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A potentially enhanced radiation resistance of nanocrystalline materials, as a consequence of the high
density of interfaces and surfaces, has attracted much attention both to understand the fundamental role
of these defect sinks and to develop them for high-radiation environments. Here, irradiation response of
nanocrystalline A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlore powders with grain sizes of 20e30 nm was
investigated by 1-MeV Kr2þ ion bombardment. In situ transmission electron microscopy (TEM) revealed
that the critical amorphization fluence for each nanocrystalline compound at room temperature was
greater than that for their coarse-grained counterparts, indicating an enhanced amorphization resis-
tance. The effect of temperature on the irradiation response of one of these compounds, nanocrystalline
Lu2Ti2O7, was further examined by performing ion irradiation at an elevated temperature range of 480
e600 K. The critical amorphization temperature (Tc) was found to be noticeably higher in nanocrystalline
Lu2Ti2O7 (610 K) than its coarse-grained counterpart (480 K), revealing that nanocrystalline Lu2Ti2O7 is
less resistant to amorphization compared to its coarse-grained phase under high temperatures. We
interpret these results with the aid of atomistic simulations. Molecular statics calculations find that
cation antisite defects are less energetically costly to form near surfaces than in the bulk, suggesting that
the nanocrystalline form of these materials is generally less susceptible to amorphization than coarse-
grained counterparts at low temperatures where defect kinetics are negligible. In contrast, at high
temperatures, the annealing efficiency of antisite defects by cation interstitials is significantly reduced
due to the sink properties of the surfaces in the nanocrystalline pyrochlore, which contributes to the
observed higher amorphization temperature in the nano-grained phase than in coarse-grained coun-
terpart. Together, these results provide new insight into the behavior of nanocrystalline materials under
irradiation.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nanocrystalline materials, which consist of single or multiple
phases with crystal grain sizes less than 100 nm in at least one
dimension compared to conventional polycrystals, have received
considerable attention owing to their outstanding physical, me-
chanical and chemical properties [1e3]. In particular, because of the
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high density of interfaces and surfaces, these materials often
exhibit enhanced radiation tolerance and thus are attractive for
application in various radiation environments. Upon irradiation,
energetic particles interact with atoms of the target materials and
create collision cascades on the picosecond time scale. This process
unavoidably induces a large number of point defects, such as in-
terstitials (i) and vacancies (v), which can aggregate to form
extended defects, such as clusters, dislocation loops and voids
[4e7]. These defects cause microstructure changes (swelling,
amorphization etc.) and eventually lead to severe degradation of
the material properties (hardening, embrittlement etc.). In order to
increase the radiation tolerance of materials, the fundamental goal
is to suppress the accumulation of radiation-induced point defects
in grain interiors. Incorporating solid-vapor and solidesolid
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interfaces during materials synthesis is one promising route to
reduce the defect content in these materials, which provide a
shorter diffusion distance between point defects and nearby in-
terfaces/surfaces where they can be readily absorbed or annihi-
lated. Nanocrystalline materials have shown enhanced radiation
tolerance to amorphization relative to their coarse-grained coun-
terparts simply because they have significantly larger interfacial/
surface area working as effective sinks to absorb or annihilate
radiation-induced point defects. Experiments on ion-irradiated
nanocrystalline solids Pd and ZrO2 by Rose et al., for example,
found that the point defect density was reduced by a factor of 3e4
when the specimen grain size was reduced from ~100 nm to
~40 nm, and furthermore no defects were observed in the smallest
ZrO2 (<15 nm) and Pd (<30 nm) grains [8,9]. A nanocrystalline NiTi
alloy irradiated by 1.5 MeV Arþ ions retained its long-range order
up to the twice the irradiation dose that would have led to signif-
icant amorphization of its coarse-grained counterpart [10].
Furthermore, Shen et al. reported that nanocrystalline MgGa2O4
spinel resisted amorphization doses up to 96 displacements per
atom (dpa) which is at least 8 times higher than that needed to
amorphize its coarse-grained counterpart [11]. These experimental
results were consistent with the expectation of enhanced radiation
resistance on nanostructured materials. Indeed, molecular dy-
namics simulations have shown that the defecteinterface interac-
tion strongly affects the primary radiation damage stage, with the
interface acting as a sink to effectively annihilate defects and thus
facilitating self-healing of the radiation-induced damage [12,13].
However, Meldrum et al. found that nanocrystalline ZrO2
embedded in a SiO2 matrix is readily amorphized while bulk ZrO2
has never been made amorphous by ion irradiation [14]. The
experimental results reported by Chimi et al. further show that the
defect accumulation rate in nano-Au was significantly affected by
temperature [15]. These observations indicate that nano is not al-
ways better than bulk phase, and temperature could remarkably
affect the radiation behavior of the nano materials.

