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Research Summary

Waterside Corrosion in
Zirconium Alloys

Arthur T. Motta

The influence of the alloy micro-
structure and microchemistry on uni-
form waterside corrosion of zirconium
alloys is reviewed, with special atten-
tion to the various stages of corrosion,
such as pre-transition, transition, and
breakaway.

INTRODUCTION

Zirconium alloys have been used
for more than 50 years as nuclear re-
actor fuel cladding.! Corrosion of Zr
alloy fuel cladding by the reactor cool-
ant water and the associated hydrogen
pickup is a potential life-limiting deg-
radation mechanism for nuclear fuel.”
In particular, the acceleration of corro-
sion with continuing reactor exposure
is one of the potential limiting factors
in attempting to increase fuel burnup in
current and future reactors.’?

Zirconium alloys have been chosen
for nuclear fuel cladding because of
their low neutron absorption cross-sec-
tion, good resistance to high tempera-
ture corrosion, adequate mechanical
properties, and resistance to radiation
damage. The resistance of Zr alloys to
waterside corrosion (defined here as
uniform corrosion by coolant water, as
opposed to inner-diameter stress cor-
rosion cracking or to localized forms
of corrosion such as nodular corro-
sion) originates from the protective
oxide formed on its surface and which
hampers further corrosion.®’ Pure Zr
tends to grow an unstable oxide which
is very susceptible to breakaway,® but
small additions of alloying elements,
such as Sn, Fe, Cr, and Ni present in
Zircaloy-2 and/or Zircaloy-4 cause
the oxide formed to be protective and
stable.*? Zirconium alloy fabrication,
chemical composition, and microstruc-
ture have been optimized over the years
to yield the best possible corrosion and
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~ of this paper?
The paper presents the state

a of the knowledge on uniform
corrosion of zirconium alloys in

a nuclear power plants, focusing

o | especially on the influence of the
alloy chemical composition and
microstructure. Zirconium alloys with
slightly different composition and
microstructure show widely different

a corrosion behavior. Such differences
are manifested in the corrosion
rate in the region of protective
oxide growth and on the oxide

a transition, and are likely caused by
differences in oxide microstructure,
the investigation of which with

= state of the art techniques can yield
insights on the mechanisms of alloy
protectiveness and lead to the design

: of better alloys.

: ...describe this work to a
materials science and engineering
professional with no experience in

= your technical specialty?

Different zirconium alloys used for
a nuclear fuel cladding experience
widely different corrosion rates and
incidence of oxide breakaway. This
& article explores the mechanistic
reasons for this difference in terms
& of the corrosion rate in the protective
regime and in terms of determining
the time to oxide transition or
& breakaway. The understanding of
these processes can lead to the design
a of better alloys that can withstand
longer exposures in the reactor
leading to more economical and safe
& exploitation of nuclear power.

...describe this work to a layperson?

Nuclear fuel encased in zirconium
= alloy tubular cladding is immersed
in coolant water when operating in a
nuclear reactor. In this environment,
corrosion of the tubing in the coolant
water can lead to tubing failure. This
article discusses the influence of the
alloy used on the corrosion process
and points to outstanding questions
that if resolved could lead to better
alloy design.
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hydrogen pickup behavior,! since a
clear effect of the alloy on corrosion
rate has been shown.'® Considerable
performance improvements have been
achieved over the years through sys-
tematic empirical studies to optimize
corrosion resistance of these and other
alloys.*!"""13 However, the fundamental
reasons why such procedures yield the
best results are still not well known.

It is clear that the combination of al-
loy composition and thermo-mechan-
ical treatment of the alloy (and thus
the alloy microstructure) significantly
affects the corrosion process in Zr al-
loys.'* Associated with corrosion is the
issue of hydrogen pickup: a fraction of
the hydrogen generated in the corrosion
reaction is absorbed by the sample and
is commonly referred to as the hydro-
gen pickup fraction.'s Hydrogen forms
brittle hydrides in the alloy which can
significantly degrade cladding ductil-
ity.'*1® Generally the amount of hydro-
gen absorbed by the material increases
with oxide thickness, but for a given
thickness, different alloys can show
different hydrogen pickup fractions.” It
is thus of interest to fuel vendors and
utilities to understand the mechanisms
of formation of a stable protective ox-
ide, the mechanisms of oxide transi-
tion and susceptibility of the alloy to
undergo breakaway corrosion so as to
minimize hydrogen pickup and associ-
ated embrittlement.

