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This study presents the synthesis and characterization of chromium chloride-doped calcium borate 
glasses and glass ceramics. Samples with the nominal composition 55CaO-(45-x)B2O3-xCrCl3 (where 
x = 0, 1, 2, and 3 mol%) were successfully prepared via the sol-gel method. X-ray diffraction (XRD) 
analysis confirmed that the specimens retained an amorphous nature following calcined at 500 °C 
for 4 h. However, a distinct transition to a glass-ceramic phase was observed upon increasing the 
temperature to 700 °C. Morphological characteristics were analyzed using field emission scanning 
electron microscopy (FESEM). FTIR spectroscopy revealed a progressive increase in the fraction 
of tetrahedral units (BO4), rising from 43 to 46% with increasing CrCl3 content, which increased 
the rigidity of the prepared glass samples. The radiation shielding efficiency was computationally 
evaluated using the Phy-X/PSD online software. The results demonstrated that CrCl3 integration 
effectively reduced the half-value layer (HVL), the tenth-value layer (TVL), and the mean free path 
(MFP). At 0.04 MeV, the HVL, TVL, and MFP values decreased from 0.336 cm, 1.115 cm and 0.484 cm 
for the 0CrCaB to 0.252 cm, 0.839 cm, and 0.364 cm for the 3CrCaB sample, respectively. In contrast, 
the mass attenuation coefficient increased from 0.803 cm2/g for the 0CrCaB to 0.883 cm2/g for the 
3CrCaB sample. Furthermore, the mechanical properties were theoretically calculated using the 
Makishima–Mackenzie model. Young’s modulus (Y) increased from 66.137 to 108.00 GPa, bulk modulus 
(B) increased from 47.619 to 90.720 GPa, shear modulus (S) increased from 26.069 to 41.488 GPa, 
and microhardness (H) increased from 4.023 to 5.4878 GPa. The density progressively increased from 
2.57 to 3.11 g/cm3 with rising CrCl3 content, while the molar volume simultaneously decreased from 
24.19 cm3/mol to 20.85 cm3/mol. These findings suggest that the synthesized samples can potentially 
be used as radiation shields.
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Borate glasses and glass ceramics have attracted increased attention due to their unique properties, making them 
suitable for a wide range of applications1. Key advantages of borate glasses include their excellent linear optical 
response, superior mechanical qualities, energy dependence, high thermal and chemical stability, and high 
sensitivity for low-dose radiation measurements2. Compared to silica glasses, borate glasses have lower melting 
and softening temperatures3. For instance, pure borate glass has a melting temperature of approximately 450 °C, 
while pure silicate glass melts at around 1728 °C4. However, pure B2O3 glass has limited practical use due to its 
poor chemical durability and high affinity for water5. To overcome these drawbacks, various oxides, such as CaO, 
SrO, and SiO2, are incorporated into the B2O3 network to enhance chemical durability6. Binary calcium borate 
glasses have received considerable attention from various borate systems due to their exceptional properties, 
including remarkable bioactivity and shielding applications7,8. Additionally, incorporating CaO enhances the 
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mechanical strength, chemical durability, and thermal stability of borate glass, making it more suitable for real-
world applications9. Nowadays, ionizing radiation is used worldwide across various fields, including medical and 
dental facilities and environmental protection. Given that shielding performance depends on the specific energy 
and type of radiation, different materials have been proposed to ensure adequate protection10. For this reason, 
many researchers have recently focused on developing new shielding materials to mitigate radiation leakage 
and its harmful consequences11–13. These efforts aim to protect living tissues and cells from radiation-induced 
damage, safeguard sensitive technologies, and reduce negative environmental impacts. Among the materials 
under investigation are glass, polymers, and various composite materials, each offering unique properties that 
make them suitable for radiation shielding applications14,15. Glass, in particular, stands out due to its relatively 
low cost, ease of fabrication, and versatility. It can be molded into different shapes and thicknesses, making it 
adaptable to a range of shielding needs. Furthermore, recent research has focused on the development of glass 
and glass-ceramic composites incorporated with heavy metals to achieve high-performance radiation shielding, 
thereby broadening their utility in medical and nuclear fields1,16. Borate, silicate, and borosilicate glasses doped 
with transition-metal oxides have also attracted interest due to their appealing combination of physical and 
chemical properties17–19. For example, J. Sumalatha M et al.17 reported that the incorporation of chromium 
ions into the borosilicate glass network has demonstrated an improvement in gamma-ray attenuation ability 
due to the higher atomic number and density of Cr ions, which enhance photon interaction probabilities. In a 
glass matrix, Cr ions can exist in three oxidation states: Cr3+, Cr5+, and Cr6+. Cr3+ ions act as a glass modifier 
with CrO6 structural units, while Cr5+ and Cr6+ ions act as glass formers20. The incorporation of chromium ions 
into the glass network significantly alters the material’s structure and properties, particularly in the formation 
of glass ceramics21. They can enhance the material’s compactness and density, reducing porosity and improving 
the mechanical strength, which is crucial for radiation shielding applications. Increased density enhances the 
material’s ability to attenuate radiation, especially high-energy photons such as gamma rays. The crystalline 
phases introduced by Cr ions not only increase mechanical strength and thermal stability but also enhance overall 
shielding efficiency by creating a more ordered, tightly packed structure that better absorbs and scatters incoming 
radiation22. The radiation shielding performance of glass and glass ceramics depends on their composition. 
Therefore, selecting the appropriate glass formulation is critical to achieving optimal radiation attenuation. It is 
also known that chloride tends to volatilize during melting. However, in the preparation of glass materials, some 
studies have explored chloride-containing glasses23,24. For example, Xiaojing Chen et al.24 synthesized calcium 
metasilicate glass using a high concentration of calcium chloride in place of calcium oxide. Their findings 
showed that the glass retained chloride, which influenced its physical properties, indicating structural changes 
in the glass network due to chloride incorporation. The development of high-performance radiation shielding 
materials remains a critical priority in nuclear safety, medical diagnostics, and radiation protection technologies. 
In recent years, glass and glass-ceramic systems have attracted considerable attention as potential matrices for 
radiation shielding applications due to their compositional flexibility, chemical stability, and tunable physical 
properties25,26. Among these systems, calcium borate glasses have emerged as promising candidates owing 
to their favorable structural characteristics and good glass-forming ability. Previous studies have extensively 
investigated oxide and oxyfluoride glass systems for radiation shielding applications, demonstrating significant 
improvements in attenuation performance through compositional modification8,10,11. However, from the best 
of our knowledge, studies on oxychloride glass systems remain relatively limited, particularly regarding their 
structural role and their influence on radiation attenuation behavior. Therefore, the present study aims to explore 
the influence of chromium(III) chloride (CrCl3) incorporation on the structural, mechanical, and radiation 
shielding properties of calcium borate glass and glass ceramics. In particular, this work seeks to elucidate the role 
of Cr ions, in conjunction with chlorine species, in modifying the glass network and enhancing the attenuation 
performance of the material. By employing theoretical modeling and established computational frameworks, 
the radiation shielding parameters, including attenuation coefficients and related protection metrics, are 
systematically evaluated. The outcomes of this study provide new insights into the potential of oxychloride-
modified borate glass systems as promising candidates for the design of next-generation lead-free radiation 
shielding materials.

