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Abstract

Several natural and synthetic samples of pyrochlore, columbite, and brannerite were irradiated in situ in the high
voltage electron microscope at Argonne National Laboratory using 1.5 MeV Kr' ions at room temperature. The
columbite samples were selected because they have the same stoichiometry as brannerite and they exhibit a range of
cation order prior to irradiation. The results of this study demonstrate that all the samples pass through the crystalline—
amorphous transformation at a relatively low ion dose. For the AB,Og oxides, D, ranges from 0.8 to 1.5 x 10'* ions
cm~2, with little difference between the columbite and brannerite structure types. Within the group of columbite
samples, there appears to be a systematic trend of increasing critical dose with increasing order parameter, although the
critical doses are essentially within error of one another. Ordered columbites do not appear to revert to the subcell upon
irradiation. The brannerite data set indicates a possible correlation between D, and the mean atomic number of the
A-site cation. The results for the two natural pyrochlores gave a slightly higher range of doses compared with the
AB,0O¢ oxides. The pyrochlore data set indicates a possible correlation between D. and the mean atomic number of
the B-site cation. Electron diffraction results also suggest that the pyrochlore compositions irradiated in this work may
not transform to the fluorite subcell until just before D, is reached, if at all. For comparison, the samples investigated in
this work have D, values at room temperature that are generally on the low side of the range of values previously
reported for synthetic zirconolite and pyrochlore samples (2-6 x 10 ions cm~2) under similar irradiation condi-
tions. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.16.Bg; 61.50.Ks; 61.80.Jh

1. Introduction

Zirconolite and pyrochlore are well known as acti-
nide host phases in titanate ceramics designed for the
safe disposal of actinide-rich wastes, including weapons
Pu [1-4]. More recently, brannerite has also been re-
ported as a minor phase in these ceramics [5,6]. Due to
the inherently high U content in brannerite (e.g., 62.8
wt% UO, in pure UTi,0g), there has been a considerable
amount of interest in the crystal chemistry, radiation
damage effects, and durability of this phase. In partic-
ular, studies of the crystal chemistry of synthetic
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brannerite have shown that considerable amounts of Ca
and Gd can be incorporated in the structure with charge
balance provided by U°" ions [7]. Other studies have
addressed the leaching behavior of metamict and an-
nealed natural and synthetic brannerite, pyrochlore, and
zirconolite over a range of pH values and temperature
[8-10]. Initial results of these experiments suggest that
brannerite may be the least durable of these phases in
terms of uranium release. In parallel with the laboratory
studies, recent work on natural brannerite has delineated
the extent of incorporation of Ca, Y, lanthanides (Ln),
Fe, Nb, and other elements, also suggesting that much of
the U is present in a higher valence state than the normal
U** state of the pure end-member. The natural samples
have also provided evidence for alteration and U loss
from brannerite in various geological environments
(however, the total matrix durability is quite high) [11].
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Another major concern for these structure types is
that they will undergo a crystalline to amorphous
transformation as a function of dose, which may lead to
volume expansion, microfracturing, and reduced chem-
ical durability. The radiation damage effects in zircon-
olite and pyrochlore have been studied extensively using
heavy ion irradiation [12-15], actinide doping experi-
ments [16-19], and natural samples [20-25], but little is
known about the details of the transformation or the
critical amorphization dose of brannerite. A recent work
on the natural samples has confirmed that brannerite is
rendered completely amorphous by alpha-decay pro-
cesses, but the entire crystalline—amorphous transfor-
mation has not been observed primarily due to the high
U content [11]. The main goal of this work is to examine
the crystalline-amorphous transformation and deter-
mine the critical dose of several brannerite end-member
compositions using ion irradiation techniques. In this
work, we have used 1.5 MeV Kr™ ions in order to fa-
cilitate a comparison with previous work.

