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a b s t r a c t 

Three tunnel structured hollandite samples (Cs 1.33 Ga 1.33 Ti 6.67 O 16 , Cs 1.33 Fe 1.33 Ti 6.67 O 16 , and 

Cs 1.33 Zn 0.67 Ti 7.33 O 16 ) 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 2 O 3 versus Fe 2 O 3 /ZnO 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 Å) occurred in multiple steps 

during the annealing process. 

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

Since the 1980s, substantial efforts have been devoted to in- 

estigations on the separation of long-lived fission products from 

aste streams, as well as the development of robust host matri- 

es called “waste forms” for the incorporation of separated fission 

roducts [1-3] . Among a wide variety of radionuclides in waste 

treams, cesium (Cs) is one of the most problematic radionuclides 

o immobilize due to various issues [4] , such as easy formation 

f water-soluble compounds during sintering, high volatility at el- 

vated temperature, the large heat release from 

137 Cs, and the 

ong half-life of 135 Cs. Numerous studies have confirmed that hol- 

andite is a promising candidate for Cs immobilization as it has 

uperior chemical durability, thermal and structural stability, and 

adiation-damage resistance [5-12] . Hollandite has the general for- 

ula A x B 8 O 16 (0 ≤ x ≤ 2), where A can be monovalent and di-
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359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
alent cations (e.g., Cs + and Ba 2 + ) and the B-site cations can have 

alences between 2 and 4 (e.g., Zn 

2 + , Al 3 + , Fe 3 + , Ga 3 + , Ti 4 + , etc.)

 7 , 8 , 10 , 13 , 14 ]. The structure of hollandite consists of double chains

f edge-linked BO 6 octahedra which are connected to other double 

hains of BO 6 octahedra at corners to form a framework with large 

unnels where the A-site cations are occupied [15] . Either mono- 

linic ( I 2/ m ) or tetragonal ( I 4/ m ) crystal structures can be adopted

y hollandite depending on the relative sizes of cations on the A- 

ites and B-sites [ 14 , 16 ]. Significant effects of Cs content on ther-

odynamic stability [ 7 , 8 , 14 ], chemical durabilty [ 7 , 8 , 14 ] and radia-

ion stability [17] have been reported in literature. However, the 

nderlying mechanisms of radiation-resistance and potential re- 

overy via thermal annealing have not been systematically studied 

or high Cs-containing hollandite compounds with different B-site 

opants. 

Heavy ion irradiations in the MeV energy range (e.g., Xe, Kr) 

re often used to simulate radiation damage induced by alpha- 

ecay effects. Ion-beam experiments can create very high doses 

n short time periods to damage waste forms by using laboratory- 

ased particle accelerators, so that one can analyze their response 

https://doi.org/10.1016/j.actamat.2020.116598
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.116598&domain=pdf
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n extreme radiation environments [17-21] . Although waste forms 

an be amorphized under such conditions, this amorphization is 

ypically inhomogeneous and only occurs at the surface (in the 

ub-micron scale) due to the relatively low kinetic energies [ 17 , 20 ].

owever, ion energies in the GeV range have recently become ac- 

essible with the advent of large ion accelerator facilities. The pen- 

tration depth of such swift heavy ions is much larger ( ∼100 μm) 

han that of conventional keV-MeV ion beams, providing larger 

olumes of amorphous materials available for bulk characterization 

22] . Moreover, it has been confirmed that the induced structural 

odifications are in some materials very similar for both GeV and 

eV-MeV ions [23] . 

In order to comprehensively analyze the structural evolution in- 

uced by irradiation, both long-range and short-range characteri- 

ation before and after damage are essential. For example, powder 

-ray diffraction (XRD) can be utilized to study long-range struc- 

ure that reflects periodic crystalline assignments of hollandite unit 

ells, while neutron total scattering with pair distribution func- 

ion (PDF) analysis and Raman spectroscopy are able to provide 

tructural information at the short-range (typically ≤ ∼10 Å) as- 

ociated with various local bonding environments [ 12 , 24 ]. Neutron 

otal scattering, in particular, is essential in probing the structural 

esponse of the anion sublattice to radiation due to the sensitivity 

f neutrons to oxygen [23] . 

Bulk thermodynamic measurements such as high-temperature 

xide melt solution calorimetry has been applied to directly com- 

are the energetic difference between unirradiated and irradiated 

amples by measuring enthalpies of drop solution in pyrochlore 

tructured material systems such as Dy 2 Ti 2 O 7 [24] . In addition to 

uantifying the radiation damage in waste forms after ion irradia- 

ion, defect recovery pathways and defect dynamics help to better 

nderstand the stability of a waste form material under ion irradi- 

tion. Differential scanning calorimetry (DSC) can capture heat ef- 

ects from damaged samples during heat treatment providing ther- 

odynamic as well as kinetic information related to defect recov- 

ry. Previous combined structural and thermodynamic studies on 

on irradiated pyrochlore showed that radiation damage formation 

nd recovery is in these relatively simple structured oxide materi- 

ls more complex than previously thought with distinct processes 

cross different length-scales [24] . This motivated similar studies 

n more complicated tunnel structured oxide materials to explore 

heir response to ion irradiation and recovery mechanisms. 

