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The high-level radioactive waste stream resulting from the reprocessing of spent nuclear fuel compri-
seslong-lived actinides and processing chemical impurities. Glass-ceramics (GCs) are being proposed as
a potential candidate to host the actinides and processing impurities in the crystalline and glass phases,
respectively. Some of the ceramics considered for actinide immobilization are pyrochlores (Ln,B,O;
Ln = lanthanides and Y, B = Ti, Sn, Zr, and Hf) and in the present study, the pyrochlore GCs (Y,Ti»_,Sn,O; and
Ln,TiSnO5) have been synthesized and their response to ion-irradiation (600 keV Xe>*) has been investigated
under in situ conditions using transmission electron microscopy (TEM). The primary focus of this study is the
effect of Sn-substitution into the B-site of the pyrochlore structure on the radiation tolerance of these
materials. With an increase in Sn-substitution, the materials become increasingly radiation tolerant as indicated
by the higher ion-fluences required for amorphization. The fully Sn-substituted pyrochlore was determined to
be ~25 times and ~78 times more radiation tolerant than its Ti-counterpart at 143 K and 298 K, respectively.

Received 10th June 2025, Similarly, Sn-rich pyrochlores were determined to have a critical temperature (T.) of amorphization ~3 times

Accepted 30th September 2025 lower than that of the Ti-rich materials. The improved radiation tolerance of Sn-substituted pyrochlores is a
result of the interplay of structure, energetics, and the nature of the Ln—-O and B-O bonds. This study has
demonstrated that in terms of radiation tolerance, the stannate pyrochlore GC is an attractive candidate for

HLW immobilization over titanate counterparts.
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chemical durability for the immobilization of high-level waste
(HLW) comprising tetravalent Np and Pu, and trivalent minor
actinides (e.g.,, Np, Am, and Cm)." However, they cannot
accommodate the wide range of processing chemicals and
impurities (which are typically found in the HLW stream) in

1. Introduction

To combat the adverse effects of greenhouse gas emissions,
many countries are aiming to transition into a low carbon
economy by opting for carbon-free energy sources such as

nuclear energy for electricity generation." Though nuclear
energy has a low carbon footprint, it does generate spent
nuclear fuel (SNF) comprising long-lived radionuclides (e.g:,
Pu, Np, Am, Cm, etc.). Long-term plans are proposed in some
countries for the immobilization of these radionuclides in
stable waste forms, followed by storage and final disposal in
a geological repository.” The choice of the nuclear waste form
(e.g., glass, ceramics, and glass-ceramics (GCs)) is dependent on
the chemistry of the waste stream.® Among the candidate waste
forms, pyrochlore ceramics (A,B,0,, A = actinide (An), lantha-
nide (Ln), Y; B = Ti, Zr, Hf, and Sn; space group: Fd3m) are
proposed as potential candidates owing to their superior
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their crystal structures.” To circumvent this issue, GC compo-
site materials are designed to accommodate actinides in dur-
able ceramics while fission products, processing chemicals,
and impurities can be contained in the glass phase.>” Pyro-
chlore based GCs contain pyrochlore crystals distributed within
the glass phase and thus combine the simple processing and
chemical flexibility of glasses with the superior chemical dur-
ability of the ceramics for the immobilization of actinide-rich
waste streams.”’®

Materials adopting the pyrochlore structure (A,B,05) crystal-
lize in a cubic crystal system (space group: Fd3m) and are
closely related to the fluorite structure (AO,; space group:
Fm3m) in which the pyrochlore is an O deficient superstructure
of the fluorite and has a unit cell almost double the size of the
fluorite. The crystal structure of a representative pyrochlore
(Y,Ti,0,) is provided in Fig. 1. The A-site cation is occupied
by the larger trivalent lanthanide and yttrium ions and is
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Fig. 1 Crystal structure of the Y,Ti,O; pyrochlore with the YOg and TiOg
polyhedra shown in teal and grey generated using VESTA software.**

coordinated to eight oxygen atoms, whereas the B-site cation is
occupied by the smaller cations (e.g., Ti, Zr, Hf, and Sn), which
are coordinated to six oxygen atoms.® The structure consists of
three oxygen sites (O1 = 48f, O2 = 8b, and O3 = 8a) and of these
three sites, two are occupied (O1 = 48f and O2 = 8b) and the
third site is vacant (O3 = 8a).">"" Six oxygens occupy the O1 site
and are coordinated to two A-site and two B-site cations, while
the seventh oxygen occupies the O2 site and are coordinated to
four A-site cations.'’ The vacant O3 site is coordinated to four
B-site cations.'' In the ideal pyrochlore structure, the cations
and oxygen vacancies are ordered.'”> Kong et al. showed that the
pyrochlore structure can undergo a structural transformation
to a defect fluorite via compositional tuning.”® In that study,
the Y,Hf,Ti, ,0, (0 < x < 2.0) system was investigated and it
was shown that the pyrochlore transformed to defect fluorite
for compositions x = 1.7 and 2.0."* A defect fluorite structure is
an oxygen deficient derivative of the fluorite structure, with the
cations and oxygen being disordered.* The x positional para-
meter of the O,gr OXygen determines the deviation from the
ideal fluorite structure and in a completely defect fluorite
structure, the O,g is shifted towards the B-site ion by x =
0.375.* In a defect fluorite structure, the seven oxygen atoms
are randomly distributed over O1, 02, and O3 sites."?
Ceramic wasteforms will experience self-radiation damage
from the a-decay of the incorporated actinides and may even-
tually transform from the crystalline to amorphous state."® The
effects of radiation on the pyrochlore structure have been
studied either by self-irradiation (via doping of short-
lived actinides such as ***Cm with a half-life of 18.1 years)
or by external irradiation (via using high energy ion
beams).'®™® Earlier studies on actinide incorporated pyro-
chlores ((Ndg g5Cmy 15)a(Ti1.65Z10.35)0; and (Gd,Cm),Ti,0)
have shown the structural transformation from the crystalline
to amorphous state as a result of self-irradiation.* In the
(Gd,Cm),Ti,0, system, the material amorphized at a dose of
3.1 x 10" g-decay events per gram, resulting in a macroscopic
swelling of 5% and an increase by a factor of 20-50 in the
dissolution rate of Cm.*?*® These studies have demonstrated
that radiation can affect both the structure and as a result, the
chemical durability of the pyrochlore based waste forms.*"®
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Though self-irradiation experiments offer a real insight into the
radiation experienced by the nuclear waste form, they are gen-
erally time-consuming and requires radioactive materials."® Ton
beam irradiation experiments, on the other hand, offer a con-
venient route to accelerate the radiation damage process by
simulating the ao-decay process using high energy non-
radioactive ion beams."?" These experiments have been carried
out on a wide variety of titanate pyrochlore compositions (e.g.,
Ln,Ti,0,, Ln = La-Lu, and Y) and results suggest that these
materials are susceptible to radiation-induced crystalline to amor-
phous transformation.'®**>*

