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a b s t r a c t

The mechanical features evaluated theoretically using Makishima-Mackenzie's model for glasses xBaO-
(50-x) PbOe50P2O5 where x ¼ 0, 5, 10, 15, 20, 30, 40, and 50 mol%. Wherefore, the elastic characteristics;
Young's, bulk, shear, and longitudinal modulus calculated. The obtained result showed an increase in the
calculated values of elastic moduli with the replacement of the PbO by BaO contents. Moreover, the
Poisson ratio, micro-hardness, and the softening temperature calculated for the investigated glasses.
Besides, gamma and neutron shielding ability evaluated for the barium doped lead phosphate glasses.
Monte Caro code (MCNP-5) and the Phy-X/PSD program applied to estimate the mass attenuation co-
efficient of the studied glasses. The decrease in the PbO ratio has a negative effect on the MAC. The
highest MAC decreased from 65.896 cm2/g to 32.711 cm2/g at 0.015 MeV for BPP0 and BPP7, respectively.
The calculated values of EBF and EABF showed that replacement of PbO with BaO contents in the studied
BPP glasses helps to reduce the number of photons accumulated inside the studied BPP glasses.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Materials used for nuclear safety must-have sole characteristics
such as a suitable transparent, non-corrosive, withstanding high
stress, and non-toxic [1].Wherefore, great attentionwas directed to
the use of the glass materials as radiation shielding due to their
superior functionality compared to traditional shielding materials
such as concrete and polymer [2e4].

Recently, glass compositions have been utilized in a wide range
of protons, alpha, and ionizing radiation absorption in X-ray ex-
amination rooms in hospitals and X-ray screening rooms in airports
[5]. Consequently, morematerials would synthesize and investigate
their shielding potentials. The unique physical, thermal, mechani-
cal, and optical properties of glass places them in a pivot position
among materials that would be significant players in the quest to
find novel shielding materials [6e9]. The reasons, as mentioned
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above, explain why many glasses suggested for their radiation
shielding capability with exciting results. These include but not
limited to, silicate-, borosilicate-, tellurite-based glass systems, etc.,
[10e16].

Phosphate-based glasses are characterized by noticeable fea-
tures that make them more appropriate for several applications
such as laser host matrices [17,18], optical devices [17e19], and
glass-to-metal seals [18]. The addition of certain metal oxides such
as Al2O3, Fe2O3, ZnO, Bi2O3, and PbO to P2O5 glasses improve their
chemical durability [18,20,21]. These additives lead to an increase
in the average bond strength and cross-link density within phos-
phate chains. Therefore, phosphate glasses are very favorable can-
didates for long term storage of high-level nuclear wastes
[20,22,23]. Among various phosphate glass systems, the alkali free
PbOeP2O5 glass systems are known to be more stable against
devitrification and moisture resistant. In contrast to the conven-
tional alkali/alkaline earth oxide modifiers, PbO has the ability to
form stable glasses due to its dual role; one as the modifier [24,25]
if PbeO is ionic and the other as the glass former, if PbeO is
covalent.

From formal reports, lead oxide (PbO) plays as networkmodifier
depending on its content [26], whereas barium oxide (BaO) is
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considered as network modifier oxide in the glass structure [27,28].
Doweidar et al. [28,29] reported that in B2O3ePbO glass systems,
the PbO plays as a modifier oxide up to 50 mol%, and above that
content, it can form PbO4 tetrahedra through sharing corners with
PO4 units. This trend leads to an increase in the cross-linking of the
network via the formation of PeOePb linkages. On the other hand,
Doweidar et al. [30] reported that the PbO4 tetrahedrawere formed
with increment the content of PbO for more than 20 mol% in the
glass composition. The role of PbO insertion on structure, physical,
optical, and radiation shielding properties investigated via several
authors [27e35].

In radiation shielding using shields, the emphasis is mostly
placed on photons (gamma- and X rays) and neutrons because of
their penetrating ability compared to other forms of ionizing ra-
diation. Validation of the competency of any glass system to func-
tion as a shield must, therefore, include the study of shielding
parameters of these radiations [31e36].