In the context of nuclear materials, pyrochlore oxides with the
general formula A2B2O7 are of particular interest, because they have
been proposed as potential host matrices for the immobilization of
fission products and actinides [16e22]. The structure of pyrochlore
is isometric (Fd3m, Z ¼ 8, and a ¼ 9e12 Å) and is a derivative of the
fluorite structure (MO2, Fm3m) (shown in Fig.1), except that cations
are ordered on the A and B sites and one-eighth of the anions are
missing, to compensate the reduced charge of the A3þ cations. The
eight-coordinated A sites (16c) located within a distorted cubic
coordination polyhedron are typically occupied by trivalent acti-
nides and lanthanides, whereas the six-coordinated B sites (16d)
located within a distorted octahedron are usually occupied by a
smaller cation, such as Ti, Zr, Hf, or Sn [23,24]. There are three
unique anion sites, 48f, 8a and 8b, in the pyrochlore structure. The
48f-site is coordinated with two B4þ cations and A3þ cations, while
the 8b-site is in a tetrahedral coordination with four A3þ cations.
The 8a-anion site is unoccupied and surrounded by four B4þ cat-
ions; these structural “vacancies” at the 8a site are ordered on the
anion sublattice [25,26]. When actinides are substituted into the A-
site of the pyrochlore structure, radiation damage by a decays
(~5 MeV) and their accompanying heavy recoils (~80 keV) from the
incorporated actinides can cause structural changes and may
eventually deteriorate its long-term performance as a stable host
material for nuclear waste immobilization [27,28]. Therefore, un-
derstanding the behavior of pyrochlore under various types of
irradiation has important implications. Previous studies revealed
that the irradiation responses of pyrochlores vary significantly as a
function of composition [29e33]. In addition, atomistic computer
simulations have shown that the cation antisite pair is the most
stable defect in the pyrochlore structure, and further revealed that
cation antisite defects and disordering of the pyrochlore structure
generally correlates with the observed lattice swelling and
amorphization [16,34e36]. That is, when the formation energy for
cation disorder increases with changing A or B cation chemistry, the
pyrochlore resistance to amorphization decreases [16]. In partic-
ular, in the titanate series, Gd2Ti2O7 exhibits the least amorphiza-
tion resistance and has the highest disordering energy [36].

Despite the fact that a large number of publications have been
devoted to understanding the irradiation-induced crystalline-to-
amorphous (c-a) phase transformation in mostly coarse-grained
pyrochlores, the effects of grain size on the c-a phase trans-
formation in pyrochlore have not been systematically investigated.
To the best of our knowledge, there has been only one recent report
in which the nanocrystalline pyrochlore Gd2(Ti0.65Zr0.35)2O7 was
found to display a greater radiation resistance as compared to its
coarse-grained counterpart at room temperature [37]. Although
those authors showed an enhanced resistance in nanocrystalline
Gd2(Ti0.65Zr0.35)2O7, detailed information about the irradiation
behavior, i.e., accumulation and recovery of radiation-induced de-
fects under different irradiation temperatures, were not presented.
In the present study, we first investigated the extent of ion radia-
tion induced damage in several nanocrystalline pyrochlores
A2Ti2O7 (A ¼ Gd, Ho and Lu) by in situ transmission electron mi-
croscopy (TEM) at room temperature. Second, the effect of tem-
perature on the irradiation response was further examined in
nanocrystalline Lu2Ti2O7 by performing ion irradiation at an
elevated temperature range of 480e600 K. Atomistic calculations
were used to interpret the experimental observations, both at low
and high temperatures. These new results provide important
insight into the dynamic processes of defects and the effect of
nanostructure on the radiation tolerance of pyrochlores.
2. Methods

2.1. Sample synthesis and TEM specimen preparation

Nanocrystalline pyrochlore powders of A2Ti2O7 (A ¼ Gd, Ho and
Lu) were synthesized by the citric acid solegel route using the
specific rare-earth oxide (RE2O3, 99.99%) and tetrabutyl titanate as
starting materials with the molar rate of RE/Ti at 1:1. Anhydrous
citric acid (CA) and absolute ethanol were used as chelator and
solvent, respectively. The amount of citric acid was determined at
nCA/(nA þ nTi) ¼ 2.5. To find appropriate fabrication temperatures
for each composition with pyrochlore phase and desired grain size,
we synthesized a set of samples for each composition in a tem-
perature range of 750e850 �C with a step size of 20e30 �C. The
samples reported here are prepared with the following conditions.
The precursors of A2Ti2O7 (A ¼ Gd, Ho and Lu) were heated in air at
800 �C for both Gd2Ti2O7 and Ho2Ti2O7 and 830 �C for Lu2Ti2O7,
with the same dwelling time of 1 h, followed by furnace cooling
down to room temperature naturally. Crystal structures were
analyzed using a Rigaku D/Max-2400 X-ray Diffractometer with
Cu-Ka radiation of wavelength l ¼ 1.5406 Å. The q-2q scans in the
range of 10e80� were performed using a step size of 0.02� and a
dwell time of 4 s per step. Before the irradiation, the average grain
size of nanocrystalline A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlore
powders was determined by a FEI Tecnai F30 transmission electron
microscopy. A Hitachi H-9000NAR transmission electron micro-
scope was used to study phase transformations during the in-situ
ion irradiation experiments. TEM samples were prepared by
dispersing the resulting powder into absolute ethanol using ultra-
sonic treatment, then dropping the solution onto the carbon-
coated TEM grids and naturally drying in air.