Most titanate pyrochlores can be amorphized upon high-
energy ion irradiation and hence, efforts have been made to
design materials with increased radiation tolerance via compo-
sitional tuning.>**® In the literature, it has been demonstrated
that the disordered pyrochlores (i.e., defect fluorite-type) exhi-
bit higher radiation resistance than the ordered pyrochlores.”®
Materials with defect fluorite-type structure are typically
obtained through the substitution of B-site cations (e.g,
substitution of Ti with Zr, Hf etc.).>” Some of the compositions
with defect fluorite structure include Ln,Zr,Ti, ,O, and
Y,Hf,Ti, ,0,."*®* sickafus et al. compared the radiation
response of the ordered pyrochlore (Er,Ti,O,) and the defect-
fluorite (Er,Zr,0,) when subjected to 350 keV Xe®" ions up to a
fluence of 1 x 10'® ions per cm??® It was shown that Er,Ti,0,
could be amorphized at a lower ion fluence while Er,Zr,0,
remained crystalline at high Xe>" ion fluences thus highlighting
the radiation resistant behaviour of defect fluorites.>® Similar
observations were made by Wang et al. on Gd,Zr,Ti, ,O, (x =0,
0.25, 0.5, 0.75, and 1) and it was shown that with an increase in
Zr content, the material becomes radiation resistant when
subjected to 1 MeV Kr" ion beam.?® In that study, the critical
amorphization temperatures (i.e., T. - the temperature above
which amorphization does not occur) of Gd,Ti,O, and Zr-rich
compositions (x > 0.5) were 1100 K and 380 K, respectively.*
In a typical geological repository, the temperatures are expected
to be ~320-400 K and hence, Zr-rich pyrochlore with a lower T,
(380 K) can be expected to remain crystalline.**"
higher processing temperatures are generally required for the
synthesis of Zr-rich pyrochlores.*>

Stannate pyrochlores in which the tin occupies the B-site of
the pyrochlore have also been shown to be more radiation
resistant than titanate pyrochlores.**** Yudintsev et al. inves-
tigated the radiation stability of Cm-doped stannate pyrochlore
((Gdy.891Cmyg 991 PUg 013)SN,0-) and found that at room tempera-
ture, this material amorphized at a dose of ~10" a-decay per g
which is ~2-5 times higher than those required for amorphi-
zation of Cm-doped titanate ((Gd,Cm),Ti,O;) and zirconate
((Gdy.035Cmy 065)TiZrO;) pyrochlores.®® Lumpkin et al. investi-
gated the tin substituted pyrochlore (Y,Sn,Ti, ,O-) system and
monitored their radiation response to a 1 MeV Kr ion beam as a
function of tin content.>® With an increase in tin content, the
critical amorphization temperature gradually decreased from
666 K for Y,Sn, 4Ti; ¢0; to 251 K for the Y,Sn, ,Ti, 3sO;, hence
suggesting the increased radiation resistance of the Sn-rich
pyrochlore system.*® In addition, Lian et al. investigated the

However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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radiation response of stannate pyrochlores (RE,Sn,O;; RE =
La-Lu and Y) to a 1 MeV Kr** ion beam and determined the
effect of the size of the A-site cations on their radiation
stability.®® Stannate pyrochlores with larger A-site cations (La,
Nd, Gd) can be amorphized at room temperature and
have critical temperatures of amorphization in the range of
350-960 K.** However, materials with smaller A-site cations
(Y, Er) cannot be amorphized even at 25 K and transform to a
defect fluorite structure.’?

Several studies in the literature have performed ion-
irradiation experiments on single phase crystalline pyrochlore
ceramics. However, to the best of our knowledge, very few
studies exist on the ion-irradiation of titanate pyrochlore GCs
and no studies exist for stannate pyrochlore GCs.*® Also, the
structural response of pyrochlores with 1:1 Ti:Sn content
(LnTiSnO;) to ion irradiation has not been investigated. Pre-
vious ion-irradiation studies on stannate pyrochlores have been
performed using Kr ions, which are relatively light compared to
a typical heavy recoil nucleus and it is known from the
literature that the amorphization dose is dependent on the ion
mass.>***%” Therefore, in this study, the Sn-substituted pyro-
chlore GCs (Y,Ti, ,Sn,O; and Ln,TiSnO;) were irradiated using
600 keV heavier Xe®" ions and the structural response was
monitored in situ using transmission electron microscopy
(TEM). The primary goals of this study were to determine the
effects of Sn-content (Y,Ti, ,Sn,0;; 0 < x < 2), A-site cations
(Ln,TiSnO,; RE = Er, Y, Gd, Sm, and Nd), ion-mass, and
temperature on the radiation response of Sn-substituted pyro-
chlore glass GCs.

