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ABSTRACT

The addition of small concentrations of alloying elements to pure zirconium can prevent nuclear fuel
cladding material from undergoing unstable oxide growth in aqueous environments at light water reac-
tor operating temperatures. The role of alloying elements in stabilizing the oxide growth is examined in
this paper, to better understand the oxide growth stabilization mechanism. To this end, a set of initial,
short-duration corrosion experiments were performed, followed by oxide layer characterization. Specifi-
cally, ten model Zr alloys were selected to test the effect of small alloying additions on the alloy corrosion
rate and corrosion breakaway. These alloys were corrosion tested in pure water in an autoclave at 360 °C
for up to 70 days. The alloys included crystal bar Zr, sponge Zr, and model alloys with small concentra-
tions of Sn, Fe, and Cr. After testing, the alloys were characterized using scanning electron microscopy
(SEM) and synchrotron p-X-ray fluorescence (uXRF) to study how the structure of the oxide and alloying
element distribution related to unstable oxide growth. Initial results in the 360 °C water environment
showed breakaway oxidation may be caused by unstable oxide growth due to heterogeneous distribution
of the alloying elements. Heterogeneous distribution of alloying elements was correlated to the occur-
rence of unstable oxide growth (either nodule-like, grain boundary penetration, or differential grain-to-
grain growth). It is possible that this heterogeneity, made possible by low alloying element content, can
cause breakaway corrosion, but further study is warranted.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Early testing of zirconium alloys performed in the 1950’s and
60’s demonstrated that unalloyed zirconium metal, whether made
from crystal bar or sponge!, exhibits variable and unstable oxida-
tion behavior. In particular, when the material is exposed to high
temperature water or steam, breakaway? corrosion is often ob-
served, whereby the growing oxide starts to flake and spall dur-
ing corrosion [1,2,3]. Furthermore, the corrosion resistance of pure

* Corresponding author at: PO Box 1072, Mail Stop 102, Schenectady, NY 12301,
USA.

E-mail address: brendan.ensor@unnpp.gov (B. Ensor).

1 Crystal bar Zr is produced via the Van Arkel process which yields highly pure
Zr, while sponge Zr is produced from a direct separation process (the Kroll process)
[4].

2 The historic term ‘breakaway’ corrosion is used throughout this paper to refer
to a subset of unstable oxide growth observed in pure Zr and Zr alloys with low
alloying element content, as defined in the next section.
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0022-3115/© 2021 Elsevier B.V. All rights reserved.

Zr varies from ingot to ingot, such that the material was deemed
not to be suitable for use as nuclear fuel cladding. Fortunately, it
was found that the addition of relatively small amounts of alloy-
ing elements made zirconium alloys significantly more resistant to
corrosion than the pure material, causing the corrosion rate to de-
crease and made oxide growth more stable and reproducible [1].
However, since the main impetus in the past decades has been
to optimize alloy composition and thermomechanical treatment so
that better performance and stable oxide growth could be achieved
rather than investigating the fundamental principles by which al-
loying elements stabilize growth, the fundamental mechanism for
the stabilization of corrosion provided by low levels of alloying ele-
ments is still not understood today [1]. Moreover, when zirconium
alloys are used beyond their normal conditions (e.g., high temper-
ature accident scenarios) unstable oxide growth can occur. Thus, it
is of great interest to understand the cause of these instabilities, as
this could allow the design of better performing alloys. In this pa-
per, the causes of breakaway corrosion in unalloyed Zr are studied


https://doi.org/10.1016/j.jnucmat.2021.153358
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2021.153358&domain=pdf
mailto:brendan.ensor@unnpp.gov
https://doi.org/10.1016/j.jnucmat.2021.153358

B. Ensor, A.T. Motta, A. Lucente et al.

to better understand the role of alloying elements in the stabiliza-
tion process. Zr alloy samples exhibiting unstable oxide growth are
characterized in a set of initial experiments to understand the dif-
ferences in the corrosion process when compared to stable oxide
growth and the results discussed in light of existing knowledge.

2. Background

In alloys which exhibit stable oxide growth when exposed to
high temperature water environments, such as Zircaloy-4, a pro-
tective oxide layer develops which slows down further oxidation of
the metal [4,5,6,7]. In many of these alloys, at a critical point dur-
ing oxide growth, a kinetic transition takes place, at which point
the oxide layer loses its protective character, allowing easy ac-
cess of water to the metal-oxide interface, which results in an in-
crease of the corrosion rate. This change in oxide growth kinetics
is known as the oxide transition. Prior to this change the oxide is
said to be in the pre-transition regime. After transition, the corro-
sion rate returns to the corrosion kinetics of the bare metal and
the newly-formed oxide again becomes protective, slowing the ox-
idation until it reaches a new transition, in a cyclic process. In
contrast, when the oxide loses its protective character and oxide
growth becomes unstable (e.g., non-planar oxide growth), the al-
loy is said to experience ‘breakaway’ corrosion.

The departure from stable growth normally entails inhomo-
geneous oxide growth, exhibiting preferential advance along spe-
cific microstructure features of the bare metal, such as different
grains, grain boundaries, and second phase particles [8]. This non-
homogeneous growth can lead to the development of compatibil-
ity stresses which may mechanically fracture the oxide layer. As
the oxide loses its protective character, its color turns from dark
gray or black to white and the oxide layer may start to flake off.
Thus, breakaway corrosion exhibits unstable oxide growth. Unsta-
ble oxide growth can be defined as having any of the following
characteristics:

» Whitish, spalling oxide layer

- Significant and sustained acceleration of the corrosion rate>

- Significant deviation from planar oxide growth into the metal

» Formation of nodules or other local regions of advanced oxide
growth

Breakaway oxidation is one mode of unstable oxide growth and
was observed in pure Zr during early alloy development. Reference
[8] shows SEM micrographs illustrating the marked contrast be-
tween oxide growth during stable corrosion (Zircaloy-4) and un-
stable corrosion (pure Zr). A note on terminology is important
when discussing this phenomenon. The similarities between break-
away corrosion and the oxide transition in Zr alloys have been
noted by various researchers [3,7,9]. In fact, the words ‘transi-
tion’ and ‘breakaway’ were used interchangeably in early research
[2,3,7,9,10,11]. Further, the term ‘breakaway’ is occasionally used
to refer to higher corrosion kinetics under loss-of-coolant acci-
dent (LOCA) conditions, exposures to steam and nitrogen mixes at
higher temperatures, or long-term in-reactor acceleration of Zr al-
loy corrosion rates [12]. For the purposes of this study, the term
‘breakaway’ describes corrosion of pure Zr and Zr alloys with low
alloying element content (defined here and throughout this paper
as >99.5 wt.% Zr) at typical reactor temperatures. This breakaway
corrosion is characterized by the formation of white oxide and
highly accelerated oxide growth wherein non-planar oxide grows
rapidly into the metal.

3 The cyclical corrosion process can be fit as approximately linear after long ex-
posure times [33]. While many factors can accelerate corrosion, and it is common
to see a slow acceleration in corrosion rates in subsequent cycles, unstable oxide
growth is defined as being a significant (at least a 50%) increase from this process.
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As was evident during early alloy development, small amounts
of alloying elements can be influential on corrosion performance
[1]. Although research has been performed on the spatial dis-
tribution of the alloying elements, detailed knowledge is lacking
in part because the alloying amount in solid solution in the al-
loys is typically below the detection limits of standard methods,
such as energy-dispersive X-ray spectroscopy (EDS). The recent de-
velopment of advanced techniques (e.g., atom probe tomography
and secondary-ion mass spectrometry) has led to renewed inter-
est in studying the distribution of alloying elements in Zr alloys
[13,14,15,16].

It was observed during corrosion tests on pure Zr in 500 °C
steam and 350 °C oxygen that locally thicker oxide layers were
formed, which were referred to as ‘pustules*’ or ‘bumps’ [17,18].
Similarly the formation of ‘nodules’ has been observed during
LOCA experiments and been associated with breakaway corrosion
under these conditions [19,20] Additionally, nodular corrosion has
been observed on some Zr alloys during corrosion in boiling water
reactors [4]. These are examples of the morphology of local unsta-
ble oxide growth on pure Zr which this paper investigates.

A few theories have been proposed to explain a rapid accel-
eration of corrosion of pure Zr in water or loss of protective-
ness of oxide layers in zirconium alloys at elevated temperatures
(>400 °C), including the development of interconnected porosity
(which is similarly used to explain transition), cracking of the ox-
ide due to inhomogeneous growth, and the presence of hydrogen
[2,10,11,18,19,20,21]. Since it is common for mostly pure Zr or Zr
alloys with low alloying element content to undergo breakaway
corrosion during standardized corrosion tests (e.g., at 360 °C in
water or 400 °C in steam) [1,8], it is natural to study the influ-
ence of low alloying element contents on breakaway susceptibil-
ity. Consequently, the distribution of alloying elements and their
role on the stabilization of oxide growth is the main focus of this
study.

3. Experimental technique and materials
3.1. Materials

Ten model Zr alloys were produced by arc melting with a range
of alloy compositions, generally on the low alloying element con-
tent range. These samples were chosen to represent a range of al-
loys with key constituent elements in low concentrations to deter-
mine how the presence of these different elements can affect the
onset of breakaway corrosion.

The alloys were prepared by Thermacore, Inc. by arc-melting
in a pure argon environment. Each arc-melted button weighed ap-
proximately 300 gs and was melted three times to ensure homo-
geneity. The arc-melted buttons were S-solution treated at 1050 °C
for 30 min in a vacuum furnace, hot-rolled after pre-heating be-
tween 580 - 720 °C° for 10 min in vacuum and cold-rolled three
times (55-58% total reduction) to a final thickness. Between each
rolling step, the cold-rolled sheets were intermediate-annealed in
vacuum at a temperature between 580 and 720 °C for 30 min de-
pending on the alloy system®. A final anneal in vacuum (800 °C
for 30 min) was performed, which for the sponge Zr could have
been in the very low «+f region (when considering the effects
of oxygen), and for Zr-0.2Fe and the Zr-Fe-Cr ternary alloys (with
very low oxygen content) was in the o+ region. For the crystal
bar Zr, Zr-0.1Cr, and the Zr-Sn binary alloys this final anneal was

4 ‘Pustules’, ‘bumps’, and ‘nodules’ in the early literature were all descriptions of
similar phenomena of locally thicker oxide layers over the surface of the material
and are not significantly different from one another.

5 580 °C for ZC1, ZS1, SN1, SN2, and SN3, 650 °C for CR1,and 720 °C for FC1, FC2,
FC3, and FE1.
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Table 1
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List of model alloys and chemical analysis of material; key elements for the model alloys, color coded by alloy system, are bolded. The phase of the
final anneal 800 °C for 30 min) of the material is provided (¢« — «a+f transition estimated in parentheses).