Fig. 1. Schematic drawing comparing the crystal structures of ideal fluorite (MO2; M ¼ cation) and pyrochlore (A2B2O7; A, B ¼ cations). The various atomic sites in the crystal
structure are indicated by Wycoff notation. (a) Unit cell for the ideal fluorite crystal structure. The small light blue spheres represent metal cations. The large red spheres represent
oxygen anions. (b) One eighth of the unit cell for the pyrochlore crystal structure. A3þ cations (shown as gray spheres) and B4þ cations (shown as dark blue spheres) have an ordered
arrangement on the pyrochlore cation sublattice. Charge-compensation for these replacements is achieved by the introduction of oxygen vacancies (indicated as a yellow cube).
These oxygen vacancies are ordered on the pyrochlore anion sublattice. (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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2.2. Ion beam irradiation and in situ TEM characterization

Ion irradiation and in situ TEM observations were performed
using the Intermediate Voltage Electron Microscopy (IVEM)-Tan-
dem Facility at Argonne National Laboratory with 1 MeV Kr2þ ions
under a temperature range of room temperature (293 K) to 600 K. A
constant ion flux of 6.25 � 1011 ions/cm2/s was used to minimize
irradiation-induced temperature changes during all irradiation
experiments. Specimens were bombarded by the ion beam at an
angle 30� off the electron beam direction. During the irradiation,
the electron beam was blocked to avoid concurrent electron beam
irradiation damage. The temperature was monitored by a ther-
mocouple connected to the TEM holder. The c-a phase trans-
formation induced by Kr ions was detected by in situ TEM imaging
and selected area electron diffraction (SAED) patterns. The point of
complete amorphization occurrence, at which the critical
amorphization fluence (Fc) is defined, was determined by the
disappearance of all of the diffraction intensities in the SAED pat-
terns. To determine whether the irradiated region is fully
amorphized, we either used the beammask to block the 000 spot or
lowered the beam intensity to observe the weak diffraction spots
depending on the diffraction intensities from a specific specimen.
We also took electron diffraction patterns from different parts of
the specimen to make sure the material is fully amorphized under
the stated amorphization fluence.

The critical amorphization fluence in the unit of displacements
per atom (the amorphization dose, Dc (dpa)), was estimated using
SRIM (Stopping and Range of Ions in Matter) simulations with the
full-cascade mode assuming 50 eV threshold displacement en-
ergies for all elements Gd, Ho, Lu, Ti, and O in our titanate pyro-
chlores [38]. The incident projectile range of 1-MeV Kr2þ ions is
~300 nm, greater than the typical TEM sample thickness. Therefore,
most of Kr ions pass through the TEM samples, and impurity effects
of the implanted ions are negligible. It is important to emphasize
that all irradiation parameters were chosen to match those in Refs.
[31], as we will compare our results to those, which were on large-
grained pyrochlore samples. For a direct comparison, the dose
determination for each ion fluence here also corresponds to a
calculated dpa value at a depth of ~100 nm in the nanocrystalline
specimen.

The critical amorphization temperature, Tc, is defined as the
temperature at which the recrystallization rate is equal to the
damage rate, and above which amorphization is not induced by the
irradiation [31]. This temperature is deduced by the experimentally
determined critical amorphization fluence (Fc). The equation used
for Fc to Tc conversion [39] can be expressed by

Fc ¼ F0
1� exp½ðEa=kbÞð1=Tc � 1=TÞ� (1)

where F0 is the amorphization fluence extrapolated to absolute zero
̶the point at which no annealing can occur and Ea is the activation
energy for the dynamic annealing process during irradiation, using
the Boltzmann constant (kb ¼ 8.617342 � 10�5 eV K�1).

