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ABSTRACT

Small modular reactors (SMRs) are a key option to aid the worldwide net zero targets for carbon emissions. Some pressurised water reactors aim to operate with a
boron-free coolant chemistry for simplification in plant design. In the absence of boron, Li has been found to accelerate the corrosion of the zirconium-based alloy fuel
cladding under certain conditions and concentrations within pressurised water reactors (PWRs). The cause of the accelerated corrosion has yet to be identified. This
work identifies the potential for amorphous ZrO, phase stabilization by lithium that will potentially have an impact on the passive oxide’s grain boundary structure.
Higher lithium concentrations are found to stabilise the amorphous phase’s stability before re-crystallisation to higher temperatures. Chemical assessment has also
shown the lithium phase to be soluble in water, indicating a potential mechanism for lithium to alter grain boundaries and increase the pathways for further

oxidation of the underlying zirconium material.

1. Introduction

Zirconium alloys are widely used in pressurised water reactors
(PWRs) as a fuel cladding material due to their high corrosion resistance
under normal operating conditions, and their low neutron cross section
(Hallstadius et al., 2012). PWRs often adopt a coolant chemistry
including boron to capture neutrons, in the form of H3BOgs acid, to
provide a “shim” for reaction, reducing the overall reactivity of the core
instead of relying on control rod movements, which requires a pH bal-
ance to reduce the corrosion by additions of lithium in the form of LiOH
(Pastina et al., 1999). The pH is required to be elevated to between 7 and
7.4 to mitigate the corrosion of nickel-based alloys, water-wetted
stainless steels and zirconium alloys (Song and Lee, 2003) (see Fig. 1).

The build-up of boron within the CRUD (Chalk River Unidentified
Deposits) materials on the Axial offset anomaly periphery of the rod that
forms in high burn-up regions within the reactor have been found to
have a detrimental impact on reactor efficiency (Frattini et al., 2001;
Blok et al., 2002). New proposals of small modular reactor (SMR)
operation are considering a boron-free coolant design to limit the boron
axial offset anomaly (Hulme et al., 2021; Mart et al., 2014; Sanchez and
dos Santos, 2021). In the absence of boron, however, the phenomenon
known as lithium accelerated corrosion of the zirconium-based alloy
cladding has been widely reported (Hulme et al., 2021; Pecheur et al.,

* Corresponding author. CSEE Dean Street, Bangor, LL57 1UT, Gwynedd, UK.
E-mail address: g.stephens@bangor.ac.uk (G.F. Stephens).

https://doi.org/10.1016/j.pnucene.2024.105165

2000, 2009; Murgatroyd and Winton, 1967; Ramasubramanian, 1991;
Bramwell et al., 1991; Jeong et al., 1999; Motta et al., 2005; Ramasu-
bramanian et al., 2008; Cox et al., 1998; Billot et al., 1993). To under-
stand the mechanism of this accelerated corrosion, all aspects of the
oxide that forms on the zirconium alloy require investigation to un-
derstand how Li could increase the availability of oxygen to the metal
oxide interface. Literature suggests that the oxide formed at the metal
oxide interface is tetragonal ZrO,, which is stress stabilised (Liao et al.,
2020; Qin et al., 2007), at the metal oxide interface that provides
corrosion resistance. This gives way to a more relaxed monoclinic oxide
further from the metal surface that offers little protection (Kurpaska
et al., 2016; Eichler et al., 2004; Polatidis et al., 2012). Experimental
work, however, has shown that the average phase fraction between
monoclinic and tetragonal ZrO, shows no clear link between tetragonal
layer thickness and corrosion resistance (Swan et al., 2016).

