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Application of Sn L3-XANES to study the oxidation state of alloying additions of tin (1-1.2 wt%) in <2 wm
oxide layers formed on nuclear grade zirconium alloy has been demonstrated. Data obtained for metallic
and corroded ZIRLO™ (1 wt% Sn) and Zircaloy-4 (1.2 wt% Sn) indicate tin has a similar chemical speciation
in both metal alloys but this differs in the oxidised surface layers. By recording XANES at various incident
angles to vary the photon penetration depth and amount of the oxide layer probed in the measurement,
the authors found evidence that the oxidation of tin progresses with increasing oxide thickness.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Zirconium alloys have been used as fuel-cladding material in
water-cooled reactors for over 50 years. Favourable properties
of zirconium in a nuclear core environment include low neutron
absorption, good mechanical properties and high corrosion resis-
tance under typical plant operating conditions; however, corrosion
performance is a factor that can limit the life of Zr-based fuel
assemblies. Despite decades of efforts, the corrosion mechanism for
zirconium and its alloys is still not well understood, which makes
prediction of long-life cladding behaviour challenging and means
that any future alloy development can only be done on an empirical
basis. Therefore, there are strong economic drivers for developing
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a physically based understanding of the aqueous corrosion process
of nuclear grade zirconium alloys.

Aqueous corrosion kinetics of zirconium alloys at high temper-
ature and pressure initially follow a parabolic to cubic growth law,
which eventually reaches a transition [1]. At transition, the protec-
tive state of the oxide breaks down and the corrosion kinetics first
accelerate but subsequently slow down in a manner similar to the
first cycle [1]. Such cyclic corrosion kinetics continue until linear
breakaway growth is observed [2]. The corrosion rate and time at
which transition occurs depends on a number of variables, includ-
ing temperature, alloy composition, material processing history,
corrosive environment and irradiation conditions [3-7].

During the initial rapid growth period of the pre-transition cor-
rosion, small, equiaxed grains form at the metal/oxide interface,
which have often been reported to have a high proportion of tetrag-
onal oxide phase, stabilized by the small grain size [8-11]. As
corrosion proceeds, the metal/oxide interface moves inwards and
the corrosion rate reduces, which is associated with an epitaxial-
type growth of oxide grains at the metal/oxide interface. It is still not
entirely clear which phase of the oxide forms predominantly at this
stage, but recent detailed grain mapping experiments have shown
very high fractions of twin grain boundaries in the columnar oxide
grains suggesting that most of the oxide at the metal/oxide interface
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started out as tetragonal phase [ 12]. Anumber of diffraction studies
have also shown that the compressive stresses in the oxide and the
tetragonal phase fraction are highest at the metal/oxide interface,
while further away from it the oxide stresses relax and the tetrago-
nal phase fraction stabilizes at a comparatively low value [7,13,14].
This suggests that, in addition to the grain size stabilized tetrag-
onal grains, stress stabilized tetragonal phase is present near the
metal/oxide interface [7,11,13]. Interestingly, alloys that contain a
higher tetragonal phase fraction close to the metal/oxide interface
are associated with accelerated corrosion kinetics [7,15]. It should
be noted that all these observations are related to out-of-pile inves-
tigations, i.e. autoclave-tested samples and not in-reactor tested
material.

A number of hypotheses have been proposed to explain the
cyclic behaviour of the corrosion kinetics. These hypotheses focus
on changes to the thickness of a barrier oxide layer and factors
impacting its protective nature, such as formation of cracks and
increased porosity in the oxide or changes in the tetragonal phase
fraction [5,16-18].

