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In this study, polycrystalline 5-phase LusHf30,, was irradiated with 6 MeV Xe“*" ions to fluences ranging
from 2 x 10" to 1 x 10'® ions/cm?. Ion irradiation-induced microstructural evolution was examined by
using grazing incidence X-ray diffraction (GIXRD). A complete phase transformation from ordered rhom-
bohedral to disordered fluorite (O-D) was observed by a fluence of 1 x 10'® jons/cm?, equivalent to a
peak ballistic damage dose of ~3.49 displacements per atom (dpa). To research the different irradiation

{(ey\{voris': ) effect between light ion and heavy ion on 8-LusHf504,, 400 keV Ne?* ions were implanted to ion fluences
BOEJr;af gmon ranging from 1x10' to 1x10'° jons/cm?. A complete O-D crystal structure transformation was observed
—LUgIi3uVUy2

by a fluence of 5x10'* ions/cm? (~0.22 dpa). This threshold dose was found to be observably lower than
the threshold dose to produce order-to-disorder transformation using Xe?* ions on 8-LusHf;0;5. This
suggests that heavy ions are less efficient than light ions in producing the retained defects that are
responsible for the O-D transformation. The theoretical calculations show that the O-D transformation
of 3-phase was attributed to the anion oxygen Frenkel pair defect. The ion irradiation-induced transfor-
mation of 3-phase LusHf301, into disordered fluorite structure observed here is also discussed in relation
to the temperature-composition (T-C) phase diagrams for the compound.

Order-to-disorder transformation

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, the search for radiation-tolerant materi-
als that can be used as host materials for minor actinides or high-le-
vel radioactive waste has been the focus of many studies [1-7].
Recent research has focused significant interest on an important
class of materials that possess structures related to the fluorite
(CaF,) crystal structure. The oxide fluorite, with stoichiometry
MO, (M is a metal cation, O an oxygen anion), is a face-centered
cubic structure belonging to space group Fm3m (No. 225 in the
International Tables for Crystallography). Our interest here is in
oxygen-deficient fluorite structural derivative (MO,_x) compounds.
In oxygen-deficient compounds, the valences of metal cations have
several valence states (A!*, A%*, or A>*) to achieve a charge balance.
Certain oxygen-deficient fluorite structural derivatives include: (1)
bixbyite, an M,03 sesquioxide [8,9]; (2) pyrochlore, an M40; com-
pound (more specifically A3*,B**,0,) [10,11]; (3) 5-phase, an
M-0;, compound (more specifically A**4B*30,,) which possess
rhombohedral symmetry and belongs to space group R3 [1,12].
Such materials exhibit radiation tolerant properties [8-12].

In previous studies, no “4:3:12” §-phase compounds have
exhibited irradiation-induced amorphization. For example,
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Sc4Zr301, cannot be amorphized even at very high radiation dose
(~70dpa) [13]. However, 3-phase compounds do undergo an or-
der-to-disorder (O-D) transformation, from ordered §-phase to dis-
ordered fluorite (F) phase, when exposed to ion irradiation.
Interestingly, the threshold doses to produce an O-D transformation
using light ions in A4Zr;0,>, compounds were found to be signifi-
cantly lower than that using heavy ions [ 12-14]. The particular com-
pound of interest here is 5-LuyHf30;, that nobody has previously
researched. This study considers the phase transformation and the
irradiation effects of the light and heavy ions on this compound.
The effect of irradiation-induced cation antisite and anion oxygen
Frenkel-pair defects on the O-D transformation is also discussed.

2. Experimental procedure

Polycrystalline LuyHf301, samples were synthesized from HfO,
(Aldrich Chemical company, 99.99% purity) and Lu,03 (Alfa Aesar,
99.99% purity) powders, by conventional ceramic processing pro-
cedures. Sample wafers were then cut and polished to a mirror fin-
ish using WO0.25 Diamond suspension. X-ray diffraction
measurements revealed that these samples possess a rhombohe-
dral symmetry, 5-phase.