2. Experimental

2.1. Synthesis of Y,Ti, ,Sn,0; and Ln,TiSnO,; GC

The Y,Ti, ,Sn,0; (0 < x < 2) and Ln,TiSnO; (Ln = Er, Y, Gd,
Sm, Nd) GC samples were synthesized via a soft chemistry route
followed by high temperature sintering treatment. The detailed
synthetic procedure is discussed in the previous studies.*®>° All
the starting chemicals (A. R. Grade) used in this study were
purchased from Sigma-Aldrich (Merck). Powders of glass
(Na,AlBSis046) were synthesized via heat-treatment of a mixture
of the following precursors at 550 °C for 3 h: Na,CO; (99.5%+),
AL, 03 (99.5%+), H3BO3, and SiO, (99.9%+). The ceramic com-
ponent was synthesized using a coprecipitation route in which
tin(iv) chloride pentahydrate (98%+) was dissolved in water
before adding to an oxalate solution (prepared by dissolving
oxalic acid (98%+) in water) and the pH of the resulting mixture
was adjusted to 7.0-7.2 via dropwise addition of 1.667 M
ammonia. The resulting precipitate was separated and washed
and dried before resuspending in water via sonication. Subse-
quently, calculated amounts of lanthanide(m) nitrate hexahy-
drate (99.8%+) and Tyzor LA (titanium(iv) bis(ammonium
lactate)dihydroxide solution; 50 wt% in water) were added to
the Sn-containing mixture and thoroughly stirred before drying
at 100 °C. Then, the Ln-Ti-Sn oxide powder mixture was heated
at 700 °C for 6 h in air. The GC samples were produced by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixing the Ln-Ti-Sn oxide powder with the glass powderin 4:6
glass to ceramic weight ratio, followed by pressing the powder
into pellets (11 mm diameter) at 180 MPa and subsequently
heating at 1200 °C in air for 4 h. The as-sintered pellets had a
diameter of ~10 mm and a thickness of ~2-3 mm.

2.2. Powder XRD

The phase purity and crystal structure of the as-synthesized
Y,Ti, ,Sn,O; and Ln,TiSnO; GCs were determined by collect-
ing powder XRD patterns using a PANalytical X'pert Pro Dif-
fractometer (Almelo, the Netherlands) equipped with a Cu Ka
radiation source (A,ye = 1.541847 A; 45 kv and 40 mA). The as-
synthesized GCs were ground manually to fine powders and the
XRD patterns were collected from these powders in the range of
10° to 80° (step size = 0.008°, acquisition time/step = 2 s). The
lattice constants of the materials were determined using the
HighScore Plus software program.*’

2.3. In situ ion irradiation

Thin specimens for TEM analysis were obtained by crushing
the powders of as-synthesized GCs in ethanol, followed by
placing a drop of the solution on a 3 mm copper TEM grid
coated with a holey carbon film. The as-prepared TEM grids
were mounted on a Gatan double tilt heating (DTH) holder (for
experiments at or above room temperature), and the bright-
field TEM images and selected area diffraction patterns (SAED)
were collected using a Hitachi H-9500 TEM and a 300 keV
electron beam. The TEM images and SAED patterns were
analyzed using the Image], FIJI software.™* In situ ion irradia-
tion of GCs was performed at the MIAMI-2 facility at the
University of Huddersfield, UK.** At the MIAMI-2 facility, the
ion-accelerator (350 kV National Electrostatics Corporation
equipped with a Danfysik 921A ion source) is coupled to a
TEM (Hitachi H-9500 TEM) and this experimental setup allows
the user to monitor the changes in the material as a function of
ion-irradiation under real-time conditions.** The ion irradia-
tion was performed using 600 keV Xe*" ions over a wide range
of temperatures (103-973 K). For ion irradiation experiments
below room temperature (~27 °C = 300 K), the TEM sample
grids were mounted on a Gatan liquid nitrogen cooled TEM
holder. The sample temperature was maintained using tem-
perature controllers (SmartSet Models 900/901 hot/cold stage
controller). It is to be noted that prior to ion-irradiation, the
sample was allowed to dwell at the desired temperature for
~10-15 min to minimize inhomogeneity in sample tempera-
ture. The Xe*" ion beam incident on the sample has a spot size
of 1 mm and the Xe** ion flux was experimentally determined at
the sample location (error bar: £10%) before and after the ion
irradiation experiment using a current measuring rod (CMR)/
Faraday cup. The ion-irradiation experiments were performed
over several weeks and hence, the Xe?" jon flux cannot be held
constant at a particular value, although the order of magnitude
was held constant throughout the experiment. In this study,
ion-irradiation of GCs was performed using a Xe** flux of
~1.2 x 10" to 4.3 x 10" ions em > s~ '. The ion irradiation
was performed in incremental time steps to monitor the
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structural response of materials at different ion fluences. It
should be noted that throughout the experiment, the electron
beam was turned off during the ion irradiation to eliminate
electron beam-induced recrystallization of the sample.

The displacement per atom (dpa) values corresponding to
the various ion-fluences were calculated using the stopping and
range of ions in matter (SRIM) software.** The dpa values
shown in this study correspond to the dpa value from the near
surface region (~30 nm). The calculation was performed using
a total of 5000 ions in full damage cascade mode and the angle
of incidence of the ion-beam (600 keV Xe*") with respect to the
target surface was 18.7°. The displacement energy (E4) of all the
atoms was set at 40 eV and the values of the density of
the samples used in the calculation were determined using
the lattice parameters. For comparison of the results from ion-
irradiation using Xe and Kr ions, the nuclear stopping powers
(i—f) of 600 keV Xe?" and 1 MeV Kr*' ions in Y,Ti,O, and

