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Abstract. Effects of rare-earth oxides (Pr2O3, Nd2O3) along with the addition of structure of H3BO3–BaCO3 glass
coordination and its electro-chemical properties have been investigated. The glasses containing Pr3?and Nd3? in
H3BO3:BaCO3:Pr2O3:Nd2O3 glass matrix have been prepared by muffle furnace method. X-ray diffraction (XRD) was
used to examine the structural properties of the prepared co-doped Pr3? and Nd3? borate glasses. Vibrational spectrum
study was carried out using FTIR spectroscopy to identify the structural contributions of each element in the glass matrix
and effects on Ba2? ions as a modifier of the structure. Lower cut-off frequency and the optical band gap energy (Eg) were
determined through the optical absorption spectra using UV–Vis spectroscopy. Elemental compositions and its
microstructure on the grain boundaries of the sample were determined by SEM–EDX spectrograph. Specific heat capacity
(Cp) of the glass was determined using DSC thermogram in the temperature range between 30 and 500°C. Temperature
dependence of thermal conductivity associated with electrical conductivity, thermal diffusivity and effusivity of the glass
specimen were measured. Effects of rare-earths on the dielectric properties of barium borate were investigated at the room
temperature. The mechanical properties, such as microhardness number (Hv), yield strength (rv) and stiffness constant
(C11) of the Pr–Nd–BB glass were measured by Vickers hardness test. The gamma-ray shielding parameters of this glass
matrix were studied. The results were presented in this paper which proves the sample to be useful for radiation shielding
and many other optical applications.
Keywords. Pr3?/Nd3? rare-earths; electrical conductivity; specific heat capacity; thermal conductivity; dielectric
constant; yield strength; c-ray shielding.

1.

Introduction

Barium borate glasses were applied for manufacturing
heat-resistant insulating coating, ceramic glazers and
luminophores [1–4] and it is extensively applicable from
radiation dosimetry to non-linear optics. Yiannopoulos
et al [5] reported the vibrational modes of functional
groups composed in barium borate glasses, and they
explained the properties of glass in terms of the formation
of groupings not larger than rings composed of BO4
tetrahedral and BO3 triangles. However, Moe [6] proposed
the coordination of large-sized fragments with Ba–Ba
distances of 6.9Å. Borate glass materials, which comprise
of heaviest metal oxides, such as bismuth, barium and lead
have vast role in optoelectronics and photonics. Increasing
dopant concentration of heavy metal oxide causes increase
in thermal stability though the maximal phonon energy of

the host decreases. Optical glasses with their extraordinary
contrast between the masses, chemical bond and valence of
the boron and the bismuth ions are favourable for spectroscopic analysis.
Optical properties of bismuth barium borate glass have
sufficiently increased with the heavy metal dopant of rareearths, such as Dy3?, Er3?, Nd3? and also with their molar
ratio [5]. But Lead (Pb) as a dopant is avoided to keep
refractive index at a quite low level and at this level many
figures of merits of optical device applications, such as
filters, resonators and reflectors. Also, the environmental
concerns due to lead suspects can be avoided. Besides, in
visible region, bismuth borate glass shows good optical
transparency more than that of Pb-doped glasses [6]. In
addition, contributions of rare-earth ions on barium borate
glasses were found to enhance nonlinearities, especially this
glass structure is under the proper heat-treatment, barium
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meta-borate (b-BaB2O4 (b-BBO)) phase is symmetrically
crystallized, which leads to an essential material for
frequency doubling devices [7,8]. Luminescent properties
of Dy3? and Eu3? ions-doped B2O3–BaOSiO2 glass have
been reported and it generates the white light due to
4
F9/2 ? 6H13/2 and 7F0 ? 5L7 transition [9,10]. Other
optical applications, such as UV sensors, display devices
and tunable lasers of RE-doped barium borate glasses have
been proposed by various researchers [11]. For considering
the rare-earth metals, particularly, Nd3?ion-doped glasses
have become optically important materials applicable in
optical wave guides and field effect lasers, whereas Pr3?
doped structure shows intense emission spectra extending
from ultraviolet to infrared regions [12,13].
In the present work, structural, thermal, electro-optical
properties and c-ray shielding parameters of co-doped Pr3?
and Nd3? heavy metal ions which have unique electronic
configuration with barium bismuth glasses were extensively
studied. We also equate the present results with undoped
barium bismuth glass and heavy metal oxide-doped borate
system.
2.

