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Abstract
A prime series of Sm3+-doped alumino borophospho-silicate (xABPS) glasses were fabricated while varying the samarium 
ion concentration by employing the traditional melt-quenching method. XRD and FTIR characterizations were made for the 
structural investigation of the present glasses and the physical properties were calculated and reported. The high compact-
ness and bonding nature of the xABPS glass system are explained through parameters such as boron–boron spacing, oxygen 
packing density, and the metallization criterion. The calculated mechanical properties illustrate the packing efficiency of the 
studied glasses. The absorption spectra exhibited several peaks in the UV–Vis-NIR region and following Tauc's plot method, 
the direct and indirect band gap for the glasses are determined and discussed. Various photon interaction parameters were 
calculated using the Phy-X program in a selected energy range. The obtained results of the studied glasses' mass attenuation 
coefficient (MAC), mean free path (MFP), and half-value layer (HVL) are compared with the reported data, whereby the 
increasing value of MAC, and the decreasing values of MFP and HVL confirm that the discussed glasses are suitable for 
radiation-shielding purposes.
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1  Introduction

The elevated power diffusion depth and the enormous energy 
deposited on the target materials are the primary reasons 
of interest for scientists working with gamma rays [1]. The 
increasing electricity demand is resolved by the use of 
nuclear reactors, which extensively use the properties of 

gamma rays. The medical field, especially in cancer treat-
ment, also exploits the properties of gamma rays. Further-
more, they have wide applicability in different areas such as 
the preservation of edible products, the analysis of elements, 
and agriculture, as well as space research [2–4]; however, 
these rays have harmful effects on living organisms. Over 
the past several decades, researchers have paid increasing 
attention to developing a promising material to address this 
problem. Materials that lower the energy of photons and 
their number are pertinent for shielding purposes. In the 
past, materials like concrete, alloys, and rocks [5, 6] were 
used for shielding purposes because of their ease of avail-
ability and for several more decades, the material employed 
for the prevention of radiation was lead. However, scientists 
were driven to seek a better material because of Pb's toxic-
ity and lack of transparency [7]. In terms of applications 
for visible light and other related technologies, transparency 
became crucial, thus prompting scientists to concentrate on 
glass-based materials.

Scientists were persuaded to focus on glass materials for 
shielding applications due to their ease of manufacture and 
transparency. As glass has superior thermal and mechani-
cal stability, it has been used as a prominent material to 

 *	 K. Marimuthu 
	 mari_ram2000@yahoo.com

1	 Department of Physics, The Gandhigram Rural Institute - 
Deemed University, Gandhigram 624302, India

2	 Department of Physics, Farook College (Autonomous), 
Kozhikode 673632, India

3	 Department of Physics, College of Science, Princess 
Nourah Bint Abdulrahman University, P.O. Box 84428, 
11671 Riyadh, Saudi Arabia

4	 Department of Physics, Faculty of Science, Isra University, 
Amman, Jordan

5	 Department of Nuclear Medicine Research, Institute 
for Research and Medical Consultations, Imam Abdulrahman 
Bin Faisal University, P.O. Box 1982, 31441 Dammam, 
Saudi Arabia

http://crossmark.crossref.org/dialog/?doi=10.1007/s12633-023-02620-2&domain=pdf


7798	 Silicon (2023) 15:7797–7810

1 3

safeguard humans from radiation [8]. Furthermore, studies 
have been carried out on glassy materials to enhance their 
shielding ability. There are several elements available on 
Earth with high glass-forming ability, such as SiO2, B2O3, 
TeO2, P2O5, and Sb2O3. Presently, borate is receiving much 
attention because of its special properties like the ease of 
manufacturing, high thermal stability, and cost-effective-
ness. The strong bonding of boron with oxygen and the tri-
angular and tetrahedral structure of BO3 and BO4 units have 
made B2O3 an excellent host for glass preparation [9]. Good 
stability, a better refractive index, and lower dispersion were 
realized when borate and silicate were added together. The 
multi-layer glass has more noteworthy properties than other 
glasses. A glass structure with comparatively high mechan-
ical strength and high thermal stability is a necessity for 
radiation shielding, and a tri-former glass has much scope in 
the radiation-shielding field. The borosilicate glass structure 
seems to be unstable, probably because of the hygroscopic 
and sensitive nature of the borate toward the atmosphere. 
Alkali earth metals such as magnesium and calcium have 
been used as network modifiers, which in turn strengthen 
the glass structure by magnifying the mechanical properties. 
Moreover, magnesium possesses some interesting charac-
teristics such as high thermal stability and high resistance 
to corrosive attack, which are more profitable for radiation 
dosimetry [10].

Aluminum oxide plays a key role in modifying the glass 
network and making the system more suitable for radiation 
protection. The formation of AlO4 and AlO6 units due to 
the incorporation of aluminum with borate will enhance the 
characteristics of the alumino–borate network. Moreover, 
Al2O3 improves the chemical resilience and metallic and 
optical properties of the shield [11]. Heavy metal oxides 
such as aluminum oxides help to form a more closely packed 
structure, which increases the density and refractive index 
of the glass.

