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Abstract

Knowledge of radiation-induced structural changes in complex oxides is of technological importance for the
development of container materials for the immobilization of nuclear waste. Fluorite structural derivatives
are candidates for container materials, but their disordering processes under radiation environments are still
unclear. In the present study, ion irradiation was performed on the Sc.O3-HfO, pseudo-binary system in
which fluorite-related structural compounds such as -Sc,Hf7017, y-ScoHf5013, and 6-ScaZr301; exist, and
the short-range ordered structures were investigated by transmission electron microscopy (TEM). The
pristine long-range ordered rhombohedral phase was found to transform into a long-range disordered cubic
oxygen-deficient fluorite phase upon ion irradiation. The atomic arrangements are not completely disordered,
but a more ordered structure was present in the disordered fluorite matrix. A characteristic diffuse scattering
was observed in the electron diffraction patterns, and dark-field TEM observations revealed that it is due to
microdomains, defined as small regions where the degree of order is higher than that of the disordered matrix.
Although the parent phase was different before irradiation, the short-range organization is the same. A
comparison of diffuse scattering with the location of superlattice reflections suggested that the microdomains
have a structure similar to the d-phase. With increasing Sc,O3 concentration, the microdomains of J-type

structures were suggested to change to short-range ordered bixbyite structures, which are not present in the



equilibrium phase diagram.
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1. Introduction

Mixed oxides consisting of two or more positively charged ions, so-called complex oxides, are attracting
attention as candidate materials for the immobilization of nuclear waste [1-4], because they can incorporate
actinides via a substitution mechanism. The decay of radioactive elements generates large amounts of heat
and radiation. The energetic particles cause damage to the surrounding crystal structure, so materials for
nuclear waste immobilization need to be not only thermally and chemically stable, but also radiation tolerance.
Since structural changes such as amorphization and polymorphism are often induced by damage
accumulation in these systems, knowledge of their structural and mechanical behavior under irradiation is of
technological importance for establishing safer solutions for nuclear waste immobilization.

When cations in the parent fluorite structure are replaced with aliovalent cations, oxygen
vacancies are created to satisfy the electroneutrality condition. The regular arrangements of vacancies and/or
cations give rise to a variety of polyhedral and symmetries. Nevertheless, in fluorite-derived systems, some
differences can be expected between processes involving the aliovalent cation ordering and the oxygen
vacancy ordering as a result of their strongly asymmetric kinetic factors. Oxides with a fluorite-type structure,
such as uranium dioxide and zirconium dioxide, exhibit excellent radiation resistance, and therefore the
fluorite-related oxides are anticipated as possible container materials for immobilizing high-level nuclear
waste. Irradiation often causes an order-to-disorder structural phase transformation in complex oxides [5-8],
and the accumulation of defects and damage may eventually lead to amorphization. Radiation-induced
amorphization can be predicted based on the Lindeman criteria [9] and the phase diagram [10], but the
contingent formation of metastable crystalline phases, far from the equilibrium state, is a more difficult task.
Also, simultaneous structural and local compositional changes occur at the atomistic scale. It has been
pointed out that nanoscale phase separation may cause incongruent dissolution of the waste form, which may
adversely affect our living environment [11].

Structural changes of compounds under radiation environments are expected to maintain a
medium or a short-range organization before complete disorder. It has been pointed out that short-range order

influences the kinetics behaviors of interstitials and vacancies created by irradiation [12], and therefore the



description of short-range order is of technological relevance for the design and engineering of radiation
tolerant materials. Recent studies of the order-to-disorder phase transformation in pyrochlore oxides have
shown that the atomic arrangements are not completely disordered, but exhibit a different type of local order
(e.g., weberite-type structures) than previously thought [13-18]. Displacive and compositional fluctuations
give rise to diffuse scattering in the diffraction patterns. The combination of transmission electron
microscopy (TEM) and electron diffraction is a powerful technique for analyzing diffuse scattering. This is
because the strong interaction of electrons with matter allows very weak scattering signals to be detected. In
the fluorite-related materials, characteristic complex diffuse scattering patterns are observed in the solid
solution systems ZrO,-RE>Os3 (RE: rare earth elements) [19-22], CeO,-RE203[19,23], and HfO,-RE>O3 [22].
However, investigations of radiation-induced short-range order and local structures in these pseudo-binary
systems are very limited.