Previous atomistic simulation work had been conducted and found
that the solution of Li into the bulk, tetragonal and monoclinic, ZrO, was
expected to be extremely low (Stephens et al., 2021). Atom probe ex-
periments have shown that Li levels in the matrix of oxides formed on
Zircaloy-4 are close to the resolution limit, but Li segregates along the
grain boundaries within the ZrO, oxide, lending credibility to the
simulation work on low bulk Li solution viability (Stephens et al., 2021;
Styman et al., 2022).
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The complexity between grains has been shown to contain disor-
dered amorphous structures where thermodynamically stable ZrO, can
produce higher complexity structures (Cantwell et al., 2014). The work
of (Styman et al., 2022) shows that some form of grain boundary
complexity can be assured with a degree of amorphous structure un-
certainty expected. Amorphous structures can be expected to form more
readily at lower temperatures due to limited kinetic energy availability
for crystalline atomic orientations (below 450 °C (Lebeau et al., 2020)).
Further atomic scale simulation work has been undertaken to assess
transport mechanisms of lanthanide dopants through the disordered
oxide grain boundary (Owen et al., 2021) Recent atomistic modelling
has identified an indication of Li solution in the amorphous structures
coupled with an associated increase of vacant oxygen defects as a result
(Stephens et al., 2023).

This investigation prepared and characterised amorphous oxides
with different Li levels to support the simulations and provide extra
insight into the behaviour of the surrogate grain boundary material. It
also looked at the impact of Li stabilizing an amorphous structure,
analogous to a highly complex grain boundary, which have been found
through simulation to potentially modify grain boundary mobility of
corrosive species (Owen et al., 2021; Stephens et al., 2023).

2. Method

The experimental stages began with the synthesis of lithium doped
and undoped amorphous zirconia at low temperatures. These samples
were then characterised to ensure there was no long-range order. Each
sample was then thermally analysed up to 700 °C using simultaneous
thermal analysis (DSC and TGA) to identify any transition temperatures.
Post thermal treatment, further characterisation was conducted to
analyse the product including the propensity for lithium to remain in the
resulting structures.

2.1. Sample preparation

Samples of amorphous ZrO, were prepared, containing a wide range
of Li concentrations (as shown in Table 1) to simulate the range that
might be seen as the grain boundary compositions built up to the levels
seen in atom probe analyses.

Amorphous ZrO, samples containing Li levels above 0.1 mol % were
prepared by placing zirconium n-butoxide Zr(OC4Hg)4 solution (7 mL,
2.19 M, 80 wt% in n-butanol) in a round bottom flask (100 mL) and
stirring in LiOC(CHs)s. Different amounts of LIOC(CHg3)3 were added to
produce solutions with a range of 0.1-60 mol % Li, as given in Table 1.
The mixture was then stirred for 1 h at 70 °C under reflux. Deionised
water (equivalents listed in Table 1) was added dropwise, and the
resulting mixture was stirred under reflux at 70 °C for 2 h. The reflux
apparatus was removed, and the solution was added to a flat bottom
flask, and the mixture stirred overnight at 90 °C on a magnetic mixing
hotplate until the solvent evaporated completely.

For lower concentrations of Li, a diluted solution was produced with
LiOC(CH3)3 in n-butanol (12.5 mM, 100 mL) and was prepared using the
following procedure: lithium tert-butoxide (0.1 g, 12.5 mmol) was
weighed using an analytical balance within a glovebox at positive argon
pressure. The solution was then poured into a volumetric flask (100 mL)
and made up with n-butanol. This could then be transferred to the zir-
conium n-butoxide and butanol solution and placed under reflux prior to
deionised water being added, as described above.

The water contents of the solutions used to produce oxides with
higher Li contents were increased to ensure there would be sufficient
water molecules to facilitate hydrolysis of both zirconium n-butoxide
and Li t-butoxide.
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The residues left after the solvent evaporated were approximately
2.5 + 0.5 g, dependent on Li concentration, of very fine white powder.

2.2. Characterisation

The structure of the powder was analysed using Raman spectroscopy
and X-ray diffraction (XRD) to ensure that the oxide was amorphous in
the first instance and then again to ensure crystallisation had taken place
post thermal analysis.

Raman spectroscopy was performed using the Bruker SENTERRA II
using a 532 nm laser at 25 mW and a 15 pm aperture with a combination of
20 and 50 times optical lenses. The integration time was 1 s with a com-
bined 5 coadditions with a 4 x 4 2D map of which an average was taken.

