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Abstract

Pyrochlores based on the general composition Ln2TiO5 (Ln2.67Ti1.33O6.67) and Ln2Ti2O7, where Ln = Y or Yb, have been irradiated
through the crystalline–amorphous transition with 1 MeV Kr ions at the IVEM-TANDEM facility, Argonne National Laboratory. The
results show that the Tc (critical temperature for amorphization) differs significantly between each series, e.g. for Y2TiO5 it is 589 ± 18 K
and for Y2Ti2O7 665 ± 33 K. The difference suggests that recovery from damage is more rapid with increasing Ln content, i.e. a lower Tc

for amorphization. These results are discussed in the context of the melting points of each phase, atomic disorder, the pyrochlore–fluorite
order–disorder transition and the implications for oxide dispersion-strengthened additives.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The resistance of materials to radiation damage is a vital
factor when determining the ideal materials for use as a
waste form [1], a new fuel type, e.g. inert matrix fuels
(IMF), or other applications within the nuclear fuel cycle.
However, it is not always possible to undertake experiments
using radioactive decay as the time-scales can make the
studies complex, difficult and expensive. One method for
accelerating the effect of damage is ion beam irradiation
[2], allowing systems to be studied rapidly and systemati-
cally. Two factors directly effecting radiation stability are
the roles crystal structure and chemical composition play,
i.e. which is the major component determining stability/
recovery from damage [2–4]. As part of this process we have
studied materials closely related to pyrochlore but which
differ in composition, i.e. A2BO5 as opposed to A2B2O7. In

this study we have prepared Y2Ti2O7, Y2TiO5, YbYTiO5,
Yb2TiO5 and Yb2Ti2O7 under identical conditions, subse-
quently irradiating them using the IVEM-TANDEM
facility at Argonne National Laboratory.

The pyrochlore structure is well known, with many
applications [5,6], examples of which include oxide fast
ion conductors [7–12] and matrices for nuclear waste
immobilization [2,13,14]. These applications are currently
of major interest, as in both cases pyrochlores are capable
of overcoming many technological problems while
remaining cost effective. The ideal pyrochlore (A2B2O7,
A = 2+/3+, B = 5+/4+) structure can be described as a
2 � 2 � 2 superstructure of fluorite (M4X8), with an
ordered vacancy within the anion array. Such a vacancy
allows the surrounding anions to relax from the ideal posi-
tion in fluorite, giving rise to an observable superstructure
in the anionic array. In conjunction with this relaxation the
cations are ordered in chains, parallel to [110], with each
cation species separated by (½½½), giving rise to an
observable superstructure in the cation array. The addition
of both superstructures changes the observed symmetry
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from Fm�3m to Fd �3m. This joint superstructure is visible
using electron, X-ray or neutron diffraction and can be
used to study the disordering processes within materials.
An example structure is shown in Fig. 1a.

The general formulation A2B2O7 is only one composi-
tion that can adopt the pyrochlore structure, with many
containing vacancies [15] in A or B, e.g. AB2O6. Previously
it has been reported that Ln2TiO5 (Ln2.67Ti1.33O6.67) can
adopt the pyrochlore structure for the majority of lantha-
nides (Gd–Lu) [16,17]. For lanthanides below Gd an
orthorhombic structure is adopted, with atypical Ti–O
and Ln–O coordination [18]. However, between Gd and
Ho the cubic phase is a high temperature phase, whereas
between Er and Lu it is stable under ambient conditions.
In this type of pyrochlore there is intrinsic disorder across
one of the two cation sites, in this case the B site, and
extra vacancies within the anionic array, i.e. Y2TiO5 is
Y2(Ti1.33Y0.67)O6.67 (shown in Fig. 1b). A further, but
equally valid, application of Y2Ti2O7 and Y2TiO5 (where
the material is expected to adopt the orthorhombic struc-
ture) is as an additive within oxide dispersion strengthened
(ODS) steels [19,20], however, how the oxide behaves
under conditions commensurate with a nuclear core is still
not fully understood. These structures provide a mecha-
nism by which the effects of disorder in pyrochlores/fluor-
ites can be examined as a function of radiation tolerance,
with a minimal change in composition.