The milestones in the investigations for proper shielding 
materials should be taken into account. A study on con-
crete technology in nuclear radiation shielding was started 
in 1989 by Kaplan. Then later, Makarious et al., Özen et al., 
and Sakr et al. [12–14] investigated heavyweight concrete 
and found more suitable properties for shielding. As the 
priorities changed to more focused applications, lead-based 
shielding materials became preferable. Furthermore, stud-
ies based on lead with polymers exhibit good results for 
shielding applications. The new era in radiation shielding 
started with the arrival of glass composites, and in 2005 
Singh et al. suggested a better alternative for lead [15]. 
The Bi2O3 and BaO glasses can be used instead of PbO 
to avoid the harmful effect of lead on the environment 
[16]. Researchers working in the radiation-shielding field 
then sought more preferable materials with cost-effective-
ness. Lakshminarayana et al. suggested borate composite 

glass with good thermal and structural properties [17], 
while Dong et al. proposed lithium zinc bismuth borate 
glass with the composition 50Bi2O3 + 15B2O3 + (35 − X)
ZnO + XLi2O for radiation-shielding applications, with 
the latter's work showing higher shielding parameter val-
ues compared to ordinary hematite–serpentine and ilmen-
ite–limonite concretes [18]. Later, the impact of rare earth 
(RE) on the glass matrix used for radiation shielding was 
considered. The investigations carried out by Wagh et al. 
revealed that lanthanides such as Sm3+, Eu3+, and Nd3+ 
have some impact on the nature of Pb fluoroborate glasses 
[19]. The dopant composition(s) increases the densities 
of the glasses. The half-value layer (HVL) and effective 
atomic number (Zeff) indicate the enhanced shielding prop-
erties of the PbF2 − TeO2 − B2O3 − RE2O3 glass system. In 
2020, Naseer et al. worked on the chemical composition 
20TeO2 + (50 − X)B2O3 + 29.5BaO + XBi2O3 + 0.5Er2O3, 
whereby the ionic nature of the TBX glass and its lower 
two-photon absorption coefficient value predicted the pos-
sibility of using this glass for NLO applications, with these 
series of glasses also showing low mean free path (MFP) and 
HVL values, which confirmed their suitability for gamma 
attenuation [20]. From the general trend, it can be asserted 
that researchers will continue to explore new materials for 
radiation-shielding applications.

The present work investigated the change in structural and 
radiation-shielding properties of borophospho-silicate glass 
by varying the concentration of Sm3+ ions with Al2O3. The 
physical, structural, and photon interaction properties were 
calculated to discover a promising glass material for radia-
tion shielding. Furthermore, the radiative parameters such 
as the linear attenuation coefficient (LAC) were calculated 
using the Phy-X software. Other parameters like the HVL 
and transmission factor (TF) were also determined to find 
the optimal glass for the prevention of radiation [21–24].

2 � Experimental Method

2.1 � Synthesis Process

High-purity analytical grade chemicals such as H3BO3, 
SiO2, P2O5, CaO, MgO, NaF, ZnO, and Sm2O3 were used 
for the preparation of glass. All the chemicals utilized for 
the synthesis of alumino borophospho-silicate (xABPS) 
glasses were from Sigma Aldrich, which ensured their 
99.99% purity. The designed composition was ​37H​3​BO3 + 
9SiO2 + 10P2O5 + 15CaO + 7MgO + 10NaF + 7ZnO + (5 − x)
Al2O3 + xSm2O3 and all the chemicals were taken in wt%. 
The concentration of Sm2O3 varied from 0.1 to 2 wt%. A 
batch of 15 gm was weighed and kept in an agate motor. The 
melting temperature was 1210 °C for 45 min. The molten 
flux was transferred to a preheated brass plate and placed 
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inside an annealing furnace at 400 °C. The present set of 
glasses belongs to the Boro-silicate host matrix, which has 
high phonon energy. So there is more possibility for break-
age of the glasses. To increase the mechanical strength 
and thermal stability annealing has to be carried out for a 
long time. This annealing process strengthened the glass 
by enhancing its mechanical stability. After 8 h of anneal-
ing, the furnace was switched off and allowed to gradually 
reach room temperature. The prepared sets of glasses were 
removed and polished on both sides to obtain a uniform sur-
face, and to avail optical quality.

2.2 � Characterization

The densities of the well-polished aluminum borophospho-
silicate glasses were determined using the Archimedes' 
principle. The immersion liquid used for this process was 
xylene. One of the requirements for the suspending liquid is 
to possess a relatively low surface tension, which typically 
excludes the use of water for accurate glass density deter-
minations. Furthermore, water tends to hydrate the surface 
of the glass samples, which is also not convenient. Using 
Abbey refractometer instrumentation, the refractive index 
was estimated. The instrument details for the characteriza-
tions are detailed in [25–27].

3 � Results and Outcome

3.1 � Structural Analysis

To substantiate the amorphous nature of the fabricated 
xABPS glass system, the X-diffraction technique was uti-
lized, with the XRD pattern of the xABPS glass shown in 
Fig. 1 as a representative case. The existence of wide scat-
tering around the lower angles validates the non-crystalline 
nature of the prepared glass. The FTIR spectral analysis of 
the synthesized glasses was recorded and is shown in Fig. 2. 
Furthermore, the observations pertaining to the functional 
group analysis are presented in Table 1.

