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Abstract: This research is devoted to studying the radiation-protecting characteristics of calcium
titanate (CaTiOs) perovskite-based ceramic material. The ceramics were made by the solid-state
reaction method (SSRM) and treated at temperatures of 1300 °C, 1200 °C, and 1100 °C. The structural
characteristics of the ceramics were analyzed by XRD and FI-IR. The results indicated a CaTiO3
phase formation with an orthorhombic structure. The size of the crystallites was in the range of
27-36 nm and was found to increase as the temperatures increased. The relative density showed
an increase from 93% to 96% as the temperatures varied from 1100 °C to 1300 °C. The impact of
temperature on the radiation-protecting characteristics of the CaTiO3 ceramic was assessed using the
Monte Carlo simulation (MCS). There was a slight decrease in the y-photons average track length
with a raising of the temperature. At a y-photon energy of 0.662 MeV, the y-photons” average track
lengths diminished from 3.52 cm to 3.38 cm by raising the temperature from 1100 °C to 1300 °C. The
illustrated decrease in the y-photons average track length affected the linear attenuation coefficient
(1) where the p increased from 0.28 to 0.30 cm ! with a rising temperature from 1100 °C to 1300 °C.

Keywords: CaTiOs; structure; solid-state reaction; radiation shielding; Monte Carlo

1. Introduction

In recent years, the exploitation of ionizing radiation has spread in various sectors
such as medicine, agriculture, infrastructure utility, military, etc. [1-3]. Ionizing radiation,
including <y rays, is released by radionuclides and can spread into the environment, can
easily penetrate human bodies and walls, and is difficult to be controlled. These ionizing
radiations harm any living organisms and they can result in skin burns, white blood cell
drops, and the annihilation and modification of cells resulting in cancer [4]. Therefore,
providing highly efficient shielding shields to avoid the transmission and propagation of
these radiations is essential. Traditionally, lead (Pb) is utilized as an efficient protecting
material; however, due to Pb itself being dangerous [5], a robust justification is presented for
searching for better alternative materials. The research direction, so far, has been engrossed
with concretes [6], and glass [7-9] that can be efficient for radiation shielding applications.

Recently, however, ceramics have received significant interest owing to their potential
to adjust to structures, the ease of materials accessibility, and a low cost. Other benefits
are a high strength, low thermal expansion, controllable properties, non-toxic materials,
and a high melting point [10]. Ceramics have been employed in diverse industrial and
medical applications while additionally, they have become highly desirable materials for
radiation protection purposes. For instance, Oto et al. prepared standard and doped
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ceramics and determined their shielding properties against y and neutron radiation [11].
Jawad et al. used eight types of ceramic materials and tested them against a y-ray [12].
F. Akman et al. [13] examined the radiation-protecting characteristics of some oxide-type
ceramics, and E. Hannachi et al. examined the radiation protection properties of some
kinds of ceramics [14-16].

ABOj perovskite-based ceramics have been widely used in diverse fields such as
photocatalysis, energy harvesting, multi-electronic functional apparatuses, photovoltaic
cells, batteries, and electromagnetic interference shielding. These types of ceramic materials
display some interesting properties such as ferroelectricity, dielectric, piezoelectricity,
electro-optical, and photo-restrictive features [17,18]. These properties make them very
wanted in practical areas involving metallurgy, biotechnology, materials science, electronic
engineering, etc. Additionally, ABO3; materials have been used in microwave absorption
and have proven their capabilities in the radiation-protecting field [19-22].

One of the well-known ABOj3; perovskite-based ceramics is calcium titanate (CaTiO3).
CaTiO3 was firstly discovered in mineral form by the mineralogist Gustav Rose. As a
ceramic material, CaTiO3 was extensively exploited in electronic apparatuses and it is
the main constituent of Synroc (a kind of synthetic rock employed for nuclear waste
storing) [23]. CaTiO3 displays, below 1380 K, an orthorhombic structure. The crystalline
structure of this ceramic material can be changed from being orthorhombic to tetragonal to
cubic with an increasing temperature [24,25]. CaTiO 3 displays a bandgap energy value of
around 3.5 eV [26]. In addition, CaTiO3 has been proposed as the actinide host phase in
various forms of high-level radioactive waste titanate ceramics [27]. It has been reported
that the properties of CaTiOj3 are affected by the effect of radiation [27-29].

The current study focuses on the radiation-shielding characteristics of perovskite-
based ceramic materials with the parent mineral CaTiO3 chosen as a case study. The effect
of temperature on the structural evolution, physical and radiation-protecting peculiarities
was studied and is discussed.