The objective of this work is to evaluate the mechanical prop-
erties of the lead phosphate doped BaO glasses. Furthermore, assess
and analyze the ability of barium doped lead phosphate glasses to
attenuate the incoming photons and fast neutrons.
2. Materials and methods

2.1. Mechanical properties

To achieve the objective of this study, eight glasses of barium
doped lead phosphate glasses concerning the formula xBaOþ(50-x)
PbOþ50P2O5, where x ¼ 0e50 mol % were chosen from Ref. [36] as
listed in Table 1. The density observed to decrease from 4.70 to
3.65 g cm�3, with an increase in the BaO insertion ratio from 0 to
50 mol %. The main reason for reducing the glass density is the
replacement of the PbO content with molecular weight
(MW ¼ 223.199 g/mol) by BaO with molecular weight
(MW ¼ 153.326 g/mol).

According to Makishima-Mackenzie's model, the elastic prop-
erties of BaOePbOeP2O5 glasses evaluated at room temperature
(298 K). The elastic moduli computed theoretically based on the
values of the packing factor (Vi) and the heat of formation for each
compound (dissociation energy, Gi, kJ/cm3) constituting the glass
network [37,38], it is described by equation (1). Based on the
calculated values of dissociation energy (Gt) and the packing den-
sity (Vt), elastic characteristics such as Young (Y), bulk (B), shear (S),
and longitudinal (L) modulus calculated according to equations
(3)e(6). Poisson ratio (m) is a measure for the expansion generated
in the material in a direction perpendicular to the compression
direction, it can be described by equation (7). Moreover, the micro-
hardness (H, GPa) is used to describe the hardness of the materials
in micro scale when it is exposed to low applied loads. It can be
described by equation (8).
Table 1
Chemical composition, density, molecular weight, and molar volume of xBaOþ(50-x) Pb

Sample code Chemical composition (mol %) Density (g cm�3)

BaO PbO P2O5

BPP0 0 50 50 4.70
BPP1 5 45 50 4.60
BPP2 10 40 50 4.50
BPP3 15 35 50 4.40
BPP4 20 30 50 4.30
BPP5 30 20 50 4.05
BPP6 40 10 50 3.85
BPP7 50 0 50 3.65
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The Gi, Vi, and Xi represent the dissociation energy, packing
factor, and molar fraction of the ith constituent compound in the
glass network while r and M refer to the density and molecular
weight of the studied glass.
2.2. Shielding parameters simulation

The average track length of gamma simulated for the barium
doped lead phosphate (BPP) glasses using the Monte Carlo code
(MCNP-5) at different gamma-photon energies. Accurate estima-
tion of the average track length for ionizing radiation using MCNP
required an input file. This input file should contain all necessary
data about the geometry locations and constituents, the used
sources (SDEF card), and composition (material card). In the pre-
sent study, the geometry used for simulation is specified in Fig. 1
where all tools are set up according to the experimental facilities.
A monoenergetic gamma-ray source located inside a collimator of
lead with the highest 15 cm and diameter 7 cm and has a slit with a
diameter of 1 cm. According to the present work, the samples
molded in a disk formwith a diameter of 5 cm. The studied samples
placed at a distance of 10 cm from the radioactive source. Finally,
the detector assumed to be F4 tally and located at a distance 10 cm
far from the BPP glasses. The simulation was carried out using NPS
card ¼ 106 particles. The uncertainty recorded in the MCNP-5 code
Oþ50P2O5, x ¼ 0,5, 10, 15, 20, 30, 40, 50 mol % glasses.

Molecular weight (g mol�1) Molecular volume (cm3 mol�1)

182.57 38.85
179.08 38.93
175.58 39.02
172.09 39.11
168.60 39.21
161.61 39.90
154.62 40.16
147.64 40.45



Fig. 1. The geometry used for simulation gamma ray shielding parameters [39e41].