Chemical Analysis #1 (Luvak Inc.), Weight%

Sample Nominal Composition H C N 0] Fe Cr Hf Anneal
Crystal Bar Zr (crystal bar) 0.0014 0.007 <0.005 0.011 0.0061 <0.005 0.035 -
Sponge Zr (sponge) 0.0050 0.004 <0.005 0.058 0.0200 0.013 0.028 -

Chemical Analysis #2 (R] Lee Group), Weight%
Sample Nominal Composition H C N 0 Fe Cr Sn Anneal
ZC1 Zr (crystal bar) 0.0017 0.011 0.002 0.019 0.006 <0.002 0.002 o (~850 °C)
Z51 Zr (sponge) 0.0019 0.012 0.003 0.100 0.026 0.005 <0.002 Low a+pB (~750 °C)
FC1 Zr-0.1Fe-0.05Cr 0.0012 0.007 0.002 0.015 0.100 0.058 <0.002 Low a+pB (~750 °C)
FC2 Zr-0.05Fe-0.025Cr 0.0012 0.008 0.001 0.015 0.056 0.024 0.002 Low a+p (~750 °C)
FC3 Zr-0.05Fe-0.05Cr 0.0013 0.005 0.001 0.007 0.050 0.055 <0.002 Low o+ (~750 °C)
CR1 Zr-0.1Cr 0.0017 0.006 0.002 0.018 0.006 0.088 <0.002 o (~850 °C)
FE1 Zr-0.2Fe 0.0015 0.010 0.003 0.010 0.180 0.003 <0.002 Low a+pB (~750 °C)
SN1 Zr-0.2Sn 0.0016 0.006 0.001 0.010 0.004 <0.002 0.180 o (~865 °C)
SN2 Zr-0.4Sn 0.0014 0.008 0.001 0.010 0.007 <0.002 0.370 o (~865 °C)
SN3 Zr-0.1Sn 0.0012 0.005 0.001 0.020 0.003 <0.002 0.110 o (~865 °C)

in the o region [22,23,24]. The heat treatment resulted in the for-
mation of an equiaxed microstructure with grain size on the or-
der of ~10 pm. Following this, standard surface treatment (pick-
ling) was done in a solution of 45H,0:45HNO3:10HF. After the heat
treatment and rolling, the sheets were cut into ~2.5 cm x 2.5 cm
coupons, with a thickness of ~0.75 mm. The coupons were marked
with a metallographic stamper for reference.

Sponge and crystal bar samples were tested by Luvak Inc. us-
ing hot vacuum extraction for hydrogen content determination,
combustion infrared detection to determine carbon content, inert
gas fusion to determine oxygen and nitrogen content, and direct
current plasma emission spectroscopy to determine the transition
metal content of the 10 alloys. A piece of each prepared coupon
was sent for chemical analysis to the R] Lee Group where LECO
analysis was used to determine C, N, and O content, hot vac-
uum extraction was used to determine H, and Inductively Coupled
Plasma (ICP) was used to determine Cr, Fe, and Sn contents. The
results of these elemental analyses and a list of the model alloys
are shown in Table 1.

The low alloying element content in crystal bar Zr should be
noted (0.0061 wt% Fe and <0.002 wt% Cr). These values are be-
low the theoretical solubility limits of these elements in Zr, and
therefore no precipitates are expected to be formed. This stock of
pure crystal bar Zr was used to create the remaining model al-
loys, and as can be seen, with the exception of purposeful alloy
additions, the elemental concentrations are consistent with the el-
emental concentrations in the starting materials. The crystal bar
Zr and the Zr-Sn binary alloys had no precipitates, while the Fe
and Cr concentration in the remaining alloys had sufficient al-
loying element content to produce precipitates. This included the
sponge Zr which had 0.02 wt% Fe and 0.013 wt% Cr and thus
is expected to show some precipitates, which were in fact ob-
served using SEM. The only other major difference between crystal
bar and sponge Zr was an order of magnitude higher O content
(from ~0.01 wt% in the model alloys made from crystal bar Zr to
~0.1 wt% in sponge Zr). Sponge Zr exhibited larger differences be-
tween separate chemical analyses of individual samples than did
crystal bar Zr, indicative of the inherent variability in the starting
material.

Since the addition of alloying elements reduces the tendency
for breakaway oxidation, removing them altogether should pro-
mote unstable oxide growth. Furthermore, by varying the amounts
of each of these elements, the minimum amounts necessary for
protective behavior could be studied.

3.2. Corrosion testing and characterization

Two samples of each model alloy were tested in an autoclave at
360 °C at Westinghouse. Four control samples of Zircaloy-4 were
corroded alongside the model alloys. The corrosion tests were per-
formed in a degassed autoclave with static pure water of neutral
pH following ASTM G2 [25]. For these initial experiments, samples
were corroded for a maximum of 70 days, with some coupons re-
moved earlier for examination (particularly if signs of breakaway
corrosion were apparent) since previous experiments have shown
that only short exposures are needed to cause breakaway corrosion
[1,8].

After the corrosion tests, the oxide layers formed on these sam-
ples were characterized using a number of techniques to investi-
gate the underlying causes of breakaway corrosion. Samples were
first imaged using SEM. This was accomplished both by prepar-
ing cross-sectional samples (as described in [26]) and by using the
Focused Ion Beam (FIB), an FEI Helios NanoLab 660, to mill into
the oxide while imaging the sample. Milling was performed us-
ing 30 keV gallium ions at a current of 9.3 nA. After milling, the
surface was cleaned for imaging using a 0.79 nA current. Prior to
milling either Pt or C were electron beam deposited on the surface
to prevent surface damage. The FEI Helios NanoLab 660 was also
used to perform Electron Back Scatter Diffraction (EBSD) to deter-
mine grain orientation on some samples (which were also exam-
ined using an additional SEM, a Zeiss SIGMA VP-FESEM) [27]. The
FEI software Aztec was used for EBSD analysis using the Kikuchi
bands to index the crystal structures investigated and to determine
grain orientation.

Two samples were examined using microbeam synchrotron ra-
diation fluorescence to examine the distribution of alloying ele-
ments in relation to the oxide morphology prior to and after break-
away corrosion. This was performed at the 2-ID-D beamline at the
Advanced Photon Source (APS) at Argonne National Laboratory. The
goal was to obtain high-resolution X-ray fluorescence (XRF) data
maps of the oxide and the metal to determine the alloying element
distribution ahead of the oxide front, as has been done previously
[26,28,29]. An optical microscope at the beamline was used to cor-
relate the XRF data to the oxide morphology.

