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Polycrystalline d-phase Sc4Hf3O12 was irradiated with light and heavy ions to study the radiation stability
of this compound. In order to explore the ion species spectrum effect, the irradiations were performed
with 400 keV Ne2+ ions to fluences ranging from 1 � 1014 to 1 � 1015 ions/cm2, 600 keV Kr3+ ions to flu-
ences ranging from 5 � 1014 to 5 � 1015 ions/cm2, and 6 MeV Xe26+ ions to fluences ranging from 2 � 1013

to 1 � 1015 ions/cm2. Irradiated samples were characterized by various techniques including grazing inci-
dence X-ray diffraction (GIXRD) and transmission electron microscopy (TEM). A complete phase trans-
formation from ordered rhombohedral to disordered fluorite was observed by a fluence of
1 � 1015 ions/cm2 with 400 keV Ne2+ ions, equivalent to a peak ballistic damage dose of �0.33 displace-
ments per atom (dpa). Meanwhile, the same transformation was also observed by 600 keV Kr3+ ions at the
same fluence of 1 � 1015 ions/cm2, which however corresponds to a peak ballistic damage dose of
�2.2 dpa. Only a partial O-D transformation was observed for 6 MeV Xe26+ ions in the fluence range used.
Experimental results indicated that the O-D transformation is observed under both electronic and nuclear
stopping dominant irradiation regimes. It was also observed that light ions are more efficient than heavy
ions in producing the retained defects that are presumably responsible for the O-D phase transformation.
The O-D transformation mechanism is discussed in the context of anion oxygen Frenkel defects and
cation antisite defects. We concluded that the irradiation induced O-D transformation is easier to occur
in d-phase compounds with partial order of cations than in that with fully disordered cation structures.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

With the expanded application of nuclear power all over the
world in the past half-century, substantial quantities of nuclear
waste, such as plutonium and minor actinides (Np, Am and Cm),
have been generated from nuclear fuel cycles. A considerable
amount of research has been done in an effort to search for radia-
tion-tolerant materials that can be used as an inert matrix in
nuclear fuels and as host materials for minor actinides in high-level
radioactive waste [1–5]. Such waste form materials should have a
high capacity for incorporating actinides, possess a high radiation
resistance and excellent chemical stability. Crystalline oxides that
possess the fluorite (CaF2) structure or the derivatives of the fluo-
rite structure have received considerable attention as candidate
materials for nuclear-waste host. The compounds of interest in this
investigation are oxygen-deficient fluorite structural derivatives
MO2�x (M represents a metal cation, while O refers to an oxygen
anion). The compounds stoichiometry plays a great role on the
effect of structural stability under irradiation in certain fluorite
derivative structures. Isometric pyrochlore structure, A2B2O7, is a
promising host phase for the immobilization of actinides [6–11].
For instance, in the binary system Gd2Ti2�xZrxO7, the resistance
to ion beam irradiation-induced amorphization increases
dramatically with increasing Zr content, because of the cation
and anion substructures disordered gradually as Zr content
increases [2,12–14]. These studies illustrate that the irradiation
tolerance of pyrochlore structure (A2B2O7) is not only affected by
the radius ratio rA/rB and type of A–O and B–O bonds, but also
affected by the level of initial cation structural disordering [11,15].

Another family of radiation tolerant fluorite-derivative oxides
A4B3O12 known as d-phase possesses rhombohedral symmetry
(space group R�3) of the fluorite structure with ordered oxygen
vacancies along the h111i direction. One-seventh of all cation sites
are in a 6-fold coordination by oxygen on a site of trigonal symme-
try. The remaining six-sevenths of the cations are surrounded by
seven oxygen atoms. The d-phase materials have been shown to
exhibit astonishing amorphization resistance characteristics due
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to their natural tendency to accommodate lattice disorder. In pre-
vious studies, no ‘‘4:3:12’’ d-phase compounds have exhibited
irradiation-induced amorphization. However, d-phase compounds
do undergo an order-to-disorder (O-D) phase transformation from
an ordered rhombohedral to a disordered cubic fluorite structure.
In particular, d-Sc4Zr3O12 does undergo O-D transformation and
no amorphization has been observed even at very high radiation
dose (�70 dpa) [16].