Experimental method
Samples preparation
A series of glass samples was synthesized via the sol-gel method using the following precursor materials, purchased 
from Sigma-Aldrich with 99.5% purity: boric acid (H3BO3), calcium carbonate (CaCO3), and chromium 
chloride (CrCl3 6H2O) as sources of B2O3, CaO, and CrCl3, respectively. The precise amounts of each material 
were carefully weighed according to the glass compositions (Table 1) using an analytical balance with an error 
margin of ± 0.0002 g. Each component was dissolved separately in double-distilled water in individual beakers, 
with continuous magnetic stirring until the solution became transparent. The calcium carbonate (CaCO3) was 

Sample code Glass compositions (mol%)

0CrCaB 0CrCl3-55CaO-45B2O3

1CrCaB 1CrCl3-55CaO-44B2O3

2CrCaB 2CrCl3-55CaO-43B2O3

3CrCaB 3CrCl3-55CaO-42B2O3

Table 1.  Names of samples and glass composition with mol percentage (mol%).
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treated with a few drops of hydrochloric acid (HCl) to facilitate the formation of a transparent sol. Once all 
individual sols had reached transparency, they were combined in a single beaker and stirred continuously to 
ensure uniformity. The resulting sol was placed in a thermal oven at 60 °C for 5 days until a gel formed. After 
the gel formed, the temperature was increased to 120 °C and maintained for 24 h to fully dry the gel, yielding a 
fine powder. Finally, to remove impurities, the obtained glass powder was calcined at 500 °C for 4 h and then the 
temperature was raised to 700 °C for 2 h.

Measurements and techniques
In this study, a set of instruments was utilized to characterize the prepared samples, as follows:

X-ray diffraction (XRD) spectroscopy
X-ray diffraction (XRD) measurements were carried out using a Rigaku SmartLab X-ray diffractometer 
operating with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 50 mA. The diffraction patterns were recorded over 
a 2θ range of 5°–80° with a step size of 0.01° and a scan speed of 50° min⁻1. The samples were prepared as fine 
powders and analyzed to investigate their structural characteristics and to identify the presence of amorphous 
and crystalline phases.

Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were recorded using a BRUKER INVENIO-S spectrometer operating in ATR mode. The 
measurements were carried out on the powdered samples over the wavenumber range of 400–4000 cm⁻1. This 
analysis was conducted to investigate the functional groups present in the prepared glass samples.

Field emission scanning electron microscopy (FE-SEM)
Field Emission Scanning Electron Microscopy (NRC, QUANTA FEG250, 30 kV) coupled with Energy-Dispersive 
X-ray Spectroscopy (EDX) was employed to investigate the surface morphology and elemental composition of 
the synthesized glass-ceramic samples.

Measurement of density, molar volume, free volume, and packing density
At room temperature, Xylene was used as the immersion liquid to determine the density (D) of all samples 
using Archimedes’ principle according to Eq. 127. To ensure high accuracy and reproducibility, each sample was 
measured in triplicate, and the average value of the three measurements was reported as the final density. Based 
on the measured densities, additional physical properties such as molar volume ( Vm), packing density ( Pd),
and free volume ( Vf) were calculated using the following appropriate formulas28–30:

	
D = Weight of glass in the air

Weight of glass in the air − Weight of glass in the liquid
× Density of the Xylene� (1)

	
Vm =

∑ Mini

D
� (2)

	
P d =

∑ xiVi

Vm
� (3)

	
V f = Vm −

∑
xiVi � (4)

Mechanical properties
The Makishima–Mackenzie theory is used in this work to theoretically evaluate the mechanical properties of 
binary calcium borate glasses with varying concentrations of CrCl3, based on the samples heat-treated at 500 
°C, where the amorphous nature of the glasses was preserved31–34. Makishima–Mackenzie model depended on 
the dissociation energy ( Gt, (KJ/cm3)) and packing density (V t ), which are evaluated according to the 
following equations, respectively35,36:

	
Gt =

∑
xiGi� (5)

	
Vt = Dglass

Mw

∑
i
xiVi� (6)

where xi, Vi, and Gi, represent the molar fraction, packing factor, and the dissociation energy of the ith 
compounds constituting the studied glasses, respectively.

According to their coordination number, borate glasses are known to have two structural units: BO4 and BO3. 
In this case, the dissociation energy Gi(B2O3) for B2O3 considers the coordination change and is represented by:

	 Gi (B2O3) = N4G4 + (1 − N4)G3� (7)

where N4 represents the ratio of BO4 to BO3 units, and the G4 and G3 represent the dissociation energy per 
unit volume for BO4 and BO3 groups, respectively. The values of dissociation energy (Gi, KJ/cm3) for B2O3, CaO, 
and CrCl3 were listed in Table 2.

