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Abstract

This study explores the gamma radiation shielding performance
of alumina (Al,0s3)-based composites reinforced with varying
weight fractions of niobium carbide (NbC). The evaluation was
conducted through a combination of experimental
measurements and theoretical simulations. Key radiation
shielding parameters—including the linear attenuation
coefficient (LAC), half value layer (HVL), tenth value layer (TVL),
mean free path (MFP), and radiation protection efficiency
(RPE)—were experimentally determined at photon energies of
0.662, 1.173, and 1.332 MeV using a gamma spectroscopy
system. It was observed that the experimentally determined
LAC values increased as the NbC ratio in the composite
increased. The LAC values varied between 0.269 and 0.392 cm™!
for 0.662 MeV, 0.223 and 0.271 cm! for 1.173 MeV and 0.189
and 0.250 cm? for 1.332 MeV. The MFP, HVL and TVL
parameters, which changed inversely proportional to the LAC
values, decreased with increasing NbC ratio. In addition to the
experimentally found parameters, theoretical calculations of
the effective atomic number (Zeff), effective electron density
(Neff) and exposure accumulation factor (EBF) parameters were
made in the wide energy range between 0.015 and 15 MeV
using the Phy-X/PSD software. The comparison between
experimental and theoretical results revealed a high degree of
consistency, validating the reliability of the computational
model. Furthermore, the incorporation of NbC was found to
significantly improve the gamma attenuation properties of the
alumina matrix, primarily due to enhancements in density and
atomic interaction probability. These findings highlight the
potential of NbC-reinforced alumina composites for use in
advanced radiation shielding applications, particularly in
environments requiring lightweight and high-performance
protective materials.

Anahtar Kelimeler: Gamma radiation shielding, Alumina composites,
Niobium carbide (NbC), gamma spectroscopy, Phy-X/PSD.

Oz

Bu calisma, alimina (Al,O3) esash kompozitlerin gamma
radyasyonunun zirhlanma performansini niyobyum karbir
(NbC) ile farkli agirlik ylzdelerinde takviye edilmesi Uzerine
odaklanmaktadir. Degerlendirme, deneysel dlgimler ve teorik
similasyonlarin  kombinasyonuyla gergeklestirilmistir. Ana
radyasyon zirhlama parametreleri, lineer zayiflama katsayisi
(LAC), yari deger katmani (HVL), onda bir deger katmani (TVL),
ortalama serbest yol (MFP) ve radyasyon koruma verimliligi
(RPE), gamma spektroskopi sistemi kullanilarak 0.662, 1.173 ve
1.332 MeV foton enerjilerinde deneysel olarak belirlenmistir.
Deneysel olarak belirlenen LAC degerlerinin  kompozit
icerisindeki NbC orani arttikga arttigi gézlenmistir. LAC degerleri
0.662 MeV igin 0.269 ile 0.392 cm, 1.173 MeV igin 0.223 ile
0.271 cm ve 1.332 MeV igin 0.189 and 0.250 cm arasinda
degismistir. LAC degerleri ile ters orantili olarak degisen MFP,
HVL ve TVL parametreleri artan NbC oranina gore diismustar.
Deneysel olarak bulunan parametrelere ek olarak Phy-X/PSD
yazihmi kullanilarak 0.015 ile 15 MeV arasindaki genis enerji
araliginda etkili atom numarasi (Zeff), etkili elektron yogunlugu
(Neff) ve maruziyet birikim faktori (EBF) parametrelerinin teorik
hesaplamalari yapilmistir. Deneysel ve teorik sonuglarin
karsilastirilmasi, hesaplama modelinin glvenilirligini dogrulayan
yuksek derecede tutarlilik gostermistir. Ayrica, NbC'nin aliimina
matrisine katilmasinin, 6zellikle yogunluk ve atomik etkilesim
olasihginda sagladigi iyilestirmeler nedeniyle gamma zayiflatma
ozelliklerini 6nemli 6lglide artirdigl bulunmustur. Bu bulgular,
NbC takviyeli alimina kompozitlerinin hafif ve ylksek
performansli  koruyucu malzemeler gerektiren ileri dizey
gamma radyasyonu zirh uygulamalarinda potansiyelini ortaya
koymaktadir.

Keywords: Gama radyasyon zirhlama, Aliimina kompozitler, Niyobyum
karbiir (NbC), gama spektroskopisi, Phy-X/PSD.

