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ABSTRACT

Three tunnel structured hollandite samples (Cs;133Ga33Tige7016, CS133Fe133Tige7016, and
Csy33Zng67Ti733016) with demonstrated thermodynamic stability and chemical durability were syn-
thesized and irradiated by a 1.1 GeV Au ion beam in order to study effects of B-site dopants on radiation
stability. A crystalline-to-amorphous transformation induced by the high-energy ion irradiation was con-
firmed by complementary characterization techniques sensitive to different length-scales, such as powder
X-ray diffraction, Raman spectroscopy and neutron total scattering. High-temperature oxide melt solution
calorimetry was performed to determine the energy landscape before and after ion irradiation. Together,
structural and thermodynamic analyses demonstrated distinctly different radiation responses of the
hollandite with different B-site dopants; the Ga-substituted hollandite exhibited the smallest enthalpy
of damage indicating the best radiation stability among the three samples. The hypothesized origin of
the different radiation responses is the structural feature in the binary oxide form of the respective
B-site dopants (e.g., Ga,03 versus Fe;03/Zn0 for Ga and Fe/Zn dopants, respectively). Moreover, thermal
analysis (i.e., differential scanning calorimetry) was conducted to investigate structural changes from the
irradiation induced damaged states after thermal annealing. Results of thermal analysis revealed that
the annealing-induced structural evolution of the radiation damaged hollandite structure is complex and
decoupled at different length-scales. The long-range periodic structure (nanometers) was not recovered
after thermal annealing and structural changes over a shorter range (< ~3 A) occurred in multiple steps
during the annealing process.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Since the 1980s, substantial efforts have been devoted to in-
vestigations on the separation of long-lived fission products from
waste streams, as well as the development of robust host matri-
ces called “waste forms” for the incorporation of separated fission
products [1-3]. Among a wide variety of radionuclides in waste
streams, cesium (Cs) is one of the most problematic radionuclides
to immobilize due to various issues [4], such as easy formation
of water-soluble compounds during sintering, high volatility at el-
evated temperature, the large heat release from 137Cs, and the
long half-life of 13°Cs. Numerous studies have confirmed that hol-
landite is a promising candidate for Cs immobilization as it has
superior chemical durability, thermal and structural stability, and
radiation-damage resistance [5-12]. Hollandite has the general for-
mula AxBgOg (0 < x < 2), where A can be monovalent and di-
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valent cations (e.g., Cs™ and Ba2*) and the B-site cations can have
valences between 2 and 4 (e.g., Zn**, A3, Fe3+, Ga3t, Ti*t, etc.)
[7,8,10,13,14]. The structure of hollandite consists of double chains
of edge-linked BOg octahedra which are connected to other double
chains of BOg octahedra at corners to form a framework with large
tunnels where the A-site cations are occupied [15]. Either mono-
clinic (I2/m) or tetragonal (I4/m) crystal structures can be adopted
by hollandite depending on the relative sizes of cations on the A-
sites and B-sites [14,16]. Significant effects of Cs content on ther-
modynamic stability [7,8,14], chemical durabilty [7,8,14] and radia-
tion stability [17] have been reported in literature. However, the
underlying mechanisms of radiation-resistance and potential re-
covery via thermal annealing have not been systematically studied
for high Cs-containing hollandite compounds with different B-site
dopants.

Heavy ion irradiations in the MeV energy range (e.g., Xe, Kr)
are often used to simulate radiation damage induced by alpha-
decay effects. lon-beam experiments can create very high doses
in short time periods to damage waste forms by using laboratory-
based particle accelerators, so that one can analyze their response
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in extreme radiation environments [17-21]. Although waste forms
can be amorphized under such conditions, this amorphization is
typically inhomogeneous and only occurs at the surface (in the
sub-micron scale) due to the relatively low kinetic energies [17,20].
However, ion energies in the GeV range have recently become ac-
cessible with the advent of large ion accelerator facilities. The pen-
etration depth of such swift heavy ions is much larger (~100 pum)
than that of conventional keV-MeV ion beams, providing larger
volumes of amorphous materials available for bulk characterization
[22]. Moreover, it has been confirmed that the induced structural
modifications are in some materials very similar for both GeV and
keV-MeV ions [23].

In order to comprehensively analyze the structural evolution in-
duced by irradiation, both long-range and short-range characteri-
zation before and after damage are essential. For example, powder
X-ray diffraction (XRD) can be utilized to study long-range struc-
ture that reflects periodic crystalline assignments of hollandite unit
cells, while neutron total scattering with pair distribution func-
tion (PDF) analysis and Raman spectroscopy are able to provide
structural information at the short-range (typically < ~10 A) as-
sociated with various local bonding environments [12,24]. Neutron
total scattering, in particular, is essential in probing the structural
response of the anion sublattice to radiation due to the sensitivity
of neutrons to oxygen [23].