The X-ray beam energy used was 8.34 keV and the spot size
was 0.2 pym x 0.2 pm. For the experiment, a cross sectional sam-
ple was attached onto an aluminum stud which was tilted into the
beam’s path, causing it to hit the sample at an incident angle of
14° creating a footprint of 0.2 pm X 1 um on the sample (larger
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size parallel to the metal-oxide interface). The mean free path of
the incoming X-ray (8.34 keV) is ~12 ym and the resulting L or K
edge X-rays produced for the elements of interest would be even
less, thus the technique is particularly sensitive to the surface re-
gion. A Ge (Li) Canberra solid state detector was used to acquire
fluorescence data at each point. Prior to acquiring high-resolution
maps, a quick fluorescence map with large step size was acquired
on each sample to identify the regions to examine in greater de-
tail. For the high-resolution maps, a step size of 1 ym and dwell
time of 1.5 s was used on the crystal bar Zr sample and a step
size of 0.25 pm and dwell time of 6 s was used on the sponge Zr
sample. After each map, individual locations were selected for long
dwell time acquisitions (60 s for crystal bar and 100 s for sponge).
In all cases studied, the fluorescence counts from the rough maps
and high-resolution maps scaled and were repeatable. The counts
in the ~0.3 keV energy range near the fluorescence spectral lines
of interest (Zr L, Cr Ky, Fe Ky, and Sn L) were then collected and
recorded.

To account for variability in signal incident on the sample and
reaching the detector, the fluorescence counts were normalized to
the incident X-ray beam. Following this operation, the alloying ele-
ments counts were normalized to the Zr L counts. Error in the fluo-
rescence measurement is reported as the standard deviation of the
counts but does not account for all forms of possible measurement
error and uncertainty. Note that the elemental measurements re-
ported here are obtained by defining regions of interest in the flu-
orescence spectra, which contain the relevant fluorescence peaks
for each element. In particular no background subtraction was per-
formed as the full fluorescence spectra were not recorded for these
initial investigations. Recording and using the full spectra are rec-
ommended for future experiments to more quantitatively deter-
mine the distribution of low levels of alloying element content.
Nevertheless, this simple technique, although not quantitative, pro-
vides a reliable estimate of the variation in element concentration
in different locations. Fluorescence analysis has been used in the
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past to determine alloying element concentration and can detect
variations on the order of one ppm [28].

4. Results and discussion

4.1. Analysis of Zr and model Zr alloys corroded in autoclave with
360 °C water

Previous research has shown that pure Zr alloys, both crys-
tal bar and sponge, sooner or later undergo breakaway corrosion
when exposed to a 360 °C autoclave environment [8]. Fig. 1 shows
weight gain data for the model alloy samples tested in this study;
two coupons of each sample were tested, as shown.

The coupons were tested for up to 70 days. One sample of crys-
tal bar Zr and one of the samples of Zr-0.2Sn underwent breakaway
corrosion in 10 and 3 days, respectively, exhibiting white spalling
oxide. Additionally, ZS1 (sponge Zr) exhibited some areas of white
oxide on the coupon surface. This observation of white spots, along
with weight loss was used as an initial criterion for breakaway cor-
rosion, as shown in Fig. 2.

Surprisingly, among alloys with elemental additions, only the
Zr-0.2Sn sample showed signs of breakaway corrosion, in this case
after only a 3-day exposure. This suggests that small amounts of
alloying element content (as little as Zr-0.05Fe-0.025Cr) could sta-
bilize oxide growth. Samples that did not show breakaway exhib-
ited mostly black, protective oxide, characteristic of stable oxide
growth. This included a Zr-0.1Sn sample that was exposed for 70
days without showing breakaway oxidation. As previously men-
tioned, the occurrence of breakaway corrosion cannot always be
precisely predicted: some samples experience breakaway quickly,
while others do not experience breakaway corrosion for some time
[1,8]. It is also possible that there is a threshold in the amount of
Sn needed in a particular grain to cause local accelerated corrosion
in a grain; for instance, as can be seen in Fig. 1, the Zr-0.4Sn alloy
shows ~40-50% higher weight gain than the Zr-0.1Sn. Given the
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Fig. 1. Weight gain data for model Zr alloys corroded in autoclave for 70 days with 360 °C water. *Samples noted with an asterisk underwent breakaway oxidation.
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Fig. 2. Images of three corrosion coupons following exposure in a 360 °C autoclave. ZC1-12 (crystal bar - 10 days), SN1-6 (Zr-0.2Sn - 3 days), and ZS1-5 (sponge - 70 days)

exhibit varying degrees of white spalling oxide, characteristic of breakaway oxidation.

results of the Zr-Sn alloys (Zr-0.1Sn - lowest weight gain, no break-
away; Zr-0.2Sn - breakaway; Zr-0.4Sn - 40-50% higher weight gain
than Zr-0.1Sn, no breakaway), it is postulated that the Zr-0.15n al-
loy may not have sufficient Sn to exceed this threshold in most
grains, while the Zr-0.4Sn alloy does. Following this theory, the
Zr-0.2Sn may have a mixture such that some grains exceed the
threshold, while others do not, leading to potential differential ox-
ide growth from grain to grain, which may lead to a breakaway
corrosion condition.

With the exception of the samples that underwent breakaway
corrosion, none of the alloys tested in the autoclave went beyond
the oxide transition. However, the alloys did show a wide variabil-
ity in pre-transition kinetics. Final weight gain values measured af-
ter 70 days ranged from 18.4 mg/dm? in Zr-0.1Cr to 31.6 mg/dm?
in Zr-0.4Sn, equivalent to 1.2 pm to 2.2 pum of oxide. Zircaloy-
4 coupons showed an average weight gain of 27.7 mg/dm? (cor-
responding to 1.9 pum). The individual kinetics for each alloy are
given by Eq. (1),

w = Axt" (1)

where w is the weight gain of the alloy, t is exposure time, and
A and n are constants. The calculated values of the exponent n
all fell within a tight range in the sub-cubic region from 0.24 to
0.3. The corrosion kinetics observed in this study (n=~0.2-0.3 for
Fe-Cr-Sn alloys) are in agreement with previous determinations of
pre-transition corrosion kinetics of model Zr alloys (including both
Zr-Sn and Zr-Fe-Cr alloys) [8].