Experimental

For the synthesis of Pr- and Nd-doped glasses, boric acid is
used as a glass former, hence, named as Pr- and Nd-doped
borate glasses. The desired glasses were prepared by melting the appropriate mixtures of boric acid, barium carbonate
and rare-earth dopants of Pr2O3, Nd2O3 in right proportion
on account of glass batch formula. All ingredients were in
99.99% purity, purchased from Sigma Aldrich, and mixed
together using electric mortar. Then, the powdered samples
were taken in a platinum crucible and heated in electric
furnace operated at 1500°C. After 5 h of continuous melting, the melt was poured in to a preheated dye kept inside
another furnace of 400°C temperature. After 4 h of
annealing, the sample was gradually cooled to room temperature. The process of annealing is important, to avoid
cracks or pores during the glass formation. Finally, the
prepared glasses were polished for various characterization
studies.

2.1

Bull. Mater. Sci.

Figure 1.
glass.

(2021) 44:257

Powder X-ray diffraction spectrum of Pr–Nd–BB

intense absorption peaks of the Pr3? and Nd3? co-doped
barium borate glasses in the wavenumber region of
500–3500 cm-1. The low intensity absorption peak at 502
cm-1 is assigned to symmetric stretching vibrations of Ba–
O bonds. The peak positioned at around 681 cm-1 represents the bending vibrations of B–O–B. The region between
900–1100 cm-1 bands are due to the boron atom in tetrahedral coordination, BO4 units (tri-, tetra- and penta-) and
herewith the peak 972 cm-1 is assigned for the Penta-borate
stretching [14,15]. An overlapping meta- and ortho-units of
BO3 stretching vibrations are observed at 1361 cm-1. The
broad peak placed at 2285 cm-1 is revealed as the
stretching vibration of OH group [16]. The overlapping and
broadening bands indicate Pr3? and Nd3? metal ions which
lead to the formation of more non-bonding oxygen atoms
inside the glass matrix. Thus, the FTIR spectra confirm the
presence of B–O–B linkage and BO3 units in the class
structure which are enhancing the optical susceptibility.

Synthesis and Characterization

2.1a Powder XRD analysis: Figure 1 shows the X-ray
diffraction (XRD) pattern of the prepared borate glasses
recorded in the range of 2h between 20 and 80°. The
observed XRD pattern shows no sharp diffraction peak, but
broad diffraction at low scattering angles, confirms the
amorphous nature of the sample. The glassy presence is
confirmed by the lack of long-range atomic arrangement.
2.2a FTIR analysis: Vibration spectra (FTIR) analysis plays
an important role in determining the structural and composition properties of the glasses. Figure 2 shows various

Figure 2.

FTIR spectrum of Pr–Nd–BB glass.
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Absorption spectra of Pr–Nd–BB glass.
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Figure 5.
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EDX spectrum of Pr–Nd–BB glass.

materials are useful for the optoelectronic and nonlinear device
applications.

Figure 4. Photon energy vs. (ahm)2 of Pr–Nd–BB glass
(Tauc’s plot).

2.3a UV–Vis–NIR spectra: Optical properties and electronic
transitions of crystalline and non-crystalline materials can be
analysed using the absorption spectra. Figure 3 shows the
strong absorption edge at around 204 nm due to ions transition
in barium borate structure, which has the similar result as the
reported value [17]. The transitions due to the presence of Pr3?
ions in the lower visible region at 445 and 590 nm corresponds
to the 3H4 ? 3P2 and 3H4 ? 1D2, respectively, whereas Nd3?
ions’ form in the higher visible region at 760 and 802 nm,
represents for 3I9/2 ? 4S3/2 ? 4F7/2 and 4I5/2 ? 4F5/2 ? 2H9/2,
respectively. Using Tauc’s plot [18], (ahm)2 vs. Eg is as shown
in figure 4, the optical band energy is measured for the REdoped barium borate glasses to be 3.1 eV. The value is slightly
lower than the band gap energies of Sm3?-, Dy3?- and Eu2?doped borate glasses, all of which are[3.4 eV [19]. According
to the findings, the band gap is decreased as the particle size is
increased by the Pr3?/Nd3? ions co-doped in barium borate
glass. Thus, the material possesses various absorption peaks at
visible regions corresponding to the presence of rare-earths
which lead to high luminescence emission. Hence, these