In this work, three Cs-rich hollandite samples with different B- 

ite dopants were selected as model systems for a detailed radi- 

tion damage study because of previously reported superior ther- 

odynamic stability and chemical durability [ 7 , 8 , 14 ]. The hollan-

ite samples were irradiated by 1.1 GeV Au ions to study effects 

f B-sites dopants on radiation stability. Structural characteriza- 

ion was performed across different length-scales (powder X-ray 

iffraction, Raman spectroscopy and neutron total scattering) and 

inked to thermodynamic measurements (high-temperature oxide 

elt solution calorimetry and differential scanning calorimetry) to 

ain further insight into radiation damage formation and potential 

hermal annealing induced recovery in tunnel structured hollandite 

aterials. 

. Experimental methods 

Cs 1.33 Ga 1.33 Ti 6.67 O 16 (CGTO), Cs 1.33 Fe 1.33 Ti 6.67 O 16 (CFTO), and 

s 1.33 Zn 0.67 Ti 7.33 O 16 (CZTO) hollandite samples were synthesized 

y conventional solid-state reaction with experimental details on 

reparation reported in prior studies [ 7 , 8 , 14 ]. As-synthesized hol-

andite samples were further processed by high-energy ion irradi- 

tion and thermal annealing resulting in a range of different struc- 

ural states which were analyzed by complementary techniques. 

he structural states are defined from here on as follows: (1) As- 
2 
ynthesized samples labelled as “pristine ”, (2) samples exposed to 

igh-energy ion irradiation labelled as “irradiated ”, and (3) irradi- 

ted samples processed by thermal annealing at high temperatures 

abelled as “annealed ”. 

Pristine samples were irradiated by 1.1 GeV Au ions at room 

emperature to a fluence of 5 × 10 12 ions/cm 

2 using the X0 branch 

f the UNILAC accelerator of the GSI Helmholtz Center for Heavy 

on Research in Darmstadt, Germany. For irradiation, samples were 

ressed into aluminum holders with custom milled 1 cm diame- 

er chambers of 50- μm depth. The thickness of each sample in- 

ide the chamber was chosen to ensure that the ions completely 

enetrated the samples and that the energy deposition was rel- 

tively uniform (sample thickness: ∼30 μm). The sample cham- 

ers were then wrapped in 7- μm aluminum foil and exposed to 

he ion beam; due to the Al-foil, the ion energy upon entering 

he sample was 930 MeV. The energy loss versus range calcula- 

ion were performed with the SRIM code [25] assuming a density 

orrection factor for cold, uniaxial compression of powder at small 

oads: d E /d x CGTO = 38 ± 2 keV/nm, d E /d x CFTO = 37 ± 2 keV/nm, and

 E /d x CZTO = 38 ± 2 keV/nm. The uncertainty values represent the 

pper and lower bounds to the linear energy loss over the sam- 

le thickness. Five sample holders per sample type were irradiated, 

ach loaded with 10.8 mg of powder. Additional details concerning 

his experimental scheme can be found elsewhere [ 22-24 , 26 ]. 

Neutron total scattering experiments were conducted on the 

nirradiated and irradiated hollandite samples using the Nanoscale 

rdered Materials Diffractometer (NOMAD) at the Spallation Neu- 

ron Source (SNS) of Oak Ridge National Laboratory (ORNL) [27] . 

etween 50 and 100 mg of sample powder was loaded into 2 mm 

iameter quartz capillaries (0.1 mm wall thickness) and measured 

t room temperature for 60 min. An identical empty capillary was 

easured for the same duration and was used for background sub- 

raction. The time-of-flight detectors were calibrated with scatter- 

ng from diamond and silicon powder. To acquire the scattering 

tructure function, S( Q ), the sample scattering intensity was nor- 

alized to that from a solid vanadium rod. The pair distribution 

unction, G( r ), was obtained through a Fourier transformation of 

he structure function: 

 ( r ) = 

π

2 

Q max ∫ 
Q min 

Q [ S ( Q ) − 1 ] sin ( Qr ) dQ (2-1) 

here r is the radial coordinate. The scattering vector, Q , is defined 

s: 

 = 

4 πsinθ

λ
(2-2) 

here θ is the neutron scattering angle and λ is the neutron wave- 

ength. Neutron diffraction data was analyzed using Rietveld re- 

nement within the General Structure Analysis System (GSAS) pro- 

ram [28] . Neutron pair distribution functions (PDFs) were ana- 

yzed through small box refinement in real space using PDFGui 

29] from r = 1.5-15.0 Å. The only difference between the refine- 

ents of pristine and irradiated samples is that a “spdiameter”

arameter was refined for irradiated samples (which were largely 

morphous) allowing for the simulation of the material as being an 

morphous domain [26] . Analysis of refined crystal structures was 

erformed with VESTA [30] . 