In order to assess the effect of structure type on the
critical dose, we have also examined a small group of
columbite and pyrochlore structure types. Although
different from brannerite in detail, the structure of col-
umbite is similar to brannerite in that both phases are
AB,O¢ oxides having two distinct octahedral sites in an
array of oxygen atoms that are somewhat distorted from
perfect hexagonal closest packing (HCP). The structure
of pyrochlore, on the other hand, is quite different from
the AB,Og oxides and is one of the several derivatives of
the fluorite structure type that are present in ceramic
nuclear wasteforms. Heavy ion irradiation studies of
these samples provide information that can be directly
compared with their natural counterparts. These sam-
ples allow us to further investigate the transformation of
superlattice structures to their respective subcells as a
result of radiation damage. In particular, the columbite
samples exhibit a range of cation order over two distinct
octahedral sites prior to irradiation, from the completely
disordered subcell through a partially ordered state to
the fully ordered supercell. These samples provide a
unique opportunity to determine the effect of the pre-
existing cation distribution on the critical amorphization
dose.

2. Experimental procedures
2.1. Sample description

Four of the columbites used in this study are natural
samples with compositions close to MnNbTaOg. All of
these samples are from the Harding pegmatite, Taos
County, NM. A previous work has shown that the Th
and U contents of the samples are generally below 0.5
wt% and that the samples are highly crystalline, with

diffraction patterns and microstructures characteristic of
materials that have not reached the beginning of the
crystalline-amorphous transformation [26]. These sam-
ples are therefore good candidates for irradiation work
and do not require annealing before the irradiation ex-
periments. We also examined a synthetic columbite
having the composition CaNb,O¢ that was prepared by
sintering in air at 1300°C. Synthetic brannerites having
compositions of CeTi,O4 and ThTi,O4 were prepared by
sintering in air at 1400-1500°C, whereas UTi,Os was
prepared by hot pressing in a graphite die at 1200°C
using 2 wt% Ti metal. In addition to these samples, two
natural pyrochlores with compositions close to the ideal
end-members NaCaNb,O¢F and NaCaTa,O¢F were
examined. The NaCaNb,O4xF sample is from Russia and
consisted of a large section of a pale brown single crystal
from an alkaline igneous complex. The NaCaTa,O¢F
sample is from Maine and consisted of several straw
yellow crystals associated with albite, quartz, and tour-
maline from the host granitic pegmatite.

2.2. Scanning electron microscopy (SEM)

All samples were checked for purity using a JEOL
6400 SEM operated at 15 kV. Inclusions, zoning, and
other features were identified from a combination of
secondary and backscattered electron images. Micro-
analyses were obtained using a Noran Voyager energy
dispersive spectrometer (EDX) attached to this micro-
scope. The instrument was calibrated for quantitative
analysis using a range of synthetic and natural standard
materials. Spectra were usually acquired for 500 s and
reduced to weight percent oxides using a digital top hat
filter to suppress the background, a library of reference
spectra for multiple least-squares peak fitting, and full
matrix corrections.

2.3. Transmission electron microscopy (TEM)

TEM samples were prepared by crushing small
fragments in methanol and collecting the suspension on
a copper grid with a holey carbon substrate. Basic
sample characterization and detailed studies of cation
ordering in the natural columbite samples were carried
out using JEOL 2000FX and JEOL 2000FXII TEMs
operated at 200 kV. Both instruments were calibrated
for selected area diffraction work over a range of ob-
jective lens currents using a Au film standard. Cation
ordering in columbite was investigated by taking se-
lected area diffraction patterns in the [0 1 0] orientation
using a double tilting specimen holder, 100 pm field
limiting aperture, and a camera length of 83 cm (JEOL
2000FX). For this purpose, the illumination conditions
and exposure times were carefully set up to give a con-
stant current density for each crystal examined and to
avoid saturation of the diffracted beams on the image
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film. The compositions of the grains selected for irradi-
ation were checked by EDX analysis using a Link ISIS
EDX attached to the TEM (JEOL 2000FXII). The
k-factors required for the quantitative thin film analyses
were determined from a range of synthetic and natural
standard materials. Spectra were usually acquired for
600 s and processed using a digital top hat filter to
suppress the background, a library of reference spectra
for multiple least-squares peak fitting, and a Cliff-
Lorimer ratio procedure to reduce the data to weight
percent oxides. The details of the TEM procedures are
given in [27].

