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Investigations of some elastic and shielding properties
of barium zinc phosphate glass containing lead ions

E. Banogitah®, F. Djouider®®, M. R. Alnowaimi*", A. M. Alhawsawi*®,

E. B. Moustafa®, A. H. Hammad®"

“Nuclear Engineering Department, Faculty of Engineering, King Abdulaziz
University, P.O. Box 80204, Jeddah 21589, Saudi Arabia

bCenter for Training & Radiation Prevention, King Abdulaziz University, P.O.
Box 80204, Jeddah, 21589, Saudi Arabia

‘Mechanical Engineering Department, Faculty of Engineering, King Abdulaziz
University, P.O. Box 80204, Jeddah 21589, Saudi Arabia

Center of Nanotechnology, King Abdulaziz University, Jeddah 21589, Saudi
Arabia

The current research focuses on improving some of the physical and radiation properties
of barium zinc phosphate glass containing lead oxide. The Makishima-Mackenzie model
evaluates the elastic parameters. The XCOM database simulation predicts the shielding
properties. Furthermore, the glass composition and the simulated X-ray or gamma-ray
energy predict the shielding behavior. The optimal thickness for all glass samples to
achieve a 90% reduction in intensity at an energy of 59.54 keV is 5.2 mm. These glasses
have great potential as materials for shielding against gamma and X-rays.
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1. Introduction

Phosphate glasses are promising vitreous materials for a wide range of different
technological applications, such as laser host [1], glass-metal sealing [2], ionic conducting
materials [3], biocompatible materials [4], and radiation technology [5]. On the other hand, the
hygroscopic nature and weak chemical durability of phosphate glasses restrict their applications.
However, the introduction of certain metal oxides to phosphate networks improves and enhances
the chemical durability of such materials [6].

For the purpose of manufacturing radiation shield materials, glasses made of heavy metal
oxides have been constructed. In addition to their transparency and hardness, they are also capable
of effectively absorbing radiation, which allows them to overcome the limitations of traditional
and opaque materials [7, 8]. The rigidity of glass demonstrates the structural toughness and
stability of the material. In general, the rigidity of glass can be approximated through the
examination of its mechanical and elastic properties [9].

The purpose of this study is to investigate the elasticity and shielding properties of barium
zinc phosphate glass that contains varying concentrations of lead oxide. In this study, the behavior
of the glass density is used to figure out important elastic parameters and the mass attenuation
coefficient by running a Monte Carlo simulation.

2. Experimental details

The melt-annealing technique was used to prepare barium zinc aluminum phosphate glass.
The high chemical quality, greater than 99% purity, of zinc oxide (ZnO), aluminum oxide (Al,O3),
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barium carbonate (BaCQs) as a source of barium oxide (BaO), lead oxide (Pb3O4) as a source of
lead oxide (PbO), and ammonium dihydrogen phosphate (NH4sH,PO4) as a source of phosphate
(P20s). PbO was introduced at the expense of BaO with an increment of 5 mol%. ZnO, Al>Os, and
P05 ratios are fixed and become 25, 5, and 55 mol%, respectively. The samples labeled are free
PbO (0 PbO), 5 PbO, 10 PbO, and free BaO (15 PbO). After weighing the appropriate chemicals,
they were mixed, placed in a 100-ml porcelain crucible, and melted in an electrical furnace at 1250
°C for 120 minutes. The mixture was stirred several times to obtain homogenity. Finally, the melt
was poured into a preheated mold at 400 °C for 180 minutes and allowed to cool to room
temperature.

The experimental glass density (De..,) for various samples was measured using the
Archimedes method. The weight of the sample was recorded both in air and when submerged in a
stable liquid (xylene). Each sample performed three measurements to determine the level of
uncertainty.

3. The elastic parameters

The elastic properties of a material can be deduced from its physical properties.
Makishima and Mackenzie [10, 11] proposed the essential features of calculating the elastic
parameters based on two important physical parameters: the dissociation energy per unit volume
(Gy) and the ionic packing ratio (Vp). The ionic packing ratio is dependent on the glass density
(Dexp) according to the following equation [12, 13]:

ey

where Vi, M;, and x; are the packing density, the molecular weight, and the molar ratio of an oxide
(M., 0y), and the following formula is used to calculate V::

4
Vi=gmNy % (uRi; + YR3) (2)

in which Ry and R are the Shannon’s ionic radii of the cation (M) and the anion (O) [14, 15]. The
Rois equal to 1.4 A, and the ionic radii of Zn, Al, P, Ba, and Pb are 0.6, 0.53, 0.17, 1.36, and 1.18
A, respectively.