Complementary structural characterization was performed us- 

ng powder X-ray diffraction (XRD) and Raman spectroscopy. The 

RD data were collected from 10 to 70 ° 2 θ with a 0.02 ° step size 

n a Rigaku Ultima IV diffractometer with monochromatic Cu K α
adiation ( λ= 1.54 Å). The intensity of the XRD spectra for each 

ample was normalized with respect to the strongest peak. Raman 

pectroscopy was executed with a Horiba LabRAM HR Evolution 

aman microscope using a 532 nm laser with 5 mW output power. 

High-temperature oxide melt solution calorimetry was per- 

ormed using an AlexSYS 10 0 0 calorimeter (SETARAM) operat- 
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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 × 10 12 ions/cm 

2 . 

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 . 
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Fig. 2. Raman spectra of pristine and irradiated CZTO hollandite. 

Table 1 

Wavenumbers (cm 

−1 ) of observed Raman peaks and mode as- 

signment of pristine and irradiated CZTO hollandite. 

Wavenumber (cm 

−1 ) Mode assignment 

Pristine sample Irradiated sample 

110 114 E g 
190-290 200-280 A g , B g 
328 324 A g 
475 - E g 
618 605 B g 
683 - B g 
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ng at 702 °C. In a drop solution calorimetry experiment, ∼1- 

 mg weighed powder sample was loosely pressed into a pel- 

et and dropped from room temperature into the molten sodium 

olybdate (3Na 2 O • 4MoO 3 ) solvent in a platinum crucible in the 

alorimeter. 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 

alorimeter was calibrated using the heat content of high purity 

-alumina (Alfa Aesar, 99.997%). Detailed instrument and experi- 

ental procedures have been well established and described by 

avrotsky [ 31 , 32 ]. The difference of enthalpies of drop solution be-

ween pristine and irradiated samples directly gives the enthalpy 

f damage at room temperature. 

Differential scanning calorimetry (DSC) was performed on a 

ETZSCH STA 449 F3 Juptier instrument. Ar gas with 20 mL/min 

ow rate was used to provide an inert atmosphere. The sensitiv- 

ty of the DSC instrument was calibrated on the basis of an alu- 

ina heat capacity curve. Several runs using an empty crucible un- 

er the same condition were performed before the sample runs to 

nsure reproducibility of the baselines. Approximately 1-2 mg of 

he irradiated CGTO and CFTO samples was loaded in an alumina 

rucible for DSC measurements as there was no remaining irra- 

iated CZTO sample after solution calorimetry. The samples were 

eated to 1200 °C at 10 °C/min, followed by isothermal holding at 

200 °C for 5 min and subsequent cooling to room temperature at 

0 °C/min. A second DSC run under the same condition was con- 

ucted without disturbing the furnace to maintain the geometry of 

he samples. The DSC curve of the second run was used to correct 

he baseline since no appreciable thermal effect was found [ 24 , 33 ].

. Results 

.1. Radiation-damage formation 

Fig. 1 displays XRD patterns of pristine and irradiated CGTO, 

FTO, and CZTO. For all pristine samples, the observed XRD peaks 

an be assigned to a well-crystallized tetragonal hollandite struc- 

ure ( I 4/ m ) regardless of the B-sites dopant identity. Negligible 

eak shifts of the (310) plane indicated that no significant changes 

f the unit cell were caused by B-site dopants. After ion irradia- 

ion, diffusive background scattering was exhibited for all irradi- 

ted samples, indicative of a reduction in intensity of the diffrac- 
3 
ion maxima due to ion beam-induced amorphization. Neverthe- 

ess, the level of amorphization was distinct for each sample com- 

osition (the inset of Fig. 1 ). For example, irradiated CZTO was 

lmost fully amorphized because its XRD pattern did not show 

lear Bragg peaks indicative of long-range order. Remnant diffrac- 

ion maxima of both irradiated CGTO and CFTO, indicated that a 

mall amount of crystallinity was present after ion irradiation. 

Fig. 2 displays the Raman spectra of pristine and irradiated 

ZTO hollandite. The assignment of the different Raman modes 

s summarized in Table 1 . For the pristine sample, five relatively 

harp peaks are observed at ∼110, ∼328, ∼475, ∼618, and ∼683 

m 

−1 , while a broader feature is apparent between 200 and 280 

m 

−1 . The peaks at ∼110 and ∼475 cm 

−1 may be attributed to the 

ymmetric stretching modes of (B,Ti)O 6 octahedra, while the peaks 

t ∼328, ∼618, and ∼683 cm 

−1 along with the broad feature be- 

ween 200 and 280 cm 

−1 may result from the bending modes of 

B,Ti)O 6 octahedra [ 14 , 34-40 ]. Compared with the pristine sample, 

he intensity of all Raman peaks in the irradiated sample were sig- 

ificantly diminished, although the shape and peak position were 

aintained for the most intense modes ( Fig. 2 ). The peaks with 

ower intensity in the pristine sample (e.g., the peaks at ∼475 and 

83 cm 

−1 ) were indistinguishable from the background signal after 

on irradiation. The changes in the peak intensities after ion irradi- 

tion suggest that the short-range structure related to the (B,Ti)O 6 

ctahedra was altered by the energy deposition from the ion 

eam. 

