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Abstract
Fast melt quenching was used to create glasses in the xCeO2(100-x) P20s system

x=10, 20, 30, 40 mol%. The obtained X-ray diffraction patterns determined that the
prepared glass samples showed a glassy nature, but when using transmission electron
microscopy (TEM), the presence of nano-sized crystals (nanoparticles) was revealed. The
physical properties like molar volume, density, packing density, free volume and oxygen
packing density were calculated using appropriate formulae. The Hardness number (Hy)
of the investigated glasses increases with increasing CeO> content. The basic shielding
quantities for determining the penetration of radiation in glass, such as mass attenuation
coefficient (um), half value layer (HVL) and effective atomic number (Zefr) were
investigated. The results proved that the prepared glass samples possess superior gamma-

ray shielding effectiveness, so it can be used as a shielding material for these rays.

Keywords: prepared glasses, packing oxygen, mass attenuation coefficient, shielding
parameters.
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1. Introduction

Phosphate glasses possess unique and interesting optical, thermal, and electrical
properties which make them candidates for a wide range of applications [1, 2]. The low
chemical durability of phosphate glasses has been changed by the addition of multivalent
oxides (such as Al0s, PbO, ZnO, Fe;03), the resulting glasses have extended
applications including sealing glass, optical glass, and biocompatible and bioactive
glasses, and even iron phosphate has been studied extensively for encapsulation of some

radioactive wastes[3,4].

On the other hand, most rare-earth ions are stable in trivalent valence state and their
characteristic optical spectra remain unaffected by the host glasses when melted under
normal atmospheric condition because their electronic shell is protected from the effects
of the ligand fields by the outer 5s and 5p electrons [5,6]. This study used the lighter rare
earth cerium ions, which are frequently identified in both triple and quaternary valence
states [7,8]. Cerium ions have the ability to exist in two possible valence states, i.e. Ce*
and Ce*', the ratio of which depends on the host material as well as on the state of
preparation. Exposure of many types of oxide glasses to ionizing radiation produces
optical absorption bands in the visible. Cerium prevents the formation of these bands in
such widely different glasses. Explanations for this effect often involve changes in the

oxidation state of cerium, which can be present as Ce®** or Ce** [9,10].

The half-value layer (HVL) and the mass attenuation coefficient (um) are helpful
concepts in the field of dosimeter and radiation physics protection. The mass attenuation
coefficient, which is measured in (cm?/g) and is used in the design of shielding materials,
represents the incident photon interactions per unit mass of the matter [11,12]. This
coefficient's size changes with the material's atomic number, density (p), and incident
photon energy [13]. The radiation shielding materials are importance and agriculture,
engineering and medical field. However, radiation shielding materials are based on the
principle of radiation attenuation to reduce the effect of radiation, blocking or bouncing
radiation particle though the shielding materials. In this work, study on glass radiation

shielding materials.
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2. Experimental technique

The [xCe02.(100-x) P20s, (x= 10, 20, 30 and 40 mol%)] glasses were prepared
by melt-quench technique. Reagent grade CeO2 and NH4H2PO4 crystalline powders were
used as raw materials. The powders were mixed in the desired proportions and melted in
porcelain crucibles at temperatures ranging from 1250°C to 1320°C, except the sample
containing 40 mol% CeO., the powder was added part by part to simplify the melting
process and the temperature is raised gradually to 1450 'C. This processes takes 2 hours
form the first addition of the powder in the crucible to obtaining the final melt. The
composition of each glass was X-ray diffraction to determine the vitreous states of the
prepared samples. The samples were ground into a fine powder at Central Metallurgical
Research and Development Institute XRD system with a Cu Ko radiation (Acuke=0.15406

nm). The 26 angle scan is changed from 3° to 70° and the time per step of 0.4 seconds.

A popular method for evaluating morphology and obtaining more information
about the size and shape of the bulk material is transmission electron microscopy, or
TEM. Using a JEOL-JEM-2100 (Electron Microscope Unit, Mansoura University),
TEM experiments were conducted.