1. Introduction

lonizing radiation is widely utilized in diverse fields such
as nuclear energy, industry, space exploration, and
especially medicine, where it plays a vital role in
diagnostic and therapeutic

procedures including

radiography, computed tomography (CT), nuclear

medicine, and radiotherapy applications.

In industrial sectors, radiation is used for sterilization,

food preservation, material testing, and power

generation. Despite its substantial benefits, ionizing
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radiation poses significant health and environmental
hazards due to its high energy and ability to ionize atoms,
potentially leading to molecular alterations and cellular
damage (UNSCEAR 2010. IAEA 2018).

Given the irreplaceable role of ionizing radiation in
modern technology, its use cannot be entirely eliminated.
Instead, the emphasis must be placed on reducing
radiation risks through effective protection strategies.
The three fundamental principles of radiation protection
are minimizing exposure time, maximizing distance from
the source, and implementing appropriate shielding.
Among these, shielding is considered the most versatile
and widely applicable strategy, particularly in
environments where continuous exposure is inevitable

(NCRP 2000, Li et. al. 2024).

Radiation shielding involves placing a material between
the source of radiation and the target, effectively
reducing radiation intensity through mechanisms such as
absorption or scattering. The efficiency of a shielding
material is determined by its interaction with the specific
type of radiation—alpha particles can be blocked by
paper, beta particles by plastic or aluminum, while high-
energy photons like gamma rays require dense, high
atomic number (Z) materials such as lead, bismuth, or
tungsten (Ammar et. al. 2022, Kumar 2017). For neutron
radiation, hydrogen-rich materials such as water,
borated

appropriate due to their neutron moderating properties

polyethylene, or substances are more
(Kaur et. al. 2016). However, the selection of shielding
materials is not solely based on radiation attenuation
performance. Depending on the application, additional
factors such as weight, flexibility,

toxicity, cost,

mechanical strength, thermal stability, and
environmental compatibility must be considered. For
instance, in aerospace or medical applications,
lightweight and non-toxic materials are essential.
Moreover, shielding materials must ensure long-term
stability under continuous radiation exposure without

degradation (Sayyed et. al. 2019)

In response to these demands, considerable research has
focused on the development of advanced shielding
materials, including polymer-based composites, heavy
metal oxide-enriched glass systems, nanostructured
materials, and ceramic matrices. These materials often
combine radiation attenuation properties with improved
mechanical and chemical characteristics, providing an
effective and safer alternative to traditional shielding
solutions like lead, which poses significant environmental
and health concerns (Al-Buriahi et. al. 2021). With the
rapid progression of modern technology and the growing

incorporation of radiation-emitting systems in medical,
industrial, and energy-related fields, the demand for
advanced radiation shielding materials has become
increasingly urgent. In response, significant research
efforts have been devoted to the development of next-
generation shielding materials capable of effectively
reducing the harmful effects of ionizing radiation. These
materials are typically formulated from a wide range of
substances, including composites (comprising various
mixtures and compounds) (AL Misned et. al. 2023, Atashi
et. al. 2018, Gunoglu et. al. 2024, Oto et. al. 2024) metal
alloys (Gul et. al. 2022, Alzahrani et. al. 2022, Alshahrani
et. al. 2021, Almugrin et. al. 2021), specialized concretes
(Akkurt et. al. 2012, Akkurt and Gunoglu 2021, Mansour
et. al. 2023, Zayed et. al. 2024), glasses, and polymer-
based systems (Afshar et. al. 2019, Kagal et. al. 2020.
Alsayed et. al. 2020. Mansy et. al. 2024). Investigations in
this field frequently involve a dual approach, combining
experimental methods with theoretical modeling to
comprehensively assess key radiation shielding
parameters such as attenuation coefficients, buildup
factors, and protection efficiencies (Turhan et. al. 2022,
Alzahrani et. al. 2023, Gller et. al. 2024) These studies
play a vital role in guiding the design and optimization of
high-performance shielding solutions for diverse practical

applications.