2.3. Atomistic simulations

To help interpret the experimental results, atomistic simulations
were performed. Specifically, the formation energy of antisites as a
function of distance from a surface of pyrochlore was determined.
The atomistic simulations employed an empirical potential of the
Buckingham form with parameterizations as provided by Ref. [40].
A model of the pyrochlore surface was constructed in a way that no
surface dipoles were formed and that the model remained as a
whole stoichiometric, and, as a consequence, charge neutral. The
size of this stoichiometric slab model was 2.82 � 5.48 � 2.03 nm3

(2640 atoms). To mimic the surface, a vacuum of 5 nm was added
along the y axis (normal to the surface). This model was found to be
stable upon annealing at 3000 K for 10 ns. Subsequently, the
annealed structure was used for further calculations. Antisite for-
mation energies were calculated near the <110> surface of pyro-
chlore, which we determine to be the most stable of the low index
surfaces. Details will appear in a forthcoming paper. Antisite pairs
were created in each layer of the structure, one-by-one, as a func-
tion of distance from the surface.We also rely on recent simulations
of the annealing of antisite defects by cation interstitials [41], as
found using temperature accelerated dynamics, to provide further
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insight into the experimental observations.

3. Results and discussion

3.1. Characterization of pristine specimens by XRD and TEM

Measured X-ray diffraction patterns for pristine nanocrystalline
A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlores are shown in Fig. 2.
Because pyrochlore is a superstructure of the fluorite structure,
with an ordered arrangement of cations and oxygen vacancies, its
pattern is composed of a set of principal diffraction maxima of the
“parent” fluorite structure, and an additional set of “superlattice”
reflections from the pyrochlore structure. Fig. 2 shows that all of the
compounds possess the pyrochlore structure, where the pyrochlore
reflections, referred to as “superlattice” reflections, are labeled in
the XRD patterns with the corresponding Miller indices of crys-
tallographic planes. Diffraction peaks of P(222), P(400), P(440) and
P(622), same as the parent fluorite reflections of F(111), F(200),
F(220) and F(311), are attributable to both the pyrochlore and
fluorite structures. Significant broadening of the peaks indicates
the formation of ultrafine-grained structure. Thus, based on the full
width at half maximum (FWHM) of the most intense peaks within
the angle two theta range of 10� ~ 60� and using Scherrer's formula
[42], we have determined that the average grain size in the pristine
nanocrystalline Gd2Ti2O7, Ho2Ti2O7 and Lu2Ti2O7 specimens are
approximately 25.2 nm, 20.4 nm and 22.5 nm, respectively.

Dark field TEM images and SAED patterns in the insets for the
pristine nanocrystalline Gd2Ti2O7, Ho2Ti2O7 and Lu2Ti2O7 are
shown in Fig. 3(aec), respectively. The SAED patterns show char-
acteristic nanocrystalline rings resulting from each compound. The
indices labeled in the patterns further confirm that all the com-
pounds exhibit pyrochlore structure, consistent with the XRD
analysis. High-resolution TEM (HRTEM) images (Fig. 3(def)) and
the corresponding fast Fourier transforms (insets in Fig. 3(def))
confirm that the pyrochlore structure is formed in the individual
Fig. 2. XRD patterns obtained from pristine nanocrystalline Gd2Ti2O7, Ho2Ti2O7 and Lu2T
composition. (For interpretation of the references to colour in this figure legend, the reade
grains. The lattice fringes with an interplanar distance (labeled in
the HRTEM images) are attributed to the (331) plane of the pyro-
chlore structure. From the dark field TEM images, it can be found
that the grain sizes are very similar, with an average diameter of
~28 nm for Gd2Ti2O7, ~23 nm for Ho2Ti2O7 and ~27 nm for Lu2Ti2O7,
consistent with XRD results. Grain size distributions for all com-
pounds were found to be quite narrow as shown in Fig. 3(gei).

3.2. Ion irradiation-induced amorphization as a function of
composition

The nanocrystalline rare-earth titanate pyrochlores (A2Ti2O7,
A ¼ Gd, Ho and Lu) were irradiated by in situ 1 MeV Kr2þ ions at
room temperature, a relatively low temperature for thesematerials.
A series of SAED patterns for the nanocrystalline Gd2Ti2O7,
Ho2Ti2O7 and Lu2Ti2O7 (shown in Fig. 4) were taken to monitor the
phase transformation during ion irradiation. As an example, SAED
patterns for the nanocrystalline Gd2Ti2O7 (Fig. 4(aed)) were ob-
tained at fluences of 1� 1014 ions/cm2 (0.12 dpa), 2� 1014 ions/cm2

(0.24 dpa), and 3 � 1014 ions/cm2 (0.36 dpa). The SAED patterns
show clear evidence of an irradiation-induced c-a phase trans-
formation in the nanocrystalline Gd2Ti2O7. With increasing irradi-
ation fluence, the intensity of the diffraction maxima gradually
decreases. Complete amorphization was achieved at a fluence
(dose) of 3 � 1014 ions/cm2 (0.36 dpa) based on the appearance of a
broad and diffuse halo that is characteristic of amorphization in the
SAED pattern.