Bulk thermodynamic measurements such as high-temperature
oxide melt solution calorimetry has been applied to directly com-
pare the energetic difference between unirradiated and irradiated
samples by measuring enthalpies of drop solution in pyrochlore
structured material systems such as Dy,Ti;O; [24]. In addition to
quantifying the radiation damage in waste forms after ion irradia-
tion, defect recovery pathways and defect dynamics help to better
understand the stability of a waste form material under ion irradi-
ation. Differential scanning calorimetry (DSC) can capture heat ef-
fects from damaged samples during heat treatment providing ther-
modynamic as well as kinetic information related to defect recov-
ery. Previous combined structural and thermodynamic studies on
ion irradiated pyrochlore showed that radiation damage formation
and recovery is in these relatively simple structured oxide materi-
als more complex than previously thought with distinct processes
across different length-scales [24]. This motivated similar studies
on more complicated tunnel structured oxide materials to explore
their response to ion irradiation and recovery mechanisms.

In this work, three Cs-rich hollandite samples with different B-
site dopants were selected as model systems for a detailed radi-
ation damage study because of previously reported superior ther-
modynamic stability and chemical durability [7,8,14]. The hollan-
dite samples were irradiated by 1.1 GeV Au ions to study effects
of B-sites dopants on radiation stability. Structural characteriza-
tion was performed across different length-scales (powder X-ray
diffraction, Raman spectroscopy and neutron total scattering) and
linked to thermodynamic measurements (high-temperature oxide
melt solution calorimetry and differential scanning calorimetry) to
gain further insight into radiation damage formation and potential
thermal annealing induced recovery in tunnel structured hollandite
materials.

2. Experimental methods

Cs133Gay33Tig 7016 (CGTO), CsyzsFeq33Tiger016 (CFTO), and
Cs133Zngg7Ti733016 (CZTO) hollandite samples were synthesized
by conventional solid-state reaction with experimental details on
preparation reported in prior studies [7,8,14]. As-synthesized hol-
landite samples were further processed by high-energy ion irradi-
ation and thermal annealing resulting in a range of different struc-
tural states which were analyzed by complementary techniques.
The structural states are defined from here on as follows: (1) As-
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synthesized samples labelled as “pristine”, (2) samples exposed to
high-energy ion irradiation labelled as “irradiated”, and (3) irradi-
ated samples processed by thermal annealing at high temperatures
labelled as “annealed”.

Pristine samples were irradiated by 1.1 GeV Au ions at room
temperature to a fluence of 5 x 102 ions/cm? using the X0 branch
of the UNILAC accelerator of the GSI Helmholtz Center for Heavy
Ion Research in Darmstadt, Germany. For irradiation, samples were
pressed into aluminum holders with custom milled 1 cm diame-
ter chambers of 50-um depth. The thickness of each sample in-
side the chamber was chosen to ensure that the ions completely
penetrated the samples and that the energy deposition was rel-
atively uniform (sample thickness: ~30 pum). The sample cham-
bers were then wrapped in 7-um aluminum foil and exposed to
the ion beam; due to the Al-foil, the ion energy upon entering
the sample was 930 MeV. The energy loss versus range calcula-
tion were performed with the SRIM code [25] assuming a density
correction factor for cold, uniaxial compression of powder at small
loads: dE/dxcgro =38 + 2 keV/nm, dE/dxcFro =37 + 2 keV/nm, and
dE/dxczr0 =38 + 2 keV/nm. The uncertainty values represent the
upper and lower bounds to the linear energy loss over the sam-
ple thickness. Five sample holders per sample type were irradiated,
each loaded with 10.8 mg of powder. Additional details concerning
this experimental scheme can be found elsewhere [22-24,26].

Neutron total scattering experiments were conducted on the
unirradiated and irradiated hollandite samples using the Nanoscale
Ordered Materials Diffractometer (NOMAD) at the Spallation Neu-
tron Source (SNS) of Oak Ridge National Laboratory (ORNL) [27].
Between 50 and 100 mg of sample powder was loaded into 2 mm
diameter quartz capillaries (0.1 mm wall thickness) and measured
at room temperature for 60 min. An identical empty capillary was
measured for the same duration and was used for background sub-
traction. The time-of-flight detectors were calibrated with scatter-
ing from diamond and silicon powder. To acquire the scattering
structure function, S(Q), the sample scattering intensity was nor-
malized to that from a solid vanadium rod. The pair distribution
function, G(r), was obtained through a Fourier transformation of
the structure function:
7T Qmax .
5 J QIS(Q) - 1]sin(Qr)dQ

in

G(r) = (2-1)
where r is the radial coordinate. The scattering vector, Q, is defined
as:

47 sinf
Q= A
where 6 is the neutron scattering angle and X is the neutron wave-
length. Neutron diffraction data was analyzed using Rietveld re-
finement within the General Structure Analysis System (GSAS) pro-
gram [28]. Neutron pair distribution functions (PDFs) were ana-
lyzed through small box refinement in real space using PDFGui
[29] from r=15-15.0 A. The only difference between the refine-
ments of pristine and irradiated samples is that a “spdiameter”
parameter was refined for irradiated samples (which were largely
amorphous) allowing for the simulation of the material as being an
amorphous domain [26]. Analysis of refined crystal structures was
performed with VESTA [30].

Complementary structural characterization was performed us-
ing powder X-ray diffraction (XRD) and Raman spectroscopy. The
XRD data were collected from 10 to 70° 20 with a 0.02° step size
on a Rigaku Ultima IV diffractometer with monochromatic Cu Ko
radiation (A=1.54 A). The intensity of the XRD spectra for each
sample was normalized with respect to the strongest peak. Raman
spectroscopy was executed with a Horiba LabRAM HR Evolution
Raman microscope using a 532 nm laser with 5 mW output power.

