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Zinc borate glasses with a composition formula of (60-m)B₂O₃–40ZnO–mLa₂O₃ (m = 0, 3, 
6, 9, 12, and 15 mol%) were synthesized via the melt-quenching technique for the purpose 
of investigating the effects of La₂O₃ incorporation on their structural, thermal, and 
radiation shielding properties. Amorphous structures for all samples (coded as ZBLa0 to 
ZBLa15) were confirmed using X-ray diffraction and Differential thermal analysis. 
Incorporating La₂O₃ significantly influenced the glass matrix, increasing density, molar 
volume, thermal expansion and the glass transition, while decreasing the crystallization 
peak temperature and thermal stability. These effects highlight La₂O₃'s role as a network 
modifier that depolymerizes the glass structure, as indicated by shifts in FT-IR bands and 
altered vibrational modes. Radiation shielding properties improve markedly with La₂O₃ 
addition, as evidenced by increased mass attenuation coefficients and effective atomic 
numbers, making the glass with 15 mol% La₂O₃ (ZBLa15) particularly effective at 
gamma-ray attenuation across a wide photon energy range. These findings suggest that 
La₂O₃-doped zinc borate glasses are highly suitable for applications requiring enhanced 
radiation shielding alongside reliable thermal performance. 
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1. Introduction 
 
In recent times, borate glass matrices have emerged as an area of intense research interest 

due to their distinctive physical characteristics, including exceptional transparency, thermal 
resilience, low melting temperature, and robust glass-forming abilities [1, 2]. These properties 
render borate glasses valuable in a multitude of applications, spanning from optoelectronic devices 
for biomedical applications to advanced electronic systems and radiation shielding materials [3, 4]. 
Given their versatility, there is a growing focus on exploring and enhancing the physical properties 
of borate glasses to extend their usability across various technological fields. 

Particularly notable within this category are zinc borate glasses, which are of particular 
interest due to zinc oxide's dual role in these structures [3]. ZnO can function either as a network 
modifier, disrupting boron-oxygen-boron bonds and creating non-bridging oxygen (NBO) and 
defects, or as a network former, integrating into the glass structure through ZnO₄ units [5]. This 
structural adaptability enhances the mechanical strength, chemical durability, and thermal stability 
of zinc borate glasses, making them highly desirable for applications requiring a blend of 
transparency and durability. 

The functionality of borate glasses extends further with the integration of rare-earth 
elements like lanthanum oxide (La₂O₃). Lanthanum oxide, known for enhancing glass density and 
stability, contributes to the overall performance of the glass, especially under conditions where 
radiation protection and durability are essential [6, 7]. Such doped glasses are also appealing for 
applications that require chemical stability and improved mechanical properties. The adaptability 
of borate-based glasses, when considered in conjunction with the synergistic effects of ZnO and 
La₂O₃, has facilitated the development of materials that are well-suited for demanding 
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technological applications [8]. These range from optoelectronic devices and radiation shielding 
materials to advanced photonic components and nonlinear optical devices. Furthermore, 
lanthanum doping in zinc borate glasses shows promise in biomedical fields and energy-related 
technologies, owing to its potential for enhancing radiation protection and durability. With 
ongoing research aimed at fine-tuning these materials for specific uses, lanthanum-doped zinc 
borate glasses are positioned as versatile candidates in both established and emerging fields of 
science and industry. This study investigates how La₂O₃ doping impacts zinc borate glass 
characteristics, emphasizing their potential as next-generation materials for diverse high-
performance applications. 

 
 
2. Materials and methods 
 
The chemical compositions and designations of the different glass samples investigated in 