2.4a EDX–SEM micrograph analysis: Figure 5 discusses the
SEM micrograph with compositional analysis and elemental
mapping using EDX. The results have been tabulated which
affords a semi-quantitative observation of the elemental
composition of RE-doped barium borate glasses in units of
both wt% and at%. The results reveal that Ba, Si, Pr and Nd are
the primary elements present within the inspection field, with
Ba being the most abundant. Existence of oxygen % more is
due to the presence of borate units. The red rectangle in the
inset image shows the selected EDX inspection field. Solid
particles of rare-earths-doped glass act as heterogeneous
nucleation sites and can separate at the interface of lattice
structure. The rare-earths Nd3? is likely observable which is
consistent with the least fragments appearing in the SEM
micrograph of barium borate glass-doped with Nd as shown in
figure 6. The micrograph shows that the grains are not uniformly distributed over the entire surface of the glass. The
product on the boundary layer of the barium borate glass doped
with Pr2O3 and Nd2O3 shows that after adding Pr3? and Nd3?,
the content of boron ions significantly reduces, and that of the
other elements (silicon and barium) has little change. This
shows that rare-earth can constrain the precipitation of barium
and boron ion. Table 1 represents elements composition in
EDX spectra of Pr3? and Nd3? co-doped barium borate glass.
2.5a Determination of thermal and electrical conductivities:
Thermal conductivity is temperature-dependent heat conductance phenomena and it measures the quantity of heat
transmitted through a material. It is highly dependent on
elemental composition and structure. Thermal and electrical
conductivities measurements (figure 7) were obtained for this
glass matrix in the temperature range of 30–500°. Fundamentally, the electrical conductivity is measured as the
reciprocal of electrical resistivity and it is expressed as:
re ¼

1
l
¼
ðXmÞ1 ;
q AR

ð1Þ

257

Page 4 of 10

Bull. Mater. Sci.

(2021) 44:257

Figure 6. SEM microstructure of grain boundaries of Pr–Nd–BB glass: (a) 5 and (b) 10 lm.
Table 1. Elements compositions in EDX spectra of Pr3? and
Nd3? co-doped barium borate glass.
Element

Wt %

At %

C
O
Si
Ba
Pr
Nd

05.34
24.76
06.28
52.60
6.32
4.70

16.00
57.83
8.36
14.31
01.68
1.22

q is the electrical resistivity (Xm), A and l are the area and
length of the glass plate, respectively, and R is the resistance
(X) which resist the charged ions motion in the glass
material for an applied potential. Thermal conductivity
linked with electrical conductivity (re) was measured using
the well-established Wiedemann–Franz law [20]:
k ¼ reTLðW mK1 Þ;

ð2Þ

where re is the electrical conductivity, T the absolute
temperature and L the Lorentz constant (2.45 9 10-8
WX K-2). In Pr3? and Nd3? co-doped barium borate glass,
these rare-earth metal ions make a special metallic bonding
with the p-conjugated planer [BO3]3- anions. The bonded
atoms share their valence electrons and forms enormous
free moving conduction electrons which enhance both
electrical and heat conductivities. As shown in figure 7, the
thermal conductivity increases with the average velocity of
ions and this increases the forward transmit of energy.
Though, the electrical conductivity decreases with an
increase in ions velocity due to collisions, distract the
valence electrons from forward transport of charge. At the
lowest temperature, lattice distortions produce high

Figure 7. Variations in thermal and electrical conductivities with
temperature in Pr–Nd–BB glass.

temperature which makes it resist the flow of electrons, and
this causes the thermal conductivity of the glass to decrease.
Heat transfer occurs at a higher rate in materials with higher
thermal conductivity than with lower thermal conductivity.
This glass matrix shows the high thermal conductivity
which is widely used in heat sink applications.
2.6a Determination of specific heat capacity and thermal
diffusivity: The thermal properties of the RE-doped barium
borate glass, such as specific heat capacity Cp and thermal
diffusivity a were measured using DSC analysis in a flow of
purified nitrogen with the heating rate of 5°C min-1 in the
range 30–500°C. The specific heat capacity is calculated by:
Cp

dT
1 dQ
¼ 
;
dt
m dt

ð3Þ

where dT/dt is the heating rate (K s-1), dQ/dt the heat flow
(W) and m the mass (kg) of the sample. The temperature
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Figure 9. Variations in thermal diffusivity and effusivity with
temperature in Pr–Nd–BB glass.