Fig. 3 shows neutron total scattering structure functions, S( Q ), 

f all three pristine and irradiated hollandite samples. Rietveld re- 

nement of pristine samples reveals that a small amount of un- 

eacted TiO 2 rutile was present in each sample and this impurity 

hase is most evident as a small shoulder at ∼2.85 Å 

−1 in pristine 

ZTO ( Fig. 3 c). The unit cell parameters and the weight fraction 

f TiO 2 rutile for each tetragonal hollandite sample is summarized 

n Table 2 . The varying amount of TiO rutile is common for the 
2 
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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 2 rutile (wt.%) R wp (%) 

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% 
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Fig. 4. Neutron PDFs of pristine CFTO, CGTO, and CZTO hollandite with small box 

refinement using a tetragonal (I4/m) structural model. The difference curves below 

the PDF show the difference between model and experimental data. 
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ollandite-type materials and the quantity of this impurity phase 

epends on the ionic radii of the B-site dopants. Typically, larger 

ifference of ionic radius between the Ti 4 + and the B-site dopants 

ould result in more TiO 2 rutile [41] . In addition, the amount of 

iO 2 rutile in Table 2 was used to correct the enthalpy data ob- 

ained from high-temperature oxide melt solution calorimetry. Af- 

er ion irradiation, the structure functions are modified but main- 

ain qualitatively similar features: diminished Bragg peak intensity 

nd increased background scattering. The broad oscillatory diffuse 

cattering, most pronounced as bands from ∼2-3 Å 

−1 and ∼4-5.5 
˚
 

−1 , is indicative of amorphization. The TiO 2 rutile phase is largely 

naffected by ion irradiation and the shoulder at ∼2.85 Å 

−1 in 

ristine CZTO becomes a distinct low-intensity peak in irradiated 

ZTO due to the decrease in intensity of the hollandite diffraction 

axima. 

The long-range structural data agree for XRD ( Fig. 1 ) and neu- 

ron diffraction and show that the propensity of amorphization in- 

reases from CZTO to CFTO and to CGTO. Fourier transformation of 

he neutron structure functions yields the pair distribution func- 

ions (PDFs) which provide further insight into the atomic-scale 

hanges induced by the swift heavy ions ( Fig. 4 ). The PDFs of all

ristine samples up to a r -space of r max = 15 Å were well-modeled

 R wp < 9.6%) with a phase mixture of hollandite and TiO 2 rutile. 

he difference curves show that the tetragonal structural model 

isplayed a subtle mismatch with the experimental data at ∼2 Å 

n pristine CFTO and CZTO which can be explained by structural 

elaxations associated with variations of ionic radius between the 

-site dopants (i.e., Fe 3 + = 0.645 Å and Zn 

2 + = 0.74 Å) and Ti 4 + 
4 
0.605 Å) [42] . This is supported by the fact that the model fit is

uch better for CGTO in which the ionic radius of Ga 3 + (0.62 Å) 

s close to that of Ti 4 + [42] . A similar phenomenon has been pre-

iously reported in disordered spinel oxides also investigated by 

otal neutron scattering [43] . Despite the subtle local deviation of 

FTO and CZTO from the ideal hollandite structure, the short-range 

ata do not show any other noticeable deviations from the ideal 

 4/ m hollandite structural model. 

The small box refinement of PDFs yields additional structural 

nformation at atomistic length-scale ( Table 3 ). Besides various 

tomic correlations, the structural refinements of the PDFs corre- 
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5 
ponding to the irradiated samples yielded the Baur’s distortion in- 

ices (DI) [44] of the cation-anion coordination polyhedra ( Table 3 ) 

efined as: 

I = 

1 

n 

n ∑ 

i =1 

| l i − l a v | 
l a v 

(3-1) 

here n is the number of cation-anion bonds, l av is the aver- 

ge bond length of the coordination polyhedra, and l i is the bond 

ength of the i th cation-anion bond. The DI describes the displace- 

ent of the cation away from the ideal geometric center of its co- 

rdination polyhedron (a coordination polyhedra with all equidis- 

ant cation-anion lengths has a DI of 0). Despite different B-site 

opants in each hollandite composition, the local environment of 

he Cs ions within the tunnels was not noticeably impacted as evi- 

enced by the negligible difference in average < Cs-O > bond length 

nd the DI values among all three pristine samples. 

