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a b s t r a c t

In an attempt to investigate the role of ion species in the radiation effects of pyrochlores, polycrystalline
Lu2Ti2O7 samples, prepared through a standard solid state process, were irradiated with three different
ion beams: 400 keV Ne2þ, 2.7 MeV Ar11þ and 6.5 MeV Xe26þ. To characterize the damaged layers in
Lu2Ti2O7, the grazing incident X-ray diffraction technique was applied. All the three irradiations induce
significant amorphization processes and lattice swelling in Lu2Ti2O7. However, when the ion fluence is
converted to a standard dose in dpa, the radiation effects of Lu2Ti2O7 show a great dependence on the
implanted ion species. The threshold amorphization dose decreases with increasing ion mass and energy.
Besides, the amorphization rate, as well as lattice swelling rate, increases with increasing ion mass and
energy. That is, the Lu2Ti2O7 pyrochlore is more susceptible to amorphization and lattice swelling under
heavier ion irradiation. These results are then discussed in the framework of defect configuration and the
density of collision cascades based on Monte Carlo simulations.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Global expansion of nuclear power has been proposed as an
excellent solution to the problems associated with increasing en-
ergy use, excessive dependence on fossil fuels and greenhouse gas
emissions [1e4]. However, the management of increasing radio-
active wastes becomes one of the important concerns in the
development of nuclear power. The safe immobilization of toxic
nuclear wastes, includingminor actinides (U, Np, Th, Am and Cm) in
spent nuclear fuel and Pu from dismantled nuclear weapons, is a
major challenge facing humanity today. Currently, ceramic mate-
rials, which can survive in the extreme environment of radiation,
are proposed as potential matrices for the disposal of high-level
radioactive wastes [3e6].

The pyrochlores with formula of A2B2O7 (A¼ Rare earths, B¼ Zr,
Ti, Sn and Hf) are promising ceramic host phases for the immobi-
lization of actinides [7e9]. A2B2O7 pyrochlores belong to Fd3 m
space group, and have a superstructure of the well-known fluorite
structure (Fm3 m). The unit cell contains eight molecules (Z ¼ 8)
and four crystallographically nonequivalent sites. As the origin is
fixed on B site, atoms occupy the following special positions: A at
16d (0.5, 0.5, 0.5), B at 16c (0, 0, 0), O at 48f (x, 0.125, 0.125) and 8b
(0.375, 0.375, 0.375). The 8a site is unoccupied. Among these co-
ordinates, only the 48f oxygen position parameter (x) is changeable.
Both the cations and the anion vacancies are ordered on the cation
and anion sublattice respectively, and the pyrochlore can be
regarded as an ordered defective fluorite structure.

Extensive studies have been devoted to the radiation effects of
titanate and zirconate pyrochlores irradiated with various ion
beams [9e23]. Pyrochlores generally undergo significant structural
evolution under ion irradiations, including amorphization [10,17],
order-to-disorder phase transformation [24], lattice swelling
[12,25,26] and phase separation [12]. The factors that govern the
radiation tolerance of pyrochlores are quite complex, mainly
involving the 48f oxygen positional parameter (x) [10], the radius
ratio of A- to B-cation [21e23], the defect energetics [27e30], the
ionicity of chemical bonds [14,31], the formation enthalpy [32], as
well as the inherent atomic disorder [13,18]. First principles cal-
culations have shown that the cation antisite defect is the most
energetically favorable defect in Sm2Ti2O7, Gd2Ti2O7 and Lu2Ti2O7