A similar amorphization process was also observed for the
nanocrystalline Ho2Ti2O7 (shown in Fig. 4(eeh)) and Lu2Ti2O7
(shown in Fig. 4(iel)), which exhibited higher critical amorphiza-
tion fluences (doses) of 3.75� 1014 ions/cm2 (0.53 dpa) and 6� 1014

ions/cm2 (0.81dpa), respectively. Fc (ions/cm2) and Dc (dpa) at room
temperature for nanocrystalline A2Ti2O7 (A ¼ Gd, Ho and Lu) are
summarized in Table 1. By comparing ion irradiation in various
pyrochlores with similar nanograin sizes, we found that the critical
i2O7 pyrochlore samples. Red vertical drop lines are standard XRD patterns for each
r is referred to the web version of this article.)



Fig. 3. TEM images and grain size histograms of pristine nanocrystalline A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlore. (a)e(c) Dark field TEM images of pristine nanocrystalline Gd2Ti2O7,
Ho2Ti2O7 and Lu2Ti2O7 pyrochlores, respectively. The insets are the corresponding SAED patterns. (d)e(f) HRTEM images of nanocrystalline A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlores
with the associated FFT in the insets. Grain size histograms show the average grain size is (g) ~ 28.4 nm for Gd2Ti2O7, (h) ~ 23.5 nm for Ho2Ti2O7, and (i) ~ 27.5 nm for Lu2Ti2O7.
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amorphization fluence increases with the sequence of the nano-
crystalline Gd2Ti2O7, Ho2Ti2O7 and Lu2Ti2O7, which exhibits the
same trend as in coarse-grained titanate pyrochlores. The critical
amorphization resistance values of coarse-grained pyrochlores
(single crystals) conducted under the same ion irradiation condi-
tions were reported in Ref. [31]. For comparison, these results are
also listed in Table 1 and Fig. 5. The critical amorphization fluences
for our nanocrystalline pyrochlores A2Ti2O7 (A ¼ Gd, Ho and Lu) at
room temperature are consistently higher than those of the coarse-
grained counterparts. On one hand, thermodynamic analysis shows
that smaller grain size results in a larger area fraction of interfaces/
surfaces and thus an increased free energy, which tends to reduce
irradiation stability [43]. On the other hand, kinetically, since the
high density of interfaces and surfaces act as sinks for the annihi-
lation of radiation-induced defects, the radiation tolerance of ma-
terials can be improved [12]. These two competing effects normally
determine the final irradiation performance. For the c-a trans-
formation results presented in this section where the irradiation
was performed at room temperature, defects are essentially
immobile, suggesting thermodynamic effects may dominate while
the kinetic effect is considered negligible. As discussed below, we
propose that the enhanced radiation tolerance of the nanocrystal-
line pyrochlores is due to enhanced stability of cation antisites near
pyrochlore surfaces. This model also provides insight into the c-a
transformation results obtained at elevated temperatures as pre-
sented in the next section.

3.3. Irradiation response of nanocrystalline Lu2Ti2O7 at elevated
temperatures

To understand how the irradiation effects observed at room
temperature translate to higher temperatures, nanocrystalline
Lu2Ti2O7 was irradiated with 1 MeV Kr2þ ions over the temperature
range of 480e600 K. Fig. 6(a) shows the sequence of dark field TEM
images and associated SAED patterns in the insets from nano-
crystalline Lu2Ti2O7 irradiated at 480 K. The reduced contrast in the
dark field images indicates the loss of crystallinity with ion fluence
(dose) ranging from 3.75 � 1014 ions/cm2 (0.51 dpa) to 6 � 1014

ions/cm2 (0.81 dpa), while the intensity of the diffraction rings
decreases gradually along with the emergence of an amorphous
halo in the SAED patterns. These results reveal that the nano-
crystalline Lu2Ti2O7 underwent a c-a phase transformation when
irradiated at 480 K. A similar c-a phase transformation was also
observed under irradiation at 520 K as shown in Fig. 6(b), where
complete amorphization was achieved at a fluence (dose) of
6 � 1014 ions/cm2 (0.81 dpa). As shown in Fig. 6(c), however, when
the irradiation temperature was raised to 600 K, the complete c-a
phase transformation did not occur even at a much higher fluence



Fig. 4. Sequence of selected area diffraction patterns for nanocrystalline A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlore taken during in situ 1 MeV Kr2þ ion irradiations at 293 K. The
patterns of nanocrystalline Gd2Ti2O7 (aed), Ho2Ti2O7 (eeh) and Lu2Ti2O7 (iel) indicate an ion irradiation-induced amorphization process. The ion fluences and dose in dpa are given
in the bottom of each panel.