the present investigation are given in Table 1. ZBLa glasses were synthesized using a well-
established melt-quench technique, with a chemical formula (60-m)B₂O₃–40ZnO–mLa₂O₃, where 
the variable m ranges between 0 and 15 mol%, allowing for a comprehensive investigation of the 
incorporation of La₂O₃ into the glass structure. The samples are designated as ZBLa0, ZBLa3, 
ZBLa6, ZBLa9, ZBLa12, and ZBLa15, corresponding to La₂O₃ contents of 0, 3, 6, 9, 12, and 15 
mol%, respectively. For the glass preparation, we employed high-purity raw materials: ZnO 
(99.7%, Reachim), H₃BO₃ (99.9%, Reachim), and La₂O₃ (99.9%, Sigma-Aldrich). These materials 
were precisely weighed and thoroughly mixed to ensure homogeneity. The prepared batch was 
melted in a 60 mL corundum crucible using a high-temperature furnace (Nabertherm LHTCT 
01/16) equipped with SiC rod heating elements. The melting process was conducted at 1350°C for 
one hour to achieve complete fusion and uniformity. The cast ZBLa samples underwent an 
annealing process in a muffle furnace (SNOL 7.2/900) at 590°C for a period of five hours to 
release any internal stresses [9]. The glasses were then allowed to cool to the ambient temperature 
at a controlled rate of 50°C per hour [10].  

 
 

Table 1. Comprehensive glass chemical composition (mol%), along with physical and thermal property 
data for ZBLa glasses.  

 

Glass 
code  

Glass composition Density, 
[g/cm³] 

Molar 
volume, 

[cm³/mol] 

Dilatometry results Stability 
parameters 

B₂O₃ ZnO La₂O₃ CTE, 
[ppm/°С] 

Tg, 
°С 

Td, 
°С 

ΔT,  
ºС CSP 

ZBLa0 60 40 0 3.030 24.5 4.70 570 597 216 12.88 
ZBLa3 57 40 3 3.217 25.5 4.82 580 606 205 15.69 
ZBLa6 54 40 6 3.424 26.2 5.08 587 611 182 13.71 
ZBLa9 51 40 9 3.592 27.2 5.47 591 614 162 12.63 
ZBLa12 48 40 12 3.805 27.7 5.72 593 618 146 11.06 
ZBLa15 45 40 15 4.024 28.1 6.34 595 621 129 7.96 

 
 
Thermal behavior was rigorously examined using differential thermal analysis (DTA) with 

a Q-1500 Paulik-Paulik-Erdey Derivatograf (Hungary) in platinum crucibles. α-Al₂O₃ (99.9%, 
Thermo Fisher) served as a reference material to ensure precision [9]. The heating protocol 
involved a constant rate of 5°C/min [10]. Key thermal events were identified from the DTA plots: 
the glass transition (Tg) at the first endothermic shift, the onset of crystallization (Tx) at the initial 
exothermic change, and the peak crystallization temperature (Tp) at the maximum of the 
exothermic peak. To investigate any crystalline phases that may have formed, the powder was 
heated at Tp for five hours and subsequently analyzed using XRD with a Bruker D8 diffractometer 
(Co-Kα source, λavg  = 1.7902 Å). Additionally, the morphology of the crystalline phases in the 
ZBLa samples was studied using a FE-SEM MIRA 3 LMU, providing insight into the structural 
characteristics post-crystallization. 
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Infrared spectra were acquired using a FT-IR Spectrometer (iS10 Nicolet), spanning 1600 
to 400 cm⁻¹ with 2 cm⁻¹ resolution, utilizing the KBr pellet method. Additional measurements 
included thermal properties such as thermal expansion and glass density using a dilatometer and 
the Archimedes principle, with meticulous attention to accuracy and repeatability. Additionally, 
critical determinations of radiation shielding characteristics like the mass/linear attenuation 
coefficient (MAC/LAC), effective atomic number (Zeff), mean free path and half-value layer were 
calculated for ZBLa glasses across a gamma-ray energy spectrum of 15 keV to 15 MeV, utilizing 
the Phy-X/Photon Shielding and Dosimetry software developed by Şakar et al. [11]. This 
extensive evaluation is vital for determining the interaction of high-energy gamma photons with 
these glass materials, which plays an essential role in the development of new glass types for 
radiation shielding in various medical and technological applications [12]. 

 
 
3. Results and discussion 

 
The XRD patterns shown in Figure 1a illustrate the structural characteristics of the 

prepared ZBLa glass samples across a 2-theta range between 10 and 90 degrees. The broad hump 
observed in the XRD patterns around the 25°–45° range, in conjunction with the absence of sharp 
peaks, clearly differentiates these amorphous glass samples from crystalline substances, 
underscoring their fundamentally different atomic arrangements. 

