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Alloy optimization of zirconium based alloys used for nuclear fuel cladding is key to increasing corrosion
resistance and reducing hydrogen pickup. The mechanism by which alloying elements influence these
processes is investigated by focusing on the chemical state evolution of two alloying elements, Fe and
Nb, when incorporated into the growing oxide layers of various production zirconium alloys -
Zircaloy-4, ZIRLO® and Zr-2.5Nb - as well as a model alloy - Zr-0.4Fe-0.2Cr. X-ray Absorption Near-Edge
Spectroscopy (XANES) measurements to determine the evolution of their oxidation states is performed
using micro-beam synchrotron radiation on cross sectional oxide samples. A thin (~12 pm) cross-
sectional sample of Zircaloy-4 oxide was also designed and fabricated to differentiate the signal coming
from the Fe in solid solution from the signal coming from the Fe in precipitates. The XANES spectra were
fitted using a combination of standards, to determine the evolution of the oxidized fractions of Fe and Nb
in the oxide as function of distance from the oxide/metal interface. The results show that the oxidation of
Fe and Nb in the oxide layer is delayed relative to that of Zr. Both the second phase precipitates and solid
solution Fe atoms were initially incorporated in metallic form into the oxide layer, although it appears
that Fe in solid solution oxidizes first. It is shown that after a given distance from the metal/oxide inter-
face (which is alloy dependent), the alloying elements start to oxidize. Qualitative TEM examinations of
precipitates embedded in zirconium oxide layers correlate well with the quantitative XANES results.
These results allow a discussion of a qualitative oxidation model of Fe and Nb in Zr alloys.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction the evolution of the chemical states of two alloying elements, Fe

and Nb, when incorporated into the zirconium alloy oxide layers

With increased burnups and longer lifetimes in nuclear reac-
tors, uniform corrosion of zirconium alloy nuclear fuel cladding
and the associated hydrogen pickup can become life limiting in
existing and advanced light water reactors, due to the associated
ingress of hydrogen and precipitation of hydrides, which can cause
cladding embrittlement [1,2]. It has been pointed out that several
factors can control the uniform corrosion of zirconium alloys [3].
Alloy optimization of zirconium based alloys used for nuclear fuel
cladding is a key to increasing corrosion resistance and reducing
hydrogen pickup. However, a complete mechanistic understanding
of the role of alloying elements in the corrosion and hydrogen
pickup processes is still lacking.

Because very small alloying element differences cause large dif-
ferences in corrosion and hydrogen pickup, it is natural to examine
the behavior of alloying elements in the oxide layer for clues to the
origin of the differences between alloys. In this study, we focus on
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formed during autoclave testing of various zirconium alloys oxi-
dized in pure water. The solubility of Fe in the alloys is less than
a few hundreds of wt ppm [4], so that Fe is mainly found in
Zr(Cr,Fe), intermetallic precipitates in Zircaloy-4 (Zr-1.45Sn-
0.2Fe-0.1Cr) and in ZrNbFe precipitates in ZIRLO®' (Zr-1.0Sn-
1.0Nb-0.1Fe) [5-7]. In ZIRLO and in Zr-2.5Nb alloys, Nb is found
both in solid solution (the Nb solubility limit is approximately
0.5 wt% in the o zirconium phase) and in BNb and Zr(Nb,Fe), precip-
itates [8]. The size, chemical composition and distribution of these
precipitates (and so their equilibrium with Nb and Fe concentrations
in solid solution) may have a profound impact on the corrosion resis-
tance and the hydrogen pickup of Zircaloy-4 and Zr-Nb based alloys
[9-14]. However, despite extensive research, the specific influence of
the alloying elements in precipitates and in solid solution on the

1 ZIRLO® is a registered trademark of Westinghouse Electric Company LLC in the
United States and may be registered in other countries throughout the world. All
rights reserved. Unauthorized use is strictly prohibited.
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mechanisms of corrosion and its associated hydrogen pickup is not
well understood [11-13,15].

Given the relative free energies of oxidation, we expect Nb and
Fe to oxidize at a higher oxygen potential compared to zirconium
[16]. Delayed oxidation of Fe and Nb in second phase precipitates
compared to the zirconium phase has been previously reported
from transmission electron microscopy (TEM) examinations
[17,18]. However, the precise evolution of the chemical state of
Fe and Nb, both in second phase precipitates and in solid solution,
upon their incorporation into the zirconium alloy oxide layers is
still unknown, especially its variations with distance from the
oxide/metal interface.

In this work, a microbeam X-ray Absorption Near-Edge
Spectroscopy (UXANES) investigation of the evolution of Fe and
Nb oxidation states when incorporated into oxide layers formed
on various alloys (Zircaloy-4, ZIRLO, Zr-2.5Nb and Zr-0.4Fe-
0.2Cr) is performed on cross-sectional oxide samples using
micro-beam synchrotron radiation. Previous XANES studies of the
evolution of Fe and Nb oxidation in pre-transition zirconium alloys
using synchrotron radiation have focused on either flakes of
powdered oxide layer, thus determining only the average element
oxidation state [19], or, when some oxide depth resolution was
made possible using surface sensitive XANES on sputtered oxide
layers, the XANES signal originated from the contributions of both
the element in precipitates and the element in solid solution
[20,21]. Other XANES studies of Nb oxidation in various Zr-Nb
alloys have also been reported but in those studied the sample
geometry did not allow precise oxide depth resolution [22].

In this study, Fe and Nb oxidation states were determined as
function of oxide depth on multiple pre- and post-transitions
archived samples of Zircaloy-4, ZIRLO, Zr-2.5Nb and Zr-0.4Fe-
0.2Cr. Also, in the case of Fe in Zircaloy-4, a new sample prepara-
tion technique has allowed us to perform studies on samples
prepared by Focused lon Beam (FIB) to deconvolute the signals
from precipitates and solid solution. Thus, it was also possible to
separate the chemical state evolution of Fe in ZrO, solid solution
from that of Fe in Zr(Cr,Fe), intermetallic precipitates embedded
in the oxide layer. After reporting experimental results, the oxida-
tion process is discussed and an oxidation model of alloying
elements in zirconium alloys is proposed.