Density was estimated using the Archimedes method by weighing the glass in th
e  air(wg,), submerging it in toluene (wz), and then applying the well-known formula
[14],

o= (1)

Pt Wa—Wt

(where t, toluene density = 0.866 g/cm3). The formula that links the glass sample's molar

volume, molecular weight, and density of the glass sample [15] given by:

(2)

where M; is the molecular weight for the component i, nj its molar ratio, and p is
the sample density. Packing density, pq gives the measurement of rigidity of the oxide

system [16] which may be determined by the formula,
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where Vi and X; represent the packing factor and mole fraction of the composition,
respectively. Packing factor [17] of any oxide DxOy having D and O ions with ionic radii

rp and ro may be estimated by:

4
V==X —Yrg) 4)
Estimated Free volume by equation:
Ve =V = [X; V; %)

Oxygen packing density Ops Which defines the organization of oxygen atoms in the

glasses [18] was calculated from the formula,

1000x0
Opa ==, (6)

where O refers to the number of oxygen atoms in the glass network.

The Vickers hardness (Hy) was tested using the diamond pyramid indentation
method with a Micro/Macro Vickers Hardness Tester FALCON 500. After surface
polishing each sample at room temperature, five indentations were made. The test load

was 0.5 kg, with a 30 second indentation period.

Gamma-ray attenuation coefficients (um) were obtained for the prepared glass
samples using a collimated beam of y-rays for nine energy lines emitted from 4.9 pCi Co-
60, 9.5 uCi Cs-137, and 3.7 pCi Eu-152 radioactive sources. In this work, the
experimental values of mass attenuation coefficient p/p (g/cm?) were compared with the
theoretical values which were calculated by WinXCom program [19]. The experimental
values of linear attenuation coefficient (u) were measured using the narrow beam

transmission geometry, by the following equation [20, 21]:

w=In(l/D/X (7)

where lo and | are the intensities of the incident and transmitted gamma ray energies,
respectively, and x is the thickness of the glass sample under measurement. The values

of mass attenuation coefficient (um) were then obtained by:

Copyright for the journal © 78 Aaall 43 ghaa adal) 3 gia



Aalal) Andi¥) g & gall 3Ll Adaa e galad) )

Al-Riyadah Journal For Researches March 2025 g\
And Scientific Activities Al alaal)
- (8)

The values of um for each sample were calculated based on the mixture rule by the
WinXCOM program (version 3.1) using the mixture rule of different elements as
following [22]:

Hm = X 0; (%) )

where um and wi: mass attenuation coefficient and fraction weight of the i the constituent

element. p is the density of the glass sample.

By using the linear attenuation coefficient p, the half value layer (HVL), which is the
thickness required to reduce the transmitted intensity to one half the initial intensity, is

determined by:

HVL = ”‘72 (10)

One popular metric for analyzing the interaction of gamma rays with a material made up
of several elements is the effective atomic number (Zefr) (glassy system for example). The
quantity of photons absorbed by the glass sample will increase with larger Zefs values, it

is crucial to note [23].
3. Results and discussion
3.1 XRD and TEM analysis.

Figure 1 shows XRD spectra of a binary cerium phosphate glasses of different CeO>
concentrations. The spectra involve a broad halo peak characterizes the amorphous
structure of the investigating glasses The relative intensity of the broad spectra decreases
with the increase of CeOz content which may be argued to formation of some regular
distributed cerium species which are distributed in the main amorphous structure of the
glass. This argument is further confirmed from the morphology presented by the
transmission electron microscopy (TEM), figure 2. It appears from TEM images that there
is sphere particles like shape with little dimensions or sizes which ranges from 15 nm to
43 nm. Increasing CeO> to 40 mol% leads to increase the accumulation of the Ce ions to

form layers like structure. In such a case an agglomerated spherical shape contains some
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clusters of different sizes ranged from about 14 nm to 31 nm are formed. More increase
in CeO> content ( Xx=40 mol%) leads to the increase in the agglomeration process to

became as interconnected collapses that form layers.
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Figure. 1 XRD spectra of glasses as a function of CeO, concentration.

