Among the fabricated composites, the BCFA25 
sample exhibited the most balanced radiation shielding 
performance across the examined photon energy 
spectrum. This optimal behaviour is derived from the 
complementary characteristics of the two constituents: 
B₄C offers a high thermal neutron capture cross-section 
and moderate photon attenuation capacity15,46, whereas 
fly ash, composed predominantly of mid-Z oxides such 
as SiO₂ and Al₂O₃, contributes significantly to gamma-
ray interaction mechanisms, especially photoelectric 
absorption at low energies and Compton scattering at 
intermediate energies22. The resulting synergy enhances 
photon attenuation efficiency, which is indicated by the 
lower HVL and TVL values observed for BCFA25  
(Fig. 6). 

Another significant parameter employed to assess 
the shielding behaviour of the BCFA composites is 
MFP, which signifies the mean distance a gamma 
photon traveled in the material before undergoing an 
interaction47. MFP values are inversely proportional 
to the linear attenuation coefficient, meaning that 
materials with higher attenuation capabilities will 
exhibit shorter mean free paths48. In this study, MFP 
exhibited an increase with increasing photon energy, 
reflecting a decrease in the probability of photon-
matter interaction at higher energies (Fig. 7). Among 
the samples that were examined, BCFA25 exhibited 
the lowest MFP values across a wide range of energy 
levels. This finding suggests that BCFA25 may 

possess a superior interaction efficiency and enhanced 
attenuation behaviour. It can be posited that the 
phenomenon under consideration is attributable to the 
optimized balance of B4C and fly ash. The collective 
contribution of these elements to the creation of 
favourable atomic and electronic environments for 
interactions with photons has been demonstrated. The 
findings are consistent with prior reports in the 
literature, which have demonstrated that MFP values 
are effective comparative indicators for evaluating the 
shielding suitability of polymeric, ceramic, and 
industrial waste-based composites49–51. These findings 
further substantiate the conclusion that BCFA50 is a 
high-performance, structurally efficient composition 
for gamma-ray shielding. 

Fig. 8 presents the variation of Zeff and Neff for the 
BCFA composite samples. Both parameters play 
significant roles in understanding the photon 
interaction behaviour and overall radiation attenuation 
performance of composite materials. Similar trends in 

 
 

Fig. 6 — (a) HVL and (b) TVL values of BCFA composites as a function of photon energy 

 
 

Fig. 7 — Mean free path of BCFA composites 
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Zeff density and composition have been reported in 
literature. This confirms that higher density and high-
Z constituents consistently enhance photon interaction 
probabilities across different material systems52,53. 

The Zeff values exhibit a sharp decline at lower 
photon energies, followed by a relatively stable  
region at higher energies. This energy-dependent 
behaviour reflects the dominance of different  
photon interaction mechanisms. At low energies, 
photoelectric absorption is predominant and highly 
sensitive to the atomic number, resulting in higher Zeff 
values. As the energy increases, Compton scattering 
becomes the dominant interaction mechanism, which 
depends more on electron density than atomic 
number, thus stabilizing Zeff values54. 

Among the composite samples, Zeff decreases with 
increasing B₄C content. This trend can be attributed to 
the lower average atomic number of boron (Z = 5) 
and carbon (Z = 6) in B₄C compared to the heavier 
elements present in fly ash. Consequently, BCFA0 
exhibits the highest Zeff values across the entire 
energy range, whereas BCFA75 shows the lowest. 

Similarly, Neff also shows a declining trend with 
increasing B₄C content, as seen in Fig. 8. Electron 
density is influenced by both elemental composition 
and material density55. Since B₄C has a lower average 
electron density compared to the oxides in fly ash, its 
increasing presence leads to a reduction in the overall 
Neff of the composite. 

The variation of the EBF and EABF for the BCFA 
composite samples at different equivalent penetration 
depths (1, 20, and 40MFP) is illustrated in Fig. 9. 
Both EBF and EABF show a strong dependence on 
photon energy and penetration depth56. For all 
samples, a characteristic peak is observed in the 
intermediate energy region (around 0.3–0.4 MeV), 
which corresponds to the dominance of Compton 
scattering. Beyond this energy range, both EBF and 
EABF gradually decrease due to the increasing 
probability of pair production and the decreasing 
influence of multiple scattering57. 

As predicted, buildup factors exhibit an increase 
with penetration depth; values at 40 MFP are 
considerably higher than those at 1 MFP, suggesting a 

 
 

Fig. 8 — (a) Neff and (b) Zeff values of BCFA composites as a function of photon energy 
 

 
 

Fig. 9 — (a) EBF and (b) EABF values of BCFA composites at penetration depths of 1, 20, and 40 mean free paths 
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greater contribution of scattered photons at deeper 
material layers. Among the compositions that were 
investigated, BCFA0 and BCFA25 consistently 
exhibited higher EBF and EABF values compared to 
BCFA50 and BCFA75. This phenomenon can be 
attributed to the increasing B4C content in the 
composites, which has been demonstrated to enhance 
the photon attenuation capability and reduce the 
number of secondary photons contributing to buildup. 
On the other hand, fly ash, which contains a 
significant fraction of low-Z oxides, contributes less 
effectively to photon attenuation, resulting in higher 
buildup factors in composites with higher fly ash 
ratios. 

