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Abstract

Developing efficient ceramic waste forms with high radiation stability for radioactive waste immobilization
is very important for human and environmental safety. In this work, Ca; Nd, ;TiO; (x = 0.225, 0.375 and
0.85) ceramics were prepared using solid state reaction method. Neodymium (Nd) was used as a surrogate
for radioactive actinide species. The obtained ceramics have been characterized using XRD and Raman spec-
troscopy. To assess the performance of the ceramics in disposal conditions, heavy ion irradiation using 650 keV
Xe with increasing doses was performed. The structural evolution of the irradiated compositions was moni-
tored during ion irradiation using selected area electron diffraction (SAED). The results show that the radiation
resistance is dependent on Nd concentrations, where the compositions with x = 0.225 and 0.375 exhibit the
highest radiation stability. Furthermore, structure amorphization of the ceramics tends to increase with the
increase of irradiation doses for all the compositions.
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I. Introduction

During the last four decades, nuclear energy has
gained rapid development worldwide. This source of
energy is used to satisfy increasing energy demands
and considered to be a clean solution to global climate
change. However, the main issue associated with nu-
clear industry is the radioactive waste generated during
the nuclear energy production which causes radiation
hazard to the bio-environment [1,2]. So, it has been an
imperative to use sustainable and responsible pathways
for the long-term safety and effective disposal of ra-
dioactive waste, especially high-level radioactive waste
(HLW) such as long half-time minor actinides and fis-
sion products [3].

The immobilization of HLW requires the production
of a solid, durable matrix containing the waste. Glass,
glass-ceramics and ceramic waste forms are being con-
sidered as solid host matrices for HLW immobilization
before deep geological disposal [4,5]. In the past few
decades, various glass matrices had been widely em-
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ployed for immobilization of high-level nuclear waste
[6-8]. However, glass exhibits poor structural stability
with low radiation tolerance and leaching resistance. In
recent years, newer ceramic waste forms have been pro-
posed to stabilize long-life minor actinides. Most results
indicated that ceramic waste forms are more robust than
glass matrices owing to their excellent chemical dura-
bility, thermodynamic and radiation stability [9—11].

Ceramic waste forms incorporating radioactive
species have been used for safe long-term disposal
into deep geological repositories [12,13]. During a
long-term disposal, these matrices will be subjected
to a-decay events from the incorporated radionuclides
which result in accumulative atomic displacements.
The induced radiation damage will ultimately deterio-
rate the physicochemical properties of the host ceram-
ics [14,15]. Therefore, it is very important to investi-
gate damage accumulation and amorphization process
to evaluate long-term stability of the related ceramic
waste forms.

Perovskite ABO, structure-type ceramics are widely
used for long-term immobilization of radioactive
cations such as trivalent actinides (Cm**, Am?*, Pu®*)
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and rare earth cations (Gd**, La>*) [16]. The perovskite
calcium titanate (CaTiO,) ceramics was used as an im-
mobilization matrix in the SYNROC solid solution [17].
It is designed to encapsulate radioactive strontium, triva-
lent actinides and lanthanides.

Radiation effect in perovskites is of interest due to
their potential as actinide waste forms. Several exper-
imental investigations have been previously performed
to study the radiation-induced damage in perovskite ce-
ramics. For example, Smith et al. [18] carried out ex-
tensive studies on the symmetry and structure changes
of perovskite samples in the La Sr, ; ,TiO; system un-
der in situ 1.0MeV Kr," irradiation. Lawson et al.
[19] studied the radiation effect on Ca; La, ,TiO; per-
ovskites by using 1 MeV Kr and 5 eV Au ions. They
pointed out the role of cation vacancies on the amor-
phization process. Lang et al. [20] carried out a study
into the amorphization process in CaZrO, perovskite by
using 940 MeV Au ions. Moreover, Whittle et al. [21]
studied the role of vacancies on damage recovery in A-
site deficient Ca,  La,, TiO; perovskites using 1 MeV
Kr ions.

However, controversial results of the radiation effects
in deficient perovskites have been reported in the litera-
ture, especially the role of symmetry and cation vacan-
cies on the radiation stability. Therefore, the purpose
of the present study is to assess the radiation stabil-
ity of a complex deficient Ca;  Nd, ,TiO; (x = 0.225,
0.375 and 0.85) perovskite type structure. In this study,
we employed Nd>* as a surrogate of trivalent actinides
(An*h) [22].