The o-type structure represented by the AsB3012 composition has excellent irradiation resistance:
0-Sc4Zr3012 does not amorphize even at high radiation doses exceeding 45 displacements per atom (dpa)
[10]. We have studied the irradiation behavior of d-ScaZr3O12 [24] and J-Sc4sHf301, [25] and found that the
short-range order is described by a bixbyite structure. Bixbyite is also a derivative of the fluorite structure,
but the transformation to J- bixbyite cannot occur continuously; it is reconstructive and involves a change in
the interatomic bond topology: the transformation from the trigonal rhombohedral ordered J-phase towards
a cubic bixbyite structure involves an intermediate disordered cubic fluorite structure [24,25]. There are
various ordered fluorite structural derivatives in the equilibrium Sc,03-ZrO; and Sc,03-HfO, pseudo-binary
phase diagrams [26,27], and therefore these systems provide a playground for analyzing the structural
changes and mechanisms associated with radiation-induced disorder. In the present study, we have examined
the diffuse scattering associated with structural changes promoted by ion irradiation using TEM and electron

diffraction techniques.

2. Experimental

Polycrystalline pellets of -ScoHf7017 and y-ScoHf5013 were synthesized by solid state synthesis, and then



surface-polished circular pellets (10 mm in diameter) were prepared for ion irradiation in the same way as
for 6-Sc4Hf3012 [25,28]. In the present study, the pellets were irradiated with 600 keV Kr** ions to fluences
ranging from 1x10' to 5x10'5 Kr**/cm? using a 200 kV Danfysik High Current Research Ion Implanter at
the Ion Beam Laboratory in Los Alamos National Laboratory, USA. We have recently found that structural
changes in ion irradiated J-Sc4Hf301; are induced by temperature rise [29]. To suppress the beam heating
effects during irradiation, the specimens were irradiated with a flux of 1x10'? ions/cm?s using a liquid
nitrogen cooling stage. As a result, short-range ordered structures were successfully observed. For

b?%* ions to a fluence of 5x10'2

comparison, swift heavy ion irradiations were also performed with 93.6 MeV P
Pb** /em? with a flux of 1.2x10® ions/cm?s at room temperature using the IRRSUD beamline at GANIL
(The Grand Accélérateur National d’lons Lourds) in Caen, France. (Charge stripping is required for
economical acceleration to higher energies, so Pb?®" ions were used for the swift heavy ion irradiation.)

Figure 1 shows the depth profiles of damage and projectile ions in (a) f-ScoHf;017 and (b) y-
ScyHf5013 irradiated with 600 keV Kr ions to a fluence of 5x10'° /cm?, calculated in full-cascade simulations
using SRIM-2008 [30]. The densities of S-ScoHf;017 and (b) y-ScoHfs013 were set to 8.57 and 7.89 g/cm?,
respectively, and the threshold displacement energies were assumed to be 25 eV for Sc, 25 eV for Hf, and
28 eV for O. The damage and Kr distributions are almost comparable in the - and y-phases. The maximum
concentration of Kr is 0.3 at.% at a depth of 200 nm, while the damage has a maximum value of 6.5 dpa at
110 nm. Note that the damage distribution predicted by SRIM is just an estimate of damage and sometimes
deviates from the experimental data, especially for slow heavy ion irradiation, due to a significant
overestimation of the electronic stopping power [31]. Thus, the SRIM results were used only for a qualitative
estimation of the damage distribution.

Radiation-induced structural changes were examined by grazing incidence x-ray diffraction
(GIXRD) and transmission electron microscopy (TEM). GIXRD profiles were obtained using a Rigaku
Smart Lab operated at 40 kV and 200 mA with Cu Ka radiation. For cross-sectional TEM observations, the
pellets were cut using a diamond wheel saw, mechanically polished to a thickness of ~10 um using a tripod

polisher, and thinned to electron transparency by argon ion milling. To minimize ion milling damage, the



incident angle of the Ar beam was set to 5°, and the acceleration voltage was initially set at 4kV and then
gradually reduced to 2kV. Under these conditions, the thickness of the damaged layer was estimated to be 3
nm by SRIM calculation (see the supplementary materials: Fig. S1). The TEM images and electron
diffraction patterns were obtained from relatively thick regions of the TEM sample, so the effect of the very
thin damage layer induced by ion milling is negligible. The ion milling was carried out using a liquid nitrogen
cooling stage to suppress the effects of temperature rise on structure changes [29]. The specimens were
observed using JEOL JEM-3000F and JEM-F200 operated at 300 and 200 kV, respectively. Images and
electron diffraction patterns were recorded on imaging plates with high sensitivity, good linearity, and wide
dynamic range for electron intensities [32]. Computer simulations of the electron diffraction patterns were

performed using CrystalMaker and SingleCrystal (CrystalMaker Software, Ltd.).