 
 

 
 

Fig. 1. XRD (a) and FT-IR (b) results of ZBLa glasses. 
 

 
To examine the structural alterations caused by incorporating La₂O₃ into a 60B₂O₃–40ZnO 

glass matrix, we focused on the mid-IR region (400–1600 cm–1), where zinc borate glass 
vibrational modes are active. The study reveals that La₂O₃ significantly alters the glass's local 
structure (Fig. 1b), as evidenced by changes in the intensities of three main absorption bands (690, 
800–1100, and 1150–1450 cm–1), which correspond to vibrations of specific structural groups 
within the borate matrix. Significantly, the pronounced absorption band at 1366 cm⁻¹ is associated 
with the stretching vibrations of non-bridging B–O⁻ bonds present in metaborate units, designated 
as BØ₂O⁻ [13, 14], where Ø represents bridging oxygen. Furthermore, the strong peak at 1248 
cm⁻¹ can be attributed to the asymmetric stretching vibrations of BØ₃ triangular units [15, 16]. 
These units form part of complex ring-type superstructures, including boroxol rings and tri-, tetra-, 
and pentaborate formations [13]. The presence of La₂O₃ shifts these bands to lower wavenumbers, 
indicating a reduction in the polymerization degree of the borate network. The spectral region from 
about 800 to 1100 cm⁻¹ shows a reduction in absorption intensity with increased La₂O₃ 
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concentration, likely due to a reduced presence of structures containing tetrahedrally coordinated 
boron, which absorb infrared light at specific wavelengths (860, 1010, and 1080 cm⁻¹). This 
observation aligns with previous studies [14], which noted the disintegration of large borate groups 
containing tetrahedral boron as the network becomes increasingly modified. Additionally, a broad 
band between 600–800 cm⁻¹ is attributed to the bending modes of trigonal borate groups [14], 
which shift from 686 cm⁻¹ to 696 cm⁻¹ as non-bridging oxygen (NBO) content increases at these 
sites. Recent studies, such as those by Azooz et al. [17], have also identified a far-infrared band 
near 470 cm⁻¹ as indicative of ZnO₄ units in ZnO(50–75 mol%)–B₂O₃ glasses. The low-frequency 
band at about 420 cm⁻¹ in our spectra can be attributed to vibrations of Zn²⁺ cations  [17, 18]. 

DTA is a pivotal analytical method used to study the thermal behavior of materials, 
including glasses, by revealing how they respond to temperature changes. DTA plots in Figure 2 
show the thermal behavior of a 60B₂O₃–40ZnO glass with increasing amounts of La₂O₃, where 
B₂O₃ is progressively substituted by La₂O₃ in the range of 0 to 15 mol%. As La₂O₃ is introduced 
and increased in the glass matrix, several changes in the thermal properties are observed. For the 
base composition (ZBLa0), the Tg is around 570°C, and as La₂O₃ is added, Tg increases steadily, 
reaching around 600°C at 15 mol% La₂O₃. This suggests that introducing La₂O₃ into the zinc 
borate glass matrix increases the structural rigidity. As the La₂O₃ content increases, there is a shift 
in the crystallization peaks towards lower temperatures. For the ZBLa0 glass without La₂O₃, the 
crystallization peak (Tp) appears prominently around 820°C. However, as La₂O₃ is introduced, Tp 
shifts gradually lower, indicating that the glass becomes more prone to crystallization at lower 
temperatures. This is seen clearly in the case of the ZBLa15 glass with 15 mol% La₂O₃, where the 
crystallization peak occurs at approximately 766°C. The decrease in crystallization temperature 
suggests that La₂O₃ reduces the thermal stability of the zinc borate glass. The overall shape of the 
crystallization peak remains relatively sharp, but with higher La₂O₃ content, the intensity 
decreases, indicating less pronounced crystallization or a change in the crystalline phases formed. 
 
 

 
 

Fig. 2. DTA thermograms of ZBLa glasses. 
 
