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Abbreviations 5.03.1 Introduction

BWR Boiling water reactor

Zirconium alloys are widely used for fuel cladding
CANDU Canadian Deuterium Uranium

) A ) and in pressure tubes, fuel channels (boxes), and fuel
e u.nldentlfle_d deposits spacer grids in almost all water-cooled reactors: light
elile Delayed. el 722 cracklng water reactors such as the pressurized water reactor
IAE_I'_G‘M In.ternalltlonal LI Energy Agen.cy (PWR) and the boiling water reactor (BWR) as well
L gicsiisuetevipatorali o as the Canadian designed Canadian Deuterium

(AREVA_) Uranium (CANDU) heavy water reactor. Since
PWR Pressurized water reactor its employment in the first commercial nuclear
tHM Ton heavy metal

power plant (Shippingport) in the 1960s, Zircaloy, a
zirconium—tin alloy, has shown satisfactory behavior
during many decades. However, degradation due to
waterside corrosion can limit the in-reactor design life
of the nuclear fuel. The critical phenomenon is the

VVER Voda Voda Energy Reactor

ZIRLO™ Zirconium alloy material with niobium,
tin, and iron (Westinghouse)

Zry Zircaloy
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50 Corrosion of Zirconium Alloys

hydrogen ingress into the cladding during corrosion,
which can cause cladding embrittlement. As utlities
are striving to achieve higher fuel burnups, the
nuclear industry has made several efforts to under-
stand the mechanisms of corrosion and to mitigate
its effects.

In striving for increased burnup of the nuclear fuel
from 33000 to 50000 MWd/tHM and beyond in
PWRs, associated studies have shown that the corro-
sion of the Zircaloy-4 cladding accelerates under
these higher burnup conditions. Although alloys
that are more modern have not yet shown evidence
of this high-burnup acceleration, this is a potential
concern. Also, the efforts to increase the thermal-
cycle efficiency in PWRs by operating at higher
temperatures (power uprates), combined with the
more aggressive chemistry (introduction of B and Li
for example) related to the use of high-burnup fuel,
have resulted in increased fuel duty,' and in increased
corrosion rates. This has led to the introduction
of cladding tubes of new zirconium alloys such as
zirconium—niobium, which are much more corrosion
resistant.”> With the introduction of these materials,
the nuclear industry aims at zero tolerance for fuel
failure in the future.”*

Many reviews on the corrosion of zirconium alloys
both out- and in-reactor, have been published.”"
The extensive reviews made by an international
expert group of the International Atomic Energy
Agency (IAEA) and published as IAEA-TECDOCs
684 and 996'>"* are major references in this respect.
As mentioned by Cox,”” “the number of publications
on this topic is so enormous that it is impossible for a
short review to be comprehensive.” This also applies
to the current chapter, which therefore focuses on the
main issues, naturally relying on the above-mentioned
existing reviews and updating the information where
possible with new results and insights.

5.03.2 General Considerations

5.03.2.1 Oxidation

Corrosion of zirconium alloys in an aqueous environ-
ment 1s principally related to the oxidation of the
zirconium by the oxygen in the coolant, dissolved
or produced by radiolysis of water. A small amount
of oxygen can be dissolved in the metal, but once the
thermodynamic solubility limit is exceeded, ZrO, is
formed on the metal. (All zirconium components nor-
mally have a thin oxide film (2—5 nm) on their surface
in their as-fabricated state.) The oxide formed is

protective, thus limiting the access of oxidizing species
to the bare metal. Much evidence exists to indicate
that Zr oxidation occurs by inward migration of oxy-
gen lons through the oxide layer, either through
grain boundaries or through the bulk.™'*"?

Ir + Oz = ZI'OZ

As shown in Figure 1, the growth of the oxide
layer on the metal surface depends on the kinetics of
the oxygen diffusion through this layer. Because the
corrosion kinetics slow down as the oxide thickness
increases, it has been argued that the rate controlling
step in the oxidation process is the transport of atomic
species in the protective oxide, by either oxygen diffu-
sion through the oxide film'*"* or diffusion of elec-
trons through the oxide film. These processes are
necessarily coupled to maintain electroneutrality.
Electron transport is, however, difficult in zirconium
dioxide, as it is an electrical insulator when undoped.
Although this is not positively confirmed, it is likely
that the role of doping elements in the determination
of corrosion kinetics is done through their influence
on the electron or oxygen transport in the oxide layer.

Several types of corrosion morphologies have
been observed in nuclear reactors and in autoclave
experiments, of which the most important are

1. Uniform: The formation of a thin uniform layer of
zirconium dioxide on the surface of a zirconium
alloy component (see Figure 2).

2. Nodular: The formation of local, small, circular
zirconium oxide blisters (see Figure 3).

3. Shadow: The formation of local corrosion regions
that mirror the shape (suggestive of a shadow)
of other nearby noble reactor core components

(Figure 4).

H,O — 02~ +2H* Coolant
A v H+
02 | He | Oxide
H*+e —» HO
Y A4 A
 Zr+20% > ZtOy+4e- | Metal

Figure 1 Schematic presentation of the corrosion of the
zirconium alloys. Corrosion of zirconium alloys in nuclear
power plants; TECDOC-684; International Atomic Energy
Agency, Vienna, Austria, Jan 1993.
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Zr+ Hzo = Zr02 + H2

Figure 2 Uniform oxide layer formation and hydride precipitation in Zircaloy cladding. © European Atomic Energy

Commission.