The experimental work was carried out at the 320 kV platform
for multi-discipline research with highly charged ions at the Insti-
tute of Modern Physics, CAS. Six mega electron volt Xe?®" ion irra-
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diation was performed at normal incidence relative to the sample
surface, to ion fluences ranging from 2x10'® to 1x10'° ions/cm?.
The average ion flux was maintained at ~1x10'" ions/cm? s during
implantation. The projected range of 6MeV Xe?®* ions in
3-LuygHf301, was estimated by using the Monte Carlo code SRIM
[15]. The projected range, Rp, was estimated to be 0.99 pm (with
a target density p = 10.05 g/cm? of LuyHf30;,), with a longitudinal
straggling, ARp, of 0.31 um. In these SRIM calculations, we arbi-
trarily assume the threshold displacement energies of Lu, Hf and
O are all 40 eV (because we currently do not have theoretical or
experimental estimates for these values) [12,16]. Fig. 1 shows the
results of SRIM simulations of LusHf;0;5, by 6 MeV Xe?%" and
400 keV Ne?* jon irradiation, respectively. Obviously, electronic
stopping plays a significant role in the total stopping energy for
both Xe and Ne ions. Table 1 shows Monte Carlo simulation esti-
mates of various displacement damage parameters for 6 MeV Xe
and 400 keV Ne ions irradiation in LugHf3015.

Grazing Incidence X-ray Diffraction (GIXRD) was used to ana-
lyze the crystal structure of the pristine and ion irradiated samples
using a Rigaku D/Max-2400 X-ray Diffractometer, Cu-K, radiation,
0 — 20 geometry, and X-ray angle of incidence of y = 5°. The 0 — 20
scans were performed using a step size of 0.02° and a dwell time of
one second. The scan range was 15-65°. The depth of the X-ray in
LuyHf501; at y = 5°is 0.56 pm, which corresponds to the maximum
depth where electronic energy loss starts to decreases sharply.

To contrast light ion and heavy ion irradiation effects in
Luy4Hf501,, we carried out another ion irradiation experiment using
400 keV Ne?* ions. lon irradiation was performed in the Ion Beam
Material Laboratory at Los Alamos National Laboratory using a
200-kV Danfysik High Current Research Ion Implanter. The
400 keV Ne?* ions were implanted at normal incidence of fluences
ranging from 1x10' to 1x10'%jons/cm?, using an ion flux of
~1x10'2jons/cm?s. GIXRD measurements were made using a
Bruker AXS D8 advanced X-ray diffractometer, Cu-K, radiation,
0 — 20 geometry, and the X-ray angle of incidence of y=3°. The
depth of the X-ray in Lu4Hf30,, at y = 3°is 0.31 pm, which also cor-
responds to the maximum depth where electronic energy loss
starts to decreases sharply.

3. Results

Fig. 2 shows GIXRD patterns obtained from pristine LugHf301,
and LusHf;0;, irradiated with 6 MeV Xe?®* ions to fluences of
2x10™ to 1x10'° ions/cm?. These fluences correspond to peak dis-
placement damage doses of ~0.07-3.49 dpa. The X-ray incidence
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Fig. 1. Monte Carlo simulation estimates of electronic vs. nuclear energy loss for
6 MeV Xe ions and 400 keV Ne ions as functions of penetration depth for LusHf301,.

Table 1
SRIM 2008 calculations for 6 MeV Xe and 400 keV Ne ion irradiation in LugHf50,, at a
fluence of 1 x 10'° ions/cm?.

Ions 6 MeV Xe 400 keV Ne
Sample depth at peak concentration (pm) 1.20 0.36
Ion peak concentration (at.%) 3.92 2.95
Sample depth at peak dpa (pum) 0.88 0.31
Peak dpa 3.49 0.44
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Fig. 2. GIXRD patterns obtained from pristine and irradiated LusHf30;, samples
with 6-MeV Xe?* jons to dose of 2 x 10'3-1 x 10'° ions/cm? at X-ray incidence
angle of 5°. Peaks labeled “3” are due to the superlattice reflections associated with
the ordered 5-phase, while the peaks labeled “F” are the parent fluorite structure.
The inserted diagram was the zoomed on main 3-phase peaks, {110} and {012}.