Alloying additions in the cladding are known to strongly influ-
ence its corrosion and hydrogen pick-up properties [19-21]. In
particular, tinis known to have a detrimental effect on the corrosion
behaviour of zirconium [22-24]; however, tin is added to some zir-
conium alloys, such as Zircaloy-4 and ZIRLO™, due to its favourable
material strengthening properties [22]. Other alloying additions to
Zircaloy-4, such as iron and chromium, have low solubility and are
commonly found as second phase precipitates (SPPs) within the
metal. In contrast, typical levels of tin additions in nuclear grade
zirconium alloys do not exceed the solubility limit in zirconium and
consequently tinis distributed uniformly throughout the zirconium
metal matrix in form of a substitutional solid solution strengthen-
ing element. On oxidation of the metal, tin is then also incorporated
in the oxide in a similar form [7,25]. Due to this high solubility,
tin has not been studied as extensively as other alloying elements,
which are distributed more heterogeneously.

Detailed characterisation of the stress state and tetragonal phase
fraction using high-energy synchrotron X-ray diffraction [7] on
Zr-Nb-Sn-Fe type alloys containing different levels of tin estab-
lished a strong correlation between tin content and metastable
tetragonal phase fraction. It was also shown that high initial levels
of metastable tetragonal phase fractions result in increased levels
of tetragonal to monoclinic phase transformation as corrosion pro-
ceeds causing significant damage in the oxide film in the form of
cracking. The link between tin additions and tetragonal phase frac-
tion is not immediately obvious. Apart from stress stabilisation and
grain size, it is the number of oxygen vacancies that affects tetrag-
onal phase stability [26-31]. Hence, the oxidation state of alloying
elements in the oxide film relative to Zr(IV) is expected to have
a significant impact. More specifically, any alloying element that
is evenly distributed, i.e. a substitutional element in the matrix,
and assumes an oxidation states less than (IV) is expected to stabi-
lize the tetragonal phase. Such stabilization has been demonstrated
previously through the addition of well-established sub-valent
cations to zirconium alloys, such as yttrium [32].

It is expected that the 1-1.2 wt¥% tin present in Zircaloy-4 and
ZIRLO™ occupies substitutional sites in the zirconium and ZrO,
matrices due to the similar metallic and ionic radii of tin and zirco-
nium (2-3 pm difference [33,34]). If a Zr(IV) atom is replaced by a
Sn(Il) atom, oxygen vacancies must form to balance the charge and
ensure electroneutrality of the unit cell; however, if Sn(IV) were
present in the lattice, this would not occur. Therefore, if the pres-
ence of Sn(Il) in the zirconia lattice creates a higher number of
oxygen vacancies, it is plausible that it will also act as a stabilis-
ing agent for tetragonal zirconia. Recent modelling work [35] and
Raman spectroscopy results [36,37] suggest that both Sn(Il) and
Sn(IV)appear to be present in zirconium alloy oxide films. However,

depth resolved information and quantification of these species has
not yet been possible. Further experimental evidence is therefore
needed.

In order to provide such evidence, the present work aims at
identifying the oxidation state of tin in pre-transition oxide films
grown on Zircaloy-4 and ZIRLO™ by means of X-ray absorption
near-edge structure (XANES) spectroscopy. This technique has the
advantage that it can be applied to the corroded samples without
the need for any sample preparation or separation, which might
inadvertently affect the sample’s tin speciation. To date, XANES
and extended X-ray absorption fine structure (EXAFS) have been
used to identify the state of elements associated with SPPs in zirco-
nium alloys, such as iron, chromium and niobium [20,38-41]. The
present study represents the first identification of the oxidation
state of tin in thin zirconium oxide films using XANES. Here, the Sn
L3 edge at 3.9 keV was used to assess the oxidation state of tin in
thin pre-transition oxide films grown on Zircaloy-4 and ZIRLO™
by comparing edge energies and XANES spectral features to refer-
ence specimens (Sn(0) foil, Sn''0 and Sn'V0,, as well as Zircaloy-4
and ZIRLO™ metal standard specimens). The incidence angle of the
impinging X-rays was varied in the XANES measurement to probe
the tin speciation at different depths relative to the sample surface
while samples removed after different corrosion duration provided
time-resolved information.