Fig. 2. The variation of packing density (Vi) and dissociation energy(G) of the studied
glasses versus the BaO contents.
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output file varied around ± 1% [39e41].
After that, the estimated average track length used to calculate

essential shielding parameters such as linear attenuation coeffi-
cient (LAC), mass attenuation coefficient (MAC), and others that can
be estimated via Phy-X/PSD program [42].

3. Results and discussion

The present work deals with a study of the substitution effect of
PbO by BaO contents on the mechanical properties of the investi-
gated glasses. Wherefore, the elastic characteristics such as
Young's, bulk, shear, and longitudinal modulus, Poisson ratio (m),
micro-hardness (H), and softening temperature (Ts) are calculated.
The calculations based on the dissociation energy (Gi) and packing
factor (Vi) for metal oxides constituting the investigated glass.
Packing factor (Vi) and dissociation energy per unit volume (Gi, kJ
cm�3) are the basic units in the Makishima-Mackenzie theory. The
computed data of Gt, Vi, and packing density (Vt) listed in Table 2.
The variation of the calculated dissociation energy (Gt, kJ cm�3),
and packing factor (Vi, cm3 mol�1) versus the BaO content illus-
trated in Fig. 2. Fig. 2 depicts that the variation of the calculated
dissociation energy (Gt, kJ cm�3) versus the BaO content is
completely opposite to the packing factor (Vi) of the investigated
glasses. The dissociation energy for the investigated glasses found
to increase in the range between 26.750 and 33.850 kJ cm�3 while
the packing factor decreased from 23.250 to 21.900 cm3 mol�1 with
increasing the BaO between 0 and 50 mol %. This is due to the
substitution of the PbO (Gi ¼ 25.3 kJ cm�3 and Vi ¼ 11.7 cm3 mol�1)
with BaO (Gi ¼ 39.5 kJ cm�3 and Vi ¼ 9 cm3 mol�1) [43].

The elastic properties calculated according to Eqs (1)e(9) and
listed in Table 2. Table 2 utilized that Young's model is directly
proportional to the dissociation energy of investigated glasses.
Wherefore, Young's modulus observed to increase with an increase
in the BaO contents. The variation of Young's modulus versus the
BaO insertion ratio illustrated in Fig. 3. In Fig. 3, Young's model
increased in the range from 32.021 to 36.655 GPa. Eqs (4)e(6) de-
picts that bulk's, shear, and longitudinal modulus are based on and
Table 2
The mechanical properties of the investigated BPP0-BPP7 glasses.

Glass code Mechanical properties

Vi (cm3 mol�1) Gt (kJ cm�3) Vt (cm3 mol�1) E (GPa) B (GPa

BPP0 23.250 26.750 0.599 32.021 22.999
BPP1 23.115 27.460 0.594 32.609 23.234
BPP2 22.980 28.170 0.589 33.181 23.450
BPP3 22.845 28.880 0.584 33.737 23.647
BPP4 22.710 29.590 0.579 34.278 23.825
BPP5 22.440 31.010 0.562 34.877 23.536
BPP6 22.170 32.430 0.552 35.804 23.717
BPP7 21.900 33.850 0.541 36.655 23.816
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directly proportional to Young's modulus. Therefore, mechanical
moduli (bulk, shear, and longitudinal) observed to increase with an
increase in the BaO contents. This increase is due to the increase of
the glasses's Gt form 26.750e33.850 kJ cm�3 and decreasing the
packing density from 0.599 to 0.541 with the replacement of PbO
with BaO content. Also, the detected increase mechanical moduli
this is also related to replacement of PbeO bonds with
(Gi ¼ 25.3 kJ cm�3 and Vi ¼ 11.7 cm3 mol�1) by BaeO bonds with
(Gi ¼ 39.5 kJ cm�3 and Vi ¼ 9 cm3 mol�1). The straight lines in Fig. 3
showed the linear fitting of the calculated results where the values
of R-square are 0991, 0.987, 0.995, and 0.959 for Young's, bulk,
shear, and longitudinal modulus, respectively. Poisson ratio and the
micro-hardness of the investigated glasses observed to have
construct modes of variation with the BaO ratio see Fig. 4. Poisson
ratiowas found to decrease between 0.268e0.243, while themicro-
hardness increased from 1.953 to 2.521 GPa with an increase in the
BaO ratio from 0 to 50 mol%.