2. Experimental procedures
2.1. XANES experiment

The XANES experiments were performed at the 2ID-D beamline
of the Advanced Photon Source (APS) at Argonne National
Laboratory. Using zone plate diffraction gratings, the X-ray
microprobe in the experimental station produces a monochromatic

Incident X-Ray beam
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Fig. 1. Schematic drawing of the geometry of data acquisition at the synchrotron
beamline.

X-ray beam of size 0.2 pm x 0.2 pm (FWHM) with a photon flux of
5 x 10° photons/s within an X-ray energy bandwidth (dE/E) of
0.01%. Fig. 1 shows a schematic of the scattering and data acquisi-
tion geometry for the XANES experiments: the microbeam is
placed in frontal incidence on the region of interest of the speci-
men to keep the probed surface area as small as possible. The
XANES signals are recorded in fluorescence, with a fluorescence
detector placed at approximately 85° from the incident beam to
avoid elastic scattering perturbation of the fluorescence signal.
The XANES scan energy step is 0.5 eV and the chosen energy win-
dows are 100 eV (from 7.09 keV to 7.19 keV) for Fe (the Fe K-edge
is located at 7.12 keV), and 140 eV (from 18.94 keV to 19.08 keV)
for Nb (the Nb K-edge is located at 18.98 keV). In the case of the
thin cross-sectional sample prepared by focused ion beam (FIB),
an ionization chamber was placed at the end of the beamline to
detect the transmission signal. The transmitted signal was only
used to determine the thin sample thickness. No XANES in trans-
mission have been performed because the Fe K-edge in transmis-
sion was not detectable, probably due to the overall low
concentration of Fe in the microbeam path. All the measurements
were performed at room temperature.

The experimental procedure consisted of first taking a fluores-
cence scan of the Zr L-edge (in case of XANES on Fe) or Zr K-edge
(in case of XANES on Nb), in order to determine the position of
the oxide/metal and oxide/water interfaces. Then XANES scans
were performed at various distances of the interface, in the oxide
and in the metal. The XANES experiment was then conducted by
setting the beam at a particular oxide location and varying the
energy in small increments within an energy window containing
the edge of the element of interest. This was repeated for the entire
oxide layer. After each XANES scan, the current beam position was
confirmed by running an extra fluorescence scan to rule out spec-
imen drift during the experiment.

2.2. Corrosion testing and samples preparation

Corrosion tests were performed by Westinghouse Electric Co. in
their laboratory facility in Churchill, PA. Zircaloy-4, ZIRLO and
Zr-2.5Nb samples were corroded in the form of tube and sheet
corrosion coupons [23]. The Zircaloy-4 composition is Zr-1.45Sn-
0.2Fe-0.1Cr (the alloying contents are indicated in weight percent).
The composition of ZIRLO is Zr-1.0Sn-1.0Nb-0.1Fe, while the
Zr-2.5Nb alloy contains an impurity level of Fe varying from
100 wt ppm to 600 wtppm. A model alloy of composition
Zr-0.4Fe-0.2Cr in the form of a corrosion sheet coupon
(25 mm x 20 mm x 0.8 mm) with an average precipitate diameter
of 110 nm has also been investigated. The processing of these
alloys is described elsewhere [23].

The samples were corroded in 360 °C pure water at saturation
pressure of 2708.6 psi (18.7 MPa) according to ASTM G2 [24]. A list
of the samples investigated in this work is shown in Table 1 and
their weight gain as a function of exposure time is plotted in
Fig. 2. The arrows in Fig. 2 represent the samples that have been
archived and used in the microbeam XANES experiments. The
exact exposure time and oxide thickness (determined from weight
gains, 1 um =14.77 mg/dm?) for these samples are indicated in
Table 1. Visual examination and cross sectional SEM images have
shown that the oxide layers were adherent and no spallation
occurred during corrosion of any of these samples.

2.2.1. Thick sample preparation

All samples were prepared as thick cross-sectional samples, in
the form of small transverse cross-sections (the transverse
direction being normal to the cross section) of corroded tube
coupons according to the following procedure. A thin segment
(2mm x 15 mm x 0.8 mm) was cut from the corrosion coupon
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Table 1

List of the samples used for the XANES experiments. Their exposure time (in days) and their oxide thickness (in microns, derived from the weight gain) are indicated.

Exposure time (days) Oxide thickness (um)

Fe Zircaloy-4 Before 1st transition 45 1.7
60 1.8
Between 1st and 2nd transitions 90 2.8
105 3.4
120 3.6
135 3.9
150 4.1
165 4.2
Between 2nd and 3rd transitions 225 5.9
255 6.4
Zr-0.4Fe-0.2Cr Pre-breakaway 173 2.4
463 3.2
ZIRLO Before 1st transition 30 1.7
60 23
90 2.7
Nb ZIRLO Before 1st transition 30 1.7
60 23
90 2.7
Between 1st and 2nd transitions 240 5.5
Zr-2.5Nb Before 1st transition 60 22
120 29
150 3.2
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Fig. 2. Weight gain (in mg/dm?) as a function of exposure time for the following alloys: (a) ZIRLO tube, (b) Zircaloy-4 sheet, (c) Zr-2.5Nb, (d) Zr-0.4Fe—0.2Cr. The arrows
indicate the samples that have been archived and studied for XANES, and which are listed in Table 1.

using a low-speed diamond saw to expose its cross-section and
then ground to a thickness of about 0.25 mm on one side to facil-
itate subsequent mounting into a slotted molybdenum rod. The
Mo rod was then inserted into a 3 mm diameter round brass tube
which was then filled with copper based epoxy (see Fig. 3a). The
Mo-rod and encapsulation help to protect the oxide layer during
subsequent mechanical polishing. The sample was polished to a
mirror finish with 1200 grit sandpaper followed by 3 pm diamond
paste on Vel-Cloth, 1 pm diamond paste on White-Cloth and a final
polish with a 0.05 pm colloidal silica solution.