angle for these measurements was chosen as y = 5°, based on the
critical angle calculations from Refs. [17,18]. Under these condi-
tions, X-rays are scattered from the near surface of the sample
[18,19]. This is much smaller than the 6 MeV Xe?®* ijon range
(~1.0 pm). Therefore, the GIXRD measurements sample only the
irradiated section, in the vicinity of the sample surface. The peaks
labeled “8” of the pristine sample in Fig. 2 represent the rhombo-
hedral structure, 3-phase. These “superlattice” reflections dimin-
ished by a fluence of 2 x 10"ions/cm? and completely
disappeared at the highest fluence of 1 x 10'> jons/cm?. It was ob-
served clearly that {110} and 5{012} peaks disappeared gradually
with increasing Xe ion fluence, shown in the inserted diagram of
Fig. 2. At the same time, the four most prominent diffraction peaks,
which are associated with the “parent” fluorite structure (labeled
“F” in the GIXRD pattern in Fig. 1) are more or less unaffected by
irradiation. These observations imply that Xe?®* ion irradiation of
LugHf304, induces an O-D transformation, from an ordered §-
phase structure to a disordered cubic fluorite structure.

Fig. 3 shows GIXRD patterns obtained from LusHf30,, before
and after 400 keV Ne?* ion irradiation. The absence of the 5-phase
reflections with increasing dose reveals that LusHf30;, undergoes
an O-D transformation, from an ordered 3-phase structure to a dis-
ordered fluorite structure. An complete O-D crystal structure
transformation was observed by a fluence of 5 x 10'*ions/cm?
(~0.22 dpa).

4. Discussion

Our 400keV Ne?' jon irradiation results show the same
irradiation-resistant trend as that from 6 MeV Xe?®* ion irradia-
tion: 8-LugHf30,, does undergo a phase transformation from an
ordered 3-phase rhombohedral structure to a disordered fluorite
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Fig. 3. GIXRD patterns obtained from pristine and irradiated LusHf30;, samples
with 400-keV Ne?* ions to dose of 1 x 10'#~1 x 10'° jons/cm? at X-ray incidence
angle of 3°. Peaks labeled “3” are due to the superlattice reflections associated with
the ordered 3-phase, while the peaks labeled “F” are the parent fluorite structure.
The inserted diagram was the zoomed on main 3-phase peaks, {110} and {012}.

cubic structure with the disappearance of “superlattice” reflections
following different ion irradiations.

In this section, to understand the change in O-D transformation,
we will discuss in terms of a new layered atom stacking model for
the compound [20]. Firstly, we should consider the cubic fluorite
structure MO,. Along the 3 direction, there is a layer atom stacking
motif that repeats in the following sequence: MOVO. It is necessary
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to fully describe the fluorite structure by 12 layers, MOVOMOVO-
MOVO, where all atom layers represent fully-dense triangular nets.
All layers are atomically pure: M is a layer consisting only of cat-
ions and O is a pure layer of oxygen anions, V represents a com-
pletely vacant layer. The stacking sequence is shown in Fig. 4(a)
for a general MO, fluorite.

Now we consider the layer stacking sequence in 5-LusHf30:;
according to the previous discussion. For convenience, we describe
our rhombohedral, §-phase structure using a hexagonal unit cell.
There are 12 layers (three M layers and six O layers) per hexagonal
unit cell along the c axis. The stacking sequence of the 5-LusHf501>
is the same as the MOVO sequence found in MO, fluorite. But there
have only one different that the atoms in M and O layers shown in
Fig. 4(b) are rumpled out-of-plane along 3 in 3-LusHf30;, (atom
position deviations from ideality are less than 4%) [20]. Fig. 5 illus-
trates the atomic arrangements in the M and O layers in 3-LusHf5_
0O12. The M layer consists of metal cations is based on triangular
atom nets, where Lu and Hf atoms are randomly arranged
(Fig. 5(a)). The O layer consists of oxygen anions, also in a triangu-
lar atom nets, but contains ordered empty sites within each layer
(Fig. 5(b)). The O layer tiling pattern is analogous to a 3*6 Archi-
medean tiling. Each O layer consists of 6/7 dense (partially-dense),
while each M layer is 7/7 dense (fully-dense).

