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Abstract

Oxide growth and hydrogen pickup have been measured for Zircaloy-4 in environments of different
pH. The metal-oxide interface has been studied at high-resolution over sufficient lengths to show
meaningful trends in the behaviour of the ZrO and oxygen-saturated metal layers (suboxides). It was
found that suboxide width decreases rapidly at transition, then increases more slowly. The suboxide
width is a constant proportion of the dioxide width prior to transition, but drops then increases after

transition. Density functional theory was used to predict suboxide stability under different pressures.

The behaviour of the suboxide can be explained on the assumption that the dioxide layer is the

protective layer until it is bypassed by the environment percolating into the crack network.

The relation between hydrogen pickup rate and the oxide behaviour suggests that hydrogen moves
across the Zircaloy-4 oxide with no net charge, and that the role of the constrained environment

within the cracked fossil oxide requires investigation.
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Highlights
1. Metal-oxide interface has been characterized analytically with nm-resolution over tens of microns.
2. Suboxide width decreases rapidly at transition, then increases more slowly.

3. Zirconium dioxide remains protective until it is bypassed by the environment percolating into the

crack network.

4. Hydrogen appears to move across the Zircaloy-4 oxide with no net charge.



1. Introduction

Zirconium alloys are used for structural components in the fuel assemblies of water-cooled nuclear
reactors due to their neutron transparency and their ability to withstand corrosion at high
temperatures and maintain integrity under irradiation [1]. The precise alloy compositions and their
processing routes have been modified continuously since their introduction in the late 1940s to
reduce further their corrosion rates in primary water, to minimise the associated pickup of hydrogen
and to reduce radiation-induced dimensional changes [2] [3] [4]. Oxidation and hydrogen pickup
have been found to be complex processes so, although mechanistic understanding would help to
focus alloy development and aid in the prediction of operational behaviour, developing that
understanding has been slow. In recent years, detailed information from a variety of modern
analytical and modelling techniques has improved the characterisation of the oxidation process,
assisting the development of this mechanistic understanding. This work uses electron energy loss
spectroscopy within a scanning transmission electron microscope (STEM/EELS) to characterise the
progressive changes at the metal-oxide interface as a function of oxide thickness and oxidising
environment in Zircaloy-4 and employs density functional theory (DFT) calculations to help interpret
the observations. The trends observed support the development of an explanation of the cyclic
nature of Zircaloy corrosion. The relation between the oxide, the interfacial region and hydrogen

absorption in the samples also provides insight into the mechanism of hydrogen pickup.

1.1 Oxidation Of Zr Alloys

The oxidation of Zr and its alloys is a cyclic process. The initial oxidation rate follows a power law
dependence on time (thickness=At"; A, n=constants, t=time), with an exponent, n, between 0.25-0.5
depending on the alloy, temperature and environment. For Zircaloy-2 and Zircaloy-4 in Light Water
Reactor (LWR) coolants at operational temperatures, n is around 0.3 [5] [6] [7]. In this initial regime,
the oxide appears generally protective. After a certain thickness (2-2.5um in Zircaloys), the oxide
becomes unprotective, the oxidation rate increases rapidly and a new period of power law growth
initiates. The transition to higher growth rates does not happen at precisely the same time over the
entire surface, and takes days or even weeks to complete. As the numbers of transitions between
cycles increases, different parts of the surface fall further out of phase with each other and the
overall oxidation rate appears linear [8]. At longer times still, the linear rate accelerates

(“breakaway”).

Many aspects of the oxide structure cycle with the growth rate. In the early part of each cycle (rapid

growth), the oxide grains tend to be smaller and equiaxed, there is a higher fraction of tetragonal



Zr03, much fine intergranular cracking, and a flat metal-oxide interface [5] [9] [10]. In the mid-part
of the cycle, the oxide grains tend to be columnar, the metal-oxide interface develops undulations,
and in-plane cracks, running across several oxide grains, form behind delays in the oxidation front [5]
[7] [11] [12]. At the end of the cycle, the in-plane cracks have formed interconnected rafts close to
the metal-oxide interface [13], which can fill with water when they link to the surface via through-
plane cracks [6] [14], even if these are widely-separated [15]. With the environment brought close
to the interface again, the oxidation rate can increase. The faster growth rate can explain why the
oxide grain size diminishes again at the beginning of the new cycle; the smaller grain size can explain
the increase in tetragonal content, but the flattening of the metal-oxide interface at transition [13]
[16] [17] is less easily explained. It is the flattening of the interface which suppresses in-plane crack
formation after transition, giving the oxide its characteristic layered appearance in the optical and
scanning electron microscope. The absence of these cracks also suppresses stress-relief, allowing
the compressive stresses in the oxide to increase after transition [18]. It is within this, general, cyclic

framework that the detailed mechanism must be understood.