3.2 � Physical Properties

The physical distinctiveness of the prepared aluminum boro-
phospho-silicate glasses blended with Sm3+ ions is tabulated 
in Table 2. The replacement of aluminum with the Sm3+ RE 
ion, which has high molecular and atomic weight, might be 
a reason for the enhancement of density from 3.00 to 3.47 g/
cm3 in the xABPS glass system. The change in the B − O 
ratio due to the addition of RE ions causes an increase in 
BO4 units and as a consequence, the compactness of the 
glass matrix increases [28]. As the density and molar volume 
shows contradictory trends, the VM values decrease with 

the increase in RE ions' concentration, thus, in turn, lead-
ing to a reduction in bond length and inter-ionic spacing. 
In comparison to other reported studies [29–31], the pre-
sent work has similar or lower inter-ionic spacing, which 
indicates the higher rigidity of the prepared glasses. The 
appreciable de-escalation in the polaron radius and inter-
ionic spacing reveals the compactness of the glass matrix. 
Reduction in inter ionic distance and polaron radius indi-
cates the decreasing Sm–O distance, which accumulates a 
large number of Sm–O, thus compactness of the glass matrix 
increased. Moreover, due to the reduction in RE-oxygen sep-
aration, a considerable increase in the Sm − O bond strength 
will produce an intense field around the Sm3+ ions. These 

Fig. 1   XRD profile of the Sm3+ ion-doped xABPS glass

Fig. 2   FTIR spectra of the Sm3+ ion-doped xABPS glasses
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intense field strengths were computed using the expression 
F = Z/rp

2 (Z-atomic number of Sm3+, rp-polaron radius) [32]. 
Another fundamental parameter of interest for glass is the 
refractive index (nd), which is experimental and estimated 
using the Abbe refractometer instrumentation technique, 
whereby among the prepared glasses the ABPS2Sm glass 
shows a higher value. The Sm3+ ions' concentration in the 
prepared set of glasses was estimated from the Bond den-
sity (nb) values. Furthermore, the deduction of non-bridging 
oxygens in the glass matrix could easily be understood by 
the lessening electronic polarizability values. The greater 
the bonding oxygen, the less the polarizability; this reveals 
the high compactness of the glass [33]. The molar refractiv-
ity values were calculated from the nb values, and appeared 
to be lowering with the increase in RE ions' concentration. 
The amount of incident radiation that gets reflected at the 
surface of the glass is termed reflection loss. Glasses with 
less compactness allow the radiation to transmit more radia-
tion through it so that the reflection loss value decreases. 
Hence the increasing value of reflection loss in the present 
work indicates the increasing compactness of the glasses. 
The steady rise in reflection loss values (R,%) validates the 
compactness of the xABPS glass system.

3.3 � Structural Properties

Apart from the FTIR analysis, a comprehensive investigation 
of the structural features of the prepared xABPS glass sys-
tem was necessary. A theory put forward by Dimitrov et al. 
[34] explains the metallization criteria of metals and insula-
tors. The value of M implicates the nature of the material, 
whereby a positive and lower magnitude of M suggests the 
non-metallic character of the glass. The value of the metal-
lization constant relies on the parameters of density and 
molar refractivity. The present set of glasses contains mul-
tiple former oxides such as boron, phosphate, and silicate. 
Since the domination of boron (in wt%) in the host network 
is higher, the separation of boron ions itself will expose the 
compactness of the glass matrix. The consistent decrement 
in the boron–boron separation values with the increase of 
Sm3+ ions' concentration confirms the higher compactness 
of the glass system. In addition, the parameters like oxygen 
molar volume (Vo) and oxygen packing density (OPD) were 
estimated and tabulated using the expressions reported in the 
literature [35–37]. Figure 3 depicts the correlation of dB−B, 
Vo, and OPD with the increment in the RE ions' concentra-
tion. The Vo values manifest a reverse trend, in comparison 

Table 1   Band positions (cm−1) 
and the corresponding peak 
assignments of the FTIR spectra 
of the Sm3+ ion-doped xABPS 
glasses

Sl. No 1ABPS 2ABPS 3ABPS 4ABPS 5ABPS Band assignment

1 1374 1384 1392 1396 1398 B-O stretching vibrations of trigonal [BO3]3− units
2 1229 1251 1257 1259 1263 Anti-symmetric Si–O stretching vibrations
3 1000 997 999 1001 1003 Stretching modes of B–O bond which could form 

tri-, tetra-, penta-borate groups
4 702 696 698 694 692 Al-O stretching vibrations of AlO5 groups
5 549 557 562 565 569 Bending modes of [PO4]3− units
6 453 453 465 463 467 Si–O-Si bending vibrations

Table 2   Physical properties of 
the Sm3+ ion-doped xABPS 
glasses

Sl. No Physical properties 1ABPS 2ABPS 3ABPS 4ABPS 5ABPS

1 Density, ρ (g/cm3) 3.009 3.103 3.220 3.301 3.477
2 Refractive index, nd 1.661 1.665 1.669 1.672 1.678
3 Average molecular weight, MT (g) 75.944 76.314 76.932 78.165 80.633
4 Molar volume, VM (cm3) 25.239 24.588 23.886 23.674 23.183
5 RE ion concentration,