In this study, we choose to examine the ion induced radiation
response of another d-phase compound. The compound we chose
to examine is Sc4Hf3O12 which possesses a different cation
arrangement from d-Sc4Zr3O12 which has been the focus of many
studies [16–20]. In Sc4Hf3O12 the cations are partially ordered com-
pared to the complete disordering in Sc4Zr3O12 [21]. The purpose of
the study presented here is to investigate radiation damage effects
and ion species spectrum effect in d-Sc4Hf3O12 by irradiating this
compound with light and heavy ions. In another aspect, we will
elucidate how cation ordering level affects the radiation damage
behavior in d-phase compounds. Finally, we discuss the effect of
irradiation-induced cation antisite and anion oxygen Frenkel-pair
defects on the O-D transformation in d-Sc4Hf3O12.
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2. Experimental procedure

Polycrystalline pellets of the d-Sc4Hf3O12 were synthesized from
high purity Sc2O3 (Alfa Aesar, 99.99%) and HfO2 (Aldrich Chemical
company, 99.99%) powders by conventional ceramic processing
procedures. The pellets were then cut and polished to a mirror fin-
ish using 0.25 lm diamond suspension. X-ray diffraction measure-
ments revealed that the pristine oxide ceramics possess a
rhombohedral symmetry, d-phase Sc4Hf3O12 structure. The mea-
sured density of the Sc4Hf3O12 sample was 6.40 g/cm3, close to
�93% of the theoretical value (qtheoretical = 6.90 g/cm3).

Samples of d-Sc4Hf3O12 were irradiated with 400 keV Ne2+ and
600 keV Kr3+ ions at cryogenic temperature (�77 K) in the Ion
Beam Materials Laboratory at Los Alamos National Laboratory,
using a 200 kV Danfysik High Current Research Ion Implanter.
The 400 keV Ne2+ ions were implanted at normal incidence using
ion fluences ranging from 1 � 1014 to 1 � 1015 ions/cm2 and the
average ion flux was maintained at �1 � 1012 Ne/cm2/s during
the implantations, while the heavy ion irradiation was performed
with 600 keV Kr3+ ions to fluences ranging from 5 � 1014 to
5 � 1015 ions/cm2, with an ion flux of �1 � 1012 Kr/cm2/s. The
6 MeV Xe26+ ion irradiation was carried out at room temperature
(�300 K) to ion fluences ranging from 2 � 1013 to 1 � 1015 ions/
cm2 with an ion flux of �1 � 1011 Xe/cm2/s on 320 kV platform
for multi-discipline research with highly charged ions at the
Institute of Modern Physics, Chinese Academy of Sciences (CAS).
The projected ranges of the above ion species into d-Sc4Hf3O12

were estimated using the Monte Carlo program SRIM [22] and
the results are listed in Table 1. The electronic to nuclear stopping
power ratio (ENSP) and displacements per atom (dpa) were also
calculated using SRIM [22]. The threshold displacement energies
of Sc, Hf and O were assumed to be 40 eV in the simulation
(because neither the theoretical or experimental values are
known). The plots showing the ENSP simulation results are shown
Table 1
SRIM projected range and longitudinal straggling, and measured O-D transformation
threshold dose of three ion irradiation conditions used.

Ion beam type 400 keV Ne++ 600 keV Kr3+ 6000 keV Xe26+

Projected range (lm) 0.65 0.32 1.50
Straggling (lm) 0.13 0.07 0.30
Threshold dose (dpa) 0.33 2.20 >4.86
in Fig. 1a and it shows that electronic stopping plays a greater role
in the total stopping power for 400 keV Ne and 6 MeV Xe ions,
while the nuclear stopping plays a greater role for 600 keV Kr ions.
Fig. 1b shows the displacement damage for Ne, Kr and Xe ions at
the fluence of 1 � 1015 ions/cm2. The maximum peak displacement
damage is approximately 0.33 dpa at the depth of 0.39 lm for Ne2+

ions, �2.2 dpa at the depth of 0.12 lm for Kr3+ ions and �4.86 dpa
at the depth of 1.05 lm for Xe26+ ions.