At the atomic level, the oxidation of Zr and its alloys occurs via the inward diffusion of oxygen, with
the matrix progressing towards the stable monoclinic ZrO; phase in stages. At low levels of oxygen,
the O atoms distribute randomly on octahedral interstitial sites inducing expansions in both the c
and a axes; once the O concentration approaches 25at.%, the O atoms begin to order, with a fully
ordered distribution associated with the composition Zr;0 and a decrease in the a axis. Additional O
atoms are then distributed randomly up to a solubility limit of 28.6 at.% [19]. In room temperature
exposures to low partial pressures of O,, Zr takes on progressively higher oxidation states (Zr*, Zr?*,
Zr¥*, Zr*) with increasing O above the Zr solubility limit [20] [21]. In high temperature water (pure
water or water with additions characteristic of operational LWRs), observations have been made of
Zrs0 in Zircaloy-4, ZIRLO and Zr-2.5Nb using atom probe tomography (APT) [22] [23], selected area
diffraction (SAD) in the transmission electron microscope (TEM) [24] and synchrotron X-ray
diffraction (SXRD) [9]; and of ZrO (both sub-stoichiometric and super-stoichiometric) in Zircaloy-4,
ZIRLO, Zr and Zr-0.4Fe-0.2Cr using APT [22] [23] [25] [24], in ZIRLO and Zr-1Nb using Electron Energy
Loss Spectroscopy in association with scanning TEM (STEM/EELS) [26] [27] or Transmission Kikuchi
Diffraction (TKD) [28], and with TEM/EELS [24]. Zr;0 has also been observed at higher temperatures
in a range of materials and environments [29] [30] [31]. The widespread nature of these
observations indicates that the oxidation of Zr alloys at elevated temperature also proceeds via a

sequence of oxidation states, even though the Zr* and Zr** states are no longer readily found.

When the same material is observed after different exposure times, it appears probable that the

lower stoichiometry oxides thicken up to transition. The lower stoichiometry oxides are, however,



of variable thickness along the oxidation front, so it is difficult to show the development of the
suboxide region as a function of overall oxide thickness, alloy composition or environment without
an intensive investigation covering reasonable lengths of the oxidation front and multiple oxidation
times [27] while preserving nm analytical resolution. This paper presents such a study on Zircaloy-4
exposed to two different oxidation environments. The first environment is pure water at 360°C and
the second is replica PWR water with KOH added to increase the environmental pH (i.e. reduce the
proton availability in the environment) and, hence, to reduce the hydrogen pickup rate [32] in order
to observe any correlations between the substrate oxidation process and hydrogen pickup. KOH was
chosen to modify the pH rather than increasing the LiOH content as KOH has been found to affect
the oxidation process less than LiOH [33]. The pure water testing was part of a broader programme,

MUZIC 2, which focused on the mechanisms controlling oxidation and H pickup in Zr alloys [34, 27].

The pH itself has been reported to have no effect on the oxidation rate, unless it is extremely low or
extremely high (below 1 or above 13) [6]. It does, however, affect the hydrogen pickup fraction as
described in an interim report on this project [32]. Using the two different environments is intended

to clarify whether the suboxide interacts with the hydrogen pickup process.

2. Experimental

Zircaloy-4 sheet (Zr-1.31Sn-0.20Fe-0.11Cr-0.130 % by weight, 9 wt. ppm H) was provided by
Westinghouse. Corrosion coupons 25 mm x 70 mm x 0.5 mm were exposed in a static autoclave at
Amec Foster Wheeler (now Wood plc). The corrosion environment was 50% heavy water, containing
2 wt. ppm Li, 95 wt. ppm wt. K and 1050 wt. ppm B at 350°C (pHsso = 8.82). The autoclave was
emptied and refreshed and the samples weighed every 5-30 days. The weight gains were compared
to those of samples exposed to pure water at 360°C (pHss0=6.15) by Westinghouse Electric
Company. The weight gains were converted to average oxide thicknesses using a conversion factor

of 15pg/dm?=1pum [5].

The hydrogen content of the samples was monitored using the total counts associated with
hydrogen and deuterium when 10mm x 10mm x 0.5mm samples were heated to 800°C in a Hiden
Analytical TPD (Thermal Programmed Desorption) workstation. The oxides were not removed prior
to TPD analysis. The counts were normalised to wt. ppm using calibrated measurements provided by
the Paul Scherrer Institute and Westinghouse performed with Hydrogen Hot Gas Extraction on a

selection of samples [35].

