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Er-stuffed pyrochlore series Ery(Ti xErx)O7 42 (x=0, 0.162, 0.286, 0.424 and 0.667) were synthesized
using conventional ceramic processing procedures. The structure of Er,(Ti,_xEry)07_ is effectively tai-
lored by the Er stuffing level (x). In order to study the radiation effect of Er-stuffed pyrochlores, irradia-
tion experiments were performed with 400 keV Ne?* ions to fluences ranging from 5 x 10'* to
3.0 x 10" ions/cm? at cryogenic condition. Irradiation induced microstructural evolution was examined
using a grazing incidence X-ray diffraction technique. It is found that the irradiated layer of
Ery(Ti,_xEry)O;7_y2 undergoes significant lattice disordering and swelling at fluences of <1.5 x 10'° -
ions/cm? and amorphization at fluences of >1.5 x 10'° ions/cm?. The radiation effect depends strongly
on the chemical compositions of the samples. Both the lattice swelling percentage and the amorphous
fraction decrease with increasing x. The experimental results are discussed in the context of cation anti-
site defect. The defect formation energy which varies as a function of x is responsible for the difference in
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the structural behaviors of Ery(Ti;_xErx)O7_x> under 400 keV Ne?* jon irradiation.
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1. Introduction

Recently, there has been great interest in using materials with
fluorite and fluorite-related structures, such as pyrochlore, as
potential host phases for the immobilization of actinides, particu-
larly Pu, produced in nuclear power plants [1,2]|. The advantage
of using pyrochlore as a potential waste form is that it possesses
remarkable compositional diversity, structural flexibility, and
chemical durability [1]. The structure of ordered stoichiometric
A,B,0- pyrochlore belongs to Fd3m space group and is a super-
structure of the ideal fluorite structure (AX5). The difference is that
there are two cation sites and one-eighth of unoccupied anion
sites. The A cation is eight coordinated and located within a dis-
torted cubic coordination polyhedron; the B cation is six coordi-
nated and located within a distorted octahedron. The anion
“vacancies” are ordered on the anion sublattice [3,4]. The stability
of the pyrochlore structure is governed by the ratio of the ionic
radii of A and B cations (ra/r), which extends from 1.46 for
Gd,Zr,0; to 1.78 for Sm,Ti, 07 [4]. For rafrg > 1.78, a monoclinic
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structure forms, whereas for r4/rg < 1.46, a defective fluorite struc-
ture forms.

Due to potential applications in immobilization of actinides, the
performance of pyrochlores in extreme environments has been
investigated in great detail [5-9]. Extensive irradiation studies
have simulated a-decay damage induced by incorporated actinides
in a wide variety of pyrochlore compositions using ion-beam
irradiation in a broad energy range [10-12]. Radiation induces sig-
nificant microstructural changes in pyrochlores, including amor-
phization [6,13], interstitial point-defect clustering, vacancy
induced cavitation and concomitant swelling [14,15] and precipi-
tation of new crystalline phases. As a result, the chemical and
physical durability of the waste forms are severely affected, which
can deteriorate their long-term performance. Combined with
experimental results, theoretical studies [16,17] based on density
functional theory and molecular dynamics have suggested that
the 48f (Wyckoff notation) oxygen deviation parameter, A>* and
B*" cation radius ratio, bond type and electron configuration
should be considered to clarify the radiation tolerance of the mate-
rials. Lian et al. [7] have found that ion irradiation induces
order-to-disorder (O-D) transition in pyrochlores is from an
ordered pyrochlore structure to a disordered defective fluorite
structure. More specifically, their further study has revealed that
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the pyrochlores which are more prone to undergo O-D transition
are more resistant to radiation induced amorphization [6].
According to the phase diagrams of the A,05-TiO, (A = Dy-Lu)
systems, the pyrochlore phase in these systems has rather broad
homogeneity ranges [18,19]. The pyrochlore structure remarkably
displays a wide range of behavior in response to ion irradiation as a
function of composition. As in the case of Gd,Zr,_,TiO7, a system-
atic increase in resistance to ion induced amorphization with
increasing Zr content has been observed [20,21]. Therefore, it
makes great sense to understand the effect of chemical composi-
tion on the radiation behavior of A;03-TiO, binary systems. In pre-
sent work, we have investigated the microstructural evolution of
the stuffed titanate pyrochlore Ery(Ti,_xEry)O7_x (x=0-0.667)
series under 400keV Ne?" irradiation. We abbreviate
Ery(Ti,_xEry)O7_y2 as ETO for simplicity in this paper.