High-temperature oxide melt solution calorimetry was per-
formed using an AlexSYS 1000 calorimeter (SETARAM) operat-

(2-2)
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Fig. 1. XRD patterns of CGTO, CFTO, and CZTO hollandite before (pristine) and after
(irradiated) ion-beam exposure to 1.1 GeV Au ions to a fluence of 5 x 10'2 ions/cm?.
The major Bragg maxima of the tetragonal hollandite structure are indexed for the
pristine CGTO sample. The inset shows partial XRD patterns of corresponding irra-
diated hollandite in Fig. 1.

ing at 702°C. In a drop solution calorimetry experiment, ~1-
5 mg weighed powder sample was loosely pressed into a pel-
let and dropped from room temperature into the molten sodium
molybdate (3Na,0-4Mo03) solvent in a platinum crucible in the
calorimeter. The calorimeter assembly was flushed with air at
~50 mL/min. Moreover, air was bubbled through the solvent at
~5 mL/min to stir the melt and improve sample dissolution. The
calorimeter was calibrated using the heat content of high purity
«o-alumina (Alfa Aesar, 99.997%). Detailed instrument and experi-
mental procedures have been well established and described by
Navrotsky [31,32]. The difference of enthalpies of drop solution be-
tween pristine and irradiated samples directly gives the enthalpy
of damage at room temperature.

Differential scanning calorimetry (DSC) was performed on a
NETZSCH STA 449 F3 Juptier instrument. Ar gas with 20 mL/min
flow rate was used to provide an inert atmosphere. The sensitiv-
ity of the DSC instrument was calibrated on the basis of an alu-
mina heat capacity curve. Several runs using an empty crucible un-
der the same condition were performed before the sample runs to
ensure reproducibility of the baselines. Approximately 1-2 mg of
the irradiated CGTO and CFTO samples was loaded in an alumina
crucible for DSC measurements as there was no remaining irra-
diated CZTO sample after solution calorimetry. The samples were
heated to 1200°C at 10°C/min, followed by isothermal holding at
1200°C for 5 min and subsequent cooling to room temperature at
20°C/min. A second DSC run under the same condition was con-
ducted without disturbing the furnace to maintain the geometry of
the samples. The DSC curve of the second run was used to correct
the baseline since no appreciable thermal effect was found [24,33].

3. Results
3.1. Radiation-damage formation

Fig. 1 displays XRD patterns of pristine and irradiated CGTO,
CFTO, and CZTO. For all pristine samples, the observed XRD peaks
can be assigned to a well-crystallized tetragonal hollandite struc-
ture (I4/m) regardless of the B-sites dopant identity. Negligible
peak shifts of the (310) plane indicated that no significant changes
of the unit cell were caused by B-site dopants. After ion irradia-
tion, diffusive background scattering was exhibited for all irradi-
ated samples, indicative of a reduction in intensity of the diffrac-
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Fig. 2. Raman spectra of pristine and irradiated CZTO hollandite.

Table 1
Wavenumbers (cm~') of observed Raman peaks and mode as-
signment of pristine and irradiated CZTO hollandite.

Wavenumber (cm~') Mode assignment

Pristine sample  Irradiated sample

110 114 Eg
190-290 200-280 Ag, By
328 324 Ag
475 - Eq
618 605 By
683 - By

tion maxima due to ion beam-induced amorphization. Neverthe-
less, the level of amorphization was distinct for each sample com-
position (the inset of Fig. 1). For example, irradiated CZTO was
almost fully amorphized because its XRD pattern did not show
clear Bragg peaks indicative of long-range order. Remnant diffrac-
tion maxima of both irradiated CGTO and CFTO, indicated that a
small amount of crystallinity was present after ion irradiation.

Fig. 2 displays the Raman spectra of pristine and irradiated
CZTO hollandite. The assignment of the different Raman modes
is summarized in Table 1. For the pristine sample, five relatively
sharp peaks are observed at ~110, ~328, ~475, ~618, and ~683
cm~!, while a broader feature is apparent between 200 and 280
cm~!. The peaks at ~110 and ~475 cm~! may be attributed to the
symmetric stretching modes of (B,Ti)Og octahedra, while the peaks
at ~328, ~618, and ~683 cm~! along with the broad feature be-
tween 200 and 280 cm~! may result from the bending modes of
(B,Ti)Og octahedra [14,34-40]. Compared with the pristine sample,
the intensity of all Raman peaks in the irradiated sample were sig-
nificantly diminished, although the shape and peak position were
maintained for the most intense modes (Fig. 2). The peaks with
lower intensity in the pristine sample (e.g., the peaks at ~475 and
683 cm~!) were indistinguishable from the background signal after
ion irradiation. The changes in the peak intensities after ion irradi-
ation suggest that the short-range structure related to the (B,Ti)Og
octahedra was altered by the energy deposition from the ion
beam.