Numerous studies of pyrochlore compounds have been per-
formed[16,21,22]. Although different pyrochlores showed great dis-
parity of structure transformation under ion irradiation, e.g. most
zirconate pyrochlores experience an obvious order-to-disorder
transformation and are more resistant to the irradiation damage,
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Fig. 4. (a) Schematic diagram illustrates the layer stacking sequence along the 3 axis in a cubic fluorite compound. M and O represent pure metal cation and pure oxygen
anion layers, respectively. The stacking sequence is MOVOMOVOMOVO, where V represents an empty layer. (b) Along the 3 direction, the layer stacking sequence of
rhombohedral §-LuyHf304; is identical to the sequence shown here, except that the atoms are slightly out-of-plane about 2-3% (contain four unit cell).
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Fig. 5. Schematic diagram showing the stacking of the layers along the c-axis for the hexagonal description of 3-phase LusHf5015,, and illustrates a simple Frenkel diffusion
mechanism for this compound. (a) cation (M) layer atom arrangement based on triangular atom nets with full dense. Lu and Hf atoms are randomly arranged. Each M site is
occupied statistically by 4 of 7 Lu and 3 of 7 Hf atoms. (b) Oxygen atoms are arranged in a 3%-6 Archimedean tiling pattern. The base of the 5-phase hexagonal unite cell is
described in the drawing (edge lengths equal to lattice parameter, (a). The atoms in real §-LusHf30,, relax slightly away from the perfect triangular atom net in (a) and the
3%.6 Archimedean tiling pattern in (b). (c) An oxygen layer, with the jump direction for an atom near the vacancy. (d) The atom arrangement following the jump of the atom in
(c) into the vacancy in the tiling pattern. The interstitial O atom is low-light in red. The vacancy left is shown as a red-shaded square. Diagrams (c) and (d) represent radiation-
induced anion disorder. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

while titanate pyrochlores undergo significant volume swelling be-
fore readily succumbing to amorphization under ion irradiation,
both zirconate and titanate pyrochlores experience lattice disorder
under ion irradiation. Detailed theoretical analyses demonstrated
that cation antisite-pair defects are the main defects that cause the
lattice disorder of the pyrochlores under ion irradiation. Jie et al.
pointed out that cation antisite-pair defects formed directly during
cascades, while anion-disorder was promoted by cation antisite
(oxygen atoms are randomly distributed in O lattice). In order to pre-
dict the effect of cation antisite-pair defect in phase transformation
for 5-LusHf301,, we calculated the intensity ratio of {012} over
{211}asafunction of cation disordering, {012} is the ordered rhom-
bohedral §-phase superlattice reflection; while {211} is fundamen-
tal fluorite reflection, as shown in Fig. 6. The result shows that the
intensity ratio of {012}/I{211} is almost a constant, independently
on the amount of Lu and Hf cation antisite pairs, which indicates that
the order-to-disorder transformation in 8-LusHf30:, is not due to
the cation antisite defects. Certainly, we can come to a conclusion
that the order-to-disorder phase transformation in &§-LusHf304;
must be caused by anion oxygen Frenkel defect.

To summarize, the weak superlattice reflections observed in the
GIXRD is apparently due to the ordered O atoms arrangement. If the
ordered anion rearranged upon ion irradiation, the structure trans-
formation of §-LuyHf30,, would happen from order to disorder
(rhombohedral to cubic). This is precisely what is observed in these
experiments. The irradiation-induced O-D transformation induced
by O Frenkel pair formation is shown in Fig. 5(c). O atoms on proper
sites would spontaneously displace into the vacant O sites during
irradiation, until the vacancies in the O layers are randomly distrib-
uted (Fig. 5(d)). In time, the compound transformed from ordered
rhombohedral structure to disordered fluorite cubic structure.
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Fig. 6. Relationship of 1{012}/I{211} of LusHf30,, with the amount of Lu and Hf
antisite pairs.

Moreover, our group has also calculated the role of the cation/
anion defects on the structural transformation in §-phase com-
pounds AgBO;,> (A=Gd, Ho, Y; B=U, W), which possess the same
structure with compounds A4B30;,. The theoretical calculations
(not shown here) indicate that the anion oxygen Frenkel defects
play a significant role in the irradiation-induced O-D transforma-
tion process of 5-phase, though anion-disorder is promoted by cat-
ion antisite [23].