n
Y,Sn,0, were calculated using SRIM software.**

3. Results and discussion

3.1. Crystal structure: powder XRD

The cation ionic radius ratio (r,/rg) is useful in determining the
structure of A,B,0, materials.'® The pyrochlore structure has
ra/rg values between 1.46 and 1.78, while the defect fluorite-type
structure has r,/rs < 1.46."° In this study, both Y,Ti,_,Sn,O,
and Ln,TiSnO,; GC samples have r,/rg values within the range
expected for a pyrochlore crystal system (Table 1). The lattice
parameters were obtained by performing a Rietveld refinement
of the XRD data. Analysis of the powder XRD patterns of the as-
synthesized GC samples (Y,Ti, ,Sn,O; and Ln,TiSnO;) also
shows that the ceramic phase adopts the pyrochlore structure
(Fig. 2 and Table 1). Small amounts of SnO, were found to be
present in the Sn-rich compositions (i.e., x = 1.6 and 2) of
Y,Ti, ,Sn, O, samples (Fig. 2a).>* Similarly, minor amounts
of SnO, and rutile-TiO, were present in the powder XRD pattern
of Nd,TiSnO, (Fig. 2b).**

In the Y,Ti, ,Sn,O; series, the diffraction peaks were found
to gradually shift to lower 26 values with an increasing Sn-
content because of an increase in the unit cell constants and
volumes (see Fig. 2 and Table 1). This observation indicates the
incorporation of a larger Sn ion on the pyrochlore B-site and the

Table 1 Unit cell constants of Y,Ti»_,Sn,O; and Ln,TiSnO, GCs

Radius
Composition Tonic radius (A) ratio (ra/rs) Unit cell, a (A)
Y,Ti, 0, YV = 1,019 1.68 10.0988 (1)
Ti™ = 0.605

Y,Ti, ¢Sng 4O sn™ = 0.69 1.63 10.1586 (1)
Y,Tio.4S1n, O, — 1.51 10.3276 (1)
Y,Sn,0, — 1.48 10.3752 (1)
Er,TiSnO, Er™W = 1.004 1.55 10.2307 (2)
Y,TiSno, YV = 1,019 1.57 10.2521 (2)
Gd,TiSnO, GdV™ = 1,053 1.62 10.3450 (3)
Sm,TiSnO, sm™™ = 1.079 1.66 10.3958 (8)
Nd,TiSnO, NdM™ = 1,109 1.71 10.4652 (4)
Mater. Adv.
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formation of the solid solutions in the entire compositional
range, as highlighted by the linear relation between the com-
position ‘¥’ and unit cell constants’ ‘a (A)’ and unit cell volume
Vv (A®) (Fig. 3a). For pyrochlore materials with 1: 1 Ti: Sn content
(Ln,TiSnO,), a similar trend was observed in that the unit cell
constants and unit cell volumes of the material were found to
linearly increase as a function of Ln*" ionic radii (Table 1 and
Fig. 3b).

3.2. Xe*' jon-irradiation of Y,Ti, ,Sn,0, GCs

The effect of incorporation of Sn into the B-site of the pyro-
chlore structure on their radiation response was investigated
and some of the representative SAED patterns of the pristine
and ion-irradiated Y,Ti, ,Sn, 0, (x = 0, 0.4, 1, 1.6, and 2)
collected at 143 K are presented in Fig. 4. All the compositions
undergo a crystalline to amorphous transformation upon ion-
irradiation at 143 K. However, a significant increase in the
critical amorphization fluences, F. (i.e., the fluence at which a
complete loss of diffraction maxima is observed in the SAED
pattern) of Y,Ti, ,Sn,O, is noticed with an increase in Sn-
content. The Ti-rich compositions (x = 0 and 0.4) are amor-
phized at a much lower Xe*" ion fluence in comparison to their
Sn-rich counterparts (x = 1.6 and 2) and there is approximately
one order of magnitude difference in the value of F. between
the Ti- and Sn-end members (Table 2). The relatively large value
of F. for Sn-rich samples suggests that the Sn-rich pyrochlores
are more radiation tolerant than Ti-rich pyrochlores. Similar
observations about the varied structural response of Ti- and Sn-
rich pyrochlores were made by Lumpkin et al. in a study in
which the Y,Ti, ,Sn, O, (x = 0.4, 0.8, 1.2, 1.6) ceramics were
irradiated with higher energy but lighter ions (1 MeV Kr*").>* 1t
was reported that Sn-rich pyrochlores exhibited superior radia-
tion performance when compared to the Ti-rich system and
that the sample with composition x = 1.6 remained crystalline
up to 5 x 10" ions per cm? at 50 K.** In the present
study, the sample with x = 1.6 got amorphized (F. = 1.3 X
10" ions per ecm?) at 143 K, albeit at a higher amorphization
fluence and the differences in experimental observations
between the two studies are primarily attributed to changes in the
mass and energy of the ions used for irradiation. These observations
highlight that the heavier ions are more effective at radiation-
induced amorphization in materials than the lighter ions.

The radiation response of these ceramics was also studied as
a function of temperature to evaluate the value of T, and F..
The general trend is that the F. of the Y,Ti, ,Sn,O, system
increases as a function of temperature and Sn-content. How-
ever, at a certain temperature termed as critical temperature
(T.), the materials do not transform to the amorphous state
anymore and continue to remain crystalline throughout. The T,
is dependent on the composition of the material as well as the
mass and energy of the ions used for irradiation. In this study, a
large decrease in the value of 7. was observed as a function of
Sn content. For example, in the case of the Y,Ti,O; system, the
materials underwent radiation-induced amorphization up to
823 K and at 893 K, the material did not undergo amorphiza-
tion and remained crystalline up to a maximum fluence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Powder XRD pattern of Y,Ti, ,Sn,O; (x = 0, 0.4, 1, 1.6, and 2.0). Minor quantities of SnO, (indicated by *) were observed in Sn-rich

Y, Gd, Sm, and Nd) GCs. Minor quantities of SnO, (indicated by *) and rutile-

TiO, (indicated by @) were observed in the powder XRD pattern of Nd,TiSnO-.
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Fig. 3 Plots of (a) unit cell constant (and unit cell volume) vs. composition for Y,Ti,_,Sn,O; GCs and (b) unit cell constant (and unit cell volume) vs. ionic

radius of the A-site cation for Ln,TiSnO; GC.