Fig. 3 shows neutron total scattering structure functions, S(Q),
of all three pristine and irradiated hollandite samples. Rietveld re-
finement of pristine samples reveals that a small amount of un-
reacted TiO, rutile was present in each sample and this impurity
phase is most evident as a small shoulder at ~2.85 A-1 in pristine
CZTO (Fig. 3c). The unit cell parameters and the weight fraction
of TiO, rutile for each tetragonal hollandite sample is summarized
in Table 2. The varying amount of TiO, rutile is common for the
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Fig. 3. Neutron total scattering structure functions of (dark grey) pristine and (red) irradiated (a) CGTO, (b) CFTO, and (c) CZTO.
Table 2
Rietveld refinement results of neutron diffraction data of pristine samples.
Composition a=b (A) c (A) TiO, rutile (Wt%) Ry (%)
CGTO 10.2513(6)  2.9586(2)  5(1) 6.4%
CFTO 10.2663(7)  2.9646(3)  2(1) 6.2%
CZTO 10.2769(7)  2.9681(3)  12(1) 7.8%

hollandite-type materials and the quantity of this impurity phase
depends on the ionic radii of the B-site dopants. Typically, larger
difference of ionic radius between the Ti** and the B-site dopants
would result in more TiO, rutile [41]. In addition, the amount of
TiO, rutile in Table 2 was used to correct the enthalpy data ob-
tained from high-temperature oxide melt solution calorimetry. Af-
ter ion irradiation, the structure functions are modified but main-
tain qualitatively similar features: diminished Bragg peak intensity
and increased background scattering. The broad oscillatory diffuse
scattering, most pronounced as bands from ~2-3 A-! and ~4-5.5
A-1, is indicative of amorphization. The TiO, rutile phase is largely
unaffected by ion irradiation and the shoulder at ~2.85 A-! in
pristine CZTO becomes a distinct low-intensity peak in irradiated
CZTO due to the decrease in intensity of the hollandite diffraction
maxima.

The long-range structural data agree for XRD (Fig. 1) and neu-
tron diffraction and show that the propensity of amorphization in-
creases from CZTO to CFTO and to CGTO. Fourier transformation of
the neutron structure functions yields the pair distribution func-
tions (PDFs) which provide further insight into the atomic-scale
changes induced by the swift heavy ions (Fig. 4). The PDFs of all
pristine samples up to a r-space of rmex =15 A were well-modeled
(Rwp < 9.6%) with a phase mixture of hollandite and TiO, rutile.
The difference curves show that the tetragonal structural model
displayed a subtle mismatch with the experimental data at ~2 A
in pristine CFTO and CZTO which can be explained by structural
relaxations associated with variations of ionic radius between the
B-site dopants (i.e., Fe3+=0.645 A and Zn?+ =0.74 A) and Ti%+

—T

7 8 910111213 14

——T—7

-
N
€ -
»]
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>
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Fig. 4. Neutron PDFs of pristine CFTO, CGTO, and CZTO hollandite with small box
refinement using a tetragonal (I14/m) structural model. The difference curves below
the PDF show the difference between model and experimental data.

(0.605 A) [42]. This is supported by the fact that the model fit is
much better for CGTO in which the ionic radius of Ga3*+ (0.62 A)
is close to that of Ti*" [42]. A similar phenomenon has been pre-
viously reported in disordered spinel oxides also investigated by
total neutron scattering [43]. Despite the subtle local deviation of
CFTO and CZTO from the ideal hollandite structure, the short-range
data do not show any other noticeable deviations from the ideal
14/m hollandite structural model.

The small box refinement of PDFs yields additional structural
information at atomistic length-scale (Table 3). Besides various
atomic correlations, the structural refinements of the PDFs corre-
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Table 3

Structural information obtained from small box refinement of neutron PDFs from pristine and irradiated hollandite samples. Baur’s Distortion index (DI, Eq. (3-1)) for each polyhedron is given;

the standard deviation from the average of the 3 nearest-neighbor B-B distances are reported as o. The percentage changes of the PDFs before (pristine) and after (irradiated) ion irradiation

is given as well.

Pristine

Average <B-B> distance of 3 N.N. distances (A) | o

3.20 / 0.289
3.19 / 0.359
3.21/0.291

Average <Cs-O> bond length (A) | DI

3.08 / 0.049
3.09 / 0.051

Average <B-O> bond length (A) | DI

Composition
CGTO
CFTO
CZTO

1.97 / 0.010
1.98 [ 0.025
1.98 / 0.011

3.11/ 0.051

Irradiated

Average <B-B> distance of 3 N.N. distances (A) | o

3.23/0.198

Average <Cs-O> bond length (A) / DI

3.07 | 0.043
3.15 / 0.086

3.04 / 0.162

Average <B-O> bond length (A) / DI

2.00 / 0.033
2.02 | 0.081

Composition
CGTO
CFTO
CZTO

3.26 | 0.463
3.24/0.213

2.05 / 0.078

Change

o of average <B-B>

-31.7%

29.1%
-27.0%

Average <B-B>
1.1%
2.3%

DI of average <Cs-O>

-12.3%
69.5%
219.2%

Average <Cs-O>

-0.2%
2.2%

DI of average <B-O>

229.0%

Average <B-O>
1.2%

1.9%
3.6%

Composition
CGTO
CFTO
CZTO

224.9%

-2.2%

628.5%
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sponding to the irradiated samples yielded the Baur’s distortion in-
dices (DI) [44] of the cation-anion coordination polyhedra (Table 3)
defined as:

p QST A
DI_E;:T (3-1)

where n is the number of cation-anion bonds, lg, is the aver-
age bond length of the coordination polyhedra, and ; is the bond
length of the ith cation-anion bond. The DI describes the displace-
ment of the cation away from the ideal geometric center of its co-
ordination polyhedron (a coordination polyhedra with all equidis-
tant cation-anion lengths has a DI of 0). Despite different B-site
dopants in each hollandite composition, the local environment of
the Cs ions within the tunnels was not noticeably impacted as evi-
denced by the negligible difference in average <Cs-O> bond length
and the DI values among all three pristine samples.