A schematic drawing of the thick sample final design is shown
in Fig. 3b. The thickness of the samples in the transverse direction
is approximately 200 pm. The incident beam being parallel to the
transverse direction, the detected XANES signal as a function of

oxide depth is a combination of contribution from the alloying
element (Fe or Nb) in precipitates and in solid solution. Because,
the X-ray attenuation lengths are approximately 12.5pum at
7.12 keV and 28 num at 18.98 keV [25], the sampled volume is tens
of microns deep and the alloying elements both in solid solution
and in precipitates undergo electron fluorescence reactions
causing the detected XANES spectra to be a combination of both
signals.
For instance, in Zircaloy-4, assuming that:

e The ratio of Fe and Cr in the precipitates and in the alloy is the
same, which has been found to be true for Fe(wt%)/Cr(wt%) < 4
[5], so that the Fe weight concentration in a Zr(Feg ggCro33)2 pre-

cipitate, Wi, is equal to 37.1wt%.
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(b)

(c)

200pum

Fig. 3. Thick sample preparation for XANES experiments: (a) sample tubing, (b) final thick sample preparation after cutting and polishing and (c) thin sample preparation
after the cut. The brass tube is in yellow, the Mo rod in gray, the epoxy in pink, and the sample in white. The oxide is attached on the surface of the rounded side of the cross-
section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

e The weight concentration of Fe in solid solution, W;‘e”‘""‘, is

between 50 and 300 wt ppm [4,26-28] and the total amount
of Fe in the alloy is equal to 2000 wt ppm.
o The precipitate volume fraction V3" is approximately 0.5%.

Thus the amount of Fe in second phase precipitates is given by
WSEP jwmatrix o 3PP or five to forty times the amount of Fe in solid
solution. Although the Fe fluorescence signal is not directly propor-
tional to the amount of Fe, we can conclude that the contribution
of alloying elements in solid solution in the XANES signal coming
out from the bulk samples cannot be totally neglected.

2.2.2. Thin sample preparation

To be able to separate the two contributions, a thin cross-
sectional sample was prepared from a pre-transition Zircaloy-4
sample (oxide thickness equal to ~1.7 um). Dimpling or ion milling
methods could not be used because they could damage the oxide
layer and result in inhomogeneous sample thickness, which is
known to alter the XANES signal [29].

The preparation of a cross-sectional thin sample involved a few
extra steps from the thick sample one. Once the final thick sample
cross-section configuration has been obtained, as described in the
previous section, one side of the brass tube was cut using a low
speed diamond saw to expose the oxide azimuthal cross section
(the azimuthal direction being normal to the azimuthal cross
section, see Fig. 3c). Using focused ion beam (FIB) deposition on
the rolling cross section (perpendicular to the cut), tungsten was
deposited on the form of a small rectangle (75 pm x 20 pm x
10 pm) covering the metal, the oxide and the epoxy (see Fig. 4a).
This deposition is necessary to homogenize the ion milling rate
of the different phases (metal, oxide and epoxy) and to protect
the area that is going to be analyzed at the synchrotron from sig-
nificant ion damage. Then, using FIB, we ion milled the rolling cross
section with silicon atoms using a 20 nA current (see Fig. 4b). Once
enough material has been removed, the wedge is polished with FIB
at a +7° angle to obtain a sharp wedge by successively reducing the
ion beam current up to 1 nA (see Fig. 4c). A schematic of the pol-
ished area is shown in Fig. 5.

This sample preparation also allows us to keep the same data
acquisition geometry. The synchrotron X-ray beam is still perpen-
dicular to the sample surface, parallel to the transverse direction.
The polished oxide cross section was approximately 30 um long.
Using the detected transmitted signal and the characteristic
attenuation length of ZrO,, the FIB’d sample thickness has been
determined to be approximately equal to 12 pm.

To determine whether this sample thickness is small enough to
identify areas in the oxide where no precipitates are present, it is

necessary to compute the theoretical probability of hitting a pre-
cipitate as a function of the sample thickness. We use for this a der-
ivation previously performed in [4]. A scheme of the geometry
used in this derivation is shown in Fig. 6. Neglecting the secondary
fluorescence, the probability to hit a single precipitate is given by:

x 2
P—1-— e’NSPP <zsi|1(wo)d(r5+rspp) ) (1)

where Ngpp is the precipitate density in cm 3, d is the sample thick-
ness in cm, rg and rspp are respectively the synchrotron X-ray beam
radius and the precipitate radius and g is the synchrotron X-ray
incident beam angle. TEM examinations of SPP in Zircaloy-4 have
been performed on electropolished samples to estimate rspp and
are shown in Fig. 7. Combining TEM results and beamline character-
istics, the following parameters are obtained: Ngpp=10'2cm~3,
rg=100 nm, rspp=100 nm and o =90° Using these values, the
probability to hit a precipitate (solid line) and the calculated trans-
mitted intensity ratio (dashed line) as a function of oxide depth in
ZrO, are shown in Fig. 8. In the case of the thick sample
(~200 pm), the probability of hitting one precipitate is 100% and
thus deconvolution of Fe signals is impossible. The probability of
hitting a precipitate with a sample thickness of 10-15 um ranges
between 70% and 90%. This is, however, for a “blind” spot. If one
obtains a compositional map before acquisition and positions the
beam in a low concentration region, the probability to avoid hitting
a precipitate is much lower. It is thus theoretically possible to find
volumes in the oxide layer where no precipitates will be hit by the
incident beam and where the Fe K-edge XANES signal will only
come from Fe in solid solution. In conclusion, the thin sample the-
oretically fulfills the purpose detailed at the beginning of this
section.

2.3. Standards

In order to determine the chemical state of Fe and Nb in the zir-
conium oxide layer, the Fe and Nb K-edge XANES spectra of refer-
ence standards were measured. In this study, the XANES spectra of
standards were acquired in fluorescence mode. A total of seven
standards were used for Fe in Zircaloy-4 (4 metal standards and
3 oxide standards), six standards for Fe in ZIRLO (3 metal and 3
oxide) and five standards for Nb in Zr-2.5Nb and ZIRLO (2 metal
and 3 oxide). The list of standards and their origins are shown in
Table 2.

The XANES spectra are processed using the Athena software
(version 0.8.061, Ifeffit 1.2.11c) [30]. After defining a pre-edge line,
the edge energy (highest edge inflection point) and a post edge line
to determine the edge step, the spectrum is normalized. The
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FIB'd area

Zr oxide layer

Fig. 4. Secondary electron micrograph of the rolling cross section of the thin sample: (a) tungsten deposition across the interface, (b) ion milling around the deposition, (c)
focused ion beam milling of the wedge to reveal the oxide layer with a tilt of £10° along the normal axis.