The variation of the FNRCS for the composite 
shielding pellets is presented in Fig. 10. As observed, 
FNRCS values increase progressively with the 
increase in B₄C content in the composites. This 
behavior is attributed to the high neutron absorption 
capability of boron, which has a remarkably high 
neutron capture cross section for thermal and fast 
neutrons58. 

B₄C, being a boron-rich compound, serves as an 
effective neutron attenuating material due to its low 
atomic number and high neutron interaction 
probability. The rise in FNRCS values from BCFA0 
to BCFA75 indicates that the neutron shielding 
efficiency of the composite is enhanced with higher 
B₄C concentrations. The obtained FNRCS values for 
the composites are in agreement with reported ranges 
for other waste-based shielding materials, where 
higher density and boron content were shown to 
enhance fast neutron removal capability59,60. As 
expected, the increase in B₄C content enhanced the 
FNRCS values, which can be attributed to the high 
neutron absorption cross section of boron. This trend 

confirms that the neutron shielding performance of 
the composites is governed primarily by the B₄C ratio 
rather than the fly ash matrix. In contrast, fly ash 
mainly consists of oxides such as SiO₂ and Al₂O₃ 
which have relatively low neutron interaction cross 
sections. Therefore, composites with higher fly ash 
content exhibit lower FNRCS values. The improved 
FNRCS performance with increasing B₄C content 
confirms that B₄C acts as a dominant phase in neutron 
attenuation within the composite structure. This trend 
is consistent with the findings in previous studies that 
reported similar enhancements in neutron shielding 
with the incorporation of boron-based materials61,62. 

In addition to its notable effect on photon 
interaction parameters such as Zeff and Neff, B₄C also 
plays a crucial role in neutron attenuation, which is 
particularly significant in mixed radiation fields. 
Although increasing B₄C content leads to a slight 
reduction in Zeff and Neff due to the lower atomic 
number and electron density of boron and carbon, the 
overall shielding capability of the composites is 
enhanced when both photon and neutron attenuation 
are considered. This is because boron exhibits an 
exceptionally high thermal and fast neutron 
absorption cross section. Furthermore, the EBF and 
EABF demonstrated that higher B₄C content 
effectively suppresses photon scattering and 
secondary radiation generation. Therefore, the final 
analysis of FNRCS complements the previous 
findings by confirming the dual-functionality of B₄C 
as an efficient shielding material. While it moderately 
affects photon interaction characteristics, its dominant 
influence on neutron attenuation makes B₄C-
containing composites highly suitable for applications 
where both gamma rays and neutrons are present. 

Furthermore, to experimental evaluations, 
theoretical modeling was conducted using the Phy-
X/PSD software and validated by Monte Carlo 
simulations through the GAMOS toolkit. The 
GAMOS toolkit replicates the full geometry of the 
experimental setup, including the NaI(Tl) detector, 
lead collimator, and sample geometry. The simulated 
LAC values exhibited a strong agreement with the 
experimental results, with relative errors generally 
below 10%, thereby affirming the accuracy and 
reliability of the experimental procedure. This 
agreement between theoretical predictions and 
measured data also validates the use of Phy-X and 
GAMOS in characterizing new radiation shielding 
materials9. 

 
 

Fig. 10 — FNRCS values of BCFA composites 
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Conclusion 
The gamma-ray and neutron shielding capabilities of 

BCFA composite pellets were systematically examined 
in this study using both experimental and theoretical 
methodologies. The most balanced and efficient 
performance was demonstrated by BCFA25 among all 
compositions that were investigated. The specimen 
exhibited optimal linear and mass attenuation 
coefficients, as well as favourable half-value layer 
values, indicating superior attenuation with minimal 
material thickness. In addition, the uniform distribution 
of particles and relatively compact microstructure of 
BCFA25 led to a more consistent shielding behaviour 
and reduced photon scattering losses. As demonstrated 
by the FNRCS results, these findings suggest that the 
composites' fast neutron shielding efficacy is improved 
by increasing the B₄C content. Additionally, the 
suppression of accumulation effects is facilitated by 
higher B₄C ratios, which contribute to enhanced photon 
attenuation, particularly at higher energies and higher 
penetration depths. Therefore, it is imperative to 
optimize the B₄C-to-fly ash ratio in accordance with 
the specific radiation environment, whether it is 
characterized by a preponderance of neutrons, photons, 
or a combination of both. In conclusion, the BCFA25 
composition exhibits significant potential as a 
promising candidate for lead-free, eco-friendly gamma-
ray shielding applications. These composites are a 
prospective solution for use in medical, nuclear, and 
industrial environments where cost-effective radiation 
protection is important, as they integrate sustainability 
and performance through the incorporation of 
industrial by-products. Nevertheless, this study has 
certain limitations, such as the lack of mechanical, 
thermal, and long-term stability evaluations, as well as 
the restricted sample preparation route. To address 
these gaps, future research should extend the scope by 
investigating the structural durability of the composites 
under practical conditions, assessing large-scale 
manufacturing feasibility, and exploring the 
incorporation of additional eco-friendly reinforcing 
agents. Such efforts would provide a more 
comprehensive basis for the deployment of B₄C/fly ash 
composites in real-world radiation shielding 
applications. 
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