However, the bonding environment of the B-O framework
changed significantly with different B-site dopants. Although the
average <B-O> bond length was very similar in all samples, in
an excellent agreement with Pauling’s 15t rule [45] (the cation-
anion bond length is the sum of the cationic and anionic radii),
the corresponding B-O framework was distorted to a different de-
gree with the various B-site cations. This behavior was largely at-
tributed to the Zachariasen effect [46,47], which states that imbal-
ances in cation-anion bond strengths created by aliovalent doping
can be largely removed by lengthening some cation-anion bonds
and shortening others. For example, CFTO with one short and one
long polar oxygen bond had the largest displacement along the po-
lar axis, which is reflected in the largest DI value among all three
chemical compositions. The B-O framework can also be described
through the three nearest neighbor (3 N.N.) distances of the B-site
cations as shown in Fig. 5. The B-site cation (large blue circle) in
each sample has two short B-B distances (large blue circle - green
circle & large blue circle - red circle) and one long B-B distance
(large blue circle - brown circle); the standard deviation (o) of
the three distances describes how far the adjacent (100) planes are
from forming ideal triangular nets of B-site cations. The spread of
these three distances is largest among the three samples for pris-
tine CFTO and is largely attributable to the B-site cations (Fe and
Ti) residing the farthest from the geometric center of their coordi-
nation polyhedra (Table 3).

The irradiation-induced changes to the local structure for the
different hollandite compositions are evident by comparing the
PDFs of the irradiated (red curves) with the pristine, reference
(gray curves) samples (Fig. 6). Detailed structural analysis of the
PDFs was performed via small-box modeling (Table 3). Amorphiza-
tion is evident in each sample as a decrease of peak area in the
region beyond the coordination polyhedra (r > ~4 A). However,
the very local radiation response at the level of the coordination
polyhedra shows a distinct dependence on the B-site dopant: (i)
The average <B-O> bond length of CGTO (Fig. 6b) is increased af-
ter irradiation; the distortion in the (Ga,Ti)Og octahedra was larger
along the polar axis, while the distortion along the equatorial axis
remains mostly unchanged. For the O-O correlation peak (r=2.5-
2.9 A), the r-position of the peak maximum was largely unchanged
after irradiation. (ii) The average <B-O> bond length increased in
irradiated CFTO (Fig. 6¢) with larger distortions in the (Fe,Ti)Og oc-
tahedra but in this case along the equatorial axis rather than the
polar axis. There is one short and one long B-Cs distance in CFTO
due to symmetry and the irradiation-induced distortion along the
equatorial axis further reduces the short distance and enlarges the
long distance. This is evident in Fig. 6¢ as the B-Cs correlation peak
at r=~3.8 A merges into the background after irradiation. The B-O
correlation peak at r=~1.95 A in pristine CFTO splits after irradia-
tion into two low-intensity peaks (r=1.8-2.2 A) with distinct peak
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Fig. 5. The B-site cation (blue circles) network in the hollandite structure. When viewing down the [100] direction (a & c), the B-site cation network can be imagined as
forming different layered arrangements: an elongated triangular net in the [010] direction (b) and an elongated honeycomb lattice in the [1-10] direction (d). The 3 N.N.

<B-B> distances in adjacent (100) planes are emphasized in (b).

shifts away from the preirradiated peak position which suggests a
reduction of Fe/Ti coordination number.

In contrast to CGTO, the behavior of the oxygen sublattice in
CFTO shows a larger rearrangement of the local structure as evi-
dent by the growing 0-O correlation at r=~2.6 A. (iii) The peak
shift at r=1.98 A to lower r-values indicates that the average <B-
O> bond length of CZTO (Fig. 6d) decreased after irradiation; how-
ever, small-box refinement shows that the average <B-O> bond
lengths are actually increasing concomitant with a distinct distor-
tion in the (Zn,Ti)Og octahedra (Table 3). The shift of the negative
peak to lower-r and the changes in the feature at r=2.4-2.5 A af-
ter irradiation can be explained by the i-values of five out of the
six B-O bond lengths being in the region r=1.83-2.1 A, while the
sixth bond length is at r=~2.43 A. This behavior can be attributed
to an irradiation-induced reduction of the Zn/Ti coordination num-
ber as Zn prefers fourfold coordination in the ZnO wurtzite struc-
ture. In terms of directionality, the large distortion in the (Zn,Ti)Og
octahedra occurs along both the polar and equatorial axes. The in-

