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Damage caused by swift heavy ions with three different electronic stopping powers (120 MeV Au®
(22 keV/nm), 90 MeV I”* (17 keV/nm) and 70 MeV Ni®* (11 keV/nm)) in three pyrochlores (Gd,Zr,07,
Nd,Zr,0; and Gd,Ti,0;) with progressively increasing radius ratios (ra/rg of A;B,07) of cations is
reported. Since I'7 is one of the ions used, these measurements also simulate fission fragment damage
in pyrochlores and identify a potential host lattice for inert matrix fuel. X-ray diffraction on the irradiated

PACS: materials indicate amorphization in Gd,Ti,O at the lowest S, used, and a transition to anion-deficient
g}ggﬁs fluorite (Fm3m) structure with about 1% decrease in volume in Nd,Zr,07 and Gd,Zr,07 at higher S.. In
64.60.Cn Nd,Zr,0 this is followed by amorphization and Gd,Zr,0; does not amorphize even at the highest S,
64.60.Kb employed. Raman analysis of Gd,Zr,0, and Nd,Zr,0-, indicate an increase of Zr coordination number
79.20.Rf after irradiation and the bands become broader due to disordering. Analysis of the results shows that
81.30.Hd the radiation susceptibility of these pyrochlores in the electronic stopping regime strongly depends on

the radius ratio of A to B cations and hence on the energy required for formation of cation antisites

and anion Frenkel pairs, similar to their susceptibility in the nuclear stopping regime.

Published by Elsevier B.V.

1. Introduction

One of the most critical concerns in nuclear technology today is
the disposal of high level nuclear waste (HLW), containing radio-
toxic minor actinides (MA) (*3°Pu, 2*'Am, 2*’Np, 2**Cm, etc.)
[1,2]. One of the methods proposed to reduce the amount of
HLW significantly is partitioning and transmutation. This involves,
first separating the MA from HLW (partitioning) and then reducing
their quantity by further irradiation in existing reactors or in accel-
erator driven sub-critical systems (transmutation). To avoid the
formation of new actinides, the partitioned MA should be incorpo-
rated into a matrix, with a low neutron capture cross-section,
known as inert matrix fuel (IMF). In addition to this, the inert ma-
trix should be non-toxic, have high melting point, good thermal
conductivity, and most importantly very high radiation resistance
[3.4].
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An IMF or transmutation target, in a radiation environment, will
experience large damaging due to neutrons, fission fragments (FF),
a-particles and recoils produced during o-decay (a-recoils). FF's
are mainly ions between Ga (A=69.72) and Dy (A=162.5) with
energies in the range of 70-120 MeV. These ions interact with
the target electrons and lose energy either by ionization or excita-
tion of target atoms, contrary to ions of energy lower than 100 keV/
amu which lose their energy mainly by colliding with atoms,
resulting in a displacement cascade. FF’s deposit a high density of
energy within narrow cylindrical volumes around the ion path
(called tracks), causing large pressure and temperature rises tran-
siently, liable to result in structural transformations [5-8]. One
major difference in damage caused by ions in the nuclear and elec-
tronic stopping regime is that damage creation in the first regime is
by accumulation of Frenkel pairs while in the second formation of
dislocation loops is a common mode of damage creation. Swift hea-
vy ion (SHI) beams produced by accelerators can be used to simu-
late the damage caused by FF’s outside reactors.

Recently, zirconate pyrochlores were envisaged as transmuta-
tion targets [9]. Pyrochlores have an excellent ability to accommo-
date several MA at the A site. Various studies indicate that they
are highly resistant to damaging by a-decay [2,10]. Due to these
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Table 1
Radius ratio [13], cation antisite defect energy Eca (eV) [19], 48f oxygen ‘x’ parameter
[15] and O-D transformation temperature [20]

Sample Talls Eca (eV) 48f ‘x’ parameter To_p (°C)
Gd»Zr,07 1.46 3.20-3.60 0.345 1530
Nd,Zr,0; 1.54 4.00-4.40 0.334 2300

Gd,Ti,04 1.75 5.60-6.00 0.326 No transformation

reasons they are being contemplated as potential host lattices for
disposal of MA.