50um

Fig. 5. (a) 3D Schematic drawing of the thin sample and (b) zoom on the thin part of
the sample after FIB milling.

normalization constant is evaluated by extrapolating the pre- and
post-edge lines to the edge energy and subtracting the edge
energy-crossing of the pre-edge line from the edge energy-crossing
of the post-edge line. This difference is the value of the edge step
parameter used in the normalization algorithm. Then the post edge
is flattened using Athena’s flattening algorithm.

2.3.1. Fe in Zircaloy-4 and in ZIRLO

In the case of Fe, we used bcc-Fe, FeO, Fe30,4, and Fe,03 powders
obtained from Alfa Aesar as reference spectra. To simulate the var-
ious concentrations of Fe in Zircaloy-4, the Fe powders were mixed
with a monoclinic ZrO, powder at weight fraction levels of 100%,
10%, 1%, 0.1% and 0.01% of Fe in ZrO,.

However, it is known that metallic Fe in Zircaloy-4 precipitates
exhibit a Laves phase crystal structure Zr(Fe,Cr), [5,31]. To serve as

Incident beam

Sample

Precipitates —| ( Ngpp, d)

Fig. 6. Schematic drawing of the geometry used to determine the probability to hit
a single precipitate.

metallic standard for Fe in the alloy, we measured a Fe XANES
spectrum in the metal part of Zircaloy-4 thick sample (designated
type #1).

To acquire the standard spectra of metallic Fe in Laves crystal
structure Zr(Fe,Cr),, we also used the thin sample previously
described and located a precipitate in the metal part. A 2D Fe fluo-
rescence map of the metal part is presented in Fig. 9, in which the
location of the precipitate is shown. A XANES spectrum at the pre-
cipitate location was acquired (designated type #2) as the closest
reference to a pure Zr(Fe,Cr), precipitate found in Zircaloy-4.

Finally, another metallic Fe standard was used. A Fe K-edge
XANES spectra of a thick pure zirconium sponge sample with an
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Fig. 7. TEM bright field images of Zr(Fe,Cr), precipitates (indicated by arrows) in the metal of Zircaloy-4 sheet alloy (prepared by electropolishing), and expanded view on a

Zr(Fe,Cr), precipitate (images acquired on a JEOL LaBg TEM of 200 keV).

100%

75% s

50%

25% T

0% T T T T
0 4 8 12 16

Sample thickness d (microns)

——Probability to hit a precipitate with incoming beam -- Transmitted intensity

Fig. 8. Probability to hit a single precipitate in a Zircaloy-4 sample with
Ngpp=10"2cm ™3, rz=100 nm, rspp=100nm and o=90° as a function of the
sample depth d in micrometers. The theoretical ratio of the transmitted beam
intensity over the incident beam intensity in ZrO, as a function of the bulk sample
depth d is also shown on the same scale.

impurity level of 100-600 wt ppm of Fe has also been acquired
(designated type #3) as the closest reference to Fe in solid solution
in zirconium.

The XANES spectra of reference standards of metallic Fe in
zirconium alloys are presented in Fig. 10a along with the bcc Fe

Table 2
List of the different standards used in the fitting process of XANES spectra.

standard, the Fe;03 and Fe30,4 spectra. The value of the first inflec-
tion point is similar for all the metallic Fe standards (~7.106 keV),
which confirms that the chemical state of Fe is metallic. However,
the pre-edge and edge features of Fe standards in zirconium are
different from those seen in the bcc Fe spectra. The spectra from
metallic Fe in Zircaloy-4 (standards #1 and #2) and in pure Zr
(#3) show no major differences in the pre-edge and edge features.

Similar spectra were obtained for Fe in ZIRLO. We measured Fe
XANES spectrum in the metal part of a ZIRLO thick sample (similar
to #1 in Zircaloy-4) to use as metallic standard. However, even
though a thin ZIRLO sample was prepared, the precipitates in ZIR-
LO were too small to be detected individually. Thus a standard of
type #2 could not be acquired for ZIRLO.

2.3.2. Nb in ZIRLO and in Zr-2.5Nb

A similar approach was used to acquire XANES spectra of metal-
lic and oxidized Nb standards. In the case of Nb, we used metallic
Nb, NbO, NbO,, and Nb,Os powders as reference spectra. Also, a Nb
metallic spectrum has been acquired both in ZIRLO and Zr-2.5Nb
metal parts of thick samples to use as metallic standards (similar
to #1 for Zircaloy-4).

A summary of all the standards used in this study is shown in
Table 2. The XANES spectra of reference standards of metallic Nb
are presented in Fig. 10b along with the NbO, NbO, and Nb,Os
spectra.

Alloy Metal standards Oxide standards
Fe Zircaloy-4 and Zr-0.4Fe-0.2Cr Fe bcc Fe,03; powder
Fe in Zircaloy-4 metal (#1) Fe304 powder
Fe in Zr(Fe,Cr), SPP (#2) FeO powder
Fe in pure Zr (#3)
ZIRLO Fe bcc Fe,05 powder
Fe in ZIRLO metal (#1) Fe;04 powder
Fe in pure Zr (#3) FeO powder
Nb ZIRLO Nb powder NbO powder
Nb in ZIRLO metal (#1) NbO, powder
Nb,0s powder
Zr-2.5Nb Nb powder NbO powder

Nb in Zr-2.5Nb metal (#1) NbO, powder

Nb,0s powder
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Fig. 9. Fe fluorescence 2D map of a metallic region in the thin Zircaloy-4 sample.
The SPP location is indicated by an arrow. The gray scale indicates the normalized
number of Fe fluorescence counts per seconds.

3. Results
3.1. Thin Zircaloy-4 sample

A 11 pm x 11 pm Fe fluorescence 2D map of the thin Zircaloy-4
sample was acquired around the oxide/metal interface on the ion
polished cross section using a step size of a 100 nm. The ratio of
the transmitted beam intensity to the incident beam intensity
was approximately equal to 35%, which confirmed that the sample
thickness was approximately 12 pm.