tensity of the O-O correlation peak is slightly decreased after ion
irradiation. Small box refinement of the PDFs collected from the
irradiated samples reveals that the structural response of the Cs-
O and B-B bonds to ion irradiation is distinctly different for each
sample composition. Using the hollandite model corresponding to
the pristine samples as a starting point, all fits to the PDFs col-
lected from the irradiated samples were obtained with goodness-
of-fit parameters of Ryp < 21 %; the increase in Ry, relative to the
refinements of the PDFs of the pristine samples, is predominately
due to the structural refinement of a largely amorphous material
using a model corresponding to a crystalline phase [26] because of
the lack of ability to model how these different amorphous “units”
or “building blocks” are arranged with respect to one another. Re-
gardless, this approach is useful in probing fundamental pair cor-
relations within the amorphous phase [26]. The average <Cs-O>
bond distance remains nearly unchanged in CGTO, but the Cs ions
move closer to the center of the coordination cube after irradiation
as shown by the smaller DI values (Table 3). This is in clear con-
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Fig. 6. (a) Neutron PDFs of all three hollandite samples before (grey) and after (red) ion irradiation with 1.1 GeV Au ions. The PDFs corresponding to the local bonding
polyhedra of the pristine (grey) and irradiated (red) samples are shown for (b) CGTO, (c) CFTO, and (d) CZTO.

trast to CFTO and CZTO, for which the Cs ions move farther away
from the center position of the coordination cube (Table 3). Inter-
estingly, the Cs ions move within the tunnels in irradiated CFTO
with an elongated average <Cs-O> bond length to maintain the Cs
ions “captured” in cubic coordination.

The Cs movement within the tunnels is observed in CZTO, but
the average <Cs-O> bond length is decreased forcing the Cs ions
toward a face of the coordination cubes. This process disrupts the
local bonding environment of the Cs-O network in CZTO, which
explains the significant distortion of the (Zn,Ti)Og octahedra de-
scribed above. The spread of the <B-B> bond distances becomes
smaller after ion irradiation for CGTO and CZTO suggesting that
the nearest neighbor planes of B-site cations are more regular in
the irradiation-induced structure. In contrast, the spread of the <B-
B> bond distances in CFTO increases after ion irradiation due to
a shortening and elongation of distances between edge-sharing B-
site cations and corner-sharing B-site cations, respectively.

High-temperature oxide melt solution calorimetry was per-
formed on pristine and irradiated samples to obtain enthalpies of
drop solution AHy, (Table 4 & Fig. 7a), which were used to com-
pare the energy landscape between different states (i.e., pristine
versus damaged). It is notable that the amount of TiO, rutile in
Table 2 was used to correct AHgy. The methodology to correct

the AHy for the hollandite sample with minor amount of sec-
ondary phase (TiO, rutile) has been used in a prior study [41].
The enthalpic difference in AHys between the pristine and irra-
diated samples represents the enthalpy of damage (AHgpg), which
can be used as a measure of radiation stability for each composi-
tion. Smaller values of AHgyp, indicate enhanced stability to ener-
getic heavy ion irradiation with smaller levels of radiation damage.
The pristine samples are largely endothermic with values of AHg;
on the order of 450 k]/mol. The corresponding AHys of the irradi-
ated samples are significantly decreased with some compositions
changing from an endothermic to an exothermic behavior. Irradi-
ated CGTO remains endothermic, whereas the enthalpies of drop
solution of irradiated CFTO and CZTO becomes exothermic (Table
4),

The large average enthalpies of damage AHyp, (Fig. 7b)
show that ion irradiation can significantly destabilize the well-
crystallized hollandite samples by beam-induced transformations
into an amorphous state with destruction of the characteristic tun-
nel structure. Among all three samples, the value of AHgy, is
the largest for CZTO (1203.5 & 117.6 kJ/mol), while CGTO has the
smallest value (378.0 + 3.4 kJ/mol). The relatively large errors
of AHgpe can be explained by the limited amount of irradiated
sample mass available for calorimetric experiments. A comparison
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Table 4
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Enthalpies of drop solution (AHgs) of pristine and irradiated samples in 3Na,0+4Mo0O; at

702°C with two standard errors.

Sample Mass (mg) AHgs (KJ/mol)? AHgmg (KJ/mol)*
Pristine CGTO ~5 471.2 £ 3.3 (6) N/A

Irradiated CGTO_1 3.28 94.3 N/A

Irradiated CGTO_2 2.31 92.2 N/A

Irradiated CGTO (average) N/Ab 933 £1.0(2) 378.0 £ 3.4 (2)
Pristine CFTO ~5 481.6 +£ 7.9 (6) N/A

Irradiated CFTO_1 1.55 -225.2 N/A

Irradiated CFTO_2 1.13 -544.9 N/A

Irradiated CFTO (average) N/A -385.1 &+ 159.8 (2) 866.7 £+ 160.0 (2)
Pristine CZTO ~5 417.6 + 6.3 (6) N/A

Irradiated CZTO_1 2.98 -903.5 N/A

Irradiated CZTO_2 2.50 -668.5 N/A

Irradiated CZTO (average) N/A

-786.0 £ 117.5 (2)  1203.5 + 117.6 (2)

2 Value is the mean of the number of experiments indicated in the parentheses. Er-
ror is the two standard deviations of the mean. P N/A is not applicable.
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Fig. 7. (a) Enthalpies of drop solution (AHs) for pristine and irradiated CGTO, CFTO, and CZTO, (b) average enthalpies of damage (AHgmg), determined by the difference in

AHgs between the pristine and irradiated samples, for the CGTO, CFTO, and CZTO.

of AHyye among all three samples reveals that CGTO hollandite
has the best radiation stability. This agrees to a prior study with
intermediate-energy ions (<1 MeV) of predominantly nuclear en-
ergy loss which showed that CGTO has a larger radiation-damage
tolerance than CZTO [17].