Bragg-Brentano reflection powder diffraction was performed with the
Malvern Panalytical Aeris XRD with an Empyrean Cu LFF HR X-ray tube.

2.3. Thermal treatment and product characterisation

The crystallisation temperature of the amorphous structure was
assessed whilst simultaneously conducting gravimetric analysis and
mass spectroscopy using the Netzsch STA 449 F-series combined with
the Netzsch QMS 403 Aéolos Quadro mass spectrometer. This permitted
monitoring of the gases evolved during heating. A platinum crucible
containing <1 g of the amorphous Li doped sample was heated with a
ramp up rate of 15 °C/min up to 700 °C, held at 700 °C for 5 min, then
cooled at 15 °C/min to 35 °C. Raman and XRD were subsequently
conducted to confirm the final sample structure.

Transmission electron microscopy (TEM) was used to determine the
location of the lithium in the dried powder. The TEM samples were
prepared by placing a droplet of 50 mol % Li — ZrO, in suspension in
deionised water onto a copper grating with carbon membrane. The
grating was then left in a desiccator for sufficient time to let the solution
dry out, leaving the ZrO, powders on the membrane. The sample was
then put into a JEOL ARM 200F (S)TEM operating at 200 kV equipped
with a Gatan GIF Quantum 965 ER, which was capable of Electron En-
ergy Loss Spectroscopy (EELS) analysis. Spectral images containing
several ZrO, powders were taken, with the spectra covering the Li K
edge at an energy resolution of 0.25 eV/channel. The total acquisition
time for each pixel was 0.1 s.

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was used to analyse samples held in suspension to identify any lithium
that may dissolved into the deionised water. For comparison, a known
amount of solid sample was also digested in nitric acid and HyO5. The
digested samples and suspension were filtered using 0.45 pm filters
before ICP-OES analysis using an Agilent 5800 spectrometer. Samples
were measured at the primary, secondary and tertiary emission wave-
lengths and their responses compared to those of lithium and zirconium
ICP standards (from Sigma Aldrich).

3. Results
3.1. Synthesis of amorphous ZrO2

The x-ray patterns from all of the powders yielded broad humps
characteristic of amorphous/disordered material, while the Raman
spectrum consisted of a broad tongue suggestive of a low symmetry/
amorphous substance. The synthesis of lithium doped ZrO; was thus
successful in producing amorphous ZrO» containing Li concentrations of
0, 5, 10, 20, 30, 40 and 50 mol %. XRD and Raman spectroscopy pro-
duced broad spectra, void of any long-range order and agrees well with
previous results from both modelling and experiment (Rushton et al.,
2019a). The region of interest for zirconia through Raman spectroscopy
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Fig. 1. Raman spectrum of (a) full wavenumber range and(b) focused between 100 and 900 cm 'with a simple linear baseline correction. Both are typical of those
taken from the synthesised compositions. Spectra quantify as the broad peaks/humps are indicative of amorphous ZrO,.

Table 1
Li concentrations, required mass of Li tert-butoxide and deionised water volume
used in final oxide of ZrO, synthesis.

Li concentration (mol %) Li tert-butoxide mass (g) Deionised water (mL)

0 - 1.13

0.1 0.0013 1.13

1 0.013 1.13

5 0.065 1.13

10 0.13 1.4

20 0.26 2

30 0.39 3

40 0.52 4

50 0.65 5

60 0.78 5

T T T
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Fig. 2. XRD spectra typical of those taken from the synthesised compositions.
Spectra quantify as the broad peaks/humps and are indicative of amor-
phous ZrO,.

is found between 100 and 900 cm™! in the literature (Ciszak et al.,
2019).