Using the Fe fluorescence 2D map, three different “lines” along
the oxide depth were selected: one in which no detectable precip-
itates were present ((1) in Fig. 11) and two in which precipitates
were present in the oxide (the Cr fluorescence signal corroborates
the presence of the precipitates) named SPP1 and SPP2 scans ((2)
and (3) in Fig. 11). In Fig. 11, the oxide thickness direction is in
the Y direction and its position is determined using the Zr fluores-
cence signal (not shown here). The oxide is located from Y=0
(oxide/metal interface) to approximately Y= 1.7 um (oxide/epoxy
interface). The Fe fluorescence signals along the oxide depth for
these three scans are presented in Fig. 12. The FWHM fluorescence
peak associated with Fe signal from the precipitates are approxi-
mately equal to 0.6 um and thus are 3 times bigger than the
average precipitate size. This is caused by the Gaussian shape of
the X-ray beam. Indeed, when the tails of the Gaussian beam hit
a precipitate, the fluorescence signal significantly increases due
to much higher Fe concentration in precipitates. The two precipi-
tates have approximately the same sizes (as defined by the FWHM)
and are fully embedded in the oxide layer. The small increase in Fe
fluorescence at the oxide/water interface is due to the Fe pollution
from Fe in the autoclave during the corrosion testing as reported
previously [32]. XANES spectra have been acquired along those
three lines. Fig. 13 shows the XANES spectra for several depths
acquired along the scan (1). It is clear that the pre-edge and edge
features evolve and consequently, the chemical state of Fe varies
along the oxide depth. To quantify the Fe chemical state evolution
we used the linear combination fitting algorithm of Athena in

—
Q
-
-
>

¥R
SN}

0.8 1
0.6
0.4 1
0.2 A

Normalized absorption
coefficient

7100 7110 7120 7130 7140 7150 7160 7170 7180
Energy (eV)

- Metallic Fe in thick Zr4 sample (#1) - = Metallic Fe in SPP in thin Zrd sample (#2)
——Metallic Fe in pure Zr (#3) —Metallic Fe bce powder
—Fe304powder e Fe203 powder

——Fe203 powder

(b) 1,4,
1,21

1
038
061

coefficient

04 1

Normalized absorption

0,2 A

0
18960 18980 19000

19020 19040 19060 19080
Energy (eV)

—Metallic Nb powder - NbO

19100 19120

-- NbO2 —Nb205
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chemical states.

which an unknown spectrum is fitted by a linear combination of
standard spectra as explained in Section 2. In all cases, the whole
spectrum was fitted (pre-edge, edge and post-edge). The standards
shown in Table 2 were used in the linear combination fitting pro-
cess. The unknown spectra is fitted using a linear combination of
standards, so that the combinatorial fit has the following mathe-
matical form:

fit = aS; )

where g; is the weight (or fraction) associated to the ith standard S;.
The fitting was not sensitive enough to detect the differences
between FeO, Fe;0,4 and Fe,03 oxide standards, so the fractions a;
attributed to the oxide reference samples (FeO, Fe;04 and Fe,0;
powders) were summed as one overall oxide fraction a,y. The same
was done with the metallic Fe standards, which was represented by
one Fe metallic fraction a;e;. The linear combination fitting results
for the three scans are presented in Fig. 14, where the fraction of
oxidized Fe is plotted as a function of oxide depth, when applying
the fits to the data shown in Fig. 14. It is clear that oxidation evolves
in the oxide layer.

It was possible to separate out the bcc Fe contribution from that
of the three metallic Fe in Zr. An example of one of the fits is shown
in Fig. 15a where the Fe oxide fraction and Fe metallic fraction
given by the fit are also plotted. The fit reproduces well the mea-
sured values. The least-square errors for the fits were smaller than
0.2% for all the fits.

As shown in Fig. 14, the fraction of oxidized Fe gradually
increases as the beam approaches the oxide/water interface. The
oxidation of Fe in solid solution and in precipitates is delayed rel-
ative to the Zr oxidation, so that a significant fraction of Fe remains
metallic in the oxide layer. It is also clear from Fig. 14 that Fe in the
precipitates oxidize less rapidly than the Fe in solid solution since
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for a given depth the fraction of oxidized Fe is higher in the solid
solution locations than in the precipitate locations. The precipi-
tates shown in Figs. 11 and 12 are located respectively 0.8 pm
(SPP1) away and 1 pm away (SPP2) from the oxide/metal interface.
Close to the oxide/metal interface, the beam does not hit the pre-
cipitates and the fractions of oxidized Fe in the three regions are
similar. As the beam goes further away from the oxide/metal inter-
face, the X-ray beam starts hitting the SPP1 and SPP2 precipitates,
the fractions of oxidized Fe of these scans decrease, whereas the
fraction of oxidized Fe in solid solution keeps increasing. The lower
fractions of oxidized Fe in the SPP1 and SPP2 scans are thus due to
the presence of metallic precipitates embedded in the zirconium
oxide layer. The fraction of oxidized Fe reaches a minimum where
the precipitates are located. As the beam goes away from the pre-
cipitate locations toward the oxide/epoxy interface, the fraction of
oxidized Fe starts increasing again to reach 100% at the oxide/
water interface located approximately at 1.7 um from the oxide/
metal interface for all the scans.
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3.2. Thick samples

The same data analysis method used on the thin sample was
systematically used to fit the data obtained from the thick samples
(a fit in the case of Nb in Zr-2.5Nb oxide is also plotted in Fig. 15b).
The best fit given by the list of combinatorial fits was used every
time and its R-factor plotted as function of incident beam energy
to check the precision of the fit and verify if it was homogeneously
distributed across the energy range. In each case the Zr fluores-
cence signal (straight line without symbols in Fig. 16) was acquired
to detect the position of the oxide layer and the two interfaces.
Fig. 16 shows an example of a post-transition Zircaloy-4 with a
total oxide thickness of approximately 3.6 um that matches that
derived from the weight gain. The fraction of oxidized Fe, and its
complementary, the fraction of metallic Fe, is also plotted in
Fig. 16. The evolution of the fraction of oxidized Fe in the thick
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Fig. 16. Fractions of oxidized and metallic Fe along a Zircaloy-4 oxide, as a function
of distance from oxide/metal interface. The bcc-Fe fraction is also shown.

samples was similar to that seen in the thin sample. The fraction
of oxidized Fe is close to zero at the oxide/metal interface and
gradually increases in the protective oxide (oxide formed since
the last transition with its thickness derived from weight gain
data), until it reaches 100% in the non-protective oxide (oxide
formed up to the previous transition), indicating that all the Fe in
the non-protective oxide is oxidized. This is expected since this
portion of the oxide is thought to be porous and fully permeable
to water. It is observed that the oxidation of Fe in the oxide layer
is delayed compared to the zirconium oxidation. ZIRLO and Zr-
2.5Nb samples show similar results, Nb and Fe exhibit delayed oxi-
dation in the oxide layer.