The pristine and ion irradiated samples were characterized
using both grazing incidence X-ray diffraction (GIXRD) and trans-
mission electron microscopy (TEM). GIXRD measurements were
made using a Bruker AXS D8 Advanced X-ray Diffractometer, with
Cu-Ka radiation operating in h–2h geometry. The X-ray incidence
angle for these measurements was chosen as c = 0.25�, which is
slightly smaller than the calculated critical angle ac = 0.3� [23,24].
Under these conditions, X-rays are scattered from the surface of
these samples to a depth of less than 100 nm [24,25]. This is much
shallower than the 400 keV Ne, 600 keV Kr and 6 MeV Xe ion
ranges shown in Fig. 1b. Therefore, we believe that the GIXRD mea-
surements examined only the irradiated section, in the vicinity of
0.0 0.5 1.0 1.5 2.0
Depth (μm)

Fig. 1. (a) Electronic to nuclear stopping power ratio (ENSP) as a function of
penetration depth calculated from data obtained from SRIM simulations for
400 keV Ne, 600 keV Kr and 6 MeV Xe into Sc4Hf3O12. (b) SRIM calculation results
plotting displacement per atom as a function of penetration depth for 400 keV Ne,
600 keV Kr and 6 MeV Xe ion irradiations into Sc4Hf3O12 at a fluence of 1 � 1015 -
ions/cm2. (We used the density of 6.90 g/cm3 and the threshold displacement
energy of 40 eV for Sc, Hf and O).
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the sample surface. The h–2h scans were performed using a step
size of 0.02� and a dwell time of 4 s. The scan range was 15–65�.
Transmission electron microscopy (TEM) was performed on irradi-
ated samples prepared in cross-sectional geometry. The TEM speci-
mens were prepared by first mechanically polishing the sample to
a thickness of less than 10 lm with diamond lapping films and
then thinning the thickness down to electron transparency using
4 keV Ar+ ion milling. Irradiation induced microstructures were
examined using a FEI Tecnai F30 electron microscope operating
with an accelerating voltage of 300 kV.
3. Results

Fig. 2a shows GIXRD patterns obtained from d-Sc4Hf3O12 sam-
ples before and after 400 keV Ne2+ ion irradiation to fluences of
1 � 1014 to 1 � 1015 ions/cm2. The patterns reveal that the super-
lattice reflections labeled with ‘‘d’’ (referred to the d-phase
rhombohedral structure) diminish with increasing the ion fluence
and completely disappear at the highest fluence of 1 � 1015 ions/
cm2, which is equivalent to a peak ballistic damage dose of
�0.33 dpa. On the contrary, the four major diffraction peaks (at
�31�, 36�, 52�, and 61�), which are associated with the ‘‘parent’’
fluorite structure labeled with ‘‘F’’, are unaltered after the irradia-
tion. The loss of the d-phase reflections with increasing ion irradia-
tion fluence implies that Sc4Hf3O12 gradually underwent an O-D
transformation, from an ordered d-phase rhombohedral structure
to a disordered cubic fluorite structure. Fig. 2b shows a cross-sec-
tional TEM bright field (BF) image and selected area electron
diffraction (SAED) patterns obtained from Sc4Hf3O12 irradiated to
a fluence of 1 � 1015 Ne/cm2 (�0.33 dpa). The Ne ion produced
damage region shown in the bright field image was measured to
be �650 nm, in good agreement with the SRIM simulations results.
The SAED patterns obtained from the substrate layer and the
irradiated layer, indicating that structural changes are induced by
the ion irradiation. The substrate SAED pattern can be indexed as
a d-phase rhombohedral structure along the beam direction of

B
*

= [1 �4 �7]d, while the SAED pattern obtained from the irradiation
layer is indexed as a cubic fluorite structure along the beam direc-

tion of B
*

= [1 �10]F. In summary, both the GIXRD patterns and TEM
diffraction patterns show that Ne irradiated Sc4Hf3O12 compound
undergoes an O-D phase transformation at a fairly low peak dis-
placement damage dose of �0.33 dpa using 400 keV Ne ions.