3.2. Mass spectroscopy and thermogravimetric analysis

During thermal analysis, the mass change was monitored with the
addition of mass spectroscopy to identify gas products produced from
the sample during the heating, dwell, and cooldown process (see Fig. 2).
Due to variations in sample dryness, and predictable thermogravimetric
changes as a result, the sample mass reduction continued at a steady rate
for all samples and reached equilibrium at around 450 °C. When viewing
the results of mass spectroscopy data in real time, no real changes be-
tween samples could be identified where all samples produced Hj, H50,
CO, O, and CO, when the argon environment data had been removed.
But no Li, including molecular variants, were identified indicating that

the Li was expected to have remained within the sample. To highlight
this, the maximum ion current for all mass over charge numbers was
taken for each sample throughout the heat, dwell, and cooldown pro-
cesses (Fig. 3 a).

Each ion from the mass spectrometer could be related to temperature
and time during the experiments. When considering HoO water vapour
produced from samples during the heating stage for 0 and 5 mol % Li
ZrO, samples, these showed a sudden peak in water vapour production
that also coincided with a change in morphology for the corresponding
samples, which will be discussed later. These peaks are not evident for
samples with a Li concentration of 10 mol % and above.

3.3. Simultaneous thermal analysis (STA)

Identifying the temperature associated with a change in morphology
through simultaneous thermal analysis (STA) provides an indication of
structure crystallisation from Li dopants. This is presented as a dip in
DSC (Differential Scanning Calorimetry) which is representative of an
increase of heat flow from the sample (Fig. 4 a) and an exothermic re-
action. No meaningful results were obtained from smaller concentra-
tions below 5 mol % Li which were similar to zero Li samples and were
omitted.

The results reported in Fig. 4 show a clear relationship between
lithium concentration and the stabilization of the initial amorphous
structure. An exothermic peak was observed in each sample, high-
lighting a structural transformation, and this peak tends to broaden with
increasing Li content. For the higher concentrations of Li considered
(>10 mol %), a fairly linear relationship is observed, whereas the low
concentration (0 and 5 mol %) do not follow this trend which would
indicate a non-linear relationship.

3.4. Analysis of post STA samples using XRD and Raman spectroscopy

The post heat-treatment samples were subsequently analysed using
XRD and Raman to assess the structures formed after the observed
transformation from the amorphous structures (Fig. 4).

Whilst the Raman peaks gained were of low relative intensity, there
were indications of both tetragonal and monoclinic structures when
compared to the literature (Ciszak et al., 2019). The monoclinic doublet
can be seen around the 200 cm™! area with the tetragonal peak around
280 cm !, This may indicate that the local bonding is similar to that
observed in crystalline systems as is expected from modelling results
(Rushton et al., 2019b). When comparing the peaks gained in Fig. 5 to
literature XRD peaks, tetragonal ZrO, was apparent for all samples.
However, Li doped samples exhibited the two peaks expected above and
below 30° 20 which coincide with monoclinic ZrO,. These peaks are
small in comparison to the main 30° 20 peaks so are not labelled in
Fig. 5. Whilst small peak shifts were evident, there was no trend that
could be associated with Li incorporation within the structure that could
follow a change in Li concentration. Lithium compounds that were
considered were Lij gZrOs, LizZrOs, LisZr3Og and LigZryO7, none of
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Fig. 3. a) Mass spectroscopy of maximum ion current through heat, dwell, cool down from 50 mol % Li in ZrO5 b) Mass spectroscopy of water vapour from samples.
The relative intensity of 0% and 5% Li peaks show an increase in water vapour produced between 400 and 500 °C.
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Fig. 5. A range of Li mol % concentrations in ZrO, for post STA samples in a) Raman spectroscopy with vertical dashed lines where red and labelled with a “t” is
tetragonal and blue labelled with an “m” is monoclinic ZrO, and b) XRD.
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Fig. 6. Left, STEM HAADF image shows a cluster of ZrO, powder on a membrane. The green rectangle marks where the EELS mapping was undertaken. Red square 1
and 2 correspond to the two extracted spectra shown on right. No Li edge was identified in the spectra as the expected position is marked.
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which were evident from the XRD analysis.
3.5. STEM with EELS

STEM with EELS were used to identify if Li had formed solution into
the bulk ZrO,. The structures were found to be between 10 and 20 nm in
diameter and several electron energy loss spectral images were taken in
the samples and no Li signal was detected in the ZrOy powders. An
example is shown in Fig. 6.