2. Experimental

Polycrystalline ETO pellets, with x =0, 0.162, 0.286, 0.424 and
0.667, were synthesized using conventional ceramic processing
procedures from rare earth oxides Er,03 (99.99% pure) and anatase
TiO; (99.99% pure) as starting materials. The measured densities of
sintered pellets were larger than ~90% of the theoretical density.
Samples were finally polished to a mirror finish using W0.25
Diamond suspension.

lon irradiations were carried out at cryogenic condition (~77 K)
in the lon Beam Materials Laboratory at Los Alamos National
Laboratory, using a 200 kV Danfysik High Current Research Ion
Implanter. The 400 keV Ne?* ions were implanted at normal inci-
dence to ion fluences ranging from 5 x 10' to 3 x 10'° ions/cm?.
The displacement damage and projectile depth profile of the
400 keV Ne?* ions in Er,Ti,0; were estimated using the Monte
Carlo code SRIM [22], where the threshold displacement energies
of Er, Ti and O are all arbitrarily assumed as 40 eV. The simulated
displacement damage and Ne ion concentration for the fluence of
1.0 x 10" ions/cm? are plotted in Fig. 1. The projected Ne?* ion
range is approximately 0.49 pm, whereas the irradiation peak
damage range is approximately 0.38 um. These estimated values
were used for all compositions owing to their same constituent
atoms and similar densities.

Irradiated samples were characterized using grazing incidence
X-ray diffraction (GIXRD). The GIXRD measurements were per-
formed using a Rigaku D/Max-2400 X-ray Diffractometer employ-
ing Cu-K,, radiation. The X-ray glancing incident angle oc was 1°, at
which the X-ray penetration range was approximately 0.21 pm
[23], as showed in Fig. 1. Thus it is believed that the measurement
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Fig. 1. The SRIM simulated irradiation damage and ion profile for 400 keV Ne
implanting on Er,Ti,0 at a fluence of 1 x 10'* ions/cm?.

characterized only the irradiated region near the sample surface.
The range of 20 was from 10° to 70°, the scan step was 0.02° and
a dwell time of one second per step.

3. Results and discussion
3.1. The structure of the pristine ETO

Fig. 2 shows the normalized profiles of XRD patterns of the five
pristine samples sintered at 1500 °C. The intensity of each pattern
was normalized with respect to the most intense diffraction peak
at 20 ~ 31°. The miller indices {hkl} of each peak were labeled in
the figure. All the peaks observed can be ascribed to the pyrochlore
structure, indicating that excess Er was successfully stuffed into
Er,Ti,05. In fact, two series of diffraction peaks are observed. The
first series with odd miller indices represent the pyrochlore super-
lattice reflections, including {111},{311},{331},{511}and {531}.
The second series with even miller indices, including {222}, {400},
{440}, {622} and {444}, represent the parent fluorite sublattice. It
should be noted that the X-ray scattering power of oxygen is rela-
tively small compared to that of cations [24]. Thus the XRD pat-
terns of ETO are predominantly contributed by cations, Er and Ti.
The structure of ETO is effectively tailored by the stuffing level
(x). Two significant phenomena can be noted in Fig. 2: (1) the
intensities of odd peaks decrease remarkably with increasing x,
and (2) the peaks shift to smaller 20 angle with increasing x, as
shown in the inset of Fig. 2. Here we will discuss the effect of stuff-
ing Er on the structure of ETO in detail.