2. Experimental

Samples were prepared by the calcination of metal oxi-
des using stoichiometric amounts of Y2O3 (Aldrich,
99.9%), Yb2O3 (Aldrich, 99.9%) and TiO2 (99.9%) which
had previously been heated at 850 �C for 12 h to remove
any absorbed H2O/CO2. The powders were ball milled to
ensure complete mixing, pressed into pellets using cold iso-
static pressing and heated at 1550 �C for 48 h, with heating
and cooling rates of 5 K min�1. Once cold the pellets were

crushed to a fine powder using a mortar and pestle and
analysed using powder X-ray diffraction (XRD) to ensure
the samples were single phase. The diffraction data were
collected with a Panalytical X’pert Pro and an Xcellerator
PSD in the range 2h = 5–80�, with an average step size of
0.01� and total count time of 100 s per point, with weighted
CuKa radiation. The unit cell sizes were subsequently
determined by Le Bail analysis [21] of the recorded pat-
terns, using GSAS [22] and EXPGUI [23].

Selected area electron diffraction patterns were collected,
prior to irradiation, using a JEOL 2010F transmission elec-
tron microscope, at an accelerating voltage of 200 keV. The
samples were examined as crushed grains on holey carbon-
coated Cu grids.

The samples were irradiated, again as crushed grains
dispersed on a holey carbon-coated Cu grids, using the
IVEM-TANDEM facility at the Argonne National Labo-
ratory [24], with 1 MeV Kr2+ ions, in situ within a Hitachi
9000-NAR transmission electron microscope. A Gatan
liquid helium (LHe) cooling stage was used for tempera-
tures between 50 and 275 K, and a Gatan heating stage
between room temperature and 650 K.

To minimize irradiation-induced temperature changes a
fluence of 6.25 � 1011 ions cm�2 s�1 was used, with the
sample angled midway between the incident ion and elec-
tron beams, �15� to the vertical. During irradiation the
electron beam was switched off to prevent synergistic inter-
actions of the electron and ion beams within the sample.

Multiple grains were irradiated simultaneously, with the
point of amorphization being the point at which no Bragg
diffraction intensities were visible in the selected area dif-
fraction pattern. This is defined as the critical fluence (Fc)
for the sample at the temperature of measurement. The
data were subsequently analysed to determine the critical
temperature (Tc), the temperature at which the rate of crys-
talline recovery is equal to the damage rate and above
which the samples does not amorphize, under the same
irradiation conditions. This temperature is determined by

Fig. 1. Crystal structure representations of (a) Ln2Ti2O7 and (b) Ln2Ti1.33Ln0.67O6.67 (Ln2TiO5). The changed colour in (b) is indicative of the replacement

of Ti by Ln and does not represent the degree of ordering. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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least squares numerical analysis of critical fluence against
temperature. The equation used for this process [25] is
shown below (Eq. (1)), and is used to determine Tc and
the critical fluence at 0 K (Fc0), which is inversely propor-
tional to the damage cross-section for the system under
analysis, and the energy of activation for crystalline
recovery (Ea), using the Boltzmann constant (kb =
8.617342 � 10�5 eV K�1):

F c ¼
F c0

1� exp ðEa=kbÞ
1
T c

� 1
T

� �h i ð1Þ

It has been reported in the literature that the energy of
activation for recovery is often underestimated using this
approach, and an approach based on other non-kinetic fac-
tors has been suggested by Weber [26]:

Ea ¼ T c kb ln
F c0m

/

� �� �

ð2Þ

This approach uses the critical fluence at 0 K (Fc0), inci-
dent ion flux / = 6.25 � 1011 ions cm�2 s�1 and the effec-
tive jump frequency m, assumed to be 1012. Values for Tc

and Fc0 can be estimated from the recorded data or the val-
ues obtained from Eq. (1) can be used.

3. Results and discussion

The recorded XRD patterns for all samples are shown in
Fig. 2. All samples were found to be single phase, and by
XRD were ordered pyrochlore (Y2Ti2O7, Yb2Ti2O7 and
Y2TiO5), or disordered fluorite (YbYTiO5 and Yb2TiO5).
The lattice parameters determined by a Le Bail analysis
of the recorded patterns using GSAS/EXPGUI, are shown
in Table 1, along with the calculated Ra/Rb ratios. The

Ra/Rb ratios are based on Shannon’s radii, and based on
Ln2Ti1.33Ln0.67O6.67 formulations, while the YbYTiO5 cal-
culation assumes 1:1 occupancy of the A and B sites by Yb
and Y.