Assessment of the damage caused in pyrochlores by SHI's in the
electronic stopping regime is sparse [9], unlike in the nuclear stop-
ping regime [1-3,11,10]. For a detailed review on the radiation
damage in pyrochlores in the nuclear stopping regime refer to a re-
view of Ewing et al. [10] The present paper reports the results of an
investigation of the radiation stability of pyrochlores under SHI
irradiation and its dependence on ion beam and material parame-
ters. Three pyrochlores with r,/rg ratio in the two extreme limits
(GdyZr,0; and Gd,Ti,07) and in the middle (Nd,Zr,0,) of the
pyrochlore stability region and with comparable physical proper-
ties (Table 1) were selected for this investigation.

2. Experimental

AR Grade Gd,0s, Nd;03, ZrO, and TiO, powders were heated
overnight to remove moisture and other volatile impurities. Stoi-
chiometric amounts of reactants were mixed to get the required
compositions. The products Gd,Zr,07, Nd,Zr,0- and Gd,Ti,O; were
obtained by standard solid-state route. This included five steps
heating at 1400-1500°C for 24-36h in air with intermittent
grinding. Heating and cooling rates were kept at 2°/min. Powder
XRD analysis confirmed the formation of the three pyrochlores.
The powders were pelletized and sintered in the form of buttons
of 8 mm diameter and 2 mm thickness. These pellets were irradi-
ated with 120 MeV Au®’, 90 MeV I”* and 70 MeV Ni**, each at var-
ious fluences ranging from 1 x 10'® to 1 x 10'®jons/m?. The
electronic stopping powers (S.) of these ion beams in the three
pyrochlores were estimated using SRIM 2003 [12] and are tabu-
lated in Table 2. Fluences used in the present experiments are suf-
ficient for the tracks to overlap. I”* ions (90 MeV) were used
because their Z and S. especially suits to simulate the effect of
FF's. Ni and Au ions were used to assess the effect of the variation
in Se on the structural stability of these materials. The irradiations
were carried out using the 13UD Pelletron accelerator facility at
the Inter-University Accelerator Centre (IUAC), New Delhi. Ion flux
were less than 3 x 10" ions m—2 s~!. All irradiations were carried
out at room temperatures under a vacuum of 106 torr. X-ray dif-
fraction (XRD) measurements were done using the Bruker D8-Ad-
vance diffractometer at IUAC. The minimum projected range of
these ions in pyrochlores is ~10 pum, while the X-ray penetration
depth in these materials is less than 4 um and S, is dominant in
this region. Hence, wide incidence could be used in XRD to assess
the structural damage. The Cu Kot (0.15406 nm) radiation was used
with a tube operated at 40 kV and 40 mA. The data were collected

Table 2

Electronic energy loss (keV/nm) calculated using SRIM 2003 [12]

Sample 120 MeV Au 90 MeV [ 70 MeV Ni
Gd,Zr,0, 22.2 17.2 11.5
Nd,Zr,0- 20.9 16.2 10.8
Gd,Tiy0, 22.7 17.7 11.8

in 20 range between 20° and 80° with 0.02° steps using a position
sensitive Ventic-1 detector. Raman spectra were recorded in back-
scattering geometry with a Renishaw single monochromator
equipped with a CCD detector. The excitation source was the
488 nm line of an Ar-ion laser.

3. Results and discussion

The pyrochlore structure (A3*B4*0; O, Space group (S.G.) Fd3m)
is a derivative of the fluorite structure (MXs, S.G. Fm3m), but with
two different cations and one eighth fewer anions. The atoms A, B,
0, O occupy 16d, 16c, 48f and 8b sites, respectively. The larger A>*
cation is eight oxygen coordinated with six 48f and two 8b oxygen
anions, forming a distorted cubic polyhedron. The smaller B** cat-
ion is coordinated with six oxygen in a distorted octahedron. There
are two unique oxygen sites namely 48f, coordinated to two B*"
cations and two A3* cations and the 8b which is tetrahedraly coor-
dinated with only A" cations. An unoccupied interstitial site 8a is
surrounded by four B** cations and the vacancy at the 8a site is or-
dered on the anion sublattice in pyrochlore and disordered in de-
fect fluorite structure [13]. The pyrochlore structure is
completely described by the cubic lattice parameter ‘a’ and the
48f oxygen position parameter ‘x’ and is identified by weak super
lattice lines in the XRD pattern.