4.2. Characterization of model Zr alloys corroded in autoclave using
SEM

After autoclave corrosion testing, the oxide layers formed on the
model alloys were examined using SEM (prepared both in cross-
section and using the FIB). Fig. 3 shows six SEM cross-section im-
ages showing stable oxide growth. In the samples that did not ex-
perience breakaway corrosion, mostly stable oxide growth is ob-
served, although regions of preferential growth may be evident
along different metal grains or grain boundaries (e.g., along a grain
boundary in Fig. 3(a) and in different grains in Fig. 3(c)). Fig. 3(d)
shows a region of stable oxide growth in the sponge Zr sample,
which in other locations exhibited unstable oxide growth. The ox-
ides in the stable regions of the model alloys were similar in ap-
pearance to Zircaloy-4, which is shown in Fig. 3(f).

In contrast, samples in which breakaway corrosion has occurred
show a much less uniform metal-oxide interface. Fig. 4 shows typi-
cal SEM micrographs of breakaway oxides formed on crystal bar Zr
(top) and on Zr-0.2Sn (bottom) after exposure for 10 and 3 days,
respectively.

During breakaway corrosion, ‘finger’-like oxide growth along
grain boundaries is often observed, as shown in Fig. 4(b) and (d)

and evidenced by the approximate 10 pm spacing in a number of
the fingers. The dendritic features also grow in regions where there
are no grain boundaries, such as in Fig. 4(c), as it is unlikely that
all the ‘fingers’ in Fig. 4 are along grain boundaries, as the metal
grain size is on the order of 10 pm. SEM micrographs during FIB
milling are shown in Fig. 4 (a and c), while those acquired after
preparation in cross-section are shown on the right (b and d). The
morphologies of these breakaway oxide layers are similar to those
seen in previous studies [8]. This morphology of oxide growth is
a consequence of breakaway oxidation and the penetrating oxide
‘fingers’ are formed along the easiest paths for rapid corrosion in
each case.

When breakaway corrosion occurs, in addition to the surface of
the samples turning white, it was clear that the surfaces were no
longer smooth on a microscopic level. As a result, plan-view ex-
aminations of these oxide layers were undertaken to characterize
these inhomogeneities. Fig. 5 shows plan-view SEM micrographs
taken of oxide layers formed on crystal bar Zr and Zircaloy-4 show-
ing widespread spalling of the oxide in crystal bar Zr, which under-
went breakaway corrosion, compared to Zircaloy-4, which exhibits
stable oxide growth. The surface of the crystal bar Zr on the left
in Fig. 5 appears rough, and shows oxide spalling, while the right
SEM micrograph taken from Zircaloy-4 is smooth, and shows no
oxide spalling.

An interesting observation in the examination of plan-view
samples was that after testing the model Zr alloys exhibited inho-
mogeneities on their outer surfaces. Fig. 6 shows SEM micrographs
of nodule-like formations on the outer surface of four model Zr al-
loy samples corroded for up to 70 days.

Small nodule-like oxide formations can be seen on the surface
of the model Zr alloys in Fig. 6(a) - (c), and (e) - (f). In the sponge
Zr sample, ZS1-5, which was corroded for 70 days and is shown
in Fig. 6(d), the nodule appears much larger. This sample showed
signs of beginning to break away (white spots of oxide visually
apparent) and these larger areas of spalling oxide resemble the
surface of samples that have undergone breakaway corrosion. This
suggests that such inhomogeneities could be precursors of break-
away.

The initial diameter of the nodule-like formations is ~5 pm.
These nodules were seen on the surface of every model alloy sam-
ple as soon as 3 days after exposure to the corrosion environment.
This includes some of the alloys in Fig. 6 which had a final treat-
ment in the low o+f region (thus potentially creating B-Zr and
segregating the alloying elements) and which could be the cause
of the nodules for these alloys. However, the final recrystallization
anneals for the crystal bar Zr, Zr-0.1Cr, and Zr-Sn binary alloys were
in the « region and these alloys also exhibited nodules on the sur-
face. Interestingly, the nodule-like formations were also associated
with regions of advanced oxide growth. Fig. 7 shows SEM micro-
graphs of a cross-section of the oxide layer underneath the nodule-
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Fig. 3. SEM images of six model Zr alloys corroded in autoclave with 360 °C water for 20 (a, b, ¢, e & f) and 70 days (d) exhibiting stable oxide growth in the regions
examined: (a) CR1-8 (Zr-0.1Cr), (b) SN3-5 (Zr-0.1Sn), (c) FC3-8 (Zr-0.05Fe-0.05Cr), (d) ZS1-5 (sponge Zr), (e) FC1-7 (Zr-0.1Fe-0.05Cr), (f) T908-2 (Zircaloy-4). All images are

on the same scale.
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Fig. 4. SEM images of breakaway oxidation in model Zr alloys corroded in autoclave with 360 °C water for 3 days (SN1) and 10 days (ZC1): (a) ZC1-12 (Crystal bar Zr) FIB
prepared SEM micrograph, (b) ZC1-12 (Crystal bar Zr) cross-section and polish prepared SEM micrograph, (c¢) SN1-6 (Zr-0.2Sn) FIB prepared SEM micrograph, and (d) SN1-6

(Zr-0.2Sn) cross-section and polish prepared SEM micrograph.