2. Materials and methods
2.1. Materials description and oxidation method

Zircaloy-4 (Zr-Sn-Fe-Cr) and ZIRLO™ (Zr-Sn-Nb-Fe) sheet
coupons of approximate dimensions 25 mm x 50 mm x 0.5 mm in
fully recrystallised condition were corroded in a static isothermal
autoclave operating at 360 °C in simulated pressurized water reac-
tor (PWR) primary water chemistry (Li =2 wt ppm, B= 1000 wt ppm
as LiOH and H3BOs3). Further details of the autoclave corrosion
testing are discussed in [1]. An additional ZIRLO™ sample was
corroded in air at 500°C for 1 h; this corrosion environment was
used to obtain a thin (0.5 pwm from weight gain) oxide film in a
more controlled manner than autoclave corrosion which has longer
heating and cooling rates and thus makes production of such a
thin oxide film difficult to achieve. The material compositions of
these samples are given in Table 1. A list of the samples inves-
tigated during this study are provided in Table 2 including the
exposure time and oxide thickness (determined from weight gain
assuming 1 wm=15mg/dm?2 [42]) for each sample. Images from
scanning electron microscopy (SEM) support the calculated thick-
nesses, although the air oxidized sample appeared to contain a
1 pm thick oxide on average measurements from SEM micrographs
(Fig. 1). All of the samples studied are within the first cycle of corro-
sion prior to transition, which is expected to occur when the oxide

Table 1

Chemical composition of alloys characterised in this study.
Alloy Zr Fe wt% Cr wt% Sn wt% Nb wt%
Zircaloy-4 sheet Balance 0.2 0.1 1.2 0.0
ZIRLO™ sheet Balance 0.1 0.0 0.9 0.9

Table 2
Experimental details of specimens characterised in this study.

Alloy Exposure Exposure Oxide thickness
conditions time from weight gain
(pom)
Zircaloy-4  PWR chemistry, 360°C, 19 MPa 94 days 14
ZIRLO™ PWR chemistry, 360°C, 19 MPa 94 days 1.8
ZIRLO™ Air, 500°C 1h 0.5
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Fig. 1. Micrographs showing the measured oxide thickness from SEM against that predicted from corrosion weight gain measurements.

is approximately 2 pm thick [1]. No additional preparation of the
samples was required prior to XANES analysis.

Fresh Zircaloy-4 and ZIRLO™ metal coupons, from the same
batch of material as the corroded coupons, were used to repre-
sent metallic tin standards during the experiment, assuming the
tin in these materials is non-oxidised metal. Prior to the investi-
gation, the metal coupons were cleaned using 2400 grit paper to
remove any contamination and residual surface oxide and washed
with deionized water. A metallic tin foil, and powdered SnO and
Sn0, compounds were also used as references for this experiment,
all of which were >97% purity.

2.2. XANES data acquisition

Data was acquired at the I811 beamline at MAX II Lab-
oratory, Lund University, Sweden, using a high photon flux
super-conducting multi-pole wiggler beamline [43]. Studies were
undertaken at the Sn L3 edge (3.9 keV), as core-hole lifetime broad-
ening at these lower photoelectron transition energies is much less
than at the Sn K edge at 29.2 keV (2.6 eV versus 10.5eV, respec-
tively) leading to better resolved resonant structures. X-rays from
the wiggler were monochromatised using double Si (111) crystals,
detuned 70% of the incident intensity to suppress contamination of
the beam by higher harmonic wavelengths. A helium sample envi-
ronment was used to prevent signal loss through air absorption.
Data were collected at energies —30 to +90eV around the Sn L3
edge using the step sizes listed in Table 3 and a 1s/step counting
time for each data point.