The Fe bcc fraction detected in Zircaloy-4 is also plotted in
Fig. 16. While it is almost always equal to zero throughout the
scan, a measurable Fe bcc signal was normally detected near the
region where the precipitates start to oxidize. This result is present
in most of the Zircaloy-4 samples that have been investigated in
this study, and it is in agreement with previous TEM experiments
on Zircaloy-4 samples, which show that a segregation of Fe bcc
occurs when the precipitates start oxidizing and the Cr and Zr in
the precipitate oxidizing preferentially leaving the Fe to cluster
as bcc Fe [17]. The detection of the Fe bcc by this XANES study
gives more confidence in the results of the combinatorial fitting
as well.

To compare the evolution of alloying element oxidation state
between samples of different oxide thickness (i.e. at different expo-
sure time), it is necessary to define a parameter to characterize it
and that can be easily evaluated for different samples of the same
alloy. The parameter chosen is s, the length of the oxide layer in
which the fraction of oxidized Fe or Nb is below 50%. Thus J,; is an
indication on the evolution of the oxygen potential in the oxide
layer. We also define ¢, as the protective oxide thickness (defined
as the oxide formed since the previous transition). The ratio dme:/dp
is an indicator of the fraction of the protective oxide in which alloy-
ing elements are mainly metallic. Values of 6, for Fe in Zircaloy-4,
ZIRLO and Zr-0.4Fe-0.2Cr and for Nb in ZIRLO and Zr-2.5Nb are
shown in Fig. 17. In these plots, dme is plotted as function of 6.
It is recalled that ¢, is the portion of the oxide layer formed after
the previous transition. The transition thickness is represented by
the shaded area. Several transition regimes being analyzed for Zir-
caloy-4 and ZIRLO the transition is not represented by a straight
line, but by a range of thicknesses (the transition thickness is not
exactly the same from a transition to another). Small oxide thick-
nesses have only been investigated in the case of Zircaloy-4, as it
is difficult to archive a sample right after its transition. However
a general trend of d,,¢ as function of ¢, for Zircaloy-4 and ZIRLO
can be observed. At first, d,. increases up to a threshold value of
approximately 0.75-0.8 pm for Zircaloy-4 and 1 pum for ZIRLO.
During this increase it is important to notice that the ratio dme/d,
appears to be approximately constant. Once J,,¢ reaches its thresh-
old value, it remains constant up to when the oxide reaches tran-
sition thickness. At the transition (~2.1 um for Zircaloy-4, ~3 pm
for ZIRLO), 6 suddenly drops to zero.

This picture might be slightly different for Zr-2.5Nb and Zr-
0.4Fe-0.2Cr alloys. The threshold J,,¢ value for Zr-2.5Nb is at least
1.2 pm and it is at least 1.25 um for the model alloy Zr-0.4Fe-
0.2Cr. But 6,,.; smoothly decreases until the oxide reaches transi-
tion and would not remain constant and drop suddenly at transi-
tion as it is observed in Zircaloy-4 and ZIRLO alloys. In the case
of the model alloy Zr-0.4Fe-0.2Cr, even though the weight gain
curve in Fig. 2 does not show transition, the fact that d,,, is already
dropping significantly for the sample archived at 463 days, sug-
gests that in the future it may undergo transition.

The different transition regimes are indicated for Zircaloy-4 in
Fig. 17 and it appears that J,,.; does not depend on the transition
regime. This was expected since ., is directly dependent on the
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oxygen potential in the oxide layer and it is known that the corro-
sion of Zircaloy-4 is periodic [32].

The implications of these results are discussed in the following
section.

4. Discussion

In Zircaloy-4, ZIRLO, Zr-2.5Nb and Zr-0.4Fe-0.2Cr the oxidation
of Fe and Nb in precipitates is delayed relative to Zr oxidation. This
is in accordance with previous TEM observations [17,18] and elec-
trochemical measurements [33]. The oxidation of Fe in solid solu-
tion in Zircaloy-4 appears to be delayed compared to Zr oxidation
according to the results of the thin sample. Thus, Fe in solid solu-
tion also remains metallic. One possible mechanism for this to
occur is that the Fe “in solid solution” are actually Fe atoms segre-
gated at oxide grain boundaries. Atom probe measurements [34]
have shown that this was to some extent the case for Fe in solid
solution in the metal part. However we cannot rule out that the
observation of Fe in solid solution might be altered by small hidden
precipitates undetected in the 2D fluorescence map shown in
Fig. 11. In any case, we can conclude that alloying elements in pre-
cipitates are protected by the preferential oxidation of zirconium
up to a certain distance from the oxide/metal interface where the
oxygen potential is high enough to oxidize Fe and/or Nb in precip-
itates. No bcc Fe signal was detected in the metal (it actually rep-
resents 0% of the fit at the oxide/metal interface), and it is only
detected when the precipitates embedded in the oxide start oxidiz-
ing. It is believed that bcc Fe starts to form when Zr and Cr in the
precipitates become oxidized. Indeed Cr has a lower oxidation
potential compared to Fe. Once the Cr is oxidized, metallic Fe starts
to segregate and forms bcc Fe as observed in [17]. Eventually, once

the oxidation potential of Fe in precipitates is reached, Fe starts to
oxidize to form Fe30,4, and Fe,03 oxides. A similar evolution from
Nb metal to Nb oxides also occurs in Nb-based alloys.

An oxidation model based on the pXANES results is proposed:

(1) When a new protective oxide is formed (right after transi-
tion), a continuous gradient in oxidation potential in the
protective oxide layer is established. The boundary condi-
tions at the oxide/metal and oxide/water (or porous oxide)
interfaces fix the oxygen potentials at these locations. As
the protective oxide thickens, the oxygen potential gradient
decreases but the ratio dme/dp, remains constant (even
though 6, increases). This situation is schematically
described in Fig. 18a (the oxygen potential is represented
as the dotted line).