3. Results and discussion

Figure 2 shows GIXRD profiles of (a) f-ScoHf7017 and (b) y-ScoHf50,5 irradiated with 600 keV Kr** ions at
different ion fluences. The x-ray incident angle was fixed at 1°, and the corresponding penetration depths are
~340 nm for £ and ~420 nm for y. To make weak peaks easier to see, the intensity is plotted as a logarithm.
In addition to the strong fundamental lattice reflections, weak superlattice reflections due to the ordering of
the oxygen vacancies are observed in the pristine specimens. No structural data are available for the Sc,Os-
HfO, system. Since the ionic radii are nearly identical for Hf*" (0.058 nm) and Zr** (0.059 nm), the GIXRD
profiles obtained here were compared with the x-ray diffraction profiles of f-Sc2Zr;017 (space group: R3;a
= 1.9817 nm, ¢ = 1.8056 nm) [33] and y-ScaZrsO13 (R3; a = 0.9474 nm, ¢ = 1.7390 nm) [34]. The peak
positions in the pristine samples are consistent with the simulated patterns calculated from the kinematical
theory based on the previously reported model, shown on the abscissa axis. The superlattice peaks of the S-
phase are weaker than those of the y-phase, which is also consistent with the simulated diffraction intensities.
The intensity of the superlattice reflections is significantly reduced with increasing the ion fluences, and the
peak splitting and asymmetry around 26 = 30° and 50° disappear in the GIXRD for the S-phase. This suggests

that an ordered rhombohedral-to-disordered cubic fluorite structural phase transformation occurs in the ion



irradiated - and y-phases.

It is difficult to discuss the radiation tolerance between f- and y-phases from GIXRD alone,
because the penetration depth of x-rays is approximately equal to or slightly greater than the end-of-range of
projectile ions predicted by SRIM calculations (Fig. 1). To examine the structural changes as a function of
the depth, cross-sectional TEM observations were performed. Figure 3 shows selected-area electron
diffraction (SAED) patterns taken from (a,a’) the damaged and (b,b’) pristine regions of 5x10'% Kr**/cm?
irradiated specimens: (a,b) f-ScoHf;017 and (a’,b’) y-ScoHfsOy3. There are superlattice reflections in the
patterns taken from the pristine regions. In Fig. 3(b), the superlattice spots can be interpreted as the
superposition of (7 11 0) reciprocal lattice planes of the S-type structure with different variants. The pattern
in Fig. 3(b’) is consistent with that viewed along the [142] direction of the y-type structures. These
superlattice reflections disappear and change to diffuse scattering due to radiation-induced order-to-disorder
phase transformation. Very weak diffuse scattering was also observed in the diffraction patterns of Fig. 3(b),
as indicated by the arrow, suggesting that the oxygen vacancy arrangements are not in a perfectly ordered
state in the pristine samples.

Figure 3 shows cross-sectional dark-field TEM images of (c,d) S-ScoHf;017 and (c’,d’) y-
ScoHf5015 irradiated to a fluence of 5x10'° Kr*"/cm?. These images were taken by selecting (c,c’) the
fundamental lattice reflection and (d,d’) the superlattice reflection in the vicinity of the transmitted beam.
The damaged region exists from the surface to a depth of ~400 nm. Note that the surface of the f-ScoHf7017
in Fig. 3(c) is dark. This implies that the contribution of the fundamental lattice Bragg reflections is weaker
in this region, suggesting poor crystallinity. Indeed, the amorphous phase and nanocrystallites were
confirmed by high-resolution TEM observations (see the supplementary materials: Fig. S2). Although the
irradiation conditions are identical, f-ScoHf;017 is more damaged than y-ScoHf503 (cf. Figs. 3(c) and 3(¢”)),
suggesting that the f-phase is more susceptible to radiation damage than the y-phase. It has been pointed out
that the radiation-induced phase transformation resistance correlates with the long-range order-to-disorder
phase transformation temperature of these compounds [35]. Since the - and y-phases polymorphs are

structurally stable up to 680 °C and 850 °C, respectively [36], the radiation behavior observed here is



reasonable. In the dark-field images formed by superlattice reflection (Figs. 3(d) and 3(d’)), the contrast of
the surface region indicated by the double-headed arrow is darker than that of the substrate. The darker
regions of the dark-field image indicate that the reflections used for imaging are very weak, suggesting a
small contribution of superlattice reflections in the 400 nm depth region from the surface. In other words, the
long-range order-to-disorder phase transformation is induced by irradiation damage.