Firstly, the intensities of pyrochlore superlattice reflections
decrease with increasing stuffing level, x, whereas the intensities
of peaks referred to the fluorite sublattice stay unchanged. At the
maximum stuffed Er,TiOs (x = 0.667), the superlattice diffraction
peaks almost disappear and only the fluorite diffraction peaks
remain. These observations indicate that stuffing Er eventually
leads to a complete O-D structural transition: from an ordered pyr-
ochlore structure to a disordered fluorite structure. In Er,TiOs, Er
and Ti cations are completely randomized in the cation sublattice.
During the stuffing process, the substitution of Ti by Er causes a
charge imbalance due to the charge divergence of Er** and Ti*'.
Generally the charge compensation can be achieved by producing
O vacancies, Er interstitials or Ti interstitials, without regard to
electronic disorder. Theoretical calculations have proved that the
reaction involving O vacancies is the most favorable mechanism
[19]. Using Kroger-Vink notation, this reaction can be written as
follows:

N x=0.667

x=0.424

x=0.286

Intensity (arb.units)
|
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|"J:|" v-‘fu- : *p-m- 4 'll"-lﬁu' 622 0,162
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Fig. 2. XRD patterns of the pristine ETO sintered at 1500 °C. P represents the
pyrochlore structure and F represents the fluorite structure. The inset presents an
enlarged view of the 20 =27.5-32.5° region.
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2Er,0; 27 2Ery, + 2Ery, + 60; + Vs (1)

According to the equation, it is clear that the O vacancies are
introduced by disordering Er and Ti cations, which also leads to
the disordering of anion sublattice. Commonly, the intensity ratio
of an odd peak (superlattice reflection) to an even peak (fluorite
structure reflection), such as I{311}/I{400}, was considered as an
indicator of the ordering extent of materials. Fig. 3 (left hand)
shows the calculated 1{311}/[{400} of ETO samples. The value of
this intensity ratio decreases almost linearly with increasing x from
~0.7 (x=0) to ~0 (x=0.667), suggesting the level of ordering is
lowered. Similar compositionally driven O-D transition was also
reported in the Gd,Zr, ,TiyO; and Y,Zr,_,TiyO; systems where
the pyrochlore structure transformed to a disordered fluorite struc-
ture by the chemical substitution of Zr for Ti at B-site [21,25]. Here
we also calculated the cation ratio (r4/rg) of ETO series. Due to the
mixture of Er and Ti ions on B site in the stuffed compositions, r; is
determined by the weighted average of Er and Ti radii:
rg=[(2 — x)rg; + xrg;]/2. The results are: ra/rg=1.66, 1.58, 1.52,
1.46 and 1.36 for x = 0, 0.162, 0.286, 0.424 and 0.667, respectively.
According to the radius ratio criterion for A;B,0; pyrochlore
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Fig. 3. Intensity ratio I{331}/I{400} (left hand) and lattice parameters (right hand)
of the pristine ETO as a function of x. The error was determined as the standard
deviation of lattice parameters calculated from different primary peaks.

structure (1.46 <r14/rg< 1.78), the former four compositions
(x=0-0.424) are pyrochlore-like and the last one (x=0.667) is
fluorite-like, which is consistent with the XRD results.

Secondly, the peak position shift in XRD patterns is always
related to changes in the interplanar spacing of corresponding
planes, and thereby, is related to changes in the lattice parameter.
All the diffraction peaks shift towards smaller 20 with increasing x,
implying that the interplanar spacing of ETO lattice increases in all
orientations. Based on the Bragg equation: 2dsin0= 4 (d is the
interplanar spacing, 4 is the wavelength of X-ray) and the relation-
ship between the lattice parameter, a, and interplanar spacing in a
cubic system: a=d(h?+k?+1?)"2, the lattice parameters of ETO
were calculated, as plotted in Fig. 3 (right hand). It is shown that
the lattice parameter increases linearly with increasing x. It is
worth mentioning that we take 10.24 A as the lattice parameter
for Er,TiOs to present a rising tendency here. Actually, owing to
the disordered fluorite structure, the lattice parameter of Er,TiOs
is half of this value.

3.2. The radiation effect of ETO

Fig. 4 shows the GIXRD patterns of the irradiated ETO samples.
A series of diffraction patterns of five different compositions,
before and after irradiation, are presented for various fluences.
The initial structures of ETO samples are maintained in the first
irradiation stage with Ne?* fluence ranging from 5 x 10" to
1 x 105 ions/cm?, because there is no emergence of new peaks
or disappearance of original peaks. However, some slight variations
can be observed: the relative intensities of the odd peaks decrease
progressively, and concurrently, the diffraction peaks shift to smal-
ler 20. These phenomena are particularly similar with those
induced by stuffing Er as discussed above, suggesting that Ne?*
irradiation also leads to disordering process and lattice swelling
effect in ETO. The disordering process includes: order-to-disorder
transition for composition of x =0 and lower-disordering state to
higher-disordering state transition for compositions of x > 0 (since
these compositions already exhibit disorder to some extent before
the irradiation).