1.18 x 10" ions per cm®. For Y,Sn,0-, the material underwent
amorphization from 103.15 K up to room temperature (~298 K).
Beyond room temperature, at 348 K, the material remained
crystalline even up to a fluence of 1.8 x 10'® ions per cm?.
The exact value of T, lies between the temperature at which
the amorphization was fully observed and the next highest
temperature at which the material remained crystalline, thus
providing the lower and upper limits of T.. The experimentally
measured T, as reported in Table 3, was determined by taking
the average of these two temperatures. Hence, the 7. of
Y,Ti,O, and Y,Sn,0, are ~858 K and ~ 323 K, respectively.
Therefore, a ~ 3-fold decrease in the T, was observed when the
B-site of the pyrochlore structure was completely substituted
by Sn for Ti.

For the quaternary solid-solutions, the decrease in the T.
was also observed with increased Sn-doping on the pyrochlore
Ti-site. The T, of samples with x = 0.4, 1, and 1.6 are 783 K,
423 K, and 323 K, respectively. The critical amorphization
fluences of the Y,Ti, ,Sn,O, system are plotted as a function

© 2025 The Author(s). Published by the Royal Society of Chemistry

of temperature and is presented in Fig. 5. The T, of the samples
was also determined by fitting the non-linear curve using
eqn (1) and by using the experimentally determined tempera-
ture limits, as mentioned earlier, as constraints.**

)

In eqn (1), F. denotes the critical amorphization fluence at
temperature T, F., is the amorphization fluence at 0 K eval-
uated from the fitting procedure, E, is the activation energy for
the recrystallization of the radiation-damaged zones, kg is the
Boltzmann constant, T, is the critical temperature, and T is the
temperature at which the ion-irradiation experiment was car-
ried out. The curve fitting was done by allowing the F, o, E,, and
T, to vary.

The values of T., F.o, and E, obtained from the fit are
presented in Table 3 along with the T, values determined by
taking averages from the temperatures at which ‘amorphization’

k.= (1)
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Fig. 4 SAED patterns of pristine and Xe?" ion-irradiated Y, Ti,_,Sn,O7 GCs at —130 °C (143 K). The critical amorphization fluences (F. in ions per cm?) and
the dpa increases with an increase in Sn-substitution, thus indicating the greater radiation tolerance of Sn-rich samples.

Table 2 Critical amorphization fluence (F.) of Y,Ti,_,Sn,O; at 143 K

Critical amorphization fluence,

Composition, x F. (ions per cm?)

0 7.9 x 10"
0.4 1.1 x 10™
1 2.7 x 10™
1.6 1.3 x 10%°
2 2 x 10"

Table 3 Critical amorphization temperature, T, of Y,Ti>_,Sn,O7

T. (K) T, (K) Feo
Composition, x (curve-fit) (experiment) (ions per cm?) E, (eV)

0 918 (6) 858 1.5 (2.7) x 10" 0.253 (0.0878)
0.4 762 (14) 783 1.6 (3.6) x 10" 0.452 (0.322)
1 401 (1) 423 2.7 (3.2) x 10" 0.214 (0.001)
1.6 320 (9) 323 6.2 (3.5) x 10" 0.023 (0.021)
2 380 (18) 323 8.2 (5.8) x 10" 0.010 (0.008)

and ‘no amorphization’ events were observed. A large decrease in
the T, was observed with an increase in Sn-content and it should
be noted that the radiation response of Sn-rich (x = 1.6) and Sn-
end member (x = 2) samples is almost similar, with both these
samples having similar T, values. Like F,, the values of F_, were
also observed to increase with an increase in the Sn-content and
indicate an increase in the radiation tolerance. The E, values are
low for all the samples, and it has been indicated in a study by
Meldrum et al. that the E, values determined from the fitting of
curves have significant error and hence, their physical meaning is
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Fig. 5 Plot of critical amorphization fluence (F.) versus temperature for
the Y,Ti>_,Sn,O; GCs. The T, was found to decrease with an increase in
Sn-substitution.

rather limited.*> However, it was suggested that the E, values
could be used for comparative purposes and in this study, the
general trend is that the E, values decrease with an increase in Sn-
content.*> A comparison is given at 143 K and 298 K in Fig. 6 to
highlight the increase in the radiation tolerance of these materials
with an increase in tin content. With an increase in Sn-content,
there is an increase in the F, and is accompanied by a decrease in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison of the radiation response of Y,Ti,_,Sn,O; materials at

298 K and 143 K. With an increase in Sn-content, the materials become
more radiation tolerant.

the T¢. Using the values of F,, the Sn-end member was determined
to be ~25 times and ~ 78 times more radiation tolerant than its
Ti-counterpart at 143 K and 298 K, respectively (Table 2).

For a waste form, the material should have greater radiation
tolerance and lower T.. The Sn-rich pyrochlores fulfill both

Before Irradiation
RE = Er 9.9 x 1013 jons/cm?

RE = Gd

RE =Sm

4.9 x 1083 jons/cm?

RE = Nd

View Article Online

Paper

these criteria, and it is worth noting here that the T, of samples
with compositions x > 1 lie within the temperatures expected
in a geological repository (320-400 K).*! Therefore, in a geolo-
gical repository, Sn-rich materials can be expected to better
resist radiation-induced crystalline to amorphous transforma-
tion and can help offset detrimental effects, such as waste form
swelling and concomitant decrease in chemical durability.