 
The XRD patterns (Fig. 3) for the crystallized glass samples (ZBLa0, ZBLa9, and 

ZBLa15) in the figure illustrate the impact of substituting B₂O₃ with La₂O₃ on the crystallization 
phases. For the ZBLa0 sample (black), the major crystalline phases observed are Zn₄B₆O₁₃ (PDF 
01-083-2426) and ZnB₄O₇ (PDF 01-071-0634). When La₂O₃ is introduced (ZBLa9, red curve), the 
same Zn₄B₆O₁₃ and ZnB₄O₇ phases are still dominant, but the intensity of peaks suggests a 
modification in crystallinity or phase distribution. In the ZBLa15 sample (blue), the introduction 
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of 15 mol% La₂O₃ leads to the formation of a new phase, LaBO₃ (PDF 01-076-1389), which is 
confirmed by the corresponding peaks in the XRD pattern. The gradual replacement of B₂O₃ with 
La₂O₃ affects the phase composition, favoring LaBO₃ formation. 

The SEM images (Fig.3, right panel) support the XRD findings, showing the 
microstructural changes caused by the introduction of La₂O₃. In the sample without La₂O₃ (Fig.3a), 
the structure is characterized by well-formed, faceted crystals. When 9 mol% La₂O₃ is introduced 
(Fig.3b), the crystals are smaller and appear more fragmented, suggesting that the La₂O₃ addition 
affects the crystal growth process. At 15 mol% La₂O₃ (Fig.3c), the sample exhibits more complex 
structures with larger, needle-like or elongated crystalline forms, indicating that higher La₂O₃ 
content promotes the formation of a different microstructure, likely due to the dominance of 
LaBO₃ crystallization. 

 

 
 

 

 
 

Fig. 3. XRD and SEM analyses of the ZBLa0 (a), ZBLa9 (b), and ZBLa15 (c) samples. 
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Glass stability, one of the main determinants of a glass’s resistance to devitrification 
during heating, is assessed using parameters such as ΔT = Tx − Tg (Dietzel criterion) [19] and СSP 
= [(Tp − Tx) × ΔT]/Tg (Saad-Poulain criterion) [20]. In this study, ΔT decreases significantly from 
216°C to 129°C with increasing La₂O₃ content, showing reduced thermal stability. However, the 
Saad and Poulain criterion, which further evaluates the resistance to devitrification, reveals an 
improvement in thermal stability at lower La₂O₃ concentrations (3 to 6 mol%), where CSP values 
increase from 12.88 to 15.69. Further increasing the La₂O₃ content beyond 6 mol% leads to a 
decrease in CSP, reaching 7.96 at 15 mol% La₂O₃, indicating diminished stability. Therefore, 
moderate La₂O₃ content enhances the glass’s resistance to crystallization, but excessive amounts 
lead to reduced thermal stability. 

Dilatometric analysis, presented in Figure 4 and summarized in Table 1, was employed to 
investigate the thermal expansion behavior of the ZBLa glass samples, including the glass 
softening point (Td) by dilatometry, the Tg, and the linear coefficient of thermal expansion (CTE) 
[9]. These parameters are critical for evaluating the suitability of the glass for various applications, 
as they are intrinsically linked to the glass’s chemical composition [10] and thermal response [21]. 
The CTE, Tg, and Td values were derived from the dilatometric curves, revealing that all three 
properties increase progressively with the amount of La₂O₃ added. The Tg values from dilatometry 
closely align with those from DTA, with minor discrepancies (1–6 °C) attributed to different 
heating rates during measurements (3 °C/min for dilatometry vs. 5 °C/min for DTA). The observed 
increase in CTE, from 4.7 to 6.34 ppm/°C, correlates with higher La₂O₃ content, explained by the 
depolymerization effect of this modifier oxide on the glass network. La₂O₃ acts as a network 
modifier, disrupting boron-oxygen-boron linkages and forming non-bridging oxygens, which 
decreases network connectivity and enhances thermal expansion upon heating.  

 

 
 

Fig. 4. Dilatometry results of ZBLa glasses. 
 