Another interesting phenomenon showed here is that although
both heavy (Xe) and light (Ne) ion irradiations can induce an O-D
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transformation from an ordered §-phase rhombohedral to a disor-
dered fluorite cubic structure in 3-LusHf30;5, the O-D transforma-
tion threshold doses were observably different between heavy and
light ions. Under 6 MeV Xe?®" ion irradiation, the O-D transforma-
tion for &-LusHf;0;5 occurred at 1x10'°ions/cm? (~3.49 dpa).
However, under 400 keV Ne?* jon irradiation, the O-D transforma-
tion occurred at 5 x 10'*ions/cm? (~0.22 dpa). This is so-called
“jon spectrum effect” [24-26]. The different threshold doses ob-
served between heavy and light ions are likely related to the Fren-
kel defects recombination and survival efficiency. This spectrum
effect was observed previously on the same structure compound,
8-ScyZr301, [14]. Now, here a similar result is firstly discovered
on §-LuyHf3045. To best understand this effect, morphological char-
acteristics of ion irradiation damage were estimated using the
Monte Carlo code SRIM [15]. The heavy Xe ion produces ~24,500
vacancy-interstitial Frenkel pairs per ion near a range of
~1.0 um, while the light Ne ion produces ~1400 vacancy-intersti-
tial Frenkel pairs per ion near a range of ~0.31 um. It implies that
the displacement cascades produced by 6 MeV Xe ions are more
dense compared to displacement cascades produced by 400 keV
Ne ions. In other words, Frenkel point defects produced by Ne ions
have a lower annihilating probability, such as interstitial/vacancy
recombination, than that produced by Xe ions. As a result, more
defects produced by Ne ions could survive than Xe ions in the &-
Luy4Hf30;, compounds. Consequently, heavy Xe ions need higher
irradiation fluences to induce O-D phase transformation in
3-LuyHf301, than the light Ne ions.

Another reasonable mechanism for O-D transformation differ-
ent threshold dose between heavy and light ions is the energy
transfer kinetic factor. On the basis of collision theory between
two rigid balls, the energy transfer kinetic factor can be expressed
by A =4m;m;,/(m; + m, )%, where m; and m, are the atomic masses
of two balls. According to this formula, the capability of oxygen
displacement would be due to the atomic masses of incident ion
and oxygen. For Ne and O, the kinematic efficiency factor is
0.987, while for Xe and O is 0.450. Ne ions are efficient in transfer-
ring the kinetic energy to O anions than Xe ions. So, the light Ne
ions are easy to change the O sub-lattice from order to disorder.
Therefore, a lower transformation dose is required for Ne ion irra-
diation compared with Xe ion irradiation.

Previous ion irradiation experiments on fluorite structural
derivative compounds indicate that the temperature-composition
(T-C) phase diagram of compound is a good indicator that can pre-
dict the result of phase transformation induced by irradiation
[22,27], which includes two main points: For the compounds
which phases are stable to the melt, are readily amorphized by
ion irradiation. However, for other compounds with ordered phase
transform to disordered phase in T-C phase diagram, are resistant
to ion irradiation. Furthermore, the ion irradiation amorphous dose
depends on the O-D transformation temperature in the T-C phase
diagram, the higher O-D transformation temperature, the higher
ion irradiation amorphous dose [27]. From the T-C phase diagram
of Lu,03-HfO, [28] (not shown here), it is clear that the ordered &-
LuyHf301, occurs thermal transformation to a disordered fluorite
structure at about 1710 °C temperature before melting. For this
reason, it is easy to understand the experimental result: LusHf301,
undergoes a crystal structure transformation, from an ordered
rhombohedral §-phase structure, to a cubic disordered fluorite
structure with increasing ion irradiation fluences.

5. Conclusions
In summary, we have concluded that §-LusHf30,, compounds

undergo an order-to-disorder phase transformation under both
light and heavy ion irradiation. Heavy ion irradiation induces an

0-D transformation in §-LusHf30;, compounds, initiated at a
fluence of 2x10'%ions/cm? and completed by a fluence of
1x10'5 jons/cm? (~3.49 dpa). By contrast, this transformation dose
is much higher than the O-D transformation dose induced by light
Ne ion irradiation (~0.22 dpa). The large difference in O-D trans-
formation threshold doses between Xe and Ne seems to suggest
that heavy ions are less efficient than light ions in producing the
retained defects during irradiation. The energy transfer kinetic fac-
tor also contributes to this difference. The order-to-disorder phase
transformation of §-LuyHf30,, compound is attributed to the ef-
fects of anion oxygen Frenkel-pairs defects. The T-C phase diagram
is a good indicator of radiation-induced phase transformation in
fluorite structural derivatives.
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