3.3. Xe*' jon-irradiation of Ln,TiSnO, GC

The effect of variation in the sizes of the A-site cations (Ln = Er,
Y, Gd, Sm, and Nd) on the radiation response of pyrochlores
with a fixed 1:1 Ti:Sn content was also investigated. Repre-
sentative SAED patterns of pristine and ion-irradiated
Ln,TiSnO, materials collected at 298 K are presented in
Fig. 7. All the materials exhibited similar radiation response
and became amorphous at fluences ranging from 1.2 x 10 to
9.1 x 10" ions per cm?. No significant trends in the values of F,
were observed with variations in the ionic radius of the A-site
cations.

The radiation response of Ln,TiSnO, was also studied as a
function of temperature to determine the 7.. The plots of F,
versus temperature of Ln,TiSnO, materials are presented in
Fig. 8 and the curves were fitted using eqn (1) to determine the
T. for Nd,TiSnO,, Gd,TiSnO,, and Y,TiSnO,. For Sm,TiSnO-,
and Er,TiSnO;, the fit did not converge due to the lack of
enough experimental data points and hence, the T. of these

After Irradiation

3.0 x 10 ions/cm?

1.0dpa 400 nm

1.4 x 10" jons/cm?

4.5 x 10 ions/cm?

o

34 3Y3 40 shipey d1uoj,, Suiseadu|

9.9 x 1083 ions/cm? 1.2 x 10'*ions/cm?

0.32dpa

Fig. 7 SAED patterns of pristine and Xe2* ion-irradiated Ln,TiSnO (Ln = Er, Y, Gd, Sm, and Nd) GCs at 298 K. No significant trends in the . and dpa were

observed with variations in the ionic radius of the RE ion.
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(a) Plot of F. versus temperature for Y,TiSnO;, Gd,TiSnO5, and Nd,TiSnO; GCs. The T.s of these materials were determined by fitting the data

points using egn (1). (b) Plot of F. versus temperature for Sm,TiSnO; and Er,TiSnO; GC. Due to the lack of sufficient data points, the fitting was not
performed for these two materials. This plot also indicates the data collected at 373 K, wherein the material remained crystalline at all fluences.

materials was determined from the average of temperatures at
which the amorphization was fully observed and the next
highest temperature at which the material remained crystal-
line. The values of T, are presented in Table 4 and no trends
could be observed with variations in the sizes of the A-site
cations. The T.'s for Ln,TiSnO, varied from ~336 to 523 K
depending on the composition and are much lower when
compared to the T, of Ti-pyrochlore. Since changing the A-site
cation in Ln,TiSnO; does not significantly impact the radiation
tolerance of the material, these materials could offer flexibility
in accepting a variable waste feedstock. From a radiation
stability perspective, Ln,TiSnO, pyrochlores are more suitable
for use as a host matrix in repository environments in compar-
ison to a titanate pyrochlore.

3.4. Xe>" vs. Kr** ion-irradiation of Y,Ti,_,Sn, O,

The effect of varying the ion mass and energy on the radiation
response of Y,Ti, ,Sn,O, is discussed in this section. The
values of F. (at room temperature) and 7. obtained in the
present study using heavier 600 keV Xe>" ions are compared to
those obtained in the studies by Lumpkin et al. and Lian et al.
using a relatively lighter 1 MeV Kr** ions (Table 5).**** The Xe**
ions have a higher atomic mass than the Kr** ions and hence,
they are expected to simulate more closely the heavier a-recoil
nuclei formed during the a-decay of actinides.

It is observed that for both Xe®" and Kr*" irradiated samples,
the trends in the value of F. and T. with an increase in Sn-

Table 4 Critical amorphization temperature, T, of Ln,TiSnO;

T (K) T (K)
Ln  (curve-fit) (experiment) F., (ions per cm®)  E, (eV)
Er — 348 — —
Y 401 (1) 423 2.7 (3.2) x 10" 0.214 (0.001)
Gd 493 (9) 523 8.5 (5.1) x 10" 0.065 (0.060)
Sm — 336 — —
Nd  339(1) 348 1.0 (9.0) x 10™ 0.448 (0.033)
Mater. Adv.

content are similar (Table 5). Both experiments indicated that
the Sn-rich pyrochlores are more radiation tolerant than the Ti-
rich pyrochlores. However, a comparison between Xe>" and Kr**
irradiated samples indicated that the value of F. for Xe*"
irradiated Y,Ti,O, and Y,Ti; ¢Sny 40, samples is relatively
lower, while the value of T, is relatively higher than the Kr**
irradiated samples. This observation can be explained by con-
sidering the nuclear stopping powers (i.e., energy loss occurring
due to elastic collisions of energetic ions with the target atoms
in the material) of Xe** and Kr** ions.*® It must be noted that
the nuclear stopping powers are both energy- and mass-
. . dE

dependent. For instance, the nuclear stopping powers (E)

- n
of 600 kev Xe** and 1 MeV Kr*' jons in Y,Ti,O, are
3.2 keV nm™" and 1.3 keV nm™', respectively. The higher
stopping power of Xe®* ions indicates that a greater number
of elastic collisions occur per unit path length, thereby creating
more collision cascades. As a result, the heavier Xe*" ions
produce more defects in the material than the Kr** ions,
thereby rendering the material amorphous at relatively lower
ion-fluences and thus has a lower F. than the Kr** irradiated
materials. The relatively higher density of defects in Xe**
irradiated materials would also indicate that more thermal
energy would be required for their recombination, and hence
the T, for these experiments is higher than the Kr*" irradiated
materials. The comparisons between Xe and Kr ion-irradiation
experiments thus indicate that the values of F. and T, are
dependent on the energy and mass of the ions used in
irradiation.