Samples were prepared for STEM/EELS with the focussed ion beam miller (FIB) in-situ lift-out
method [36] [37] [38] using a FEI FIB200 for initial lift-out and a Zeiss NVision FIB-SEM or a Zeiss



Crossbeam 540 for thinning to electron transparency. STEM and EELS were carried out on a cold
field emission source JEOL ARM-200F, with an acceleration voltage of 200kV. High-angle annular
dark field (HAADF) images were obtained with two JEOL ADF detectors (located before the viewing
screen) and a Gatan ADF (located just before the EELS spectrometer). EELS data were acquired with
a Gatan Quantum GIF spectrometer, using dispersions of 0.25 and 0.05eV/channel. The convergence

and collection half-angles were 31 and 41 mrad, respectively.

A set of reference low-loss EELS spectra were produced by identifying features of interest in the
metal and oxides and acquiring spectra from pixels within those features. The features of interest
are identified in Figure 1. They were the Zr metal, zirconia (ZrO,), ZrO, an oxygen-saturated
zirconium (OSZ) region, zirconium hydrides, and second phase particles (SPPs). (The red box shows
the location at which the illustrated reference spectrum for zirconia was acquired.) All the reference
spectra are shown in Figure 2. Spectrum images (Sls) were acquired at the metal-oxide interface and
the spectrum at each pixel was fitted to a combination of the reference spectra using the Multiple
Linear Least-Squares (MLLS) technique [39, 40]. This enabled nm-resolution phase mapping of the
distribution of the different components around the oxide-metal (OM) interface, as shown in Figure
3 to be performed in around ~5 mins. MLLS was carried using the analysis software Digital
Micrograph (DM) made by Gatan Inc. It should be noted that the reference spectra used for the
MLLS fitting do not always fully reproduce the experimental spectrum. In particular, bad
reconstructions appear near cracks due to changes in plasmon shapes near surfaces and some
components appear with positive signal in regions where they are not expected. Nevertheless, the
trends and phases are clearly identified and the required phase thickness measurements achieved

successfully.
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Figure 1 — HAADF image showing the oxide-metal interface region on sample exposed to pH3s50=8.82 for 91 days (1.83um).
The numbers indicate the location of the extracted reference spectra in Figure 2. The labelled regions are: 1 — Metal, 2 -
Hydride, 3 — SPP (one in the oxide and one in the metal), 4 — Oxygen Saturated Zirconium (0SZ), 5 — ZrO, 6 — Oxide. The box
shows the size of the area used to extract the reference spectra (~100x100nm)
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Figure 2 — EELS spectra showing the plasmon peaks for the different regions labelled in Figure 1.

o — \\ ,f;b.-\\
Hydrides
N N

Figure 3 — MLLS fit for the 6 regions in Figure 1 From top to bottom: Metal, Hydrides, SPPs, OSZ, ZrO, and Oxide. Lighter
areas show the strongest match to the input spectrum.



The thicknesses of the OSZ and ZrO regions were computed from their respective phase maps after
segmentation with Mercury Software’s Avizo. An example of the segmented binary image for the
0OSZ map in Figure 3 is shown in Figure 4. The phase thickness was calculated by projecting the
segmented map vertically (along the oxide growth direction), turning it into a 1D image where every
pixel has a value equal to the phase thickness at that point. Representative means and standard

deviations were then derived for the OSZ and ZrO layers in each sample.

Figure 4 — Segmented OSZ map (now a binary image)

3. Calculations

The effect of stress on the relative stabilities of ZrO,, ZrO and Zr;O was examined using first
principles calculations. Pseudopotential density functional theory (DFT) code CASTEP [41] was used
to calculate the formation enthalpies of the three phases at hydrostatic pressures between -3 and +3
GPa. (Note: we have used the engineering convention in which a compressive stress, sometimes
viewed as a positive external pressure, is defined as a negative hydrostatic stress.) Calculations were
carried out with ultrasoft pseudopotentials and a PBE exchange correlation potential. An energy
cut-off of 490eV and k-point sampling of at least 27t x 0.03 A was used for all calculations. For each

pressure the structure was optimised until the forces on each atom were less than 1x102 eV/A.

A convex hull was constructed at each pressure and the position of the ZrO phase with respect to
the line joining ZrO, and ZrO; was used as an indication of the stability of the ZrO (i.e. if the
formation enthalpy of the ZrO phase falls below the line joining the ZrO, and Zr;0 phases, then ZrO

is considered stable).

4. Results.

Figure 5 shows the oxide growth computed from the weight gain data. For both environments, the
oxide thickness at transition is approximately 2.2 um. Transition progresses across the samples over
a period centred around 100 days in pure water at 360°C and around 130 days elevated pH and
350°C.
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Figure 5 - Comparison of samples oxidized in pure water at 360°C vs samples oxidized in elevated pH at 350°C.