The predicted results were compared to some experimental
results for two previously fabricated glasses like our BPP1 and BPP7
glasses, as listed in Table 2. The predicted mechanical moduli as
well as the Poisson ratio, and micro-hardness for BPP1 and BPP7
glasses are comparable to the experimental results received for
glasses 50P2O5e50PbO and 50P2O5e50ZnO that reported in
Ref. [44]. In addition, softening temperature (Tg) used to describe
the critical temperature where the glass transition occurred above
this temperature. The variation of Tg versus the BaO content illus-
trated in Fig. 5. The calculated values of Tg observed to increase
gradually with an increase in the BaO insertion ratio. Tg values
increased from 205.682 to 321.900 �C. This increase in the Tg is due
to the replacement of PbO (melting point ¼ 888 �C) by BaO with a
) S (GPa) m H (GPa) L (GPa) Softening temperature (oC)

12.627 0.268 1.953 39.835 205.682
12.878 0.266 2.008 40.405 214.795
13.124 0.264 2.063 40.949 224.268
13.364 0.262 2.119 41.466 234.127
13.600 0.260 2.174 41.958 244.400
13.917 0.253 2.291 42.092 270.247
14.340 0.248 2.405 42.837 294.814
14.739 0.243 2.521 43.468 321.900



Fig. 3. The variation of the mechanical module (Young, bulk, Shear, and Longitudinal) versus the BaO contents.

Fig. 4. Variation of the Poisson ratio and the microhardness of as a function of the BaO
content in the studied glasses.

Fig. 5. Changing of the softening temperature as a function of the BaO content in the
studied glasses.
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higher melting point (melting point ¼ 1923 �C).
To examine the shielding capacity of the investigated glasses,

the mass attenuation coefficient (MAC) has been evaluated. Phy-X/
PSD program and MCNP-5 code are two different methods used to
3819
estimate the MAC. Fig. 6 introduces the simulated and theoretically
calculated MAC versus the photon energy in the range
0.015e15MeV. It is more evident from the two figures that theMAC



Fig. 6. The MAC of barium doped lead phosphate (BPP4-BPP7) glasses versus gamma
photons energy.

Fig. 7. The HVL of barium doped lead phosphate (BPP0-BPP7), RS 253-G18 and Rs-360
shielding glasses versus gamma photons energy.
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acquires the highest values at the very low energy photons. After
that, the obtained MAC values decreased sharply with an increase
in the photon energy up to 0.1 MeV, where the photoelectric
interaction probabilities decreased with increasing the photons
energy in this region and vary with Z4/E3.5. During the interaction
all photon energy is consumed to eject one boundary photon and
the photon annihilated inside the glass layers. Thus, the attenuation
capacity is higher in the PE interaction region. From 0.1 up to
3 MeV, the MAC has a quiet variation with photon energy. This is
due to Compton scattering. Besides, the MAC has a minimal change
with the incoming photon energy at gamma photon energy range
from 3 up to 15 MeV because of the pair production interaction in
this zone.