3.5. Further discussion: radiation tolerance of Sn- vs.
Ti-pyrochlores

Ton irradiation of Y,Ti, ,Sn,O, has revealed that F, increases
with an increase in Sn content, while T. decreases with an
increase in Sn content. These observations highlight the decreased
susceptibility of Sn-rich pyrochlores to radiation-induced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table5 C [ f Fe ( t ture) and T, val f Y, Ti,_,Sn,O7 obtained using Xe?* (this study) and Kr?* (Lumpkin et al.>* and Lian et al.*®)

jion irradiation

This study - 600 keV Xe** Literature - 1 MeV Kr**
Samples F, (ions per cm?) T. (K) F, (ions per cm?) T. (K)
Y,Ti,0- 1.3 x 10 858 4 x 10™ 780
Y, Ti; 6SNg40- 2.2 x 10™ 783 6.4 x 10™ 666
Y, Ti; ,Sn0.50 No data No data 2.3 x 10" 335
Y,TiSnO, 4.2 x 10" 423 No data No data
Y,Tig sSn; ,0- No data No data No data” 251
Y, Tig SN, O 1.01 x 10 323 Crystalline up to 5 x 10'°? No data
Y,Sn,0, 1.01 x 10" 323 Crystalline up to 6.25 x 10'°? No data

“ The F, value at 200 K for the Kr** irradiated Y,Tio gSn; ,0, sample is 2.0 x 10" ions per cm?. 5 No amorphization observed for Kr** irradiated

Y,Tiy4Sn,; ¢0; and Y,Sn,0, samples.

amorphization. The differing radiation response of Ti-rich
vs. Sn-rich pyrochlores could be attributed to a result of
the complex interplay of structure, energetics, and bond-type
variations in these materials and will be discussed in this
section.

Several ion-irradiation studies on titanate pyrochlores (e.g.,
Gd,Ti,0;) have shown that these materials could be easily
amorphized at relatively low ion fluences.”” In these studies,
it was shown that they initially undergo a radiation-induced
transformation from an ordered pyrochlore to a disordered
fluorite structure and subsequently transform to an amorphous
state.”” The zirconate pyrochlores (e.g., Gd,Zr,0-), on the other
hand, have also been shown to initially transform to the defect
fluorite structure upon irradiation but continue to remain
crystalline even at higher ion-fluences.?” The varying radiation
response of these two pyrochlores is attributed to the stability
of the intermediate defect fluorite phase.”” Sickafus et al.
determined using atomistic simulation methods that materials
with significantly dissimilar ionic radii of A and B site cations
require higher energy to form the defect fluorite phase.”® In
Gd,Ti,05, the ionic radius of Gd and Ti are widely different and
hence the radiation-induced formation of intermediate defect
fluorite phase is metastable and readily transforms to a stable
amorphous state on further irradiation.”” It was also shown by
Sickafus et al. that materials with similar ionic radii of A and B
cations require lower energy to form the defect fluorite phase
and were shown to be stable in radiation environments.*® In
Gd,Zr,0-, the Gd and Zr have similar ionic radii and hence, the
intermediate defect fluorite structure is stable and resists
amorphization.*”

In the present study, the Y,Ti, ,Sn,O, materials adopt the
ordered pyrochlore structure at all compositions and the A- and
B-site cations are occupied by Y and Ti (and/or Sn), respectively.
However, with an increase in Sn content, the radius ratio of A to
B-site cations decreases from 1.68 (Y,Ti,O) to 1.48 (Y,Sn,0-)
;—A to <1.46 necessary to form the
B
defect fluorite structure in which the cationic anti-site disorder
occurs between the A and B-sites. Based on the conclusions
obtained in the study by Sickafus et al., it is proposed that the
Sn-rich pyrochlores would require relatively lower energy to
form the intermediate defect fluorite phase upon irradiation

and approaches the value of

© 2025 The Author(s). Published by the Royal Society of Chemistry

and hence, the Sn-rich defect fluorite phase is energetically
more stable than the Ti-rich defect fluorite phase.’® The
Sn-rich defect fluorite phase can also accommodate further
radiation-induced point defects (e.g., vacancies and intersti-
tials) within the disordered structure and as a result, these
materials have higher critical amorphization fluences than the
Ti-pyrochlores.”® Similarly, the lower critical temperatures of
Sn-rich pyrochlores are attributed to the increased stabilization
of the defect fluorite structure and recombination of point
defects at ~ 323 K.

Helean et al. found a correlation between the radiation
response of titanate pyrochlores (Ln,Ti,O;; Ln = Sm-Lu and
Y) to 1 MeV Kr' ions and their thermodynamic stability as
indicated by their enthalpies of formation from oxides
(AH_,, in k] mol ").*® It was shown in that study that the
critical amorphization temperature, T, of titanate pyrochlores
decreases with a decrease in the ionic radius of the A-site
cation.”® The T, decreases from 1120 K for Gd,Ti,O, to 480 K

for Lu,Ti,0,.*® A similar trend was observed for AH,___ i.e., the

-0x
values of AH[_, become less negative with a decrease in A-site
radii.*® The values of AH;_OX for Gd,Ti,O, and Lu,Ti,O, are
—113.4 k] mol™* and —56 kJ mol*, respectively.*® The less
negative value of AH;_OX for Lu,Ti,O, indicates that the thermo-
dynamic stability of the Lu-pyrochlore is relatively lower than
Gd-pyrochlore and hence, shows an increased propensity to
transform to an energetically favorable defect fluorite structure
upon irradiation.”® As a result, the Lu-pyrochlore with a
lower T, exhibited better radiation tolerance than the Gd-
pyrochlore.*®