pyrochlores [25,29]. However, a molecular dynamics simulation
investigation [33] shows that it is the cation Frenkel pair defect
rather than the cation antisite defect that contributes to the
amorphization in Gd2Ti2O7 [10].
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Fig. 1. Variation of the displacement damage vs. depth in Lu2Ti2O7 for 400 keV Ne,
2.7 MeV Ar and 6.5 MeV Xe ion implantations at fluence of 1.0 � 1015 ions/cm2.
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From the perspective of implanted ions, themass and energy are
critical factors which determine the energy deposition of the ions
and thereby the damage build-up in target materials [34,35]. The
effects of ion species have been mentioned in various experimental
studies [9,36], including materials such as Cd2Nb2O7, Gd2Ti2O7,
Lu2Ti2O7, Ca2La8(SiO4)6O2 and 6H-SiC, where the efforts were
mainly focused on the critical amorphization temperatures and
recovery activation energies. However, the discrepancy of radiation
effects of materials under different ion irradiations was not well
understood yet, which correlates the results of ion beam irradiation
experiments to the radiation damage induced by a- and b-events in
nuclear waste matrices. Herein, we report on a systematic study of
the influence of ion species (400 keV Ne2þ, 2.7 MeV Ar11þ and
6.5 MeV Xe26þ) on the radiation behavior of Lu2Ti2O7.

2. Experimental details

Polycrystalline Lu2Ti2O7 samples were prepared via a standard
solid state process. Stoichiometric amounts of Lu2O3 (99.99% pure)
and TiO2 (99.99% pure) were intimatelymixed using a ball-mill. The
powders were subsequently pressed into pellets at the pressure of
~400 MPa. The compacts were first sintered at 1200 �C for 24 h. To
attain better homogeneity, the procedures (grinding, milling and
pressing) were repeated with a second heating at 1450 �C for 48 h.
The resulted pellets were then polished to a mirror finish.

Lu2Ti2O7 samples were irradiated with three ion species with
different masses and energies. The 400 keV Ne2þ ion irradiations
were carried out at cryogenic temperature (~77 K) using a 200 kV
Danfysik high current research ion implanter in the Ion Beam
Materials Laboratory at Los Alamos National Laboratory, and the
2.7 MeV Ar11þ and 6.5 MeV Xe26þ ion irradiations were performed
at room temperature (~293 K) on a 320 kV platform for multi-
discipline research with highly charged ions at the Institute of
Modern Physics, Chinese Academy of Sciences (CAS). All the ions
were implanted at normal incidence. The ion fluences for different
irradiations are listed in Table 1. The flux of each ion irradiation is
significantly low (�1 � 1012 ions/(cm2$s)), and thus the flux effect
was neglected in the following discussion section.

To estimate the ranges, energy deposition and displacement
damages of each ion irradiation, the ion transport Monte Carlo
simulations were performed using the SRIM (Stopping and Range
of Ions inMatter) codewith the Full Damage Cascadesmode [37]. In
these simulations, the threshold displacement energies for Lu, Ti
and O atomwere set as 84, 205 and 52 eV respectively, as calculated
for Gd2Ti2O7 pyrochlore [38]. The ion projected range of 400 keV Ne
ions is ~0.40 mm, which is much smaller than those of 2.7 MeV Ar
and 6.5 MeV Xe ion (1.19 and 1.25 mm respectively). Fig. 1 shows the
variation of displacement damage as a function of depth under each
irradiation at the fluence of 1 � 1015 ions/cm2. The maximum peak
displacement damages at fluence of 1 � 1015 ions/cm2 are
approximately 0.20, 0.35 and 1.39 dpa (displacements per atom) for
Ne, Ar and Xe irradiation respectively. According to this result, the
Table 1
The irradiation parameters for each irradiation on Lu2Ti2O7.

Ion species Rp (mm) Sn
a Se

a Irradiation fluences

keV/nm

400 keV Ne2þ 0.40 0.15 0.68 Fluence (ions/cm2)
Dose (dpa)

2.7 MeV Ar11þ 1.19 0.22 1.88 Fluence (ions/cm2)
Dose (dpa)

6.5 MeV Xe26þ 1.25 1.20 3.45 Fluence (ions/cm2)
Dose (dpa)

a The mean values of nuclear and electronic energy loss within the range from the im
ion fluence (in ions/cm2) of each irradiation was converted into a
standard damage dose (in dpa) for ease of comparison among
different ion species, as presented in Table 1. Table 1 also gives the
ion projected range (Rp), as well as the nuclear (Sn) and electronic
(Se) energy loss.