like regions. The regions directly underneath the nodules showed
thicker oxide layers. The oxide layer shown on Fig. 7(a) exhibits
significant growth instability, advancing much further into one re-
gion than into the neighboring regions. This differential growth is
normally associated with cracking and spalling of the oxide layer,
and this is evident in all Fig. 7 images. In Fig. 7(b) a similar un-
stable oxide layer advancement is observed. Note that the globe of

oxide which appears separated from the rest of the oxide comes
from the three-dimensional nature of the unstable growth. In both
Fig. 7(a) and Fig. 7(b), the regions of advanced oxide growth oc-
curred on what appeared to be single metal grains. However, the
localized advancement of the oxide in Fig. 7(c) could be related to
preferential oxide growth along a grain boundary, also leading to
oxide cracking. Finally, advanced oxide growth in sponge Zr and
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Fig. 5. SEM images of the surface of two zirconium alloy samples corroded in 360 °C water in autoclave; the sample on the left underwent breakaway corrosion after 10
days and shows a rough, spalling surface, the sample on the right shows a smooth surface characteristic of stable growth after 70 days of exposure.
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(Zr-0.05Fe-0.025Cr)

, ' d) ZS1-5
| (Sponge Zr)
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Fig. 6. Optical and SEM images of the surface of six model Zr alloys corroded in autoclave with 3602C water for 20 (a, ¢, & f) and 70 days (b, d, & e): (a) FC1-7 (Zr-0.1Fe-
0.05Cr, (b) FC2-2 (Zr-0.05Fe-0.025Cr), and (c) FE1-7 (Zr-0.2Fe) showing small surface nodules, (d) ZS1-5 (sponge Zr) showing the formation of a large surface nodule, and

(e) SN3-2 (Zr-0.1Sn) and (f) CR1-8 (Zr-0.1Cr) showing small surface nodules.

crystal bar Zr is observed in Fig. 7(d) and (e) from the nodule-like
formation. In these cases, the nodule like formation is accompa-
nied by extensive oxide cracking.

The regions of advanced oxide growth shown in Fig. 7 are not
seen in zirconium alloys which show stable oxide growth during
testing in 360 °C water, such as Zircaloy-4, (which also showed
no small nodules). Since the alloying content of the alloys tested
and shown in Fig. 6 is much lower than that in commercial Zr al-
loys, the absence of these alloying elements in particular regions
could be correlated to the occurrence of unstable growth (since
even in ‘pure’ Zr there is some concentration of alloying elements
present).

Thus, one possible cause for differential oxide growth is a het-
erogeneous distribution of the alloying elements in the alloy. This
heterogeneous distribution could cause corrosion to vary locally,
because of the potential effect of the alloying elements on the
oxide conductivity and space charge formation in the oxide layer
[30]. Alternatively, as described above, it is possible that for the
Zr-Sn binary system there is a threshold for the amount of Sn
in metal grains above which accelerated corrosion occurs. If the
amount of Sn in the alloy is near this threshold, then grain-to-
grain differential growth could lead to large stress buildup and
a breakaway corrosion condition. To investigate the possible in-
fluence of alloying elements on onset of breakaway, the distribu-
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Fig. 7. Advanced oxide growth beneath nodule-like formations on five model Zr alloys corroded in autoclave with 360 °C water for 10 (e), 20 (a & c), and 70 days (b & d).
(a)-(c) acquired after selectively milling using the FIB, (d)-(e) acquired from sample created in cross-section and polished.

tion of the alloying elements ahead of the oxide front needs to
be studied. A preliminary such study is shown in the following
section.

4.3. Synchrotron X-ray fluorescence mapping on samples with
unstable oxide growth

Characterization of the oxide layers formed on model Zr alloys
showed that the oxide layer often grew unevenly into the metal.
An effort was made to determine the distribution of the alloying
elements in the samples at specific locations ahead of the mov-
ing front. To this end, samples were studied at the APS using mi-
crobeam synchrotron X-ray fluorescence (XRF). Because for an X-
ray energy of 8.34 keV the elemental sensitivity to Fe and Cr is
quite high, this examination permits the study of the alloying ele-
ment variability ahead of the oxide front even at very low alloying
element levels.

The first sample examined was one of crystal bar Zr, which had
undergone breakaway corrosion after exposure for 10 days. Dur-
ing corrosion this sample developed a ‘finger’-like penetrating ox-
ide morphology, as shown in Fig. 4 (a-b). XRF maps were acquired
to obtain a measure of the alloying element content in the metal
both in front of and to the side of some of these oxide fingers.
Fig. 8 shows an optical microscope image of the metal-oxide in-

terface acquired from the area where the fluorescence map was
acquired. The oxide fingers are visible in Fig. 8 as black protru-
sions penetrating into the Zr metal in gray. The region ahead of
the oxide, which shows slightly different contrast is thought to be
rich in oxygen, as was seen previously [15]. Specific locations were
selected in the metal for examination using XRF with long dwell
times (60 s) so that good counting statistics could be obtained. This
was done both in areas where the oxide fingers were not penetrat-
ing (A, D, and E) and where oxide fingers were penetrating (C and
B), as shown in Fig. 8. The raw fluorescence results (normalized to
the incident X-ray flux and to the Zr L counts) from this examina-
tion are shown in Fig. 8, in counts for a given energy region of in-
terest (ROI). Although the arbitrary ROI range selection does not al-
low for quantitative determination of alloying element concentra-
tions, the results from one location can be qualitatively compared
with the others as long as the ROIs remain constant throughout the
experiment. Note that the differences in the values reported only
indicate that more or less alloying elements are present and do
not indicate how much more or how much less is in each location
(e.g., there is not necessarily twice the amount of Fe in location E
compared to location A in Fig. 8). However, the magnitude of the
differences (at least ~2x for each element on average), was consid-
ered meaningful to indicate differences in content from location to
location.
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Fig. 8. (Top) Optical image of crystal bar Zr examined at the APS 2-ID-D beamline after a 10-day exposure at 360 °C. The black is the oxide and the gray is the metal.
(Bottom) Synchrotron XRF data acquired at five locations for 60 s using the APS 2-ID-D beamline; for a given site, the Sn L, Cr K, and Fe K, fluorescence counts are given
normalized to the Zr L along with a description of the location; as can be seen, locations where the oxide did not penetrate have higher alloying element contents. Error
based on standard deviation of the fluorescence counts before normalization and does not account for all forms of uncertainty.