Electron diffraction was additionally used to confirm the
existence of superstructure, i.e. pyrochlore and not fluorite
(no superstructure) formation. During the analysis it
became apparent that not only did the Ln2Ti2O7 systems
adopt a pyrochlore form with the expected 2 � 2 � 2 super-
structure, but that the Ln2TiO5 systems showed evidence of
ordering equivalent to pyrochlore. This ordering is long-
range (domains/volumes sufficient for scattering) with
regard to transmission electron microscopy (TEM) but
short-range with regard to XRD (lack of large domains)
giving rise to an XRD pattern equivalent to fluorite, i.e.
showing no evidence of superstructure. In Y2TiO5, which
showed pyrochlore superstructure peaks in XRD, there
were further spots visible, indicating a possible tripling of
the pyrochlore unit cell in the 111 direction, visible along
the [110] zone axis, shown in Fig. 3. This ordering is not
fully understood, but has also been seen in Ho2TiO5 by

(a) (b)

Fig. 2. X-ray diffraction patterns showing the single-phase nature of the samples being studied. In (a) the arrow highlights the position for which the

pyrochlore superstructure is visible for Y2TiO5, but is not visible in either YbYTiO5 or Yb2TiO5 for the samples irradiated.

Table 1

Refined lattice parameters using the Le Bail method.

System Lattice parameter (Å) Ra/Rb

Y2Ti2O7 10.0577 (1) 1.68

Yb2Ti2O7 10.0356 (7) 1.63

Y2TiO5 10.2558 (11) 1.45

YbYTiO5 5.1008 (5) 1.44

Yb2TiO5 5.0744 (5) 1.42

The ESD (shown in parentheses) are those calculated using GSAS. The

lattice parameters for YbYTiO5 and Yb2TiO5 are based on the fluorite

unit cell, a/2 compared with pyrochlore, whereas the others are based on

the pyrochlore unit cell.
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Lau et al. [16,17,27], and is the subject of further work
using high resolution electron imaging, coupled with fur-
ther diffraction studies. There was additional evidence for
the second degree of ordering found by Lau et al.
[16,17,27] along the 662 direction, although these spots
were difficult to observe.

As outlined above, the samples were irradiated at a vari-
ety of temperatures, and at each temperature the Fc was
determined, with an error based on the fluence steps and
spread of data. Fc0, Tc and Ea are shown, along with the
ratio of electronic to nuclear stopping power (ENSP), cal-
culated using SRIM2008 [28,29], in Table 2 and are plotted
in Fig. 4. The results obtained here for Y2Ti2O7 and
Yb2Ti2O7 are both lower than those previously reported
by Lian et al. [30]. This difference is most likely due to
the different methods of sample preparation, i.e. single
crystal growth vs. solid state sintering, coupled with slight
differences in the irradiation conditions. However, the
trend is in agreement, i.e. there is a decrease in Tc from
Y to Yb. The calculated ENSP suggest that in these sam-
ples the main method for retarding incident ions is through
nuclear interaction (ENSP < 1), i.e. impact, with less
energy being transferred through electronic excitation and
transfer. Therefore, a structural cause for the change in
Tc cannot and should not be discounted, and should be
included in any discussion. However, since these structures
are broadly similar the differences due to structure are
expected to be small, with a bigger change arising from
the formation and effects of disorder.

Using the methodologies previously suggested by
Naguib and Kelly [31] relating the melting point for a sys-
tem to the Tc for amorphization, and similar observations
made by Lam et al. [32,33] correlating static disorder with
the melting point, the trend in Tc can be related to both the
melting point and static disorder, i.e. cation mixing at the B
site. The melting point for Y2O3 is 2633 K, while for Yb2O3

it is 2708 K (Table 3), with being highly tolerant of dam-
age, with a Tc of less than 50 K under similar conditions.
A close relation of this system Dy2O3 has previously been
studied by Tang et al. [34] and found to undergo a crystal-
line transition from cubic to monoclinic. Since Dy2O3

adopts the same bixbyite structure as Y2O3 and Yb2O3,
the same transformation is expected here. In these samples
it is difficult to extract direct relationships with the melting
point as the melting points of Y2Ti2O7, Y2TiO5 and YbY-
TiO5 have not been determined experimentally. The melt-
ing point of TiO2 is 2123 K, and has previously been
studied under similar conditions of irradiation and shown
to have a range of different Tc for amorphization depen-
dent on the polymorph being studied, with anatase having
the highest Tc of 242(6) K. This system has been further
discussed in Lumpkin et al. [4,35].