Ion irradiation induced structural damage was characterized by
grazing incident X-ray diffraction (GIXRD) method. For Lu2Ti2O7
samples irradiated with 400 keV Ne2þ ions, please see Ref. [25]. For
Lu2Ti2O7 samples irradiated with 2.7 MeV Ar11þ and 6.5 MeV Xe26þ

ions, the X-ray incidence angle was g ¼ 1�. The scan range of 2q is
from 10� to 70�, with a step of 0.02� and a dwell time of 1 s. The
incident angles chosen here can ensure that only radiation
damaged layers were detected by X-rays.
3. Results

Fig. 2 displays the normalized GIXRD patterns of Lu2Ti2O7
samples before and after 400 keV Ne2þ (a), 2.7 MeV Ar11þ (b) and
6.5 MeV Xe26þ (c) irradiations, illustrating the structural evolution
with increasing ion dose. For the pristine Lu2Ti2O7 (see the bottom
pattern in Fig. 2(a)), each diffraction peak can be referred to the
pyrochlores structure, as labeled with the Miller indices. Actually
two series of diffraction peaks are observed. The first series with
high intensities contains the peaks corresponding to the parent
fluorite structure, as marked with even Miller indices (such as (2 2
2), (4 0 0) and (4 4 0)). The second series with low intensities, as
marked with odd Miller indices (such as (111), (3 11) and (3 3 1)),
corresponds to the superstructure of the ordered A2B2O7 pyro-
chlore. The XRD pattern reveals that pristine Lu2Ti2O7 samples
and doses

0 7 � 1014 1 � 1015 2 � 1015 4 � 1015

0 0.14 0.20 0.40 0.80
0 2 � 1014 4 � 1014 6 � 1014 8 � 1014

0 0.07 0.14 0.21 0.28
0 2 � 1013 3.5 � 1013 5 � 1013 1.2 � 1014

0 0.03 0.05 0.07 0.17

planting surface to the depth of displacement damage peak.



Fig. 2. GIXRD patterns of Lu2Ti2O7 under three ion irradiations: (a) 400 keV Ne2þ, (b) 2.7 MeV Ar11þ and (c) 6.5 MeV Xe26þ. The diffraction peaks are marked with the corresponding
Miller indices. The arrows indicate the diffuse scattering from amorphization domains. The insets are enlarged views of the range 2q ¼ 28�e33� to show the peak shift with
increasing irradiation dose.
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possess an ideal pyrochlore structure.
400 keV Ne2þ ion irradiation induced structural evolution is

clearly indicated in Fig. 2(a). With increasing irradiation dose, the
first striking observation is the diminished intensity of odd
diffraction peaks. As the dose reaches 0.40 dpa, the superlattice
diffraction peaks almost vanish, except that only (111) peak is still
visible. As mentioned above, these odd reflections are character-
istics of the pyrochlore superstructure, which are related to the
ordered arrangement of A- and B- cations on the cation sublattice.
The decreased intensity means that an order-to-disorder (O-D)
phase transition is induced by 400 keV Ne2þ ion irradiation.
Another phenomenon is the irradiation induced amorphization. At
dose of 0.40 dpa, slight diffuse scattering occurs at the basis of the
most intense peak (2 2 2), which arises from an amorphous phase.
Finally, at the highest dose of 0.80 dpa, the amorphization becomes
much more significant, implying that a crystalline-to-
amorphization phase transformation is induced by 400 keV Ne2þ

irradiation. Before amorphization occurs (at doses below 0.40 dpa),
all the diffraction peaks shift to lower 2q with increasing dose. The
inset in the upper left corner is an enlarged view of 2q ¼ 28�e33�,
which clearly shows the shift of (2 2 2) peak. Based on the Bragg
equation,

2dsinq ¼ nl; (1)

and the correlation between the lattice parameter (a) and inter-
planar spacing (d) for cubic crystals,
a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
; (2)

this shift indicates the lattice parameter of Lu2Ti2O7 is increased
under irradiation before amorphization. In other words, a lattice
swelling effect is induced in Lu2Ti2O7 by 400 keV Ne2þ irradiation
[25].