N (1020 ions/cm3)
0.504 1.283 2.642 5.327 10.865

6 Polaron radius, rp (Å) 10.93 7.98 6.28 4.97 3.91
7 Inter ionic distance, ri (Å) 27.14 19.82 15.58 12.34 9.72
8 Field strength, F (1016 cm−2) 0.73 1.39 2.26 3.65 5.83
9 Electronic polarizability,

αe (10−24 cm3 /mol)
3.416 3.344 3.264 3.246 3.201

10 Molar refractivity, Rm (cm−3) 9.328 9.131 8.912 8.864 8.741
11 Dielectric constant, (ε) 2.758 2.772 2.785 2.795 2.815
12 Reflection losses, R (%) 6.170 6.226 6.283 6.325 6.409
13 Optical dielectric constant, χopt 1.865 1.854 1.846 1.841 1.830
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with the other two. This also points to the compactness of 
the glass structure, with the confirmation of reducing the 
amount of non-bridging oxygen and the augmentation of 
bridging oxygen [38, 39]. The average coordination num-
ber and bond density were calculated from the following 
equations:

where NC is the coordination number of the cation, Vm 
molar volume, and NA Avogadro number [40]. The slight 
variation in the average coordination number nav ranges from 
4.303 to 4.341; the bond density nb values found had increas-
ing ranges from 1.027 to 1.127 × 1024 m─2, and the fall in 
the average single bond strength BM-O values thus confirms 
that the structural modification takes place in the chosen 
configuration of the glass. The structural properties of the 

nav =
∑

i

(xnc)i

nb =
NA

Vm

∑

i

(xnc)i =
NA

Vm

nav

Sm3+ ion-doped glasses were calculated and are presented 
in Table 3.

3.4 � Optical Electronegativity (χopt), Covalency, 
and Iconicity

The idea of the chemical bonding of the compounds can be 
correlated with the optical electronegativity (ΔX), where 
its magnitude ascribes the iconic and covalent nature of 
the chemical bond [41], and the mechanism for calculat-
ing the ΔX was deducted from the literature [42]. A notice-
able result observed in the table is that the higher value of 
electronegativity illustrates the increase in the iconicity of 
the glasses. The iconicity (Ic) and the covalency (Cc) values 
were estimated using the following equations:

The value of Ic greater than 90% validates the ionic char-
acter of the glass. Another criterion regarding the nature of 
the glass is optical basicity (Λth), which elucidates the abil-
ity of an oxygen atom to donate an electron in the oxides of 
the glass. The equation used for the theoretical calculation 
of basicity is taken from the literature [43]. There is a slight 
increment in Λth values for the present set of glasses. Eventu-
ally, the parameters like the optical basicity, electronegativ-
ity, and iconicity values of the studied glasses point toward 
an iconic nature other than a covalent one. The electronega-
tivity (ΔX), ionic character factor (Ic,%), and covalent char-
acter factor (Cc,%) of the Sm3+ ion-doped studied glasses 
were calculated and are presented in Table 4.

3.5 � Elastic Properties

The mechanical properties of amorphous materials receive 
more attention due to their technological applications. Elas-
tic moduli such as the Young's modulus, shear modulus, bulk 

Cionic(Ic,%) =
[

1 − exp
{

−0.25
(

Δ�2
)}]

× 100

Ccovalent(Cc,%) = exp
{

−0.25
(

Δ�2
)}

× 100

Fig. 3   The variation of boron–boron separation (dB−B), molar volume 
of oxygen (Vo), and OPD of the Sm3+ ion-doped xABPS glasses

Table 3   Structural properties 
of the Sm3+ ion-doped xABPS 
glasses

Sl. No Structural properties 1ABPS 2ABPS 3ABPS 4ABPS 5ABPS

1 Metallization criterion, M 0.630 0.628 0.626 0.625 0.622
2 Boron–boron distance, dB-B (Å) 3.24 3.21 3.18 3.17 3.15
3 Distribution density of boron, DB 1.28 1.30 1.33 1.34 1.36
4 Oxygen packing density,

OPD (g atom/cm3)
88.35 90.69 93.35 94.19 96.18

5 Molar volume of oxygen,
Vo (cm3/mol)

6.518 6.295 6.071 5.913 5.856

6 Average coordination number, nav 4.303 4.304 4.310 4.321 4.341
7 Bond density, nb (× 1027 m−3) 1.027 1.027 1.086 1.099 1.127
8 Average single bond strength,

