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Krypton ion irradiation-induced amorphization and nano-crystal
formation in pyrochlore Lu2Ti2O7 at room temperature∗
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Polycrystalline pyrochlore Lu2Ti2O7 pellets are irradiated with 600-keV Kr3+ ions up to a fluence of 1.45 ×
1016 Kr3+/cm2. Irradiation induced structural modifications are examined by using grazing incidence x-ray diffraction
(GIXRD) and cross-sectional transmission electron microscopy (TEM). The GIXRD reveals that amorphous fraction in-
creases with the increase of fluences up to 2× 1015 Kr3+/cm2, and the results are explained with a direct-impact model.
However, when the irradiation fluence is higher than 2× 1015 Kr3+/cm2, the amorphous fraction reaches a saturation of
∼80%. Further TEM observations imply that nano-crystal is formed with a diameter of ∼10 nm within the irradiation layer
at a fluence of 4×1015 Kr3+/cm2. No full amorphization is achieved even at the highest fluence of 1.45×1016 Kr3+/cm2

(∼36 displacement per atom). The high irradiation resistance of pyrochlore Lu2Ti2O7 at higher fluence is explained on the
basis of enhanced radiation tolerance of nano-crystal structure.
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1. Introduction
Pyrochlore A2B2O7, which belongs to space group

Fd3̄m, No. 227, in International Tables for Crystallography,
is a derivative of the fluorite (MO2), except that there are two
cation sites and one-eighth of missing anions.[1,2] The A-site
cation is at 16d, eight-coordinated and located within a dis-
torted cubic coordination polyhedron, while the B-site cation
is at 16c, six-coordinated and located within a distorted oc-
tahedron. There are two oxygen sites: the 8b oxygen is in
tetrahedral coordination with four A3+ cations, while the 48 f
oxygen is coordinated to two A3+ cations and two B3+ cations.
An unoccupied interstitial site at the 8a site is surrounded by
four B3+ cations, and the vacancies at the 8a are ordered on
the anion sublattice.[3] In ternary metal oxide systems, the py-
rochlore structure-type, A2B2O7 is common, because this iso-
metric structure can accommodate a wide variety of combi-
nations of A- and B-site cations (3+ and 4+ or 2+ and 5+
combination of valence), as well as oxygen vacancies. The
(3+, 4+) pyrochlores are of interest in nuclear waste man-
agement because of their ability to incorporate trivalent lan-
thanides and tri- and tetravalent actinides. Of the most typ-
ical B-site compositions (e.g. Ti, V, Cr, Sn, and Mo), the ti-
tanates have received the most attention because of their chem-
ical durability.[4] Pyrochlore is also an important host for ac-
tinide elements in ceramic nuclear waste form and the prin-
cipal phase considered for immobilization of excess weapon
plutonium.[5] On the other hand, the naturally occurring py-

rochlores are often found to be metamict (aperiodic) due to
radiation damage from uranium and thorium.[1] An impor-
tant aspect of assessing the physical and chemical durability
of pyrochlore as a nuclear form is to understand atomic-scale
changes caused by alfa-decay event damage.[6,7] Irradiation
damage, especially to amorphization, generally reduces the
chemical durability of nuclear waste form in the repository en-
vironment because of the lower thermodynamic stability and
higher impregnation rate of the irradiation damaged materi-
als. During the past two decades, heavy ion irradiation experi-
ments, substituting for short half-life actinide-doping (such as
244Cm), has been used to simulate alpha-decay in waste form,
due to its ease of handling the radioactive samples over a much
shorter period of time.

Numerous studies have shown the crystalline-to-amor-
phization transformation by in-situ ion irradiation.[3,8–10] For
heavy ion irradiation, the structural damage is generally at-
tributed to the formation of displacement cascades. Also, lots
of theories on the mechanism of amorphization have been pro-
posed, such as direct-impact amorphization within an individ-
ual collision cascade, the local accumulation of high defect
concentration due to the overlap of collision cascade,[11–13]

direct-impact combined with cascades, etc. In this study, graz-
ing incidence x-ray diffraction (GIXRD) and ex-situ TEM are
implemented to determine the structure changes induced by
heavy ion irradiation.
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2. Experiment
Polycrystalline pyrochlore Lu2Ti2O7 pellets were pre-

pared by traditional ceramic processing. The Lu2O3 (99.9%
pure) and TiO2 (99.99% pure) powders were first heated at
1000 ◦C for 10 h to remove moisture and other volatile impu-
rities. Stoichiometric amounts of the reactants were weighed
to acquire the composition of Lu2Ti2O7. Firstly, the thor-
oughly ground mixtures were heated in pellets form at 1300 ◦C
for 24 h. In order to attain a better homogeneity, the prod-
ucts obtained after first heating were reground, pelletized, and
heated at 1450 ◦C for 48 h. Then, pellets were cut with a
diamond saw and the specimens were polished to a 0.5-µm
diamond finish. These pellets were examined with normal
x-ray diffraction, and found to possess pyrochlore structures,
and the measured densities of these samples are all found to
be 7.038 g/cm3, approximately 96% of their theoretical value
(ρtheoretical = 7.328 g/cm3).