 
Further insight into the structural changes in the glass system can be gained by examining 

important physical quantities involved, such as density (ρ) and molar volume (Vₘ), which are 
highly sensitive indicators of changes within the glass structure. As shown in Table 1, the addition 
of La₂O₃ (0–15 mol%) results in an increase in both ρ and Vₘ. Specifically, the value of ρ rises 
substantially from 3.030 to 4.024 g/cm³, while the value of Vₘ increases from 24.5 to 28.1 
cm³/mol. The rise in density is largely attributable to the substitution of the comparatively 
lightweight B₂O₃ (69.620 g/mol) by the considerably more substantial La₂O₃ (325.809 g/mol). 
Interestingly, despite the increase in density, the Vₘ of the glass also increases with the addition of 
La₂O₃, which might initially seem counterintuitive. This phenomenon can be explained by 
considering the ionic radii of the cations involved. La³⁺ ions have a significantly larger ionic radius 
of approximately 1.22 Å compared to the smaller B³⁺ ions with an ionic radius of about 0.20 Å 
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[22]. Incorporating the larger La³⁺ ions into the glass network results in the creation of additional 
free volume and an expansion of the network structure, leading to a decrease in the overall 
compactness of the resulting glass. This expansion of the glass network is consistent with the 
depolymerization observed in the FT-IR analysis, where the formation of NBOs and the alteration 
of BO4 units to BO3 units [23, 24] contribute to a less interconnected and more open glass 
structure. This concurrent rise in both density and molar volume has also been reported in other 
studies investigating the effects of La₂O₃ on similar glass systems [6, 25].  

Using Phy-X/PSD software [11], we calculated the mass (MAC) and linear (LAC) 
attenuation coefficients [26] across a wide photon energy range (Fig. 5), with the objective of 
assessing the ZBLa glasses' resilience to ionizing radiation. The results revealed that both MAC 
and LAC values decrease with increasing photon energy, exhibiting the highest values at lower 
energies due to the dominance of the photoelectric absorption process [27]. The results, illustrated 
in Fig. 5a, demonstrate that higher La₂O₃ content leads to increased MAC values. This trend is 
influenced by the higher molecular mass of La₂O₃ (325.809 g/mol) compared to B₂O₃ 
(69.620 g/mol) and the increased density of the ZBLa samples with higher La₂O₃ content, which 
enhances their gamma-ray shielding capability. At low photon energies (0.015 MeV), the MAC 
values significantly rise – from 29.518 cm2/g for the La₂O₃-free glass (ZBLa0) to 44.323 cm2/g for 
the glass with the highest La₂O₃ content (ZBLa15) – due to dominant photoelectric absorption. 
Although MAC values decrease overall at higher energies (15 MeV), they still increase with La₂O₃ 
content, indicating improved shielding across the energy spectrum. A notable spike in MAC at 
0.040 MeV corresponds to the K-absorption edge of lanthanum [28–30], absent in the La₂O₃-free 
glass, highlighting the significant role of La₂O₃ in enhancing attenuation. This study underscores 
that increasing La₂O₃ content in zinc borate glasses substantially improves their gamma-ray 
attenuation ability, making ZBLa15 the most effective among the proposed glasses for radiation 
shielding applications. Similarly, the linear attenuation coefficients (Fig. 5b) mirrored the trends 
observed in MAC, with higher values for glasses containing more La₂O₃, reinforcing the role of 
glass composition and density in radiation attenuation. 
 

 
 

Fig. 5. MAC (a) and LAC (b) of ZBLa glasses 
 

  
The half-value layer (HVL) along with the mean free path (MFP), both key metrics for 

evaluating the material thickness required for effective shielding, were also calculated. The values 
of both HVL and MFP increased with photon energy (see Fig. 6) but decreased with higher La₂O₃ 
content. For comparison, at 0.015 MeV, the HVL for ZBLa0 was 0.00775 cm, while for ZBLa15 it 
was 0.00389 cm – a reduction of approximately 49.8%. At 15 MeV, the HVL values increased to 
9.869 cm for ZBLa0 and 5.406 cm for ZBLa15, indicating that higher La₂O₃ content significantly 
improves shielding efficiency even at higher energies. The decrease in HVL and MFP with 
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increasing La₂O₃ content is primarily due to the inverse relationship between these parameters and 
the LAC. The higher density of glasses with more La₂O₃ enhances their ability to attenuate gamma 
rays, making ZBLa15 the most effective of all the ZBLa series glasses for radiation shielding 
applications. 
 