Sym -
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Fig. 9. SEM image of ZS1-6 after 10 days of exposure at 360 °C, showing the region of oxide advance where an XRF map acquired via synchrotron radiation was performed.
Locations of detailed fluorescence acquisition are marked C, D, and E. Image was acquired after examination at the APS and was not refinished to preserve the surface layer

of material leaving some artifacts visible.

The fluorescence results suggest that the alloying element con-
tent in locations A, D, and E (regions in the metal ahead of where
the oxide penetrated less) is higher than in locations B and C (re-
gions in the metal ahead of where the finger-like oxide pene-
trated more). This observation is consistent with a higher alloy-
ing element content of transition elements being associated with
lower oxide growth. The difference in alloying element content
from region to region could potentially cause the uneven growth
observed.

Another pXRF map was acquired at the 2-ID-D beamline at the
APS on sponge Zr, which had been corroded for 10 days. This sam-
ple did not break away but did exhibit regions of accelerated oxide
growth (similar to the one shown in an SEM micrograph of this
sample in Fig. 7(d)). A large fluorescence map was set up in the
vicinity of a region showing accelerated growth. Fig. 9 shows an
SEM micrograph of sample ZS1-6 corroded for 10 days, with a re-

gion where oxide advances in the metal, as indicated (this image
was acquired after the nXRF experiments and was not re-prepared
to maintain the surface as it was examined at the beamline).

Fig. 9 shows the locations of the detailed fluorescence acqui-
sition (100-second dwell time) marked C, D, and E (A and B were
not within the area of this micrograph). Fig. 10 shows an overlay of
an SEM micrograph on an Fe fluorescence map of the same region
(acquired at 6 second dwell times and with a 0.25 pm step size),
also suggesting faster advancement of the oxide layer into regions
where the Fe content is lower. The results of the acquisition are
also shown in Fig. 10.

The Fe fluorescence map shown in Fig. 10 suggests an inverse
correlation between alloying element content ahead of the advanc-
ing oxide front and the degree of advancement of this front relative
to the overall oxide thickness. Fig. 10 shows that the oxide layer
grew more slowly in regions where precipitates were presumably
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Fig. 10. (Top) Fe fluorescence overlaid with an SEM image of the sample (ZS1-6) examined with synchrotron XRF using the APS 2-ID-D beamline following 10 days exposure
at 360 °C (same as that in Fig. 9); locations where long dwell fluorescence acquisitions were performed are labelled. (Bottom) Synchrotron XRF data acquired at 8.34 keV in
five locations using the APS 2-ID-D beamline; for a given site, the Sn L, Cr Ko, and Fe Ko fluorescence counts are given normalized to the Zr L along with a description of
the location; as can be seen, locations where the oxide did not penetrate have higher alloying element contents. The calculated error is based on standard deviation of the
fluorescence counts before normalization and does not account for all forms of uncertainty.

located (regions of higher Fe fluorescence, visible near C and E)
and penetrated faster in areas with the least amount of Fe (most
amount of white). It is possible for this alloy, that the Fe was seg-
regated due to final treatment in the low o+ region.

The heterogeneous distribution suggests a possible mechanism
for instability formation during oxide growth in unalloyed Zr.
While in an alloy such as Zircaloy-4 all grains have enough al-
loying element content to stabilize oxide growth, this may not be
true in crystal bar or sponge Zr. Such variations could result from
heterogeneous deformation or possibly from the presence of previ-
ous beta grains in one grain but not in the other. This may mean
that in some grains there is not enough alloying element content
to allow stable growth, causing a preferential advance of the oxide
layer into that grain. This differential growth would cause stress
with resulting mechanical breakup of the protective oxide layer. In
contrast, for alloys with higher alloying element content, there is
enough overall alloying content in every grain to produce stable
growth.

4.4. Precursor oxide morphologies observed in samples prior to
breakaway corrosion

The preliminary evidence from X-ray fluorescence suggests the
possibility that the heterogeneous distribution of alloying elements
leads to instabilities in oxide growth, whereby the oxide advances
faster in regions with lower alloying element content. These re-
gions of advanced oxide growth, shown in Figs. 6 and 7, appear
prior to breakaway oxidation, suggesting that they are precursors
to its occurrence. Fig. 11(A) shows SEM micrographs of the sur-
face and underlying oxide of a sample (sponge Zr) corroded for
10 days. The right image in Fig. 11(A) was acquired by selectively
milling away material using FIB to reveal a region of advanced ox-
ide growth underneath the nodule-like formation observed on the
surface of the oxide. This shows a correlation between the nodule-
like oxide morphologies and preferential oxide advancement into
the metal.

Two other possible precursor morphologies to breakaway
growth were identified. These were grain boundary penetrations
of the oxide and grain-to-grain differential growth of the oxide, as
illustrated in Fig. 11. Fig. 11(B) shows an SEM micrograph of an
oxide layer formed on ZC1-12 (crystal bar Zr) after a 10-day expo-
sure. On the left is a plan-view image showing a complex topog-

10

raphy of oxide grains, indicating that oxide growth occurs faster
in some grains than others. The right image in Fig. 11(B) shows
an SEM micrograph of a cross-section selectively milled using the
FIB of the indicated location in the left image, showing significant
preferential oxide growth along a grain boundary. The crystal bar
sample shown in Fig. 11(B), was experiencing breakaway corrosion,
but in the area where these images were taken, the surface of the
sample was a cloudy gray (rather than white), suggesting break-
away had not yet fully occurred in this region, again illustrating
the precursor character of these features.