This article will focus on studies to
discern the relationship between alloy
composition and microstructure and
corrosion behavior. Because of the
complexity of the issues, the focus is
on laboratory-based autoclave corro-
sion, while recognizing that in-pile
corrosion rates are different—and nor-
mally higher—than those obtained in
the laboratory. Nevertheless, autoclave
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corrosion testing has been found to cor-
relate well with in-pile behavior, in that
alloys that behave well in autoclave
testing normally also behave well in
reactor.

See the sidebar for Zr alloy corro-
sion kinetics.

UNDERSTANDING
CORROSION BEHAVIOR

Figure A suggests that we can under-
stand corrosion behavior by individu-
ally understanding the pre-transition
behavior, the onset of transition and the
tendency for the onset of breakaway.

Pre-transition Behavior

In the pre-transition regime the bar-
rier layer is the intact part of the oxide
layer that serves as an obstacle to the
ingress of oxidizing species.”® In any
corrosion process the overall corrosion
rate is determined by the rate of the
slowest step, that is, the rate-limiting
step. In the case of corrosion in the pre-
transition regime, since the corrosion
rate decreases with increasing oxide
thickness, the rate-limiting step should
be the transport of oxidizing species
through the barrier layer, rather than
a surface reaction.”” It has been well
documented that the Zr ions do not mi-
grate through the oxide layer and that
corrosion occurs by ingress of oxygen
ions only. Thus, the pre-transition ki-
netics are determined by the migration
of oxygen atoms (and the reverse flux
of vacancies) through the oxide bar-
rier layer, either through the bulk or
through the oxide grain boundaries.*
Electric neutrality is maintained by
electron transport or hydrogen ingress
through the oxide layer.

When the migration of oxygen at-
oms is rate-determining and occurs
through a homogenous, uncracked
oxide, we obtain parabolic kinetics
(n=0.5 in Equation 1). When the most
corrosion kinetics observed are sub-
parabolic, some process must slow the
overall rate of corrosion®' relative to
that of parabolic behavior. Many pos-
sible mechanisms for such slow down
have been proposed, from the devel-
opment of lateral cracks that impede
diffusion, to increasing grain size that
reduces the available area for migra-
tion, to the role of stress in hampering
diffusion.?>33 The most likely scenario

ZIRCONIUM ALLOY CORROSION KINETICS

Zirconium oxide is observed in two principal variants, tetragonal and monoclinic ox-
ide, the latter being the stable phase at 360°C. The tetragonal phase is stabilized by stress,
by sub-stoichiometry, by small grain size and by alloying elements, all of which are pres-
ent in the growing oxide.'?! In most cases, however, the growing oxide is predominately
monoclinic, although the tetragonal fraction can vary depending on the alloy and on the
stage of corrosion as discussed below.

The corrosion kinetics of zirconium alloys exposed to high temperature (360°C) wa-
ter varies widely from alloy to alloy, as shown in Figure Aa.?>** As shown by the black
lozenge points, Zircaloy-4 shows an initially fast corrosion layer increase which slows
down as the layer thickness grows. In this regime the corrosion thickness 6 is normally
well described by an equation of the form

o=At" 1)