The objective of this study is to synthesize single
phase deficient perovskite ceramics with the general
formula Ca, Nd, ;TiO; (x = 0.225, 0.375 and 0.85).
The structural properties of the prepared samples were
studied by XRD and Raman spectroscopy. To simulate
the damage caused by a recoil nuclei in the ceramic
waste forms, the samples were irradiated with 650keV
Xe. The amorphization of the samples as a function
of the ceramics composition and irradiation doses has
been investigated using selected area electron diffrac-
tion (SAED) with in situ ion irradiation.

II. Experimental

2.1. Samples preparation

Ca, Nd, ;TiO; (x = 0.225, 0.375 and 0.85) ceram-
ics were produced via conventional mixed oxide route.
Stoichiometric amounts of starting raw materials of
Nd,O; ((299.0%, BIOCHIM, France), dried at 600 °C
for 20 h, TiO, (>99.0%, BIOCHIM, France) and CaCO,
(=99.0%, BIOCHIM, France) were weighed and inti-
mately ball-milled using a planetary mill (Pulverisette
5, FRITSCH Germany) with acetone to aid in mixing.
As milling medium, zirconia vial (volume 80ml) and
balls made of same material (5 mm in diameter) were
used. The mixture was milled for 3 h with 350 rpm. Af-
terwards the white suspension was sieved to separate it
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from the zirconia balls and dried in the compartment
drier at 80 °C for 24 h. The fine mixture was calcined
using a batch furnace CARBOLITE RHF1600 in air at
1300 °C for 20h with a heating rate of 5 °C/min, then
furnace cooled to room temperature. The calcined prod-
ucts were re-ground for 2h at 350 rpm and re-calcined
at 1300 °C for 20 h to obtain high purity samples. Subse-
quently, the powders were isostatically pressed into disc
shaped samples with a diameter of 13 mm. Pressing is
executed with 10t/cm? and a duration of 5 min. Finally,
the pellets were sintered in air at 1400 °C for 2 h at ramp
of 3 °C/min, followed by natural cooling.

2.2. Characterization

The phase identification and structural analysis
of all samples before irradiation were realized by
room temperature X-ray diffraction (Philips PANalyti-
cal X’pert Pro diffractometer) with CuKe radiation (4
= 1.5406 A). Diffraction patterns were recorded with a
step of 0.026° from 10° to 100°. The HighScore soft-
ware was used for phase identification through compari-
son of the diffraction patterns with the available Powder
Diffraction File (JCPDS). Structural refinements were
performed by the Rietveld method [23] using the Full-
Prof program [24] which is integrated in WinPLOTR
software package [25]. The structural model was built
starting from the structural parameters of Sasaki et al.
[26]. The pseudo-Voigt function was used to model the
peak shape [27] with the cut-off value of 10.00x (full
width at half maximum). The structural and profile fac-
tors such as: lattice parameters, scale factor, zero-shift
error, background coeflicients, peak profile, atomic po-
sitional parameters and isotropic (Uj,,) atomic displace-
ment parameters were simultaneously refined.

A LabRAM HR Evolution-Horiba instrument was
used for Raman measurements. A calibration on a stan-
dard sample of silicon was carried out before each se-
ries of acquisitions. The ceramics Ca; Nd, ;TiO; (x =
0.225, 0.375 and 0.85) were excited using a blue laser
source with a well-defined wavelength of 473 nm. The
spectra were recorded in the shift range from 100 to
1000 cm™!. The spectrum obtained is the average of the
30 acquisitions.

2.3. Ion irradiations

Amorphization of the samples was studied using MI-
AMI TEM with an in situ ion irradiation facility at
the University of Huddersfield in the United Kingdom.
To obtain electron transparent samples, a small piece
of the required sample (a few tens of milligrams) was
ground in ethanol using a mortar and pestle and a drop
of ethanol containing fine suspended particles was de-
posited on a TEM grid with a carbon film using a sy-
ringe needle. The samples were irradiated with 650 keV
Xe ions using fluxes between 9.8 x 10'" and 1.3 x
10'% ions-cm~2-s~! and selected area electron diffraction
(SAED) patterns were recorded at regular intervals to
monitor the evolution of amorphization as a function of
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time/fluence. In most cases, the experiments were re-
peated twice to obtain reliable amorphization fluence
values. The electron beam was turned off during the ion
irradiations to avoid any recrystallization induced by the
electron beam and the TEM was operated at 300 ke'V.