However, the bonding environment of the B-O framework 

hanged significantly with different B-site dopants. Although the 

verage < B-O > bond length was very similar in all samples, in 

n excellent agreement with Pauling’s 1 st rule [45] (the cation- 

nion bond length is the sum of the cationic and anionic radii), 

he corresponding B-O framework was distorted to a different de- 

ree with the various B-site cations. This behavior was largely at- 

ributed to the Zachariasen effect [ 46 , 47 ], which states that imbal-

nces in cation-anion bond strengths created by aliovalent doping 

an be largely removed by lengthening some cation-anion bonds 

nd shortening others. For example, CFTO with one short and one 

ong polar oxygen bond had the largest displacement along the po- 

ar axis, which is reflected in the largest DI value among all three 

hemical compositions. The B-O framework can also be described 

hrough the three nearest neighbor (3 N.N.) distances of the B-site 

ations as shown in Fig. 5 . The B-site cation (large blue circle) in

ach sample has two short B-B distances (large blue circle – green 

ircle & large blue circle – red circle) and one long B-B distance 

large blue circle – brown circle); the standard deviation ( σ ) of 

he three distances describes how far the adjacent (100) planes are 

rom forming ideal triangular nets of B-site cations. The spread of 

hese three distances is largest among the three samples for pris- 

ine CFTO and is largely attributable to the B-site cations (Fe and 

i) residing the farthest from the geometric center of their coordi- 

ation polyhedra ( Table 3 ). 

The irradiation-induced changes to the local structure for the 

ifferent hollandite com positions are evident by comparing the 

DFs of the irradiated (red curves) with the pristine, reference 

gray curves) samples ( Fig. 6 ). Detailed structural analysis of the 

DFs was performed via small-box modeling ( Table 3 ). Amorphiza- 

ion is evident in each sample as a decrease of peak area in the 

egion beyond the coordination polyhedra ( r > ∼4 Å). However, 

he very local radiation response at the level of the coordination 

olyhedra shows a distinct dependence on the B-site dopant: ( i ) 

he average < B-O > bond length of CGTO ( Fig. 6 b) is increased af-

er irradiation; the distortion in the (Ga,Ti)O 6 octahedra was larger 

long the polar axis, while the distortion along the equatorial axis 

emains mostly unchanged. For the O-O correlation peak ( r = 2.5- 

.9 Å), the r -position of the peak maximum was largely unchanged 

fter irradiation. ( ii ) The average < B-O > bond length increased in 

rradiated CFTO ( Fig. 6 c) with larger distortions in the (Fe,Ti)O 6 oc- 

ahedra but in this case along the equatorial axis rather than the 

olar axis. There is one short and one long B-Cs distance in CFTO 

ue to symmetry and the irradiation-induced distortion along the 

quatorial axis further reduces the short distance and enlarges the 

ong distance. This is evident in Fig. 6 c as the B-Cs correlation peak 

t r = ∼3.8 Å merges into the background after irradiation. The B-O 

orrelation peak at r = ∼1.95 Å in pristine CFTO splits after irradia- 

ion into two low-intensity peaks ( r = 1.8-2.2 Å) 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). 
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a  
hifts away from the preirradiated peak position which suggests a 

eduction of Fe/Ti coordination number. 

In contrast to CGTO, the behavior of the oxygen sublattice in 

FTO shows a larger rearrangement of the local structure as evi- 

ent by the growing O-O correlation at r = ∼2.6 Å. ( iii ) The peak

hift at r = 1.98 Å to lower r -values indicates that the average < B-

 > bond length of CZTO ( Fig. 6 d) decreased after irradiation; how-

ver, small-box refinement shows that the average < B-O > bond 

engths are actually increasing concomitant with a distinct distor- 

ion in the (Zn,Ti)O 6 octahedra ( Table 3 ). The shift of the negative

eak to lower- r and the changes in the feature at r = 2.4-2.5 Å af-

er irradiation can be explained by the i-values of five out of the 

ix B-O bond lengths being in the region r = 1.83-2.1 Å, while the

ixth bond length is at r = ∼2.43 Å. This behavior can be attributed

o an irradiation-induced reduction of the Zn/Ti coordination num- 

er as Zn prefers fourfold coordination in the ZnO wurtzite struc- 

ure. In terms of directionality, the large distortion in the (Zn,Ti)O 6 

ctahedra occurs along both the polar and equatorial axes. The in- 
6 
ensity of the O-O correlation peak is slightly decreased after ion 

rradiation. Small box refinement of the PDFs collected from the 

rradiated samples reveals that the structural response of the Cs- 

 and B-B bonds to ion irradiation is distinctly different for each 

ample composition. Using the hollandite model corresponding to 

he pristine samples as a starting point, all fits to the PDFs col- 

ected from the irradiated samples were obtained with goodness- 

f-fit parameters of R wp < 21 %; the increase in R wp , relative to the

efinements of the PDFs of the pristine samples, is predominately 

ue to the structural refinement of a largely amorphous material 

sing a model corresponding to a crystalline phase [26] because of 

he lack of ability to model how these different amorphous “units”

r “building blocks” are arranged with respect to one another. Re- 

ardless, this approach is useful in probing fundamental pair cor- 

elations within the amorphous phase [26] . The average < Cs-O > 

ond distance remains nearly unchanged in CGTO, but the Cs ions 

ove closer to the center of the coordination cube after irradiation 

s 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. 
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rast to CFTO and CZTO, for which the Cs ions move farther away 

rom the center position of the coordination cube ( Table 3 ). Inter- 

stingly, the Cs ions move within the tunnels in irradiated CFTO 

ith an elongated average < Cs-O > bond length to maintain the Cs 

ons “captured” in cubic coordination. 