Specific heat capacity of Pr–Nd–BB glass.

difference between the material and reference sample
throughout the heating and/or cooling are measured.
Figure 8 shows the variations of specific heat capacity with
the temperature for the Pr–Nd–BB glass material. Specific
heat capacity is inversely related to their respective atomic
weights of the system. In this glass matrix, dopant of heavy
atomic mass of rare-earths Pr3? and Nd3? enhances the
weight fraction and it significantly reduce the heat capacity
of the glass. Hence, the internal energy associated in the
glass system due to the vibrational and rotational energies
of the molecules and as the temperature increases more of
these energy levels gets excited which lead to an increase in
the heat capacity.
Thermal diffusivity measures the ability of a material to
transmit the difference in temperature, whereas the thermal
effusivity describes the ability to exchange heat energy with
its surroundings. The thermal diffusivity and effusivity are
calculated using the following equations [21,22]:
k  2 1 
a¼
ð4Þ
ms ;
qCp
and
b¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kqCp

ð5Þ
2

-1
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where a is the thermal diffusivity (m s ), b the thermal
effusivity, k the thermal conductivity (W m-1K-1), Cp the
specific heat capacity (J kg-1K-1) and q the density
(kg m-3). The density is an essential parameter to analyse
the changes in structure of the materials, and it was measured for the Pr–Nd–BB glass to be 4395.604 g cm3.
Figure 9 shows that the values of a for Pr–Nd–BB glass are
inversely proportional to temperature and found to be in the
range of 5.8–2.2 m2 s-1 between the temperature 30 and
500°. High thermal diffusivity at the low temperature region
revealed that the heat transfers rapidly to the material and
then, decreases with an increasing temperature. The corresponding thermal effusivity data describes that at the low

temperature, the rate of heat transfer to the surrounding is
minimum and it increases with temperature.
2.7a Dielectric study: The dielectric properties of the prepared Pr–Nd–BB glass sample with the dimensions of
t = 3.95 mm and A = 107 mm2 were measured at room
temperature using LCR Hi Tester (HIOKI, 3532-50). The
frequency-dependent dielectric constant was measured in
the range from 1 kHz to 5 MHz using the equation [23]: e0 =
Ct/eoA, where C is the capacitance of the glass, t the
thickness of the sample (m), A the cross-sectional area of
the sample (m2) and eo the permittivity of free space (8.852
9 10-12 C2 N-1 m-2). The dissipation factor (tan d) was
obtained directly from the instrument. The ac conductivity
was determined by the equation [24]:
rac ðxÞ ¼ xe0 e00 ;

ð6Þ

rac ðxÞ ¼ 2pme0 e0 tan d;
00

ð7Þ
00

where e is the imaginary part of dielectric constant (e = e0
tan d) and m the applied electrical field frequency. The
variation in dielectric constant (e0 ) of Pr3?/Nd3? co-doped
and un-doped barium borate varies as a function of frequency, as shown in figure 10. It is observed that the
dielectric constant decreases gradually with the increase in
frequency and above 10 kHz, it reaches approximately a
constant value. The ion displacement between the rareearths and host materials, produce the ionic polarizability,
whose contribution more in the lowest frequency region.
Also, the presence of space charge polarization at the grain
boundaries produces a potential barrier. These facts
accommodated the high dielectric constant occurring at the
lower frequency and there is no response of the polarization
mechanism to a higher frequency region, which causes
decrease in dielectric constant. Pr–Nd–BB glass possesses
low dielectric constant in the entire frequency region as
shown in figure 10 which has been satisfactory in covering
the required properties to the microelectronics field.
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Figure 10. Variations in dielectric constant of un-doped and
Pr3?/Nd3? co-doped barium borate glasses as a function of
frequency.
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Figure 12. Variations in ac electrical conductivity of un-doped
and Pr3?/Nd3? co-doped barium borate glasses as a function of
frequency.

ions in the triangular borate sites [BO3]3- have induced
more diploes that are polarized at the minimum frequency,
and it causes the dielectric constant and loss factor decrease
significantly. The low dielectric loss of the material may
have numerous effects on the device performance.
Figure 12 depicts the variance of ac conductivity of the
Pr3?/Nd3? co-doped and un-doped barium borate as a
function frequency, and there is no difference in conductivity between the two glasses. The conductivity pattern is
independent of the frequency up to 100 kHz, the observed
plateau region may correspond to dc nature [26], and then,
increasing gradually with frequency, increases due to interband transitions. In the high frequency region, wavelength
of the free electron which composes the material, decreases
and the energy of these ions increases. This also enhances
the conductivity in higher frequencies.
Figure 11. Variations in dielectric loss factor of un-doped and
Pr3?/Nd3? co-doped barium borate glasses as a function of
frequency.