This study focuses on the investigation of gamma

radiation shielding properties of alumina-based
composites reinforced with different weight percentages
of niobium carbide (NbC), specifically 0%, 5%, 10%, and
20%. Initially, the LACs of the composite samples were
experimentally determined using gamma spectroscopy
system with  Nal(Tl)
measurements, essential shielding parameters—
including MFP, HVL, TVL, RPE —were subsequently

calculated. In parallel, theoretical evaluations of the same

detector. Based on these

parameters were conducted using the Phy-X/PSD
software, which accounts for the elemental composition
and measured densities of the samples. A comparative
analysis between the experimental results and theoretical
predictions was performed to assess the level of
validate the

agreement and reliability of the

computational approach.
2. Materials and Methods
2.1 Preparation of Composite Samples

In this study, alumina-based composites reinforced with
different weight fractions of niobium carbide (NbC) were
fabricated. High-purity Al,0s powder (299%) was used as
the matrix material, while NbC powder (299% purity, <45
um particle size) served as the reinforcement. Five

24



Investigation of Gamma Shielding Characteristics of AI203/NbC Composites via Experimental Measurements..., GUNOGLU.

different compositions were prepared containing 0, 5, 10,
20 and 30 wt% NbC.

Initially, the predetermined amounts of Al,03 and NbC
powders were accurately weighed and mixed using a ball
milling process for 6 hours at 300 rpm in an ethanol
medium to ensure homogeneous dispersion. Zirconia
balls were used as the milling media, and intermittent
stirring was performed to prevent agglomeration during
the mixing process.

The resulting slurry was dried in an oven at 80 °C for 24
hours. The dried powder mixture was then uniaxially
compacted into cylindrical molds and subsequently
subjected to cold isostatic pressing (CIP) at 200 MPa to
form green compacts. The thickness of the resulting
samples was measured as 1 cm. After pressing, the
samples were sintered at 1500°C in a controlled
atmosphere for 2 hours.

Composite samples were coded as ALNBCO (alumina),
ALNBCS5 (%5 NbC), ALNBC10 (%10 NbC) ALNBC20 (%20
NbC) and ALNBC30 (%30 NbC). Table 1 shows the sample
codes, alumina (Al203) - niobium carbide (NbC) ratios and
densities of composites.

Table 1. Alumina (Al;O3) - niobium carbide (NbC) ratios ratios
and densities of composites

Combination (wt %)

Composite Code Alumina Niobium Density
(Al,03)  Carbide (NbC) (g.cm?)
ALNBCO 100 0 3.75
ALNBC5 95 5 3.92
ALNBC10 90 10 411
ALNBC20 80 20 4.52
ALNBC30 70 30 4.96

2.2 Gamma ray attenuation measurements

In the first stage of this study, LAC values of composites
produced by adding varying amounts of niobium carbide
(NbC) to alumina (Al,03) were measured experimentally.
For the measurements, a gamma ray spectrometry
system equipped with a 3*3 inch Nal(Tl) scintillation

Pb Collimator —Samm__ Pb Shield

Nal(Tl) Detektor

Source Sample

100mm

detector Model-802)

determine the linear attenuation coefficients (LAC) of the

(Canberra, was employed to
samples at gamma energies of 0.662, 1.173 and 1.332
MeV. These gamma photons were emitted from point
sources of 137Cs and ®Co. The spectrometry setup was
completed by integrating the detector with a Multi-
Channel Analyzer (MCA), High Voltage (HV) power supply,
amplifier, and other essential electronics to ensure
accurate signal acquisition and processing (see Figure 1).
The MAESTRO-32 software was used for spectrum
acquisition, processing, and analysis.

Compared to charged particles, the interactions of
photons (such as gamma rays and X-rays) with matter
When a
photon beam enters a material, three primary outcomes

exhibit fundamentally different behaviors.

are possible: a portion of the photons is absorbed,
another portion is transmitted through the material
without interaction, and the remainder is scattered,
particularly for lower-energy photons. These processes
are probabilistic and strongly depend on several factors,
including the energy of the incident photons, the atomic
composition and density of the shielding material, and the
experimental conditions.

Materials with higher photon attenuation capabilities are
generally preferred for shielding applications, especially
when minimizing the thickness and weight of the shield is
desirable. A crucial concept used to describe the
attenuation of photon beams in matter is the Beer—
Lambert law, also known as the law of exponential
attenuation. This law mathematically describes the
reduction in photon intensity as a function of the

absorber’s thickness: (Bashter 1997).

[ = I,e+* (1)

LAC (u,cm™1) = %LnITO

(2)

Where | and lo symbolize the gamma rays coming and
passing through the material, respectively. u is the LAC
value. x means shielding material thickness.

Figure 1. Schematic view of the experimental setup.