Figure 6 and Figure 7 show the OSZ and ZrO phase maps at the OM interface of a sample exposed for
15 days in the high pH environment (average oxide thickness = 0.96 um). The OSZ is a continuous
layer of varying thickness: In the upper images of the montage, the OSZ is thicker on facets of the
interface which run from upper right to lower left; in the lower images, it appears thicker in the
delays in the oxidation front than at the protuberances. The ZrO is discontinuous and, in some
locations, shows a saw tooth morphology. It is equally likely to appear when the OSZ is thick or thin.
Cracks in the oxide (ZrO,) image with a bright rim in the OSZ map due to the edge effects mentioned
in Section 2, but are not included in the assessment of OSZ thickness. The cracks are generally dark

in the ZrO map. The dark elongated features in the metal substrate in the OSZ map are hydrides.




Figure 6 - OSZ map at OM interface in a sample exposed 15 days to high pH water (oxide thickness = 0.96 um)

Figure 7 - ZrO map in region shown in Figure 6.

Figure 8 and Figure 9 show the OSZ and ZrO maps from the OM interface of a sample exposed 27
days in the high pH environment (average oxide thickness = 1.14 um). There is no systematic
variation of the OSZ thickness with protrusions / delays or local orientation along this interface. The
ZrO is more continuous in this sample and exhibits the saw-tooth morphology throughout. More
than one substrate grain is present in this montage, as evidenced by the changes in the hydride and
saw-tooth orientations. In both grains the saw tooth axis is approximately normal to the hydride

long axis.

Figure 8 - 0SZ map at OM interface in a sample exposed 27 days to high-pH water.



Figure 9 - ZrO map in region shown in Figure 8 .

The OSZ and ZrO maps at the OM interface of a sample exposed for a 62 days at high pH (average
oxide thickness = 1.47 um) are shown in Figure 10. There are a few large cracks in the oxide near
delays in the oxidation front, with both the OSZ and ZrO being thicker within these delays. The ZrO
is again serrated and aligned normal to the hydride direction. A patch of ZrO which appears to be
surrounded by oxide (ZrO;) and separated from the main ZrO and OSZ regions is marked with an

arrow in Figure 10.

Figure 10 — (Top) OSZ map at OM interface in a sample exposed 62 days to high-pH water. (Bottom) ZrO map. The white
arrow indicates a region of ZrO separated from the rest of the ZrO + OSZ region.

The OSZ and ZrO maps from the sample exposed 123 days to high pH (average oxide thickness =

2.06um) are shown in Figure 11. Some parts of the 123 day sample in this environment will have



gone through transition, but the crack distribution suggests that the region shown here has not. The

ZrO layer here is much more continuous than in the previous maps.

Figure 11 — (Top) OSZ map at OM interface of sample exposed 123 days in high-pH water. (Bottom) ZrO map.

Figure 12 shows maps from the post-transition 148 days high pH sample (average oxide thickness =

2.92um). There is very little ZrO at this stage of oxidation.

Figure 12 — (Top) OSZ maps at OM interface of sample exposed 148 days to high-pH water. (Bottom) ZrO map



Maps from a 211 days high pH sample (average thickness = 3.88um) are shown in Figure 13. Both
layers have thickened and there are continuous regions in the ZrO. The white region in the metal in

the right-hand image of Figure 13 is an SPP.

Figure 13 — (Top) OSZ maps at OM interface of sample exposed 211 days to high-pH water. (Bottom) ZrO maps

Figure 6 - Figure 13 show that the forward front of the OSZ appears smooth even when the ZrO
behind it is very serrated and, hence, the OSZ width is very variable. Adding the OSZ and ZrO
thicknesses shows the penetration of the OSZ front from the oxide into the metal. This total region

will be referred to as the suboxide layer from now on.

Plots of the suboxide (ZrO+0SZ) layer as a function of oxide thickness are shown in Figure 14 for
samples exposed in both pure water at 360°C and high pH water at 350°C. In Figure 14, the effect of
the difference in temperature has been scoped by showing both the raw pure water data and the
pure water data scaled by the ratio of the oxygen diffusion rates at 350°C and 360°C. The trends are
not affected by the scaling. In both environments, the suboxide layer thickens towards transition
and thins at transition. Both the OSZ and ZrO thicknesses fall considerably around transition. In both

the first and second oxidation cycle, no ZrO was observed during the first micron of oxide growth.
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Figure 14 - Variation in the thicknesses of the OSZ + ZrO regions during oxidation in high pH water at 360°C and in pure
water at 350°C. The error bars are the standard deviation of the data.