Fig. 11(C) shows the results from an EBSD examination of a
metal-oxide interface formed on sponge Zr after exposure for 10
days in regions in which local advanced oxide growth is over-
laid with an SEM micrograph. The local advanced oxide growth
(highlighted with red arrows) forms in regions corresponding to
different metal grains, which are shown with different colors in
Fig. 11(C). The colors represent different orientations of the hexag-
onal metal Zr grains. Fig. 11 (bottom) shows schematically the
range of oxide morphologies that were found to be associated with
unstable oxide growth. The most common oxide morphology asso-
ciated with unstable growth in this study appears to be the small
nodule-like features observed in every model Zr alloy and shown
in Fig. 6, and not observed in Zircaloy-4. As the oxide layer grows,
the nodule-like formations (which could form dependent on pro-
cessing or alloying element distribution) may become larger and
combine to form larger regions of spalling oxide. A hypothesis that
could explain the observed behavior is that a heterogeneous distri-
bution of alloying elements in the relatively pure Zr alloys leads to
the preferential growth of oxide and associated nodule formation.
The resulting stresses in the oxide could lead to oxide cracking and
easy water access to the metal-oxide interface.

As discussed in Sections 4.1 and 4.2, the observed breakaway
corrosion on the Zr-0.2Sn alloy with no signs of breakaway corro-
sion on the Zr-0.1Sn and Zr-0.4Sn alloy could suggest an alterna-
tive alloying element distribution effect leading to breakaway cor-
rosion. It may be that around 0.2 wt.% Sn that there is threshold
amount of Sn that increases the rate of Zr oxidation. This is evi-
denced by 40-50% higher weight gain in the Zr-0.4Sn alloy com-
pared to the Zr-0.1Sn alloy. If the Zr-0.2Sn alloy was near this
threshold, it may increase grain-to-grain differential corrosion and
contribute to increased oxide stresses and lead to breakaway cor-
rosion.
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Fig. 11. (A) Nodule-like precursor morphology imaged with SEM formed on ZS1 (sponge Zr) after 10 days in autoclave at 360°C. (B) Grain boundary penetration precursor
morphology imaged with SEM formed on ZC1-12 (Crystal Bar Zr) after 10 days of exposure at 360 °C. (C) EBSD, overlaid with an SEM image, on ZS1-6 (sponge Zr) corroded
in autoclave with 360 °C water for 10 days showing differential oxide growth along different metal grains. (Bottom) Schematic of three different precursor oxide morphologies

to breakaway corrosion in Zr and Zr alloys with small amounts of alloying elements.

While the evidence presented in this paper suggests that (a)
nodule-like features of advanced oxide form in pure Zr and Zr
alloys with low alloying element content and (b) that these are
linked to heterogeneous distribution of alloying elements (using
synchrotron X-ray fluorescence), the limited amount of data (both
sample exposures and XRF) prevents a final determination on the
cause of the accelerated oxide growth in these alloys and this hy-
pothesis should be tested further. A number of studies have been
performed on grain-to-grain differential growth during corrosion
in alloys with stable oxide growth layers, [31,32]. It is also possi-
ble that this affects the accelerated corrosion that is observed in-
reactor. Thus, future work in this area could explore more specifi-
cally and thoroughly the precursor morphologies identified in this
paper as potential causes of breakaway corrosion in pure Zr and Zr
with small alloying element additions.

1

5. Conclusions

An investigation into the possible causes of breakaway cor-
rosion and the effects of elements on the stabilization of oxide
growth on zirconium and zirconium alloys was performed using
a variety of techniques. Model Zr alloys were fabricated with low
alloying element contents and corrosion tested in 360 °C water.
After corrosion tests, the samples were examined to reveal oxide
morphology and microchemistry. The conclusions are as follows:

1. During corrosion in autoclave with 360 °C water, breakaway
oxidation (unstable oxide growth) was observed in two alloys
(crystal bar Zr and Zr-0.2Sn) which was characterized by finger-
like oxide penetrations into the metal. These penetrations ad-
vanced into regions of the crystal bar Zr metal with lower al-
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loying element concentrations according to preliminary syn-
chrotron microbeam X-ray fluorescence data.

2. The results suggest that a possible cause of unstable oxide
growth is differential oxide growth in neighboring metal grains.
This differential growth then generates stresses that cause ox-
ide layer cracking and allow easy ingress of water to the under-
lying metal. This differential growth can occur between grains,
along grain boundaries, or, in general, in regions where the al-
loying element content varies. Other possible root causes for
breakaway corrosion in pure Zr and Zr alloys with low alloying
elements should continue to be explored, as the experiments in
this study are only preliminary.

3. Possible precursors of this unstable growth were also observed
on the oxide surface. After testing in autoclave with 360 °C wa-
ter, nodule-like oxide formations were observed in the model
alloys (but not on Zircaloy-4). Beneath these nodules regions
of advanced oxide growth were observed. These nodules were
seen only in low alloying element alloys such as the pure Zr
and model Zr alloys (with Sn, Fe, and Cr) created for this study,
but not in Zircaloy-4.

The preliminary investigations into the corrosion resistance of
the model alloys fabricated in this study has pointed to a num-
ber of possible causes of breakaway corrosion linked to alloying
element distribution. Future studies with advanced chemical char-
acterization techniques, such as atom probe tomography (APT) or
time-of-flight secondary ion mass spectrometry (TOF-SIMS) exam-
ining similar materials with low levels of alloying elements may
better characterize the role specific alloying elements (for instance
the cause of the instabilities in the Zr-0.2Sn alloy) play in causing
unstable oxide growth and should be pursued.
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