where 4 and # are constants and 7 is the exposure time. Values of # range from 0.2 to 0.5
during corrosion in 360°C pure water.>* At a given thickness, the corrosion rate abruptly
increases, reverting to the value observed at the start of the oxidation, indicating a loss of
protectiveness of the oxide layer. This is called the oxide transition.® The corrosion pro-
cess then resumes at the same rate as before the transition, and the process repeats itself
continuously at constant intervals. In fact, one of the notable facts about zirconium alloy
corrosion is that the transition thickness is remarkably reproducible for a given alloy and
a given corrosion condition.”® These transitions appear also to be remarkably constant
during corrosion, that is, the n' cycle is similar to the first. Figure Ab shows transmitted
light optical microscopy pictures of corrosion layers in Zircaloy-4, in which 17 evenly
spaced transitions can be seen, while ZIRLO exhibits a similar regular pattern, a little
more widely spaced.” The other curves in Figure Aa illustrate the range of corrosion be-
havior exhibited by different model zirconium alloys. Some alloys do not show recovery
when transition occurs and go into breakaway (Zr-1.0Cr-0.2Fe). Normally, once break-
away sets in, the oxide does not recover. Other alloys never exhibit protective behavior in
the first place, and go immediately into breakaway (Zr-0.5Cr in Figure Aa).?* We should
note that varying the range of oxygen and hydrogen pressure in the water over a wide
range has little effect on the corrosion behavior, although dissolved ions such as Li can
have a strong deleterious effect on corrosion.?”’
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Figure A. (a) Corrosion film thickness as a function of exposure time in 360°C pure water
for various zirconium alloys as indicated;®' (b) transmitted light optical micrographs of oxide
layers formed in Zircaloy-4 and in ZIRLO showing the periodic layers associated with suc-
cessive oxide transitions formed during corrosion.?®

is that the transport of electrons in the
oxide layer (or the ingress of H atoms)
necessary to close the reaction cir-
cuit can become the rate limiting step
for corrosion. That is, when the oxide
thickness grows, the electron transport
may become slower than oxygen trans-
port (and thus rate-limiting), and corro-

sion kinetics slow to maintain electric
neutrality.*

Detailed measurements of the pre-
transition kinetics have shown that the
value of n varies with the alloy. In gen-
eral, Zr-Nb alloys exhibit corrosion ki-
netics that are close to parabolic, while
Zircaloy-4 shows sub-cubic kinetics
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(n=0.2-0.25).2* Presumably this differ-
ence arises from different microstruc-
ture and micro-chemistry among the
different alloys.

One of the outstanding questions
is how does the microstructure differ-
ences present in these alloys (differ-
ent distributions of alloying elements
in the matrix or in precipitates) affect
the corrosion kinetics as they do. The
observation that different alloys cor-
rode at different rates in the same auto-
clave indicates that it is likely that the
differences in corrosion behavior arise
from different oxide microstructures
that form as a result of different alloy
microstructures. Specific oxide micro-
structures have been associated with
protective behavior.?*?3* The connec-
tion between alloy microstructure and
oxide microstructure has not been es-
tablished yet, however.

The Oxide Transition

The corrosion of Zr alloys that ex-
hibit stable oxide growth is often char-
acterized by the repetitive growth of
oxide layers of constant thickness. At
a critical layer thickness, a transition to
the growth of a new layer begins and
the process continues. This layered ox-
ide structure has been observed in both
autoclave and in-reactor specimens.>>3¢

Different mechanisms have been
proposed to explain the loss of protec-
tiveness in the oxide layer observed at
the oxide transition, with two in par-
ticular receiving the greatest attention:
percolation of porosity®” and stress ac-
cumulation and mechanical breakup of
oxide.*® It is well known that porosity,
in the form of small intergranular tubu-
lar channels develops in growing oxide
layers.*#° The percolation of such po-
rosity from the water oxide interface to
the oxide metal interface could provide
an easy path for the access of water to
the base metal,’***? but it is not clear
why different materials would consis-
tently exhibit different porosity forma-
tion rates. The second possibility is
that stresses accumulate in the oxide
layer such that when a critical level is
reached oxide mechanical breakup oc-
curs, thus creating cracks that allow
easy ingress of water to the interface.
Evidence for stress accumulation in
growing oxide films supports this hy-
pothesis.*** The stresses that accumu-

late in the oxide are in-plane stresses
which would cause lateral (rather than
vertical) cracking. In fact only horizon-
tal cracks are commonly observed in
post-transition oxides. These horizon-
tal cracks normally would not result in
easy access of water to the underlying
metal >