2.4. Heavy ion irradiation

Ion irradiation experiments were carried out in situ at
the HVEM-Tandem User Facility at Argonne National
Laboratory. TEM specimens were irradiated with
1.5 MeV Kr' ions at room temperature using a modi-
fied Kratos/AEI EM7 TEM interfaced to an NEC ion
accelerator. All TEM observations were carried out
using an operating voltage of 300 kV; however, the
electron beam was always turned off during the irradi-
ation steps in order to avoid unnecessary complications
arising from simultaneous ion—electron interactions. A
flux of 8.5 x 10" ions cm~? s~! was used. The approxi-
mate sample temperature was monitored during the
irradiations and never exceeded 35°C. To avoid the
potential effects of ion channeling, grains were irradiated
in random orientations. Each sample was irradiated in-
crementally and selected grains were observed using
bright field imaging and selected area diffraction after
each irradiation step. Using photographic negatives, the
critical amorphization dose (D.) was constrained to fall
between the last dose increment in which Bragg dif-
fraction spots were observed and the next increment in
which only diffuse rings occur in the diffraction pattern.
This is the appropriate procedure required to ‘bracket’
D. when using an incremental irradiation technique or
when the intensities of the Bragg diffracted beams can-
not be recorded continuously as a function of dose
[24,25]. For each phase, we determined D. from the
average of 3-6 grains (reported errors are one standard
deviation on the mean value).

3. Structure and composition
3.1. Pyrochlore

Pyrochlore, conforming to the ideal general formula
of ALB,XsY, is one of the several anion deficient de-
rivatives of the fluorite structure type [28-30]. The
structure of pyrochlore can be derived by removing one-
eighth of the anions from the parent structure in an
ordered manner, thereby reducing the coordination of

half of the cation sites from eight to six and doubling the
unit cell edge. The resulting space group is Fd3m (parent
fluorite is Fm3m) and the only variable positional pa-
rameter is the x-coordinate of the X anions on 48f sites.
A drawing of the structure is shown in Fig. 1. In the
direct derivative structure, x = 0.375, the eight coordi-
nated A-site remains a perfect cube, and the six coor-
dinated B-site is a trigonally flattened octahedron. When
x = 0.4375, the A-site becomes a trigonally flattened
dodecahedron and the B-site is a perfect octahedron (see
Fig. 1). In reality, in most natural and synthetic py-
rochlores, the x-coordinate is close to 0.42 +0.01 [29].
Refinement of X-ray powder data for a sample of
NaCaTa,O¢F from the Harding pegmatite gave x = 0.43
(G.R. Lumpkin, unpublished data). Bond lengths
calculated from this value of x are B-X = 0.1983, A-Y =
0.2258, and A-X = 0.2632 nm.

In order to assess the potential effect of crystal
structure on the critical amorphization doses of the three
different structure types of this study, we have calculated
the structural freedom (f) using Eq. (1) of Hobbs et al.
[31]

A-site

B-site

a

Fig. 1. Drawing of the crystal structure of pyrochlore, viewed
down [311]. The X-anion coordinate (x) is 0.4375, for which
the B-site is a perfect octahedron and the A-site is a trigonally
flattened cube. Structure refinements indicate that x is near 0.42
for most pyrochlores. All anions are involved in edge-sharing,
resulting in f = —7.0.
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f=d—C{8—1[8(3+1)/2V]} — (d — 1)(Y/2)
== 1Dd = (2p=3)l(Z/p), (1)

where V' is the number of vertices in the polytope (e.g.,
TiOs octahedron or SiO, tetrahedron), C the average
number of polytopes sharing each vertex, d the structure
dimensionality, ¢ the dimensionality of the polytope, Y
the fraction of edge-sharing vertices, and Z is the frac-
tion of vertices sharing p-sided faces. For structures
where f < 0, the structure is overconstrained and the
material should be resistant to amorphization. When
f > 0, the structure is underconstrained and ‘... exten-
dable aperiodic arrangements can be propagated’ [31].
In the pyrochlore structure, all anions are involved in
edge-sharing, resulting in a calculated value of /' = —6.6.
For comparison, f = —7.0 for the parent fluorite
structure type. However, the pyrochlore structure can
also be viewed as two interpenetrating networks, one of
which is a B,X¢ octahedral framework and the other is
an A,Y tetrahedral framework (see Fig. 8 in ref. [30]).
By considering only the B,Xg octahedral framework,
often considered to be the fundamental structural unit of
pyrochlore, calculation of the structural freedom gave

f = —1.0. A separate calculation was performed for the
A,Y tetrahedral framework and yielded a value of
f=0.0.