The elastic parameters used in the current investigation are Poisson’s ratio (o), Young's
(E), bulk (B), and shear (S) moduli from the following equations [10, 11]:

11 ;
=27 720, ®
E = 836V, z Gix, )
B =102 Z Gix, (5)
30 12 Z . ;
102V, — 14,7 ®

The Vickers hardness (H,) of a glass is calculated using the following equation:

H, = C(IBS)2 %
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where C is a constant equal to 0.15 calculated using the Yamane-Mackenzie procedure [16]. The
relative bond strength factor (77) computed from the equation:

_ X(fiqi€d)
= ep 2(fiq:) ®)

where f; denotes the respective mole fraction of cations (M) in one mole of glass, g; denotes the
coordination numbers of glass cations, and €; denotes the single bond strengths (M—O) in kcal.

4. Shielding simulation

XCOM: Photon Cross Sections Database is the most widely used database for simulating
and computing mass attenuation coefficients (x,) [17, 18]. By theoretically taking into account all
of the material’s interactions with photons, XCOM is a software tool that determines the total mass
attenuation coefficients of any element, compound, or mixture from 1 keV to 10* GeV. It should
be noted that the agreement between the experimental and simulated results has been verified with
an error margin of £3% [19]. The w. was calculated for X-rays with energies between 80.04 and
50.38 KeV and for gamma () rays with energies between 59.54 KeV and 2.506 MeV. The
XCOM simulation needs the weight fraction of each component in composite materials to predict
the overall attenuation coefficients.

The u, of the glass is then obtained from the XCOM database, and the following
equations are used to calculate the other radiation shielding parameters [20-23]:

LAC (em™) = pyy X Deyp 9)
tyrp (cm) = 1/LAC (10)
ty, (cm) = 0.693 X typp (11)
tryy (cm) = 2.303 X typp (12)

5. Results and discussion

Table 1 shows the response of the D.., when PbO is added to the network. The D., values
are influenced by the PbO ratio, which rises as the PbO content increases from 2.422 g/cm’ to
3.636 g/cm’. This trend involves substituting low-density BaO (5.72 g/cm?) with high-density PbO
(9.53 g/ecm®). These values are in line with the reported density values of zinc barium lead
phosphate glasses [6, 24, 25].

The deformation brought on in axes that are orthogonal to the direction of loading is
demonstrated via the Poisson’s ratio (o). The o values are commonly less than 0.5 in glasses,
which determines how the glass cross-linking network acts. A high degree of cross-linking exists
in the glass if o is between 0.1 and 0.2, and the o values between 0.3 and 0.5 indicate low cross-
linking of the glass [26, 27]. As shown in Table 1, the o of the free PbO sample is 0.198 and
increases as PbO is introduced and added to the phosphate network, reaching 0.28 at high PbO
content (the free BaO sample). As a result, the zinc phosphate glass that has been prepared has a
high cross-linked density. However, the addition of PbO could create some non-bridging oxygen
linkages and change some Q’ phosphate modes to Q* modes in the barium zinc phosphate glass
system.

Fig. 1 shows the behavior of the other elastic parameters such as E, B, S, and H,. The
values of all elastic parameters for various glass compositions are listed in Table 1. The Young’s
modulus (E) is the modulus of elasticity, which measures the tensile or compressive stiffness when
a lengthwise force is applied. The free BaO sample possesses a high elasticity of 69.648 GPa. As
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shown in Fig. 1, the intercalation of PbO into the host glass increases the tensile or compressive
stiffness. In addition, £ is dependent on the properties of the glass, including the packing density
ratio (Vp) and the dissociation energy per unit volume (2G:wx;). Although the dissociation energy
decreased from 13.695 to 13.17 when the glass composition changed from free PbO to free BaO,
the £ values increased as the Vp values increased from 0.46 to 0.62. The current £ behaves
differently from the ternary glass systems 40P,0s—(60-x)ZnO—xPbO and 50P,0s—(50-x)ZnO—-xPbO
[28]. According to Sidek et al. [28], the £ values for both glass systems decreased as the PbO
content increased, from 51.76 GPa to 38.53 GPa and from 46.06 GPa to 37.21 GPa, respectively.