The hypothesis is then that differ-
ent alloys form oxide layers that accu-
mulate stress at different rates as they
grow. One possibility is that a combi-
nation of the two is responsible for the
transition. That is, porosity gradually
develops, possibly at an equal rate for
all alloys, but oxides break up at differ-
ent thicknesses. When the oxide breaks
up as a result of accumulated stress the
cracks thus created connect the existing
pores. This produces a sudden percola-
tion of porosity that allows easy access
of water to the metal. The remarkable
reproducibility of the transition thick-
ness occurs because stresses accumu-
late at a characteristic rate for a given
alloy, such that mechanical failure
(transition) occurs at a constant oxide
thickness.?* The question still remains
as to what causes stress to accumulate
differently in different alloys. Stress
accumulation occurs as a result of the
volume change (56%) associated with
the transformation of Zr into ZrO,.*
Although most of this volume change
is accommodated in the vertical (oxide
growth) direction, even a small devia-
tion from a perfect accommodation of
these transformation strains would
cause significant stress to accumulate.*’

At the oxide transition, many of the
conditions that stabilize the tetrago-
nal phase disappear and the tetragonal
phase content decreases.?>* Because of
this, the tetragonal phase has often been
correlated with protective behavior and
the monoclinic phase with non-pro-
tective behavior. However, tetragonal
phase content is likely an effect rather
than a cause of corrosion behavior, as
alloys with lower tetragonal phase con-
tent in the pre-transition regime have
later transitions than alloys with higher
tetragonal phase content.

Breakaway

A disruption in the repetitive growth
process can result in the onset of break-
away corrosion which is character-
ized by the absence of regular transi-

tions and fast, non-saturating oxide
growth. This unstable (breakaway)
oxide growth has been observed during
both autoclave testing (e.g., testing in
lithiated water or testing of hydrogen-
charged specimens) and during reactor
exposure.

The reasons for corrosion break-
away are not well known. During reac-
tor exposure the formation of a hydride
rim at high burnup has been identified
as a possible cause of higher corrosion
rates observed in-reactor after 40-50
GWd/ton.* The hydride rim does not
form in autoclave corrosion, however,
because no temperature gradient exists
to induce preferential hydride precipi-
tation at the outer rim, and the cause of
breakaway has to be sought elsewhere.

Breakaway is characterized by un-
stable oxide growth. The fact that once
breakaway starts it keeps going means
the oxide microstructure induces unsta-
ble oxide growth. Therefore, a reason-
able path is to compare the oxide-metal
interface of oxides that have undergone
breakaway to that of protective oxides.
Synchrotron radiation diffraction and
fluorescence examination of break-
away oxide layers and protective lay-
ers shows marked differences between
stable and non-stable oxide layers.

PROTECTIVE OXIDE
CHARACTERISTICS AND
CORROSION MECHANISM

Protective oxides formed on Zr al-
loys during autoclave corrosion show
particular common characteristics,
which are now beginning to be under-
stood. In particular, protective oxides
show intermediate phases at the oxide-
metal interface that are associated with
stable growth. Figure 1 shows a suc-
cession of diffraction patterns taken
from an oxide layer formed on ZIRLO
during autoclave corrosion in 360°C
water. The diffraction patterns were
obtained using microbeam synchrotron
radiation diffraction and fluorescence,
in which a 0.2 micron x-ray beam is
scanned across the oxide, generating
successive plots of diffracted intensity
versus two-theta angle. The diffraction
peaks observed can be indexed to iden-
tify the phases present as a function of
position in the oxide layer (Figure 1).

In the metal side of the plot, in-
tense alpha-Zr peaks are clearly seen
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Figure 1. X-ray diffracted intensity versus two-theta angle, scanned across the oxide layer
thickness, of ZIRLO oxide layer formed after exposure to 360°C pure water for 784 days.
The peaks associated with various phases present in a protective oxide, especially near the

oxide-metal interface, are shown.?®

(cropped). When the metal side near
the oxide metal interface is examined
in more detail, peaks belonging to a
suboxide phase Zr,0, are observed and
this phase is normally present in pro-
tective oxides. When the oxide-metal
interface is tranversed, peaks belong-
ing to the monoclinic ZrO, phase (hkl )
become quite evident, as identified in
the plot. The overall monoclinic oxide
orientation has the (200)_ plane paral-
lel to the oxide-metal interface.*** In
the cross section geometry used this
means the (200) intensity is close to
zero. (In the figure we use the notation
(hkl), to designate the (hkl) plane of
phase X.)