Figure 2. TEM images of the x CeO2(100 - x) P20s glasses: (a): x = 10 mol %, (b): x= 40 mol %.

3.2 density, molar volume, Packing density and free volume.

Usually, the density of glasses directly proportional to the molecular masses [24].
In our study, the CeO: increased at the expense of P2Os so, the density increase. The
increase in density may be explained as the difference between molecular masses of P2Os
and CeO» [141.9445 & 79.866] respectively. Figure 3 shows the dependence of density
(p) and molar volume (Vm) on the CeO; content in CeO>—P,0s glasses. Density of the
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glass samples is found to be increasing from 2.9 to 3.8 g/cm? and 30.96 g/cm? but molar
volume decreases when increasing the CeO> content. The molar volume of glasses
directly proportional to the atomic radii and bond length of cations. In our study, the molar
volume decreased, this behavior is associated with the difference of atomic radii and bond
length of cerium and phosphorus cations. Atomic radii and bond length of these cations
are [Ce (0.181 nm) & P (0.221 nm)] and [Ce (1.81 A) & P (0.1 nm)] respectively. The
changes in density and molar volume at these concentrations are to be attributed to
changes in the glass structure. This can be confirmed by the results TEM as an increase

in clusters means an increase in the formation of bridging oxygen units.

Vi (cm’)

2.5 1 1 1 1 1 25
10 15 20 25 30 35 40

Ce0O; (mol%)

Figure 3: Variation of the experimental density and molar volume of xCeO,-(100-x) P2Os, where \
Ce0, =10, 20, 30 and 40mol %.

The figure 4. shows the CeO> content dependence of both free volume (Vs) and
packing density (Pd) in XxCeO2(100—x) P2Os glasses. It is observed that Vs rises slightly
up to 20 mol% CeO, and then decreases sharply up to 40 mol% CeO content. This
indicates that the added intermediate oxide (CeQO>) at a rate of up to 20 mol% causes the
formation of non-bridging oxygen ions (NBOs) in the phosphate matrix more than the
formation of bridging Oxygen ions (BO) because this oxide is an intermediate oxide,

while (CeO2) up to 40 mol% causes in a composition of bridging Oxygen(BO) ions in the

phosphate matrix [25].
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Figure 4: Variation of packing density and volume free with CeO.. .

3.3 oxygen packing density and hardness

The behavior of oxygen packing density with increasing concentration of CeOz is
shown in Figure 5. It was observed that there was a decrease in Opg at 20 mol% CeO
concentration, which is due to the generation of more non-bridged oxygen, while there
was a noticeable increase in Opq When the concentration of CeO> increased above 20
mol%, because cerium oxide formed bonds with phosphate units, which is due to the
generation of more bridging oxygen as Ce-P-Ce or P-Ce-P and the changes that have

occurred in bonds.
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Figure. 5: Variation of Opd with CeO,.
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The dependence of "Vickers micro hardness Hy" on the CeO content is seen in figure.6.
Glass hardness increases linearly with increasing cerium oxide concentration, and there
is a significant increase in hardness values from about 350-550.5 kg/mm? as cerium oxide
content increases from 10 to 40 mo%. The increase in the hardness number is related to
the increase in the rigidity of bulky glass. These findings are consistent with density
findings, which showed that the addition of CeO: strengthened the network by replacing
the weaker hydrated P-O—P and non-bridging oxygen bonds with the more resistant P—
O-Ce or Ce—O—Ce bonds. This is confirmed by TEM and X-ray results as well [ 25].

500

490

H, (kg/m?)