The well-polished samples were irradiated with 600-keV
Kr3+ions at room temperature (RT) in the Ion Beam Ma-
terials Laboratory at Los Alamos National Laboratory, us-
ing a 200-kV Danfysik High Current Research Ion Implanter.
The irradiation fluences range from 5 × 1014 Kr3+/cm2 up
to 1.45× 1016 Kr3+/cm2. The 600-keV Kr3+ ions were im-
planted at normal incidence with an average flux of ∼ 1.0×
1012 (Kr/cm2)/s. Figure 1 shows the Monte Carlo simulation
results of 600-keV Kr3+ ion implanted on Lu2Ti2O7 to a flu-
ence of 4.0× 1015 Kr3+/cm2, obtained by using the stopping
and range of ions in matter (SRIM) code.[14] An arbitrary but
reasonable threshold displacement energy of 40 eV is used for
all atoms in these SRIM calculations.
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Fig. 1. (color online) SRIM simulation results of displacement damage
and implanted Kr3+ion concentration as a function of depth for 600-keV
Kr3+ ion irradiation of Lu2Ti2O7 to a fluence of 4.0×1015 ions/cm2.

Pristine and irradiated samples were characterized using
grazing incidence x-ray diffraction (GIXRD). GIXRD mea-
surements were performed using a Rigaku Ultima IV Ad-
vanced x-ray diffractometer, with Cu Kα radiation, α–2θ ge-
ometry, parallel beams. The α–2θ scans were performed in
steps of 0.02◦ and a dwell time of 2 s. X-ray patterns were

recorded at a glancing incidence angle of α = 0.5◦ to investi-
gate only the irradiation layer. Integrated peak intensities were
measured by fitting the diffraction peaks with pseudo-Voigt
profiles to estimate the amorphization fraction. To prepare the
cross-sectional TEM specimens, the sample irradiated to a flu-
ence of 4×1015 Kr3+/cm2 was polished to a thickness of be-
low 10 µm using a diamond lapping film, followed by thinning
to electron transparency using 4-keV Ar+ ion milling. TEM
observations were conducted using an FEI Tecnai F30 instru-
ment operating with an accelerating voltage of 300 kV. Se-
lected area electron diffraction (SAED) was used in this study
to obtain electron diffraction patterns from small sample re-
gions (diameter of ∼150 nm).

3. Results and discussion
Figure 2 gives the GIXRD patterns obtained from the

Lu2Ti2O7 irradiated with 600-keV Kr3+ ions to a fluence of
1.45×1016 Kr3+/cm2, with the x-ray incidence angle α vary-
ing from 0.1◦ to 3.0◦. It is observed that the amorphous frac-
tion increases with the incidence angle α increasing from 0.1◦

to 0.5◦. Then the amorphous fraction decreases with the pene-
tration depth of x-ray increasing, which covers more and more
substrate layer at higher α . Therefore, the x-ray incidence
angle is fixed at α = 0.5◦ in the following GIXRD measure-
ments, which is reasonable and the penetration depth of x-ray
at α = 0.5◦ is within the irradiation layer.
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Fig. 2. (color online) GIXRD patterns obtained from the Lu2Ti2O7 irradi-
ated with 600-keV Kr3+ ions to a fluence of 1.45×1016 ions/cm2 at room
temperature, with the x-ray incident angle (α) varying from 0.1◦ to 3.0◦.

Figure 3 shows the GIXRD patterns obtained from pris-
tine Lu2Ti2O7 and Lu2Ti2O7 irradiated to a fluence up to
1.45× 1016 Kr3+/cm2. The diffraction patterns are offset for
clarity. As a superstructure of fluorite, pyrochlore produces
a diffraction pattern containing two subsets of intensity max-
ima. The first subset pattern contains only the diffraction from
the fluorite subcell. Especially the diffraction pattern contain-
ing the information regarding the fluorite subcell must comply
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with the conditions where h+k, k+ l, l+h must be a multiple
of four (hkl: h+k = 4n, k+ l = 4n, l+h = 4n).[15] The details
of these starred diffraction peaks are shown in Fig. 3. The sec-
ond subcell with lower intensity is marked with a solid circle,
corresponding to the supercell of the ordered pyrochlore struc-
ture, contains all of the information about the perturbations
required for the formation of an ordered pyrochlore structure
from an ideal fluorite arrangement. The intensities of these
diffraction maxima are strongly correlated with (i) the differ-
ence between the scattering powers of the cations that occupy
A- and B-sites, (ii) the occupancies of cation and anion sites,
(iii) the displacement of 48 f oxygen from the ideal fluorite
structure, and (iv) the temperature-factor coefficient.[16] Also
it needs to be noted that the scattering power of oxygen is rela-
tively small compared with that of cations in x-ray diffraction,
so that the influence of cations is predominant for XRD pat-
terns. For cations at the A-site and B-site, extra conditions of
superstructure reflection are allowed for hkl: h = 2n+1 or h,
k, l = 4n+2 or h, k, l = 4n.[15]
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Fig. 3. (color online) GIXRD patterns of pristine pyrochlore Lu2Ti2O7
and Lu2Ti2O7 irradiated by 600-keV Kr3+ ions with fluencies ranging
from 5×1014 ions/cm2 to 1.45×1016 ions/cm2.