The crystal structures for all the systems studied are
relatable to fluorite. Pyrochlore is classically a 2 � 2 � 2
superstructure of fluorite with cation ordering and an
ordered 1/8 vacancy in the anion array for charge compen-
sation. Bixbyite (Y2O3) is similar to fluorite in terms of cat-
ion location, i.e. broadly a face centred array, but with a

Fig. 3. (a) Simulated kinematic electron diffraction pattern for the h101i zone axis of fluorite, (b) selected-area diffraction from Y2TiO5, down the h101i

zone axis, showing evidence for superstructure along the [111] direction, and (c) simulated kinematic electron diffraction pattern for the h101i zone axis in
the pyrochlore. The distance shown is the equivalent reciprocal space length for similar spots, showing the double nature of the pyrochlore lattice

parameter. (b) has been modified to highlight the weak nature of the superstructure intensities.

Table 2

Fitted results from analysis of damage data, and the calculated electronic to nuclear stopping power (ENSP) using SRIM2008.

System Tc (K) Fc0 (�1014 ions cm�2) Ea (eV) ENSP

Eq. (1) Eq. (2)

Y2Ti2O7 665 (33) 4.75 (0.5) 0.6 (1.06) 1.96 (0.1) 0.742

Yb2Ti2O7 594 (22) 6.57 (0.8) 0.24 (0.11) 1.77 (0.07) 0.681

Y2TiO5 589 (17) 4.02 (0.42) 0.07 (0.01) 1.73 (0.06) 0.727

YbYTiO5 467 (2) 5.07 (0.09) 0.43 (0.04) 1.38 (0.01) 0.688

Yb2TiO5 457 (27) 3.60 (0.6) 0.08 (0.04) 1.34 (0.09) 0.652

The atomic displacement energies used in SRIM2008 are 50 eV for each species.
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modified anion array. In fluorite every cation tetrahedral
interstice is occupied (in pyrochlore this is modified by
removal of 1/8), while in bixbyite 3/4 are occupied (main-
taining charge balance). Classically bixbyite is defined as
body centred, adopting Ia3d symmetry, while fluorites are
face centred structures adopting an Fm�3m structure. How-
ever, they can all be described as fluorites, all essentially
being different disordered/ordered forms.

As has previously been noted in the literature, Y2Ti2O7

is highly ordered with minimal disorder across the A(Y)
and B(Ti) sites [36–38]. A similar observation is expected
for Yb2Ti2O7, and indeed simulations by Jiang et al. using
density functional theory (DFT)-based techniques [39]
have suggested that disordering of both Y2Ti2O7 and
Yb2Ti2O7 is energetically unfavourable up to the melting
point, and thus unlikely to occur. Shlyakhtina et al.
[40,41] observed �5% mixing between Yb and Ti on the
A and B sites, using data from Rietveld refinement of
XRD data recorded for Yb2Ti2O7 heated under similar
conditions, however, the exact heating regime was not sta-
ted. Hence, for the purposes of this discussion these phases
are considered ordered with minimal (zero) cation anti-site
disorder.