II1I. Results and discussion

3.1. Structural characterization

XRD patterns of the Ca; Nd, ;TiO; (x = 0.225,
0.375 and 0.85) samples are shown in Fig. 1. There are
differences between the structures of the samples as a
function of composition. The samples with x = 0.225,
0.375 were confirmed to have an orthorhombic Pbnm
structure according to their successful indexation on the
basis of perovskite CaTiO; phase (JCPDS 06-2149).
The x = 0.85 sample has a perovskite monoclinic sym-
metry with space group C2/m. This symmetry is charac-
terized by its main peaks corresponding to (001), (021),
(022), (222), (400) and (242) planes in accordance with
the structure reported previously by Lowndes et al. [28].
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Figure 1. XRD patterns of Ca, ,Nd,, ;TiO; (x = 0.225, 0.75
and 0.85) ceramics

The Rietveld structure refinement of the
Ca; Nd, sTiO; (x = 0225 and 0.375) ceramics
was done for the Pbnm space group while the structure
of the composition x = 0.85 was refined from the
monoclinic symmetry with space group C2/m.

Figure 2 shows the calculated, observed spectrum and
their difference as well as the Bragg positions for the
Ca; Nd, ;TiO; (x = 0.225, 0.375 and 0.85) ceramics.
The Rietveld refinements lead to good agreements be-
tween the experimental data and the theoretical models.
Atomic positions and isotropic thermal agitation param-
eters of the Ca; Nd, ;TiO; (x = 0.225,0.375 and 0.85)
ceramics as well as Rietveld refinement reliability fac-
tors are summarized in Tables 1 and 2, respectively.

Raman spectra of the Ca; Nd, ;TiO; (x = 0.225,
0.375 and 0.85) ceramics recorded at room temperature
are shown in Fig. 3. For the orthorhombic compositions
with x = 0.225 and 0.375, there are 11 distinguishable
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Figure 2. Profile fits for the Rietveld refinement of
Ca, ,Nd,,;TiO; ceramics: a) x = 0.225,
b)x =0.375 and ¢) x = 0.85

Raman bands in which their positions are close to those
of CaTiO;-materials found in several previous reports
[29,30]. The bands located at 174, 208, 239, 287 and
340cm™! correspond to Ca—TiO; mode. The peaks lo-
cated at 471 and 524 cm™! are specific of torsional mode
in the Ti—O bonds, while the 650 cm~! mode is due to
the stretching of Ti—O bonds [29]. The band at 798 cm™!
corresponds to the symmetrical breathing of the oxygen
[31]. Moreover, the mode observed at 130cm™' is at-
tributed to the motion of A-site ions.

The monoclinic perovskite composition with x = 0.85
exhibits several bands located at 134, 247, 336, 460,
540 and 600cm™! which are in good agreement with
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Table 1. Crystallographic data of the Ca; ,Nd,,;TiO; (x = 0.225, 0.375 and 0.85) ceramics

Ca; Nd, ,TiO; Ca; Nd, ;TiO; Ca, Nd, ;TiO;

(x=0.225) (x =0.375) (x=0.85)

Symmetry Orthorhombic Orthorhombic Monoclinic
Space group Pbnm (No. 62) Pbnm (No. 62) C2/m (No. 12)

a=5.3969(1) A
b =5.4395(1)A
c=7.6578(2)A

Lattice parameters

a=5.4038 (3)A
b=54319(2)A
c=7.6576(1)A

a =7.6806(2) A
b=7.6714(1)A
c=17.70853)A

B =90.016(1)°

Reliability factors

Rp [%] 4.20
Rp [%] 4.60
Ry [%] 14.8
R, [%] 15.2

b% 1.50

2.9 4.2
3.20 53
14.6 16.1
15.01 16.4
1.53 1.95

Table 2. Atomic coordinates and isotropic thermal agitation parameters for Ca, ,Nd, ;TiO; (x = 0.225, 0.375 and 0.85)
ceramics