The mass attenuation coefficient (MAC), represented as
u/p and measured in cm?/g, is a key parameter that
qguantifies how effectively a material can attenuate

gamma or X-ray photons relative to its mass. It is obtained
by dividing the LAC (u, in cm™) by the material’s density
(p, in g/cm3) (Gunoglu et. al.2021).
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In the case of composite materials, the MAC for a specific
photon energy can be estimated using the mixture rule,
which involves calculating the weighted average of the
MAC values of each constituent element based on their
respective proportions in the composite.

tm = (u/p) = Xiw; (u/p)i (3)

In this context, wi and (u/p)i represent the weight fraction
and the MAC of the i-th element in the chemical
composition of the shielding material, respectively. The
weight fraction w; of each element can be calculated using
the following equation:

_ Aig;
Wi = YiAia; @)

Here, Ai represents the atomic weight of the i-th element,
and a; denotes the number of atoms of the i-th element
in the chemical formula unit of the shielding material.

The MFP, also known as the relaxation length (A), refers
to the average distance a gamma photon travels in a
material before undergoing an interaction. It is typically
expressed in centimeters and can be calculated using the
inverse of the LAC (i) as: (Gunoglu 2024):
1

MFP (A,cm) = —— (5)
The HVL is defined as the thickness of a material
necessary to reduce the intensity of incoming gamma
radiation to half of its original value. It serves as an
important parameter for evaluating the shielding
efficiency of a material against gamma photons at
different energy levels. A smaller HVL value indicates
better attenuation capability, especially for lower-energy

photons with limited penetrating power.

The HVL, denoted as T:/> and measured in centimeters,
can be determined using the following equation:
(Gunoglu 2024).

Ln2
HVL(T, /5, cm) = 2= (6)

The TVL, also represented as Ti/10 and measured in
centimeters, refers to the thickness of a shielding material
required to decrease the intensity of incident gamma
radiation to 10% of its initial value. In other words, it
corresponds to a 90% reduction in radiation intensity.
Similar to the HVL, the TVL is a crucial parameter for
evaluating a material’'s radiation shielding capability,
particularly in scenarios requiring higher degrees of
attenuation. (Gunoglu 2024).

Ln10
TVL(Ty/10,€m) = —— (7)

Radiation Shielding Efficiency (RPE) is one of the key
parameters used to evaluate the shielding performance
of a material against ionizing radiation. It quantifies the

material’s ability to attenuate incident radiation and is
expressed as a percentage reduction in radiation intensity
after passing through the shielding medium (Gunoglu et.
al.2024).

RPE(%) = (%) x100 (8)

A higher RPE better
performance. This parameter is particularly useful for

value indicates shielding
comparing different materials or different thicknesses
and compositions of the same material under identical

radiation exposure conditions.

In order to assess the radiation shielding performance of
the prepared samples, various attenuation parameters
were computed using the Phy-X/PSD software (Sakar et.
al. 2020). This open-access computational tool provides
precise and dependable evaluations of radiation
interaction properties over a broad spectrum of photon
energies. In this work, calculations were carried out for
photon energies ranging from 0.015 MeV to 15 MeV for
Phy-X/PSD determines

essential shielding characteristics based on the elemental

each sample formulation.
makeup and experimentally measured density of the
samples. Among the parameters calculated are LAC, MAC,
HVL, TVL, MFP, Zefr, Nefr, EBF. These parameters play a
crucial role in describing the material’s effectiveness in
attenuating gamma rays within the specified energy

interval.

The Zeff and Nerr are key parameters derived from the total
atomic (o:) and electronic (oe) cross-sections. These
values are instrumental in characterizing the interaction
of photons with matter and serve as vital indicators of a
material’s radiation shielding capability. By capturing
both atomic and electronic scale interactions, Zeff and Neff
offer a more comprehensive understanding of the
attenuation behavior of composite and heterogeneous
materials across a wide photon energy range (Tekin et. al.
2020).

mN 1 iNi
o=t ¢ =_Zif (Um); (9)

E7 Ny TE T Ng P g
_ ot
Zeff —_ 0__3 (10)
Nyp=Naz  yoqn =t (11)
eff = Lepr Liti ="