The presence of remarkable diffuse scattering was detected by electron diffraction, as shown in
Figs. 3(a) and 3(a’). To examine its distribution in the reciprocal space, the specimens were observed along
different crystallographic directions. The diffraction patterns were taken from the ion irradiated regions
without the surface damage observed in the dark-field images. Figure 4 shows the SAED patterns taken with
an electron beam of ~100 nm diameter from the damage region of (a-f) f-ScoHf7017 and (a’-f”) y-ScoHf5013
irradiated to a fluence of 5x10'> Kr**/cm?. The diffraction patterns are shown with inverted intensity to
enhance the weak scattering features. The diffraction patterns are indexed in terms of the parent fluorite-type
structure. The electron beam has different orientations in these patterns in Fig. 4: incident along (a,a’) [100],
(b,b”) [110], (c,c’) [111], (d,d*) [310], (e,e’) [112], and (f,f*) [321] zone-axes of the fluorite-type structure.
Although the pristine structures are different, the distribution of diffuse scattering is qualitatively the same
for the ion irradiated f and y phases. Weak diffuse streaks connecting the fundamental lattice spots along the
[010] and [001] directions are observed in the (100) reciprocal lattice plane (Figs. 4(a) and 4(a”)). This diffuse
scattering feature is clearly visible in the diffraction pattern in Fig. 4(a"), which is slightly tilted from the
[100] zone-axis. The SAED pattern viewed along the [110] direction also shows diffuse scattering connecting
the fundamental lattice spots, but its shape is similar to an irregular lozenge tilting (Figs. 4(b) and 4(b’)). In
the (111) diffraction patterns, six diffuse scattering lines are seen extending from the fundamental lattice spot
towards the nearest neighbor spots, forming a hexagonal flower-like pattern (Figs. 4(c) and 4(c’)).
Characteristic diffuse scattering with a ring-like morphology was observed at relatively higher incident
directions, as shown in Figs. 4(d-f) and 4(d’-f’). The diffuse scattering intensity appears to decrease with
increasing scattering vector.

The diffuse scattering on the (100), (110) and (111) reciprocal lattice planes is schematically



shown in Figs. 5(a), 5(b), and 5(c), respectively. Note that the diffuse scattering along the <110> directions
is observed in the (110) pattern (Figs. 4(b,b’)) and the (111) pattern (Figs. 4(c,c’)), but not in the (100) pattern
(Figs. 4(a,a’)). This suggests that they appear due to double diffraction. Considering the diffraction patterns
shown here and those described below (Fig. 10), a schematic diagram of diffuse scattering was constructed
using Blender (free and open source software) [37], as shown in Fig. 5(d). As described above, the diffuse
scattering features indicated by the arrows are not present in the {100} * planes passing through the origin of
the reciprocal lattice space.

Characteristic diffuse scattering in the electron diffraction patterns has often been observed in
fluorite-related solid solutions in which pyrochlore (A2B>07) [11,20,38-42] and bixbyite (C-type rare earth)
(M203) [19,23,42] are mixed with the fluorite phase (MO»). Diffuse scattering can arise from the atomic
displacements, compositional modulations, and phase boundaries between ordered domains [43]. Since the
long-range ordered - and y-phases were destroyed by ion irradiation, there is a compelling possibility that
the diffuse scattering is a signature of short-range correlations in the long-range disordered phase. On closer
examination of the dark-field TEM images, it was found that there are faint dots dispersed in the damaged
region in Figs. 3(d) and 3(d’). Figures 6(a) and 6(b) show the enlarged views of the dashed square area in
Figs. 3(d) and 3(d’), respectively. There is a spotty contrast with a correlation length of less than 2 nm.
Considering the ion fluence of 5x10'5 Kr**/cm?, we can conclude that the individual cascades overlap: the
spotty contrast is not due to residual unirradiated areas. The presence of the spotty contrast suggests that the
ordered phase is not completely disordered by ion irradiation, but is in a short-range ordered state, which is
responsible for the diffuse scattering. The dark-field images in Fig. 6 resemble the image of a microdomain
[44]. Microdomains are defined as small regions where the degree of order is higher than that of the
disordered matrix [45]. Their density seems to be greater in the ion irradiated y-ScoHf5013 than in f-ScoH7047.
The fast Fourier transform (FFT) diagram of the high-resolution TEM image also detected weak scattering
corresponding to diffuse scattering, as shown in the supplementary materials (Fig. S3). Its distribution is
consistent with that observed in the SAED pattern, suggesting that the high-resolution image contains short-

range order information: the existence of the microdomains was confirmed by high-resolution TEM



observations. However, the intensity of the scattering in the FFT diagram is very weak and the domain
boundaries are unclear in the high-resolution TEM image. This suggests that the degree of order within the
microdomains is low and it is difficult to extract further structural information from high-resolution TEM
observations.