Structural modifications, monitored by XRD are shown in Figs.
1-4. The circled peaks in the spectra of unirradiated samples are
superstructure peaks and are unique to the pyrochlore structure.
It is observed that in Gd,Zr,0; and Nd,Zr,05, these peaks disap-
pear (Figs. 1 and 2), indicating within XRD limits, a complete trans-
formation from pyrochlore to anion-deficient fluorite (order-
disorder) structure. NdZr,0; is finally amorphized at
5 x 107 ions/m? on irradiation with 90 MeV [’* and 120 MeV
Au®". Gd,Ti,05 is amorphized by ions with the lowest S. employed.
It is also observed from Fig. 1 that with the increase in S, of ions,
for the same fluence, there is a large broadening and a decrease
in the intensity of diffraction peaks of Gd,Zr,05. The S, of a given
ion species in the three pyrochlores is almost the same ~16-
17 keV/nm. It is quite clear that as ra/rg increases from Gd,Zr,0-
to Nd,Zr,05 to Gd,Ti,O, (Table 1), resistance to amorphization de-
creases. Similar observation is also made for 120 MeV Au and
70 MeV Ni ions. Also the significant increase in the amorphization
efficiency with the S, which is found when comparing the inter-
mixtures of diffraction peaks for a same value of deposited energy
density (S ¢) (¢ being the fluence). This effect testifies for the exis-
tence of a threshold in S, for damaging.

Fig. 4 shows that the (22 0) diffraction peak of Nd,Zr,0- irradi-
ated with 70 MeV Ni®* shifts towards lower d-values. The initial d-
values for (220) are very close to those in the ASTM files, and then
the lattice shrinks upon irradiation. A similar effect was observed
for Gd,Zr,0-. The volume contraction observed is of about 1% for
both these compounds. A similar result is obtained after irradiation
with 90 MeV 17" and 120 MeV Au®" but at lower fluence. This is
consistent with the calculations done by Rushton et al. [14] which
yield a comparable volume decrease in Gd,Zr,0; and Nd,Zr,0-
during transformation from a pyrochlore to defect fluorite struc-
ture associated with irradiation process in the nuclear stopping re-
gime. Interestingly, it is also observed in the electronic stopping
regime.

To obtain complementary information regarding the above ob-
served order-disorder transformation, Raman scattering investiga-
tions were carried out. Factor group analysis of (A3"B3*0s O, S.G.
Fd3m) pyrochlores predicts the appearance of six Raman active
modes [15],

Fop = A1g + Eg + 4T2g.
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Fig. 1. XRD patterns of Gd,Zr,05, virgin and irradiated at fluence of 5 x 10'7 ions/m? with ions of variable electronic energy loss. (a) Virgin; (b) Se=11.5 keV/nm; (c)

Se =17.2 keV/nm; (d) S = 22.2 keV/nm.
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Fig. 2. XRD patterns of Nd,Zr,0, virgin and irradiated at fluence of 5 x 10'7 jons/m? with ions of variable electronic energy loss. (a) Virgin; (b) S.=10.8 keV/nm; (c)

Se=16.2 keV/nm; (d) Se = 20.9 keV/nm.

Fig. 5 shows Raman spectra of Gd,Zr,0-, pristine and irradiated
with 2.4 x 107 ions/m? Au ions of 120 MeV. Raman bands of the
pristine sample, at 320, 400, 532 and 596 cm™!, are due to one
0-Gd-O bending (Eg), one Zr-O (Ty) and two Gd-O (AqgTag)
stretching modes, respectively [16]. The broad band observed near
700 cm ™! is due to the Zr-0; (T,g) species [17], accounting for the
existence of defects (interstitial oxygen on the 8a site), because this

compound is hardly obtained with a perfect pyrochlore structure.
Upon irradiation with fluences ranging from 1 x 10'® to
2.4 x 10" jons/m?, this broad T, band at 700 cm ™! shifts towards
lower frequencies and its intensity increases, indicating a mono-
tonic increase in the number of Zr ions with a coordination near
to 8, which is a characteristic of a fluorite lattice. An increase in
the coordination number leads to an increase in Zr-0O bond length
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Gd,Ti,0, irradiated with 5X10" ions/m” of diffrent S_
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Fig. 3. XRD patterns of Gd,Ti,0; virgin and irradiated at fluence of 5 x 10'7 ions/m? with ions of variable electronic energy loss. (a) Virgin; (b) S. =11.8 keV/nm; (c)

Se=17.7 keV/nm; (d) Se =22.7 keV/nm.