Based on the dissociation energy values ( Gt ), and packing density (V t ) parameters, the Young’s moduli 
(Y, GPa), bulk modulus (B, GPa), longitudinal (L, GPa), shear modulus (S, GPa), and microhardness (H, GPa), 
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as well as Poisson ratio (σ) were determined utilizing the following Eqs. (8–13), which are listed in Table 3, 
respectively34,37:

Shielding parameters evaluation
The shielding parameters were calculated theoretically using the Phy-X/PDS program over an energy range from 
0.001 to 15 MeV38. These parameters are essential for evaluating the radiation shielding capabilities of the glass 
samples. The mass attenuation coefficient, linear attenuation coefficient, mean free path, half value layer, tenth 
value layer, and parameters were evaluated utilizing the following Eqs. (14–19, Table 4), respectively39–43:

Results and discussion
X-ray analysis
Figure 1a, b depicts the XRD patterns corresponding to calcium borate glass samples doped with chromium 
chloride (xCrCaB) of composition 55CaO-(45-x)B2O3-xCrCl3, with x = 0, 1, 2, and 3 mol%. The fine glass powder 
was thermally treated at 500 °C for 4 h and then at 700 °C for 2 h. The XRD results revealed that the structural 
basis of these samples comprises both amorphous and semi-crystalline states. X-ray diffraction (XRD) analysis 
confirmed that the synthesized samples maintained an amorphous nature after being calcined at 500 °C for 4 h. 
However, upon increasing the temperature to 700 °C for 2 h, a noticeable transition to a glass-ceramic phase 
was observed. The samples with different concentrations of CrCl3 (1CrCaB, 2CrCaB, and 3CrCaB) exhibited 
distinct changes compared to the sample without CrCl3 (0CrCaB). Specifically, the XRD pattern for the 0CrCaB 
sample displayed a broad hump with only a few weak and poorly defined diffraction peaks. This indicates that 
this sample is largely amorphous with very limited crystallinity. In contrast, upon addition of CrCl3, several 
sharp diffraction peaks were superimposed on the background, and their intensities increased with increasing 
CrCl3 content. These sharp peaks indicate the formation of a crystalline phase within the glass matrix, suggesting 
that CrCl3 acts as a crystalline agent. The formed crystalline phase was determined using the X’High Score/

Eq. no. Parameter Abbreviations Unit Equation

14 Linear attenuation coefficient LAC cm−1 I
I0

= e−µ t

15 Mass attenuation coefficient MAC cm2/g µ m = µ
Density of the glass sample (ρ )   

16 Mean free path MFP cm MF P = 1
µ

17 Half value layer HVL cm HV L = ln(2)
µ

18 Tenth value layer T V L cm T V L = ln(10)
µ

19 Transition factor T F % I
I0

= 100*e−µ t

Table 4.  Parameters, abbreviations, units, and expressions used to evaluate the shielding efficiency of all the 
prepared samples.

 

Eq. no. Parameter Abbreviations Unit Equation

8 Young’s modulus Y GPa Y = 2 Gt Vt

9 Bulk modulus B GPa B = 2.4 Gt V 2
t

10 Shear modulus S GPa S = 3BY
(9B−Y )

11 Longitudinal modulus L GPa L = B + 4
3 S

12 Poisson ratio σ σ = 0.5 − 1
7.2Vt

13 Microhardness H GPa H = Y −2σ Y
(6+6σ )

Table 3.  Expressions, abbreviations, and units used to evaluate elastic moduli.

 

Component Coordination number Dissociation energy (Gi, KJ/cm3)

B2O3 4 77.8224

B2O3 3 16.4

CaO – 64.852

CrCl3 – 750.69

Table 2.  Dissociation energy (Gi, KJ/cm3) and coordination number of the used oxides.
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Plus program, corresponding to the calcium borate crystalline phase with the formula CaB2O4 (PDF. 01-073-
0804), and Ca3B2O6 (PDF. 022–0142). The formation of these crystalline phases within a glass matrix is highly 
significant because of their impact on the glass’s physical and mechanical properties. The Ca3B2O6 crystalline 
phase can enhance fracture toughness, stiffness, and hardness compared to the non-crystalline glassy phase. Due 
to the CrCl3 content, nucleation and growth of these crystalline phases result in a composite-like structure that 
combines the strength of crystals with the flexibility of glass. The formation of these crystalline phases indicates 
a partial devitrification of the glass matrix. Crystallization typically results in a more ordered, compact atomic 
arrangement than glass’s amorphous structure, thereby improving the material’s overall shielding efficiency.

FTIR interpretation
Figure 2 presents the FTIR spectra of 0CrCaB, 1CrCaB, 2CrCaB, and 3CrCaB glass samples under different 
thermal treatment conditions: (a) as-prepared samples dried at 120 °C for 24 h, (b) samples heat-treated at 
500 °C for 4 h, and (c) samples heat-treated at 700 °C for 2 h. A noticeable difference is observed between the 
spectra of the dried samples (Fig. 2a) and those of the heat-treated samples (Fig. 2b and c). In the as-prepared 
sample, several absorption bands associated with nitrate groups (NO3⁻) are detected, which originate from the 
precursor salts used during the sol–gel synthesis. For instance, nitrate units (NO3

−) were detected at about 820 
cm−1 and 1279 cm−1 which are assigned to the symmetric vibrations of NO3