Diffuse scattering in diffraction patterns can also arise from dynamic atomic displacements, such
as soft phonon modes [46-48]. To confirm whether the diffuse scattering observed in this study was due to
thermal diffuse scattering, in-situ TEM observations were performed using a liquid nitrogen cooling holder.
Figure 7 shows SAED patterns taken at (a-c) room temperature and (a’-c”) -140 °C. The electron beam was
incident along the (a,a’) [110], (b,b’) [310], and (c,c’) [321] directions. These patterns were recorded from
the identical area, to avoid the thickness correlation effects on the diffraction intensities. Diffuse scattering
is still observed and the intensities are not temperature dependent. This suggests that the origin of the diffuse
scattering observed here is due to the short-range correlations with the ordered microdomain rather than to
dynamic atomic vibration.

The shape and distribution of the diffuse scattering is very similar to that previously observed in
CeO» with 22 mol.% Y»0s3, but is not consistent with a microdomain structure with bixbyite domains
dispersed in a fluorite-type matrix [23]. The diffuse scattering observed here was compared with an array of
superlattice reflections to identify the microdomain structural organization, following the approach
developed by other researchers [49-52]. As observed in the SAED patterns, there is a crystallographic
orientation relationship between the pristine structures and the ion-induced fluorite structure. The following
reflections overlap in the diffraction patterns of the rhombohedral ordered and cubic disordered phases.

11703 =220r,7405=202;0065 =111,
140,=2205510,=022;,006, =111

Thus, their crystal axes are related as follows:

1 1 _ 1

ap = 55122814l by = 53814220, = £[111],
1 - 1 1

ay =52 [2108]p, by = 5= [1082]p,¢, = 2 [111];

Based on this crystallographic relationship, the following crystal lattice transformation matrices are obtained:

10



a 1/22 -8 —14\ sa
() -a(5 3 2)(0)
c/p 155 155 155/ \c/¢

ay 4 /-4 20 -16\ @
() =& 1 (0
c/y 7 7 7 /)\k

Here, the subscript F' denotes the reference lattice of the fluorite structure. Since the experimental diffuse
scattering is clearly observed in the <111>, <112>, and <310> zone-axes of the cubic fluorite structure, the
simulated patterns were compared with these patterns. The structural models considered consist of
overlapping variants with different oxygen vacancy arrangements. For example, the average cubic fluorite
structure possesses twelve equivalent <112>-type zone-axes; the corresponding diffraction patterns of each
rhombohedral ordered variant were calculated and merged using the above crystallographic relations. Figure
8 shows the simulated diffraction patterns of the rhombohedral ordered structure, taking into account the
overlap of the different orientation variants, superimposed on the experimental SAED pattern obtained from
the damaged region: (al-cl) S-ScoHf;017 and (a2-c2) y-Sc,HfsO13. The SAED patterns were chosen to have
clearly visible diffuse scattering. The large and small blue circles represent the transmitted beam and cubic
fluorite reflections common to all variants, respectively, while the red circles correspond to the combination
of superlattice spots generated by the different orientation variants. It was found that the superlattice spots
due to the y-type pristine structure overlap with the diffuse scattering in the (111) and (112) diffraction
patterns. However, there is no diffuse scattering in the dashed rectangular region of the (310) pattern (Fig.
8(c2)), although the corresponding superlattice reflections are relatively strong.

Another compound exists in the Sc203-HfO, pseudo-binary system, 0-ScsHf3012. This structure
is also trigonal rhombohedral, but with a lattice (a5 = a,, bs = by, cs = ¢,/2) that is just one half of the y-phase
one, due to the different oxygen vacancy ordering characteristics in these two compounds. The d-phase gives
rise to a superlattice spot distribution similar to that of the (111) and (112) reciprocal lattice planes of the y-
phase, as shown in Figs. 8(a3) and 8(b3), respectively. For a superlattice reflection distribution on the (310)
reciprocal lattice plane, the J-type structure reproduces the diffuse scattering features better than the y-type

structure. This suggests that the diffuse scattering arises from microdomain correlations with a J-type
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structure rather than with a - or y-type structure. Weak diffuse scattering was observed in the [100] and
[110] zone-axes, but no superlattice reflections appear on these patterns if microdomains with J-type structure
and matrix with a bixbyite structure are always coherent. Gallardo-Lopez et al. [50,51] observed diffuse
scattering on the (110) reciprocal lattice plane in ZrO, with 24-32 mol% Y»03, and reproduced them by
considering the [211] and [111] zone-axes of the J-type structure. However, the diffuse scattering observed
along these zone axes in the present study cannot be reproduced by microdomains where the oxygen
vacancies order with correlations typical of the oJ-type structure, suggesting that another family of
microdomains with bixbyite-type structure must be involved in the model.