Figure 3 General appearance of nodules formed on
zirconium alloy following a 500 °C steam test at 10.3 MPa. In
the bottom, a cross-section view of a nodule is shown,
exhibiting circumferential and vertical cracks. Photo courtesy
of R. Ploc and NFIR (Nuclear Fuel Industry Research Group).
Reproduced from Lemaignan, C.; Motta, A. T. Zirconium
Alloys in Nuclear Applications, Materials Science and
Technology, Nuclear Materials Pt. 2; VCH
Verlagsgesellschaft mbH, Weinheim, Germany, 1994.

The occurrence of these morphologies is strongly
dependent on the reactor operating conditions and
chemical environment (particularly the concentra-
tion of oxygen in the coolant), which are distinctly
different in PWRs, BWRs, and CANDU (Table 1).
In both BWRs and PWRs, a uniform oxide layer is
observed, although its thickness is normally greater in
PWR than in BWR, primarily because of the higher
operating temperature. Nodular corrosion occurs
occasionally in BWRs because a much higher oxygen
concentration occurs in the coolant because of water
radiolysis and boiling. Shadow corrosion is also occa-
sionally observed in BWRs and is a form of galvanic
corrosion.

5.03.2.2 Hydrogen Uptake

The formation of an oxide layer would not bring
severe consequences to cladding behavior were it
not for the fact that in parallel with the corrosion
process, a fraction of the hydrogen, primarily pro-
duced by the oxidation reaction as well as by radiol-
ysis of water, diffuses through the oxide layer into the
metal. Zirconium has a very low solubility for hydro-
gen (about 80 weppm at 300°C and 200 wtppm at
400 °C) and once the solubility limit is exceeded, the
hydrogen precipitates as a zirconium hydride phase
(Figure 2):
Zr(H,sln) + H, = ZrH, 5 or ZrH;

As a result, the following effects have been reported
(although not all confirmed) to occur in the cladding:

hydrogen embrittlement due to excess hydrogen
or its localization into a blister or rim,"®'” loss of

Comprehensive Nuclear Materials (2012), vol. 5, pp. 49-68



52 Corrosion of Zirconium Alloys

fracture toughness, delayed hydride cracking (DHC),
and acceleration of corrosion and of irradiation
growth. Hydrogen embrittlement impacts the
mechanical resistance of the Zircaloy cladding to

Oxide

b bl e

Oxide

(a) x. N

Figure 4 Zirconium oxides near (b) and away from

(a) a stainless steel control blade bundle, showing the effect
of shadow corrosion. Reproduced from Adamson, R. B.;
Lutz, D. R.; Davies, J. H. Hot cell observations of shadow
corrosion phenomena. In Proceedings Fachtagung der
KTG-Fachgruppe, Brennelemente und Kernbautelle,
Forschungszentrum Karlsruhe, Feb 29-Mar 1, 2000.

failure and it is thus of key importance to understand
its underlying mechanisms. The ductility reduction
due to hydrogen embrittlement is dependent on the
volume fraction of hydride present, the orientation of
the hydride precipitates in the cladding, and their
degree of agglomeration.'®"”

5.03.2.3 Controlling Factors for Corrosion

The oxidation and hydrogen uptake of Zircaloy is of
course determined by many factors. First of all, the
chemical and physical state of the material: composi-
tion, metallurgical condition, and surface condition.
These conditions are often specific to the material
and sometimes batch-specific and also related to the
fabrication process, as discussed in detail in Chapter
2.07, Zirconium Alloys: Properties and Charac-
teristics. This 1s evident from the different behavior
of Zircaloy and Zr-Nb alloys, as shown in Figure 5
for two different zirconium alloys employed in the
French PWRs, Zircaloy and Zr1% Nb (MS5). The
peak oxide layer thickness of Zircaloy-4 (oxide thick-
ness at the hottest fuel grid span) increases sig-
nificantly with burnup (ie., residence time in the
reactor), whereas that of Zr1%Nb shows a moderate
increase.

In addition, a number of environmental factors
affecting the corrosion of zirconium alloys must be
considered:

1. Coolant Chemistry: Tt is obvious that the dissolved
oxygen and hydrogen play a major role in the
corrosion process, but other dissolved species
must also be taken into account. To control the
pH of the coolant at slightly alkaline conditions,

Table 1 Typical reactor environments to which the zirconium alloys are exposed

BWR PWR VVER CANDU
Coolant HQO HQO Hgo D20
Inlet temperature (°C) 272-278 280-295 290 255
Outlet temperature (°C) 280-300 310-330 320 300
Pressure (MPa) ~7 ~15 ~15 ~10
Neutron flux? (ncm~2s~") 4-7 x10"® 6-9x 10" 5-7 x 10" 2x 10"
Coolant chemistry
[O5] (ppb) ~200 <0.05 < 0.1 <5
[Ha] (ppm) ~0.03 2-5 - 0.5-1
pH 7 6.9-7.4 10.2-10.8
B (as H3BO3) (ppm) - 0-2200 0-1400'® -
Li (as LiOH) (ppm) - 0.5-5 0.05-0.6 1
Na (as NaOH) (ppm) - - 0.03-0.35 -
K (as KOH) (ppm) - - 5-20 -
NH3 (ppm) - - 6-30 -
4E>1MeV.

Corrosion of zirconium alloys in nuclear power plants; TECDOC-684; International Atomic Energy Agency, Vienna, Austria, Jan 1993.
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Figure 5 Peak oxide layer thickness as a function of burnup for Zircaloy-4 and Zr1%Nb (M5). Reproduced from Bossis, P.;
Pécheur, D.; Hanifi, K.; Thomazet, J.; Blat, M. J. ASTM Int. 2006, 3(1), Paper ID JAI12404.

LiOH is added and H;BOj; (boric acid) is added
for reactivity control in PWRs. Furthermore,
impurities (Cl, F) and coolant-borne species (Cuy,
Ni, etc.) must be considered.