To evaluate the EBF for ALNBC samples reinforced with
different weight fractions of NbC, it is first necessary to
determine the equivalent atomic number (Zeq) and the
Geometric Progression (G-P) fitting parameters. The
equivalent atomic number serves as a crucial descriptor,
enabling the characterization of photon interaction
behavior in a composite material as though it were a
homogeneous single-element absorber.
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To compute Zeq, both the total MAC, (1/P)total, and the
Compton scattering partial MAC, (1/p)aComp, Must be
obtained at the photon energy of interest. Once these
coefficients are known, Zeq can be determined through
logarithmic interpolation between two elements with
known atomic numbers (Z; and Z») using the following
empirical formula (Singh et. al. 2008):

__ Z1(logRy—~logR)+Z,(logR—logR1)

Z,. =
eq logR,—logR,

(12)

where

¢ 71 and Z; are the atomic numbers of elements for which
the tabulated values of R1 and Rz bracket the calculated
value of R.

e R1 and R: are the corresponding Compton-to-total
attenuation ratios for Z1 and Z», respectively.

This interpolation method allows estimation of Zeq for
composite materials, which is then used to compute the
G-P fitting parameters necessary for evaluating the EBF
values over a range of energies and penetration depths
(Tekin et. al. 2020).

p= P1(logZ;—10gZeq)+P2(10gZeq—109Z1)
logZ,—logZq

(13)

where P1 and P2 represent the G-P fitting parameters
and 7,
respectively. The calculations were carried out using G-P
fitting parameters sourced from the ANSI/ANS-6.4.3
standard reference database, which provides validated

associated with the atomic numbers Zi

data for exposure buildup factor computations across a
wide range of materials and photon energies. (ANSI/ANS-
6.4.3,1991).

The G-P the
aforementioned equations can be used to estimate the

fitting parameters derived from

EBF values for any shielding material (Singh et. al. 2008).
B(E,X)=1+ E (K*—1) forK #1 (14)

B(E,X)=14+(b—-1).x forKk=1 (15)

X
tanh(X—k—Z)—tanh(—Z)

K(E,X) = cx® + d. for x < 40MFP

(16)

1-tanh(-2)

where X denotes the depth of penetration, while E
represents the initial gamma-ray energy. The G-P fitting
parameters are expressed by the coefficients b,c,a,d, and
Xk.

3. Results and Discussions

LAC values of ALNBC composite samples containing
varying weight percentages of niobium carbide (NbC)
both
calculations at three

were determined  through experimental
measurements and theoretical
different gamma-ray energies. These energies were
selected based on emissions from two distinct radioactive
sources. The theoretical LAC values for each composite
formulation were computed using the Phy-X/PSD
software, which is widely utilized for photon interaction
studies in shielding materials. A comparative analysis of
the experimental and theoretical LAC results is presented
in Table 2. Furthermore, the table includes the relative
deviation (RD) values, expressed as percentages, to
evaluate the consistency between experimental data and
theoretical predictions. The RD serves as a quantitative
indicator of agreement and was calculated according to

the following equation:

RD (%) = (lLACEpr_LACPhy—X/PSD|) %100 (17)

LACExp.

The RD values were found to range between 0.80% and
7.53%. These findings suggest that the discrepancies
between the experimental and theoretical LAC values are
relatively minor, indicating a strong agreement between
the two data sets (Table 2.). The observed differences are
primarily attributed to experimental uncertainties, such
as variations in sample mass and thickness, as well as
fluctuations in the measured incident (/o) and transmitted
(/) photon intensities.

Table 2. Experimental and theoretical LAC values for ALNBC composites.

| 0.662 MeV 1.173 MeV 1.332 MeV
Samples Exp. (cm?)  Phy-X/PSD(cm?) RD Exp. Phy-X/PSD (cm) RD Exp. Phy-X/PSD (cm) RD
ALNBCO  0.269+0.009 0.285 5.82 0.223+0.007 0.217 2.91 0.189+0.006 0.203 7.53
ALNBC5  0.288+0.008 0.297 3.34 0.235+0.008 0.226 3.85 0.207+0.007 0.211 2.04
ALNBC10 0.325+0.008 0.311 4.12 0.250+0.007 0.236 5.66 0.233+0.007 0.221 5.17
ALNBC20  0.356%0.01 0.342 4.12 0.267+0.009 0.258 3.56 0.243+0.009 0.242 0.80
ALNBC30 0.392+0.013 0.374 4.49 0.271+0.011 0.281 3.75 0.250+0.009 0.263 5.26
As illustrated in Figure 2, the LAC values for all samples established attenuation behavior of materials.

are influenced by both the energy of the incident gamma
photons and the NbC content within the composite.
Specifically, LAC values tend to decrease with increasing

gamma-ray energy, in accordance with the well-

Conversely, an increase in NbC content leads to a
corresponding increase in LAC values, highlighting the
positive contribution of NbC to gamma attenuation
performance.
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Figure 2. Experimental and theoretical LAC results measured at different gamma energies for ALNBC samples.
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Moreover, the close correspondence between the

experimental and theoretical data shown in Figure 2
further validates the accuracy and reliability of the
experimental setup employed in this study.