Table 1
Structural parameters of nanocrystalline (nano-) A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlore obtained from refinements of X-ray diffraction data. Important parameters defining
the irradiation response of these materials are also presented, including the amorphization fluence at 293 K, Fc; the critical amorphization temperature, Tc; and the activation
energy of defect annealing, Ea, for nanocrystalline A2Ti2O7 (A¼Gd, Ho and Lu) (in bold). The amorphization dose,Dc (dpa), was calculated by SRIM as described in themain text.
The values for the coarse-grained pyrochlores are taken from Ref. [31] with permission.

Compositions A3þ ionic radius (Å) rA/rB Lattice parameter (Å) Density (g/cm3) Ion range (nm) Fc at 293 K (�1014 ions/cm2) Dc at 293 K (dpa) Tc (K) Ea (eV)

nano-Gd2Ti2O7 1.053 1.74 10.184 6.35 281.3 3.0 0.36 - -
Gd2Ti2O7 1.053 1.74 10.186 6.567 267.9 1.5 0.18 1120 1
nano-Ho2Ti2O7 1.015 1.68 10.100 6.73 273.5 3.75 0.53 - -
Ho2Ti2O7 1.015 1.68 10.104 6.926 263.9 1.93 0.27 850 0.3
nano-Lu2Ti2O7 0.977 1.61 10.015 7.16 277.4 6.0 0.81 610 0.8
Lu2Ti2O7 0.977 1.61 10.017 7.288 274 4.063 0.55 480 0.6
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(dose) of 2.5 � 1015 ions/cm2 (3.38 dpa). Fig. 4(iel) and Fig. 6(a-c)
demonstrate that, as the irradiation temperature increases, the
critical amorphization fluence (dose) increases as a result of the
enhanced recrystallization due to the more efficient dynamic
annealing.

The critical amorphization fluence (Fc) for the nanocrystalline
Lu2Ti2O7 versus temperature is plotted in Fig. 5, along with that of
coarse-grained Lu2Ti2O7 from Ref. [31]. Based on Eq. (1), the critical
amorphization temperature, Tc, and the activation energy of
recrystallization, Ea, can be determined from the critical amorph-
ization fluence versus temperature curve and are listed in Table 1.
To check the validity of Eq. (1) [39] when estimating Tc and Ea in our
experiments, we also applied a model proposed by Weber and his
colleagues [44,45] to determine Tc and Ea for our nano-grained
Lu2Ti2O7. According to Weber's model, the critical amorphization
dose, D, is related to temperature, T, by:

ln 1� D0=Dð Þ ¼ ln 1=fstð Þ � Ea=kbT (2)

where D0 is the cumulative dose to achieve amorphization at 0 K, f
is the ion beam flux, s is the cascade damage cross section, and t is a
time constant for the annealing process. The critical amorphization
temperature, Tc, can be derived from Eq. (2) when D approaches
infinity,

Tc ¼ Ea= kb ln 1=fst½ � (3)

The Arrhenius-type plot of Equation (2), ln(1�D0/D) vs. 1/kbT,



Fig. 5. Temperature dependence of the critical amorphization fluence (Fc) for nano-
grained and coarse-grained A2Ti2O7 (A ¼ Gd, Ho and Lu) pyrochlore under 1 MeV
Kr2þ ion irradiation. The curves are fitted using Eq. (1). The values of the coarse-
grained titanate pyrochlores are taken from Ref. [31] with permission. The critical
amorphization temperature, Tc, and activation energy, Ea, obtained from the curve
fitting are listed in Table 1.

Fig. 6. Sequence of dark field TEM images and associated SAED patterns for nanocrystalline Lu2Ti2O7 upon 1 MeV Kr2þ ion irradiation at (a) 480 K, (b) 520 K, and (c) 600 K. The ion
fluences and doses in dpa are given at the top of each dark field TEM images.
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using data from Fig. 5 yields�Ea as the slope and ln(1/fst) as the Y-
intercept, from which the critical amorphization temperature, Tc,
can then be determined by Eq. (3). Using Eqs. (2) and (3), we ob-
tained values of Ea and Tc to be 0.9 eV and 608 K respectively for the
nano-grained Lu2Ti2O7, which are very close to those listed in
Table 1 based on Eq. (1) using the cascade-quench model [39].