Atom  Site x y Z B (A?)
x=0.225
Ca/Nd  4c  0.99604(4)  0.03035(3) 0.25000  0.842(7)
Ti 4b 0.00000 0.50000 0.00000  0.471(6)
01 4c  0.06677(3)  0.47615(6) 0.25000  0.540(5)
02 8f  0.72411(4)  0.28656(5)  0.03721(3)  0.568(4)
x=0375
Ca/Nd  4c  0.99440(12) 0.02540(09)  0.25000  0.990(8)
Ti 4b 0.00000 0.50000 0.00000  0.092(9)
01 4c  0.06832(21) 0.48613(11)  0.25000  0.088(8)
02 8f  0.71469(18) 0.28277(13) 0.03735(11)  0.703(6)
x=0.85
Cal/Ndl  4i 0.253(9) 0.000 0.03000  0.324(7)
Ca2/Nd2  4i 0.252(3) 0.000 0.497(3)  0.951(8)
Ti 8j -0.013(2) 0.253(2) 0.258(2)  0.325(3)
01 4g 0.00 0.251(8) 0.00 0.452(3)
02 4h 0.00 0.217(4) 0.050 0.246(3)
03 4i -0.035(2) 0.000 022(3)  0.321(2)
04 4 0.05(3) 0.500 0.269(7)  0.131(3)
05 8j 0.230(5) 0.224(5) 0.209(7)  0.214(4)

those reported in the literature [32]. The Raman spec-
troscopy clearly indicates the structural transition from
orthorhombic to monoclinic symmetry due to the over-
lapping of several bands and increase in the intensity of
the mode at 134 cm™! which reflects the increased A-site
ions motion due to the high Nd doping level.

3.2. SRIM simulation

To predict experimentally produced damage and im-
plant depth, Monte Carlo code SRIM 2013 was used to
simulate the ion concentrations and the number of dis-
placements per atom (dpa) as a function of irradiation

depth. The simulations were performed in the “detailed
calculation with full damage cascades” model.

Displacements per atom (dpa) of Ca,_dezmTiO3 (x
= 0.225, 0.525 and 0.85) compositions were calculated
by using the following formula [33]:

dpa = vacancies\ [ 10%(4-) x Fluence(*% 0
ions x A Atom density(“2%*)

where damage-rate in (vacancies/ions X A) is a com-
putational file taken from the SRIM simulation outputs
“vacancy.txt”.
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Figure 3. Raman spectra of Ca, ,Nd,, ;TiO; (x = 0.225, 0.75
and 0.85) ceramics

The calculated dpa and irradiation parameters for
Ca; Nd, ;TiO; (x = 0.225, 0.375 and 0.85) composi-
tions are given in Table 3.

As an example, the damage profile obtained by SRIM
simulation for the composition with x = 0.225 at differ-
ent fluences is shown in Fig. 4. It can be seen that the
damage peak is concentrated in the range of 0-300 nm
for all the used fluences, so the accumulation of radia-
tion damage is distributed in the shallow surface layer.
We note that the induced damage increases with the in-
crease of irradiation fluences and reaches its maximum
at the highest fluence. The Xe ion implantation concen-
tration gradually increases with depth, reaching a max-
imum value of 11 at.% at approximately 125 nm, as in-
dicated in Fig. 4, before decreasing towards lower con-
centrations at greater depths. Consequently, this implan-
tation profile suggests that Xe ions do not significantly
affect the perovskite structure.

3.3. Amorphization studied by in situ ion irradiation

Amorphization was studied for the samples with x =
0.225, 0.375 and 0.85 at 295 K. The samples were con-
sidered fully amorphous when no diffraction spots were
observed in the SAED patterns. Two amorphization ex-
periments for each sample were carried out for x = 0.225
and 0.85 and the average of both is taken as the amor-
phization fluence. A single amorphization experiment
was carried out for x = 0.375.

Zone axis [111] electron diffraction patterns for the
Ca; Nd,, ;TiO; (x = 0.225, 0.375 and 0.85) ceramics
are presented in Fig. 5. The transitions from crystalline-
to-amorphous structure upon Xe ion irradiation were
observed. For all samples, with increasing ion dose, the
electron-diffraction maxima decrease in intensity until
ultimately circular halo appears, characteristic of amor-
phous perovskite at the amorphization dose.