All of the zirconium alloy samples were measured in fluores-
cence mode at an angle between 12°-45° relative to the photon
beam to alter the penetration depth of the incoming beam. The
samples were rotated 90° normal to the beam direction in order to
ensure that observed XANES differences were not due to a preferred
orientation of crystallites and therefore associated with differ-
ences in X-ray penetration depth. Four scans at each angle were
acquired and merged together during data processing to improve
the signal-to-noise ratio. The pure tin compounds were measured
in transmission mode using a helium filled ionization chamber, col-

Table 3
Experimental conditions for data collection.

Energy range around L3 edge (eV) Step size (eV)

—-30to—-10 lev
—10 to +50 0.3eV
50 to +90 lev

lecting three scans each for data processing. A Sn L3 XANES of the
tin foil was recorded between each storage ring injection (every
12 h) and the first inflection of the spectrum was used to calibrate
the monochromator energy (3.9 keV).

Data were analyzed using the Athena code, part of the Demeter
software package [44].

2.3. Calculations of penetration depth

The penetration depth was calculated for an energy of 3.9 keV,
assuming the oxide formed is monoclinic ZrO, with a density of
5.84 g/cm3. Using the mass attenuation coefficients for Zr and O
(851 cm?/g and 93.2 cm?2/g respectively for an energy of 4 keV, [45])
in Eq. (1), the mass attenuation coefficient for ZrO, is determined
to be 653 cm?/g.

()R EGe o

where w; is the weight fraction of species i, i is the mass atten-
uation coefficient and p is the density. The attenuation length (x)
required for the photon beam intensity to drop to 1/e of its initial
intensity, Iy, can be obtained using Eq. (2).

=g o) 2)

The attenuation length, x, is therefore equal to 1/, calculated as
2.48 pm for an energy of 3.9 keV (assuming monoclinic ZrO,). The
oxide depth probed by the X-ray beam at different incident angles,
0 (Fig. 2), can then be calculated using basic trigonometry; these
are listed in Table 4.

Photon beam

o
1
1
~ 1
1
1
1
v

Oxide depth

Fig.2. Schematicindicating Photon beam incidence angle () and penetration depth
(x) for calculating the oxide depth analysed by XANES.
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Table 4
X-ray beam incident angle, 6, beam attenuation length, x, and associated oxide
penetration depth probed.

Angle (°) Oxide probe depth (um)
12 0.5
30 1.3
45 1.8
3. Results

3.1. Comparison of oxide films with standard compounds

Fig. 3 compares the Sn L3 edge spectra of the Zircaloy-4 metal,
the Zircaloy-4 oxide and the reference spectra (i.e. Sn, SnO, Sn0O;).
A clear difference between the Zircaloy-4 metal and the Zircaloy-4
oxide spectra is observed, indicating tin is in a different chemical
environment when the oxide film is formed. The onset of the rising
absorption edge is at a lower energy for the Zircaloy-4 metal com-
pared to the Zircaloy-4 oxide. Furthermore, the Zircaloy-4 oxide
spectra resonant features are different than the Sn, SnO and SnO,
reference spectra. It is well established that the 1-1.2 wt% tin in the
alloys studied occupies substitutional sites in the zirconium and
zirconia matrices due to the similar metallic and ionic radii of tin
and zirconium [33,34]. Therefore, the structural environment of tin
in zirconium alloys and oxide layers will be significantly different
to that for pure tin and in bulk tin oxides. This explains the spectral
differences between samples and references observed. Note that
the oxidised layer has a Sn L3 XANES signature that is similar to the
‘amorphous’ SnO, reported in Jiménez et al. [46]. which contained
a mixture of amorphous SnO, nanoparticles, SnO and Sn(0).

Comparison of Zircaloy-4 and ZIRLO™ metal XANES spectra in
Fig. 4 reveals no significant differences between them. The spectra
recorded for the oxide films for these two alloys, grown to similar
thickness (Fig. 5a and Fig. Ga, respectively) also appear similar. We
may therefore conclude that the speciation or chemical and struc-
tural environment of tin is similar in both alloys and their corroded
oxide layers despite the different alloying elements of Nb (ZIRLO™)
and Cr (Zircaloy-4) present in these alloys.