As demonstrated in numerous previous investiga-
tions [32-36], the chemical composition of natural py-
rochlore can be exceedingly complicated. For specimens
having near ideal stoichiometry, the typical elements
present on each site are A =Na, Ca, Sr, Ln, Th, and U;
B=Nb, Ta, Ti, Zr, Sn, and W; X=0, and Y =0, OH,
and F. Natural pyrochlores are characterized by exten-
sive solid-solution, with substitution mechanisms rang-
ing from simple Nb < Ta substitution on the B-site to
myriad coupled substitutions involving combinations of
elements on the A-, B-, and Y-sites. For this study, we
were fortunate to have at our disposal two natural
samples having near end-member compositions of
NaCaNb,O¢F and NaCaTa,O¢F. SEM-EDX analyses
showed that 4.3 wt% Nb,Os is present as the only major
impurity element in NaCaTa,O¢F; 15 other elements,
including Th and U, were processed and found to be
near or below the detection limits of 0.1-0.3 wt%.

3.2. Columbite

The structure of columbite is a derivative of the al-
pha-PbO, structure type, in which the oxygen atoms
assume HCP and the Pb atoms occupy one-half of the
available octahedral interstices. In columbite [37,38], an
AB,0O¢ oxide mineral of Mn, Fe, Nb, and Ta, the oxygen
atoms are distorted somewhat from the ideal HCP
configuration, the resulting symmetry is orthorhombic
(space group Pbcn), and there are two distinct octa-

hedral sites (4c and 8d). Typical bond lengths are 0.210-
0.216 nm for the A-site and 0.185-0.214 nm for the
B-site. The crystal structure of columbite is depicted in
Fig. 2. Note in this drawing how the octahedra are
linked by corner and edge-sharing to form a three-di-
mensional framework. The fundamental building units
are zigzag chains of edge-sharing octahedra that run
parallel to the c-axis. Individual chains are connected by
corner-sharing, with each octahedral site sharing a total
of two edges and four corners. For the columbite
structure type, calculation of the structural freedom re-
sulted in a value of f = —4.0. This value is a direct result
of the fact that all the oxygen atoms are involved in
edge-sharing.

X-ray and electron diffraction studies [26,39-42] in-
dicate that the level of cation ordering in columbite
varies in natural samples. In the disordered structure,
the cations are randomly distributed over the octahedral
sites at 4c and 8d, resulting in a unit cell with an a-cell
dimension of approximately 0.48 nm. Ordering of
Mn+Fe on 4c and Nb+Ta on 8d results in an ...
ABBABB ordering sequence on (100) planes,
resulting in a tripling of the g-axis to approximately
1.44 nm. Using electron diffraction, we determined that
the fractional order parameters (g) of the four natural
samples used in this study are approximately 0.0, 0.3,
0.6, and 1.0, where ¢ = 0.0 for a disordered cation dis-
tribution and ¢ = 1.0 for a fully ordered cation ar-

B-site A-site

]

a

Fig. 2. Drawing of the crystal structure of columbite, viewed
down [001]. Note the ... ABBABB ... cation layers developed
on (100) planes. All oxygens are involved in edge-sharing, re-
sulting in /' = —4.0.
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rangement. Typical [0 10] zone axis electron diffraction
patterns and intensity profiles taken along the (h02) re-
ciprocal lattice rows are shown in Fig. 3, where the in-
tensities of the superlattice reflections are directly
proportional to the fractional order parameter.

The chemical composition of most natural columbite
samples can be described by the four end-members
MnNb,Og, FeNb,Og, MnTa,04, and FeTa,Og. There
is almost complete solid-solution between the four end-
members in this system, with the exception of a small
gap in compositions near FeTa,0¢ [39,40]. In natural
samples, Ti is often observed as a minor constituent,
with lesser amounts of Sn and W reported in some ex-
amples. Other elements, including Y, Ln, and U are only
rarely detected. SEM-EDX analyses show that all the
four natural columbite samples used in this study are
close to the intermediate composition MnNbTaOg. On
average, the analyses show that the samples contain less
than 1 wt% TiO,, less than 0.5 wt% FeO, and less than
0.2 wt% each of Y,0;3, Ln,O3, WO3, and UO,. No
significant elemental impurities were detected in the
synthetic CaNb,O¢ sample.