Nd22r207 irradiated with 70 MeV Ni

(a)
)
=
]
£ (b)
LS
2
3
3
IS c)
(d
1 L 1 I
0.295 0.300 0.305 0.310 0.315

d-value (nm)

Fig. 4. Shift in the (220) diffraction peak towards lower d-values in Nd,Zr,0;
irradiated 70 MeV Ni at various fluences. (a) Virgin; (b) 1 x 10'7 ions/m?; (c) 5 x
10'7 ions/m?; (d) 1 x 10'® ions/m? (uncertainity in the analysis being +0.0002 A).

in the ZrOg polyhedra and the shift of T,g band to lower frequency.
Irradiation also causes a broadening of other bands (Fig. 5). The E,
mode shifts towards high frequencies with increase in the ion flu-
ence while the A, almost disappears. Since there are only 7 oxygen
atoms, the vacancy at 8a sites become randomly distributed. This
random distribution of defects suppresses the translation symmetry
in anion-deficient fluorite and the selection rule (k = 0) is no longer
applicable, hence the Raman peaks become very broad. Thus, the
changes in the vibrational modes confirms a transformation from
ordered pyrochlore to disordered anion-deficient fluorite in

Gd22r207irradiated with 120 MeV Au
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Fig. 5. Raman spectra of Gd,Zr,0, (while circles) virgin and (black circles)
irradiated with 2.4 x 10'7 ions/m? of 120 MeV Au ions.

Gd,Zr,05. Similar observations are also made for Nd,Zr,0- irradi-
ated with 70 MeV Ni ions (Fig. 6(a)). But the Raman spectra of
Nd,Zr,05 (Fig. 6(b)) show the disappearance of almost all the bands
upon irradiated with 120 MeV Au, signifying the complete amorph-
ization of this compound.

Since raf/rg increases in the order Gd,Zr,0; Nd,Zr,0; and
Gd,Ti05, it is obvious that the structural stability has a strong
dependence on r,/rg, apart from other material properties. Present
results show that in the electronic stopping regime the stability
follows the same trend as reported previously in the case of nucle-
ar stopping regime [18,19]. In the following, we will first examine
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Fig. 6. Raman Spectra of Nd,Zr,0, (a) irradiated with 70 MeV Ni, (white circle)
pristine and (black circle) 1 x 10'® ions/m? and (b) irradiated with 120 MeV Au,
(white circle) pristine, (black circle) 5 x 10'7 ions/m? and (white squares) 1 x
10'® ions/m>.

the structural aspects and then the other factors responsible for
this behaviour.

Ordered pyrochlores generally exist with ra/rg ranging from
~1.36 to 1.76 [13]. The degree of ordering decreases with the de-
crease in ra/rg (existence of ZrO, coordination in Gd,Zr,07), the
pyrochlore gradually becoming anion-deficient fluorite [18,19].
The pyrochlore to anion-deficient fluorite, order-disorder transfor-
mation is brought about by site exchange of A and B cations (anti-
sites) and relocation of the oxygen ion vacancy, which may be
linked to the formation of a Frenkel pair since some B cations have
a new interstitial O neighbour.

The radiation stability of oxide compounds with a structure re-
lated to the fluorite structure (pyrochlores and & phases) in the col-
lisional regime has been correlated to the ability of the lattice to
accommodate the formation of Frenkel pairs by site exchange
[18]. Compounds with a high ratio of cation radii get amorphized
because vacancies and interstitials accumulate instead of recom-
bining at random. At thermodynamic equilibrium also, the closer

the ratio of cation radii is to 1, the lower is the temperature of
the transformation (Top) from pyrochlore to anion-deficient fluo-
rite structure (Table 1) [20,21]. Conversely pyrochlores with high
ordering tendency such as Gd,Ti,0; are stable up to the melt [10].