The crystalline-to-amorphous structure transition is
the result of the accumulation of amorphous domains
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Figure 4. The damage profile calculated by SRIM obtained
for the composition with x = 0.225

Table 3. The irradiation parameters and the dpa values of ceramic samples Ca, ,Nd,,;TiO; (x = 0.225, 0.375 and 0.85)

. Density Irradiation Flux Irradiation fluences Irradiation doses
Composition ) )

[g/cm3] [ions/cm?-s] [ions/cm?] [dpa]

2.8x 10 2.0123

52x 101 4.0041

x =0.225 4.931 9.8 x 10! 8.0 x 10™ 6.1617
8.6 x 10 6.7212

9.2x 10" 6.9890

3.8x 10" 0.2534

1.1x 10" 0.7512

x =0.375 4.512 1.3x 10" 1.9 x 10" 3.1824
3.4x 10" 6.8024

3.8x 10 7.0857

4.9 % 10" 0.2139

1.9x 103 0.5240

x =0.85 4.235 1.1x 10" 3.6 x 101 6.6033
7.0 x 1013 8.2451

1.7x 10" 10.5126
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Figure 5. Changes of SAED patterns as a function of fluence
for Ca; Nd,,;;TiO; ceramics: A) x = 0.225, B) x = 0.375 and
C)x=0.85

caused by ion-induced collision cascades. These cas-
cades generate a high density of point defects and dis-
ordered regions; as the irradiation fluence increases, the
overlap and interaction of these regions lead to a break-
down of the long-range crystalline order. When the de-
fect density surpasses a critical threshold, the material
undergoes amorphization. However, as shown in Fig.
6, the sample with the lowest Nd content (x = 0.225)
has the greatest resistance to amorphization, and then
there is a rapid drop as x increases from 0.225 to 0.375,
after which there is only a slight drop in amorphiza-
tion fluence. It is observed that as Nd doping level in-
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Figure 6. Amorphization fluences as a function of Nd doping
level (x)

creases, the samples tend to amorphize at low ion ir-
radiation fluence. This result can be explained by the
increased rate of the induced vacancies. However, for
our samples, the replacement of Ca** by Nd** ions in
the perovskite A-site creates vacancies that tend to in-
crease with the increase of Nd doping level and become
more pronounced for the composition with x = 0.85.
The transition from orthorhombic low Nd content phase
(x = 0.225 and 0.375) to the monoclinic high Nd con-
tent phase (x = 0.85) leads to the creation of new lat-
tice sites that can be occupied by the vacancies, leading
to their redistribution and disordering. Compared to low
Nd doping level compositions (x = 0.225 and 0.375), the
disordered crystal lattice composition x = 0.85 exhibits
high defect mobility under increased irradiation fluence
which causes the amorphization to start from even low
ion irradiation fluences.

Importantly, from a nuclear waste immobilization
perspective, resistance to amorphization is a key crite-
rion for the long-term stability of host matrices. Amor-
phization generally degrades the material’s ability to
retain radioactive ions by increasing their leachability.
Therefore, materials that maintain crystallinity under
irradiation are more suitable for immobilizing nuclear
waste. In this context, the lower Nd-doped samples, par-
ticularly x = 0.225, show greater promise due to their
higher radiation tolerance.

IV. Conclusions

To simulate the radiation effects in ceramic waste
form under disposal conditions, the behaviour under in
situ Xe ion irradiation of Ca; Nd, ;TiO; (x = 0.225,
0.375 and 0.85) perovskite ceramics was studied in
this paper. The ceramic pellets were prepared by using
solid-state reaction method. Structural Rietveld refine-
ments revealed that the compositions with x = 0.225
and 0.375 adopt an orthorhombic symmetry with Pbmn
space group. With the rise of Nd doping level (x = 0.85),
a phase transition to a monoclinic symmetry with space
group C2/m was identified. From Raman spectroscopy
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results, the presence of eleven Raman active vibrational
modes were confirmed for the compositions with x =
0.225 and 0.375 while six vibrational modes were iden-
tified for the composition with x = 0.85. The Raman
results indicate the phase transition from orthorhom-
bic to monoclinic symmetry in agreement with the Ri-
etveld structural refinement results. To monitor the evo-
lution of amorphization process, samples were irradi-
ated with 650keV Xe ions using increasing irradiation
doses. The selected area electron diffraction (SAED)
patterns were recorded in situ during irradiation. It was
found that the sample with x = 0.225 has the greatest
resistance to amorphization reflected by the highest flu-
ence of amorphization. On the other hand, a remark-
able drop in amorphization fluence was observed for the
monoclinic phase with x = 0.85 which is explained by
the increased rate of the induced vacancies due to the
change in symmetry. From this study, it can be con-
cluded that the explored Nd-doped CaTiO, perovskite
ceramics with the compositions x = 0.225 and 0.375
possess enhanced structural stability under increased ir-
radiation doses, which is suitable for disposal condi-
tions.
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