2. Experiment
2.1. Chemicals and Samples Fabrication

Calcium titanate (CaTiO3) ceramics prepared under different temperatures were fabri-
cated via the SSRM. Along with the specific stoichiometric ratio, the CaCO3 (99.9%) and
TiO; (99.9%) were used to synthesize the CaTiO3 material. The chemicals were used as
they were received. Firstly, they were mixed in an agate mortar and pestle, then, they
were placed in a ball milling machine. The obtained mixture was collected, compacted
into pellets, and placed in alumina crucibles to be heat-treated at various temperatures
in a furnace for 3 hrs. The heat treatment was performed at the temperatures of 1300 °C,
1200 °C, and 1100 °C. The samples were coded as Ca-1100, Ca-1200, and Ca-1300 for the
ceramics heat-treated at 1100 °C, 1200 °C, and 1300 °C, respectively.

2.2. Characterization

To examine the phase and crystalline structure of the ceramic samples, the XRD
powder analyses (via a X-ray Bruker D8 X-ray diffractometer) were manipulated. The
patterns were registered in a range of 20 (25° < 20 < 60°). The FT-IR data were registered
on a Bruker alpha II spectrophotometer (with a wavenumber range of 400-2000 cm~1).

2.3. Monte Carlo Simulation

The effect of temperature on the y-ray protection ability was evaluated using the
Monte Carlo N-Particle transport code (MCNP) [30] in the photon energy 0.022-1.408 MeV.
The evaluation of the y-ray shielding capacity was performed through an input file holding
all the important information about the material, detector, source and geometry. In such
a configuration, the y-photons were emitted from a source placed at the center of the
geometry along the Z direction. Moreover, the density and elemental composition of the
samples were inserted to the input file through the material card, while the length and
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width of the samples were inserted to the cell card. The geometry adopted in the present
simulation procedure is well described in previous publications [31-33]. The detector in the
current work was set to be an F4 tally to evaluate the y-photons’ average track lengths and
the cutoff card was set also to stop the photon emissions after a 10 historical. Afterward,
the mean track length was utilized to evaluate the other protective parameters according
to the following equations where I, I;, and I, are the total incident photons, transmitted
photons, and absorbed photons inside the material, respectively:

I I
-1 0
=-In( — 1
p (em™) x“<1t> M
The thickness required to absorb half of the applied y-photons is known as the
half-value thickness (A5, cm). It is reversely proportional to the u value according to
Equation (2):
Ags (cm) = M2 (2)
TF (%) = 1+ x 100 (3) 2
RPE (%) = f+ x 100 (4)

3. Results and Discussion
3.1. Phase Identification

XRD measurements were completed to identify the phase and to determine the mean
crystallite size of the as-prepared samples, and all the diffraction peaks shown in Figure 1
revealed the orthorhombic structure of the CaTiO3 perovskite (space group Pbnm). Some
very small peaks corresponding to the CaCOj as indicated by * symbols, were also detected.
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Figure 1. XRD patterns of Ca-1100, Ca-1200, and Ca-1300 ceramic samples. The asterisk refers to
CaCOs phase.

The sizes of the crystallites (D) and the microstrain (¢) were computed for all the as-
prepared samples using the Debye-Scherrer and Stokes and Wilson formulas, respectively,
as expressed as follows [34,35]:

kA
- Bceosb @)
: @

€= 4tan6
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where § is the FWHM. The dislocation density (9) is also calculated [36]:

1

5= ©)

The as-prepared samples possessed D values in the range of 27-36 nm. The different
parameters are tabulated in Table 1. It is clear that the D, ¢, and 6 changed with the tempera-
tures. The Ca-1300 sample exhibited the highest D value. The increase in temperature stim-
ulated a rise in the size and a decrease in the microstrain and dislocation density. This can
be correlated with the formation of nuclei and aggregates formation [37]. A similar result
was obtained previously by L.S. Cavalcante in CaTiO3 processed in different furnaces [24].
The relative density p, = % (where pp is the bulk density and pry, is the theoretical density

which was obtained from XRD data), and the porosity percent (P = ‘)T;;%‘)B X 100) of

the as-prepared ceramics were also determined. The results are listed in Table 1. All the
as-prepared ceramics displayed a p, value above 90%, suggesting a good densification was
reached for all the samples. It is clear also that the value of p, increased from 93% to 96%
as the temperature rose from 1100 °C to 1300 °C. An enhancement in the relative density
was followed by a reduction in the porosity. This implies that the temperature of 1300 °C is
suitable for a achieving dense ceramic with a low porosity.

Table 1. Ceramic code, crystal structure, crystallite size, relative density, and porosity percentage of
as-prepared ceramics.