Fig. 2(b) presents the typical GIXRD patterns of Lu2Ti2O7 under
2.7MeV Ar11þ ion irradiationwith increasing dose. It is clear that all
the pyrochlore superlattice diffraction peaks, such as (111), (3 11)
and (3 3 1), vanish at dose of 0.14 dpa, indicating a complete order-
to-disorder phase transition is achieved in Lu2Ti2O7 under Ar11þ

irradiation. Strong diffuse scattering is observed at the basis of (2 2
2) peak at 0.21 dpa, which means that Lu2Ti2O7 is severely
amorphized by 2.7 MeV Ar11þ ion irradiation at this dose. As the
dose increases to 0.28 dpa, the amorphous state is enhanced
further. Besides, as shown in the inset, the (2 2 2) peak shifts to
lower 2q with increasing dose, indicating that the lattice swelling
effect is also observed under Ar11þ irradiation.

For the 6.5 MeV Xe26þ ions irradiated Lu2Ti2O7, the GIXRD pat-
terns are presented in Fig. 2(c). Lu2Ti2O7 samples under Xe26þ ir-
radiations undergo structural evolution similar with the above two
cases. As shown in Fig. 2(c), under low dose (�0.05 dpa) irradia-
tions, the intensity of pyrochlore superlattice peaks decreases with
increasing dose and all diffraction peaks shift to lower 2q (as shown
in the inset), implying that both O-D transition and lattice swelling
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are induced by Xe26þ irradiations. At dose of 0.05 dpa, slight diffuse
scattering occurs at the basis of (2 2 2) peak, which is an evidence of
the amorphous phase. As the irradiation dose increases to 0.17 dpa,
Lu2Ti2O7 sample is severely amorphized, where another broad
diffuse scattering band is also examined at 2q range from40� to 60�.

Based on the experimental results above, similar structural
evolution was found in Lu2Ti2O7 pyrochlore under three different
ion species irradiations: 400 keV Ne2þ, 2.7 MeV Ar11þ and 6.5 MeV
Xe26þ. The samples undergo O-D phase transformation, lattice
swelling and amorphization. However, the threshold amorphiza-
tion doses (the dose at the onset of amorphization process) for the
three ion irradiations are significantly different, suggesting that the
amorphization mechanism would be closely associated with the
nature of implanted ions.
4. Discussion

4.1. Effect of ion species on amorphization and lattice swelling

For amore detailed perspective of the effect of ion species on the
amorphization processes in Lu2Ti2O7, a quantitative analysis of
amorphous fraction with increasing irradiation dose was per-
formed. Based on the method in Ref. [23], the fraction of amor-
phous phase was extracted using a peak-fitting procedure of XRD
patterns. As illustrated in Fig. 3, the XRD pattern can be decom-
posed into four different contributions consisting of a diffuse broad
peak (marked as a) from the amorphous part of samples and three
crystalline peaks (marked as b, c and d). Pseudo-Voigt profiles were
used to fit these peaks. The amorphous fraction (fa) was deduced
from the ratio of the amorphous-peak area (Sa, the shaded area in
Fig. 3) to the total peak area (Sa þ Sb þ Sc þ Sd),

fa ¼ sa
sa þ sb þ sc þ sd

(3)

According to the method above, the amorphous fraction in
Lu2Ti2O7 as a function of dose for each ion irradiation was calcu-
lated and plotted in Fig. 4. The amorphous fraction increases with
different rates and functions with respect to irradiation dose for
Fig. 3. The schematic diagram of peak-fitting analysis of GIXRD pattern (of Lu2Ti2O7