The bulk (B) and shear (S) moduli describe how glass resists compression and deformation
when a parallel external force is applied to one of its surfaces. The B and S values of the free PbO
sample were 29.148 GPa and 23.597 GPa, which increased to 52.702 GPa and 29 GPa,
respectively, when PbO was added. This means that PbO strengthens the elastic properties of zinc
phosphate glasses, which can resist compression and deformation up to 52.7 GPa and 29 GPa,
respectively, when external forces are applied. According to equation (7), glass hardness values
are determined by the B and S moduli. When the BaO in the glass was completely replaced with
PbO, the hardness increased from 3.37 GPa to 4.954 GPa. This behavior is related to Poisson’s
ratio, which is associated with an increase in the cross-linking density of glass.

Fig. 2 illustrates the behavior of the 4, at different ranges of photon energies for X-rays
and gamma rays. The behavior exhibited a decrease in g, as the energy increased in both X- and
gamma rays. The u, decreased from 87.25 to 2.794 cm*/g for the free PbO sample when the
characteristic X-ray energies increased from 8.04 KeV to 50.37 KeV. The same trend in 4, was
observed for the gamma-ray energies from 59.54 KeV to 2.506 MeV, which decreased from 1.828
to 0.039 cm?/g. In addition, the introduction of PbO at the expense of BaO led to a rise in the
values of 1., as shown in Fig. 2. The , values increased from 34.26 to 53.07 cm?/g when the PbO
content rose from 0 to 15% at X-ray energy of 13.37 KeV and from 0.07618 to 0.08368 cm?/g at
gamma-ray energy of 661.7 KeV. Moreover, in the gamma-ray characteristics, there is a sharp
peak at 98.97 KeV, which is more clear at high PbO content. This could be related to the K-
absorption edge of Pb. In general, in the energy range of 8.04 KeV-0.1 MeV, the photoelectric
absorption process dominates the 1, behavior, which attributes the sharply decreasing x4, values to
an increase in photon energy, where the partial cross section is associated with 1/E*° [39-33].
When the photon energy exceeds 0.1 MeV up to 2.506 MeV, the Compton scattering process
dominates the £, behavior. The cross section is proportional to the inverse of the photon energy in
this energy range [29-33]. Therefore, the w, of the free BaO samples had higher values than the
free PbO samples.

Table 1. The ionic packing ratio (Vp), the dissociation energy per unit volume (2Gix;), relative bond strength
factor (1), and the elastic parameters [Poisson’s ratio (o), Young’s modulus (E), bulk modulus (B), shear
modulus (S), and hardness value (H,)].

Free PbO PbO5 PbO10 Free BaO
Glass Density (Dexp) (g/cm®) 2.422 2.987 3.198 3.646
Ionic packing ratio (Vr) 0.461 0.551 0.572 0.633
Dissociation energy per unit volume (X Gixi) (Kcal/cm®) 13.695 13.520 13.345 13.170
Relative bond strength factor (7)) 0.734 0.726 0.721 0.714
Poisson’s ratio (o) 0.198 0.248 0.257 0.280
Young’s modulus (E) (GPa) 52.820 62.295 63.816 69.648
Bulk modulus (B) (GPa) 29.148 41.070 43.664 52.701
Shear modulus (S) (GPa) 23.597 26.658 27.095 29.000
Hardness value (H,) (GPa) 3.371 4.233 4.380 4.954
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Fig. 1. The dependence of the elastic properties on the PbO concentration.

As shown in equation (9), the linear attenuation coefficient (LAC) reflects the 1, behavior
and the glass density (Dey). Table 2 shows the values of LAC at different X- and gamma-ray
energies for the samples. The PbO content affects the LAC values; it increases from the free PbO
sample to the free BaO sample from 211.3195 cm™ to 300.1387 cm™ at 8.04 KeV and from 0.0946
cm™ to 0.1465 cm™ at 2.506 MeV, respectively. As shown in equations (10, 11, and 12), the values
of LAC are crucial in order to calculate the other radiation parameters, such as tyrp, tuyr, and tryz.
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Fig. 2. Dependence of the i, on the photon energy for different glass compositions.
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Table 2 The LAC values of ZnO—P>0s glass containing BaO and PbO at different photon energies.