Since the gamma-ray linear attenuation coefficient (LAC)
density, the
experimental LAC values of the ALNBC samples are

is strongly dependent on material
presented as a 3D surface plot in Figure 3, with respect to
both gamma-ray energy and sample density. As shown in
the figure, the density of the samples increases with the
addition of NbC to the alumina matrix. Consequently,
higher material density leads to an increase in the
experimentally measured LAC values. Among the
investigated samples, the ALNBC30 composite, which
contains 30 wt% NbC, exhibited the highest LAC value,
confirming the positive influence of NbC content on

gamma attenuation performance.

LAC (em™)
2

an

& 1473
3
%”"Pm pensitylere™ )

e s
Figure 3. Change in measured LAC values depending on the
composite density

In Table 3, the mass attenuation coefficient results
obtained in this study are compared with those reported

in previous studies on different aluminum alloys.
Manjunatha et al. reported only the mass attenuation
coefficients of different aluminum alloys in their study.
When compared with the present results, it is evident
that increasing the NbC content in alumina leads to higher
mass attenuation coefficients than those of the aluminum
alloys.

Similarly, Gokmen et al. investigated the mass
attenuation coefficients of Alumix 231 (Al-14Si-2.5Cu-0.5
Mg (wt%)) and Alumix 13 (Al-4.5Cu-0.5Mg-0.1Si (wt%))
aluminum matrix composites reinforced with different
amounts of B4C. They reported that the mass attenuation
coefficient increased with higher B4C content.

Akman et al. examined the photon shielding performance
of four alloy (Ag92.5/Cu7.5, Ag72/Cu28, Pd94/Cr6 and
Pd60/Cu40) their study. The
corresponding to the gamma-ray energies used in the

samples in results
present work are summarized in Table 3. A comparison of
the findings reveals that while the mass attenuation
coefficient (MAC) of pure alumina was comparable to
those of the alloys, the incorporation of increasing
amounts of NbC into the alumina matrix led to superior
shielding performance relative to the those alloys.

Alzahrani et al. conducted a theoretical investigation into
the radiation shielding characteristics of various nickel-,
iron-, lead-, and tungsten-based alloys. When compared
with the mass attenuation coefficient (MAC) values
obtained in the present study, it was observed that the
MACs were comparable to those of nickel- and iron-based
alloys, whereas lead- and tungsten-based alloys exhibited
significantly higher MAC values. This enhancement is
primarily attributed to the higher densities and atomic
numbers of lead and tungsten, which result in greater
photon interaction probabilities.
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Table 3. Comparison of our mass attenuation coefficient results with some other aluminum studies.

Energy (MeV)

Samples 0.662 1173 1.332 References
ALNBCO 0.0717 0.0595 0.0503
ALNBC5 0.0734 0.0599 0.0528
ALNBC10 0.0790 0.0608 0.0567 Present Work
ALNBC20 0.0816 0.0619 0.0577
ALNBC30 0.0823 0.0622 0.0587
AL 47 0.0732 0.0584 0.0526
AL 32S 0.0756 0.0592 0.0546
Al Si43 0.0756 0.0586 0.0536
Ferrosilicon 0.0786 0.0608 0.0552 Manjunatha et. al. 2019
Al 355 0.0752 0.0596 0.0532
Al 356 0.0696 0.0589 0.0532
Al A 355 0.0742 0.0595 0.0528
Alumix 231+%5B4C 0.0745 0.0568 0.0533
Alumix 231+%10B4C 0.0744 0.0567 0.0532
Alumix 231+%15B4C 0.0743 0.0566 0.0531 Gékmen et. al. 2020
Alumix 13+%5B4C 0.0741 0.0565 0.053 o
Alumix 13+%10B4C 0.0740 0.0564 0.0529
Alumix 13+%15B4C 0.0739 0.0563 0.0528
Ag72/Cu28 0,0731 0,0521 0,0489
Ag92,5/Cu7,5 0,0735 0,0539 0,0481
Pd94/Cr6 0,072 0,0524 0,049 Akman et. al. 2019
Pd60/Cu40 0,0715 0,0526 0,0503
Ni-based 0,0754 0,0561 0,0537
Fe-based 0,0732 0,0547 0,0528 .
Pb-based 0,1056 0,0601 0,0565 Alzahraniet. al. 2022
W-based 0,0964 0,0579 0,0544