under 6.5 MeV Xe26þ irradiation at 0.07 dpa) for amorphous fraction calculation. The
pattern can be decomposed into four different contributions of three crystalline peaks
(b, c and d) and a broad amorphous peak (a, the shaded area). Pseudo-Voigt profiles are
used to fit these individual peaks. The amorphous fraction is determined by the peak-
area ratio Sa/(Sa þ Sb þ Sc þ Sd).
different ion species. From Fig. 4(a), it can be seen that the amor-
phous domain occurs at dose > 0.20 dpa, and then the amorphous
fraction increases systematically as an function of irradiation dose
to ~8.41% at dose of 0.40 dpa and finally ~66.38% at 0.80 dpa. Based
on the previously proposed amorphization mechanisms [39], this
behavior of amorphization fraction with increasing dose can be
ascribed to a defect-accumulation-like amorphization model,
where the amorphization phase forms when the local defect den-
sity reaches a threshold level during the defect accumulation pro-
cess due to the overlapping of collision cascades. Fig. 4(b) shows the
variation of amorphous fraction with increasing dose under
2.7 MeV Ar11þ ion irradiation. The sigmoidal-like growth of amor-
phous fraction can be well described with a direct-impact/defect-
stimulated (DI/DS) model. This model assumes that the amorph-
ization occurs from both direct-impact (in-cascade) production and
defect-stimulated production. According to the fitting results, the
cross section of defect-stimulated amorphization is estimated to be
25.37 dpa�1, which is much larger than that of direct-impact
induced amorphization (0.23 dpa�1). Therefore, it is clear that for
the energy regime of 2.7 MeV Ar11þ ions irradiation, the probability
of direct amorphization is relatively low, while the defect-
stimulated amorphization is the dominant mechanism for the
damage accumulation in Lu2Ti2O7. See Ref. [40] for more details. For
6.5 MeV Xe26þ irradiated samples, the amorphous fraction as a
function of irradiation dose is plotted in Fig. 4(c). One can see that,
at very low dose (�0.03 dpa) irradiation, no amorphization was
detected. As the dose continues increasing, the amorphous fraction
grows dramatically. Although this variation trend is similar to that
of 2.7 MeV Ar11þ irradiation, the DI/DS model was failed to fit the
result in Fig. 4(c). If we ignore the data at dose of 0 and 0.03 dpa, the
Amorphous fraction-Dose curve is quite similar with the well-
established direct-impact model in other systems irradiated with
heavy ion irradiations [21,23,41,42]. Based on the direct-impact
model, a highly energetic incident ion transfers its kinetic energy
to the target system within 10�13 s, and creates a dense displace-
ment cascade. The highly energetic zone quenches quickly (within
a few ps) to form an amorphous domain. Therefore, it is reasonable
to accept that direct-impact induced amorphization would play a
predominant role in the damage build-up of Lu2Ti2O7 under
6.5 MeV Xe26þ irradiation.

In order to facilitate an intuitive comparison, the Amorphization
fraction-Dose curves for all ion irradiations were merged into one
graph, as shown in Fig. 4(d). It is apparent that the threshold
amorphization dose decreases with increasing mass and energy of
implanted ions. And with respect to the same amorphization
fraction, the dose required for heavier Ar11þ and Xe26þ ions are
evidently lower as comparedwith Ne2þ ion. It should be noted that,
in our study, Ne2þ irradiations were performed at cryogenic tem-
perature (~77 K), and Ar11þ and Xe26þ irradiations were performed
at room temperature (~293 K). Our recent study [43] has demon-
strated that the amorphization dose of Lu2Ti2O7 is a constant at low
irradiation temperature range (0e400 K), and increases rapidly
with increasing temperature at high temperature range (>400 K),
which is also confirmed by Lian's results [10]. Therefore, if the Ne2þ

irradiations were carried out at room temperature (same with the
Ar11þ and Xe26þ cases) on Lu2Ti2O7, the threshold amorphization
dose would be equal to (or maybe greater than) that obtained in
present cryogenic case. Thus, the conclusion that the threshold
dose for amorphization decreases with increasing mass and energy
of irradiation ions is unquestionable. In other words, the heavier
ions are more efficient to induce amorphization in Lu2Ti2O7. Since
the dose in dpa is a standard estimation for the ion irradiation
induced displacement damage, the same dose means that the same
amount of displacement events were produced. Evidently, as
demonstrated in the present study, the same amount of