Now we consider the shift of the diffraction peaks with increas-
ing Ne?* fluence. As analyzed above, the diffraction peak shift to
smaller 20 means that Ne®* irradiation induced a noticeable
increase in the lattice parameter of ETO samples. To complete a
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Fig. 4. GIXRD patterns of pristine and irradiated ETO (x = 0-0.667). The diffuse scattering indicative of partial amorphization is noted with arrows.
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Fig. 5. Lattice swelling percentage of ETO as a function of irradiation fluence. The
error was determined through the same approach as in Fig. 3.

quantitative analysis, the lattice swelling percentages Aajap (aq is
the lattice parameter of the pristine sample) were calculated as a
function of irradiation fluence for each composition and plotted
in Fig. 5. The lattice parameters of all compositions increase
to the maximum as the Ne®" jon fluence increases to
1.5 x 10" ions/cm? under which the samples become partially

amorphous, and then decrease with further increase of Ne?* ion
fluence. Li et al. have performed a detailed study on the
pre-amorphization swelling effect of Lu,Ti,0; [14,15,26]. The
results indicate that the lattice swelling effect induced by ion irra-
diation in pyrochlores is primarily due to cation antisite defects. It
is found in present experiments that the lattice swelling process
proceeds simultaneously with the structural disordering process.
Both the extent of lattice swelling and the lattice disorder of ETO
increase with increasing irradiation fluence before amorphization,
which confirms the role of cation antisite defects in irradiation
induced lattice swelling. In addition, the swelling percentage of
ETO decreases as x increases, as shown in Fig. 5. Under Ne?* irradi-
ation at fluence of 1.5 x 10'° ions/cm?, the lattice swelling percent-
age of non-stuffed Er,Ti,O; reaches almost 2%, while for the
endmember Er,TiOs, the lattice swelled by only ~1%. These results
indicate that stuffing Er can effectively moderate the
radiation-induced lattice swelling effect of ETO. Otherwise, the
swelling extent of the lattice decreases when partial amorphiza-
tion occurs at high irradiation fluence. Our previous studies have
shown this effect clearly [15,26].

Another aspect s, as the fluence increases to 1.5 x 10'° ions/cm?,
diffuse scattering (see arrows in Fig. 4) occurs at the basis of the
strongest peaks (P{222} for x =0-0.424 and F{111} for x =0.667),
suggesting that all samples become partially amorphous at this flu-
ence. The diffuse scattering increases with increasing Ne?* fluence,
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Fig. 6. (a) GIXRD patterns of irradiated ETO and (b) the calculated amorphous fraction as a function of x at fluences of 1.5 x 10'> and 2 x 10" ions/cm?. The visible pyrochlore
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Fig. 7. (a) Cation antisite defect formation energy [28] as a function of the radius ratio ra/rr; in A;Ti>05. (b) Radius ratio r4/rp as a function of x in ETO.

which confirms that a crystalline-to-amorphous transformation is
induced by Ne ion irradiation in ETO. The amorphization process
is almost complete at 3 x 10'> ions/cm?, because the diffraction
peaks from the crystalline structure have, for the most part, van-
ished and only the distinct diffuse scattering from the amorphous
phase is detected.