2. Radiation: In reactor, the Zircaloy and the coolant
are subjected to the effects of energetic particles.
The principal effect is the production of oxidizing
species such as O, in the coolant.

3. Temperature: In the range of water reactor operation
(~240-330°C), the combined effect of temperature
and radiation on zirconium alloy oxidation and
hydriding have been characterized extensively,
varying from almost no effect to acceleration of
oxidation by factors of up to two orders of magni-
tude, depending on environment and radiation level.

4. In addition, the presence of boiling and CRUD
(the term CRUD stands for Chalk River unidenti-
fied deposits, the nuclear power plant in which the
effect was observed for the first time) deposition in
PWR can enhance corrosion.

5.03.3 Uniform Oxidation

5.03.3.1 Mechanism

Uniform corrosion is defined as a process that occurs
approximately with the same speed on the entire
surface of an object (ISO 8044). It can be considered
as an electrochemical cell process, in which the metal
1s anodically oxidized:

Zr +20°" = 710, + 2V8 +4e”

where V{3 indicates a lattice vacancy in the ZrO,
layer. The corresponding cathodic reaction at the
oxide/coolant interface can be the reduction of
water:

2H0 +4e” +2V0 = 2077 +4H

or, when the water contains dissolved oxygen:
2H,0 + Oy + 2V + 4e” = 40H

The oxygen ions diffuse preferentially via the oxide
crystallite boundaries to the oxide/metal interface,
whereas the vacancies diffuse in the opposite direc-
tion. The hydrogen can combine with electrons to
form atomic/molecular hydrogen that dissolves in
the coolant water or diffuses to the metal.

Uniform corrosion is a passivating event since a
protective layer of zircontum oxide is formed as a
result of the reaction with the O”~ ions or the OH’
radicals. Electron microscopy shows that the oxide
layer is microcrystalline, initally equiaxed, later
growing into columnar grains that are formed in a
dense packing, of which the mean crystallite size
increases as the oxide thickens."” Figure 6 shows
typical microstructures of the oxide layer for several
zirconium-based cladding materials. Figure 6(c), in
particular, shows the columnar grains extending right
near the oxide/metal interface.

The corrosion kinetics have been studied exten-
sively. As mentioned above, because the corrosion
rate slows down with oxide thickness, the rate
controlling step is thought to be the transport of
oxidizing species in the layer."”*" During corrosion,

Comprehensive Nuclear Materials (2012), vol. 5, pp. 49-68
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ZIRLO

Zr-2.5Nb
‘I

Figure 6 Grain size, shape, and orientation comparison near the oxide/metal interface of (a) Zircaloy-4, (b) ZIRLO, and
(c) Zr-2.5Nb alloy oxides formed in 360 °C pure water environments. The hand-drawn sketch below each bright-field image
shows oxide crystallite grain boundaries. Black arrows indicate oxide growth direction. Reproduced from Yilmazbayhan, A.;
Breval, E.; Motta, A. T.; Comstock, R. J. J. Nucl. Mater. 2006, 349, 265-281.

a potential develops across the oxide layer. The neg-
ative potential at the oxide/metal interface acceler-
ates the electron migration process and retards the
O*~ diffusion until both operate at the same rate.
Bossis er al’® argue that the surface reactions are
rate-determining in some Nb-containing alloys.

The measurements of the weight gain kinetics for
zirconium and 1its alloys (the weight gain is due to
oxygen ingress and follows the overall corrosion
kinetics) were found to fall into two stages, referred
to as pre- and posttransition. For constant tempera-
ture and pressure, the pretransition corrosion kinetics
are independent of pH between about 1 and 13 (if no
specifically aggressive species such as LiOH are pres-
ent) and of the source of the oxygen. The kinetics of
the pretransition oxide layer formation, as measured
from weight gain (A), have been found to approxi-
mately follow a cubic rate law”":

(AW) =kt [1]

where 4, 1s the preexponential factor and 7 is time.
More recent results have shown that the rate law

depends on the alloys according to (AW)” = kz, with
nbetween 2 and 5.** The temperature dependence of
k, follows an Arrhenius-type equation:

b = By exp < R%) 2]

where B; is an empirical constant, R is the uni-
versal gas constant, 7' is the absolute temperature,
and Q; 1s the activation energy for pretransition
oxidation. The values for By are O, are obtained empir-
ically from fitting of experimental data, for example,
B =636x 10" (mgdm™?) per day and Q;/R=
13640 K, as found by Kass®' for Zry-2 and Zry-4.

The posttransition kinetics, on the contrary, are
approximately linear (#= 1) in time”’

AW =lkt+ C [3]
with
ky = By exp ( R%) [4]

and C the weight gain at transition. B, is the empirical
constant and Q, the activation energy for posttransition

Comprehensive Nuclear Materials (2012), vol. 5, pp. 49-68
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oxidation. Hillner e al*® discussed the results of
numerous analyses of experimental corrosion studies
on Zircaloy with varying time and temperature to
derive B, and ;. As discussed by these authors,
most studies suffer from paucity of data for extended
exposures. Their own results for Zry-2 and Zry-4
cover a wide range of time and weight gain and the
posttransition kinetics were interpreted to consist of
two linear stages (with a change at about 400 mg dm ™~
or about 30 um) with B, =247 x 10° mgdm™~* day ™
and Q,/R=12880K for stage 1, and B, =347 x 10’
mgdm “day”' and Q,/R=11452K for stage 2.
Whether or not Hillner’s interpretation of a change
in mechanism is correct, certainly the data is best
described by a two-stage empirical fit.