Fig. 4. The amorphous fraction as a function of irradiation dose for (a) 400 keV Ne2þ, (b) 2.7 MeV Ar11þ [40] and (c) 6.5 MeV Xe26þ ion irradiations. (d) is a merged view of (a), (b)
and (c) to facilitate an intuitive comparison. The black points in (a), (b) and (c) are experimental data and the red lines are fits to the data.
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displacement events evolved into amorphization damages of
different extents in Lu2Ti2O7 under different ion species irradia-
tions. The similar dependence of amorphization dose on irradiation
ion mass was also reported in other systems [9,36], where the
amorphization dose decreases with increasing ion mass. However,
there exists an opposite example, i.e., the amorphization dose of
zircon increases with increasing ion mass (Kr, Xe, Bi and U ion ir-
radiations) at temperature range from 20 to 400 K [44].

In Fig. 4(c), it is clear that the fraction of amorphous phase
saturates at about 80%, which suggests a recovery effect at room
temperature. This result agrees very well with a recently published
work by Rong [42], where the amorphization fraction in Lu2Ti2O7
also saturates at ~80% under 600 keV Kr3þ ion irradiation. Since the
Ne2þ irradiations were done at cryogenic temperature, the defects
are “frozen” once formed and the recovery is extremely inhibited. A
full amorphous state is expected in Lu2Ti2O7 due to the continuous
accumulation of defects. As for the Ar11þ irradiations, it is not sure
whether a saturation effect for amorphization could occur or not
due to the absence of data at higher irradiation dose. On the one
hand, the fitting formula indicates that the complete amorphiza-
tion fa ¼ 1 can be achieved at extremely high irradiation dose. On
the other hand, as shown in Table 1, the electronic to nuclear
stopping power ratio (ENSP) Ar11þ ions is relatively high, which
could enhance the annihilation of defects. In addition, the Ar11þ

irradiations were also carried out at room temperature. At this
point, the saturation of amorphization at fa < 1 may occur in
Lu2Ti2O7 under Ar11þ irradiation. More data at higher irradiation
doses are needed to draw a clear conclusion.
As mentioned in Section 3, lattice swelling effect is also pro-

nouncedly induced in Lu2Ti2O7 before amorphization by all ion ir-
radiations. The calculated lattice swelling percentages, Da/a0 (a0 is
the lattice parameter of pristine Lu2Ti2O7), are plotted in Fig. 5. The
lattice parameter increases with increasing irradiation dose for
each ion species. The pre-amorphization lattice swelling effect in
pyrochlores induced by ion beam irradiations has been well
investigated previously [25,26]. Based on the experimental obser-
vations and atomistic simulations in Ref. [25], it is easily under-
stood that the lattice swelling induced by 400 keV Ne2þ irradiation
in Lu2Ti2O7 at cryogenic temperature is initially due to the forma-
tion of cation antisite defects. As irradiated at the same dose, the
swelling percentage, Da/a0, increases significantly with increasing
ion mass and energy. Similarly, we can also conclude that the
heavier ions are more efficient to induce lattice swelling in
Lu2Ti2O7.

To address the discrepancy in radiation effects (amorphization
and lattice swelling) of Lu2Ti2O7 under 400 keV Ne2þ, 2.7MeV Ar11þ

and 6.5 MeV Xe26þ ion irradiations, we try to make a detailed and
evidenced interpretation from two aspects in following sections.