Figure 15 plots the thickness of the OSZ, ZrO and total suboxide layers as a function of the dioxide
(Zr0,) thickness and oxidation time. The high pH data show that the mean thicknesses of the ZrO,
0OSZ or (0SZ+Zr0O) layers are each constant fractions of the ZrO, thickness throughout the pre-
transition region (regardless of the instantaneous oxidation rate). Although the data for the pure
water samples are more sparse and more scattered, the same may well hold in the second

environment.
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Figure 15 — Different intermediate layers as proportions of oxide thickness. (a) Ratio of ZrO and OSZ to ZrO, thickness in
high pH. (b) Ratio of ZrO+0SZ to ZrO,

The hydrogen contents of the samples (including all isotopes) are shown in Figure 16. There is an
initial small increase in the hydrogen content after the samples are put into the autoclave. The
hydrogen content then remains roughly constant until near the end of the first cycle, whereupon it
begins to increase further. It is not clear from these data alone whether the hydrogen content levels
off during the second cycle or increases continuously. In the light of the literature [42, 43], it is
probable that the H content does not level off, but any increase is very slow in the high pH

environment. The pH of the environment does not affect the hydrogen pickup in the first cycle but,



in the second cycle, around 5 times more hydrogen is picked up from the lower pH (high proton

concentration) environment over a given increment in oxide thickness.
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Figure 16. Comparison of hydrogen content (H,) for samples oxidised in pure water and the combined H; + DH + D, for
samples oxidised in a high pH (50% deuterated), against oxide thickness

The modelling of the stability of the OSZ and ZrO phases vs. applied stress revealed that a
compressive stress stabilised the ZrO phase. The formation enthalpy for all the phases became less
negative as the compressive stress was increased, but the effect of stress was most pronounced on
Zr0,, followed by ZrO and ZrsO (Figure 17). In consequence, the formation enthalpy for ZrO moved
further below the convex hull (situation for 0GPa shown in Figure 18). In contrast, tension tended to
destabilise ZrO (decreased the distance below the convex hull). Zr;0 and ZrO were, however, found
to be thermodynamically stable at all pressures considered (-3 to 3 GPa pressure). All three phases
are anisotropic, but it was found that applying different stresses/strains in different directions had
little effect on the stability of the phases meaning that no dependency of stability on orientation was
found by considering the stress alone. It should be noted that these calculations are for bulk
materials, which might limit their applicability on the constrained thin layers that are relevant for the

alloys considered in this study.
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Figure 18. Convex hull for 0 GPa and the position of the formation enthalpy of ZrO

5. Discussion
5.1 Phase Thicknesses And Oxide Cycling

This study of the interface region has shown the detailed development of the suboxide over two
oxidation cycles. The information can be used to clarify the significance of the suboxide at different
stages in the oxidation process. It is clear that the OSZ and the mean thickness of the ZrO region
both increase as the oxide thickens. This thickening of the OSZ and ZrO could relate to either the
increase in dioxide thickness or the decrease in the instantaneous oxidation rate towards each

transition.



Figure 15 shows that the ratio of the mean suboxide width to the mean dioxide thickness is a
constant prior to transition, regardless of dioxide thickness. This indicates that the time dependence
must be the same for the forward movements of both the mean suboxide: metal interface and the
mean dioxide : suboxide interface i. e. if growth is described by a power law dependence on time,
thickness=A*time", where A=constant, the exponent, n must be the same for each interface (ng,, =
Nzro,)- Since the suboxide : metal interface moves faster than the dioxide : suboxide interface, its
movement can be described with a higher value of the coefficient A (As,, > Azrp,). (Note, these
are merely empirical descriptions of the movements of the two oxidation fronts; it may be that,
mechanistically, both should be described with logarithmic or some other functional dependences.)
With the same value of n for both interfaces, but differing values of A, the widening of the ZrO and
0OSZ layers towards transition is a natural consequence of the extended oxidation time. Since
widening would be observed regardless of whether n was greater or less than unity, the widening of
the ZrO and OSZ layers does not appear to be a consequence of the reduction in the instantaneous

growth rate of the dioxide with time.

In detail, there are variations about the mean rate of movement for both the suboxide to metal
interface and the dioxide to suboxide interface: The dioxide shows grain-to-grain variations in
thickness and shorter-scale undulations; in many places, the OSZ appears thicker within the delays in
the ZrO; front than ahead of the protuberances; the ZrO begins in a discontinuous fashion with
individual grains along the oxidation front, (in agreement with [22] [28] [28] [44]) which grow and
link to form a more continuous layer prior to transition. These ZrO grains exhibit an orientation
effect in that they have the saw-tooth appearance characteristic of Widmanstatten precipitation,
tend to be larger on one side of a protuberance than another and align with respect to the hydrides
in the metal substrate. The saw-teeth rarely form at the ends of the protuberances. As a result, the

mean ZrO content is also greater in the delays.