A schematic representation of these pre- and post-
transition kinetics is shown in Figure 7 as the dashed
lines. Also shown in this graph is the more recent
view that three stages can be discriminated for zirco-
nium alloy corrosion processes””:

1. The early pretransition regime, characterized by
the formation of a thin, black, tightly adherent
corrosion film that grows thicker in accordance
with a nearly cubic rate law.

2. The intermediate stage that lies between the pre-
and posttransition stages. As initially shown by
Bryner,”* this region appears to comprise a series
of successive cubic curves, similar to the initial
cubic kinetic curve. This linear rate results from
the superposition of various regions of the oxide
layer following pretransition growth rate but
slightly out of phase with each other.

Posttransition g
(linear)
®» Transitory I,/’
§ (cyclic)
7
s[
° ,
kel y
£ e
O Pretransition
(cubic) ‘
Time

Figure 7 Schematic representation of the zirconium alloy
corrosion showing the pretransition, transitory, and
posttransition regions. The dashed lines indicate early
models that recognized only the pre- and posttransition
regimes. Reproduced from Hillner, E.; Franklin, D. G.;
Smee, J. D. J. Nucl. Mater. 2000, 278, 334.

3. The linear posttransition kinetic regime.

In the very early stages of the oxide formation, the
layer is dense and composed of grains that have a
predominantly tetragonal or cubic structure. As the
grains grow, columnar grain growth is established and
the tetragonal grains tend to transform to monoclinic
oxide, which constitutes the majority of the oxide
formed.” Although the tetragonal phase has often
been associated with protective behavior, this correla-
tion is noncausal and in fact, oxides with lower tetrago-
nal fraction have been found to be more protective.”*’
The diffusion of oxygen takes place along the grain
boundaries in the oxide layer," the kinetics of which
are given by eqn [1]. The size of the columnar grains
and their grain-to-grain misorientation (Figure 6)
have been related to the transition thickness.

Studies of Zircaloy corrosion in autoclaves clearly
reveal the cyclic corrosion kinetics,””** the oxide
layer appearing to be composed of successive layers
of 2-3 um thickness (Figures 8-10), for which the
oxidation kinetics progressively decrease as a result
of the growth of the oxide layer, in accordance with
eqn [1]. The cycles are separated by transitions dur-
ing which the kinetics appears to accelerate. The
transitions are caused by the destabilization of the
oxide layer, as a result of which the passivating layer
becomes porous and fractured at the end of the cycle,
losing its protective role, and reopening for rapid
oxidation. A new oxidation cycle then starts. Several
processes have been suggested for the destabilization
of the oxide layer, such as™***’:

(a) Cracking of the oxide as a result of the accumu-
lation of compressive stresses in the oxide from
imperfect accommodation of the volume expan-
sion attendant upon oxide formation.

(b) Cracking of the oxide as a result of the transfor-
mation of initially tetragonal ZrO, to the mono-
clinic modification,'” or as a result of the
oxidation of intermetallic precipitates initially
incorporated in metallic form, both of which
result in a volume increase.

(¢) The porosity formed in the oxide reaches a per-
colation condition, leading to easy access of the
coolant to the underlying metal.

The first factor is normally considered to be the main
driver, although the other factors have also been
proposed to contribute. The levels of stress accumu-
lation depend on the phase transformation tensor
(various levels of accommodation of the Pilling-
Bedworth strains in the in-plane directions), which

Comprehensive Nuclear Materials (2012), vol. 5, pp. 49-68
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Figure 8 Results of oxidation tests of Zircaloy-4 and of M5™ in autoclaves, at 360 °C, with 10 ppm Li and 650 ppm B,
showing the cyclic nature of the oxidation. Redrawn from Bataillon, C.; Féron, D.; Marchetti, L.; et al. E-DEN Monograph

“Corrosion” Commissariat & I’Energie Atomique; 2008.

Figure 9 Optical micrographs of oxide layers formed in Zircaloy-4 and in ZIRLO™, in reflected (left) and transmitted
light (right). The regular periods formed during the cyclic corrosion process correspond to the oxide transitions in the two

alloys. Photo courtesy of G. Sabol, Westinghouse Electric Co.

has been shown to vary from alloy to alloy, thus likely
causing the consistent differences seen among the
oxide thicknesses at transition for various alloys.
Thus, each alloy has a reproducible transition thickness
in a given environment. This cyclic process has been
shown to reproduce itself with remarkable regularity
upward of 17 transitions,”* as shown in Figure 9. This
can also be seen in the SEM micrograph in Figure 10
which suggests that cracking occurs at transition.

As discussed by Battaillon eral,” the kinetics of the
cyclic process can be described by a succession of
equations similar to [1] and [2], each representing a
specific cycle. The length of the cycle seems to
be material dependent as shown in Figure 8. Also,
Zircaloy contains second phase precipitates of Zr(Cr,
Fe), and tin as a dissolved element (see Chapter 2.07,
Zirconium Alloys: Properties and Characteristics).
The intermetallic precipitates are known to have a

Comprehensive Nuclear Materials (2012), vol. 5, pp. 49-68
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Figure 10 The oxide layer formed on M5™ in autoclaves
at 360°C, with 10 ppm Li and 650 ppm B dissolved in

the water showing the layered nature of the oxide, with
periodic cracking. Bataillon, C.; Féron, D.; Marchetti, L.;
et al. E-DEN Monograph “‘Corrosion” Commissariat a
I’énergie atomique, 2008. From DEN Monographs
“Corrosion and Alteration of Nuclear Materials,” ISBN
978-2-281-11369-3 (2010), éditions du Moniteur, © CEA.