470 - ]

460

450 1 . 1 . 1 . 1 . 1 . 1 .
10 15 20 25 30 35 40

CeO,(mol%)

Figure.6: Micro hardness of xCeO,-(100-x) P,Os where x=10, 20, 30 and 40 mol %.
3.4 Gamma-rays shielding

The attenuation coefficients of gamma rays in existing glass barriers up to 3 cm
thick were studied using gamma rays with the energy range 0.015-15 MeV [19]. The
attenuation coefficients of the prepared glasses are checked to ensure the ability of these
glasses to act as shields from harmful radiation. The linear attenuation coefficient is a
factor that evaluates the ability of a material to protect when exposed to radiation.
Obviously it depends on the density of the prepared glasses. The variety of um versus the
gamma-ray energies as a function of CeO> was illustrated in Figuer.6. The photon energy
affects the interactions between gamma rays and the material in three ways: Compton
scattering, photoelectric absorption, and pair creation. As the energy grows, the value of
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Mm drops, indicating that the manufactured glasses' shielding effectiveness decreased as
photon energy grew. At the low energy region, there appears to be a rapid mass drop
(attributed mostly to photoelectric absorption). It suggests that the low region's energy is
what determines this parameter. At intermediate energies, however, Compton scattering
predominates as an interaction. The highest frequency of pair creation occurs at very high
photon energies above 1.022 MeV. [26]. The pm trend seen in these figures is similar to
previous work on various glass systems (e.g., lead glasses) [27], and bismuth borate

glasses [28].

However, in contrast, the HVL values of the studied CeO.and P.Os based glass
systems have been estimated to evaluate the photon attenuation characteristics directly
[29]. It is well-known that the smaller HVL values are the better the glass system
considered is, for gamma ray’s radiation shielding applications. HVL results of the
present glass samples for the energy range in this study are illustrated in figure. 7. It was
evident that the HVL was decreased when the CeO> content was increased. This behavior

may result from an increase of the um values and prepared glasses’ density.
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Figure 7: Mass attenuation coefficients of prepared glass system in the energy ranges from
0.015-

15 MeV and x = 10, 20, 30, 40% mol CeO..
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Figure. 8: HVL results of prepared glass system.

It is known that larger Zess values are necessary to obtain a better shielding material
from ionization radiation because they increase the probability of photons interacting with
the target. For technical, engineering and material purposes, the Zess value for composite
materials is a useful parameter [30, 31]. Zefr can be represented as a number that presents
several properties of a material. Therefore, calculating Zev is crucial in the radiation
shielding studied. The observed increase in Zef with increasing cerium concentration can
be attributed to the higher atomic number of cerium compared to phosphate shown in
figure 9. While the change in Zes for the prepared glassy compound in the studied energy
range 0.015-15 MeV can be explained based on the probability of gamma radiation
interaction at each energy photon. That being so, the energy dependence of Zes provides
the same trend as previously discussed for pum [32]. At low energy range, photoelectric
reaction dominates. As the incident photon energy increases, photo electric interaction
probability will decrease, and therefore, Zess will also decrease. At the intermediate energy
range, Compton interaction dominates. As the incident photon energy increases, Compton
interaction probability will decrease and therefore, Zes will also decrease. At the higher

energy range, more than 0.3 MeV pair production interaction dominated.
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Figure 9. Effective atomic number (Ze) of the investigated glass system.
Conclusion

Structural and gamma attenuation coefficients were determined. Samples of P20s
glasses with addition of CeO> were taken and synthesized by a simple and conservative
melt-quenching method. The non-crystalline nature of the glasses was prepared and
confirmed by the XRD patterns obtained but TEM spectroscopy shows nanoparticles. As
the cerium oxide concentration, density increased, the molar volume, packing density,
free volume and oxygen packing density decreased. This indicates that cerium ions play
an unusual role in the treatment of the P.Os matrix. From those of cerium Phosphate
glasses. glass system was fabricated in sample thicknesses able to be applied for a lot of
application as gamma radiation shielding material. The results of study of the gamma
radiation shielding parameters for this glass system led to the improvement of mass
attenuation coefficient (um) Half Value Layer (HVL) and effective atomic number (Zesr)
by increasing CeO2 concentration up to 40%, which were in a good agreement with
theoretical calculation by WinXcom program. The CeO> glass will open new possibility
for a lead free radiation protecting glass with non-toxicity to the environment. The data
obtained in this study should be helpful in potential applications in gamma ray shielding
materials. Finally, these glasses. It has the advantage of being transparent to visible light.

It's inside particularly useful for the various shielding purposes that are offered. From

favorable gamma ray sources.
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