The frequently greater thickness of the suboxide layer (OSZ + ZrO) within the delays in the oxidation
front could reflect the local stress redistributions around the interfacial undulations, a relation
between the suboxide thickness and cracks in the dioxide layer or an observational bias. Considering
first the stress effects, while the interface is flat the oxide is uniformly in in-plane biaxial
compression and the underlying metal very slightly in tension, but the metal within the delays
becomes more triaxially tensile as the undulations increase in amplitude [45] (i.e. the hydrostatic
pressure becomes more negative). The DFT calculations performed here predict that an increase in
tensile stress would, if anything, tend to destabilise the ZrO with respect to the ZrO; within the
delays. Thus the higher suboxide content within the delays appears to be an effect of the local
kinetics rather than the result of the changing phase stability. Possible kinetic effects include an
increase in the diffusion rate of O in Zr under tension, encouraging the removal of O from the OSZ-
dioxide interface and a reduction in the rate of supply of O to the OSZ-dioxide interface beneath in-

plane cracks.

The next question to consider is whether (i) the suboxide is protective and, hence, its loss at a
certain oxide thickness induces transition or (ii) another part of the oxide is protective and the loss
of the suboxide is a consequence of transition. The amplitudes of the interfacial undulations
increase as the dioxide thickens and this could, in the extreme, produce a sufficient local tensile
stress that the ZrO is completely destabilised with respect to Zr;0 and ZrO,. If the ZrO constituted
the protective layer in the oxide, this could then trigger the increased oxidation rates associated with
transition. Comparing the magnitude and distribution of the stresses expected within delays of the
amplitude observed experimentally [45] with the calculations showing that the ZrO will be stable
within at least -3GPa - +3GPa, however, leads to the conclusion that the ZrO layer is only likely to be
lost at the base of a delay in the oxidation front. If protectivity is lost first at this point, then the
consequent local increase in the dioxide growth rate would make the undulation more shallow,
reducing the local tensile stress and restabilising the ZrO. Thus, if the ZrO were the protective layer,
destabilised by the change in stress as the undulations increase in amplitude, this would induce a
steady state undulation amplitude. An approach to a steady state amplitude may have been
observed in a Sn-free ZIRLO-type alloy, but not in ZIRLO or Zircaloy-4 in the same study [17]. Thus
the stress-induced modification of a protective ZrO layer might, possibly, occur in Sn-free ZIRLO, but
not in ZIRLO or Zircaloy-4, and would not induce transition in any of these systems. A dominant
influence of undulation-induced stresses on the behaviour of the ZrO would also not explain why

Zrs0 or OSZ disappeared at the same time as the ZrO.

If the loss of the suboxide is to be understood as a consequence rather than a cause of transition, it

is necessary to consider the sequence of events around transition. At transition, through-thickness



cracks bring the water into the network of in-plane cracks which reaches to the oxide-suboxide
interface. The through-thickness cracks are induced by heterogeneity in the strains in the metal
substrate [46]. The in-plane crack network is extensively interlinked [13] [46], so very few through-
plane cracks are required to bring water close to the dioxide : suboxide interface over a wide area.
Since the in-plane crack network initiates behind delays in the oxidation front, the delays represent
the new forward limit reached by the water. At the instant water fills the lateral crack network, the
environment is extremely close to the metal-oxide interface at the delays, so the oxidation rate at
the delays becomes extremely high just after transition. At the protrusions, however, the
environment is separated from the oxidation front by the protrusion amplitude (0.3-0.5um near
transition), so the immediate post-transition growth rate here is lower than at the delays (although
still high). These different growth rates act to smooth out the undulations in the oxidation front
after transition. Without delays in the oxidation front, the local out-of-plane tensile stresses are lost
[45], new in-plane cracks do not form in the dioxide and the in-plane crack network is truncated.
Even if through-plane cracking were retained at this stage, it would no longer be associated with the
supply of water to large areas of the interface because of the cessation of the in-plane crack
network. In consequence, the high oxidation rates cannot be maintained, and the post-transition
oxide becomes protective until the undulations reform and a new network of in-plane cracks can
develop and link to the surface. Within this mechanical description of transition, it is not necessary
for the suboxide layer to play a role in either the increase in the growth rate or the consequent
flattening of the interface which produces the subsequent decrease in growth. This mechanical
model of transition can, however rationalise the reduction in thickness of the suboxide layeras a

consequence of transition, as discussed below.

When water fills the crack network within the dioxide, the effective distance from the water to the
suboxide front will (although small) be significantly greater than that from the water to the dioxide
front. Immediately upon transition, then, the dioxide is effectively at an earlier stage in the
thickness versus time curve than the suboxide layer. The rates of movement of both interfaces
increase, but the dioxide growth rate is temporarily faster than the suboxide layer growth rate. As
both regions extend, the difference in widths becomes less significant, and the effect of the larger A
value for the suboxide begins to dominate again. The results of a simplistic calculation showing the
effect of the different changes in thickness at transition (for the case of a dioxide thickness falling to

zero at transition) is shown in Figure 19.
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Figure 19. Position of interfaces of oxide and suboxide, width of suboxide layer and ratio of suboxide width to oxide
thickness when both interfaces move according to distance=At" with Asusoxide=1.1* Aoxide, N=0.3, and the effective oxide
thickness falls to zero at transition (arbitrary units for the purpose of qualitative comparison).