BM-O (KJ/mol)
233.03 232.73 232.45 231.85 230.73
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modulus, and longitudinal modulus of the xABPS glasses 
were determined using formulas reported in the literature 
[44, 45]. All the calculated parameters are presented in 
Table 5. The Ym, Bm, Sm, and Lm modulus values show 
an increasing trend, and the 5ABPS glass exhibits a higher 
value. The increasing magnitude of the elastic moduli has a 
direct connection with the increase in the number of bridg-
ing oxygens, which in turn makes the glass more rigid [46]. 
Moreover, the packing efficiency of the studied glasses is 
explained through the atomic packing factor (APF) param-
eter values, while the higher and increasing trend suggests 
the compactness of the glass. The Poisson's ratio (µcal) val-
ues explain the deformation of the glass matrix, and follows 
the trend 5ABPS > 4ABPS > 3ABPS > 2ABPS > 1ABPS in 
the present set of glasses. The µcal values are one of the sig-
nificant parameters that correspond to the compactness of 
the glass matrix in respect to the cross-linkage density. The 
calculated µcal values of the present glasses (0.354–0.367) 
suggest the moderate cross-linkage of the chosen glass con-
figuration. Fractal bond connectivity defines the dimension-
ality changes in the glass configuration and the values range 
from 1.371 to 1.239, illustrating the two-dimensional layer 

structure. All the present glasses possess nearly the same 
hardness and the variation of Hm, fD, and µcal with RE ions' 
concentration is exhibited in Fig. 4.

3.6 � Optical Properties

Broad optical investigations of the prepared Sm3+-doped 
glasses titled xABPS were carried out. The absorption 
spectra of the samarium oxide-incorporated glasses were 
recorded at ambient temperature in the 400 − 2000 nm wave-
length range and are presented in Fig. 5. It is observed from 
the absorption spectrum that twelve major transition peaks 
each originate from the 6H5/2 ground state to different excited 
states, illustrating the f − f transitions. The bands 6P3/2, 4G9/2, 
4M5/2, 4F3/2, and 4G5/2 are observed around 401, 436, 474, 
527, and 562 nm, respectively, in the visible region. Whereas 
in the NIR region, the seven well-defined bands 6F11/2, 6F9/2, 
6F7/2, 6F5/2, 6F3/2, 6H15/2, and 6F1/2 are observed around 942, 
1075, 1230, 1371, 1474, 1525, and 1581 nm, respectively. 
The spectral profile in the present work exhibits a similar 
trend on par with the reported literature [47]. In the present 
investigation, it is observed that the transitions 6P3/2 and 6F7/2 

Table 4   Electronegativity (ΔX), ionic character factor (Ic,%), and covalent character factor (Cc,%) of the Sm3+ ion-doped xABPS glasses

Glass chemical ΔX Ic % Cc %

B2O3 6.24 99.994 0.005
SiO2 4.98 99.797 0.202
P2O5 12.82 100 1.4E − 16
CaO 2.44 77.426 22.573
MgO 2.13 67.832 32.167
NaF 3.05 90.227 9.772
ZnO 1.79 55.113 44.886
Al2O3 7.1 99.997 0.003
Sm2O3 7.98 100 1.2E − 05
37B2O3 + 9SiO2 + 10P2O5 + 15CaO + 7MgO + 10NaF + 7ZnO + 4.9Al2O3 + 0.1Sm2O3 90.22 9.77
37B2O3 + 9SiO2 + 10P2O5 + 15CaO + 7MgO + 10NaF + 7ZnO + 4.75Al2O3 + 0.25Sm2O3 90.28 9.73
37B2O3 + 9SiO2 + 10P2O5 + 15CaO + 7MgO + 10NaF + 7ZnO + 4.5Al2O3 + 0.5Sm2O3 90.36 9.61
37B2O3 + 9SiO2 + 10P2O5 + 15CaO + 7MgO + 10NaF + 7ZnO + 4Al2O3 + 1Sm2O3 90.43 9.52
37B2O3 + 9SiO2 + 10P2O5 + 15CaO + 7MgO + 10NaF + 7ZnO + 3Al2O3 + 2Sm2O3 90.47 9.36

Table 5   Elastic properties of the 
Sm3+ ion-doped xABPS glasses

Sl. No Elastic properties 1ABPS 2ABPS 3ABPS 4ABPS 5ABPS

1 Poisson's ratio, µcal 0.354 0.358 0.362 0.364 0.367
2 Atomic packing fraction, APF 0.966 0.989 1.021 1.023 1.056
3 Young's modulus, Et (GPa) 50.01 51.13 52.94 53.56 55.00
4 Bulk modulus, Kt (GPa) 57.14 59.84 63.98 65.45 68.9
5 Shear modulus, St (GPa) 19.6 19.92 20.62 20.84 21.35
6 Longitudinal modulus, Lt (GPa) 83.27 86.4 91.47 93.23 97.36
7 Microhardness, Hm (GPa) 1.789 1.781 1.780 1.779 1.778
8 Fractal bond connectivity (fD) 1.371 1.331 1.289 1.273 1.239
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are much more intense compared to the other bands, and 
are designated as hypersensitive transitions that follow the 
selection rule │ΔJ│ ≤ 6 and │ΔJ│ = 0, ± 1 [48].