3.3. Brannerite

In the crystal structure of brannerite [43], a mono-
clinic (C2/m) uranium titanate ideally possessing AB,Oq
stoichiometry, the oxygen atoms are also in a somewhat
distorted HCP array, and half of the available octa-
hedral sites are occupied. In pure end-member branne-
rite, the A-site (U) has bond lengths of 0.225-0.230 nm
and the B-site (Ti) has bond lengths of 0.185-0.211 nm.

181

As shown in Fig. 4, the structure consists of stepped
layers of Ti octahedra connected by columns of U oc-
tahedra. The U octahedra are very regular in shape and
form edge-sharing columns parallel to the b-axis, similar
to the columns present in rutile. Each U octahedron

Fig. 4. Drawing of the crystal structure of brannerite, viewed
down [010]. Note how the structure consists of layers of Ti
octahedra connected by edge-sharing columns of U octahedra.
All oxygens are involved in edge-sharing, resulting in /' = —4.0.
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Fig. 3. Electron diffraction patterns and intensity profiles of the four natural columbite samples. All patterns are taken in the [0 1 0]
zone axis orientation. (a) Highly disordered sample, ¢ = 0.0. Note absence of superlattice spots along the (hOl) reciprocal lattice rows.
(b) Partially ordered sample, g = 0.3. (c) Partially ordered sample, ¢ = 0.6. (d) Highly ordered sample, ¢ = 1.0. Note increasing in-

tensity of superlattice spots from left to right.
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shares two edges within the chain and four corners with
Ti octahedra. The Ti octahedra in the stepped layers are
distorted in a fashion similar to those in anatase. The
basic building blocks within the stepped layers are zigzag
chains of edge-sharing octahedra parallel to b-axis. Each
Ti octahedron shares three edges with Ti octahedra and
three corners with U octahedra. Calculation of the
structural freedom for brannerite gave f = —4.0.

Recent investigations have shown that both syn-
thetic [7] and natural brannerites [11] can incorporate
substantial amounts of Ca, Y, Nb, Ln, Th, and other
elements. The incorporation of lower valence elements
on the A-site may be charge balanced by oxidation of
some U*" to U’" and/or U*" ions. SEM-EDX ana-
lyses of the synthetic UTi,Og sample used in this study
indicate that it is essentially stoichiometric, with no
detectable impurities at the 0.1-0.3 wt% level. There-
fore, considering the reducing conditions used for the
preparation of the sample, the U in this sample is
probably entirely in the 4+ valence state. No signifi-
cant impurity elements were found in the CeTi,Og and
ThTi,O¢ samples above detection limits. Because
CeTi,0¢ is very close to the ideal stoichiometry and
was prepared in air, essentially all the Ce should be in
the 4+ valence state.

4. Results
4.1. Pyrochlore

Results of the ion irradiation experiments are given
in Table 1. As expected, both the pyrochlore samples
were found to transform from the crystalline to the
amorphous state. An example of the transformation is
shown by the sequence of diffraction patterns for
NaCaTa,O¢F in the top row of Fig. 5. The evolution of
diffraction patterns with increasing ion dose is virtually
identical to previous observations of synthetic pyroch-

lores doped with 2*®*Pu or **Cm [16,18,19] and natural
pyrochlores containing 2**Th and #*U [22,23]. The final,
aperiodic structure is characterized by the presence of
diffuse rings in the electron diffraction pattern with
equivalent d-spacings of 0.30 and 0.18 nm. These values
are virtually identical to those measured for natural
samples that have been rendered completely amorphous
by alpha-decay processes [22].

Similar  observations were made for the
NaCaNb,OgF sample. Fig. 6 also shows that the (111)
diffracted beams characteristic of the pyrochlore super-
cell are present up to the final stages of the transfor-
mation, before the material becomes fully amorphous.
In this illustration, we have plotted a series of intensity
profiles taken along a [111] reciprocal lattice row for
one of the grains of NaCaNb,O¢F used in these exper-
iments. Representing several dose increments, the
profiles show that the (111) and (333) reflections
characteristic of the pyrochlore superlattice are both
present through the first half of the crystalline—amor-
phous transformation. The intensity of the (333) re-
flection diminishes rapidly at first, followed by the (11 1)
reflection. However, both reflections persist through the
latter half of the transformation, albeit with very low
intensity.