While the metallic tin XANES is relatively featureless in the
region of the rising edge, the SnO and SnO, XANES exhibit sharp
features, which are more pronounced for the latter. Both also have
a defined maximum absorption peak, but at different energy posi-
tions, 3953 eV and 3960 eV for SnO and SnO, respectively (Table 5).
Similar features are also observed for the zirconium alloy materials
but with a slightly shifted energy. This indicates a different local
environment of tin in each of these alloys. Additionally, subtle fea-
tures in the near edge region (beyond 3960 eV) are also different,
which would not be the case if tin was in an environment identical
to that in the metallic and oxide compounds.

3.2. Depth profiling results

Fig. 5a shows XANES spectra for different penetration depths
of the oxide film formed on Zircaloy-4, i.e. by varying 0. The reso-
nant features (pre-edge at ~3930eV, feature on the rising edge at
~3944 eV and the main absorption maximum at ~3956eV) in all
spectra appear similar, indicating that tin is in a similar coordina-
tion environment throughout the oxide film thickness. However,
there appears to be a shift in the edge position to higher energy for
spectra recorded at a shallow incident angle such that the X-rays
penetrate only the outer part of the oxide film.

This observed shift in the edge position was quantified by com-
parison to the oxidation state of tin in the pure tin metal and oxide
reference compounds. The results are shown in Fig. 5b, where the
tin oxidation state energy is plotted as a function of ionisation
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Fig. 3. Sn L3 edge XANES spectra of tin standards (Sn°, Sn"0, Sn'V0,), Zircaloy-4
oxide (1.4 wm, measured at an incidence angle of 30°) and Zircaloy-4 metal. Spectra
are shifted on the y-axis for clarity.
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Fig.4. SnL; edge XANES spectra of Zircaloy-4 (black) and ZIRLO™ (red) metals. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.).

Table 5
Energy of the first three features observed in the edge and near-edge region of
Zircaloy-4 metal and oxide films and reference spectra (SnO, SnO;).

Material Energy (eV)

Feature 1 Feature 2 Feature 3
Zircaloy-4 metal 3931.17 3938.42 3946.79
Zircaloy-4 oxide (1.4 um) 3930.64 3944.20 3956.04
SnO 3931.08 3941.96 3953.63
SnO; 3931.25 3940.28 3960.70

energy, Eg. The value of Eg in each spectra was defined as the energy
at half the normalised height of the edge. The trend of increasing E
with increasing tin oxidation state for the Sn%, Sn"0, Sn'VO, refer-
ence spectra is determined via linear regression and is seen plotted
as a straight line in Fig. 5b. The ionisation energy measured for tin
in the Zircaloy-4 metal, assumed to be Sn(0), is shifted about 4 eV to
higher energy compared to the tin metal foil. This is likely because
of the unique coordination environment of tin in Zircaloy-4, which
is known to sit in substitutional zirconium lattice sites in the metal
alloy with hexagonal close-packed structure instead of rhombohe-
dral for Sn(0) [34]. The ionisation energy values for XANES probed
at different depths of the Zircaloy-4 oxide layer are plotted along
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Fig. 5. a) Sn L3 XANES spectra recorded at varying 6 to probe different depths of a
1.4 wm oxide film formed on Zircaloy-4 and b) E, positions for the spectra obtained
at different oxide depths (closed symbols) with those for the Sn references (open
symbols).

the same trend as the reference, but shifted on the x-intercept to
account for the observed shift between Zircaloy-4 metal and the
Sn(0) foil. The result indicates that the oxide layer likely contains
Sn(II) and Sn(IV) and that the average oxidation state of the outer-
most Zircaloy-4 oxide layer contains the highest amount of Sn(IV).