Ceramic Code Tem?JeCr?ture Structure D (nm) 5 105 (Lines/m?) Microstrain (f;') PP (%)
Ca-1100 1100 Orthorhombic 27.06 1.365 4.67 93 6.83
Ca-1200 1200 Orthorhombic 36.08 0.768 3.51 94 5.17
Ca-1300 1300 Orthorhombic 36.10 0.767 3.49 96 3.42

3.2. FTIR Study

The FTIR spectra of the Ca-1100, Ca-1200, and Ca-1300 ceramics are depicted in
Figure 2. The strong absorption bands of v1 and v, observed in the range of 700-400 cm ™!
were owing to the lattice vibrations of the Ti-O and Ca-O groups [38,39]. The absorption
peak at ~440 cm~! matched with the Ti-O bond asymmetrical stretching vibration and
the absorption peak at ~540 cm~! was associated with the Ca—O bond vibrations [38,39].
The presence of the v; and v, bands confirm the CaTiO3 phase formation for all the
prepared ceramics. Another peak v3 was detected which might have been due to a CO3%~
bending/stretching mode [40].

3.3. Radiation Shielding Study
3.3.1. Linear Attenuation Coefficient (1)

The p values (1, cm 1) describe the aptitude of a prepared ceramic sample to attenuate
and resist the passing of energetic photons. In the current work, the u values estimated by
the Monte Carlo technique (MCNP code) in a 0.022-1.405 MeV energy range covered almost
all of the y-ray energies emitted from known radioactive sources. As is well-known and as
shown in Figure 3, the u values for the samples decreased with a rise in the energy. The
mentioned decrease was caused by the effect of photoelectric interaction (PE) and Compton
scattering interactions (SC) [41-43], where the interaction cross-section varied inversely
with E*? and E, respectively. The current results depict an exponential decrease in 1 from
27.924 t0 0.195 cm ™! (for the Ca-1100), from 28.445 to 0.199 cm™~! (for the Ca-1200), and
from 29.113 to 0.204 cm ™! (for the Ca-1300), as the y-photon energy increased from 0.022
to 1.408 MeV. Previous findings showed also that the u values were highly affected by the
sintering temperature. Figure 4 illustrates that the p values increased with a rising sintering
temperature of the fabricated ceramic samples. For example, at an energy of 0.662 MeV, the
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it values increased from 0.284 to 0.296 cm ™! with a rising sintering temperature from 1100
to 1300 °C, respectively. The mentioned improvement in the u values was related to the
pore size and density of the ceramic samples, where increasing the sintering temperatures
caused a substantial diminution in the pores of the samples [44]. The decrease in pore size
affected the compaction of, as well as the density of, the samples where the highest relative
density was obtained for the Ca-1300 ceramic. Thus, the p values increased with a rise in
the sintering temperature as well.
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Figure 2. FTIR spectra of Ca-1100, Ca-1200, and Ca-1300 ceramic samples.
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Figure 3. The p value variations versus the incident y-photon energies.
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Figure 4. Dependence of the . values on the temperature.

3.3.2. Half-Value Thickness (Ag5)

The Ags (Aps, cm) is the parameter describing the thickness of the ceramic able to
shield half of the incident y-photons. In this study, the A5 values were affected by the
energy and the sintering temperature. The obtained results show that the high y-photon
energies required a larger thickness of the synthesized ceramic samples while the lower
Y-photon energies less than 0.081 MeV required several micrometers from the fabricated
ceramics to shield half of the incident photons. On the other hand, the intermediate y-
photon energies between 0.1 and 1.4 MeV required Ay 5 values between 1 and 3.5 cm. The
increase in Ag 5 values is correlated to the reverse relation between the A 5 and the p values,
where A5 = 0.693/1. The second important factor affecting the Ags was the sintering
temperature. Figure 5 depicts that the Ays values at a y-photon energy of 0.662 MeV
decreased from 2.443 to 2.343 cm with raising the sintering temperature between 1100 and
1300 °C, respectively. Raising the sintering temperature decreased the pore size inside the
ceramic samples which led to a raising of the sample compaction. Thus, the resistance of
the samples to passing the y-photons increased in correlation with an improvement in the
u values and a lessening in the Ag 5 values.