It is known that SHI passing through materials induce a high
density of electronic excitations and ionizations in a narrow cylin-
der and that the system relaxes within a short time (some fraction
of nano seconds) by different processes depending on the nature of
bonds. The most general relaxation process is a strong agitation of
the atomic lattice resulting from a transfer of the electrons energy
by electron-phonon coupling. The temperature may reach several
thousand Kelvin and, since this thermal spike is quenched at high
rate, one can easily understand that the high temperature solid
phase (anion-deficient fluorite) is formed when the disorder of
the melt phase can be accommodated by antisite formation in
the lattice. On the contrary in the case of compounds with a high
tendency to ordering at equilibrium, the disorder of the melt re-
mains frozen for kinetic reasons.

The radiation resistance in nuclear regime shows a strong corre-
lation with the ionicity of bonds as discussed in [22,23]. Computa-
tions of electronic structures indicate a slightly lower ionicity of
the Ti-O bonds in TiO, than for Zr-0 in ZrO,, which may explain
the stronger resistance of both ZrO, and Gd,Zr,0, to damaging
by cascades than of TiO, and Gd,Ti,07 [22,23]. Nevertheless, the
ionicity of A-O and B-0 bonds in complex oxides ABO are not inde-
pendent as shown for instance by the study of Lian [24,25], so that
the criterion proposed by Trachenko is debatable. In addition,
many ionic compounds which are strongly resistant to the chemi-
cal disordering by cascades (MgAl,04,SisN4) are highly sensitive to
the topological disordering by thermal spikes and, reversely, cova-
lent semiconductors such as SiC are extremely resistant to thermal
spikes [26]. Other factors have to be considered such as the ther-
mal conductivity, electron-phonon coupling constant or electron
mean free path, melting temperature.

Thus, the correlation of the radiation resistance with the energy
required for the formation of cation antisites and anion Frenkel
pairs, proposed by Sickafus et al. for the damaging in nuclear stop-
ping regime [18,19] appears also very relevant in the electronic
stopping regime.

Finally one more interesting observation, comparing the results
in the available literature, is that even though the mode of energy
transferred to these pyrochlores is different, i.e. be it low energy
[10] or high energy ions (Present work) or simply increase in the
temperature [20] or even recently reported, increase in the hydro-
static pressure [27,28] the transformations occurring are the same.

From these measurements, the threshold in the S. (Sewn) re-
quired to amorphize Gd,Zr,0; is greater than 22.2 keV/nm. From
Fig. 2 the Seyn for Nd,Zr,O, appears to be between 16 and
20 keV/nm, while that for Gd,Ti,O; appears much lower than
11.8 keV/nm. It follows from the above discussion that Gd,Zr,0-
is less susceptible to damaging by FF and in fact a small amount
of recrystallization was also observed upon increase in the fluence
from 5 x 10'7 to 1 x 10'® ions/m?. In fact in a parallel irradiation
study by Thomé and co-workers [29] of CSNSM, Orsay with
1.5 GeV Xe ions show that there is no amorphization of Gd,Zr,0,
and the S, in this case was above 35 keV/nm. Hence, it is a potential
candidate as host lattice for the incorporation of MA to be trans-
muted in the present reactors or futuristic accelerator driven
sub-critical systems.

4. Conclusions
The radiation stability of three pyrochlores under SHI irradia-

tion was studied. XRD and Raman investigations confirm the
pyrochlore to anion-deficient fluorite transformation in Gd,Zr,0;
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and Nd,Zr,0,. Amorphization was observed in Gd,Ti,O; at the
lowest S. employed. The correlation between the resistance to
amorphization and ratio of cations radii (defining the formation
energy of cation antisites) appears a suitable criterion in the elec-
tronic stopping regime of ions also. The present work indicates that
pyrochlores with ra/rg on the borderline of phase transformation
between ordered pyrochlore and anion-deficient fluorite, like
Gd,Zr,05 are favorable candidates for IMF.
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