When irradiated with ions at keV energy, where knock-on effects are pronounced, the ion and
damage distributions overlap, as shown in the SRIM calculations (Fig. 1). To avoid any chemical effects due
to ion species, we performed swift heavy ion irradiations, where ionization effects are remarkable and ion
species and damaged regions are clearly separated [28]. Figure 9 shows the GIXRD profiles of the pristine
and 93.6 MeV Pb®®" jon irradiated (a) -ScoHf7017 and (b) y-ScoHf5015 to a fluence of 5x10'2 /cm?. The
incident angle of the x-rays was set to 5° and the x-ray penetration depth was estimated to be ~1.4 pm for S
and ~1.8 pum for y. The superlattice reflections are visible in the pristine sample due to the greater penetration
depth than in Fig. 2. The superlattice reflections disappear in the ion irradiated sample, suggesting that
disordering occurs at least up to 1.5 pm from the surface. The SRIM simulation results in the inset indicate
that electronic stopping power is dominant in this area. Electron diffraction patterns were therefore obtained
from the <1.5 pum region. Figure 10 shows the SAED patterns taken from the irradiation-induced damage
region of (al-dl) B-ScoHf7017 and (a2-d2) y-ScoHfs013. For comparison, the diffraction patterns of o-
Sc4Hf;01, irradiated with 92 MeV Xe?*" ions to a fluence of 1x10'* /cm? are also shown in Figs. 10(a3-d3),
which was reported previously [25]. Due to the wide damage area produced by the swift heavy ion irradiation,
the SAED patterns were recorded with an electron beam of ~400 nm diameter. As a result, diffuse scattering
features were clearly observed. Their distribution and profile are qualitatively similar to those observed for
keV ion irradiation, but closer examination reveals a slight difference between keV and MeV ion irradiated

specimens. (To facilitate comparison, the diffraction patterns of the y-phase irradiated with keV and MeV
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ions are shown in the supplementary materials (Fig. S4)). Intensity maxima appear at the 110 and equivalent
positions in the (100) diffraction pattern, as indicated by an arrow in Figs. 10(al) and 10(a2). These intensity
maxima around the fundamental lattice spot are observed in the (110) diffraction pattern of Figs. 10(b1) and
10(b2), but the amplitude of their modulation vector increases in the y-phase compared to the f-phase.
Notable qualitative differences were observed in the ring-shaped diffuse scattering between the 5-ScoHf7017
and y-ScoHfs013 compounds. Two types of ring-shaped diffuse scattering with different diameters exists in
the (110) diffraction pattern, as indicated by the black and white double-headed arrows in Figs. 10(d1) and
10(d2). The diameter difference becomes smaller with increasing the Sc composition. We have previously
found the formation of the metastable short-range ordered bixbyite phase in J-Sc4Hf30,, irradiated with 92
MeV Xe* ions [25] and in J-ScsZf;01, irradiated with 300 keV Kr*" ions [24]. With increasing Sc
concentration, the intensity maxima lock onto the position of the bixbyite superlattice reflections. As
described above, the diffuse scattering in the (100) and (110) cannot be explained by the microdomains with
the oJ-type structures, whereas they can be reproduced by considering the bixbyite structure (see the
distribution of the superlattice spots in the diffraction patterns of Figs. 10(a3-d3). These results suggest that
the J-type microdomains initially formed in the ion irradiated £ and y-phases are transformed into short-
range bixbyite microdomains with the damage accumulation. The changes in the short-range ordered

microdomains are summarized as follows:

Knock-on effect
S-ScoHE017 Ionization effect 5 erod . Ionization effect‘ Bixbyit ierod .
1-Sc2HfsO13 » O-type microdomains » Bixbyite microdomains

Knock-on effect
Ionization effect ) ) ) )
0-ScaZr3On2 » Bixbyite microdomains

Diffuse scattering from microdomains with J-type structure, as well as that from bixbyite-type
microdomains, is observed in high-energy ion irradiated specimens where ionization is dominant. On

the other hand, only diffuse scattering from microdomains with J-type structure is observed in low-
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energy ion irradiated samples with a pronounced knock-on effect. The difference between the two is not
yet clear. Since the bixbyites have also been observed in the low-energy ion irradiated J-phase [24],
they may be produced in the low-energy ion irradiated - and y-phases by introducing higher levels of
damage.