Figure 11 Zr(Cr,Fe), precipitates incorporated in metallic
form into the oxide layer on Zircaloy-4. Adapted from
Pecheur, D.; Lefebvre, F.; Motta, A. T.; Lemaignan, C.;
Charquet, D. Oxidation of Intermetallic Precipitates in
Zircaloy-4: Impact of Irradiation. In 710th International
Symposium on Zirconium in the Nuclear Industry, ASTM
STP 1245; Baltimore, MD, 1994; 687-70; Pecheur, D.;
Lefebvre, F.; Motta, A. T.; Lemaignan, C.; Wadier,

J. F. J. Nucl. Mater. 1992, 189, 2318-332.

higher oxidation resistance than the zirconium
matrix.”**’ When the oxidation of the zirconium pro-
gresses, the Zr(Cr,Fe), precipitates are incorporated
in metallic form into the oxide layer (Figure 11).
However, the iron is progressively dissolved in the
zirconium oxide. Tin is present in the oxide layer as
nanoparticles of B-Sn, SnO, or Sn(OH),. The slower
oxidation kinetics of Zr—Nb alloys have been attrib-
uted to the absence of the second phase precipitates.”

5.03.3.2 Temperature and Heat Flux

An increase of temperature increases the oxidation
kinetics, as is evident from eqn [1], and confirmed

1000 T T T T T T T

800 —

600 —

400} .

Weight gain (mgdm-2)

200+
°

280 300 320 340 360
Temperature (°C)

Figure 12 The effect of temperature on the oxidation

kinetics of Zircaloy-4, as derived from autoclave test in

water for 2500 days. Reproduced from Hillner, E.; Franklin,

D. G.; Smee, J. D. J. Nucl. Mater. 2000, 278, 334.

experimentally. As shown in Figure 12, the corrosion
kinetics accelerate above about 310°C. An increase
of 5°C for a typical cladding temperature of 335°C
results in a 26% increase in weight gain.

The temperature of the metal-oxide interface (73)
1s, however, not only dependent on the temperature of
the coolant, but also on the heat flux (¢ in W cm™?):

11+ %
where 7; is the temperature at the water—oxide
layer boundary, ¢ the oxide layer thickness (in cm),
and A the thermal conductivity of the oxide layer
(Wem™'K™"). Considering that zirconium oxide is
a poor thermal conductor, the oxide layer will act
as an insulator increasing the temperature of the
metal-oxide interface. For typical values for a
PWR (¢ =55Wcm %) and a thermal conductivity
of 0.022Wem "K', the interface temperature
increases 1 K for an oxide layer of 4 um.*’

As arelated effect, nucleate boiling can occur at the
oxide—water boundary, once this boundary reaches
the saturation temperature (344.5°C at 15.5 MPa in
a PWR). As a result, an enrichment of Li in the liquid
phase near the oxide—water boundary can occur
(Figure 13), which can reach a factor of 3.° This is
not expected to increase the corrosion significantly
for conditions typical for PWRs.

5.03.3.3 Coolant Chemistry

The corrosion of Zircaloy is influenced by the chem-
ical composition of the coolant. The PWR coolant

Comprehensive Nuclear Materials (2012), vol. 5, pp. 49-68



58 Corrosion of Zirconium Alloys

contains boron and lithium. Boron, present as boric
acid (1000-2000 ppm at the beginning of the cycle,
depending on the cycle length, and about zero at the
end of the cycle), is added to control the core reactiv-
ity through neutron absorption of '°B. The boric acid
1s weakly dissociated, particularly at high temperature,
which could lead to a slightly acidic environment. To
counteract this, small quantities of lithium hydroxide
(5-10 ppm) are added in the water, to obtain a slightly
alkaline pH, to avoid deposition of corrosion products
on the cladding and limit the corrosion of core struc-
tures made of stainless steel or Inconel alloys. (Lithium
enriched over 99% of "Li is used, as the use of
°Li produces the undesirable tritium through

Oxide

Water
A

Steam
bubble

Figure 13 Schematic representation of the enrichment of
species at the oxide-water boundary during nucleate
boiling. Adapted from DEN Monographs *‘Corrosion and
Alteration of Nuclear Materials,” ISBN 978-2-281-11369-3
(2010), éditions du Moniteur, © CEA.

activation.) In additon, the coolant may contain
small concentrations of anionic impurities that play a
role in the corrosion mechanism (Figure 14).
Extensive research has been performed to under-
stand the role of lithium hydroxide and boric acid on
the kinetics of the corrosion of zirconium alloys.
Experiments in autoclaves have shown that the rate
of oxidation of Zircaloy-4 increases significantly
when boric acid is absent.”® After an initial stage
where the corrosion kinetics are as expected, corro-
sion is accelerated in conjunction with a decrease of
the thickness of the protective oxide layer,’™’" as
derived from microscopic observations, especially
by the ingress of Li into the oxide (Figure 15).
Enhanced dissolution of the crystallite grain bound-
aries has been suggested as the mechanism.’® This
effect was absent in the presence of boric acid, and no
significant difference was observed for the oxidation
kinetics for LiOH concentrations between 70 and
1.5 ppm (Figure 14). The protective effect of boric
acid has been suggested to be related to the plugging
of the porosity in the oxide by a borate compound.*
The coolant chemistry also influences the solubil-
ity of coolant-borne metallic impurities (e.g., iron,
nickel, copper, etc. arising from corrosion release
from circuit surfaces), which may deposit on fuel
rod surfaces as CRUD, which is composed of metal
oxides such as Fe,O; (hematite), Fe;0, (magnetite),
FeOOH (goethite), or (Ni,Co),Fe; Oy (spinel).’* ¢
Such CRUD deposits are occurring specifically at
positions with sub-cooled boiling and may have, in
some cases, appeared to contribute to accelerated
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B 121
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Figure 14 The effect of Li and B on the ox,idation kinetics of Zircaloy-4. Bataillon, C.; Féron, D.; Marchetti, L.; et al. E-DEN
Monograph ‘‘Corrosion” Commissariat a I'Energie Atomique, 2008. From DEN Monographs ‘‘Corrosion and
Alteration of Nuclear materials,” ISBN 978-2-281-11369-3 (2010), éditions du Moniteur, © CEA.
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Figure 15 The evolution of the microstructure of the oxide
layer on Zircaloy-4 after oxidation in an autoclave with

