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Abstract 

The development of environmentally friendly radiation shielding materials has gained considerable attention as an alternative to 

toxic lead-based shields used in medical and industrial applications. In the present study, a series of WO3-doped boro-tellurite 

glasses with the composition (55−x) TeO2-20B2O3-15ZnO-10Na2CO3-xWO3 (where x = 5, 10, 15, and 20 mol%) were 

successfully synthesized using the conventional melt-quenching technique. The X-ray shielding performance of the prepared 

glass samples (TBZNW1-TBZNW4) was experimentally evaluated using an Ultisys 52 diagnostic X-ray system operated over 

the tube voltage range of 50-140 kVp. The shielding characteristics were assessed in terms of the linear attenuation coefficient 

(LAC), mass attenuation coefficient (MAC), half-value layer (HVL), tenth-value layer (TVL), mean free path (MFP), radiation 

attenuation efficiency (Att%), and lead equivalent thickness (LET). The results revealed that increasing the WO3 concentration 

significantly enhanced the attenuation capability of the glass system owing to the increase in density and effective atomic number. 

The TBZNW4 glass, containing 20 mol% WO3, exhibited the highest LAC and MAC values together with the lowest HVL, 

TVL, and MFP, indicating superior X-ray shielding performance. Moreover, the attenuation efficiency increased with WO3 

content, while the lead equivalent thickness demonstrated the potential of the developed glasses to replace conventional lead-

based shielding in diagnostic energy ranges. Comparison with previously reported shielding materials further confirmed the 

improved attenuation performance of the present glass system. These findings demonstrate that WO3-doped boro-tellurite glasses 

are promising, environmentally benign candidates for transparent radiation shielding applications in medical diagnostic facilities, 

laboratories, and other radiation environments. 
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1. Introduction 

The widespread adoption of radiation-based technologies 

has significantly increased human exposure to ionizing radia-

tion over the past few decades. X-rays and γ-rays are now in-

dispensable in numerous fields, including medical diagnostics, 
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industrial inspection, agriculture, scientific research, and nu-

clear energy applications [1, 2]. Despite their numerous bene-

fits, prolonged or uncontrolled exposure to ionizing radiation 

can have serious biological consequences, such as cellular 

damage, genetic mutations, radiation sickness, and an in-

creased risk of cancer [3, 4]. Consequently, ensuring effective 

radiation protection has become a critical requirement for 

safeguarding both human health and the environment [5]. To 

minimize radiation-associated risks, the National Council on 

Radiation Protection and Measurements (NCRP) introduced 

the ALARA (As Low As Reasonably Achievable) principle, 

which emphasizes maintaining radiation exposure at the low-

est practical level without compromising the intended appli-

cation [6-8]. In general, radiation protection can be achieved 

through three fundamental approaches: reducing exposure 

time, increasing the distance from the radiation source, and 

employing suitable shielding materials [9]. Although limiting 

exposure time and maintaining safe distances are effective in 

many situations, these strategies are often impractical for per-

sonnel who routinely work with radiation sources in hospitals, 

research laboratories, and industrial facilities. Consequently, 

the use of shielding materials remains the most reliable and 

widely adopted method for minimizing radiation exposure. 

The International Commission on Radiological Protection 

(ICRP) also recognizes shielding as one of the primary 

measures for ensuring radiation safety [10]. The effectiveness 

of a shielding material largely depends on its ability to atten-

uate incoming radiation, which is strongly influenced by its 

density and atomic number. Materials possessing high density 

and high atomic-number elements generally exhibit superior 

photon attenuation because they provide a greater probability 

of photon interaction and energy absorption [11]. For several 

decades, lead and lead-based materials have been the pre-

ferred choice for radiation shielding owing to their excellent 

attenuation capability, low cost, and widespread availability 

[12-14]. However, the high toxicity of lead has become a ma-

jor concern due to its detrimental effects on both human health 

and the environment. Long-term exposure to lead has been as-

sociated with neurological disorders, kidney dysfunction, car-

diovascular diseases, and developmental abnormalities. Ow-

ing to these hazards, the United States Environmental Protec-

tion Agency (USEPA) classifies lead among the most hazard-

ous toxic substances [15, 16]. These concerns have acceler-

ated global efforts to develop environmentally benign, lead-

free shielding materials that can provide comparable or supe-

rior radiation protection without the associated health risks [5]. 