The linear attenuation coefficient (LAC) values were
obtained experimentally at gamma-ray energies of 0.662
MeV, 1.173 MeV, and 1.332 MeV. Based on these values,
the mean free path (MFP) for all alumina—niobium carbide
(ALNBC) composites was calculated using Equation 5. The
MPFP results reflect the effects of both photon energy and
NbC content. These values are presented in Figure 4.

As shown in the figure, MFP values increase with higher
gamma-ray energy. This indicates that high-energy
photons travel longer distances due to lower interaction
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-
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probability. In contrast, low-energy gamma rays have
shorter MFP values because they interact more easily
with the material.

Among all the the ALNBCO composite

(containing no NbC) shows the highest MFP values,

samples,

corresponding to its relatively lower attenuation capacity.
As the NbC content increases, the MFP values decrease.
This shows that higher NbC content improves photon
interaction. The effect is mainly due to the increased
density and atomic number from the NbC reinforcement.
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Figure 4. MFP results for ALNBC samples.

The HVL and TVL thicknesses of the ALNBC composite
samples were derived using Equations 6 and 7,
respectively, based on the experimentally measured

LACs. These shielding parameters are critical indicators of

a material's effectiveness in attenuating gamma

radiation. The calculated HVL and TVL values are
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presented in Figures 5 and 6, respectively, illustrating
their dependence on both gamma-ray energy and the
compositional variation of NbC within the composite
matrix.

As observed in the figures, both HVL and TVL values
increase with increasing gamma-ray energy, which is
attributed to the greater penetration capability of high-
energy photons. Conversely, increasing the NbC content
in the composite results in a decrease in both HVLand TVL
values, indicating enhanced attenuation performance.
Among all samples, the ALNBCO composite (without NbC)

0,01

—Theo. HVL for ALNBCD = Exp. HVL for ALNBCD
——Theo. HVL for AINBCS & Exp. HVL for ALNBCS
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—Theo. HVL for ALNBC30 & Exp. HVL for ALNBG30

0,001
01 1

Energy (MeV)

10

exhibits the highest HVL and TVL values at all investigated
energies, reflecting its lower shielding efficiency. In
contrast, the ALNBC30 sample, containing 30 wt% NbC,
demonstrates the lowest HVL and TVL values.

These results clearly demonstrate that the incorporation
of NbC markedly enhances the gamma-ray shielding
This
improvement is primarily attributed to the increase in

performance of alumina-based composites.

both material density and effective atomic number
resulting from the presence of NbC as a reinforcing phase.
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Figure 5. HVL results for ALNBC samples.
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Figure 6. TVL results for ALNBC samples.

The radiation protection efficiency (RPE) values, derived
from the ratio of unattenuated (lo) to attenuated (I)
gamma-ray intensities based on experimental data, are
presented in Figure 7 for all ALNBC composite samples. As
shown in the figure, the ALNBC30 sample—containing 30
wt% NbC—exhibited the highest RPE value, signifying its
superior gamma-ray shielding capability compared to the
other NbC-reinforced compositions. Moreover, the RPE
values display a clear decreasing trend with increasing
photon energy, which is consistent with the general
reduction in attenuation efficiency at higher gamma-ray
energies due to lower interaction probabilities. In
contrast, a positive correlation is observed between RPE
and NbC content, confirming that the inclusion of higher

NbC fractions enhances the radiation attenuation

performance of the alumina-based composites.
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Figure 7. The RPE values for ALNBC samples
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The theoretically determined effective atomic number
(Zefs) values for ALNBC samples with varying NbC content
are presented in Figure 8. This figure illustrates the
variation of Zefr as a function of both photon energy and
the chemical composition of the materials.

Across the studied samples, Zefr values were found to
range approximately from 10 to 35. The lowest Zeff was
observed in pure alumina (ALNBCO) sample without any
NbC additives, while the highest value was observed in
ALNBC30 (containing 30% wt. NbC). It exhibited the
highest Zett, which was attributed to the increased density
and higher atomic number additives brought by NbC.