In Fig. 3, the GIXRD patterns also display the evolutions
of amorphous fraction with irradiation fluence with 600 keV
Kr3+ from 5.0× 1014 Kr3+/cm2 to 1.45× 1016 Kr3+/cm2 in
Lu2Ti2O7. This amorphization transformation is accompa-
nied by the pronounced broadening of the main diffraction
peaks between 25◦ and 35◦ of 2θ . Concomitantly, the Bragg
maxima decrease with the increasing of fluence. The GIXRD
patterns reveal that the amorphous fraction significantly in-
creases with increasing ion fluence to 2.0× 1015 Kr3+/cm2,
however, with continuously increasing the irradiation fluence
up to 1.45× 1016 Kr3+/cm2, the amorphous fraction almost
remains unchanged. It is interesting that all sharp diffraction
maxima stay at the maximum fluence (∼36 dpa), which is in-
dicative of crystalline pyrochlore, in other words, complete
amorphization is not observed in our GIXRD patterns, even
though at the maximum fluence.

A quantitative analysis of the amorphous fraction is com-
pleted by calculating the intensity ratios of pyrochlore pri-
mary (222) diffractions from different irradiation fluences to
the pristine sample to obtain the crystallinity, and the results
are shown in Fig. 4.
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Fig. 4. (color online) Amorphous fraction determined from quantitative
analysis of XRD patterns as a function of frequency. The results are fitted
using a direct impact model, the dash line represents full fitting; the solid
line only fits the low fluence results.

Specifically, the GIXRD measurements are fitting back-
ground with medium cubic-spline, and integrated diffraction
peak intensities of pyrochlore and amorphization phases are
measured by fitting the diffraction patterns with pseudo-Voigt
profiles. Then, the one minus crystallinity will be the frac-
tion of amorphous. The amorphous fraction is observed to
gradually evolve into a plateau with increasing irradiation flu-
ence to 2.0 × 1015 Kr3+/cm2, and then the amorphous fac-
tion reaches saturation at higher fluence. Actually, the amor-
phization may occur when the accumulation of defects cre-
ated by ion irradiation exceeds the critical concentration nec-
essary for amorphization. Furthermore, direct impact amor-
phization is considered to be one of the fundamental amor-
phization mechanisms for complex ceramics under heavy-ion
irradiation. Based on the direct-impact model, a highly en-
ergetic incident ion transfers its kinetic energy to the target
within 10−13 s, and creates a displacement cascade, typically
a few nanometers in size. The highly energetic zone quenches
quickly (within a few ps) to form a small amorphous domain.
Later on, epitaxial recrystallization may occur at the bound-
ary of the amorphous phase and crystalline phase, and with
increasing irradiation dose, the residual crystalline size turns
smaller and smaller. Based on the analyzed amorphous frac-
tion in Fig. 4, the damage evolution of lower fluence (less than
2× 1015 Kr3+/cm2) can be well described by a direct-impact
model with the following form[17]

fa = 1− e(−σΦ),

where fa represents the amorphous fraction at a given fluence
(Φ), and σ is the cross-sectional area of the cascade produced
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by each individual ion. However, at high fluence, this direct-
impact model does not match the experiment results any more,
and complete amorphization cannot be achieved due to the fact
that the irradiation induces the nano-crystal to enhance the ra-
diation tolerance and the low critical amorphization tempera-
ture Tc = 450 K of Lu2Ti2O7.[3]

In order to better understand the enhanced radiation tol-
erance of pyrochlore Lu2Ti2O7 at higher fluences, the sample
irradiated to a fluence of 4× 1015 Kr3+/cm2 is cut for cross-
sectional TEM observation.