−44,45. Upon heat treatment at 500 
°C and 700 °C, these nitrate-related bands disappear, indicating the thermal decomposition and elimination of 
nitrate species. This process facilitates the progressive development and stabilization of the borate glass network 
structure. In addition, a noticeable difference can be observed between the spectra shown in Fig. 2b and c. In 
Fig. 2b, the absorption bands appear relatively broad, which is characteristic of a predominantly amorphous 
structure. In contrast, the FTIR spectra in Fig. 2c exhibit sharper and partially split peaks, indicating a higher 
degree of structural ordering. This change can be attributed to the transition from an amorphous structure 
to a partially crystalline glass–ceramic phase upon heat treatment at 700 °C, which is consistent with the 
crystallization behavior observed in the XRD results. It was also observed that several noticeable changes occur 
in the FTIR spectra upon incorporation of CrCl3. The splitting and sharpness of the FTIR bands become more 
pronounced with increasing CrCl3 content, particularly in the fingerprint region, suggesting the possibility of 
forming a polycrystalline phase. This suggestion is confirmed by the XRD data shown in Fig. 1. The changes in 
the FTIR band positions, splitting, and intensity correspond to changes in the borate glass network connectivity. 
The FTIR bands in the low wavenumber range (400–600 cm−1) are associated with cation vibrations46. The 
band at about 700 cm−1 is assigned to the asymmetric vibration mode of BO3 units47. The bands that appear in 
the range 1200–1600 cm−1 correspond to the symmetric vibrational mode of BO3 units48. The vibration mode 
associated with BO4 units typically occurs in the 850–1200 cm−1 range. The FTIR absorption bands located 
at 3440 cm−1 and 1640 cm−1 are generally attributed to vibrations of H2O and hydroxyl (OH) groups49. The 
deconvolution process was carried out to facilitate the FTIR bands (Fig. 2d, e with an accuracy of more than 
99.085% (Fig. 2f), helping to determine the position and assignment of the bands as well as calculate the B4 factor 
(B4=B4/(B4+ B3)), as shown in Fig. 3. The associated band positions and assignments are tabulated in Table 5. The 
deconvolution process is also used to calculate the ratio of B3 and B4 units for the total values of B3+ B4 units, as 
evidence in Table 6. In conventional borate glass, when the modifier content exceeds 40 mol%, N4 (the fraction 
of BO4) typically decreases. Conversely, in this study, with high modifier content, B4 increases with increasing 
CrCl3 content due to the formation of Ca2BO4 and Ca3B2O6 crystalline phases, as well as the form of CrO4 
units. Depending on their coordination environments, Cr3+ ions can act as network formers and modifiers. 

Fig. 1.  (a), (b): XRD patterns of CaO-B2O3 glass samples doped with different concentrations of CrCl3 (a) after 
heat-treated at 500 °C for 4 h, (b) after heat-treated at 700 °C for 2 h.
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Cr3+ enters the borate network and stabilizes BO4 units by sharing oxygen atoms, which promotes the formation 
of additional BO4 units. Cr can play a former role, since CrO4

2− units may form, which behave similarly to 
BO4 units, favoring a tetrahedral, polymerized structure rather than allowing complete depolymerization. The 
formation of the crystalline phases (Ca2BO4 and Ca3B2O6) removes some Ca2+ and Cr3+ ions from the glass 
network, leaving a remaining glass that behaves like one with a lower modifier content, which promotes higher 
B4 values.

  

Fig. 2.  (a)–(d): FTIR spectra versus wavenumber for 0CrCaB, 1CrCaB, 2CrCaB, and 3CrCaB as prepared 
samples (a), FTIR spectra for all samples after heat-treated at 500 °C for 4 h (b), FTIR spectra for all samples 
after heat-treated at 700 °C for 2 h (c), deconvoluted spectra for 0CrCaB and 3CrCaB as selected samples (d), 
(e), Residual graph of 3CrCaB sample, confirming the accuracy of the deconvolution process (f).
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Field emission scanning electron spectroscopy (FE-SEM)
The FE-SEM micrographs and EDX spectra of the undoped (0CrCaB) and CrCl3-doped (3CrCaB) glass ceramics 
heat-treated at 700 °C for 2 h are presented in Figs. 4 and 5. The SEM images clearly demonstrate the distinct 
surface morphologies between the undoped and doped samples. As shown in Fig. 4a, the micrograph of the 
undoped glass (0CrCaB) shows a relatively smooth, dense surface with large, interconnected clusters, indicative 
of a predominantly amorphous glassy structure. In certain regions, occasional bright contrast spots and small 
angular fragments are observed along the edges, which may correspond to a minor fraction of nano- or micro-
crystalline phases embedded within the amorphous matrix. Overall, the morphology is primarily amorphous, 
with traces of crystallinity, consistent with the weak, poorly defined reflections observed in the XRD pattern.

In contrast, the SEM micrograph of the CrCl3-doped sample (3CrCaB, Fig.  5a) reveals smaller, more 
irregularly shaped particles featuring sharper boundaries and faceted surfaces. This observation indicates that 
the addition of CrCl3 promotes partial crystallization within the glass matrix, leading to a mixed morphology 
comprising both amorphous regions and crystalline-like domains. The doped sample exhibits a rougher, more 
heterogeneous surface compared to the undoped glass’s smoother, compact morphology. These results suggest 
that chromium incorporation alters the microstructure, facilitating the nucleation and growth of crystalline 
phases within the glassy matrix.

Energy-dispersive X-ray (EDX) analysis of the undoped and CrCl3-doped samples confirmed the presence of 
the constituent elements of the glass system, as shown in Figs. 4b and 5b. For the undoped sample, the detected 

Sample code B4 B3

0CrCaB 0.436539 0.563461

1CrCaB 0.442314 0.557686

2CrCaB 0.454213 0.545787

3CrCaB 0.467701 0.532299

Table 6.  Values of B3 and B4 units of all prepared samples.

 

The band position Assignments References

400–600 cm−1 Cation vibrations 36

700 cm−1 Asymmetric vibration mode of BO3 units 37

850–1200 cm−1 Vibrational mode of BO4 units 38

1200–1600 cm−1 The symmetric vibrational mode of BO3 units 38

1640 cm−1 H2O and hydroxyl (OH) groups 39

3440 cm−1 H2O and hydroxyl (OH) groups 39

Table 5.  The associated FTIR band positions and their assignments.