4.2. Role of defect configuration

Radiation induced structural evolution in materials is generally
due to the formation, accumulation, migration and clustering of
defects. In A2B2O7 pyrochlores, radiation induced defects can be



Fig. 5. Lattice swelling percentages, Da/a0, as a function of irradiation dose in Lu2Ti2O7

pyrochlores before amorphization under 400 keV Ne2þ, 2.7 MeV Ar11þ and 6.5 MeV
Xe26þ irradiation. The lattice parameter increases with increasing dose for each ion
species irradiation. The increasing rate also increases with increasing ion mass and
energy.
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basically summarized by the following point-defect reactions:

AA þ BB/AB þ BA; (4)

AA/VA þ Ai; (5)

BB/VB þ Bi; (6)

OO/VO þ Oi: (7)

As a result, cation antisites (AB, BA), interstitials (Ai, Bi, Oi) and
vacancies (VA, VB, VO) defects would be produced in A2B2O7 lattice.
Theoretical investigations [10,25,27e30] have demonstrated that
the cation antisite defects are the most energetically favorable and
stable defect type in several titanate pyrochlores and strongly
correlated to their susceptibility to radiation induced amorphiza-
tion. In our previous study on Lu2Ti2O7, the formation energies for
near and far cation antisites are 0.81 and 0.85 eV respectively, much
lower than those of Lu (2.8 eV) and Ti (3.3 eV) Frenkel pairs [25].
Furthermore, the temperature accelerated dynamics (TAD) simu-
lations implied that the Frenkel defects are metastable and would
decay to form antisite defects [25]. It should be noted that it does
not absolutely mean that only antisite defects are induced in
pyrochlores under irradiations. Actually, other defect types are also
introduced with a relatively small proportion. The cation antisite is
also the primary cause of ion irradiation induced lattice swelling in
pyrochlores [25]. From this point, assuming that the defects
retained from collision cascades in Lu2Ti2O7 under each ion irra-
diation consistsmainly of cation antisites, the same irradiation dose
should correspond to the same amount of antisites since the anti-
sites would stably exist once formed. As a result, the same extent of
amorphization and lattice swelling would be triggered. However,
Table 2
The detailed collision events induced by a single ion implantation in Lu2Ti2O7.

Ions Maximum energy of recoils (keV) Total di

400 keV Ne2þ 1.57 751
2.7 MeV Ar11þ 1.92 2701
6.5 MeV Xe26þ 5.57 12255
the extents of amorphization and lattice swelling at the same
irradiation dose depend strongly on ion species from our results.
Therefore, we are reasonably allowed to suppose that the defect
configurations in damaged layers of Lu2Ti2O7 are probably different
under different ion irradiations. More specifically, in addition to the
cation antisites, the proportion of other defect types (such as in-
terstitials and vacancies) are also expected to increase with
increasing ion mass and energy. This is reasonable because the
energy of recoils increases with increasing mass and energy of
implanted ions applied in this work, as shown in Table 2. These
defect types also contribute partially or predominantly to the ra-
diation behavior of Lu2Ti2O7 pyrochlores under heavier ion irradi-
ations. This inference is supported by two pieces of evidences.
Firstly, we will discuss from the perspective of amorphization. Ac-
cording to Shen [45], a phase transition (e.g. amorphization or a
change in crystallographic structure) in irradiated materials is
thermodynamically possible only when

DGgb þ DGpd >DGpt ; (8)

where DGgb is the Gibbs free energy of grain boundaries, DGpd is the
Gibbs free energy of irradiation induced point defects and DGpt is
the Gibbs free energy barrier for the phase transition. In this work,
all Lu2Ti2O7 samples were synthesized through the conventional
solid-state method and possess similar grain size of approximately
10 mm [43], at which the influence of grain boundary is rather weak
and can be ignored. We thereby should only consider DGpd here. As
calculated previously, the defect formation energy of cation anti-
sites is much smaller than other defect types. Accordingly, DGpd

induced by an antisite should be smaller than that induced by a
defect of other types. As more other type defects are introduced,
DGpd would increases faster, and Lu2Ti2O7 samples are thus easier
to be amorphized. This is consistent with the results shown in
Fig. 4(d). Secondly, Fig. 5 shows that the lattice swells more rapidly
under 6.5 MeV Xe26þ and 2.7 MeV Ar11þ irradiations as compared
with the case of 400 keV Ne2þ irradiation. It has been calculated
that the formation volumes (namely, the lattice volume change
induced by introducing a defect into the Lu2Ti2O7 structure) are
49.7 and 53.5 Å3 for a Lu and Ti Frenkel pair respectively, which are
significantly larger than that of an antisite (~12 Å3). Hence, the
inclusion of other defect types can greatly enhance the lattice
swelling rate of Lu2Ti2O7, as in the cases of heavier ion irradiations.