Figure 5 shows cross-sectional TEM bright-field micro-
graphs with corresponding selected area electron diffraction
(SAED) patterns. Figure 5(a) displays two kinds of distinctive
diffraction contrasts due to the 600-keV Kr irradiation dam-
age in pyrochlore Lu2Ti2O7, and the thickness of the surface
damage layer is ∼140 nm, in a reasonable agreement with the
SRIM calculation shown in Fig. 1. Furthermore, SAED im-
plies that nano-size crystals are formed in the damaged layer in
Fig. 5(b), while figure 5(c) indicates that the substrate layer is
still single crystal, which demonstrates that the nano-crystals
in the damaged layer are induced by ion irradiation.

(a) (b)

(c)

Kr3+

glue

irradiation layer

substrate

100 nm

Fig. 5. (a) Cross-sectional TEM micrograph and (b) and (c) correspond-
ing SAED diffraction patterns of Lu2Ti2O7 samples subjected to 600-keV
Kr3+ ion irradiation to a fluence of 4×1015 ions/cm2 at room temperature.
Panel (b) comes from irradiated layer, and panel (c) from substrate.

Figure 6 shows the high magnification TEM images of
the surface damage layer, where the nano-crystals with a di-
ameter of about 10 nm are observed and have similar orienta-
tions, which implies that the epitaxial recrystallization domi-
nates the formation of nano-crystals. According to the study
on the mechanism of nano-crystal formation,[18–20] the ion ir-
radiation induced nano-crystallization formation occurs near
the critical amorphization temperature Tc, which is a result of
the competition between the formation of amorphous domains
and recovery by recrystallization. Furthermore, in the case
of pyrochlore Lu2Ti2O7, the irradiation-induced nano-crystals
possess the pyrochlore structure on the basis of the GIXRD
pattern. In this high magnification TEM study, the sample is
irradiated to a fluence of 4× 1015 Kr3+/cm2, the peak dpa is
∼10 dpa, which is significantly larger than the normal critical
amorphization dose ∼ 1 dpa.[15]

50 nm 20 nm

20 nm 10 nm

Fig. 6. High magnification TEM images of pyrochlore irradiated by 600-
keV Kr3+ at room temperature to a fluence of 4×1015 ions/cm2, showing
the formation of nano-crystal pyrochlore in an amorphization matrix.

On the basis of GIXRD and cross-sectional TEM obser-
vations, it is uncovered that the amorphous fraction increases
with increasing ion fluence at lower fluence. While the amor-
phous fraction does not vary any more with fluence vary-
ing from 2.0× 1015 Kr3+/cm2 to 1.45× 1015 Kr3+/cm2, and
nano-crystals with an average diameter of ∼ 10 nm are ob-
served. In this study, the incomplete amorphization at higher
fluences seems to be due to the formation of nano-crystals
which improve the irradiation tolerance of pyrochlore. The
enhanced radiation tolerance in nano-crystalline material has
been demonstrated in many ceramic materials.[21,22] As is well
known, the microscopic effect of the ion irradiation in a solid is
to create point defects (i.e., vacancy-interstitial Frenkel pairs)
by dislodging atoms from normal lattice sites. The subse-
quent behavior of irradiation-produced point defects exerts a
great, usually detrimental, influence on the macroscopic struc-
ture and properties of the irradiated material (i.e. swelling
and amorphization). One means to suppress accumulation of
point defects is to annihilate freely-migrating point defects
(interstitials and vacancies) at defect sinks, such as free sur-
faces (e.g., solid-vapor interfaces) and solid-solid interfaces
(e.g., grain boundaries, twin boundaries and inner-phase in-
terfaces). Therefore, once the ion irradiation to a fluence of
2 × 1015 Kr3+/cm2 in pyrochlore Lu2Ti2O7, smaller nano-
crystals are formed, and provide enough defect sinks to an-
nihilate the interstitials and vacancies. Although the irradi-
ation fluence continuously increases, the ion irradiation pro-
duced point defects will diffuse to grain boundaries, and ul-
timately annihilate at grain boundaries. In other words, the
point defects are recombined at grain boundary sinks, and
the amorphous fraction will not increase even under an irra-
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diation fluence of 1.45× 1016 Kr3+/cm2. That is, the nano-
crystalline Lu2Ti2O7 formation enhances its irradiation toler-
ance to amorphization.

4. Conclusions
Pyrochlore Lu2Ti2O7 is irradiated at RT with 600-keV

Kr3+ to examine its radiation tolerance. The Lu2Ti2O7 py-
rochlore is susceptible to amorphization, and the amorphiza-
tion fraction increases with increasing dose at low fluences,
which can be well fitted by using the direct-impact model.
However, the amorphous fraction does not change any more
due to the formation of nano-crystals at higher fluence. These
nano-crystals possess the same composition and structure
of pyrochlore Lu2Ti2O7. The pyrochlore amorphous fraction
does not increase at higher fluence due to the fact that the
nano-crystalline formation enhances its irradiation tolerance.
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