When Y2TiO5/Yb2TiO5 are compared with Y2Ti2O7/
Yb2Ti2O7 the cationic disorder immediately increases. By

their nature both of these systems have cation mixing on
the B site. When normalized the composition of, for exam-
ple, Y2TiO5 becomes Y2[Ti1.33Y0.67]O6.67, with a B site frac-
tional occupancy of 2/3 Ti and 1/3 Y. Such mixing can be
ordered with the formation of a large supercell, as seen by
Lau et al. [16,17,27] for Ho2TiO5 and here for Y2TiO5 in
the recorded XRD patterns and TEM images. They can
also form with cation disorder as a fluorite with no obser-
vable superstructure, as previously reported by Shlyakhti-
na et al. [9–11] for Yb2TiO5. Previously Lau et al.
[16,17,27] reported that Yb2TiO5 can be ordered similarly
to pyrochlore, however, the neutron diffraction patterns
showed a broad diffuse peak where the 331 peak would
be located. Electron diffraction patterns, shown in Fig. 5,
suggest that both Yb2TiO5 and YbYTiO5 adopt the
pyrochlore form on the nanoscale with small nanoscale
domains (shown by dark field imaging), similar to that
found by Lau et al. [16,17,27]. A major difference between
these phases and Y2TiO5 is that the superstructure spots
expected from pyrochlore-type ordering are more diffuse
in Yb2TiO5 and YbYTiO5 than in Y2TiO5, indicating an
ordering with some variability in distance, i.e. not exactly
2 � 2 � 2 fluorite. However ordered, they are still more dis-
ordered than their fully ordered pyrochlore equivalents,
due to the ordering being visible only with electron diffrac-
tion, and hence they form nano-domains.

If this methodology for describing disorder is applied to
Y2O3/Yb2O3 a contrasting kind of order/disorder is found.
As outlined above, bixybite is related to fluorite and can be
thought of as fluorite with positional displacements for
both cations and anions. For example the Y3+/Yb3+ array
is essentially fluorite, i.e. a fcc arrangement, with the O2�

anions located in tetrahedral holes. Both arrays then move
away from the ideal positions expected in fluorite, minimiz-
ing the lattice energy of the system. Bixbyite is thus relat-
able to pyrochlore, but only in the “ideal” case, i.e. they
are both fcc arrangements of cations with anions filling tet-
rahedral holes. However, when both types of disorder are
compared some comparisons can be made.

In these samples pyrochlore is the most ordered, i.e. the
base, adopted by Y2Ti2O7 and Yb2Ti2O7, where disorder is
either not preferred or observed in these samples. Thus
Y2TiO5 would be the first disordered system, with ordering
on the longer scale, i.e. visible in XRD measurements
(Fig. 2) indicating ordering on a length scale for coherent
diffraction. However, since both Y3+ and Ti4+ exist at the
B site, for the purposes of this discussion it is disordered,
i.e. Y3+ is found on both the A and B sites. The most dis-
ordered systems in this study are Yb2TiO5 and YbYTiO5,
which have been shown by XRD to be defect fluorite and
therefore on the longer scale are disordered, while on the
nanoscale they were found by TEM to be ordered.
Therefore, with increasing disorder the sequence of ordered
samples is Y2Ti2O7/Yb2Ti2O7, Y2TiO5, Yb2TiO5 and YbY-
TiO5. Technically the YbYTiO5 system has more disorder
than Yb2TiO5 due to three cations present in the system,
however, in reality they are likely to be almost identical

Fig. 4. Plots of critical fluence (Fc) as a function of temperature. The

curves are fitted using Eq. (1). The values obtained from the curve fitting

are shown in Table 1.

Table 3

The Tc values obtained and previously published melting points.

System Tc (K) Melting point (K) References

Y2Ti2O7 665 (33) �2160 [53,54]

Yb2Ti2O7 594 (22) 2163 [40]

589 (17) �2120 [53,54]

YbYTiO5 467 (2)

Yb2TiO5 457 (27) 2353 [55]

The values for Y2Ti2O7 and Y2TiO5 are estimates from Schaedler et al.

[53,54]. There is no reported data for YbYTiO5.
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in terms of disorder as they both form defect fluorite arrays
with only short-range ordering.

Finally, as outliers that are contrastable but not directly
comparable, there are Y2O3/Yb2O3, which are disordered
but in a positional manner whereby the lattice is stabilized
by moving the component atoms off symmetrically ideal
sites. This can be considered to have the highest positional
disorder in cation location, but with a high degree of order
as the cation is monotonic, i.e. Y3+ or Yb3+, whereas the
others have at least two cations. Thus, as these have proven
to remain crystalline at temperatures above 50 K (the low-
est temperature measured here), they are assumed to be
highly tolerant of damage, but can transform from bixbyite
(C-type rare earth oxide) to a monoclinic B-type rare earth
oxide at higher levels of damage [34,42,43].