Shamblin et al. [13,14] studied the disordering processes of the ordered pyrochlores (space group:
Fd3m) by atomic pair-distribution function analysis using neutron diffraction, and found the formation of an
orthorhombic weberite-type structure (Ccmm), another derivative of the fluorite structure. The ideal
pyrochlore structure is represented by A2B>07, where an A-site cation (Wyckoff notation: 16d) is coordinated
by eight nearest neighbor anions (six O at 48f'and two O at 8b), while a B-site cation (16¢) is surrounded by
six O atoms and two vacancies (8a). The weberite-type structure is also represented as A,B»O7, with a 7-
coordinated cation (8g) in addition to 6-coordinated (4a) and 8-coordinated (4b) cations. Contrary to the
system we have studied, the two types of cations in the pyrochlore and weberite structures exhibit a very
strong site selectivity, with the A-type cation always occupying the 8-coordinated distorted cube environment
and the B-type cation always occupying the octahedron. The different local structures and symmetries
observed in the systems studied by Shamblin ez al. [13,14] are driven by the different correlations occurring
at the 7-fold coordinated sites. No such site selectivity is observed in the Sc,03-HfO; and Sc,03-ZrO; systems,
since the variance between the ionic radii of Sc and Hf or Zr is at least one order of magnitude smaller than
in pyrochlores. Our present study has also shown that ion irradiation leads to the formation of short-range
ordered phases, which are different from those of the pristine compounds, but are mostly characterized by
the ordering of oxygen vacancies and not by the short-range order involving the cation sites. Therefore, the
disordering processes of the fluorite structural derivatives in Sc,O3-HfO», i.e. f-ScoHf7017, y-ScoHf5013, and
0-Sc4Hf301,, are quite different from the pyrochlore and weberite structures. Indeed, the bixbyite-type
structure represented by (A,B)203+ can only occur if the A and B cations do not exhibit any pronounced site
selectivity. Our previous studies using energy-dispersive x-ray spectroscopy, Rutherford backscattering
spectroscopy, and x-ray photoelectron spectroscopy suggested that no compositional changes from the

pristine phase occur [53]. While the formation of bixbyite can be rationalized using the concept of cation
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radius variance, more extensive studies are still underway to understand the elementary mechanisms involved
in the transformation steps leading to the bixbyite-type structures in these compounds.

The diffuse scattering observed here can be approximately reproduced on the basis of the J-type
ordered structure, but more accurate models need to take modulated structures into account [21,39,42]. As
described above, there is no diffuse scattering in the [110] and equivalent directions through the origin of the
reciprocal lattice, suggesting the presence of atomic displacements in transverse modes along the <110>
directions. A detailed structural model has not yet been constructed, and extensive studies are currently

underway.

4. Conclusions

Radiation-induced structural changes of f-ScoHf;017 and y-ScoHf5013 were investigated by GIXRD and
cross-sectional TEM. The ordered rhombohedral structure was confirmed to transform into the long-range
disordered cubic fluorite structure upon ion irradiation. The S-phase is more susceptible to radiation damage
than the y-phase, and this behavior can be explained by the order-to-disorder polymorphic phase
transformation temperature in their equilibrium phase diagrams. Diffuse scattering due to microdomains was
observed in the electron diffraction patterns taken from the damaged region. The distribution of diffuse
scattering in the reciprocal lattice space is similar in the - and y-phases, suggesting that the short-range
ordered structure is independent of the pristine structure. The diffuse scattering distribution occurs near the
location of superlattice reflections characteristic of the J-phase structures, suggesting that the irradiation-
induced microdomains have a short-range ordered organization related to the J-phase polymorph, which is
the most stable at high temperature in the equilibrium phase diagram. Evidence was found for the formation
of short-range ordered bixbyite microdomains upon irradiation, a structural organization not present in the
equilibrium Sc,03-HfO» phase diagram. This metastable phase is most readily formed in compounds with

increasing Sc concentration and damage accumulation.
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Figure captions
Figure 1. The distribution of damage (red) and projectiles (blue) in (a) S-ScoHf;017 and (b) y-ScoHf5013
irradiated with 600 keV Kr ions to a fluence of 5x10'° /cm?, calculated by Monte Carlo simulations using

SRIM2008.