Among the proposed alternatives, heavy metal oxides (HMOs) 

have attracted considerable attention because they combine 

high density and large atomic numbers with relatively low 

toxicity compared with conventional lead-based materials. In-

corporating HMOs into shielding materials can significantly 

enhance photon attenuation while maintaining environmental 

compatibility [17-19]. In addition to radiation shielding effi-

ciency, the selection of suitable shielding materials also re-

quires consideration of several practical factors, including me-

chanical strength, chemical durability, thermal stability, opti-

cal transparency, ease of fabrication, and long-term environ-

mental sustainability [19]. 

In recent years, considerable research has been devoted to 

the development of lead-free materials for radiation shielding. 

A variety of materials, including polymers, concretes, ceram-

ics, alloys, composites, and glasses, have been investigated as 

environmentally friendly alternatives to conventional lead-

based shields [20, 21]. Among these candidates, glass has 

emerged as one of the most promising materials because it 

combines excellent transparency with good chemical durabil-

ity, ease of fabrication, relatively low production cost, and ef-

fective attenuation of ionizing radiation [22, 23]. These ad-

vantages make glass particularly attractive for applications re-

quiring both radiation protection and optical visibility, such as 

diagnostic viewing windows, protective barriers, and labora-

tory shielding panels. The radiation shielding capability of 

glass can be further enhanced by incorporating heavy metal 

oxides (HMOs) into the glass network. Such modifications in-

crease the density and effective atomic number of the material, 

thereby improving its ability to absorb and scatter high-energy 

photons [24, 25]. In addition to enhancing shielding perfor-

mance, HMO incorporation allows the physical, structural, 

and optical properties of glass to be tailored according to the 

requirements of specific applications. 

Among the different glass families, boro-tellurite glasses 

have attracted considerable interest because of their excellent 

combination of optical, thermal, and radiation shielding char-

acteristics. Boron oxide (B2O3) is a well-established glass for-

mer that contributes high transparency, low melting tempera-

ture, and favourable optical properties, making it an important 

constituent in advanced glass systems [26]. Tellurium dioxide 

(TeO2), another important glass former, is distinguished by its 

high refractive index, relatively high density, excellent chem-

ical stability, and resistance to moisture and corrosion [20, 25]. 

Owing to the high atomic number of tellurium, TeO2-contain-

ing glasses exhibit enhanced interactions with X-rays and γ-

rays, resulting in improved attenuation efficiency compared 

with many conventional oxide glasses [27]. Consequently, 

combining B2O3 and TeO2 provides a versatile glass matrix 

capable of delivering both desirable physical properties and 

effective radiation shielding performance [28]. 

In the present glass system, ZnO and Na2CO3 serve as net-

work modifiers that improve the overall characteristics of the 

glass. ZnO enhances glass formation while reducing the melt-

ing temperature, thereby facilitating the fabrication process 

Na2CO3 on the other hand, contributes to improved chemical 

durability, mechanical strength, and water resistance, resulting 

in a more stable glass network [26, 29]. Previous investigations 

have consistently demonstrated that boro-tellurite glasses con-

taining heavy metal oxides exhibit excellent attenuation charac-

teristics against both X-rays and γ-rays, making them promising 

candidates for radiation shielding applications [25]. Among the 

various heavy metal oxides, tungsten trioxide (WO3) has 
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emerged as one of the most effective and environmentally ac-

ceptable additives for radiation shielding glasses [30]. The high 

atomic number and density of tungsten significantly increase 

the probability of photon interaction, thereby improving the at-

tenuation of ionizing radiation without introducing the toxicity 

associated with lead [31]. Incorporating WO3 into the glass ma-

trix not only enhances photon absorption and scattering but also 

increases the density of the glass, leading to improved shielding 

efficiency [32]. In addition, WO3 is inexpensive, chemically 

stable, and environmentally benign, making it highly suitable 

for the development of sustainable lead-free shielding materials 

[33, 34]. Beyond its contribution to radiation attenuation, WO3 

also improves several important material properties. Previous 

studies have shown that the incorporation of WO3 enhances the 

structural integrity, optical behaviour, chemical durability, and 

resistance to crystallization of tellurite-based glasses [27, 35, 

36]. The simultaneous improvement in both functional and 

shielding properties makes WO3 an attractive substitute for 

toxic lead in advanced radiation shielding glass systems [21]. 

2. Materials and Methodology 

The glass samples were synthesized using analytical-grade 

raw materials procured from Otto Chemie. The precursor chem-

icals included tellurium dioxide (TeO2, ≥99%), zinc oxide (ZnO, 

99%), boron trioxide (B2O3, 97%), tungsten (VI) oxide (WO3, 

99.9%), and reagent-grade sodium carbonate (Na2CO3). The 

glass compositions were prepared according to the formula (55 

− x) TeO2-20B2O3-15ZnO-10Na2CO3-xWO3, where the WO3 

concentration (x) was varied as 5, 10, 15, and 20 mol%. Ac-

cordingly, the prepared glass samples were designated as 

TBZNW1, TBZNW2, TBZNW3, and TBZNW4, correspond-

ing to 5, 10, 15, and 20 mol% WO3, respectively. A conven-

tional melt-quenching technique was employed to fabricate the 

glass samples. Initially, the required quantities of each precur-

sor were accurately weighed using a high-precision electronic 

balance and thoroughly mixed to obtain homogeneous batches. 