The calculation reproduces the essential features of the data: a constant ratio between suboxide and
dioxide before transition; a lower but increasing ratio after transition; widening of the suboxide up
to transition; reduction in suboxide width around transition. It is thus plausible that the change in
the thickness of the suboxide is a consequence of the loss of protectiveness of the dioxide layer at

transition, rather than transition being a consequence of the loss of the suboxide layer.

5.2 Effect of pH

The two environments examined here differ in their solute content (B, K, Li) and, hence, pH and they
induce different hydrogen pickup rates. The intention behind the use of the high-B-Li-K environment
was to reduce the hydrogen pickup rate by reducing the proton availability at the oxide surface. The
hydrogen pickup rate was, indeed, lower in the high-pH environment but it is worth noting that
solute effects could have also influenced the hydrogen pickup rates achieved, as increasing the

solute content or Li/B ratio can either increase or decrease the HPF [47]. .

Regardless of the precise cause of the change in hydrogen pickup rates, the relationship between
the pH, the details of the oxidation process and the hydrogen pickup provides some insight into the
mechanism of hydrogen pickup. In his reviews, Cox [5] [6] concluded that moderate changes in pH

did not affect oxidation rates. . In this context, both the chemistry and pH changes were sufficiently



small that the difference in oxidations rates in the two environments was expected to relate only to
the difference in temperature. The pretransition growth data can be fitted by power law

expressions:
Ypu = 0.42t931 Yow = 0.53t031 (1)

Where y,4 is the oxide thickness (in um) for the high pH environment, y, is the oxide thickness (in
um) in pure water, and t is the time in days (note that this analysis differs slightly from that in [32]).
The trend curves may be used to derive the rates, and the rate ratio may be used, via an Arrhenius
expression, to derive an activation energy of 74.2kJ/mol for oxidation in this temperature range.
This value is within the range of activation energies found for pretransition oxidation in different Zr
alloys around this exposure temperature [48] [49] [50] [51] [52], indicating that any effect of pH or

solute content on the oxidation rate was, indeed negligible.

Similarly, if the pure water points for the second cycle are shifted by Atians, Where Atyans is the
difference in transition times (the difference between the red and green dashed lines in Figure 5),
then the difference between second cycle oxidation rates in the two environments also appears to
be dominated by the effect of temperature, not the availability of protons (or some undetermined
solute effect). The change in the time to transition itself is also consistent with an effect of

temperature [52].

Consistent with this (lack of an) effect of pH on the oxide, the effect of changing the environment on
the relation between the suboxide thickness and the oxide thickness is indistinguishable from scatter
both before and after transition. Transition, however, has a marked effect on the hydrogen pickup
rate in the two environments, as shown in Figure 16. In most of the pretransition period, the
hydrogen picked up is minimal, and similar in the two environments; close to transition, the
hydrogen pickup rate increases in both, but becomes around five times higher in pure water than in
the high pH environment [32]. This relation (or lack of a relation) between oxidation, pH and
hydrogen pickup provides an insight into the nature of the species which carries hydrogen across the
oxide into the metal substrate. The inward flux of 0% anions which permits the oxide to grow must
be balanced by an outward flux of electrons to avoid charge build-up. In a semi-conductor such as
the ZrO, layer on Zircaloy-4, the mobile electron density and, hence, the flux is small, so a potential
drop develops across the oxide until the fluxes can match. It is this combined diffusion,
electromigration process, which produces time exponents less than n=0.5 for Zr alloys (sub-parabolic
growth) [34]. The Zircaloy-4 alloy oxidises with an exponent, n, significantly less than 0.5, suggesting
that the field across the oxide layer plays an important part in determining the oxidation rate. The

higher hydrogen pickup rate in the lower pH environment might suggest that the mobile species for



hydrogen is a proton. If this were the case, however, then the increased flux of protons in the pure
water environment in the second cycle would affect the field across the oxide which, in turn, would
affect the oxidation rate. Since the oxidation rate is unaffected by the pH and solute content
differences between the two environments, it appears more likely that the mobile species has no
net charge. While the pH affects the rate of supply of protons to the oxide surface it seems that the
protons must be discharged by electrons emerging from the oxide film to produce atomic hydrogen

[5] before they can pass across the oxide.

More generally, the microstructural characteristics of the dioxide, the ZrO, the OSZ and (as shown in
a companion paper) the oxidising SPPs are consistent as a function of pH and cycle, at least for the
first and second cycles. Thus these characteristics must not affect, or be affected by, the hydrogen
pickup rate. Further insight into the hydrogen pickup rate must come from the investigation of
other features such as the fossil oxide-to- new oxide interface or from consideration of the

behaviour of the bulk environment versus the constrained environment within the crack network.