If this methodology for determining order and disorder
is compared with the observed Tc values, the more disor-
dered a system is the lower the Tc. As can be seen both
YbYTiO5 and Yb2TiO5 have similar values for Tc, but as
outlined above they also have similar levels of disorder.
The radiation responses of Y2O3/Yb2O3 agree with
increased static disorder in the structure, but as it is posi-
tional disorder it is difficult to compare directly.

Once a damage cascade begins and atoms become dis-
placed from their original positions how the material
behaves depends on its ability to recover from damage. If
the material, for example Y2Ti2O7, shows no evidence of
cation disorder then recovery to a stable disordered system
is unlikely, however, formation of a metastable phase is
possible, but is itself thermodynamically unstable and
therefore should transform to a more stable state with
either increasing temperature or irradiation. However, if
the system can accommodate static disorder, e.g. YbY-
TiO5, then recovery to a stable lower lattice energy state
can occur more easily, giving rise to a lower Tc. This
hypothesis agrees with those proposed by Lam et al.
[32,33], who linked static disorder to the ability of a system

to recover from damage. In these systems the ability to tol-
erate static disorder directly affects the radiation response.

A similar response was previously reported [18] for the
systems La2Ti2O7, La2/3TiO3 and La2TiO5, with La2Ti2O7

and La2/3TiO3 having significantly lower Tc values for
amphorization, under identical irradiation conditions, than
La2TiO5. The major difference between these phases is that
La2TiO5 is a highly ordered structure with atypical coordi-
nation of both La and Ti (7 and 5, respectively). It is
expected that the cation anti-site energies for La2TiO5

would be high due to atypical coordination of Ti4+, a
square based pyramid, preventing stable occupancy by
La3+. In contrast, both La2Ti2O7 and La2/3TiO3 have high
levels of positional (La2Ti2O7) and occupancy (La2/3TiO3)
disorder. These types of disorder give rise to many more
stable intermediate arrangements during recovery from
damage.

Such linkage with stable static disorder has been
observed in other fluorite-based systems, with those that
can tolerate disorder tending to have lower observed Tc

values than those which do not. Examples [2,44] of this
are La2Hf2O7 and La1.6Y0.4Hf2O7, where La2Hf2O7 is a
fully ordered pyrochlore with La3+ at the A site and
Hf4+ at the B site. However, La1.6Y0.4Hf2O7 is more disor-
dered with Hf4+ at the B site, but the A site now contains
La3+ and Y3+, with no further ordering observed [45]. The
Tc for La2Hf2O7 is 563(22) K and for La1.6Y0.4Hf2O7 is
473(52) K, a small but significant change in agreement with
the discussion above. However, the system Y2Sn2�xTixO7

does not. In this system the Tc changes from 665(33) for
Y2Ti2O7 to remaining crystalline at 50 K for both
Y2Sn1.6Ti0.4O7 and Y2Sn2O7 under the conditions of irradi-
ation, i.e. 1 MeV Kr. If these systems followed the disorder
approach the minimum Tc would be for Y2SnTiO7, i.e. a
1:1 mix at the B site with maximum disorder, with Tc

increasing on either side as ordering increases. However,
this is not found, and Tc decreases across the series until

Fig. 5. A selected-area diffraction pattern from Yb2TiO5, along the h101i zone axis with the corresponding dark-field image, showing the diffuse nature of

the peaks associated with ordering within the lattice, and the small size, of the order of nanometers, of the domains. The dark-field image was recorded