70 ppm Li, without boron (360 °C). The blue line shows the
total oxide thickness, whereas the red line shows the
thickness of the protective inner layer. Reproduced from
Bataillon, C.; Féron, D.; Marchetti, L.; et al. M. E-DEN
Monograph “Corrosion” Commissariat & I'Energie
Atomique; 2008.

Loose deposit

5 P

Adherent deposit ﬂ

Oxidized cladding

Figure 16 Schematic representation of the CRUD
morphology.

oxidation of both BWR and PWR cladding. CRUD
can have a wide variety of morphologies, from dense
to porous, thus having very different thermal con-
ductivity. The CRUD structure can generally be
described an inner deposit that is tightly adherent
to the oxide layer and an outer deposit that has a
loose structure (Figure 16). However, the thermal
conductivity of CRUD 1s generally better than that
of zirconium oxide and therefore its added effect on
deterioration of the heat flux through the corrosion
layer rarely results in excessive cladding tempera-
tures. Because the lithium concentration in the
CRUD, where it is deposited as lithium borate, is

increased significantly above the coolant’s nominal
level, the increased corrosion caused by CRUD
deposits is thought to be due to the role of Li, in
combination with the increased metal/oxide inter-
face temperature.’’

Fluorine is produced in the coolant water by neu-
tron capture in '*O to give '’F. Laboratory experi-
ments have shown that the corrosion of Zircaloy-4
begins to accelerate between 19 and 190 ppm fluorine
at 360 °C, which 1s well above the coolant specifica-
tion in most reactors (0.15 ppm).

5.03.3.4 Irradiation Effects

A wealth of information exists on the in-reactor
behavior of Zircaloy from worldwide fuel monitoring
programs as well as from experimental research pro-
grams, from which information about the radiation
effects on zirconium alloy corrosion can be deduced.
These effects can be of multiple origin and include
radiolysis of the coolant, changes in the metallurgical
condition, displacement damage, or phase transfor-
mations. As discussed by Cox,” no in-reactor effects
are evident for an oxide layer thickness below
5—6 um. Above that thickness, a departure from data
with radiation field and for in-reactor conditions
suggests an irradiation-induced acceleration of the
oxide breakdown. Bataillon er 4>’ suggest a factor
of 2 for the oxidation rate of Zircaloy-4 between
in-reactor and autoclave experiments during the
first two reactor cycles. This increases to about 4
during cycles 5 and 6. This effect is shown in
Figure 17, in which the thickness of the oxide layer
on Zircaloy-4 as a function of exposure time is com-
pared for three cases: (a) autoclaves without thermal
gradient, (b) corrosion loop with thermal gradient
generated by an electrical heating inserted in the
cladding tube, and (c) in-reactor, with the effects of
thermal gradient and irradiation.*®

5.03.3.4.1 Radiolysis
The ionizing radiation will interact with water mole-
cules producing a variety of reaction products:

H,0 % ¢ H',OH", H,0,, H,

Figure 18(a) shows the results of a typical computer
simulation of the speciation as a function of time."’
As one can see, numerous oxidizing species such as
0,, O, HO,, and H,0, that could accelerate the
corrosion are formed. For this reason, the coolant

water in PWRs 1s hydrogenated. This effect is
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shown in Figure 18(b), which indicates that the
presence of hydrogen significantly reduces the
steady-state concentration of the oxidizing species.

5.03.3.4.2 Irradiation effects in the oxide layer
Because the growth of the oxide layer on zirconium
alloys is strongly related to the diffusion of oxygen ions
through the layer, as discussed above, the displacement

PWR, 346°C
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Figure 17 The thickness of the oxide layer on Zircaloy-4
as a function of exposure time for three cases: (a)
autoclaves without thermal gradient, (b) corrosion loop with
thermal gradient generated by an electrical heating inserted
in the cladding tube, and (c) in-reactor, with the effects of
thermal gradient and irradiation. Reproduced from Gilbon,
D.; Bonin, B. E_DEN Monograph ‘‘Les Combustibles
Nucléaires,” Commissariat a I'Energie Atomique; 2008.
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of ions from their lattice sites by fast neutron damage
could lead to enhanced point defect concentrations,
enhanced diffusion, and hence enhanced corrosion
in-reactors.’”* However, experimental studies have
shown no clear evidence for this.

Formation of electron—hole pairs and Comp-
ton electrons by B and v radiation could also theo-
retically lead to a significant increase in the
electron conduction (electrical conducuvity). The
experimental evidence for this is, however, not
conclusive.