4.3. Role of collision-cascade density

In this section, we discuss the effects of the density of collision
cascades, which is alternatively responsible for the dependence of
radiation behavior of Lu2Ti2O7 on the ion species. In order to obtain
the details of irradiation induced cascades, Monte Carlo simulations
of the single ion implantation into Lu2Ti2O7 has been performed
using SRIM code for 400 keV Ne, 2.7 MeV Ar and 6.5 MeV Xe. The
detailed collision events were presented in Table 2. The numbers of
total displacements are 751, 2701 and 12255 for a single 400 keV
Ne, 2.7 MeV Ar and 6.5 MeV Xe ion implantation respectively,
showing a dramatic increase with increasing ion mass and energy.
Fig. 6 provides the direct evidence that the displacement density of
collision cascade increases following the sequence of Ne, Ar and Xe.
splacements Total vacancies Replacements collisions

736 15
2665 36
12081 174



Fig. 6. The collision events in Lu2Ti2O7 induced by a single implanted ion from SRIM simulations: (a) 400 keV Ne, (b) 2.7 MeV Ar and (c) 6.5 MeV Xe.
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Generally, an increase in the density of collision cascades should
enhance the clustering of mobile point defects into stable defect
complexes [46]. What is more, our recent atomistic simulations (to
be published elsewhere soon) have demonstrated that the defect
recovery rate is much higher in the cascades initiated by a lower
energy primary knock-on atom (PKA). From Table 2, the maximum
energies of PKAs induced by a Ne, Ar and Xe ion are 1.57, 1.92 and
5.57 keV respectively. As a result, the defect survivability is
increased under heavier ion irradiation, making Lu2Ti2O7 prone to
amorphization at a lower dose. In addition, the mass and energy-
dependent damage build-up may be due to a decrease in the
effective displacement energies of atoms in the Lu2Ti2O7 matrix
with increasing density of collision cascades. On the one hand, in a
highly dense displacement cascade, the atomic bonds would be
severely disrupted, resulting in reduced displacement energies for
atoms with missing nearest neighbors [47]. On the other hand, the
local structure of matrices could be distorted within the dense
collision cascades [48]. With the decreased effective atomic
displacement energies, the structure of materials is expected to be
more susceptible to amorphization under ion irradiation.

5. Conclusions

The purpose of this work is to investigate the role of ion species
in radiation effects of pyrochlores. Three ion species were sepa-
rately implanted into pyrochlore Lu2Ti2O7 samples: 400 keV Ne2þ,
2.7 MeV Ar11þ and 6.5 MeV Xe26þ. Both amorphization and lattice
swelling are induced in Lu2Ti2O7 under each irradiation. However,
the ion species plays a significant role in the radiation effects of
Lu2Ti2O7, where heavier ions behave more efficiently to induce
amorphization and lattice swelling. The threshold amorphization
dose decreases with increasing ion mass and energy. Moreover, the
amorphization rate, as well as lattice swelling rate, increases with
increasing ionmass and energy. From the view of thermodynamics,
it is supposed that the proportion of other defect types, in addition
to the cation antisite, increases under heavier ion irradiations in the
damaged Lu2Ti2O7 layers, which leads to enhanced amorphization
and lattice swelling rate. Alternatively, the density of collision
cascades also makes a contribution. With increasing density of
collision cascades, the efficiency of defect clustering into stable
defect complexes is increased and the effective atomic displace-
ment energies are reduced, both of which account for the increased
susceptibility of Lu2Ti2O7 to amorphization and lattice swelling
under heavier ion irradiations. These results are much worth of
consideration when accelerated ion beams are used to simulating
the radiation damage induced in immobilizationmatrices by a- and
b-decay events of radioactive wastes. This work is also expected to
provide new insights into the radiation damage mechanisms of
pyrochlores.
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