Figure 11 shows the variations in tangent loss factor as a
function of frequency. Due to the influence of the applied
electric field, the charge carriers transfer some distances
which exists in Pr–Nd–BB glass, and these ions are
restricted at the boundaries which cause maximum tan d at a
space charge region [25]. The effect of Pr3? and Nd3? rareearth element on the barium borate glass system could be
helpful in reducing the vacancy inside the structure, and
decreasing the dielectric loss factor. The electronic configuration of the Pr3? and Nd3 (i.e., 4f3 and 4f4) has almost
unique subshell, due to their incomplete state and localization, 4f subshell easily releases and/or acquire other electrons. These rare-earths coordinate with other atoms to fill
the possible vacancies. Dopants of Pr3? and Nd3? rare-earth

2.8a Mechanical characteristics: Hardness analysis should
be considered in context with some material properties,
such as elasticity, yield strength, toughness, brittleness, etc.
Hardness nature refers to the resistant to permanent deformation, while placing a material to an increase in load.
Usually, the Vickers hardness test provides a better accuracy for softer materials that do not need high loads. The
hardness number (Hv) of the material is determined using
this relation [27]:


Hv ¼ 1:8544P=d2 kg mm2 ;
ð8Þ
where P is the applied load in kg and d the diagonal length
of indentation impression in mm. An indentation size effect
(ISE) is a mechanical fact which represents the changes in
the hardness number dependent on the applied load.
Figure 13 shows the outcome, the hardness number
decreases linearly up to 200 g with increase in the load
value, and there was no observed crack-like deformation
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Figure 13. Variations in hardness number as a function of load
value and Mayer’s plot (inside) in Pr–Nd–BB glass.

257

Figure 14. Hardness number vs. yield strength of Pr–Nd–BB
glass.

within this range. This decreasing behaviour of the hardness
is in agreement with direct indentation size effect (DISE).
The DISE phenomenon essentially takes place in ceramic
materials which readily undergo elastic deformation. The
Mayer’s law relates the applied load and indentation diagonal length which are used to determine the work-hardening
coefficient (n).
P ¼ Kdn ;
log P ¼ log K þ n log :

ð9Þ
ð10Þ

Here, K is the material constant and n value was measured to be 2.96 through the slope between log P and log d.
As per Onitsch theory [28], the n existence between 1 and
1.6 comparatively for hard material and it is above 1.6 for
softer category. Thus, the Pr–Nd–BB glass material belongs
to the soft-material category. The yield strength in tension is
about 1/3 of the hardness value [29], (ry = (Hv/3), whereas
the tensile strength of the Pr–Nd–BB glass has been measured using a linear mathematical relation [30], T = 0.2Hv ?
6. Both are measures of material’s resistance to failure by
fracture or crack under the loads. The deformation is permanent where the applied load is higher than the yield
strength. Figure 14 shows that the yield strength increases
with increase in hardness number. Pr3? and Nd3? co-doped
rare-earth ions are primarily distributed at the interface of
the glass matrix and the grain boundaries. The yield strength
of the Pr–Nd–BB glass was significantly improved by
reducing the cast grain size due to the addition of huge rareearth atoms.
The elastic stiffness (C11) constant is a mechanical
component which measures the resistance against elastic
deformation when a load is applied and it is calculated by
Wooster’s empirical relation (C11 = (Hv)7/4) [31]. Figure 15
shows the plot between the applied load and stiffness constant which indicates the stiffness constant decreasing with
the increase in loads. High value of C11 confirms that the

Figure 15. Variations in stiffness constant of Pr–Nd–BB glass as
a function of applied load.

force of binding between the rare-earths and cations are
relatively strong in the Pr–Nd–BB glass. Fracture toughness
is another mechanical property that describes material’s
ability to resist fracture measured by the given relation [32]:
Kc ¼ P=bC 3=2 ;

ð11Þ

where P is the applied load, C the crack length (C  d/2)
and b = 7 is a geometrical constant for the Vickers indenter.
The crack system is a median or half penny and Palmqvist
type for the c/d C 2.5 and c/d\2.5, respectively, where d is
the length of the half diagonal of the indent and the outcome
suggested for this glass is that the nature of crack is median.
Brittleness measures the property of a material under the
applied load, but has a small tendency to distort before its
deformation. Brittleness index, B is calculated from the ratio
of the hardness number with the fracture toughness [33].