Photon energy, E (MeV) LAC (cm™)
Free PbO PbOS5 PbO10 Free BaO
0.00804 211.3195 255.3885 268.2162 300.1387
0.01337 82.9777 122.0189 150.6897 193.4932
0.0221 21.1392 37.6959 52.1593 72.2272
0.03639 5.5294 10.0632 14.0712 19.6081
0.04448 9.2907 10.7920 10.8827 11.6817
0.05038 6.7670 7.8617 7.9310 8.5170
0.05954 4.4274 5.1585 5.2223 5.6257
0.081 2.0947 2.4666 2.5235 2.7501
0.09897 1.3379 2.6046 3.7608 5.3340
0.103 1.2298 2.3803 3.4250 4.8564
0.2234 0.3761 0.5839 0.7473 0.9840
0.3029 0.2906 0.4134 0.4985 0.6289
0.4111 0.2384 0.3196 0.3680 0.4473
0.511 0.2111 0.2753 0.3098 0.3697
0.6617 0.1845 0.2354 0.2600 0.3050
0.7789 0.1697 0.2146 0.2351 0.2738
0.8674 0.1607 0.2022 0.2205 0.2558
0.9641 0.1522 0.1908 0.2074 0.2398
1.005 0.1490 0.1865 0.2024 0.2338
1.173 0.1374 0.1713 0.1853 0.2134
1.275 0.1316 0.1638 0.1770 0.2034
1.333 0.1286 0.1600 0.1727 0.1984
1.408 0.1250 0.1555 0.1677 0.1926
2.506 0.0945 0.1178 0.1273 0.1465

The mean free path (zurp) is the average distance that moving particles (such as photons)
travel before experiencing a significant change in their direction or energy. Therefore, the tyrp is
an essential feature in radiation materials because it shows how photons can interact with
materials. Low #y=p means good materials for shielding, and vice versa. Fig. 3 depicts the behavior
of the #yrp at various photon energies for X- and gamma- rays. The #yrp for the X-ray characteristic
energies showed an increase in their values. For free PbO glass, the tyrp rose from 0.005 to 0.1477
cm when the X-ray energy varied from 8.04 to 50.38 KeV. The effect of PbO on the glass
construction impacted the #yrp value. For instance, at an X-ray energy of 13.37 KeV, the turp
reduced from 0.0121 to 0.0052 c¢m, which the PbO introduced and increased from 0 to 15%. It is
noted that at 36.39 KeV, there is a maximum #y7p value of 0.1808 cm for the free PbO sample.
This is due to the possible K-absorption edge of Ba.

The same behavior was observed for the gamma-ray energies ranging from 59.54 KeV to
2.506 MeV. The tyrp values have higher values than those detected in X-ray energies. At an
energy of 59.54 KeV, the tyrp of the free PbO was 0.2258 cm and increased to 10.5732 cm at
2.506 MeV. The introduction of PbO (15PbO sample) to the glass network reduces the #yrp value,
which is reduced to 6.8244 cm at 2.506 MeV. From these results, the introduction of PbO to the
network can reduce the #y7p by 1.5 times at high gamma-ray energy (2.506 MeV). As a result, the
presence of PbO in the zinc phosphate network lowers the #7p values, making it more suitable for
use as a reducing #yrp through glasses.
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Fig. 3. The mean free path behavior of different barium and lead containing zinc phosphate glass
compositions.

The half (¢u2) and tenth (¢7y.) value layers are important parameters that show how the
glass thickness can reduce the intensity of the radiation to its 1/2 and 1/10 value. As a result, the
tuyr and tryp are critical radiation parameters. As shown in equations 11 and 12, the tgyr and ¢z
are both derived from the #yrp. As a result, the behavior of #xy1 is similar to that of #yrp. Fig. 4
depicts the relationship between the ¢4z and photon energy. When the BaO in zinc phosphate
glass was replaced with PbO at 8.04 KeV, the #yz decreased from 0.0033 cm to 0.0023 cm. When
the energy was increased to 81 KeV, the ¢z, increased to 0.3308 cm for free PbO glass and 0.252
cm for free BaO glass. Since all glasses exhibit a good reduction of intensity to half value at low
photon energies.

The tyyr increases with photon energy from 81 KeV to 2.506 MeV, becoming 7.3272 cm
for the free PbO sample and 4.73 cm for the free BaO sample. As a result, the glass containing
PbO performs better than the free PbO sample in the Compton scattering process because the
quenching of the radiation intensity requires a lower thickness of the free BaO sample than the free
PbO glass.