We observed a significant difference in the critical am-
orphization doses of NaCaNb,O¢F and NaCaTa,OxF,
with the two samples having average D. values of
1.6 x 10" and 2.5 x 10" ions cm™2, respectively. As in-
dicated in Table 1, the only real difference between the
two samples is the mean atomic number of the B-site
cation (Zg). Otherwise, the two samples have nearly
identical amounts of Na, Ca, O, and F calculated on the
basis of 2.00 B-site cations (the standard normalization
scheme for pyrochlore [22,35,36]). Even the unit cell
parameters are virtually identical at 1.043 nm. If valid,
the observed difference in D, suggests that heavier atoms
on the B-site may promote a small increase in the critical
amorphization dose at room temperature.

Table 1

Critical amorphization doses of columbite, brannerite, and pyrochlore after irradiation with 1.5 MeV Kr" ions at room temperature®
Sample Structure type Za Zg q D,

(10" ions cm~2)

MnNbTaOq Columbite 25.0 57.0 0.0 0.8+0.2
MnNbTaOq Columbite 25.0 57.0 0.3 1.04+0.2
MnNbTaOg Columbite 25.0 57.0 0.6 1.2+0.2
MnNbTaOg Columbite 25.0 57.0 1.0 1.5+ 04
CaNb,04 Columbite 20.0 41.0 1.0 14+03
CeTi, 04 Brannerite 58.0 22.0 1.0 0.9 +0.1
ThTi,O¢ Brannerite 90.0 22.0 1.0 1.2+0.1
UTi,04 Brannerite 92.0 22.0 1.0 1.54+0.2
NaCaNb,O¢F Pyrochlore 15.5 41.0 1.0 1.6 £ 0.1
NaCaTa,O¢F Pyrochlore 15.5 73.0 1.0 25403

4 Za and Zy are the mean atomic numbers of the A- and B-sites. The parameter ¢ gives the average level of cation order over these sites.
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* brannerite

Fig. 5. Electron diffraction patterns of samples irradiated with 1.5 MeV Kr* ions at room temperature. Top row: NaCaTa,O¢F
pyrochlore structure; unirradiated, 1.6 x 10, 2.4 x 10, 3.1 x 10 ions cm™? . Middle row: CaNb,Og ordered columbite structure;
unirradiated, 0.8 x 10™, 1.2 x 10", 1.6 x 10 ions cm 2. Bottom row: CeTi,O¢ brannerite structure; unirradiated, 0.4 x 10,

0.8 x 10, 1.0 x 10" ions cm 2.

4.2. Columbite

All four natural columbite samples and synthetic
CaNb,0g, transformed to the amorphous state with
increasing ion dose. The irradiation-induced transfor-
mation observed in these samples is generally consis-
tent with previous work on natural U bearing
columbite samples from Western Australia [44]. Dif-
fraction patterns of all five samples follow the simple
sequence described previously for natural pyrochlores
[22]. The diffraction patterns exhibit a continuous
change from the crystalline to the amorphous state as
a function of ion irradiation dose, without the for-
mation of highly tilted domains or subgrains observed
in some silicate minerals (representative diffraction
patterns are shown for CaNb,Og in the middle row of
Fig. 5). Intensity profiles were obtained from ordered
columbite grains with favorable orientations and these
showed that the superlattice reflections persist through
most of the crystalline-amorphous transformation,
similar to the pyrochlores investigated in this study.
The final state of damage is characterized by the

presence of diffuse rings with equivalent d-spacings of
0.31 and 0.18 nm.

The average D, values of the four natural samples
range from 0.8 x 10" to 1.5 x 10'* ions cm™2, but as
indicated in Table 1 they are almost within error of one
another. However, there is a systematic trend of in-
creasing critical dose with increasing order parameter in
the four MnNbTaOy natural samples and this appears
to be confirmed by the D, value of the fully ordered,
synthetic CaNb,O4 sample (see Table 1). This trend in-
dicates that samples with pre-existing cation order prior
to irradiation with 1.5 MeV Kr" ions at room temper-
ature are somewhat more difficult to amorphize than
their partially ordered or disordered counterparts.