The Cs movement within the tunnels is observed in CZTO, but 

he average < Cs-O > bond length is decreased forcing the Cs ions 

oward a face of the coordination cubes. This process disrupts the 

ocal bonding environment of the Cs-O network in CZTO, which 

xplains the significant distortion of the (Zn,Ti)O 6 octahedra de- 

cribed above. The spread of the < B-B > bond distances becomes 

maller after ion irradiation for CGTO and CZTO suggesting that 

he nearest neighbor planes of B-site cations are more regular in 

he irradiation-induced structure. In contrast, the spread of the < B- 

 > bond distances in CFTO increases after ion irradiation due to 

 shortening and elongation of distances between edge-sharing B- 

ite cations and corner-sharing B-site cations, respectively. 

High-temperature oxide melt solution calorimetry was per- 

ormed on pristine and irradiated samples to obtain enthalpies of 

rop solution �H ds ( Table 4 & Fig. 7 a), which were used to com-

are the energy landscape between different states (i.e., pristine 

ersus damaged). It is notable that the amount of TiO 2 rutile in 

able 2 was used to correct �H ds . The methodology to correct 
7 
he �H ds for the hollandite sample with minor amount of sec- 

ndary phase (TiO 2 rutile) has been used in a prior study [41] . 

he enthalpic difference in �H ds between the pristine and irra- 

iated samples represents the enthalpy of damage ( �H dmg ), which 

an be used as a measure of radiation stability for each composi- 

ion. Smaller values of �H dmg indicate enhanced stability to ener- 

etic heavy ion irradiation with smaller levels of radiation damage. 

he pristine samples are largely endothermic with values of �H ds 

n the order of 450 kJ/mol. The corresponding �H ds of the irradi- 

ted samples are significantly decreased with some compositions 

hanging from an endothermic to an exothermic behavior. Irradi- 

ted CGTO remains endothermic, whereas the enthalpies of drop 

olution of irradiated CFTO and CZTO becomes exothermic ( Table 

 ). 

The large average enthalpies of damage �H dmg ( Fig. 7 b) 

how that ion irradiation can significantly destabilize the well- 

rystallized hollandite samples by beam-induced transformations 

nto an amorphous state with destruction of the characteristic tun- 

el structure. Among all three samples, the value of �H dmg is 

he largest for CZTO (1203.5 ± 117.6 kJ/mol), while CGTO has the 

mallest value (378.0 ± 3.4 kJ/mol). The relatively large errors 

f �H dmg can be explained by the limited amount of irradiated 

ample mass available for calorimetric experiments. A comparison 
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Table 4 

Enthalpies of drop solution ( �H ds ) of pristine and irradiated samples in 3Na 2 O • 4MoO 3 at 

702 °C with two standard errors. 

Sample Mass (mg) �H ds (kJ/mol) a �H dmg (kJ/mol) a 

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/A b 93.3 ± 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) 

a Value is the mean of the number of experiments indicated in the parentheses. Er- 

ror is the two standard deviations of the mean. b N/A is not applicable. 

Fig. 7. (a) Enthalpies of drop solution ( �H ds ) for pristine and irradiated CGTO, CFTO, and CZTO, (b) average enthalpies of damage ( �H dmg ), determined by the difference in 

�H ds between the pristine and irradiated samples, for the CGTO, CFTO, and CZTO. 
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f �H dmg among all three samples reveals that CGTO hollandite 

as the best radiation stability. This agrees to a prior study with 

ntermediate-energy ions ( < 1 MeV) of predominantly nuclear en- 

rgy loss which showed that CGTO has a larger radiation-damage 

olerance than CZTO [17] . 

.2. Thermal annealing induced recovery 

Irradiated CGTO and CFTO were annealed at 1200 °C for 5 min 

nd subsequently cooled down to room temperature. Two cycles 

ere performed for each sample. It is notable that there is not 

emaining irradiated CZTO available for thermal annealing. XRD 

nd Raman spectroscopy were used to investigate the structural 

hanges before and after annealing over the long-range and short- 

ange, respectively. XRD patterns of the CFTO ( Fig. 8 a) show that 

he diffraction maximum of the (310) plane was strongly reduced 

n the irradiated sample in agreement with ion-induced amor- 

hization. The same behavior was also observed for the CGTO (pat- 

erns not shown). The XRD patterns show no significant changes 

fter annealing up to 1200 °C indicating that this heat treatment 

as insufficient to restore the long-range structure. In contrast, 

ristine and annealed CFTO share the major bands and the inten- 

ity and width for their two strongest bands is similar ( Fig. 8 b),

uggesting that the vibrational modes are attributed to the BO 6 

ctahedra framework. A few relatively weak bands (labeled as “∗”