Observing more closely, we note
periodic oscillations in several of the
monoclinic and tetragonal peaks. The
oscillations in the peaks mentioned
above match very well with the peri-
odic transitions visible in the oxide
thickness plot such as shown in Figure
Aa, indicating that they are related to
the oxide transitions. Figure 2 shows
the diffracted intensities for the (020)
and the (101), peaks. The regular oscil-
lations correspond well both with the
periods seen in the oxide thickness and
with the regular periods seen in Figure
Ab. Interestingly, the tetragonal and
monoclinic are seen be out of phase
with each other, indicating that at cer-
tain times the tetragonal phase forms
preferentially to the monoclinic.

Transmission electron microscopy

observations of the oxide layer have
shown that protective oxide growth
is associated with the formation of
well-oriented columnar grains. The
columnar monoclinic oxide formed
on Zr alloys is highly textured, exhib-
iting a fiber texture with the (200)
plane parallel to the oxide-metal inter-
face.* This is true of both protective
and non-protective oxide layers. How-
ever, the more protective oxide layers
show particular micro texture charac-
teristics. In particular the protective
oxides show wider columnar grains,
with smaller grain-to-grain mis-ori-
entations than the non-protective ox-
ides.* This is understood in the context
of easier porosity formation in highly
mis-oriented grain boundaries.

In addition near the oxide-metal in-
terface a different structure is observed

than in the middle of the oxide layer.
In particular a highly oriented tetrago-
nal phase is observed which is a pre-
cursor of the main monoclinic phase.
This highly oriented tetragonal phase
has been consistently observed in pro-
tective oxides both in 360°C corrosion
and during corrosion in 500°C super-
critical water™® and is not observed in
non-protective breakaway oxides. An
orientation relationship has been deter-
mined of

(1010)Zr / /(002)t / /(020)m  (2)

Thus, the highly oriented tetragonal
phase is a precursor phase that helps in-
duce well-oriented in-plane orientation
of the growth of the monoclinic phase
leading to less stress accumulation and
porosity development which in turn
leads to a delayed transition.

Mechanism of Oxide Growth

From the ensemble of the observa-
tions above, the following mechanism
of oxide growth was proposed that is
in agreement with experimental evi-
dence.?*® At the beginning of the oxi-
dation small oxide grains nucleate with
a comparatively high percentage of te-
tragonal grains because of the stabiliza-
tion of the tetragonal phase relative to
monoclinic afforded by the small grain
size (possibly aided by high stress
and oxide sub-stoichiometry). Some
of these small grains are properly ori-
ented for growth (they have their (110)t
or (110)¢ planes parallel to the oxide-
metal interface.) As these grains grow,
they become columnar and when they
pass the critical diameter of ~30 nm
column length they transform to mono-

Figure 2. Periodic variations
in diffracted intensity for the
(020),, and (101), peaks as
a function of distance from
the oxide-metal interface in
ZIRLO corroded in 360°C
water for 784 days.?®
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clinic oxide, maintaining the same ori-
entation. The improperly oriented te-
tragonal grains never grow and remain
as small tetragonal grains embedded in
the oxide. The monoclinic columnar
grains, properly oriented with (200)_
near the oxide-growth direction, grow
into the metal. When these grains reach
aspect ratios of 4 to 5, small mismatch-
es in crystalline orientation relative to
the preferred orientation cause the co-
lumnar grains to stop growing and in-
duce renucleation at the leading edge
of the grain. When renucleation oc-
curs at the end of the grain, the freshly
created small equiaxed grains have a
higher percentage of tetragonal phase,
and thus in that location a high tetrago-
nal fraction is observed. Because larger
columnar grains have to renucleate less
frequently the tetragonal fraction is
lower in large-grained oxides in pure
water.

On the scale of the overall oxide
thickness, stresses accumulate in the
bulk of the oxide eventually causing
the oxide to crack, and to create the
percolation condition which causes
the oxide transition. Upon transition, a
global renucleation of the oxide grains
occurs with a greater percentage of te-
tragonal phase, thus causing a greater
tetragonal intensity to be observed. It
is still not clear what the specific role
of the alloying elements and alloy mi-
crostructure is in promoting the oxide
microstructures that lead to stable ox-
ide growth, but research is ongoing to
discern these causes.

CONCLUSION

Although many advances have been
made in recent years, much progress
still needs to be made to understand
mechanisms of alloy protection and
thus be able to design better alloys.
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