4.3. Brannerite

The three synthetic brannerite samples all reached the
electron diffraction amorphous state at doses that are
similar to the five columbite samples and one of the two
pyrochlore samples examined in this study (Table 1).
Amorphization of brannerite by heavy ion irradiation is
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i

(111) (222) (333)

Diffraction angle —>

Fig. 6. Intensity profiles of NaCaNb,OgF pyrochlore showing
persistence of (111) and (333) superlattice spots up to the
highest ion dose levels, just prior to complete amorphization.
From bottom to top, dose levels are: unirradiated, 0.8 x 10™,
1.0 x 10, 1.2 x10™,1.4 x 10™,1.8 x 10" jons cm ™.

consistent with the observation of metamict (amor-
phous) brannerite in nature [11,45,46]. These samples
also exhibit a simple, continuous crystalline-amorphous
transformation with increasing ion dose, without the
formation of highly tilted domains or subgrains. Fur-
thermore, there are no intermediate phases that form
during the transformation process (representative dif-

fraction patterns are shown for CeTi,O¢ in the bottom
row of Fig. 5). Fully amorphous brannerite samples
exhibit diffuse rings in their electron diffraction patterns
with equivalent d-spacings of 0.30 and 0.19 nm.

D, values of the synthetic brannerites range from
0.9 x 10" to 1.5 x 10'* ions cm™2 and overlap almost
exactly with the columbite samples. The critical amor-
phization dose results for each sample are listed in
Table 1 and suggest that the critical dose increases sys-
tematically as a function of the mean atomic number of
the A-site cation (Z,) from CeTi,O¢ to ThTi,O¢ to
UTi,0¢. However, reported standard deviations show
that the critical dose values of ThTi,O4 and UTi,O4 are
essentially within error of one another (see Table 1), as
expected from the similarity in atomic number of Th
and U.

5. Discussion and conclusions

Results of this study demonstrate that all three of the
Ti, Nb, and Ta oxide structure types pass through the
crystalline-amorphous transformation at a relatively
low ion dose. In detail, the transformation closely re-
sembles the simple sequence observed by Lumpkin and
coworkers in natural columbites, pyrochlores, and zir-
conolites [21-25,44]. The available data from actinide
doping experiments conducted in the 1980’s indicates
that a similar model applies to the samples doped with
short-lived >**Pu or >*Cm [16-19]. With increasing dose,
these structure types amorphize by accumulation of
isolated alpha-recoil collision cascades, overlap of cas-
cades to produce larger amorphous domains, and con-
tinued growth of these domains until the materials no
longer possess periodicity beyond the second coordina-
tion sphere (e.g., beyond the metal-metal distances)
[21,47-51]. Amorphization by heavy ion irradiation is
consistent with this model, with the caveat that damage
is produced in electron transparent samples (e.g., ap-
proximately 50-200 nm thick) in the HVEM by sub-
cascades of the primary ions as they pass through the
crystal. The final damage state in the samples irradiated
with 1.5 MeV Kr' ions appears to be similar to the
natural and actinide doped samples, as evidenced by the
presence of diffuse rings with equivalent d-spacings of
approximately 0.30-0.31 and 0.18-0.19 nm in electron
diffraction patterns. These values are nearly identical to
those reported previously for natural samples [20-22,44].

For the AB,Os oxides, D, ranges from 0.8 to
1.5 x 10 ions cm~2, with little difference between the
columbite and brannerite structure types. Although the
structures differ in detail, the general features are very
similar. Both columbite and brannerite are based on a
somewhat distorted hexagonal closest packed array of
oxygen atoms with two distinct octahedral sites. These
sites are connected by a combination of edge- and cor-
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ner-sharing to form three-dimensional framework
structures. Furthermore, the two minerals have similar
ranges of A—O and B-O bond lengths. Not surprisingly
then, the calculated values of the structural freedom are
identical (f = —4.0) for these two structure types, and
are consistent with the ion irradiation results.

In comparison, the D, values of the two pyrochlores
irradiated in this work are generally higher than the
AB,Oq oxides. This result is in qualitative agreement
with the lower value of the structural freedom
(f = —6.6) calculated for the whole structure (lower
values of f are characteristic of materials with higher
critical amorphization doses [31]). Consideration of the
B,O¢ framework alone (f = —1.0) is inconsistent with
the results observed in this study. Smith et al. [52] have
recently noted that the structural freedom parameter
does not successfully predict the relative susceptibility to
amorphization of freudenbergite, perovskite, and zir-
conolite when using specific structural elements (e.g., the
Ti-O frameworks of freudenbergite and perovskite,
the Ti-O layers of zirconolite). Although we believe that
the concept of structural freedom as developed by Hobbs
et al. [31] is useful, in practice it may be difficult to apply
when dealing with complex structure types. The model
does, in general, predict the behavior of a large group of
materials under irradiation and could be incorporated as
part of a more detailed radiation model. Wang and co-
workers [53,54] have incorporated some of the concepts
of structural freedom in a detailed, semi-empirical
radiation damage model that successfully predicts the
behavior of phases in the system MgO-Al,0;-Si0,.