The critical amorphization temperature, Tc, above which com-
plete amorphization cannot occur, is useful to evaluate the
susceptibility to radiation-induced amorphization of materials;
higher Tc implies that the materials are more susceptible to
amorphization. Fig. 5 indicates that the critical amorphization
temperature increases from ~480 K for the coarse-grained Lu2Ti2O7
to ~610 K for the nano-grained Lu2Ti2O7, suggesting that the nano-
grained Lu2Ti2O7 is more susceptible to ion-beam induced
amorphization. This finding is somewhat unexpected. In fact, quite
an opposite conclusion was anticipated since all three pyrochlore
composites have shown higher critical amorphization fluences
(doses) in the nanocrystalline phase than the coarse-grained phase
when the irradiation was performed at room temperature (as
shown in Fig. 5). Conventional understanding is that (1) surfaces act
as an effective defect sink that reduces the defect concentration;
and (2) at elevated temperatures the defects are more mobile and
are more efficiently absorbed by the surface. This understanding
implies that a nanocrystalline phase should be even more resistant
to amorphization than its coarse-grained counterpart under
elevated temperature irradiations as compared to the room tem-
perature irradiation, in contrast to our experimental results.
Different critical amorphization temperatures have been linked to
the damage cascade size effect in previous studies [33], when
pyrochlores are irradiated by ions with different masses. However,
the damage cascade sizes should be very similar between the
coarse-grained and nanocrystalline Lu2Ti2O7 in our work, and such
spectrum effects should not be the source of this surprising
behavior at elevated temperatures. We should also mention that no
noticeable grain growth in the nanocrystalline Lu2Ti2O7 specimen
was observed during the elevated temperature irradiations in this
work.



Fig. 7. Calculated relative energy (eV) of a nearest neighbor cation antisite pair for-
mation in Lu2Ti2O7 pyrochlore as a function of distance from the (110) surface (located
at 0 nm), which is schematically illustrated above the plot.
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3.4. Mechanisms for ion irradiation-induced defect evolution as a
function of temperature

As outlined above, on the basis of the comparison of the distinct
irradiation behavior for the nano- and coarse-grained Lu2Ti2O7
pyrochlore between room temperature and elevated temperatures,
different mechanisms are needed to explain the ion induced
amorphization process at room and elevated temperatures. That is,
to explain why the nanophased material exhibits enhanced radia-
tion tolerance at lower temperature but degraded tolerance at
elevated temperature. During ion irradiation, three types of
fundamental point defects are created in pyrochlore oxides (for the
sake of simplicity, extended defect clusters are not considered):
cation antisite defects (AB, BA), vacancies (VA, VB, VO) and in-
terstitials (Ai, Bi, Oi) on the three sublattices A, B and O. Atomistic
computer simulations have found that cation antisite defect are the
most stable defect in the pyrochlore structure [16,35,36] and
comparisonwith experiments has correlated these defects with the
amorphization susceptibility of these materials [16]. A high con-
centration of defects can eventually lead to a loss of lattice peri-
odicity, or amorphization. They also energetically destabilize the
lattice, enhancing the tendency to be amorphized. Therefore, the
formation of these defects and their migration and dynamic re-
covery determine the irradiation response of the pyrochlore
structure.

At low temperatures, room temperature and below, where the
critical amorphization fluence is independent of temperature, de-
fects are effectively immobile. Thus, they are frozen where they are
created and the response of the material is determined by the
thermodynamics of the defects. While under irradiation, the
dominant defects in pyrochlore seem to be cation antisites [35],
other defects (interstitials and vacancies) may also form. How the
energetics of these defects differs in nanophase pyrochlore as
opposed to its larger-grained form thenwill dictate the response of
the material. Fig. 7 shows the relative formation energy of cation
antisite pairs as a function of distance from a (110) surface of
pyrochlore. These results clearly show that the formation energy is
reduced as the defect is formed closer to the surface. We expect
similar behavior for other types of defects. This indicates that, for
equivalent volumes, a volume of pyrochlore that contains surfaces
will, on average, have lower formation energies for cation antisites.
Based on the ideas presented in Ref. [16] inwhich the susceptibility
of pyrochlores to amorphization is related to the energetics of
disordering, then nanomaterial should exhibit superior resistance
to amorphization, at least when defect thermodynamics dominate
the response. That is, materials with a higher propensity to
accommodate disorder tend to possess higher amorphization
resistance. Thus, due to a much larger surface area in the nano-
crystalline pyrochlore, a larger fluence is required to induce the
amorphization transition as compared to the coarse-grained
counterpart.