As discussed in the method section, when preparing the samples for
use in the STEM, they were placed in suspension in deionised water. This
was then placed onto a copper grating with carbon membrane and
allowed to dry. With the EELS results, this gave an indication that the
lithium had been dissolved within the deionised water, leaving only the
ZrO; crystals in suspension.

3.6. ICP-OES (Inductively coupled plasma optical emission spectroscopy)

As no Li containing phases were specifically identified in the XRD
analysis or STEM with EELS, the location and form of the Li required
further assessment.

The experiment was divided into two part assessing lithium in post
heat treated 50% Li doped zirconia (up to 700 °C) with the first being
conducted on the powder form (solid) and the latter being lithium doped
zirconia that had formed suspension/solution in deionised water. For
the solid sample, Li showed 3.63 mg/g with Zr showing 26.17 mg/g.
However, the solution in the deionised water found Li at 1.51 mg/1 and
only 0.29 mg/1 of Zr. This provides evidence that the lithium had formed
a solution in the deionised water where the zirconia remained in sus-
pension. The ratio of lithium to zirconium in the solid material was
therefore 1.0/7.2 whilst in suspension it was 1.0/0.2. This shows in the
digested solid there was a seven-fold higher level of zirconium than
lithium present but in the solution, there was a fivefold higher level of
lithium than zirconium present. This indicated that the lithium was
solubilised within the water portion of the suspension. To confirm that
no changes to the structure of ZrO, had taken place whilst held in sus-
pension, all samples were later placed in deionised water, filtered, and
then washed with further deionised water in filtration. The remaining
ZrO, samples were analysed by XRD, confirming that no changes in
structure, tetragonal and monoclinic ZrO,, could be identified.

4. Discussion

This work primarily set out to identify how lithium would affect
complex grain boundaries by creating a range of Li concentrations of
doped amorphous ZrO, and finding if higher lithium concentrations
would stabilise or destabilise the amorphous structure at the first
instance of morphological change. The secondary goal, from this, was to
verify if Li would or would not form a solution within bulk amorphous
ZrO,. Previous simulated work indicated that Li would have very limited
solubility (Stephens et al., 2021). During STEM with EELS experiments,
lithium was found to be absent within the samples which resulted in an
additional investigation to identify the location of lithium.

In this work, the synthesis of amorphous ZrO and 5, 10, 20, 30, 40
and 50 mol % Li doped amorphous ZrO5 were successfully created and
confirmed with both XRD and Raman spectroscopy through the char-
acteristic absence of crystal peaks. The crystallisation of each sample
was achieved noting the temperature at which this took place through
STA and showed that higher Li concentrations required higher temper-
atures to form crystals. This provided evidence of the stabilization of the
amorphous structure due to Li. The trend at which lithium stabilizes the
amorphous ZrOxyis a little less clear. This could be interpreted in one of
two ways. Above 5 mol %, the results could be considered as fairly linear
but, when omitting 10 mol % Li, the results could be considered
parabolic.

To ensure that no Li escaped the change in polymorph, during
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crystallisation, mass spectroscopy of the gases released from the samples
were monitored and showed no indication of Li loss. In samples con-
taining 5 mol % or less, water vapour was produced from the sample at
the point of crystallisation but not at higher Li concentrations. This
could be a result of Li forming an oxide/hydride or hydroxide which
would lower the availability of HyO to be released during the change in
morphology from amorphous to tetragonal ZrO,. This could also provide
evidence to suggest that the STA crystallisation temperature vs lithium
concentration at <5 mol % present a different reaction (water vapour
release) and the trend is linear above these concentrations due to the
formation of lithium hydroxides.