Fig. 6 depicts the Sn L3 XANES and ionisation energies recorded
for different depths (i.e. incident angles or distances within the
metal/oxide interface) of ZIRLO™ oxides. The measurements in
this case included an additional sample with an oxide thickness of
0.5 pm from weight gain. This allows two comparisons to be made:

1. The tin is in a higher oxidation state (on average) in the outer
0.5 wm of the ZIRLO™ sample compared to the average across
the entire oxide thickness (1.8 um). These results are consistent
with findings from Zircaloy-4 oxide.

2. Comparing the thin 0.5um film with the outer 0.5um of a
thicker oxide film (bearing in mind zirconium corrosion occurs at
the metal/oxide interface, whereby new oxide is formed [47,48])
shows the gradual oxidation of tin from a lower oxidation state
in the thin film (new oxide) to higher in the outer (aged) oxide.
This supports the gradual oxidation of tin, which is slower than
zirconium.
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Fig. 6. a) Sn L; XANES spectra for a 1.8 pm oxide film formed on ZIRLO™ probed
at two different depths, compared to a 0.5 wm oxide film ZIRLO™ sample; b) Eo
positions for the spectra obtained at different oxide depths (closed symbols) with
those for the Sn references (open symbols).

Similar to Zircaloy-4, the spectra and the ionisation energy
position plots for ZIRLO™ clearly show a shift to higher Ey with
decreasing penetration depth of the photon beam. Hence, mea-
surements of both alloys indicate the outer oxide contains tin in
a higher oxidation state than the average oxidation state of the
entire oxide. The 0.5 pwm thick sample shows the lowest Eg value of
the oxide layer measurements indicating newly formed oxide has a
lower average oxidation state, assumed to be due to the formation
of Sn(Il) on initial incorporation of Sn(0) from the metal into the
oxide film.

4. Discussion

The authors observed that the Sn L3 Eq position shifts to higher
energy when using a shallower glancing angle to probe the oxide
film, i.e. when only the outer part of the oxidised film is probed,
compared to the entire oxide thickness. Zirconium oxidation pro-
ceeds via inward diffusion of oxygen ion forming fresh oxide at the
metal/oxide interface [47,48]. This indicates that the outer ‘aged’
oxide layer has a higher average oxidation state than newly formed
oxide adjacent to the metal/oxide interface. Our results show that
tin in the Zircaloy-4 and ZIRLO™ oxides has an average oxidation
state between Sn(Il) and Sn(IV), with the average oxidation state
lowest for measurements probing the entire oxide film, i.e. includ-
ing data from near the metal/oxide interface, and highest when
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probing only the outer 0.5 wm of oxide. The positive shift in Eg
from entire oxide film to outer-layer indicates a decrease in the
Sn(I1)/Sn(IV) ratio with oxide growth.

The authors interpret these results as an indication that Sn(0) in
the metal first tends to oxidise to Sn(Il) in the newly formed oxide
film. As the oxide forms, subsequent inward displacement of the
metal/oxide interface occurs with continued oxide layer growth.
As the interface continues to move inwards and the oxide layer
thickens, Sn(II) becomes oxidised to a higher Sn(IV) oxidation state
as it moves further from the metal/oxide interface. This is supported
by the observation that the Sn(II)/Sn(IV) ratio is higher in a thin
0.5 pm thick oxide than the outer 0.5 pm of thicker oxide sample
(>1.4 pm). In other words, our observed trend of increasing Sn L3
Eo energies with increasing probed Zircaloy-4 and ZIRLO™ oxide
layer depth indicate oxidation from Sn(0) (metal), to Sn(II) (newly
formed oxide), to Sn(IV) (‘aged’ oxide).