The try1 values, on the other hand, are shown in Table 3 and follow the same trend as the
tyyr n reducing radiation intensity to the tenth value. At a low photon energy of 59.54 KeV, the
best thickness for reducing intensity by 90% is 5.2 mm for all glass samples. If the glass contains
no BaO, the only layer that can reduce the intensity by 90% is 4.1 mm. At 661.7 KeV, the t7y;
value of the free PbO sample was 12.48 cm, which was reduced to 1.65 times in the free BaO
samples. Furthermore, at 2.506 MeV, the try; of the free PbO glass decreased to 24.35 cm and
reached 15.72 cm for the free BaO glass.
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Fig. 4. The half value layer (tyyi) behavior at different energies.



490

Table 3. The TVL values of ZnO-P-0s glass containing BaO and PbO at different photon energies.

Photon energy, E (MeV) TVL (cm)
Free PbO PbOS5S PbO10 Free BaO
0.00804 0.0109 0.0090 0.0086 0.0077
0.01337 0.0278 0.0189 0.0153 0.0119
0.0221 0.1089 0.0611 0.0442 0.0319
0.03639 0.4165 0.2289 0.1637 0.1175
0.04448 0.2479 0.2134 0.2116 0.1971
0.05038 0.3403 0.2929 0.2904 0.2704
0.05954 0.5202 0.4464 0.4410 0.4094
0.081 1.0994 0.9336 0.9126 0.8374
0.09897 1.7213 0.8842 0.6124 0.4318
0.103 1.8725 0.9675 0.6724 0.4742
0.2234 6.1228 3.9438 3.0815 2.3403
0.3029 7.9239 5.5709 4.6192 3.6617
0.4111 9.6594 7.2057 6.2566 5.1479
0.511 10.9044 8.3651 7.4333 6.2293
0.6617 12.4818 9.7819 8.8567 7.5484
0.7789 13.5644 10.7293 9.7938 8.4086
0.8674 14.3289 11.3869 10.4398 9.0004
0.9641 15.1267 12.0696 11.1030 9.6025
1.005 15.4562 12.3480 11.3730 9.8465
1.173 16.7554 13.4369 12.4226 10.7919
1.275 17.4953 14.0541 13.0106 11.3179
1.333 17.9037 14.3898 13.3309 11.6027
1.408 18.4134 14.8071 13.7247 11.9518
2.506 24.3500 19.5439 18.0803 15.7166

6. Conclusion

In this study, glasses composed of zinc phosphate, aluminum oxide, lead oxide, and
barium oxide were successfully produced. The introduction of PbO to the network caused a
significant change in the glass density. The sample of free PbO content had 2.422 g/cm’, which
increased to 3.646 g/cm® when PbO replaced BaO content. The variation in the glass density could
be related to the enhancement of the bridging oxygen and the replacement of the lower BaO
density with the higher PbO density. The Makishima-Mackenzie approximation was used to
evaluate elastic parameters. The increase in Young’s modulus, bulk modulus, and shear modulus
values from 52.82 GPa to 69.648 GPa, 29.48 GPa to 52.7 GPa, and 23.59 GPa to 29 GPa, where
the glass composition changed from free PbO to free BaO, indicates that the addition of PbO
strengthened the elastic and mechanical properties of such glass. When BaO was replaced by PbO,
the Poisson’s ratio and hardness value increased slightly from 0.198 to 0.28 and from 3.371 GPa to
4.954 GPa, respectively, confirming the cross-linking glass network.

The addition of BaO and PbO to zinc phosphate glass improved its radiation efficiency.
The presence of PbO improves the network's radiation parameters. Along with the glass
composition, photoelectric and Compton scattering processes dominate the mass attenuation
coefficient behavior. For all glass samples, the optimal thickness for high gamma-ray energy at
661.7 KeV to reduce its intensity by half is approximately 3.75 cm. The half-value layer for free
BaO glass, however, measures 4.73 cm at 2.506 MeV. The effective atomic number depends on
the ratio of PbO, BaO, or both in the glass network and the scheme of the process. Free BaO glass
had the highest effective atomic number of 49.611 at 24.9 KeV. In the field of solid-state radiation,
these glasses hold great promise.
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