 
 

Fig. 6. Changes in HVL (a) and MFP (b)  with photon energy for ZBLa glasses containing different 
concentrations of La₂O₃. 

 
 
Furthermore, we evaluated the effective atomic number (Zeff) of the ZBLa glasses to gain 

deeper insight into their gamma-ray attenuation capabilities. The Zeff is a crucial parameter as it 
represents a weighted average that reflects the combined contribution of each constituent element 
within the glass composition to the overall photon attenuation process [31]. In our study of ZBLa 
glasses, Fig. 7 illustrates that Zeff values exhibit a pronounced dependence on both photon energy 
and La₂O₃ content. The Zeff values remained relatively stable within the low-energy range of 
0.015⁓0.030 MeV. However, a marked increase was observed at approximately 0.040 MeV, which 
is attributable to the K-absorption edges of La₂O₃ [32], where photons possess just enough energy 
to eject inner-shell electrons, thereby enhancing attenuation [33].  

 
 

 
 

Fig. 7. Zeff of ZBLa glasses. 
 
 
This is followed by a decline in Zₑff from 0.05 to 0.4 MeV as photoelectric interactions 

decrease. In the intermediate energy range of 0.4 to 5.0 MeV, Zeff stabilizes and becomes relatively 
insensitive to changes in photon energy. This plateau is indicative of Compton scattering 
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becoming [34] the predominant interaction mechanism. At higher photon energies, specifically 
between 5 and 15 MeV, there is a slight rise in Zeff, which is linked to electron-positron pair 
production caused by interactions between high-energy photons with electrons in the ZBLa glass 
structure. 

The progressive increase in La₂O₃ concentration from 0 to 15 mol% leads to a 
corresponding rise in Zeff values, indicating better photon attenuation capabilities. For example, at 
0.015 MeV, the Zeff for ZBLa15 is 38.74, while for ZBLa0 (with no La₂O₃), it is 27.39. The results 
show a clear trend: ZBLa15 > ZBLa12 > ZBLa9 > ZBLa6 > ZBLa3 > ZBLa0, confirming that 
glasses with higher La₂O₃ concentrations are more effective at photon attenuation. This trend is 
observed across the energy spectrum, with ZBLa15 demonstrating consistent superiority in 
gamma-ray shielding compared to other compositions, particularly at lower photon energies where 
the dominance of the photoelectric effect [35] is evident. 

 
 
4. Conclusions 

 
Incorporating La₂O₃ into the 60B₂O₃–40ZnO glass matrix significantly affects the glasses' 

structural, thermal, and radiation shielding properties. Fourier Transform Infrared spectroscopy 
reveals that adding up to 15 mol% La₂O₃ decreases the polymerization degree of the borate 
network, indicated by shifts in absorption bands to lower wavenumbers. DTA shows an increase in 
the glass transition temperature from approximately 570°C to 600°C, while the crystallization 
temperature decreases from about 820°C to 766°C with 15 mol% La₂O₃, reducing the thermal 
stability parameter ΔT from 216°C to 129°C. Physical properties like density and molar volume 
also increased with La₂O₃ content, from 3.030 to 4.024 g/cm³ and 24.5 to 28.1 cm³/mol, 
respectively, reflecting network depolymerization. The thermal expansion coefficient increased 
from 4.70 to 6.34 ppm/°C, aligning with the observed structural modifications. 

Importantly, the enhanced gamma-ray attenuation properties with higher La₂O₃ content – 
demonstrated by increased MAC and decreased half-value layers – make these glasses promising 
candidates for radiation shielding applications. The glass with 15 mol% La₂O₃ (ZBLa15) exhibits 
the most effective gamma-ray shielding among the studied compositions. This study emphasizes 
that by modifying the La₂O₃ concentration, the structural, thermal, physical, and radiation 
shielding features incorporated in zinc borate glasses can be improved, making them suitable for 
applications in medical, nuclear, and industrial fields requiring robust gamma-ray protection. 
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