5.03.3.4.3 Changes in the metallurgical

state of the metal

Fast neutron irradiation can change the relative con-
centration of alloying elements between precipitate
and matrix by a variety of mechanisms including
ballistic mixing by a primarily knock-on effect.' Fe
and Cr can be dissolved from the intermetallic Zr(Cr,
Fe), particles into the surrounding o-Zr matrix.*>*’
The dissolution is linked to precipitate amorphiza-
tion and the modified equilibrium between the
amorphous precipitate and the matrix.** As a result
of the precipitate dissolution, the smallest particles
dissolve completely, and the largest are significantly
reduced in size. The ultimate location of the Fe
1s determined by thermal diffusion effects in the
vicinity of the intermetallic particles where c-type
dislocations may have formed. Postirradiation*’
corrosion of such specimens shows progressive

Dissolved O, 200 ppb
| |Dissolved H, 500 ppb

Conc. (moll-) in log scale

Time (s) in log scale

Figure 18 Typical result of a computer simulation or radiolysis of water at 250 °C for a dose rate of 4.5 x 102Gy h~"; (a) pure
water; (b) with dissolved O, and H,. Reproduced from Waterside Corrosion of Zirconium Alloys in Nuclear Power Plants;
IAEA-TECDOC-996; International Atomic Energy Agency, Vienna, Austria, 1998.
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degradation of the posttransition corrosion rates
with increasing dose, although other studies have
shown nodular corrosion improvement of irradiated
material.** Cox” concluded that this effect is now
seen as a primary contributor to enhanced corrosion
in PWRs, since alloys that do not contain Fe or in
which the Fe is incorporated in radiation-resistant
particles, show lower in-reactor corrosion kinetics.

5.03.4 Nodular Oxidation

In BWR conditions (Table 1), nonuniform, so-called
nodular oxidation can also take place (Figure 19).
The mechanism for nodular oxidation is yet to be
fully understood, as it has proved to be challenging to
study in laboratory experiments. Oxidation studies in
500 °C steam demonstrated the dependence of nod-
ular corrosion on second phase precipitate size and
distribution,*” typical for various cladding batches
and their metallurgical structure. However, other
factors also affect nodule formation, as batches of
the same cladding can behave quite differently.
Such differences can be related to in-reactor phe-
nomena such as galvanic effects, impurities, radio-
lytic species, and local power and flux.”"> The
question of whether nodular corrosion nucleates at
intermetallic particles, between intermetallic particles,
or as a collective property of a group of grains, 1s yet to
be resolved.® As discussed by the TAEA Expert group,’
the experimental evidence points toward the fact that
nodules form away from intermetallic precipitates in

Uniform oxide

the alloys. In his review, Cox’ concluded that the
redistributon of Fe from secondary phase particles
diminishes nodular corrosion, but enhances uniform
corrosion.

5.03.5 Hydrogen Embrittlement

Absorption of hydrogen is a major contributor
to degradation of zirconium alloys during service
in nuclear systems.”” This degradation is primarily
attributed to the formation of zirconium hydrides, a
brittle phase that can embrittle cladding, and reduce
its fracture toughness, thus enhancing the suscepti-
bility to cracking.® Recent studies have also shown
that the addition of hydrogen can increase the creep
rates in Zr-2.5Nb* and possibly irradiation growth.

The hydrogen can come from a variety of sources,
some of them detailed in a 1998 report from an IAEA
Expert group' ™

(1)  Hydrogen left over in the Zircaloy tubing after
fabrication or from residual moisture due to
surface preparation (the initial concentrations
of hydrogen in the cladding, postfabrication
but prereactor service, are on the order of

10 wt ppm).

(i) Desorption of water from incompletely dried
up fuel.

(111) Hydrogen produced by (n,p) reactions in the
cladding.

(iv) Hydrogen ingress from the coolant water into
the cladding during reactor exposure.

\

Nodular oxide

Zircaloy

20pum
—_—

Figure 19 Typical appearance of nodular corrosion in visual inspection and metallographic examination.

Figures courtesy of Ron Adamson.
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(v)  Absorption during the normal corrosion pro-
cesses that occur in high-temperature aqueous
solutions.

(vi) Direct reaction of a clean (no species other
than zirconium) surface with gaseous hydro-
gen. This hydrogen nominally could come
from three sources: protons released by oxida-
tion that form hydrogen gas, hydrogen pro-
duced by radiolysis of the water exposed to
a high-energy neutron flux, and hydrogen spe-
cifically added to the cooling water to control
stress corrosion cracking (see Chapter 5.02,
Water Chemistry Control in LWRs and
Chapter 5.08, Irradiation Assisted Stress
Corrosion Cracking).

(vit) Diffusion of hydrogen through a metallic bond
with a dissimilar metal in which hydrogen has a
higher acuvity.

(vii1) Cathodic polarization of zirconium in an elec-
trolyte (typical for low-temperature reactors).

By far, the largest source comes from the normal
corrosion processes (V).

5.03.5.1 Hydrogen Production During
Aqueous Corrosion of Zirconium-Base
Materials

The reaction of Zr with water to form zirconium
oxide produces atomic hydrogen (a proton)

Ir+ ZHZO — ZfOz + ZHZ [Ia]

Ir+ ZHzo — ZI‘OZ + 4H [Ib]

The proton released in the oxidation of Zr either
combines with another proton to form gaseous hydro-
gen (eqn I(a)) or diffuses into the zirconium (eqn I(b)),
where it can form zirconium hydrides. The majority of
the protons formed during oxidation combine to form
hydrogen gas but a fraction enters the metal. The term
‘hydrogen pickup fraction’ fi; is used to relate the
hydrogen absorbed to the hydrogen liberated during
the corrosion reaction.

H absorbed in cladding

H generated in corrosion

Ja

Although the total amount of hydrogen absorbed is
proportional to oxide thickness, the proportionality
constant, the hydrogen pickup fraction, changes from
alloy to alloy such that alloy design can significantly
improve cladding performance. The pickup fraction

also changes with corrosion temperature and with
corrosion time, but the mechanisms by which this
occurs are not yet resolved.