Load (g)
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Mechanical parameters of Pr-–Nd–-BB glass.
Hv (kg/mm-2)

ry (GPa)

C11 (1014 Pa)

c/a

Kc (103 kg m-3/2 )

Bi (104 m-1/2)

T (MPa)

480
320
280
241
145

1.56
1.04
0.94
0.78
0.47

492.2
242.1
191.6
147.4
60.5

5.538
4.118
3.776
2.696
2.060

0.236
0.591
1.183
2.366
4.733

202.798
54.079
23.659
10.182
3.063

1000
686
608
531
343

10
25
50
100
200

Bi ¼ Hv =Kc :

ð12Þ

The mechanical parameters of Pr–Nd–BB glass are listed
in table 2. This ensures that the glass is mechanically
stable and suitable for device fabrication.
2.9a Gamma-ray shielding features and detection property:
The GM counter measures the absorbance value of the
prepared glass. A 60Co cell was used as a gamma-ray source
with a dose rate of 150 rad s-1 at the temperature of 32°.
The glass resists transmitting the radiation and the intensity
values were recorded. The RE-doped prepared glass is
suitable for radiation shielding application because of its
high resistance towards gamma ray. The count calculated
for the prepared sample was 916 (1124) where the figure in
bracket indicates background counts. The mass attenuation
coefficient of the un-doped and Pr3?/Nd3? co-doped barium
borate prepared glasses were calculated in the range of
0.01–0.60 MeV using XCOM program. On penetrating a
layer of prepared glasses with mass thickness, x (mass per
unit area) and density, q, a narrow beam of monoenergetic
photons with incident intensity Io emerges with intensity I
determined by the exponential attenuation law:
 
Io
l=q ¼ x1 ln
;
ð13Þ
I
where l is the attenuation coefficient and q the mass density. Figure 16 depicts the variation in mass attenuation
coefficient of the doped and un-doped prepared glasses as
the function of photon energy. At low energies, the mass
attenuation coefficient (l/q) is high, but it decreases as
photon energy increases from 0.04 to 0.201 MeV, then it
reaches the saturation. In un-doped barium borate glasses,
the rate was nearly the same (figure 15). This result indicates that the c-radiation attenuation rate does not change
with rare-earth (Pr3?/Nd3?) dopants in barium borate glass,
and at the lower energy, the c-photon has higher probability
of interaction with the studied glasses. Due to the dominance of the photoelectric absorption mechanism, there is a
strong attenuation at lower c-photon energies. As the energy
increases, the probability of photoelectric absorption
decreases, and other two processes, such as pair production
and Compton scattering become the most dominant interactions [34].
The shielding ability of the prepared glasses was estimated using the significant values of half value layer (HVL)
and mean free path (MFP). The thickness of the material

700

Undoped BB
3+
3+
Pr /Nd co-doped BB

600

2

Table 2.
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400
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100

0
0.1

0.2

0.3

0.4

0.5

0.6

Energy (MeV)

Figure 16. Mass attenuation coefficient (l/q) of un-doped and
Pr3?/Nd3? co-doped barium borate glasses as a function of photon
energy.

required to decrease the intensity of the incident photon
beam to half of its initial value of incident photon. MFP is
defined as the average distance between two successive
photon interactions in an absorptive medium. HVL and
MFP were calculated using the following relation:
HVL ¼ ð0:693=lÞ;

ð14Þ

MFP ¼ ð1=lÞ;