Post STA XRD analysis confirmed crystallisation of samples and that
they were predominantly tetragonal, with a small increase of monoclinic
ZrO3 from samples containing more than 5 mol % Li. Previous work
using a sol-gel route have shown that the change from the tetragonal to
monoclinic polymorph is temperature dependant in pure ZrO, which
should completely transform to monoclinic between 800 and 1000 °C
(Aguilar et al., 2001). This would explain the introduction of the
monoclinic phase into the samples when heated to 700 °C. Given that no
monoclinic peaks were apparent in zero and 5 mol % Li here at the same
temperatures, this would indicate that Li may be allowing stress relief
within the material, such that a proportion of the tetragonal ZrO; is
transforming to monoclinic ZrO, at lower temperatures. Whilst Li may
stabilise the amorphous structures, it may also destabilise the tetragonal
structures.

Grain size has also reportedly been between 5 and 27 nm in literature
up to 800 °C (Aguilar et al., 2001). Raman spectroscopy showed limited
results due to small crystal size that was later confirmed through STEM
which showed crystal sizes to be between 10 and 20 nm. In addition to
this, no evidence could be gained to indicate that Li formed solid solu-
tion in bulk ZrO, which confirmed previous simulation work that
showed limited solubility (Stephens et al., 2023). Samples that were
placed in deionised water resulted in the suspension of ZrO, and the
dissolution of Li from the samples. This, too, was confirmed through
STEM with EELS and, subsequently, ICP-OES which identified Li in so-
lution within the deionised water. To ensure that no changes to ZrO,
structure had taken place, samples were placed in deionised water,
filtered and then rinsed through filtration with additional deionised
water. These samples were then placed through XRD and provided no
evidence of change from the bulk ZrO, samples.

Whilst this method does not consider any stress that may occur
within grain boundaries themselves, the amorphous ZrO, provides a
good surrogate to provide an indication of potential stabilization effects
that Li may produce when incorporated into the grain boundaries.

Simulation work indicated that Li doped amorphous ZrO, may in-
crease the vacant oxygen defects found within the grain boundaries
(Stephens et al., 2023). When coupled with Li stabilization of the grain
boundaries, this may provide a route to increase oxygen flux through the
oxide and increase corrosion of the metal surface. It is possible that Li
promotes grain boundary, amorphous, growth over bulk material.
Furthermore, the amorphous phase may be able to accommodate lattice
expansion and grain rotation, so, the early stress-stabilised tetragonal
zirconia more quickly transforms to the monoclinic form. This might
promote oxide grain nucleation over growth, so does not get the pref-
erential columnar growth in the monoclinic oxide grains that are
indicative of a more protective oxide in non-accelerated water-grown
oxide films (Pecheur et al., 2000, 2009; Yankova et al., 2023). It is also
possible that Li promotes grain boundaries that are undercoordinated in
oxygen and allow a path for oxygen to “hop” to the metal surface (Owen
et al., 2021). This indicates that a high oxygen vacancy concentration
may produce a high oxygen flux through the grain boundaries. Whilst
this work offers some answers, it also provides a focus for further
questions such as the position or structure that Li might take (e.g., as a
hydroxide) in-situ or in the post heat treated structures.
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5. Conclusion

The result of this investigation indicate that lithium stabilizes the
amorphous structure as the crystallisation temperature increased with
increasing lithium concentration, producing a predominantly tetragonal
polymorph. An increase in Li also promotes the monoclinic phase to
form. During the formation of the bulk ZrOs, the Li remains within the
sample, but is not found within the crystals themselves, but outside of
the crystals. It was found that the segregated Li after crystallisation was
highly soluble in water. When combined with simulation work indi-
cating that lithium can increase vacant oxygen concentrations and in-
crease oxygen diffusion (Owen et al., 2021; Stephens et al., 2023), this
experimental work provides additional potential to understand the
accelerated corrosion of zirconium alloys in the presence of Li and opens
a range of investigative avenues that may be explored. In-situ XPS may
be used to identify the form lithium takes once segregated from grain
boundaries during crystallisation. APT might be utilized to identify the
depth of which lithium might reach into the oxide and/or if it is able to
interact with the metal/oxide interface, which may affect grain and
grain boundary growth (Li has been previously found at the M/O
interface (Garner et al., 2023)). TKD could be used to identify the
changes from columnar grain growth to equiaxial grains and, should
lithium further promote grain boundary growth, smaller equiaxial
grains.
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