The mixed powders were transferred into an alumina crucible 

and heated in a muffle furnace for approximately 90-100 min. 

Complete melting of the batch occurred at around 900°C. To 

improve melt homogeneity, the crucible was briefly removed, 

manually swirled, and then returned to the furnace until the tem-

perature reached 960°C. The molten glass was subsequently 

poured into a preheated stainless-steel mould. To relieve the re-

sidual thermal stresses developed during quenching, the cast 

samples were immediately transferred to another muffle fur-

nace and annealed at 300°C for 3h. Finally, the samples were 

allowed to cool gradually to room temperature. The resulting 

products were transparent, pellet-shaped glass specimens with 

an approximate thickness of 3 mm and a diameter of 14 mm. 

3. Result and Analysis 

3.1. X-Ray Shielding Analysis 

The X-ray shielding performance of the TBZNW1-

TBZNW4 glass samples was evaluated using an Ultisys 52 di-

agnostic X-ray unit operated at a tube current of 10 mA and tube 

voltages ranging from 50 to 140 kVp. The shielding character-

istics of the synthesized lead-free glass system were determined 

using Beer-Lambert's law, which describes the attenuation of 

X-ray photons as they pass through a shielding material. The 

relationship is expressed as follows [37]: 

I= I0 e
(−μx)                      (1) 

where (I0) and (I) denote the incident and transmitted photon 

intensities, respectively, while (μ) and (x) represent the linear 

attenuation coefficient (LAC) and the thickness of the glass 

sample. Based on this relationship, several important shielding 

parameters, including the linear attenuation coefficient (LAC), 

mass attenuation coefficient (MAC), half-value layer (HVL), 

tenth-value layer (TVL), mean free path (MFP), attenuation ef-

ficiency (Att%), and lead equivalent thickness (LET), were de-

termined and discussed in the subsequent sections. The linear 

attenuation coefficient (LAC) represents the attenuation capa-

bility of a material per unit thickness and depends on photon 

energy, density, atomic number, and sample thickness. The 

LAC values were calculated from the measured incident and 

transmitted X-ray intensities using Beer-Lambert's equation. 

The mass attenuation coefficient (MAC) was subsequently ob-

tained by normalizing the LAC with the density of each glass 

sample using Eq. (1) [38]. Higher values of both LAC and MAC 

indicate superior X-ray shielding performance [37]. 

3.2. Linear Attenuation Coefficient (LAC) and 

Mass Attenuation Coefficient (MAC) 

The linear attenuation coefficient (LAC, μ) is a key parame-

ter used to assess the X-ray shielding capability of a material, as 

it represents the attenuation of X-ray intensity per unit thickness. 

Its value depends on several factors, including photon energy, 

density, atomic number, and sample thickness. In this study, the 

LAC values for the TBZNW1-TBZNW4 glass samples were 

determined using Beer-Lambert's law based on the measured 

incident and transmitted X-ray intensities. The mass attenuation 

coefficient (MAC) was then calculated by dividing the LAC by 

the density of each sample according to Eq. (1) [38]. 
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Figure 1. Linear attenuation coefficient (LAC) Vs Peak Voltage. 

 
Figure 2. Mass attenuation coefficient (MAC) Vs X-ray tube voltage. 

The MAC reflects the probability of photon interaction per 

unit mass and provides an intrinsic measure of the shielding 

efficiency of the material. Generally, higher LAC and MAC 

values correspond to better radiation attenuation performance 

[37]. 

MAC= μ/ρ (cm2/g)                 (2) 

The variation of LAC and MAC with X-ray tube voltage for 

the TBZNW1-TBZNW4 glass samples is presented in Figure 

1 & 2, while the corresponding numerical values are listed in 

Table 1. The results show that both attenuation coefficients 

are relatively high at lower X-ray tube voltages and gradually 

decrease with increasing tube voltage. This behaviour is at-

tributed to the higher penetration capability of high-energy X-

ray photons, which reduces their interaction probability within 

the glass matrix, thereby lowering the attenuation coefficients 

[39, 40]. 