The relevance of these findings is important for the wider
research community in relation to the degradation of the protec-
tive nature of the oxide film, which is thought to be responsible
for the enhanced corrosion kinetics observed in the presence of tin.
The presence of Sn(II) will affect the number of oxygen vacancies
in the ZrO, matrix and is likely to assist in stabilising tetragonal
Zr0,. The presence of oxygen vacancies might also assist transport
of oxygen ions through the oxide film [49] if oxygen diffusion is the
rate limiting step for zirconium corrosion as reported in [50,51].
Further, when Sn(lII) oxidises to Sn(IV) it will loose its ability to sta-
bilise tetragonal ZrO, and therefore will transform to monoclinic
ZrO,. This is an important point since the tetragonal to mono-
clinic phase transformation in thin ZrO, films has been previously
associated with a reduction of compressive stresses in the ageing
oxide as the metal/oxide interface moves inwards [7,52,53]. It is
this phase transformation that is likely to result in crack forma-
tion in the oxide film due to the associated transformation strain
and change in volume of oxide. While a significant stress gradi-
ent in microns thick oxide films is difficult to justify, the further
oxidation of Sn(II) to Sn(IV) relatively near the metal/oxide inter-
face provides a good reason for the early tetragonal to monoclinic
phase transformation as observed in [7]. Again, these cracks may
create pathways to allow oxidising media to advance closer to the
metal/oxide interface, reducing the diffusion pathway for oxygen
ion diffusion.

Due to the angles used and the undulating interface formed
during zirconium alloy corrosion, it is possible that some tin from
the underlying metal could contribute to the fluorescence signal in
these measurements. However, any contribution from the metal is
likely to be small, as the 0 angles used were selected to probe just
the entire oxide thickness in an attempt to eliminate signal from the
underlying metal. Our results corroborate suggested mechanisms
discussed in the literature from modelling studies [35], which pro-
pose that Sn(II) initially forms at the metal/oxide interface when
tin is incorporated into the newly formed oxide film.

Attempts were undertaken to quantify the phase fractions of
Sn(II) and Sn(IV) in the oxide film, initially via a linear combination
fitting procedure using the tin standards. As the Sn L3 XANES of
the oxidised layers were similar to the mixture of amorphous SnO,
nanoparticles, Sn(0) and SnO reported in [46], the authors thought
this was promising. However, such a simple fitting procedure was
not successful and more complex simulations are required. While
tin is often referred to as sitting uniformly in the zirconium matrix,
recent atom probe tomography [25] has shown tin appears uni-
formly across most parts of the oxide thickness but also forms
cluster species, which are observed to form randomly at isolated
locations within the oxide film. Thus successful fits to the data
for tin in the oxide film will likely require better matched refer-
ence spectra, including XANES for both isolated tin atoms in the

(distorted) zirconium oxide lattice of varying oxidation state and
tin in multi-nuclear tin clusters.

5. Conclusions

This paper describes the first use of XANES to characterise the
oxidation state of alloying additions of tin (1-1.2 wt%) in thin oxide
layers formed on nuclear grade zirconium alloys. The main conclu-
sions drawn from this work are:

1. The chemical environment of tin in oxide films formed on
ZIRLO™ and Zircaloy-4 is similar, despite the addition of Nb in
ZIRLO™ and Cr in Zircaloy-4.

2. The chemical environment of tin in the oxide layer is different
to that in the pure tin metal and in the zirconium alloy metal.

3. Depthresolved spectraindicate the average oxidation state of tin
at the metal/oxide interface is lower than in the outer 0.5 wm of
oxide, suggesting a gradual oxidation process as the oxide layer
thickens.

4. The above s further confirmed by the lower average tin oxidation
state for a freshly formed 0.5 wm oxide film compared to that in
the outer 0.5 pwm of a thicker 1.8 pm oxide.

5. Comparing Eq values for the different measurements indicates
tin may be initially oxidised to Sn(II) and then becomes oxidised
to Sn(IV) as the oxide layer grows thicker and the tin in the outer
oxide is aged. This is in agreement with literature modelling data
and may contribute to tin’s ability to stabilise tetragonal oxide
phase near the metal/oxide interface.
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