3.2. Thermal annealing induced recovery

Irradiated CGTO and CFTO were annealed at 1200°C for 5 min
and subsequently cooled down to room temperature. Two cycles
were performed for each sample. It is notable that there is not
remaining irradiated CZTO available for thermal annealing. XRD
and Raman spectroscopy were used to investigate the structural
changes before and after annealing over the long-range and short-
range, respectively. XRD patterns of the CFTO (Fig. 8a) show that
the diffraction maximum of the (310) plane was strongly reduced
in the irradiated sample in agreement with ion-induced amor-
phization. The same behavior was also observed for the CGTO (pat-
terns not shown). The XRD patterns show no significant changes
after annealing up to 1200°C indicating that this heat treatment
was insufficient to restore the long-range structure. In contrast,
pristine and annealed CFTO share the major bands and the inten-
sity and width for their two strongest bands is similar (Fig. 8b),
suggesting that the vibrational modes are attributed to the BOg
octahedra framework. A few relatively weak bands (labeled as “*”
in Fig. 8b) were found in annealed CFTO, indicating the forma-
tion of new structures in the local environment other than the BOg
octahedral framework. The emerging vibrations resulted from the
new local rearrangement between the B-site dopants (e.g., Fe or Ti)

with less coordination to the neighboring oxygen lattice. It is also
likely that these emerging vibrations can be attributed to the for-
mation of defect clusters of Ti3* and O,~ [48]. According to a prior
study [48], thermal treatment may create a new local environment
resulting from previous irradiation-induced defects. The develop-
ment of the oxygen-related defects may be due to the severely
damaged structure and Ar atmosphere. Other possibilities leading
to new vibrations have been considered as well, such as the forma-
tion of «-Fe,O03 and TiO, rutile, and the background signal from
the glass substrates [37,49,50]. However, the Raman peaks could
not be matched to these primary phases. In addition, none of these
phases was detected in post-annealing XRD studies. A more com-
prehensive investigation of the newly formed local vibrations will
be a topic of future work.

Fig. 9 shows the DSC profiles of irradiated CGTO and CFTO. For
both samples, two exothermic events were observed as evidenced
by two distinct peaks in different temperature regions. The two
peaks were located at similar temperature regions for both sam-
ples. The first peak starts from ~200°C and ends at ~500°C, while
the second peak occurs between ~500°C and ~800°C. Due to the
annealing within an inert Ar atmosphere it is unlikely that the
exothermic events were caused by chemical reactions and they
can be attributed to structural changes induced by thermal an-
nealing. Two exothermic peaks suggest that the structural changes
were completed in two separate processes at different tempera-
tures. No appreciable peaks appeared in the second run indicat-
ing that structural changes were completed after the first run. The
total heat release associated with the exothermic reactions is 7.7
J/mg (i.e., —6525 k]/mol) and 4.6 J/mg (i.e., —3842 kJ/mol) for CGTO
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Fig. 8. (a) XRD patterns of pristine, irradiated, and annealed CFTO, (b) Raman spectra of pristine and annealed CFTO. “*” represents vibrations from formation of new

structure in the local environment other than BOg octahedra framework.
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Fig. 9. The DSC profiles of (a) irradiated CGTO and (b) irradiated CFTO.

and CFTO, respectively. The total heat release was calculated based
on the molecular weight of the corresponding pristine analogues.
The total heat release for the two samples was sufficient to com-
pensate their AHgy,, induced by high-energy ion irradiation which
indicates completion of potential structural changes in irradiated
hollandite after thermal annealing under these conditions.

4. Discussion

Neutron PDF analysis indicates a quite different local radiation
responses of the three hollandite samples with different B-site
dopants. This is in contrast to the behaviors observed in diffrac-
tion data over length-scales which show a similar crystalline-to-
amorphous transformation. However, the rate of amorphization is
also different among the three samples. The detailed radiation re-
sponse of the hollandite structure under swift heavy ion irradiation
was determined by the identity of the B-site dopant. In the case of
CFTO, the local structure was modified in a way that constrains
the Cs ions within a cubic coordination at the expense of the sym-
metry of the (B,Ti)Og octahedra and the B-B sublattice framework.
This is different to CZTO, for which the local atomic arrangement
prioritizes to maintain the symmetry of the B-B sublattice at the
expense of the symmetry of the (B,Ti)Og octahedra as well as the
coordination environment of the Cs ions. Intriguingly, CGTO pre-
serves the integrity of the hollandite tunnel structure over the
short-range with some relaxation of the B-site cations along the

polar axes of the (B,Ti)Og octahedra while maintaining the cubic
coordination of the Cs ions.