An increase in WO3 concentration from TBZNW1 to 

TBZNW4 resulted in a noticeable enhancement in both LAC 
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and MAC values [35, 41]. This improvement is primarily as-

sociated with the increase in density and effective atomic 

weight caused by the incorporation of tungsten oxide into the 

glass network. As the density increases, the probability of 

photon absorption and scattering also increases, leading to im-

proved radiation attenuation. Consequently, TBZNW4, con-

taining the highest WO3 concentration, exhibited the greatest 

attenuation capability among all the investigated samples. 

Furthermore, the developed TBZNW glass system exhib-

ited higher LAC values than commercial window glass and 

commercial lead glass [42]. The obtained attenuation coeffi-

cients were also superior to those reported for several lead-

free glass systems, including Gd2O3-based glasses [40], BaO-

based glasses [42], and CeO2-doped glasses [43]. Likewise, 

the MAC values exceeded those reported for conventional 

lead-containing shielding materials such as lead-borate 

glasses [44] and lead-based polymer composites [45]. These 

findings confirm that increasing the WO3 content significantly 

enhances the radiation shielding performance of the TBZNW 

glass system, demonstrating its strong potential as an environ-

mentally friendly lead-free shielding material for medical di-

agnostic applications. 

3.3. Half-Value Layer (HVL) and Tenth-Value 

Layer (TVL) 

The half-value layer (HVL) and tenth-value layer (TVL) are 

important shielding parameters used to evaluate the effective-

ness of radiation-protective materials. The HVL is defined as 

the thickness of a material required to reduce the intensity of 

incident X-ray photons by 50%, whereas the TVL represents 

the thickness needed to attenuate 90% of the incident radiation. 

Both parameters were determined from the linear attenuation 

coefficient (LAC) using Eqs. (3) and (4), respectively [46]. 

Lower HVL and TVL values indicate superior radiation 

shielding performance, as a thinner material is sufficient to 

achieve the desired level of X-ray attenuation [37, 47]. 

HVL = ln(2)/μ = 0.693/μ             (3) 

TVL = ln(10)/μ = 2.303/μ             (4) 

The variation of HVL and TVL with X-ray tube voltage for 

the TBZNW1-TBZNW4 glass samples is presented in Figures 

3 & 4, while the corresponding numerical values are summa-

rized in Table 1. 

Table 1. Calculated values of radiation shielding parameters of the WO3-doped TBZNW glass system. 

Sample 

Code 

WO3 

(mol%) 

Peak Volt-

age (kVp) 

LAC 

(cm⁻1) 

MAC (cm2 

g⁻1) 

HVL 

(cm) 

TVL 

(cm) 

MFP 

(cm) 

Attenua-

tion (%) 

LET at 100 

kVp (mm) 

TBZNW1 5 75 21.68987 4.94976 0.03195 0.10613 0.04610 99.987 2.514 

  100 15.59872 3.55973 0.04443 0.14758 0.06411 99.842  

  120 12.20462 2.78517 0.05678 0.18862 0.08194 99.358  

  140 10.07095 2.29826 0.06881 0.22858 0.09930 98.449  

TBZNW2 10 75 23.52658 5.09454 0.02946 0.09785 0.04251 99.993 2.784 

  100 17.32026 3.75060 0.04001 0.13291 0.05774 99.921  

  120 13.81081 2.99065 0.05018 0.16668 0.07241 99.664  

  140 11.32111 2.45152 0.06121 0.20334 0.08833 99.063  

TBZNW3 15 75 25.60983 5.27277 0.02706 0.08989 0.03905 99.997 3.152 

  100 19.75709 4.06776 0.03508 0.11652 0.05061 99.969  

  120 16.00276 3.29478 0.04331 0.14385 0.06249 99.857  

  140 13.27234 2.73262 0.05221 0.17344 0.07534 99.563  

TBZNW4 20 75 28.38071 5.56266 0.02442 0.08111 0.03524 99.999 3.560 

  100 22.24693 4.36043 0.03115 0.10347 0.04495 99.990  

  120 18.31758 3.59027 0.03783 0.12567 0.05459 99.950  

  140 15.34601 3.00784 0.04516 0.15001 0.06516 99.829  
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The results indicate that both HVL and TVL decrease pro-

gressively with increasing WO3 concentration. This behaviour 

is primarily attributed to the enhancement in glass density and 

the corresponding increase in LAC following the incorpora-

tion of tungsten oxide [48, 49]. Materials possessing higher 

density and larger attenuation coefficients provide more effec-

tive interactions with incident X-ray photons, thereby requir-

ing a smaller thickness to achieve the same degree of radiation 

attenuation. Consequently, lower HVL and TVL values reflect 

improved shielding efficiency [41]. 