All of the samples investigated in this work have D,
values at room temperature that are generally on the low
side of the range of values previously reported for
synthetic zirconolite and pyrochlore samples irradiated
with 1.0 or 1.5 MeV Kr" ions (2-6 x 10" ions cm~2)
[12,14,15,55]. The previously studied pyrochlore com-
positions include CaU(Ti, Zr),0; and several Ln,Ti,0,
end-members [14,15]. Why do the pyrochlore samples
irradiated in this work have lower D, values than those
studied previously? One possible explanation is that the
Na-F pyrochlores are inherently more susceptible to
amorphization at room temperature due to lower dis-
placement energies (E4) of the cations. Unfortunately, at
present there are no experimental data available to test
this proposition. Another idea recently advanced from a
study of freudenbergite is that mobility of alkali ions
such as Na may present an additional complication
during ion irradiation of thin specimens in the HVEM
[52]. The available experimental data on complex sili-
cates [56] appear to support this idea and it is well
known that albite (NaAlSi;Og) loses Na prior to
amorphization during electron irradiation in the TEM
[57]. A third possibility recently advanced by Wang et al.
[58] is that differences in the amorphization dose (and
critical temperature) are related to the cation masses of

the target material. In this model, samples with lower
cation masses should produce higher D, values under
similar irradiation conditions. We note that this effect
was not observed in a similar study by Begg et al. [59]
and the opposite effect is indicated in the present study.

Within the group of columbite samples, there appears
to be a systematic trend of increasing critical dose with
increasing order parameter, although the critical doses
are essentially within error of one another. These results
indicate that, at best, there is only a minor increase in D,
associated with the level of pre-existing cation order.
Furthermore, electron diffraction data presented in this
paper indicate that the ordered columbite samples do
not appear to revert to the subcell upon irradiation.
Because the crystalline—amorphous transformation
typically spans a dose range covering one order of mag-
nitude or more from beginning to end, we would have
expected a significant gain in D, as a function of ¢ for the
four natural columbites and fully ordered CaNb,Og.

Electron diffraction results also suggest that the py-
rochlore compositions irradiated in this study may not
transform to the fluorite subcell until just before D, is
reached, if at all. These results bring into question the
reported transformation to the fluorite subcell during
the crystalline-amorphous transformation process
[14,15,20,55]. The results of the present work are con-
sistent with a previous work on natural pyrochlores
from the Harding pegmatite, where the (11 1) and other
superlattice reflections in X-ray and electron diffraction
patterns persisted through most of the crystalline—
amorphous transformation [22]. Weber et al. [19] have
also published electron diffraction patterns of Cm doped
Gd,Ti,05 in which the (1 1 1) superlattice spots are still
present at a relatively high alpha-decay dose. Further-
more, the X-ray diffraction data of Wald et al. [16] in-
dicate that the Cm doped zirconolite CaZrTi,O; does
not transform to fluorite during the crystalline—amor-
phous transformation. However, in the Gd,Ti,O;—
Gd,Zr,05 solid-solution series, it has been observed that
the Zr-rich pyrochlores are highly resistant to amorph-
ization and transform to a defect fluorite structure under
irradiation [60,61]. These pyrochlores have the lowest
ionic radius ratio values (ra/rg < 1.52, closest to fluor-
ite) and also exhibit a high temperature transformation
to a defect fluorite structure. In comparison, the py-
rochlores irradiated in this study have ra /rg = 1.80 and,
as far as we know, do not disorder to a defect fluorite
phase at high temperature.

In conclusion, there is a clear need to resolve some of
the outstanding issues concerning the amorphization of
pyrochlores, especially the conflicting information on
the effect of composition on the critical dose. Further
detailed work on the crystal chemistry and phase rela-
tions should shed light on the radiation-induced trans-
formation of pyrochlore to the defect fluorite structure
as a function of composition.
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