It may be more instructive to consider the simple binary ox-
ide forms for each B-site dopant to analyze the radiation re-
sponse, because the local environment around the dopant resem-
bles most closely the corresponding environment that the cation
adopts in the binary oxide form. The structure of ZnO is wurtzite
(Cs1.33Zng7Ti733016) which consists of layers of ideal triangular
nets of Zn cations in between triangular nets of oxygen. The struc-
ture of Fe,03 is corundum (Csq33Feq33Tigg7016) Which consists of
2/3 dense triangular nets forming an ideal honeycomb structure
in between triangular nets of oxygen [51]. Interestingly, mono-
clinic B8-Ga,03 (Cs133Gag33Tige70q6) also features layers of trian-
gular nets of oxygen, but the Ga cation fills both octahedral and
tetrahedral interstices which create intermediate layers that have
features of dense triangular nets and of honeycomb-lattices. The
local environment around the B-site dopant may trend towards the
layering type of its binary oxide form under ion irradiation. The
hollandite structural features a B-site cation layer (100), which is
an elongated triangular net, and another layer (1-10) which is an
elongated honeycomb lattice (Fig. 5). Among the three cations, Ga
is chemically best suited to maintain both layering schemes at the
atomic scale because it is also the local environment in the binary
oxide form, dictated by its ionic radius and valence. This behavior
results in an increased radiation stability, which is supported by
the results of solution calorimetry (Fig. 7). The superior radiation
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stability of CGTO than that of CZTO has also been observed under
lower energy (<1 MeV) ion irradiation [17]. This is the first time
for tunnel structured complex oxides that the correlation between
radiation stability and the structural features of the constituent bi-
nary oxide of the B-site dopant has been established.

The energetics results of the DSC experiments provide more
insights associated with the thermal annealing induced structural
evolution (Fig. 9). Changes in the local structure of radiation dam-
aged samples after thermal annealing has been observed in py-
rochlore systems [24,52-55]. In the present work, the thermal-
induced structural evolution occurred in two separate processes in
different temperature regions due to two exothermic peaks. Based
on the neutron total scattering analysis of the as-irradiated sam-
ples, a two-step structural change can be used to explain the ther-
modynamic results: (1) a rearrangement of the B-site dopant in
framework at lower temperatures (~200-500°C) and (2) restora-
tion of the Cs coordination polyhedra at higher temperatures
(~500-800°C). In the first process, displaced B-site dopants would
move back to their initial position in the BOg octahedra frame-
work of the pristine samples over the short-range. It is also likely
that some B-site dopants (e.g., the Fe dopants whose coordination
number was reduced via ion irradiation) resulted in new local vi-
brational states with neighboring oxygen in the framework. This is
supported by the emergence of additional Raman peaks after an-
nealing. The restoration of the Cs-ion polyhedral network occurred
in the second process, because Cs ions are more difficult to be dis-
placed at relatively low temperatures compared to B-site dopants.

Structural changes over short-range were induced by thermal
annealing, but recrystallization over long-range was not detected
after heating up to 1200°C. The annealing-induced structural re-
covery of the radiation damaged hollandite structure is intricate
and this is similar to the decoupled, multi-recovery processes at
different length-scales observed in other nuclear related materials.
For example, long-range ordering was incomplete after thermal an-
nealing of the Ni-Cr model alloy and the alloy 690 (Ni-30Cr-10Fe)
to temperatures at which the short-range structure was recovered
[56,57]. The behavior of hollandite is different to the results re-
ported for irradiated Dy,Ti,O; pyrochlore [24] with recovery of the
long-range structure before the annealing of the local atomic ar-
rangement at 1200°C.

This difference can be explained based on the energetics and
crystallography of the hollandite structure. In pyrochlore, there ex-
ists a metastable state (i.e., disordered, crystalline pyrochlore) that
is thermodynamically and structurally between the most stable
state (i.e., fully ordered, crystalline pyrochlore) and the least stable
state (i.e., amorphous pyrochlore), which provides possibly a faster
pathway for irradiated pyrochlore to recover the long-range struc-
ture to the disordered state via thermal annealing [24]. In contrast,
the complexity associated with the tunnel structure in hollandite
reduces the likelihood that a metastable state exists between the
pristine and irradiated phases. The enthalpy of damage, AHgy,g, for
hollandite is ~2-5 times as large as for titanate pyrochlore irradi-
ated under similar conditions [24]. Despite annealing under similar
conditions (1200°C for 5 min), the higher enthalpy of damage for
hollandite indicates a more severely damaged state that requires
higher annealing temperatures for long-range recovery.

5. Conclusions

In this work, three hollandite compositions were synthesized
and thereafter irradiated by 1.1 GeV Au ion beam. XRD data
showed that there was a crystalline-to-amorphous transformation
for all samples, however the rate of amorphization was quite dif-
ferent. Neutron PDF analysis along with Raman spectroscopy indi-
cated that the structure over short-range distances was also altered
for each composition. The energy landscape before and after ion ir-
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radiation was determined by high-temperature oxide melt solution
calorimetry. The Ga-substituted hollandite exhibited the smallest
enthalpy of damage indicating the best radiation stability among
the three samples. The different radiation response was related
to structure and thermochemistry and ultimately was attributed
to the structural features of the binary oxide form of the B-site
dopants. Structural changes via thermal annealing up to 1200°C
was further studied for as-irradiated samples. Results of thermal
analysis and structural characterization suggested that the ther-
mal annealing-induced structural evolution of the radiation dam-
aged hollandite structure is complicated and decoupled at different
length-scales.
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