Figure 2. GIXRD profiles of pristine and 600 keV Kr ion irradiated (a) f-ScoHf;017 and (b) y-ScoHf5013 as
a function of ion fluences. The incident angle of x-rays was fixed to 1°. The vertical axis is plotted on a
logarithmic scale to enhance weak superlattice reflections. The lines on the abscissa axis indicate the peak
positions of the - and y-type structures. The superlattice reflections become weak or disappear with
increasing ion fluences, suggesting that the ordered rhombohedral phase is transformed into the disordered

cubic fluorite phase.

Figure 3. SAED patterns taken from (a,a’) the damage and (b,b’) pristine regions of the specimens irradiated
with 600 keV Kr*" ions to a fluence of 5x10'° Kr**/cm?: (a,b) f-ScoHf7017 and (a’,b’) y-ScoHfs013. The
patterns taken from the pristine regions correspond to (a) [7 11 0] and (b) [142] zone-axes of - and y-type
structures, respectively. Superlattice reflections in (a) and (b) disappear by ion irradiation, and the patterns
transform to (a”) [ 11 2] and (b’) [21 6 3] zone-axis patterns of the fluorite-type structure. Cross-sectional

dark-field TEM images of (c,d) f-ScoHf7017 and (¢’,d”) y-ScoHf5013. These images were taken by using (c,c’)

the fundamental lattice and (d,d’) superlattice reflections.

Figure 4. SAED patterns taken from the damage regions of (a-f) f-ScoHf7017 and (a’-f”) y-ScoHf50:3
irradiated with 600 keV Kr*" ions to a fluence of 5x10'5 Kr**/cm? with various electron beam incidence:
(a,a’) [100], (b,b’) [110], (c,c’) [111], (d,d”) [310], (e,e’) [112], and (f,f") [321] directions of the fluorite-type

structure. In addition to the fundamental lattice spots, diffuse scatterings are present in the SAED patterns.

Figure 5. Schematic diagram of diffuse scattering distribution in the reciprocal lattice space observed by (a)
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[100], (b) [110], and (c) [111] zone-axis. For clarity, the spacing of the fundamental lattice reflections is not
matched in each schematic. (d) Three-dimensional distribution of the diffuse scatterings. The scattering

marked by arrows is not observed on the {100} * plane including the origin of the reciprocal lattice space.

Figure 6. Magnified dark-field TEM images of the squared region in Fig. 3. (a) f-ScoHf7017 and (b) y-

ScoHf5013. Faint bright dots corresponding to microdomain are dispersed in the damaged region.

Figure 7. SAED patterns taken from the damage region of f-phase, recorded by in situ TEM at (a-c) room
temperature and (a’-c’) -140 °C: (a,a’) [110], (b,b) [310], and (c,c’) [321] zone-axes. There is no noticeable
difference in the intensity of diffuse scattering at different temperatures, suggesting that the origin of the

diffuse scattering is not due to dynamical atomic displacements.

Figure 8. Overlay of experimental and simulated diffraction patterns of (al-al) [111], (b1-b3) [112], and (c1-
c3) [310] zone-axes. The experimental diffraction patterns were taken from the damaged region. The
simulated patterns were calculated by considering the variants of (al-c1) f-ScoHf7017, (a2-¢2) y-ScoHf5013,
and (a3-c3) J-Sc4Hf3012. Blue circles denote the fundamental lattice spots due to fluorite-type structure,

whereas red ones represent the superlattice spots due to oxygen vacancy ordering.

Figure 9. GIXRD profiles of pristine and 93.6 MeV Pb ion irradiated (a) f-ScoHf7017 and (b) y-ScoHf5013.
The incident angle of x-rays was set to 5°. Due to the large volume contributing to the x-ray diffraction, the
superlattice peaks are more visible in the pristine samples than those of Fig. 2. The superlattice peaks
disappear in the irradiated samples, indicating the order-to-disorder phase transformation. The electronic (S.)
and nuclear (S,) stopping powers and their ratio (S./S,) as a function of the depth, calculated by SRIM, are

shown as the inset.

Figure 10. SAED patterns taken from the damage region of (al-d1) f-Sc,Hf;017 and (a2-d2) y-Sc Hf5013
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irradiated with 93.6 MeV Pb?*" ions to a fluence of 5x10'? /cm? and (a3-d3) 6-ScsHf;0;; irradiated with 92
MeV Xe?*" ions to a fluence of 1x10'* /cm?. The electron beam was incident along (al-a3) the [100], (bl-
b3) [110], (c1-c3) [111], and (d1-d3) [112] directions. Note that the superlattice spots in (a3-d3) are due to

the bixbyite structure.
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