using a broad diffuse peak, such as the one highlighted. The streaking is along the [111] direction, indicating a degree of ordering along this direction.
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the samples remain crystalline under these irradiation
conditions at 50 K. The increase in stability from
Y2Ti2O7 to Y2Sn2O7 under these conditions of irradiation
is complex but can correlated with disorder. Previously
[36–38] it has been found that there is no A and B site mix-
ing within the Y2Sn2�xTixO7 system. There is random dis-
order across the B site, i.e. Sn/Ti is random and not
ordered, but this is restricted to the B site. This type of dis-
order is different to that in the samples studied here, but
they share some similarities, for example as the Sn content
increases the Tc decreases, i.e. increased disorder is accom-
panied by increasing stability. However, if static/chemical
disorder alone was determining stability the Tc would con-
tinue to decrease at Y2SnTiO7, where the system should
have the lowest Tc. At this point the effects of Sn and the
increased stability within the pyrochlore lattice become
apparent. The increasing stability drives the recrystalliza-
tion process to form a pyrochlore/fluorite. Previous work
by Ewing et al. [46] suggested that Y2Sn2O7 becomes disor-
dered under irradiation to form a defect fluorite, however,
we believe that the sample remains a pyrochlore but that
the pyrochlore superlattice points in the electron diffraction
pattern become weaker due to the loss of long-range order,
as the material forms nanodomains. The loss of superlat-
tice points is similar to the lack of superlattice reflections
seen in the XRD patterns for Yb2TiO5 (Fig. 2) [47].

Increased stability of Ln2Sn2O7 pyrochlores is well
known and has been used to explain the formation of
ordered pyrochlores when classical methods to determine
pyrochlore stability suggest they should form a defect fluo-
rite, i.e. Ra/Rb = 1.48–1.78. If the radius ratio alone
defined the Ln2Sn2O7 pyrochlore stability range then La–
Dy would form a pyrochlore structure, with Ho–Lu form-
ing a fluorite structure, similarly to the Ln2Zr2O7 system.
However, Kennedy et al. [48] have shown that Lu2Sn2O7

is a pyrochlore, suggesting that some other factor is driving
the formation of pyrochlore. In these systems the Sn–O
interaction is strong, driving the formation of pyrochlore
when other factors, such as ionic radius stability calcula-
tions, indicate it should be flourite [49]. Thus in these sam-
ples the effect of increased disorder decreasing the Tc is off-
set by internal bonding driving reformation of the pyroch-
lore structure. In the samples studied here the Ti–O inter-
action is less strong than the Sn–O interaction within
pyrochlore structures, thus removing a secondary factor
determining stability.

A secondary factor that cannot be discounted for the
increase in radiation tolerance/rapid recovery is the vacan-
cies and increased static disorder at the anionic sites. As the
formulation of the Ln2TiO5 phases is Ln2Ti1.33Ln0.67O6.67

there are implicit vacancies within the anion array com-
pared with Ln2Ti2O7. Such vacancies should increase the
conductivity of these phases with respect to the Ln2Ti2O7

phases. Previous work by Pirzada et al. [50] proposed a
mechanism for oxygen conductivity in pyrochlore systems
utilizing vacancy hopping between the 48f positions via
unoccupied lattice positions. Such a mechanisms would

be enhanced in these systems by the extra vacancies
required for charge compensation. Previous work by Shl-
yakhtina et al. [9,11,12,51,52] and Yamamura et al. [7,8]
has shown that an increase in disorder increases the anionic
conductivity. However, a change from pyrochlore to fluo-
rite, as found by Yamamura et al. [7,8] significantly reduces
the conductivity, implying that large-scale disorder, e.g.
complete site mixing, is detrimental to anionic conductiv-
ity. Therefore, these systems, with their partial disorder
across the B site, would have increased anionic conductiv-
ity, which would aid recovery of the lattice from damage.

The results show that the formation/use of cubic Y2TiO5

as opposed to fully ordered Y2Ti2O7 could greatly enhance
the resistance to, or recovery from, radiation damage
within ODS materials. One interesting thing to note is that
cubic Yb2TiO5 is seemingly more resistant to damage than
cubic Y2TiO5, which may be an advantage when designing
new materials for use in extreme radiation fields, e.g.
GenIV fission systems.

4. Conclusion

Stuffed pyrochlores (Ln2TiO5) are more resistant to
damage than classical pyrochlores (Ln2Ti2O7). The Tc is
significantly reduced with B site disorder, implying that dis-
order, whether positional or chemical, significantly reduces
the Tc for recrystallization. However, the effect is weak
compared with other factors that define structure—for
example a strong preference for ordering helps stabilize
the structure. This effect is being further investigated using
DFT and molecular dynamics simulations in concert with
these results to elucidate possible mechanisms for recovery,
and whether there is a systematic cause of structural recov-
ery which is present but not easily visible in these systems.
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