 

Fig. 3.  B4 factor versus CrCl3 concentrations.
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elements were Ca, O, and B, with a minor Cl signal likely originating from residual HCl used during sample 
preparation. In contrast, the EDX spectrum of the CrCl3-doped sample (3CrCaB) revealed the presence of Ca, B, 
O, Cl, and Cr, confirming the successful incorporation of chromium and chlorine species into the glass matrix.

Density, packing density, molar volume, and free volume
Figure 6 presents the variation of density, molar volume, packing density, and free volume as a function of CrCl3 
concentration. It can be observed that the density increases with increasing CrCl3 content, rising from 2.57 g 
cm−3 for the 0CrCaB sample to 3.11 g cm−3 for the 3CrCaB sample. In contrast, the molar volume decreases 
from 24.19 cm3 mol⁻1 for the 0CrCaB sample to 20.85 cm3 mol−1 for the 3CrCaB sample, as summarized in 
Table 7. The incorporation of CrCl3 into the borate glass network increased the fraction of B4 units, which have 
a higher atomic packing density than B3 units. This structural transformation leads to an overall increase in glass 
density. The enhanced compactness of the glass network consequently reduces the molar volume. This reduction 
arises from the higher atomic coordination and the decreased interatomic spacing within the matrix, which 
together compact the structure. The B4 tetrahedra exhibit a more compact configuration than the planar B3 units, 
resulting in tighter atomic packing. Additionally, Cr3+ ions can function as network intermediates or modifiers, 
promoting further cross-linking within the structure. As a result, the packing density increases from 0.6 to 
0.7, indicating a more efficiently packed network. The corresponding free volume, representing the unoccupied 
space within the glass matrix, decreases markedly from 9.68 to 6.32 cm3 mol−1. This reduction signifies a more 
tightly packed atomic arrangement with fewer voids and lower structural disorder. The simultaneous increase 
in density and packing density, coupled with reductions in both molar and free volumes, reflects the progressive 
ordering and densification of the glass structure. This observation aligns with the XRD results, which indicate 

Fig. 5.  SEM micrograph at 50000x magnification (a), and EDX spectrum and results (b) of 3CrCaB sample 
after heat-treated at 700 °C for 2 h.

 

Fig. 4.  SEM micrograph at 50000x magnification (a), and EDX spectrum and results (b) of 0CrCaB sample 
after heat-treated at 700 °C for 2 h.
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an enhancement in crystallinity upon CrCl3 incorporation. As the crystalline content increases, the elimination 
of disordered regions and interstitial voids contributes to a denser, more compact structure in glass ceramics.

Mechanical properties
The mechanical performance of glass and glass–ceramic materials is a critical factor for their application in 
radiation shielding, where both high mechanical strength and effective attenuation capability are required. 
In the present study, the elastic properties of the prepared samples were theoretically evaluated using the 
Makishima–Mackenzie model, which is applies to amorphous glass systems. As confirmed by the XRD results, 
the samples heat-treated at 500 °C retained their amorphous structure, whereas partial crystallization was 
observed at higher heat-treatment temperatures (700 °C). Therefore, the mechanical properties were calculated 
based on the samples heat-treated at 500 °C. The Young’s modulus (Y) and other related elastic parameters were 
determined using Eqs. (5–13). The calculated values are summarized in Table 8 and presented as a function 
of CrCl3 concentration (mol%) in Fig. 7. With increasing CrCl3 content, a significant enhancement in elastic 
moduli was observed. Specifically, Y increased from 66.137 to 108.00 GPa, B from 47.619 to 90.720 GPa, S 
from 26.069 to 41.488 GPa, and L from 82.377 to 146.037GPa. Similarly, the microhardness, H, increased from 
4.0230 to 5.4878 GPa. Meanwhile, Poisson’s ratio (σ) exhibited a moderate increase from 0.269 to 0.302 as the 
CrCl3 concentration rose from 0 to 3 mol%. This enhancement in mechanical parameters can be attributed to 
increased formation of B4 units, a higher average bond density per unit volume, and greater cross-linking within 
the glass network. Moreover, the incorporation of Cr3+ ions increases the Coulombic interaction energy within 
the glass-ceramic structure, further strengthening the network. The increase in all elastic moduli reflects the 
improved rigidity and compactness of the glass matrix. The total dissociation energy per unit volume (Gt) also 

Sample Code Gt Y (GPa) B (GPa) S (GPa) L (GPa) H (GPa) σ

0CrCaB 55.115 66.137 47.619 26.069 82.377 4.0230 0.269

1CrCaB 62.345 79.802 61.288 31.100 102.755 4.4994 0.283

2CrCaB 69.731 92.045 72.899 35.688 120.484 5.0068 0.290

3CrCaB 77.143 108.000 90.720 41.488 146.037 5.4878 0.302

Table 8.  Mechanical parameters of undoped and CrCl3 doped CaO-B2O3 glasses.

 

Physical parameters

Sample code

0CrCaB 1CrCaB 2CrCaB 3CrCaB

Density (ds)gcm− 3±0.0002 2.57 2.77 2.91 3.11

Molar volume (Vm) cm3mol1±0.0001 24.19 22.74 21.93 20.85

Packing density (Vt) 0.60 0.64 0.66 0.70

Free volume (Vf) cm3/mol 9.68 8.22 7.41 6.32

Table 7.  Calculated values of density, molar volume, packing density, and free volume of all investigated 
samples.