Theoretical Zest variation was analyzed in three energy
ranges: low (0.015-0.4 MeV), medium (0.4-5 MeV), and
high (> 5 MeV). In the low-energy range, Zeit sharply
declined due to the dominant photoelectric absorption,
which strongly depends on atomic number. In the
intermediate energy range, Zeff remained relatively stable
as Compton scattering became the prevailing interaction
mechanism. At high photon energies (> 5 MeV), an
increase in Zeff was noted, corresponding to the onset and
dominance of the pair production process.
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Figure 8 Z. values ALNBC composite samples

The theoretically calculated Ness values for the ALNBC
samples are presented in Figure 9.
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Figure 9 N values ALNBC composite samples

An analysis of the Nesf results across all fabricated samples
reveals a trend similar to that observed for the Zefr over
the studied photon energy ranges. However, unlike Ze,
the Neff values were found to range approximately
between 3 and 9 x 10%3electrons per gram.

The theoretically calculated exposure buildup factor (EBF)
values for the ALNBC samples are presented in Figure 10
as functions of photon energy and various penetration
depths (1, 5, 10. 20. 30. and 40 mean free paths, MFPs).
Overall, it was observed that EBF values decreased with
increasing NbC content in the composites, indicating
improved shielding performance due to the enhanced
attenuation characteristics introduced by NbC.

As illustrated in Figure 10. the equivalent buildup factor
(EBF) values exhibit a characteristic energy-dependent
behavior. At lower photon energies, the EBF values
remain relatively small, which is primarily due to the
predominance of the photoelectric effect—a process that
results in minimal secondary photon production. As the
photon energy increases toward the intermediate range,
the EBF values rise significantly. This increase is mainly
driven by the onset of Compton scattering, which
becomes the dominant interaction mechanism in this
energy region and leads to enhanced generation of
At higher
energies, particularly those exceeding the threshold of

scattered (secondary) photons. photon
1.022 MeV, a gradual decline in EBF values is observed.

This reduction is associated with the increasing
contribution of the pair production process, which, unlike
Compton scattering, results in fewer scattered photons

that contribute to buildup.

Moreover, at any given photon energy, EBF values were
found to increase with increasing penetration depth. This
behavior is consistent across all samples, with the highest
EBF values recorded at 40 MFP, emphasizing the
cumulative effect of multiple scattering events over
greater material thicknesses

In this research article, the gamma radiation shielding
performance of alumina (Al,03) matrix composites
reinforced with varying weight fractions of niobium
carbide (NbC) was thoroughly examined through a
combination of experimental measurements and
theoretical simulations. Critical shielding parameters—
LAC, MFP, HVL, TVL, RPE, Zeff, Nef, and EBF —were
assessed across different photon energies and composite
configurations. The experimental findings showed strong
consistency with theoretical predictions generated using
the Phy-X/PSD software, with relative deviation (RD)
values ranging from 0.80% to 7.53%, indicating a high
level of agreement within acceptable margins.
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Figure 10 EBF values as a function of photon energy at 1, 5, 10. 20. 30 and 40 MFP (Phy-X/PSD).

Notably, the addition of NbC significantly improved the
LAC values of the composites, particularly at lower
This
attributed to the increased material density and effective

photon energies. enhancement is primarily
atomic number resulting from the presence of NbC as a
reinforcing agent, which contributes to more effective
photon attenuation. Accordingly, the HVL, TVL, and MFP
values were found to decrease with increasing NbC
content, indicating improved attenuation capability and

more compact shielding performance.

Furthermore, the RPE values increased with NbC loading
and decreased with rising photon energy, highlighting the
composite’s effectiveness in low- and medium-energy
gamma shielding. The calculated Zef and Nef values also
exhibited
interaction mechanisms—declining in the photoelectric-

trends consistent with known photon
dominated low-energy region, stabilizing in the Compton-
dominated mid-energy range, and increasing in the high-
energy pair production region. The EBF values, which

quantify secondary radiation buildup, were lowest in

high-NbC samples and showed strong dependence on
photon energy and penetration depth, with maximum
values observed at 40 MFP.

Overall, the findings of this study confirm that NbC

reinforcement substantially improves the radiation

shielding effectiveness of alumina-based composites.
These results suggest that ALNBC composites, particularly
those with higher NbC content, are promising candidates
in radiation shielding

for advanced gamma

applications where both mechanical robustness and

use

effective attenuation are required.
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