6. Summary and Conclusions

Oxide growth and hydrogen pickup have been measured for Zircaloy-4 in environments of different
pH. A detailed study of the metal-oxide interface has been carried out over sufficient lengths of

interface to show meaningful trends in the behaviour of the ZrO and oxygen-saturated metal layers.

The distribution of both the ZrO and OSZ are influenced by the local metal and oxide orientation, but
the average width of each is a constant fraction of the dioxide width prior to transition. The local
variations are caused by kinetic effects. The observation that n=0.3 not only for the dioxide but also
for the ZrO and OSZ is new and requires further investigation for the light it might shed on the

mechanisms of oxidation and oxygen transfer between phases.

The suboxide width decreases rapidly at transition, then increases more slowly. The suboxide width

as a proportion of the dioxide width also drops then increases after transition.

DFT shows that ZrO is less stable under tension, but is unlikely to be rendered generally unstable by

the stresses developed within the undulations in the oxidation front.

The behaviour of the suboxide can be explained on the assumption that the dioxide layer is the

protective layer until it is bypassed by the environment percolating into the crack network.

Hydrogen pickup is not affected by the choice of environments used here until close to transition.

After transition the hydrogen pickup fraction is significantly greater in the lower-pH environment.



This is most likely to be due to the greater availability of protons in the lower-pH environment

although the possibility of some other influence of the solutes cannot be neglected.

The hydrogen pickup rate affects neither the dioxide nor the suboxide growth rates. This absence
of a correlation between the movement of hydrogen and that of oxygen across the oxide indicates
that the hydrogen flux does not affect the potential drop across the oxide which, in turn, suggests

that the hydrogen does not move as a consistently charged species.
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Figure captions

Figure 20 — HAADF image showing the oxide-metal interface region on sample exposed to pH3s50=8.82 for 91 days (1.83um).
The numbers indicate the location of the extracted reference spectra in Figure 2. The labelled regions are: 1 — Metal, 2 —
Hydride, 3 — SPP (one in the oxide and one in the metal), 4 — Oxygen Saturated Zirconium (0SZ), 5 — ZrO, 6 — Oxide. The box
shows the size of the area used to extract the reference spectra (~100x100nm)

Figure 21 — EELS spectra showing the plasmon peaks for the different regions labelled in Figure 1.

Figure 22 — MLLS fit for the 6 regions in Figure 1 From top to bottom: Metal, Hydrides, SPPs, OSZ, ZrO, and Oxide. Lighter
areas show the strongest match to the input spectrum.

Figure 23 — Segmented OSZ map (now a binary image)

Figure 24 - Comparison of samples oxidized in pure water at 360°C vs samples oxidized in elevated pH at 350°C.
Figure 25 - OSZ map at OM interface in a sample exposed 15 days to high pH water (oxide thickness = 0.96 um)
Figure 26 - ZrO map in region shown in Figure 6.

Figure 27 - OSZ map at OM interface in a sample exposed 27 days to high-pH water.

Figure 28 - ZrO map in region shown in Figure 8 .

Figure 29 — (Top) OSZ map at OM interface in a sample exposed 62 days to high-pH water. (Bottom) ZrO map. The white
arrow indicates a region of ZrO separated from the rest of the ZrO + OSZ region.

Figure 30 — (Top) OSZ map at OM interface of sample exposed 123 days in high-pH water. (Bottom) ZrO map.
Figure 31 — (Top) OSZ maps at OM interface of sample exposed 148 days to high-pH water. (Bottom) ZrO map
Figure 32 — (Top) OSZ maps at OM interface of sample exposed 211 days to high-pH water. (Bottom) ZrO maps

Figure 33 - Variation in the thicknesses of the OSZ + ZrO regions during oxidation in high pH water at 360°C and in pure
water at 350°C. The error bars are the standard deviation of the data.

Figure 34 — Different intermediate layers as proportions of oxide thickness. (a) Ratio of ZrO and OSZ to ZrO; thickness in
high pH. (b) Ratio of ZrO+0SZ to ZrO,

Figure 35. Comparison of hydrogen content (H,) for samples oxidised in pure water and the combined H, + DH + D, for
samples oxidised in a high pH (50% deuterated), against oxide thickness

Figure 36. Variation in the formation enthalpy of the different phases with hydrostatic pressure.
Figure 37. Convex hull for 0 GPa and the position of the formation enthalpy of ZrO

Figure 38. Position of interfaces of oxide and suboxide, width of suboxide layer and ratio of suboxide width to oxide
thickness when both interfaces move according to distance=At" with Asuboxide=1.1*Aoxide, N=0.3, and the effective oxide
thickness falls to zero at transition (arbitrary units for the purpose of qualitative comparison).