 

Fig. 6.  (a) Density and molar volume, and (b) packing density and free volume of all prepared samples as a 
function of CrCl3 content.
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increased from 55.763 to 79.266 kJ cm−3, supporting the strong correlation between molar volume and Young’s 
modulus through both Vt and Gt parameters50. A minor discrepancy between the longitudinal and shear moduli 
(L and G) may arise from size-related effects. The microhardness results indicate consistent mechanical stability, 
suggesting a well-connected and robust glass network. Variations in Poisson’s ratio (σ) provide further insight 
into network dimensionality: σ values in the range of 0.1–0.3 correspond to highly cross-linked structures, 
whereas higher values (0.4–0.5) indicate less cross-linking. The observed σ values (0.27–0.30) thus confirm a 
highly interconnected and mechanically stable glass-ceramic network in the present system.

Additionally, a comparison was made between the present results and previously reported data for various 
binary borate glasses, as illustrated in Fig. 828. The incorporation of small amounts of modifiers such as Na2O, 
Li2O, Cs2O, PbO, and K2O into B2O3 has been shown to enhance Young’s modulus (Y). This enhancement is 
typically attributed to the formation of B4 structural units and the increased ionic attraction between adjacent 
layers of B3 triangles following the disruption of B–O bonds. Compared with these earlier studies, the current 
glass system exhibits significantly higher Y values, which can be attributed to the higher dissociation energy 
of CaO. Furthermore, the addition of CrCl3 further increases the Young’s modulus due to its high dissociation 
energy per unit volume (Gt). These findings suggest that network modifiers exhibiting high Gt values are effective 
in developing glass systems with enhanced mechanical rigidity and elevated Young’s modulus.

Radiation Shielding properties
In medical facilities, both X-rays and gamma rays are commonly used for diagnostic imaging. During exposure 
to such low-intensity radiation, various protective measures are typically implemented to safeguard healthier 
workers and patients from scattered radiation. Among these measures is the use of radiation shielding glass, 
which serves as a barrier to minimize radiation exposure while allowing visibility and communication between 
areas. In this regard, the gamma energy was divided into five regions, ranging from 0.015 to 0.1 MeV as the lower 
region to energies above 10 MeV corresponding to the high-energy region51, since lower gamma-ray energies 
are used in diagnostic imaging. X-rays used in medical imaging typically range in energy from 0.01 to 0.15 
MeV, whereas gamma rays used in the energy range from 0.1 to 1.5 MeV, depending on the radionuclide52,53. 
Therefore, to enhance the safety of both patients and healthcare professionals, researchers are encouraged to 

Fig. 7.  Variation of (a) Young’s modulus and dissociation energy, (b) bulk modulus, (c) shear modulus, (d) 
longitudinal modulus, and (e) microhardness and Poisson’s ratio as a function of CrCl3 content.
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explore the development of specialized protective glass for use across various settings, including protective 
eyewear to shield against harmful radiation. To evaluate the glass under study (xCrCaB) for its effectiveness, 
several shielding attenuation parameters are theoretically calculated, including the mass attenuation coefficient, 
half-value and tenth-value layers, and the mean free path factors.

Mass attenuation coefficient (MAC) and linear attenuation coefficient (LAC)
The mass attenuation coefficient (MAC) represents the extent to which a material can attenuate a photon beam 
per unit mass density. Fundamentally, it quantifies the probability of photon interactions within the shielding 
medium, thereby serving as a crucial parameter in the design of effective radiation protection materials. The 
linear attenuation coefficient (LAC) describes the attenuation of photons per unit thickness of the shielding 
material. Unlike MAC, the LAC depends directly on the physical density of the medium. It provides practical 
information about how rapidly the photon intensity decreases as it passes through a given thickness of the 
material. Consequently, the LAC is widely used to evaluate the shielding efficiency and to determine the required 
thickness of materials for radiation protection applications. A higher MAC value indicates a greater likelihood 
of photon absorption or scattering, thereby enhancing the material’s efficiency as a radiation shield. In general, 
photons interact with matter through five primary mechanisms: coherent scattering, the photoelectric effect, 
Compton scattering, electron–positron pair production, and photon disintegration54,55. Each of these processes 
contributes to the overall attenuation behavior, underscoring the significance of MAC as a key descriptor of a 
material’s radiation shielding performance. Figure 9a presents the variation of the mass attenuation coefficient 
(MAC) for all synthesized glass samples as a function of photon energy in the range of 0.015–1.5 MeV. As shown 
in Fig. 9a and in the MAC and LAC values listed in Table 9, both MAC and LAC exhibit relatively high values 
at low photon energies and decrease progressively with increasing energy. This behavior can be attributed to the 
dominance of the photoelectric absorption process at lower photon energies, where the probability of interaction 
between incident photons and the atomic constituents of the glass matrix is significantly higher. The CrCl3-
containing samples exhibit higher MAC and LAC values compared with the undoped sample, indicating that 
the incorporation of CrCl3 enhances the attenuation capability of the glass system. As the CrCl3 concentration 
increases, boron (a low atomic number element) is progressively replaced by chromium, which has a higher 
atomic number and greater photon interaction probability. This substitution increases the attenuation efficiency 
of the material toward gamma radiation. Consequently, the mass attenuation coefficient (µ/ρ) increases with 
increasing CrCl3 content. Among all prepared compositions, the 3CrCaB sample shows the highest attenuation 
values, confirming the intermediate role of Cr ions in the glass network.

Half value layer (HVL), tenth value layer (TVL), and mean free path (MFP)
The thickness of a shielding material plays a pivotal role in determining its effectiveness for specific radiation 
protection applications. The half-value layer (HVL) and tenth-value layer (TVL) represent the material 
thicknesses required to reduce the incident photon intensity by 50% and 10%, respectively27. In contrast, the 
mean free path (MFP) refers to the average distance that a photon travels within a material before undergoing an 
interaction such as absorption or scattering, thereby indicating the average spacing between successive photon 
interactions in the shielding medium56. These parameters are essential in medical and industrial contexts, as 

Fig. 8.  Comparison of Young’s modulus values between the present study and previously reported borate glass 
systems.
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they guide the assessment of safe exposure levels and the design of protective barriers to minimize radiation 
doses. Materials exhibiting lower HVL and TVL values are generally more efficient attenuators.