ð15Þ

where l describes the fraction of a beam of photons that is
scattered or absorbed per unit thickness of the glass sample.
High value of l indicates that few numbers of photons
penetrate the glass material. The variation in HVL and MFP
as a function of energy is shown in figures 17 and 18,
respectively. From the measurement, the HVL and MFP
values decrease at lower energy region and slightly increase
at higher energy. Photon probability of interacting, specifically with the photoelectric effect is proportional to their
energy. The penetration of c-radiation is the inverse of
attenuation. With increased photon energy, the attenuation
coefficient decreases quickly causing the penetrating
capacity to increase. By filling the vacancy position, rareearth (Pr3?/Nd3?) dopant ions in barium borate glass contribute to a high-density medium, which resists radiation
greater than un-doped barium borate glass. Since, there is
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0.08
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Half Value layer (cm)
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Undoped BB
3+
3+
Pr /Nd co-doped BB

0.01
0

2
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6

8

10

12
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16

Energy (MeV)

Figure 17. Half value layer of un-doped and Pr3?/Nd3? codoped barium borate glasses as a function of photon energy.

in Zeff of Pr3?/Nd3? co-doped barium borate glass as a
function of energy is presented in figure 19. From the result,
the Zeff differs discontinuously with photon energy. The
higher value of Zeff was observed at lower photons energy
region and slightly increases with energy. This is due to the
ratio of high-atomic number rare-earths (Pr3?/Nd3?) in the
barium borate glass medium, indicating that the rare-earths
with high Zeff values can efficiently absorb incoming photons. Increase of Zeff in the high energy region due to
independent electronic interaction with the photon energy,
is well agreed with the previous data [35].

0.10

Mean Free path (cm)

0.08

0.06

0.04

0.02

Undoped BB
3+
3+
Pr /Nd co-doped BB

0.00

-2

0

2

4

6

8

10

12

14

16

Energy (MeV)
3?

3?

Figure 18. Mean free path of un-doped and Pr /Nd
barium borate glass as a function of photon energy.

co-doped

more free space in un-doped glass medium, photon interactions have a longer average distance. Thus, the factors
significantly reduce HVL and MFP of co-doped barium
glasses.
The prepared Pr–Nd–BB glass consists of different elements and it is suitable to define the sample character in
terms of equivalent elements, called as the effective atomic
number (Zeff). It is made up of electrons in rare-earth metal
atoms as well as bonding electrons from electron-donating
atoms and molecules in the vicinity. The Zeff depends on ra
and re and calculated using the relation:
Zeff ¼ ðra =re Þ;

Figure 19. Effective atomic number (Zeff) of prepared Pr–Nd–
BB glass as a function of photon energy (inset: variation in Zeff vs.
photon energy in the range from 3.5 to 10 MeV).

ð16Þ

where ra and re are effective atomic cross-section and total
electronic cross-section for auto-Zeff program. The variation

3.

Conclusions

Pr3? and Nd3? rare-earths ions co-doped with BaCO3–
H3BO3 glass ceramic was synthesized using muffle furnace.
Powder XRD analysis confirms the amorphous nature of
prepared glass. Vibrational absorption bands reveal the
presence of both BO3 and BO4 units in the structure. They
also specify that the Ba ions are acting as modifier in the
structural matrix. Various absorption peaks in the UV–Vis
regions corresponding to their electronic transition were
investigated. The lower cut-off wavelength observed at 204
nm was associated with the optical band gap energy
(3.1 eV) of this ceramic due to the electronic transitions in
UV region. SEM–EDX analysis confirmed the atomic and
weight percentages of each element composition in the
glass with their microstructure. The thermal and electrical
conductivities were measured as function of temperature
and it was found that the thermal conductivity is high at
higher temperature. Specific heat capacity (Cp) of the title
material linearly increases with an increase in the temperature. Thermal diffusivity (a) and effusivity (b) of the Pr–
Nd–BB glass were calculated which show inverse
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behaviour as a function of temperature. Thermal effusivity
of the material proposed that low amount of heat energy is
transferred to the surroundings at higher temperature. The
dielectric properties improved significantly with doping of
rare-earths on the barium borate glass. The material displayed low dielectric constant (e0 ) which varies from 0.31 to
0.22 and loss factor (tan d) varies from 0.6 to 0. The
microhardness study showed that the material belong to soft
category and variations in other mechanical parameters (ry,
T, C11, Kc and Bi) were measured as a function of applied
loads. Gamma-ray shielding parameters, such as mass
attenuation coefficient (l/q), HVL, MFP and Zeff were
measured for the proposed glass samples, and the prepared
glass was found to be a suitable material for gamma-ray
shielding applications.
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