 
Figure 3. Half-value layer (HVL) Vs X-ray tube voltage. 

 
Figure 4. Tenth-value layer (TVL) Vs X-ray tube voltage. 

In contrast, both HVL and TVL increase with increasing X-

ray tube voltage [40, 43]. At higher photon energies, X-rays 

possess greater penetrating power, reducing the probability of 

interaction within the shielding material. As a result, a greater 

material thickness is required to attenuate the radiation, lead-

ing to higher HVL and TVL values. This trend is consistent 

with those reported for similar glass systems in previous stud-

ies [35, 37]. 
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Figure 5. Mean free path (MFP) Vs X-ray tube voltage. 

 
Figure 6. Radiation shielding efficiency (Att%) Vs X-ray tube voltage. 

Among the investigated compositions, TBZNW4, containing 

the highest WO3 concentration, exhibited the lowest HVL and 

TVL values, demonstrating its superior radiation attenuation ca-

pability. The enhanced shielding performance of this composi-

tion can be attributed to its higher density and improved photon 

interaction probability compared with the other glass samples. 

Furthermore, the developed TBZNW glass system exhibited 

lower HVL values than commercial window glass, commercial 

lead glass, and several previously reported lead-free glass sys-

tems, including BaO-ZnO-B2O3, BaO-Na2O-ZnO-B2O3, and 

Gd2O3-La2O3-ZnO-B2O3-Sm2O3 glasses [40, 42]. These com-

parisons further confirm the excellent shielding performance of 

the present glass compositions. 
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Figure 7. Lead equivalent thickness (LET) Vs Peak Voltage. 

According to the National Council on Radiation Protection 

and Measurements (NCRP) Report 49, the HVL and TVL val-

ues of lead at 100 kVp are 0.27 mm and 0.88 mm, respectively 

[50]. Similar values have also been reported in the ANSI/HPS 

N43.3 standard published by the American National Standards 

Institute [51, 52]. The HVL and TVL values obtained for the 

present TBZNW glass system were found to be significantly 

lower than these standard lead values at the same photon en-

ergy, indicating superior attenuation capability. These results 

demonstrate that the developed WO3-doped tellurite glass sys-

tem possesses excellent X-ray shielding characteristics and 

can serve as an effective, environmentally friendly lead-free 

alternative for radiation protection in medical diagnostic ap-

plications. 

4. Conclusion 

A series of lead-free WO3-doped boro-tellurite glasses with 

the composition (55 − x) TeO2-20B2O3-15ZnO-10Na2CO3-

xWO3 (x = 5-20 mol%) were successfully synthesized using 

the conventional melt-quenching technique, and their X-ray 

shielding performance was experimentally investigated in the 

diagnostic energy range of 50-140 kVp. The results demon-

strated that the incorporation of WO3 significantly improved 

the radiation attenuation characteristics of the glass system. 

The linear attenuation coefficient (LAC) and mass attenuation 

coefficient (MAC) increased progressively with increasing 

WO3 concentration, whereas the half-value layer (HVL), 

tenth-value layer (TVL), and mean free path (MFP) decreased, 

indicating enhanced shielding efficiency. The attenuation ef-

ficiency also increased with WO3 content, while the lead 

equivalent thickness (LET) confirmed the suitability of the 

prepared glasses for practical radiation shielding applications. 

Among the investigated compositions, TBZNW4 (20 mol% 

WO3) exhibited the best overall shielding performance be-

cause of its higher density and increased probability of photon 

interaction. The developed glass system also compared fa-

vourably with commercial shielding glasses and several pre-

viously reported lead-free glass compositions, demonstrating 

improved attenuation capability while avoiding the environ-

mental and health concerns associated with lead-based mate-

rials. Overall, the experimental findings indicate that WO3 in-

corporation is an effective approach for enhancing the X-ray 

shielding properties of boro-tellurite glasses. The excellent at-

tenuation performance, combined with the inherent transpar-

ency, chemical stability, and lead-free composition of the de-

veloped glasses, makes them attractive candidates for radia-

tion shielding windows, protective barriers, diagnostic imag-

ing facilities, research laboratories, and other applications re-

quiring safe and sustainable radiation protection. Future inves-

tigations may focus on evaluating their γ-ray shielding behav-

iour, long-term durability, mechanical performance, and 

large-scale fabrication to further expand their practical appli-

cations. 

Abbreviations 

LAC Linear Attenuation Coefficient 

MAC Mass Attenuation Coefficient 

HVL Half-Value Layer 

TVL Tenth-Value Layer 

MFP Mean Free Path 

LET Lead Equivalent Thickness 
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