Fig. 3a shows GIXRD patterns obtained from pristine Sc4Hf3O12

and Sc4Hf3O12 irradiated with 600 keV Kr3+ ions to fluences ranging
from 5 � 1014 to 5 � 1015 ions/cm2. These ion fluences correspond
to peak displacement damages of �1.1 to�11 dpa. The superlattice
reflections (labeled with d) diminish by a fluence of 5 � 1014 ions/
cm2 and disappear completely at the fluence of 1 � 1015 ions/cm2

(�2.2 dpa). At the same time, the four principal diffractions
corresponding to the ‘‘parent’’ fluorite structure (labeled ‘‘F’’ in
the Fig. 3a) remain relatively unchanged after irradiation up to
the highest fluence of 5 � 1015 ions/cm2 (�11 dpa). The observed
changes in the GIXRD patterns imply that Kr3+ ion irradiation
induced a phase transformation in Sc4Hf3O12, from an ordered d-
phase structure to a disordered fluorite structure. As a con-
firmation to GIXRD observations, TEM characterization was also
performed on the 600 keV Kr3+ ion irradiated sample. Fig. 3b shows
a cross-sectional TEM bright-field image and SAED patterns
obtained from the sample irradiated to a fluence of 1 � 1015 ions/
cm2 (�2.2 dpa). The Kr damage region, labeled as the irradiated
layer in Fig. 3b, is approximately 320 nm thick which agrees with
the SRIM projected range of 600 keV Kr ions shown in Fig. 1b.
The SAED patterns (right) with arrows indicating the areas from
where they were collected reveal that there is an O-D phase
transformation produced by the Kr ion irradiation. The top SAED
pattern is indexed as a cubic fluorite structure with beam direction

of B
*

= [112]; the bottom SAED pattern corresponding to the
unirradiated region is indexed as an ordered rhombohedral d-

phase with beam direction of B
*

= [211].
Fig. 4a shows GIXRD patterns obtained from pristine Sc4Hf3O12

and Sc4Hf3O12 irradiated with 6 MeV Xe26+ ions to fluences of
2 � 1013 to 1 � 1015 ions/cm2. The superlattice reflections (labeled
with d) diminish with increasing ion fluence, and almost disappear
at highest fluence of 1 � 1015 ions/cm2 (�4.86 dpa). It implies that
the complete O-D transformation should have occurred if a slightly
higher fluence than 1 � 1015 ions/cm2 were used in the experi-
ment. Fig. 4b shows the BF TEM image and SAED patterns of
Sc4Hf3O12 irradiated by Xe ions to a fluence of 1 � 1015 ions/cm2.
The thickness of damage layer in BF TEM image is �1.5 lm consis-
tent with the SRIM calculation. The SAED pattern obtained from
the irradiation region possesses two sets of diffraction patterns.
The strong reflections are consistent with a cubic fluorite structure

with beam direction B
*

= [112]F, while the weaker reflections are

equivalent to those in the pristine d-phase patterns (B
*

= [211]d).
Combined GIXRD and TEM results, a partial structural trans-
formation has occurred in Sc4Hf3O12 irradiated by 6 MeV Xe ions
to a fluence of 1 � 1015 ions/cm2 (�4.86 dpa).