Optical absorption studies have conspicuous advantages 
in terms of perceiving the glassy materials' richness in 
various applications. The electronic band structure of the 
amorphous materials can be determined through a keen 
examination of the optical band gap. The band gap values 
for the direct and indirect allowed transitions were estimated 
following the Mott and Davis theory, as elucidated in the 
literature [49]. Tauc's plot of the present set of glasses for the 
direct and indirect band gap estimation is portrayed in Fig. 6. 
The optical energy gap for each of the glasses in the xABPS 

set is tabulated in Table 6. There is a noticeable de-escala-
tion in the direct and indirect values, and the 3ABPS glass 
shows less band gap value among the prepared glasses. The 
coagulation of electrons at the conduction band is referred to 
as Urbach's energy (ΔE). The degree of disorderliness of the 
amorphous materials was assessed through the ΔE values, as 
the localized density states in glassy materials are correlated 
to their long-range order. The tail width of the localized 
states gives the ΔE. The Urbach's energy was found to be 
lower in the glass with 0.5% Sm2O3 concentration and higher 
in the glass with 1% Sm2O3 concentration.

3.7 � Radiation Attenuation Exceptionality

The theoretical values of mass attenuation coefficient 
(MAC) for the chosen 1ABPS, 2ABPS, 3ABPS, 4ABPS, 
and 5ABPS glasses are provided in Fig. 7. These values 
were calculated using the Phy-X program [50] between 
0.015 and 15 MeV. The variation in the MAC with the 
energy for the aforementioned glasses was found to be 
identical. Except for 0.05  MeV, the 1ABPS, 2ABPS, 
3ABPS, 4ABPS, and 1ABPS samples display a declining 
trend in the MAC. Three key principles explaining how 
photons interact with the glass are strongly connected to 
the current behavior of the MAC with energy [24]. The 
maximum MAC was found at 0.015 MeV (ranging from 
11.53 to 17.38 cm2/g), and after that, the MAC signifi-
cantly decreases up to 0.05 MeV. When the energy goes 
from 0.015 to 0.05 MeV, the MAC drops from 11.52 to 
0.582 cm2/g for 1ABPS and from 17.38 to 1.92 cm2/g for 
5ABPS. With the help of the photoelectric absorption 

Fig. 4   The variation of Poisson's ratio (µcal), micro hardness (Hm), 
and fractal bond connectivity (fD) of the Sm3+ ion-doped xABPS 
glasses as a function of an increasing order of Sm3+ ions' concentra-
tion

Fig. 5   Absorption spectrum of the Sm3+ ion-doped xABPS glass

Fig. 6   Tauc's plot for the direct allowed transition in the Sm3+ ion-
doped xABPS glasses (Inset shows the Tauc's plot for the indirect 
allowed transition)
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(PEA) mechanism, such a pattern in the MAC may be 
seen. It is important to note that the following is how this 
phenomenon's chance might be expressed:

According to this relationship, when low-energy pho-
tons are taken into account, the likelihood of PEA occur-
ring is high. Additionally, the high atomic number of Sm 
present in these glasses greatly increases the likelihood 
of PEA occurring. Additionally, all of the chosen glasses 
have approximately the same MAC of between 0.3 and 
3 MeV, indicating that the composition of the samples has 
little effect on the attenuation trend between these ener-
gies. Compton scattering (CS), which is crucial for these 
energies, is mostly responsible for this pattern in the MAC. 
As is well known, the likelihood of CS is almost independ-
ent of the shielding materials' atomic number (Z). The 
1ABPS–5ABPS glasses, for instance, have MAC values of 
around 0.045 cm2/g at 2 MeV. Additionally, a very slight 
decrease in the MAC is seen for E greater than 4 MeV, 

(1)τα
Z4−5

E3

which is due to the pairing creation (PP). As the amount 
of Sm2O3 grows, it can be seen from Fig. 7 that the MAC 
increases. The highest MAC values are seen in 5ABPS, 
which contains 2 mol% Sm2O3. This can be explained by 
the fact that Sm has a greater atomic number than Al. 
5ABPS demonstrates greater radiation absorption perfor-
mance than the 1ABPS–4ABPS samples.

Moreover, in Fig.  8 we show the LAC to study the 
energy and density dependency on the photon attenuation 
capabilities for the evaluated 1ABPS–5ABPS samples with 
various amounts of Sm2O3. It is shown that the energy and 
ratios of Sm2O3 have a significant impact on the LAC for 
the 1ABPS–5ABPS samples. The glass with high LAC can 
absorb more photons than the glass with low LAC, which 
is a significant consideration. As a result, a high amount of 
photons can pass through glass having low LAC. This infor-
mation will enable us to determine the most effective gamma 
photon shield. When the amount of S2O3 is increased from 
0.1 to 2 mol%, the density shifts from 3.009 to 3.477 g/cm3. 
According to Fig. 8, increasing the concentration of Sm2O3 
from 0.1 mol% (1ABPS) to 2 mol% (5ABPS) causes the 

Table 6   Bandgap and Urbach 
energy values of the Sm3+ ion-
doped xABPS glasses

Glass code Transition from 6H15/2 → 

Absorption edge 
λedge (nm)

Direct bandgap
E1 (eV)

Indirect bandgap 
E2 (eV)

Urbach energy
ΔE (eV)