For a more detailed perspective of the Ne?* irradiation induced
amorphization in different ETO samples, Fig. 6(a) displays the
diffraction patterns of all compositions under irradiation at
1.5 x 10'® and 2 x 10'®ions/cm?. The pyrochlore superlattice
reflections (as marked with star) still exist for pyrochlore like com-
positions x = 0-0.424 at fluence of 1.5 x 10'° ions/cm?, while, at
2 x 10'® jons/cm?, the superlattice reflections only remained for
samples of x = 0 and 0.162. The intensities of these peaks decrease
gradually with increasing x. Meanwhile, the diffuse scattering
decreases with increasing x. It appears that the compound which
shows higher disordering extent is less amorphizable under irradi-
ation. In order to facilitate a comparison among different composi-
tions, the amorphous fraction of ETO irradiated at 1.5 x 10'° and
2 x 10" ions/cm? were calculated. The XRD pattern can be decom-
posed into two different contributions consisting of crystalline
peaks and a diffuse broad peak from the amorphous part of sam-
ples. Pseudo-Voigt profiles were used to fit these peaks. The amor-
phous fraction (f;) was deduced from the ratio of the
amorphous-peak area (a) to the total peak area (a + b, b is the area
of crystalline peaks), a/(a + b) [21]. Fig. 6(b) shows the calculated
amorphous fraction as a function of x in ETO. On the one hand,
for each composition, the amorphous fraction increases remark-
ably with increasing Ne fluence. On the other hand, the amorphous
fraction depends strongly on the chemical compositions of ETO:
the amorphous fraction decreases significantly as x increases,
which is consistent for both fluences. At fluence of 2 x 10'°-
jions/cm?, almost 65% of the crystalline material is amorphized
for Er,Ti,07 (x =0), while for Er,TiOs (x = 0.667), the amorphous
fraction accounts for only ~23%. Thus it is can be concluded that
the compositions with smaller x are more sensitive to irradiation
induced amorphization process. In other words, the radiation resis-
tance of ETO, as measured by the remaining crystalline fraction
(1 — fa), increases with increasing x.

Radiation damage processes are generally the results of defect
accumulation in materials. Energy-minimization calculations sug-
gest that cation antisite defect is the most stable defect in the pyr-
ochlore structure and has the lowest formation energy [27,28]. In
present experiments, it is expected that cation antisite defects
(Eryj + Tig;) are produced by Ne ion irradiation, since the disorder-
ing process has been observed. The energetic Ne ions can knock the
Er and Ti atoms out of their original lattice sites, which makes it
possible for the two cations exchange their positions to form an
antisite defect, and the defects accumulate during continued irra-
diation. As the local antisite defect density reaches a threshold
level, an amorphous phase forms.

Further studies have stated that the cation antisite defect for-
mation energy is closely related to the cation radius ratio, r4/rs.
In our previous calculations of titanate pyrochlores A,Ti,O;
(A =Dy-Lu) based on the first principle [29], the cation antisite
defect energy shows a nearly linear reduction with decrease of
the radius ratio, ra/ry, as shown in Fig. 7(a). In present work, the
calculated radius ratio of A- to B-site cations, r4/rp, decreases with
increasing x (Fig. 7(b)). As a result, the formation energy of cation
antisite defect in ETO accordingly decrease as a function of x. It has
been revealed that the variation trend of the formation energy of
cation antisite defect is in excellent agreement with the trend of
radiation resistant behavior of titanate pyrochlores [29,30]. The
compound with the less antisite defect formation energy is more
resistant to the irradiation induced amorphization. In this case,
the increasing resistance to amorphization in ETO with increasing
x is attributed to the decreasing cation antisite defect formation
energy. From another point of view, Sickafus et al. have pointed
out that the key to radiation tolerance is an inherent ability of
accommodating atomic lattice disorder [31]. As mentioned above,
the natural disordering degree of pristine ETO increases with
increasing x. Hence, the resistance to ion-induced amorphization
is expected to increase with increasing x.

4. Conclusions

In summary, we have investigated the structures of Er-stuffed
ETO series and their microstructural evolution induced by
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400 keV Ne?* ijon irradiation. The pristine and irradiated ETO sam-
ples were characterized by GIXRD measurement. The results sug-
gest that stuffing Er and Ne ion irradiation have similar effects
on the structural evolution of Er,Ti,0. Both of them induce struc-
tural disordering and lattice swelling, except that the irradiation
can induce amorphization while stuffing Er cannot. For the pristine
samples, the lattice parameter and disordering degree increase
with increasing Er stuffing level (x). The endmember Er,TiOs
(x =0.667) possesses a disordered fluorite structure.

Ne?* jon irradiation has induced significant microstructural
evolutions in ETO series, including disordering process, lattice
swelling and amorphization. The lattice swelling occurs prior to
the amorphization. Both lattice swelling and amorphization are
correlated with the formation of cation antisite defects which also
contribute to the disordering process in the irradiated samples. The
stuffing level parameter, x, plays an important role in determining
the radiation behavior of ETO. The compositions with larger x are
more resistant to Ne?" irradiation induced lattice swelling as well
as amorphization. Stuffing Er has proven to be an efficient method
to moderate the radiation damage in ETO.
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