3.3.3. Equivalent Thickness (Aeq)

At a defined y-photon energy, Aeq (Aeq, cm) describes the thickness of a prepared
sample which has the similar protecting capacity as a sheet of pure Pb with a thickness
of 1 cm. In the present work, the calculated values for the Aeq were found to be affected
by the incident y-photon energy and the fabrication sintering temperature. As illustrated
in Figure 6, the values of Aeq reached a larger thickness at a low y-photon energy, then,
the Aeq values reduced exponentially with a rising incident y-photon energy. For instance,
the Aeq values at 0.022 MeV, were 27.40, 26.90, and 26.28 cm for the samples Ca-1100,
Ca-1200, and Ca-1300, respectively. Then, the Aeq decreased exponentially with a rise in
the y-photon energy. The reduction in Aeq values was associated with the higher decrease
in the values of the p of pure Pb compared to the diminution in the p values of the sample
at the same y-ray energy. At an energy of 1.408 MeV, the A¢q values dropped to 3.14, 3.08,
and 3.01 cm for the ceramic samples of Ca-1100, Ca-1200, and Ca-1300, respectively. The
sintering temperature was found also to affect the Aeq values. Figure 7 shows that the
values of the Aeq reduced linearly with a rising sintering temperature. For example, the
Aeq values diminished from 4.40 to 4.22 cm with a rising temperature from 1100 to 1300 °C.
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As previously illustrated, the increase in the sintering temperature induced a noteworthy
reduction in the porosity of the samples which increased the compactness and density of
the ceramics. Thus, the fabricated ceramics samples’ p values increased in association with
a decrease in the Aeq values.

3.6
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—=—(0.662 MeV
284 —e— 1.250 MeV
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2.6

2.4 4

2.2 1

T T T
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Figure 5. Effect of sintering temperature on the half value thickness Ags of the fabricated
ceramic samples.
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Figure 6. Dependence of the equivalent thickness on the incident y-ray photons.
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Figure 7. Variations of the (Aeq, cm) values versus the sintering temperature.

3.3.4. Radiation Protection Efficiency (RPE) and Transmission Factor (TF)

The TF (%) is a shielding factor that compares the number of photons entering pro-
tective matter to the incident photons’ total number (see Equation (3)) while the RPE (%)
compares the number of absorbed photons in a protecting thickness to the total number of
photons (see Equation (4)). One of the current work’s goals was to assess the impact of the
ceramic thickness and sintering temperature on the TF and RPE. Regarding the effect of
the ceramic thickness, Figure 8 illustrates that the TF decreased gradually with a growing
ceramic thickness. For instance, at a fixed energy of 0.662 MeV, the TF for the ceramic
sample Ca-1300 reduced by 59.5% with a growing thickness of the sample from 0.35 cm to
2 cm. Additionally, the RPE values showed a gradual increase with a rising thickness of the
ceramics whereas the RPE for the Ca-1300 ceramic sample increased by 40.5% with a rising
ceramic thickness from 0.25 to 2 cm. The decrease in the TF values as well as the increase in
the RPE were attributed to the mean track length of the y-photons inside the fabricated
samples. Increasing the sample thickness higher than the track length of the y-photons
caused an intensification in the collisions among the photons and the atoms; therefore, the
quantity of the y energy exhausted in the material thickness was related to a diminution
in the photons penetrating the stated thickness. Consequently, the RPE of the material
increased followed by a decrease in the TF. Regarding the sintering temperature effect on
the TF and RPE values, at a fixed energy of 0.662 MeV, Figure 9 illustrates that the TF was
reduced while the RPE was enhanced with a rising sintering temperature. For example, a
thickness of 1 cm slightly reduced the TF from 75.30 to 74.39%, whereas the RPE increased
from 24.7 to 25.6% with a rising sintering temperature of the samples. This enhancement in
the RPE with the rising sintering temperatures was attributed to the enhancement in the
ceramic density when raising the sintering temperature between 1100 and 1300 °C.
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4. Conclusions

We have reported the structure and radiation-protecting features of a CaTiO3 ceramic
sample. Focus was applied to the effect of temperatures on the performance of the ceramic.
Three samples were prepared using different temperatures. Then, the as-prepared ceramics
were examined by XRD and FTIR techniques. The results showed the successful formation
of a desired CaTiO3 ceramic with an orthorhombic structure. The crystallite size and
the relative density followed the following orders (27.06 nm < 36.08 nm < 36.10 nm) and
(93% < 94% < 96%), respectively, as the temperature rose from 1100 °C to 1300 °C. The
porosity was also calculated and found to be minimal for the Ca-1300 ceramic. The results
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suggested that a temperature of 1300 °C led to the creation of a dense CaTiO3 ceramic
with a low porosity. The correlation between temperatures and the radiation-protecting
peculiarities was established. The y-ray protective properties were evaluated using the
Monte Carlo simulation code in the energy ranging between 22 keV and 1408 keV. In the
mentioned range of the y-ray energy, the highest 1 values were achieved for the ceramics
prepared at a temperature of 1300 °C (i.e., Ca-1300). The p values for the Ca-1300 reduced
from 29.11 cm~! to 0.20 cm ™!, by raising the energy from 22 keV to 1408 keV, respectively.
Moreover, the TF values reduced from 75.30 to 74.39%, while the RPE increased from 24.7
to 25.6% with a rising sintering temperature from 1100 °C to 1300 °C, respectively.
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