1ABPS 418 3.15 2.78 1.16
2ABPS 413 3.20 2.74 1.36
3ABPS 412 3.07 2.67 0.35
4ABPS 410 3.15 2.72 1.77
5ABPS 407 3.13 2.86 0.81
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Fig. 7   Theoretical MAC values for the chosen 1ABPS, 2ABPS, 
3ABPS, 4ABPS, and 5ABPS glasses
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Fig. 8   Theoretical LAC values for the chosen 1ABPS, 2ABPS, 
3ABPS, 4ABPS, and 5ABPS glasses
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LAC to increase, which enhances the shielding efficiency 
for the studied samples. The 1ABPS–5ABPS glass systems' 
photon attenuation properties were significantly impacted 
by the density. Since the atoms in the high-density samples 
are relatively close together, photons interact with them and 
lose some of their energy as a result. This illustrates the 
rationale for the 5ABPS glass's maximum photon attenua-
tion characteristics. As a result, the LAC values and hence 
the shielding performance are greatly influenced by the sam-
ple density. Furthermore, based on Fig. 8, we can conclude 
that the shielding potentiality tends to decline from 0.015 to 
15 MeV. This is due to the LAC's very high initial values 
(34.68, 37.29, 41.29, 47.51, and 60.42 cm−1 at 0.015 MeV), 
which are subsequently followed by a gradual reduction up 
to 0.1 MeV and then a slight decrease up to 15 MeV. Addi-
tionally, a peak is observed around 0.05 MeV close to the 
K edge of Sm.

Additionally, by applying the concept of the Zeff, it is 
conceivable to predict how well the tested 1ABPS–5ABPS 
glasses with varied concentrations of Sm2O3 will function 
as a shielding material. In Fig. 9, the predicted Zeff values 
for the glasses under test are displayed between 0.015 and 
15 MeV. The Zeff figure for the investigated glasses can be 
separated into three groups. First, E < 0.1 MeV, whereby 
in this range, the Zeff values have the largest value and 
range between 19.03–10.34, 19.67–11.43, 20.71–13.16, 
22.65–16.29, and 26.07–21.51 for the 1ABPS–5ABPS 
glasses, respectively. The PEA is strongly reliant on the 
atomic number, and the presence of Smin in the specimens 
increases the likelihood that PEA will occur. As a result, the 
dominance of PEA in this area is linked to the trend in Zeff in 

this region. We noticed the high value of Zeff, particularly at 
0.015 MeV, and for the sample with 2 mol% of Sm2O3 (i.e. 
5ABPS). It is obvious that the Zeff rapidly decreases between 
0.01 and 1.5 MeV, which represents the second region, 
where Zeff reaches minimal values at 1.5 MeV (equal to 7.51, 
7.55, 7.61, 7.73, and 7.97 for 1ABPS–5ABPS, respectively). 
The third region is E > 1.5 MeV, where the Zeff grows once 
more up to 15 MeV. The 5ABPS sample, on the other hand, 
exhibits maximum Zeff values due to its composition of ​37H​
3​BO​3-​9Si​O2​-1​0P​2O​5​-15​CaO​-7M​gO-​10N​aF-​7Zn​O-3​Al2O3-
2Sm2O3. This glass has 2 mol% Sm2O3, whereas the other 
glasses have less Sm2O3.

Using the HVL, the gamma-ray penetration 
strength through the chosen 1ABPS–5ABPS glasses 
may be taken into consideration. This factor typically 
denotes the thickness of the medium (in this case, the 
H3BO3-SiO2-P2O5-CaO-MgO-NaF-ZnO-Al2O3-Sm2O3 
glasses) that is penetrated by half of the photons and is quan-
tified in units of thickness (mm or cm). As is well known, the 
potential for attenuation is significant for high-density sam-
ples, and as a result, the HVL is minimal. In practical appli-
cations, it is preferable to use glass with a low HVL, which 
can be accomplished by utilizing heavy metal oxides. Fig-
ure 10 displays the HVL findings for the chosen samples as 
determined by the Phy-X software. This figure clarifies that 
the HVL decreases as the Sm2O3 level is changed from 0.1 
to 2 mol%, thus signifying that the examined glasses have 
varying shielding efficiencies, with the 5ABPS glass hav-
ing the best shielding efficiency (corresponding to 2 mol% 
of Sm2O3 and the highest density), while the 1ABPS glass 
has the worst. With respect to 0.015, 0.04, 0.15, 0.8, 2, 4, 

Fig. 9   The Zeff for the chosen 
1ABPS, 2ABPS, 3ABPS, 
4ABPS, and 5ABPS glasses
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and 8 MeV, the 1ABPS's HVL is 0.020, 0.272, 1.521, 3.247, 
5.151, 7.244, and 9.448 cm, respectively. The HVL values 
for the 5ABPS glass are 0.011, 0.156, 0.908, 2.806, 4.474, 
6.174, and 7.760 cm for the abovementioned energies. This 
means that for the denser material, a thin sample can be 
employed to shield the radiation, whereas for the low-density 
specimen, a thick specimen is required to block the incom-
ing radiation. Additionally, it is clear from Fig. 10 that the 
HVL considerably alters as the photon energy changes. The 

sample's thickness becomes increasingly important as the 
photons' energy rises to reduce their intensity. In particular, 
the HVL for 2ABPS is 0.019 and 9.121 cm at 0.015 and 
8 MeV, respectively, while the 4ABPS's HVL values are 
0.015 and 8.391 cm at these energies.