n Fig. 8 b) were found in annealed CFTO, indicating the forma- 

ion of new structures in the local environment other than the BO 6 

ctahedral framework. The emerging vibrations resulted from the 

ew local rearrangement between the B-site dopants (e.g., Fe or Ti) 
8 
ith less coordination to the neighboring oxygen lattice. It is also 

ikely that these emerging vibrations can be attributed to the for- 

ation of defect clusters of Ti 3 + and O 2 
− [48] . According to a prior 

tudy [48] , thermal treatment may create a new local environment 

esulting from previous irradiation-induced defects. The develop- 

ent of the oxygen-related defects may be due to the severely 

amaged structure and Ar atmosphere. Other possibilities leading 

o new vibrations have been considered as well, such as the forma- 

ion of α-Fe 2 O 3 and TiO 2 rutile, and the background signal from 

he glass substrates [ 37 , 49 , 50 ]. However, the Raman peaks could

ot be matched to these primary phases. In addition, none of these 

hases was detected in post-annealing XRD studies. A more com- 

rehensive investigation of the newly formed local vibrations will 

e a topic of future work. 

Fig. 9 shows the DSC profiles of irradiated CGTO and CFTO. For 

oth samples, two exothermic events were observed as evidenced 

y two distinct peaks in different temperature regions. The two 

eaks were located at similar temperature regions for both sam- 

les. The first peak starts from ∼200 °C and ends at ∼500 °C, while 

he second peak occurs between ∼500 °C and ∼800 °C. Due to the 

nnealing within an inert Ar atmosphere it is unlikely that the 

xothermic events were caused by chemical reactions and they 

an be attributed to structural changes induced by thermal an- 

ealing. Two exothermic peaks suggest that the structural changes 

ere completed in two separate processes at different tempera- 

ures. No appreciable peaks appeared in the second run indicat- 

ng that structural changes were completed after the first run. The 

otal heat release associated with the exothermic reactions is 7.7 

/mg (i.e., −6525 kJ/mol) and 4.6 J/mg (i.e., −3842 kJ/mol) for CGTO 



M. Zhao, E. O’Quinn, N. Birkner et al. Acta Materialia 206 (2021) 116598 

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 BO 6 octahedra framework. 

Fig. 9. The DSC profiles of (a) irradiated CGTO and (b) irradiated CFTO. 
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nd CFTO, respectively. The total heat release was calculated based 

n the molecular weight of the corresponding pristine analogues. 

he total heat release for the two samples was sufficient to com- 

ensate their �H dmg induced by high-energy ion irradiation which 

ndicates completion of potential structural changes in irradiated 

ollandite after thermal annealing under these conditions. 

. Discussion 

Neutron PDF analysis indicates a quite different local radiation 

esponses of the three hollandite samples with different B-site 

opants. This is in contrast to the behaviors observed in diffrac- 

ion data over length-scales which show a similar crystalline-to- 

morphous transformation. However, the rate of amorphization is 

lso different among the three samples. The detailed radiation re- 

ponse of the hollandite structure under swift heavy ion irradiation 

as determined by the identity of the B-site dopant. In the case of 

FTO, the local structure was modified in a way that constrains 

he Cs ions within a cubic coordination at the expense of the sym- 

etry of the (B,Ti)O 6 octahedra and the B-B sublattice framework. 

his is different to CZTO, for which the local atomic arrangement 

rioritizes to maintain the symmetry of the B-B sublattice at the 

xpense of the symmetry of the (B,Ti)O 6 octahedra as well as the 

oordination environment of the Cs ions. Intriguingly, CGTO pre- 

erves the integrity of the hollandite tunnel structure over the 

hort-range with some relaxation of the B-site cations along the 
9 
olar axes of the (B,Ti)O 6 octahedra while maintaining the cubic 

oordination of the Cs ions. 

It may be more instructive to consider the simple binary ox- 

de forms for each B-site dopant to analyze the radiation re- 

ponse, because the local environment around the dopant resem- 

les most closely the corresponding environment that the cation 

dopts in the binary oxide form. The structure of ZnO is wurtzite 

Cs 1.33 Zn 0.67 Ti 7.33 O 16 ) which consists of layers of ideal triangular 

ets of Zn cations in between triangular nets of oxygen. The struc- 

ure of Fe 2 O 3 is corundum (Cs 1.33 Fe 1.33 Ti 6.67 O 16 ) which consists of 

/3 dense triangular nets forming an ideal honeycomb structure 

n between triangular nets of oxygen [51] . Interestingly, mono- 

linic β-Ga 2 O 3 (Cs 1.33 Ga 1.33 Ti 6.67 O 16 ) also features layers of trian- 

ular nets of oxygen, but the Ga cation fills both octahedral and 

etrahedral interstices which create intermediate layers that have 

eatures of dense triangular nets and of honeycomb-lattices. The 

ocal environment around the B-site dopant may trend towards the 

ayering type of its binary oxide form under ion irradiation. The 

ollandite structural features a B-site cation layer (100), which is 

n elongated triangular net, and another layer (1-10) which is an 

longated honeycomb lattice ( Fig. 5 ). Among the three cations, Ga 

s chemically best suited to maintain both layering schemes at the 

tomic scale because it is also the local environment in the binary 

xide form, dictated by its ionic radius and valence. This behavior 

esults in an increased radiation stability, which is supported by 

he results of solution calorimetry ( Fig. 7 ). The superior radiation 
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tability of CGTO than that of CZTO has also been observed under 