To study the effect of replacement of PbO by BaO contents on the
shielding capacity of the glasses, one found that the decrease in the
PbO ratio has a negative effect on the MAC values that decreased
from 65.896 cm2/g to 32.711 cm2/g at 0.015MeV for BPP0 and BPP7,
respectively. At 15 MeV, the MAC values decreased from 0.041 cm2/
g to 0.032 cm2/g for BPP0 and BPP7, respectively. These results
assured the fact that the replacement of PbO with high atomic
weight containing heavy element; (Pb, Z ¼ 82) with a high ratio
with an element with another oxide with atomic number less than
PbO as the BaO that contains (Ba element, Z ¼ 56) weakens the
shielding capacity of the glasses under study. It illustrated in Figs. 2
and 3 that within the decrease of the MAC values in the low energy
photons, one noted an increase in one or two positions according to
the K-absorption edges of elements forming the composition of the
glasses (Pb and Ba). In Fig. 6, one found only a characteristic and
sharp peak at 0.088 MeV related to Pb with the highest weight
fraction ratio 0.5674 while no peak found related to Ba because of
this sample free of barium. The peak associated with Pb gradually
decreased till it vanished at BPP7 that is free of lead, on the other
hand, an increase in MAC found at 0.0374 MeV (tiny peak) associ-
ated with Ba in the glass composition. This peak began to increase
till reaching its maximum position at BPP7 that characterized the
highest weight fraction of Ba is 0.4651. The obtained data from
theoretical and simulation methods presented in Tables S1, the
relative deviation calculated, and the results matched each other.
Finally, we find the MAC values exhibit the order that (MAC)BPP0>
(MAC)BPP1> (MAC)BPP2> (MAC)BPP3> (MAC)BPP4> (MAC)BPP5>
(MAC)BPP6> (MAC)BPP7. These results introduced BPP0 as a superior
3820
candidate to shield against gamma radiation among all BPP glasses.
Half value layer is a parameter that presents the desiredmaterial

thickness needed to attenuate half of the incident photons and is
plotted in Fig. 7 for the BPP glasses. The HVL is inversely propor-
tional to the LAC of the studied glasses. Thus, the thinner values of
the HVL achieved at low gamma-photon energy. After that, the HVL
increased gradually with increasing photon energy. Glass coded
BPP7 has the highest HVL value varied in the range of
0.006e5.927 cm at gamma-photon energy varied in the range be-
tween 0.015 and 15 MeV. On the other hand, glass coded BPP0 has
the lowest HVL values and changes between 0.002 and 3.595 cm at
gamma photon energy between 0.015 and 15 MeV, respectively. It
is worth noting that BPP compared with two commercial materials,
namely RS-253-G18 and RS 360. Results reveal that most of the
selected BPP glasses have better gamma-ray shielding capacity
than RS-253-G18, while all BPP glasses have better shielding ca-
pacity than RS 360.

Dependence of the effective atomic number (Zeff ) of BPP0eBPP7
glasses on photon energy depicted in Fig. 8. The highest Zeff ob-
tained for BPP0 and varied in the range between 67.76e32.25 while
the lowest achieved for glass BPP7 and changed from42.21 to 21.88.
The behavior of the Zeff can be similarly discussed as mass attenu-
ation coefficient trend with photon energy according to the inter-
action mechanism of photons with matter. Furthermore, the
sample with higher MAC (BPP0) has also the highest Zeff .

Moreover, the software program Phy-X/PSD was applied to
calculate the buildup factors EBF and EABF (exposure buildup factor
and energy absorption buildup factor respectively) for the studied
BPP glasses at various penetration depth (PD) and gamma photon
energy (E) [42]. The obtained EBF and EABF results for the studied
BPP glasses were plotted against the incoming gamma photon
energy and the barium concentration, as presented in Fig. 9. Ac-
cording to these figures, two essential points should be discussed.
The first point is the variation of EBF and EABF values versus the
incoming gamma photon energy. The lowest EBF and EABF values
detected for low photon energy, where the photoelectric interac-
tion (PE) is the dominant gamma photon interaction. The incoming
photon energy is totally absorbed by the boundary electron in the
studied glasses. Thus, the photons absorbed in the studied glasses
and prevented from accumulating. In the PE interaction region,
there two increases in the values of EBF and EABF were detected



Fig. 8. The Zeff of barium doped lead phosphate (BPP0-BPP7) glasses versus gamma ray
photon energies.