Similarly, Lian et al. determined the AH; of stannate
pyrochlores (Ln,Sn,0; Ln = La, Nd, Sm, Eu, Dy, Yb) and their
radiation response to 1 MeV Kr** ions.** Like titanate pyro-
chlores, the AH;_DX of Ln,Sn,0, becomes less negative with a
decrease in A-site radii, thereby suggesting a decrease in the
thermodynamic stability of the pyrochlore structure on moving
from La,Sn,0, to Yb,Sn,0,.***® This decrease in thermody-
namic stability could explain the decrease in T, from 960 K for
La,Sn,0, to 350 K for Gd,Sn,0,.*> In the present study, the
increased radiation tolerance of Sn-rich pyrochlores could also
be understood using the AH,__values reported by Helean et al.
and Lian et al.***® Helean et al. experimentally determined the
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AH;_,, of Y,Ti,O, to be —86.2 (1.5) k] mol " while Lian et al.
determined the AH,_,_of Dy,Sn,0, and Yb,Sn,0; to be —53.57
(3.06) k] mol™" and —37.99 kJ mol™?, respectively.***® It must
be noted that the AH;_OX for Y,Sn,0, was not determined by
Lian et al. and since the ionic radius of the Y ion is between the
ionic radius of Dy and Yb ions it is assumed in this study
that the AH[_,, for Y,Sn,0, is between —53.57 k] mol™" and
—37.99 k] mol *.** The Y,Sn,0, material has a less negative
value of AH;_OX than the Y,Ti,O, material, which suggests that
the Sn-pyrochlores are less thermodynamically stable than the
Ti-pyrochlores. This observation suggests the increased pro-
pensity for Sn-rich pyrochlores to transform to an energetically
stable defect fluorite structure upon irradiation and as a result,
the Sn-rich pyrochlores have a higher F. and a lower T, than the
Ti-rich pyrochlores.

Some studies in the literature have also explained the
susceptibility of pyrochlore materials to amorphization using
the nature of the A-O and B-O bond in A,B,0, materials.****>°
In a study by Panero et al., first principles calculations on
Y,(Ti,Sn,Zr),0, pyrochlores have revealed that the Sn-O bond is
more covalent than the Ti-O and Zr-O bonds, whereas the Y-O
bond is ionic. It was indicated in that study, the greater degree
of covalency in the Sn-O bond promoted an increase in the
energy required to form a defect fluorite structure. As indicated
previously in a study by Sickafus et al, a higher defect-
formation energy for a material would indicate a decreased
propensity to form defect-fluorite structure and thus, a lower
resistance to radiation.’® Based on the correlation between
bond-type and radiation response, it is expected that stannate
pyrochlores with a covalent Sn-O bond should experience more
radiation damage than titanate and zirconate pyrochlores.’®
However, experimentally, it is observed in the present study, as
well as in the studies by Lian et al. and Lumpkin et al., that the
Y,Sn,0, materials have a better radiation tolerance compared
to the Y,Ti,O, material.>*>** This observation reveals that the
complex radiation behaviour of stannate pyrochlores cannot be
explained wholly by using a single factor such as the bond type.
Rather, a combination of the three factors, namely cation ionic
radius ratio, bond-type, and energetics, should be used in
explaining the radiation behaviour of these materials.*® It is
proposed in this study that the variations in the radiation
response of Y,Ti, ,Sn,O, with an increase in Sn-content are a
result of different degrees of contribution from each of the
three factors discussed above.

3.6. Implications

Titanate pyrochlores have been considered as candidate waste
forms for immobilising excess plutonium and actinide-rich
radioactive wastes.” However, their poor radiation resistance
should be appropriately addressed to achieve their full
potential in nuclear waste management.'®?*** It seems that
the issue can be well resolved by partial Zr/Sn-substitution for
Ti.?®*3* Although improved radiation tolerance has been
demonstrated by Zr/Sn-substitution of Ti in titanate pyrochlore,
both zirconate and stannate pyrochlores require high sintering
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temperatures and are porous in full ceramics due to their finer
grain size.****>* This limits their real applications as ceramic
waste forms for actinide immobilisation. However, the devel-
oped GC waste forms have some important implications. The
addition of glass in the GC waste forms significantly lowers the
processing temperature, making such practical applications
possible. In addition, such advanced GCs are also ideal waste
forms for plutonium residue wastes and many actinide-rich
waste streams arising from the nuclear fuel cycle. However, it
must be noted that synthesizing Zr-rich pyrochlore in a glass-
ceramic is inherently difficult since high temperatures of
1600 °C are required to form the ceramic phase. In comparison,
the Sn-rich pyrochlore GC can be synthesized at a much lower
temperature of 1200 °C.

4. Conclusion

In this study, the effect of variations in the composition of the
A-site and B-site of the pyrochlore system on their radiation
stability was investigated via in situ ion-irradiation of the
Y,Ti, ,Sn,O; and Ln,TiSnO; GC materials. Titanate pyro-
chlores (Y,Ti,O;) were readily amorphized and were shown to
have a higher critical amorphization temperature (7. ~ 858 K);
however, upon replacing the Ti with Sn, the critical amorphiza-
tion fluence (F.) increases and the materials become increas-
ingly radiation resistant. A ~3-fold decrease in the value of
critical temperature (T.) was observed when the Ti was fully
replaced with Sn (7. ~ 323 K). In the case of Ln,TiSnO; GC
materials, no systematic trends in the amorphization fluence
and critical temperature of amorphization were observed;
however, these materials also have a lower T. when compared
to the titanate pyrochlores. The study also showed that the
values of T, are relatively higher for a heavy ion such as Xe used
in our study, compared to the previously known values deter-
mined using the lighter Kr ions. It was shown in this study that
the radiation tolerance of the pyrochlore materials could be
improved through Sn-substitution in the B-site of the pyro-
chlore structure and that the value of T, lies within the
temperatures expected in a geological repository (320-400 K).
Further ion-irradiation studies on these materials using heavier
ions such as Au ions could provide more insight into their
radiation tolerance, given that the ion mass was shown to have
a measurable impact on the values of T, and F.. This study has
demonstrated the suitability of Sn-doped pyrochlore glass-
ceramic as a potential waste form for the immobilization of
actinides (in the ceramic phase) and processing impurities (in
the glass phase) found in the HLW stream.
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