(2) Then J,e reaches a threshold value and remains constant,
even though §, increases. Thus, the ratio dme/d, decreases
and the oxygen potential in the oxide layer cannot remain
continuous since the boundary conditions do not change.
The oxygen potential in the outer part of the protective
oxide increases. This situation is schematically described in
Fig. 18b.

(3) Finally, the oxide transition occurs, and &, is equal to zero
(Fe and Nb are fully oxidized). This is because the oxide is no
longer protective and is permeable to water. The oxygen
potential in the oxide is everywhere higher than the oxida-
tion potential of the alloying elements either in precipitates
or in solid solution.

This general oxidation model is valid for Zircaloy-4, ZIRLO and
Zr-2.5Nb alloys as well as for the model alloy Zr-0.4Fe-0.2Cr.
However, step 2 is dependent on the alloy. Whereas in ZIRLO and
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Zircaloy-4 5, remains constant until transition and drops to zero
just before transition, in Zr-2.5Nb and Zr-0.4Fe-0.2Cr Jmer
smoothly decreases until transition.

According to the results, a layer, in which most of the alloying
elements are metallic, develops as the oxide grows and remains
at a constant thickness once the protective oxide reaches a thick-
ness of approximately 1.2-1.5 pm. This threshold thickness is alloy
dependent. The threshold value of §,,., is smaller in the case of Zir-
caloy-4 (~750 nm) compared to ZIRLO (~1.0 um) which is itself
smaller than &, in Zr-2.5Nb and Zr-0.4Fe-0.2Cr alloy (at least
1.2 pm). Sakamoto et al. have found similar results in Zr-2.5Nb
alloy with 6 equals to 1 pm for 6, equals to 1.6 pm [21].

Since dmer is dependent on the element considered, one cannot
directly use this parameter to compare the oxidation potential at
a given oxide depth between different alloys. However, there is
no apparent reason to consider different boundary conditions
between the alloys and from free energy calculations the oxidation
potential of Zr(Cr,Fe), precipitates is higher than the oxidation
potential of BNb and on the same order of magnitude than
Zr(Nb,Fe), precipitates [35]. Thus, at a given location, the oxygen
partial pressure in the Zr-2.5Nb oxide layer would be lower com-
pared to the oxygen partial pressure in ZIRLO which would be itself
lower than the oxygen partial pressure in Zircaloy-4 oxide layers.

TEM examinations of oxide layers were done on the samples
investigated previously by microbeam XANES mainly to locate
and confirm the presence of metallic Fe and Nb in precipitates
embedded in the oxide layer and finally confront the results with
the XANES experiments. The TEM samples were prepared by lift-
out technique using FIB with the details of the technique described
in length in [36]. This technique produces electron transparent
samples with an area of about 10-15 pm in length and 5-10 um
in width of specific regions in the oxide layer. This sample prepa-
ration’s method was used to be able to study specific areas of the
oxide layer, such as precipitates embedded in the oxide. The TEM
used was a JEOL LaBg TEM of 200 keV.

Diffraction patterns of precipitates embedded in the oxide layer
localized by EFTEM and tilting were taken to determine their crys-
tal structure and thus if they were oxidized or not. Some TEM
micrographs taken in bright field configuration of a Zircaloy-4
oxide layer (J, ~ 1.8 pm) are shown in Fig. 19. The circled precip-
itates in Fig. 19 are metallic Zr(Cr,Fe), precipitates (confirmed by
indexing of diffraction pattern). In this specific sample, unoxidized
Zr(Cr,Fe), precipitates have been observed as far as 400 nm away
from the oxide/metal interface, while oxidized ones (appearing
as a round/oval shape enclosing small equiaxed ZrO, grains sepa-
rated by many cracks) where seen further than 800 nm away from
the oxide/metal interface. Even though the number of investigated
precipitates is rather small compared to the statistics of the XANES
experiments, these qualitative results are in general agreement
with the XANES results as shown in Fig. 17.

Precipitates in ZIRLO oxide scales were also investigated by
TEM. However, in that case, rather than the small grained oxides
found in Zircaloy-4, the oxidized precipitates would exhibit
amorphous contrast as shown in Fig. 20b. Amorphous precipi-
tates show as high oxygen content as the surrounding matrix
(as measured by EDS). This might indicate they are oxidized
although it is possible that the oxygen signal could also come
from the matrix surrounding the investigated precipitates. Thus
there is no clear evidence from TEM that amorphous precipitates

A

Fig. 19. TEM bright field images of the oxide/metal interface of Zircaloy-4 oxidized for 60 days (J, ~ 1.8 pm). Metallic precipitates embedded in the oxide are circled and the

oxide/metal interface is also delimited.
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(b)

Fig. 20. TEM bright field images of (a) BNb metallic precipitate (250 nm away from the oxide/metal interface), (b) amorphous BNb precipitate (600 nm away from the oxide/
metal interface) observed in the oxide layer of a ZIRLO sample oxidized for 120 days (6 ~ 3.6 um - d, ~ 0.6 um).
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Fig. 21. XANES results on two ZIRLO oxide layers showing the fraction of oxidized Fe and Nb as function of oxide depth. Fig. 17b is plotted on the right to locate the data

points corresponding to these analyses.

are actually oxidized in ZIRLO. Zr(Fe,Nb), precipitates - that are
larger than B-Nb precipitates — remain metallic longer in the
oxide: amorphous B-Nb precipitates have been observed as close
as 350 nm from the oxide/metal interface (see Fig. 20a), while the