4. Discussion

Based on GIXRD and TEM results for Ne, Kr and Xe ion irradia-
tions on the d-phase Sc4Hf3O12, similar radiation response was
observed: no evidence for a crystal-to-amorphous transformation
was seen in any of these irradiations, while a phase transformation
from an ordered d-phase rhombohedral structure to a disordered
fluorite cubic structure was observed under both electronic and
nuclear stopping dominant irradiation environments. A complete
O-D phase transformation was observed under both Ne and Kr
ion irradiations, while a partial O-D phase transformation appeared
under the Xe ion irradiation. In order to understand the process of
the O-D phase transformation in d-Sc4Hf3O12, we will propose a
possible mechanism in terms of a layered atom stacking model
for the material [26]. The d-phase rhombohedral structure can be
described using a hexagonal unit cell which stacks three M layers
and six O layers along the c axis. The stacking sequence of d-
Sc4Hf3O12 is MOVOMOVOM, where M represents a layer consisting
only of cations and O represents a pure layer of oxygen anions, V
represents a completely vacant layer. The atoms in the M and O
layers are actually rumpled out-of-plane by less than 4% of the c
lattice parameter along c axis [26]. Fig. 5 illustrates the atomic
arrangement discussed above showing the cation M (blue spheres)
and anion O (red spheres) layers in d-Sc4Hf3O12. While the M layer
(metal cations) consists of full dense triangular atom nets (Fig. 5a),
the O layer consists of oxygen anions in triangular atom nets but
also contains ordered empty sites within each layer (Fig. 5b).
Each O layer is analogous to a 6/7 dense (partially-dense) 34�6
Archimedean tiling compared to a 7/7 (fully-dense) triangular
atom net M layer. Several previous studies concluded that the
order-to-disorder phase transformation of d-phase compound is
attributed to the effects of anion oxygen Frenkel-pair defects
[16,19,27–29]. It is reasonable to assume that the order-to-disor-
der phase transformation in d-Sc4Hf3O12 is also due to anion oxy-
gen Frenkel-pair defect. The process of O Frenkel pair formation
during the irradiation is shown in Fig. 5c and d. O atoms on the
proper lattice sites jump into the vacant sites in the O layer until
the vacancies in the anion sublattices are randomly distributed.
Therefore, if the ordered anion vacancies became random upon
ion irradiation, the d-phase rhombohedral distortion would be
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Fig. 2. (a) GIXRD patterns obtained from pristine and irradiated Sc4Hf3O12 samples with 400 keV Ne2+ ions to fluences of 1 � 1014 to 1 � 1015 ions/cm2. Peaks labeled ‘‘d’’ are
the superlattice reflections associated with the ordered rhombohedral d-phase, while the peaks labeled ‘‘F’’ are from the parent fluorite structure. (b) Cross-sectional bright-
field TEM image with corresponding SAED patterns obtained from irradiated Sc4Hf3O12 samples with 400 keV Ne2+ ions to a fluence of 1 � 1015 ions/cm2 (�0.33 dpa).
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Fig. 3. (a) GIXRD patterns obtained from pristine and irradiated Sc4Hf3O12 samples with 600 keV Kr3+ ions to fluences of 5 � 1014 to 5 � 1015 ions/cm2. (b) Cross-sectional
bright-field TEM image with corresponding SAED patterns obtained from irradiated Sc4Hf3O12 samples with 600 keV Kr3+ ions to a fluence of 1 � 1015 ions/cm2 (�2.2 dpa).
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relaxed to cubic which means the material had undergone an
order-to-disorder transformation.

In the above discussions, we make the assumption that the two
metal cations in d-phase structures are randomly arranged in the
M layers. This assumption may not be always true. In fact, depend-
ing on specific elemental compositions, the cations in M-layers in
d-phase structures could possess partial ordering [21]. For exam-
ple, the cations in d-Sc4Hf3O12 are partially ordered in the M layers,
while the cation arrangement in d-Sc4Zr3O12 is completely random
(or fully disordered). Zhang et al. reported that d-Sc4Zr3O12 under-
goes a full O-D transformation at a dose of �2 dpa (5 � 1015 ions/
cm2) for Ne ions and a dose of �23 dpa (1 � 1016 ions/cm2) for Kr
ions [19]. Such threshold doses for O-D phase transformation in
d-Sc4Zr3O12 are significantly higher than that in d-phase
Sc4Hf3O12 observed here. It suggests that the level of cation order-
ing in the pristine structure may have an important effect on the
radiation-resistance of a given d-phase compound based on its
cation chemistry. Therefore, due to the partial ordering of the
cations in pristine d-Sc4Hf3O12, it is reasonable to consider the
effect of the cation antisite-pair defects produced during ion
irradiation as a possible factor leading to the O-D transformation
for this material. Based on X-ray diffraction theory structure fac-
tors [30], the amount of cation disordering can be calculated from
the d-phase superlattice reflections intensity ratio of {012} over
{211} miller indices. The {012} indices is from one of the
rhombohedral d-phase superlattice reflections and the {211}
indices is from one of the ‘‘parent’’ fluorite reflections. The result
for d-Sc4Hf3O12 is shown in Fig. 6, indicating that the peak intensity
ratio of {012} over {211} gradually decreases with increasing the
amount of Sc and Hf cation antisite pairs (ScHf + HfSc). Fig. 6 sug-
gests that the cation antisite defects do play a role for the phase
transformation in d-Sc4Hf3O12 during the ion irradiation.
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Fig. 5. Schematic diagram showing the stacking of the metal and oxygen layers along the c-axis for the hexagonal description of d-Sc4Hf3O12, along with a sample illustration
of a Frenkel diffusion mechanism for this compound. (a) Cation (M) layer atom arrangement based on full dense triangular atom nets. (b) Oxygen atoms arranged in a 34�6
Archimedean tiling pattern. The atoms in real d-Sc4Hf3O12 are slightly rumpled away from the perfect triangular atom net in (a) and the 34�6 Archimedean tiling pattern in (b).
(c) An O 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 light in red. The vacancy left behind is shown as a red-shaded square. Diagrams (c) and (d) schematically represent radiation-induced (or in general)
anion disorder. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Considering the remarkable difference of the phase transformation
dose between d-Sc4Hf3O12 and d-Sc4Zr3O12, we speculate that both
the cation antisite defects and the oxygen Frenkel-pair defects
have contributed to the irradiation-induced O-D transformation
in d-Sc4Hf3O12. The above results imply that a d-phase structure
with completely disordered cations is more resistant to ion irradia-
tion than with partially ordered cations.