Figure 9b–d illustrates the variations of HVL, mean free path (MFP), and TVL with photon energy. Among 
the investigated glasses, the 3CrCaB sample demonstrated the lowest HVL and TVL values, indicating superior 
shielding performance. Specifically, the HVL of the 0CrCaB glass ranges from 0.023  cm at 0.015  MeV to 
5.265 cm at 1.5 MeV, whereas that of the 3CrCaB sample varies from 0.017 cm at 0.015 MeV to 4.352 cm at 
1.5 MeV. The MFP, which represents the average distance a photon travels in the material before undergoing 
an interaction, is plotted as a function of photon energy in Fig. 9d. At 0.2 MeV, the MFP values range from 
2.522 to 3.063 cm, with the 3CrCaB glass achieving the minimum (2.522 cm). This low MFP indicates a higher 
probability of photon–matter interactions, suggesting that photons lose energy over shorter distances within 
the glass, thereby increasing its attenuation efficiency. The incorporation of CrCl3 into the glass matrix leads 
to increased density, improved packing efficiency, and stronger mechanical properties, which contribute to the 
structural stability that contribute to improved radiation attenuation performance. In particular, replacing B2O3 
with CrCl3 introduces chromium ions with higher atomic number and mass, which increases the interaction 
probability between gamma photons and the material. As a result, the mass attenuation coefficient increases, 
while parameters such as HVL, TVL, and MFP decrease, indicating enhanced shielding efficiency. These 
combined effects make the CrCl3-doped samples more effective for radiation shielding compared to the undoped 
glass composition. Collectively, the HVL, TVL, and MFP parameters provide a comprehensive framework for 
evaluating and designing radiation shielding materials. While HVL and TVL offer practical insights into the 
required shielding thickness, MFP provides a fundamental understanding of photon transport and interaction 
mechanisms within the material.

The mechanical properties and mass attenuation behavior of CrCl3-modified borate glass are closely interrelated 
through the material’s underlying structural characteristics. The observed differences in Young’s modulus, shear 
modulus, bulk modulus, and mass attenuation coefficient between the two borate glass compositions, namely 
45B2O3–55CaO and 42B2O3–55CaO–3CrCl3, can be attributed to structural modifications induced by the 

Fig. 9.  Variations of (a) MAC (cm2 g−1), (b) HVL (cm), (c) TVL (cm), and (d) MFP (cm) values for all 
synthesized glass samples as a function of photon energy ranging from 0.015 to 1.5 MeV.
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presence of CrCl3. The base glass composition containing 45  mol% B2O3 exhibits lower mechanical moduli 
(Young’s, shear, and bulk) due to B2O3’s inherent role as a glass network former, which generates a relatively 
open and flexible structure. High concentrations of B2O3 increase the number of BO3 triangular units, resulting 
in lower cross-link density and weaker mechanical integrity than in more polymerized networks. Upon the 
incorporation of 3 mol% CrCl3, a significant enhancement in mechanical properties is observed. CrCl3 acts as a 
network intermediate or partial former, introducing Cr–O bonds that are typically stronger and more rigid than 
B–O bonds.

Additionally, the incorporation of Cr ions is expected to enhance cross-linking within the glass network 
and reduce the concentration of non-bridging oxygens, thereby increasing the structural compactness and 
rigidity of the system. These structural modifications collectively contribute to the observed increase in the 
elastic parameters, including Young’s modulus, shear modulus, and bulk modulus, in the CrCl3−containing 
glasses. In contrast, the higher attenuation coefficient observed in the CrCl3−ree glass (45B2O3–55CaO) can 
be attributed to its relatively open and more disordered network structure, which promotes internal friction 
and energy dissipation. The greater structural flexibility of this composition facilitates enhanced damping of 
acoustic and mechanical waves, resulting in higher attenuation. Conversely, the incorporation of CrCl3 leads to 
a more rigid and compact network, thereby reducing internal friction and lowering the attenuation coefficient. 
Furthermore, the formation of crystalline phases within the glass matrix contributes to the development of a 
denser microstructure, which increases the probability of photon interaction with the material. The presence of 
these crystalline regions also improves the structural stability of the system and may enhance the effective atomic 
packing density.

A comparative Study with Conventional Materials
A comparative evaluation of the mass attenuation coefficients (MAC) and half-value layers (HVL) of the studied 
glass samples was performed, not only against previously investigated glass systems but also against conventional 
concrete shielding materials. This comparison provides a clearer understanding of the radiation shielding 
performance of the present samples, illustrating how they align with or surpass current shielding standards. 

Photon energy
(MeV)

MAC (cm2/g) LAC (cm−1)