closest amorphous Zr(Fe,Nb), precipitate was 700 nm away from
it for and total oxide thickness of 3.6 pm (6, ~ 0.6 um). Once
again these results are in general agreement with the XANES
results in Fig. 17.
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The development of porosity in these oxide layers could explain
why 6,,¢¢ reaches a threshold and why this threshold would be dif-
ferent from alloy to alloy. Many studies have shown a development
of porosity in the protective oxide of zirconium alloys [37-41].
However, few of these studies have reported a quantitative analy-
sis of porosity as function of oxide thickness. The evolution of the
micro-porosity in zirconium oxide layers as function of oxide
thickness has been studied by Ni et al., using TEM Fresnel contrast
to localize small pores (1-3 nm) in the oxide layer [42]. The dis-
tance from the oxide/metal interface up to where the pores start
to be vertically connected in the oxide has been measured for dif-
ferent alloys. For a Zircaloy-4 sample with J, = 1.5 pm (pre-transi-
tion), this distance was approximately equal to 600 nm. For a
second Zircaloy-4 sample with 6, = 1.9 um (still pre-transition) this
distance increased to approximately 1 pm. For a post-transition
ZIRLO sample (6, ~ 1 pm), a distance of 700 nm was measured.
These values of an oxide thickness free of inter-connected pores
are in very good agreement with our reported values of ., as a
function of ¢, (see Fig. 17), from the XANES experiments and also
with the reported distances from the oxide/metal interface where
metallic precipitates are found with TEM. The formation of a con-
nected network of pores would be related to the oxidation of pre-
cipitates, suggesting that the inter-connection of pores would
increase the mobility of the oxidizing species (such as oxygen
anions) and increasing the partial pressure of oxygen in this part
of the oxide layer (see Fig. 18b), which could in turn cause precip-
itate oxidation. This effect of pores on the mobility of oxidizing
species was actually proposed by Cox [3]. However it is unclear if
the pores are filled with water and, if so, how does the soaking
evolve as the micro-porosity develops. EIS measurements tend to
show that liquid soaking of cracks and pores in the protective layer
occurs progressively during corrosion [43]. Also, water-filled
cracks and pores are in accordance with boron and lithium concen-
trations variations as function of oxide depths measured by sec-
ondary ion mass spectroscopy [44]. In any case, UXANES
measurements would agree with an increase in oxygen partial
pressure in the outer protective oxide layer due to interconnected
porosity development, resulting in a threshold distance from the
oxide/metal interface where second phase precipitates remain
metallic.

From the same TEM study [42], it was concluded that the oxide
porosity increases with the increasing corrosion rate. Yilmazbay-
han et al. have shown that for the exact same alloys we are using
in this study, the higher the corrosion rate the smaller the oxide
thickness at transition [32]. The Zircaloy-4 transition being the ear-
liest (and its corrosion rate the highest), its level of porosity at a
given oxide thickness would then be the highest among the consid-
ered alloys. This would explain why the value of d,, is smaller in
the case of Zircaloy-4 and higher for Zr-2.5Nb. Similarly, the model
alloy Zr-0.4Fe-0.2Cr being the most protective of all the alloys (see
Fig. 2), it would have the lowest level of porosity in the oxide layer
and thus the highest §,,,¢; thickness (at least 1.25 pm for this alloy).

The microbeam XANES results on two ZIRLO oxide layers are
shown in Fig. 21 for both Fe and Nb. One can notice that &, at a
given §, (and so at a given level of porosity) for Fe and for Nb are
close to each other. These results would suggest that the oxidation
of Fe and Nb in Zr(Nb,Fe), occurs simultaneously. But closer to
transition Nb is preferentially oxidized compared to the Fe sug-
gesting at least that BNb precipitates oxidize preferentially over
Zr(Nb,Fe), precipitates. The oxidation free energy of different
compounds found in zirconium alloys is available in [35] and the
preferential oxidation of BNb precipitates over Zr(Nb,Fe), precipi-
tates is confirmed from thermodynamics. However since the SNb
precipitates are also smaller than Zr(Nb,Fe), precipitates this pref-
erential oxidation of BNb precipitates could also be a kinetic effect
(i.e. smaller precipitates are oxidized faster).

According to these results it appears that a sublayer within the
oxide, within which alloying elements are mostly metallic, is
formed and grows until it reaches a constant thickness due to
the formation of interconnected porosity at the outer part of the
oxide. This layer in which precipitates are mostly metallic would
have a high electronic conductivity compared to the outer layer
in which inter-connected pores start to develop and where precip-
itates are oxidized. Measurements on various zirconium alloys
show that the hydrogen pickup has an inverse relationship to the
oxide electronic conductivity through the protective oxide of thick-
ness d, [23]. Thus, the oxidation of alloying elements either in pre-
cipitates or in solid solution would impact the hydrogen pickup.
Indeed the evolution of 6 as function of 6, appears to be corre-
lated to the evolution of the instantaneous hydrogen pickup
fraction for a given alloy [45].

5. Conclusions

The oxidation of Fe and Nb alloying elements in second phase
precipitates and in solid solution was studied using pXANES in
Zircaloy-4, ZIRLO, Zr-2.5Nb and a model alloy Zr-0.4Fe-0.2Cr.
The micro-beam resolution allowed us to precisely characterize
the oxidation of alloying elements as function of oxide depth. A
new type of sample preparation has been developed to probe the
oxidation state evolution of Fe in solid solution in Zircaloy-4. These
results were also contrasted to TEM examinations.

The results show that:

e Oxidation of Fe and Nb in second phase precipitates are delayed
compared to zirconium oxidation. Thus metallic precipitates are
embedded into the growing oxide.

e To a lesser extent, oxidation of Fe in solid solution is also
delayed compared to zirconium oxidation. This suggests a pos-
sible segregation of Fe at oxide grain boundaries.

e An inner layer (of thickness 6,,¢¢) in which most of the alloying
elements in precipitates are still metallic develops as the oxide
grows. At first d,,.; increases as the oxide layer thickens. Then,
after the oxide layer thickness reaches an approximate value
of 1.2-1.5 pm, e remains constant until transition. At transi-
tion d,,e drops suddenly to zero for ZIRLO and Zircaloy-4 alloys
whereas, d,.; decreases smoothly to zero for Zr-2.5Nb and Zr-
0.4Fe-0.2Cr. These results are confirmed by TEM investigations
of precipitates embedded in zirconium oxide layers.

e This threshold 6, value is alloy-dependent and has been con-
nected to the development of micro-porosity in the oxide. It is
found that for the various alloys studied, as the corrosion rate
increases, the pore density increases, which causes Jpe to
decrease.

e In addition, TEM examinations of precipitates embedded into
the oxide layer have been performed and the results confirm
the quantitative analysis of the microbeam XANES
measurements.

The evolution of der/dp is found to correlate with the evolution
of the instantaneous hydrogen pickup fraction in all the studied
alloys as discussed in another paper [45].
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