In contrast, as one approaches the critical amorphization tem-
perature, defect kinetics becomes all important. The critical
amorphization temperature is the temperature at which the dy-
namics of recrystallization are faster than the rate of defect for-
mation. At these temperatures, cation interstitial defects become
mobile and can anneal the antisite defects, while cation vacancies
are still sluggish [41]. In pristine pyrochlore, the barrier for Lu
interstitial migration is about 1.0 eV, while that for the Lu vacancy is
3.0e4.0 eV. Recent temperature accelerated dynamics simulations
reveal that mobile cation interstitials can anneal cation antisites
[41]. This suggests that cation interstitials are critical for deter-
mining the critical amorphization temperature and thus their
availability dictates this temperature. As shown in Fig. 5, at ~480 K
the nanophase Lu2Ti2O7 is readily amorphized while the coarse-
grained Lu2Ti2O7 is resistant to amorphization. This means that
the cation antisite defects (and any other defects) that are
responsible for amorphization are not annealed efficiently by the
cation interstitials. Thus, we conclude that cation interstitials are
somehow eliminated from the system in the nanomaterial. The
obvious culprit is the nearby surfaces. These will act as sinks for any
mobile defect and, at these temperatures, the only mobile defects
are cation interstitials. (We note that oxygen defects will certainly
be mobile, but they are not able to reorder the cation sublattice and
are thus not relevant to this discussion [46].) We speculate then
that, while in the large-grained material cation interstitials become
mobile and annihilate cation antisites at the critical amorphization
temperature, in the nanomaterial these interstitials are swept to
nearby surfaces, eliminating their ability to heal cation antisites.
The same argument can be made for the annihilation of cation
vacancies, which will also contribute to amorphization suscepti-
bility. The proposed differences in radiation damage evolution in
nano versus bulk pyrochlore at low and high temperatures are
schematically illustrated in Fig. 8.

The critical amorphization temperature, ~610 K, above which
the nanophase Lu2Ti2O7 cannot be amorphized, represents a stage
at which the dynamic annealing rate is persistently higher than the
defect production rate. However, the defect annealing mechanism
at this elevated temperature is not yet clear and is the subject of
ongoing work.

An important unanswered question is why nanocrystalline
spinel (MgGa2O4) exhibits vastly superior radiation tolerance
compared to large grained material at low temperature [11], but
only a small enhancement in radiation tolerance was observed in
pyrochlore compounds when they were irradiated in a



Fig. 8. Schematic of the proposed radiation damage mechanisms that dominate at low
and high temperature in bulk versus nanocrystalline pyrochlore. In nanocrystalline
pyrochlore, the formation energy of antisites (and other types of defects) is reduced at
surfaces, reducing the average formation energy of antisites. At low temperature,
where defect thermodynamics dominate the response, this suggests that nano-
crystalline pyrochlore is more radiation tolerant than large grained material. In
contrast, at high temperature, the cation interstitials that are responsible for healing
those defects that lead to amorphization in the bulk are swept away to surfaces in
nanocrystalline pyrochlore, eliminating their ability to heal those defects.
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nanostructured form. At this stage, we can only suggest that this is a
consequence of the nature of the “interfaces” in the two materials.
In our pyrochlore samples, the material was characterized by a high
fraction of free surfaces. In contrast, the spinel samples contained a
high density of grain boundaries. It is possible that the grain
boundaries are imperfect sinks, capturing and storing defects for
eventual release back into the material in a manner similar to the
so-called “interstitial emission” mechanism [12]. Surfaces, in
contrast, act more as ideal sinks and thus these kinds of mecha-
nisms are simply not possible. However, at the lower temperatures
of the spinel experiments and our room temperature pyrochlore
irradiations, defects are not diffusing to the grain boundaries and
surfaces but must rather be created directly on the boundaries or
surfaces via the collision cascade process. At this point, it is not
clear if the difference between the two sets of experiments is a
function of the different types of nanostructure (surfaces versus
grain boundaries) or is due to some inherent difference in spinel as
compared to pyrochlore. Thus, clearly more work is needed to
elucidate the origins of radiation damage evolution in nano-
structured materials.
4. Conclusions

In summary, we investigated the ion irradiation-induced phase
transformation in nanocrystalline pyrochlore by in situ TEM over a
range of temperatures. The irradiation response of nanocrystalline
A2Ti2O7 (A ¼ Gd, Ho and Lu) at room temperature follows a similar
trend to that of the coarse-grained counterparts in that the
amorphization resistance increases with the sequence of Gd2Ti2O7,
Ho2Ti2O7 and Lu2Ti2O7, although all three nanocrystalline A2Ti2O7
compounds exhibit slightly improved amorphization resistance
than their coarse-grained counterparts at room temperature. At
elevated temperatures, however, quite the opposite phenomenon is
observed: coarse-grained Lu2Ti2O7 shows greater amorphization
resistance than its nanocrystalline phase. Atomistic simulations
reveal that cation antisite defects are easier to form near surfaces
than in the bulk. This overall decrease in the energetic penalty for
cation disorder is responsible for enhanced radiation resistance at
low temperature. At higher temperatures, cation interstitials,
responsible for healing cation antisites, are annihilated at those
same surfaces, reducing the healing efficiency. These results pro-
vide new insight into the role of interfaces and surfaces in the ra-
diation tolerance of nanomaterials.
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