0CrCaB 1CrCaB 2CrCaB 3CrCaB 0CrCaB 1CrCaB 2CrCaB 3CrCaB

1.50 × 10−2 11.536 12.003 12.463 12.914 29.648 33.249 36.266 40.163

2.00 × 10−2 5.101 5.306 5.508 5.707 13.108 14.698 16.029 17.748

3.00 × 10−2 1.663 1.726 1.788 1.849 4.275 4.782 5.204 5.751

4.00 × 10−2 0.803 0.830 0.857 0.883 2.065 2.300 2.493 2.745

5.00 × 10−2 0.492 0.506 0.519 0.533 1.264 1.400 1.511 1.656

6.00 × 10−2 0.351 0.359 0.367 0.375 0.903 0.995 1.068 1.166

8.00 × 10−2 0.235 0.238 0.241 0.245 0.603 0.659 0.702 0.760

1.00 × 10−1 0.189 0.190 0.192 0.194 0.485 0.528 0.559 0.602

1.50 × 10−1 0.145 0.146 0.146 0.147 0.374 0.404 0.426 0.456

2.00 × 10−1 0.127 0.127 0.127 0.127 0.326 0.352 0.371 0.396

3.00 × 10−1 0.107 0.107 0.107 0.107 0.276 0.297 0.312 0.334

4.00 × 10−1 0.095 0.095 0.095 0.095 0.245 0.264 0.277 0.296

5.00 × 10−1 0.087 0.087 0.087 0.087 0.223 0.240 0.252 0.269

6.00 × 10−1 0.080 0.080 0.080 0.080 0.206 0.222 0.233 0.248

8.00 × 10−1 0.070 0.070 0.070 0.070 0.180 0.194 0.204 0.218

1.00 × 100 0.063 0.063 0.063 0.063 0.162 0.174 0.183 0.196

1.50 × 100 0.051 0.051 0.051 0.051 0.132 0.142 0.149 0.159

2.00 × 100 0.044 0.044 0.044 0.044 0.114 0.123 0.129 0.138

3.00 × 100 0.036 0.036 0.036 0.036 0.093 0.100 0.105 0.112

4.00 × 100 0.032 0.032 0.032 0.032 0.081 0.088 0.092 0.098

5.00 × 100 0.029 0.029 0.029 0.029 0.074 0.080 0.084 0.090

6.00 × 100 0.027 0.027 0.027 0.027 0.069 0.074 0.078 0.084

8.00 × 100 0.024 0.024 0.025 0.025 0.063 0.068 0.071 0.077

1.00 × 101 0.023 0.023 0.023 0.023 0.059 0.064 0.068 0.073

1.50 × 101 0.022 0.022 0.022 0.022 0.055 0.060 0.063 0.068

Table 9.  MAC and LAC values of the prepared samples at different photon energies.
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Figure 10 presents the variations of the MAC (µm, cm² g−1) and HVL (cm) of the investigated glasses (0CrCaB, 
1CrCaB, 2CrCaB, and 3CrCaB) in comparison with those of standard commercial concretes, Ordinary Concrete 
(OC), Hematite–Serpentine Concrete (HSC), and Ilmenite–Limonite Concrete (ILC), as well as previously 
reported glass systems (0LiB and 25LiB)11. The comparison was performed at photon energies of 0.5, 5, and 
10 MeV, as reported in Refs57,58. As summarized in Table 10, the 3CrCaB glass exhibits a higher MAC and a 
lower HVL compared with OC, HSC, ILC, and the 0LiB and 25LiB glasses, demonstrating its superior γ-ray 
attenuation capability.

Conclusion
In this study, binary calcium borate glasses doped with chromium chloride (CrCl3) were successfully synthesized 
via the sol–gel method and systematically characterized using X-ray diffraction (XRD), Fourier-transform 
infrared spectroscopy (FTIR), and field-emission scanning electron microscopy (FE-SEM). The density of the 
prepared samples was determined using Archimedes’ principle, and related structural parameters, including 
molar volume, packing density, and free volume, were theoretically calculated. For the samples heat-treated 
at 500  °C, where the amorphous structure was preserved, the Makishima–Mackenzie model was applied to 
evaluate the mechanical properties. In addition, the Phy-X/PSD online software was used to assess the gamma-
ray shielding performance of the investigated glasses. The main findings of this study are summarized as follows:

•	 CrCl3-doped binary calcium borate glasses were successfully synthesized using the sol–gel method, confirm-
ing the feasibility of incorporating chromium chloride into the calcium borate glass system.

Sample Code

MAC (cm2/g) HVL (cm)

0.5 MeV 5 MeV 10 MeV 0.5 MeV 5 MeV 10 MeV

25LiF 0.08372 0.02625 0.01928 3.600 11.481 15.630 Previous
Samples0LiF 0.08357 0.02632 0.02022 3.686 11.703 15.812

OC 0.088 0.0289 0.0229 – – –

Concrete samplesHSC 0.087 0.0296 0.0248 – – –

ILC 0.0858 0.0299 0.0259 – – –

0CrCaB 0.0880 0.0292 0.0231 3.111 9.400 11.713

Studied
samples

1CrCaB 0.0892 0.0295 0.0234 2.888 8.706 10.810

2CrCaB 0.0894 0.0297 0.0237 2.751 8.273 10.237

3CrCaB 0.0897 0.0299 0.0239 2.576 7.729 9.532

Table 10.  Comparison of the mass attenuation coefficient (MAC, cm2/g) and half-value layer (HVL, cm) of the 
synthesized samples with those of selected samples reported in previous studies.

 

Fig. 10.  (a): MAC (cm2/g) for all synthesized samples compared with reported borate glasses, 0LiF and 25LiF, 
as well as with OC, HSC, and ILC as reference samples. (b): HVL (cm) for all synthesized samples compared 
with reported borate glasses, 0LiF and 25LiF as reference samples.
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•	 Structural characterization (XRD and FTIR) revealed that the glasses heat-treated at 500  °C exhibited an 
amorphous structure. In contrast, partial crystallization was observed at a higher heat-treatment temperature 
(700 °C), indicating that CrCl3 can promote crystallization within the glass matrix.

•	 The density of the prepared glasses increased from 2.57 to 3.11 g cm–3 with increasing CrCl3 content due to 
the substitution of B2O3 by the heavier CrCl3 component. In contrast, the related structural parameters such 
as molar volume, packing density, and free volume were correspondingly modified.

•	 The mechanical properties showed significant changes with increasing CrCl3 concentration. Young’s modulus 
increased from 66.137 to 108.00 GPa, bulk modulus from 47.619 to 90.720 GPa, shear modulus from 26.069 
to 41.488 GPa, and microhardness from 4.023 to 5.4878 GPa.

•	 The gamma-ray shielding performance improved with CrCl3 incorporation as indicated by higher mass atten-
uation coefficient (MAC) values and lower HVL, TVL, and MFP values.

•	 Among the investigated compositions, the 3CrCaB glass exhibited the best overall performance, combining 
enhanced mechanical strength and good gamma-ray attenuation capability.

These findings suggest that CrCl3-modified calcium borate glasses may be suitable for radiation shielding 
applications.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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