Fig. 9. The exposure and energy absorption buildup factors (EBF and EABF) of barium
doped lead phosphate glasses (BPP0-BPP3) versus gamma photons energy.
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around 0.04 and 0.09 MeV. The first increase is due to the X-ray
absorption K-edges of Ba, while the second is due to the absorption
K-edges of Pb. The amplitude of the K-absorption peaks for Ba and
Pb are directly proportional to the ratios of their compounds (BaO
and PbO) in the studied BPP glasses. Above 0.1 MeV, the Compton
scattering interaction (CS) began to increase and reached the
maximum around 1 MeV. Thus, the calculated values of EBF and
EABF were progressively increasing with the increase of the
incoming gamma photon energy. The gradual increases in the EBF,
and EABF values are due to the accumulation of incoming photons
inside the studied BPP glasses. During the Compton scattering
process, only a part of the incoming photon energy is removed to
eject a boundary electron. Above 1.5 MeV, the calculated values of
the buildup factors were slowly reduced again due to the pair
production interaction (PP). During the PP interaction, the energy
of incoming photons consumed to produce an electron-positron
pair. Above 8 MeV, a rapid increase in the EBF and EABF values
was detected, especially at high penetration depth (PD > 20). The
second point is the variation of the buildup factors is the BaO
contents. The calculated values of EBF and EABF showed that
replacement of PbO with BaO contents in the studied BPP glasses
helps to reduce the number of photons accumulated inside the
studied BPP glasses. In order to assume a good suitable shielding
material, they should have both suitable shielding capacity and
hardness. Thus, the variation of the glasses’microhardness and the
LAC (shielding capacity) versus the BaO ratio inserted to the glass
was illustrated in Fig. 10. The investigated glasses LAC increases
while the micro-hardness decreases with increasing the BaO
insertion ratio. The best shielding capacity achieved for glasses
without BaO concentration (i.e., BPP1) while the best hardness
achieved for glasses with BaO of 50 mol% (i.e., BPP7) while the
lowest achieved for glasses without BaO contents (i.e., BPP1). As
shown in Fig. 11, the best glass samples which have a suitable
shielding and mechanical materials are that have BaO content
around 25 and 30 mol%. These glasses have linear attenuation co-
efficient around 0.465 cm-1 at 0.5 MeV, and their micro-hardness
2.25 GPa.

The calculated effective removal cross-section
P

R (cm2 g�1) of
the fast neutrons for the studied BPP0-BPP7 glasses plotted in
Fig. 11. The

P
R observed to increase gradually with increase BaO
3821
contents on the studied BPP glasses. This increasemay be due to the
replacement of PbO, which has a higher density (9.53 g cm�3) and
molar mass (223.2 g mol�1) with BaO, which has a lower density
(5.72 g cm�3) and molar mass (153.33 g mol�1). The smallest fast
neutron effective removal cross-section is equaling 0.0211 cm2 g�1

and obtained for the studied glass BPP0 while the highest effective
removal cross-section is equaling 0.0248 cm2 g�1) and received by
the studied glasses BPP7.
4. Conclusion

In this article, the mechanical properties of the barium doped
lead phosphate glasses evaluated using Makishima-Mackenzie's
model. The elastic moduli, such as Young, bulk, shear, and longi-
tudinal, enhanced with the replacement of the PbO by BaO con-
tents. Also, the micro-hardness and softening temperature increase
with an increase in the ratio of BaO in the investigated glass.
Furthermore, the radiation shielding properties for gamma - pho-
tons and fast neutrons analyzed and evaluated. Results revealed



Fig. 10. Assess of the fabricated glass' attenuation capacity and the mechanical
properties.

Fig. 11. The effective removal cross section of fast neutrons SR for barium doped lead
phosphate glasses.
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that the decrease in the PbO ratio has a negative effect on the MAC
values. Besides, in terms of HVL, the BPP7 glass sample has the
highest value while BPP0 has the lowest value. Furthermore, the
calculated values of EBF and EABF showed that replacement of PbO
with BaO contents in the studied BPP glasses helps to reduce the
number of photons accumulated inside the studied BPP glasses.
Finally, the lowest fast neutron effective removal cross equaling
(
P

R ¼ 0.0211 cm2 g�1) and obtained for the studied glass BPP0
while the highest effective removal cross-section equaling
0.0248 cm2 g�1 and received for the studied glasses BPP7.
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