The MFP data were used to estimate the effect of Sm2O3 
on the radiation-protection capabilities of the investigated 
glasses. Mean free path (MFP) is the average distance trave-
led by an incident particle (photon) before each successive 

Fig. 10   The HVL for the chosen 
1ABPS, 2ABPS, 3ABPS, 
4ABPS, and 5ABPS glasses

Fig. 11   The MFP for the chosen 
1ABPS, 2ABPS, 3ABPS, 
4ABPS, and 5ABPS glasses
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collision with particle present in the glasses. Lower MFP 
indicates more frequent collisions and so more often the 
incident radiation losses its energy and gets attenuated. To 
create materials with adequate protection, the designers of 
shielding materials and glasses typically utilize some HMO 
to reduce the MFP as much as possible. In Fig. 11, the MFP 
findings for the 1ABPS–5ABPS samples assessed by Phy-X 
are plotted. The results for the MFP are comparable to those 
for the HVL, apart from a change in magnitude. High-
energy photons may easily pass through the 1ABPS–5ABPS 
samples, as shown by the MFP curves, since the MFP rises 

as the photon energy increases. The smallest MFP, ranging 
from 0.029 cm (1ABPS) to 0.017 cm (5ABPS) is seen at 
0.015 MeV. For the 1ABPS–5ABPS samples, the MFP was 
determined to be 1.265, 1.093, 0.893, 0.671, and 0.444 cm, 
respectively, at 0.08 MeV. According to Fig. 11, the MFP 
drops as Sm2O3 is added, and 5ABPS has the lowest MFP 
while 1ABPS has the highest. For the 1ABPS and 5ABPS 
samples, we compared the effect of Sm2O3 on the MFP at 
various energy levels, including 0.015, 0.06, 0.5, 3, and 
8 MeV. We found that the MFP for 1ABPS is higher than 
that of 5ABPS by 1.74-, 3.49-, 1.18-, 1.16-, and 1.21-fold, 
which means that when the amount of Sm2O3 rises from 
0.1 to 2 mol%.

We show the HVL for the 1ABPS–5ABPS samples 
in Fig. 12, together with BaO-Li2O-B2O3 glasses for the 
sake of comparison [51]. The HVL of the 5ABPS glass, 
according to these findings, is less than that of the 25BaO-
16Li2O-60B2O3 sample, although the HVL of the 4ABPS 
sample is relatively near to that of 25BaO-16Li2O-60B2O3. 
The 1ABPS–3ABPS glasses have higher MFP than all the 
BaO-Li2O-B2O3 glasses. In Fig. 13, we compare the HVL 
for the 1ABPS–5ABPS samples with CaF2-BaO-P2O5 
glasses [52]. According to the results, 5ABPS possesses 
almost the same HVL as 8CaF2-42BaO-50P2O5, while 
the other glasses in this work have higher HVL than 
all the CaF2-BaO-P2O5 glasses. In Fig. 14, we compare 
the HVL for the chosen glasses in comparison with the 
B2O3-V2O5-BaF2-Na2O glasses [53]. The 3ABPS sample 
has an HVL close to 59B2O3-1V2O5-20BaF2-20Na2O, 
while 4ABPS has an almost comparable HVL with 
58B2O3-2V2O5-20BaF2-20Na2O, and 5ABPS has a lower 
HVL than all the B2O3-V2O5-BaF2-Na2O glasses.
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Fig. 12   The HVL for the chosen glasses in comparison with the BaO-
Li2O-B2O3 glasses
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4 � Conclusion

The physical, structural, mechanical, and radiation-
shielding features of the present Sm3+-doped glasses were 
reported and discussed. The confirmation of amorphous 
and the presence of various functional units in the stud-
ied glasses was recognized by XRD and FTIR charac-
terizations, respectively. The noticeable decrement in the 
polaron radius and inter-ionic spacing with an increment in 
density showed the rigidity of the glass. Structural inves-
tigations illustrated the formation of bridging oxygen and 
the compactness of the glass network. The lowering value 
of the metallization criterion indicated the non-metallic 
characteristic, and the iconic nature of the prepared glass 
was demonstrated by the electronegativity and iconicity 
parameters. The mechanical properties such as the elastic 
moduli, APF, and Poisson's ratio provided clarity regard-
ing the packing efficiency of the xABPS glasses. Various 
photon interaction parameters were calculated using the 
Phy-X program between 0.015 and 15 MeV. The 5ABPS 
sample demonstrated greater radiation absorption per-
formance than the 1ABPS–4ABPS samples. The energy 
and ratios of Sm2O3 had a significant impact on the LAC 
for the 1ABPS–5ABPS samples. Moreover, the present 
glasses showed superior performance than the reported 
glass composition when the HVL and MFP were com-
pared. From the detailed investigation of the physical, 
structural, mechanical, and radiation-shielding properties 
of the present set of glasses, the 5ABPS sample among 
the studied xABPS glasses was found to be a prominent 
material for radiation-shielding purposes.
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