ower energy ( < 1 MeV) ion irradiation [17] . This is the first time

or tunnel structured complex oxides that the correlation between 

adiation stability and the structural features of the constituent bi- 

ary oxide of the B-site dopant has been established. 

The energetics results of the DSC experiments provide more 

nsights associated with the thermal annealing induced structural 

volution ( Fig. 9 ). Changes in the local structure of radiation dam- 

ged samples after thermal annealing has been observed in py- 

ochlore systems [ 24 , 52-55 ]. In the present work, the thermal- 

nduced structural evolution occurred in two separate processes in 

ifferent temperature regions due to two exothermic peaks. Based 

n the neutron total scattering analysis of the as-irradiated sam- 

les, a two-step structural change can be used to explain the ther- 

odynamic results: (1) a rearrangement of the B-site dopant in 

ramework at lower temperatures ( ∼20 0-50 0 °C) and (2) restora- 

ion of the Cs coordination polyhedra at higher temperatures 

 ∼50 0-80 0 °C). In the first process, displaced B-site dopants would 

ove back to their initial position in the BO 6 octahedra frame- 

ork of the pristine samples over the short-range. It is also likely 

hat some B-site dopants (e.g., the Fe dopants whose coordination 

umber was reduced via ion irradiation) resulted in new local vi- 

rational states with neighboring oxygen in the framework. This is 

upported by the emergence of additional Raman peaks after an- 

ealing. The restoration of the Cs-ion polyhedral network occurred 

n the second process, because Cs ions are more difficult to be dis- 

laced at relatively low temperatures compared to B-site dopants. 

Structural changes over short-range were induced by thermal 

nnealing, but recrystallization over long-range was not detected 

fter heating up to 1200 °C. The annealing-induced structural re- 

overy of the radiation damaged hollandite structure is intricate 

nd this is similar to the decoupled, multi-recovery processes at 

ifferent length-scales observed in other nuclear related materials. 

or example, long-range ordering was incomplete after thermal an- 

ealing of the Ni-Cr model alloy and the alloy 690 (Ni-30Cr-10Fe) 

o temperatures at which the short-range structure was recovered 

 56 , 57 ]. The behavior of hollandite is different to the results re-

orted for irradiated Dy 2 Ti 2 O 7 pyrochlore [24] with recovery of the 

ong-range structure before the annealing of the local atomic ar- 

angement at 1200 °C. 

This difference can be explained based on the energetics and 

rystallography of the hollandite structure. In pyrochlore, there ex- 

sts a metastable state (i.e., disordered, crystalline pyrochlore) that 

s thermodynamically and structurally between the most stable 

tate (i.e., fully ordered, crystalline pyrochlore) and the least stable 

tate (i.e., amorphous pyrochlore), which provides possibly a faster 

athway for irradiated pyrochlore to recover the long-range struc- 

ure to the disordered state via thermal annealing [24] . In contrast, 

he complexity associated with the tunnel structure in hollandite 

educes the likelihood that a metastable state exists between the 

ristine and irradiated phases. The enthalpy of damage, �H dmg , for 

ollandite is ∼2-5 times as large as for titanate pyrochlore irradi- 

ted under similar conditions [24] . Despite annealing under similar 

onditions (1200 °C for 5 min), the higher enthalpy of damage for 

ollandite indicates a more severely damaged state that requires 

igher annealing temperatures for long-range recovery. 

. Conclusions 

In this work, three hollandite compositions were synthesized 

nd thereafter irradiated by 1.1 GeV Au ion beam. XRD data 

howed that there was a crystalline-to-amorphous transformation 

or all samples, however the rate of amorphization was quite dif- 

erent. Neutron PDF analysis along with Raman spectroscopy indi- 

ated that the structure over short-range distances was also altered 

or each composition. The energy landscape before and after ion ir- 
10 
adiation was determined by high-temperature oxide melt solution 

alorimetry. The Ga-substituted hollandite exhibited the smallest 

nthalpy of damage indicating the best radiation stability among 

he three samples. The different radiation response was related 

o structure and thermochemistry and ultimately was attributed 

o the structural features of the binary oxide form of the B-site 

opants. Structural changes via thermal annealing up to 1200 °C 

as further studied for as-irradiated samples. Results of thermal 

nalysis and structural characterization suggested that the ther- 

al annealing-induced structural evolution of the radiation dam- 

ged hollandite structure is complicated and decoupled at different 

ength-scales. 
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