Finally, a strong ‘‘ion species spectrum effect’’, which was first
discovered in metals [31,32] and was also confirmed in studies
on d-Sc4Zr3O12 ceramic compound [19], is also clearly demon-
strated in d-Sc4Hf3O12. The threshold O-D transformation doses
for three ion irradiations used in this study are listed in Table 1.
The different transformation threshold dose observed between
heavy and light ions are likely related to the Frenkel pair defects
recombination and survival efficiency. The displacement cascades
produced by heavy ions are denser compared to those produced
by light ions. In other words, Frenkel pair defects by heavy ions
have a higher annihilating probability, such as interstitial/vacancy
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recombination, than those produced by light ions. As a result,
defect survivability is reduced under heavy ion irradiation condi-
tion. Therefore, heavy ions require a larger irradiation fluence to
induce O-D transformation in d-Sc4Hf3O12 than the light ions.
Another reasonable interpretation concerning to ‘‘ion species spec-
trum effect’’ could be the energy transfer efficiency during the ion–
atom collisions as defined by K = 4M1M2/(M1 + M2)2, where M1 and
M2 are the atomic masses of the projectile and target element [33].
Considering anion Frenkel pair production, Ne ions have the high-
est energy transfer efficiency to O atoms (0.987), followed by Kr
ions (0.538), and finally Xe ions (0.450). In other words, light ions
are more efficient than heavy ions in transferring their kinetic
energy to O anions and thus changing O vacancy arrangement from
order to disorder in O sublattices. In summary, we believe that
both cascade density and kinetic energy transfer efficiency have
contributed to the observed ‘‘ion species spectrum effect’’ in d-
Sc4Hf3O12 compound.

5. Conclusions

The irradiation damage response in d-Sc4Hf3O12 by heavy and
light ion irradiations have been systematically investigated using
grazing incidence X-ray diffraction (GIXRD) and transmission elec-
tron microscopy (TEM). A crystal structure transformation from an
ordered rhombohedral to a disordered fluorite structure occurred
under both light and heavy ion irradiations. However, the trans-
formation dose for the heavy ions is higher than the dose required
transforming the material when irradiating with the light ions.
This effect that was observed during this investigation on d-
Sc4Hf3O12 is consistent with previous studies, in which both metals
and ceramics also succumb to an ion spectrum effect. It is noted
that the partial cation ordering existing in d-Sc4Hf3O12 prior-
irradiation may be a factor in making it more susceptible to ion-in-
duced order to disorder transformations as compared to other d-
phase materials that possess fully disordered cation sublattices.
Our results lead to the fact that both anion Frenkel defects and
cation antisite defects contribute to irradiation-induced O-D phase
transformation in the d-Sc4Hf3O12.
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