5.03.5.2 Hydrogen Absorption

A detailed overview of the process of the absorption of
hydrogen into zirconium-base materials is provided
in the IAEA Technical Document ‘Waterside Corro-
sion of Zirconium Alloys in Nuclear Power Plants.’"’
The oxide itself generally presents an effective barrier
to the absorption of hydrogen such that the structure
of the oxide and the electron transport mechanism
can be linked to hydrogen uptake. There is some
evidence that the nickel content in Zircaloy-2
increases the absorption of hydrogen (Figure 20),
either by supporting direct dissociation of water or
by mitigating recombination of hydrogen and oxy-
gen.’* % This was one reason why the nickel was
removed in the formulation of Zircaloy-4. The Zr
(Fe,Ni); intermetallic particles that exist in Zircaloy
may provide a significant pathway for hydrogen
uptake. Specifically, the electron current flows pri-
marily at sites where intermetallic particles partially,
or completely, short-circuit the oxide.”® Additionally,
flaws have been found to exist in the oxide that are not
associated with existing intermetallic particles but are
at pits that may have resulted from intermetallic dis-
solution during pickling. These flaws allow the
cathodic process to proceed. These locations are evi-
denced by cracks or small holes visible in the oxide.’*

For some alloys, the amount of absorbed hydro-
gen varies as a function of oxide thickness. For
example, Cox’” has shown that for Zircaloy-2, an
initially high hydrogen absorption rate decreases as
the oxide thickness increases, but then picks up
again after the oxide reaches the transition region.
Other researchers have shown an
H uptake just before the oxide transition.”® The addi-
tional porosity in the oxide, after transition, makes
hydrogen pickup more likely. For Zircaloy-4, the
pickup appears to be constant with the growth of
the oxide. Oxygen additions to the water normally
reduce the hydrogen uptake and hydrogen additions
increase it.”’

increase in

5.03.5.3 Hydride Formation

Hydrogen absorbed into the zirconium alloy cladding
at levels more than the terminal solid solubility
can embrittle the cladding through the formation
of hydrides. The stress concentration at the ends of
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Figure 20 Hydrogen pickup in Zircaloy-2 and Zircaloy-4 as a function of hydrogen overpressure after 14 days in 343°C
water. Reproduced from Hillner, E. Hydrogen absorption in Zircaloy during aqueous corrosion, Effect of Environment,
U.S Rep. WAPD-TM-411, Bettis Atomic Power Lab., W Mifflin, PA, 1964.

larger plate-type hydrides, as well as the localized
deformation in the ligaments between the hydrides,
leads to material weakness. As confirmed by Kerr
et al,’® performing recent in situ fracture work at the
Advanced Photon Source at Argonne National Lab-
oratory, in materials with large pregrown hydrides
(~100 pm), the residual stress field of the zirconium
matrix governs the residual stress state of the hydride
and load is shed to the notch tip hydride phase on
increasing applied load.

The hydrides, if formed, can be circumferential
or radial (see Figure 21). The embrittlement is
influenced by the orientation of hydrides relative to
the stress. Hydrides that are oriented normal to the
tensile load enhance embrittlement by providing
an easy path for the growth of cracks through the
hydrides.”” Radial hydrides are of greater concern,
as they are oriented perpendicular to the hoop stress
that arises during operation of the cladding tube.
As one example, the stress ratio (hoop stress/axial
stress = 0p/0,) from gas pressurization anticipated
during a loss of coolant accident has an approximate
value of two and most of the deformation is in the
hoop direction.”

The hydrides observed in fuel cladding exposed to
reactor environment are most often fcc delta hydrides
ZrH, (where x ~ 1.6). For a fixed amount of hydrogen
uptake, the density and size of the formed hydrides is
a strong function of the material microstructure. Ini-
tial hydride orientation has been shown to be a func-
tion of the texture of the Zircaloy-4 that develops

during fabrication.** As an example, as reported by

Singh and coworkers,”> Zr-2.5Nb that has been
quenched and aged forms a higher density of smaller
hydrides than Zr-2.5Nb that was cold-rolled and
stress relieved, and the difference was attributed to
the underlying grain structure, which acted as the
nucleation host for the formation of hydrides. If suf-
ficient stress is applied during the formation of the
hydrides, the hydride platelets will form perpendicu-
lar to the applied stress.

A specific example of deleterious hydride orienta-
tion 1s from ‘DHC, in which circumferentally ori-
ented hydrides dissolve and reprecipitate at the crack
tip, parallel to the crack orientation. Understanding
DHC is of specific concern for CANDU pressure
tubes and ensuring the long-term stability of spent
fuel during storage and is discussed later in this
section.” %’

5.03.5.4 Hydride Formation Rates

At reactor operating temperatures, the stable phases
in the Zr—H phase diagram are (i) hcp-Zr with dis-
solved hydrogen and the delta hydride ZrH,, where x
varies between 145 and 1.2 at high temperature.
The terminal solid solubility of H in hcp-Zr is

Cobze = Aexp(—En/T) [5]

o

where A is a constant equal to 1.2 x 10’ wtppm (or
0.8 mole H per cm’), and the activation energy for
solid solution is 4300 K (the temperature validity for
this equation is up to 865 °C, the limit of the alpha
phase region).
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Figure 21 (a) Circumferential and (b) radial hydrides.
Figures courtesy of Ron Adamson.

Hydrogen is very mobile in o-Zr and once it is
absorbed in the cladding, it migrates easily in
response to concentration, temperature, and stress
gradients. The diffusion coefficient of H in Zr is

Dy, = Dy exp(—Eyy /ksT) [6]

where E!l =0.47eV and the preexponential factor
is 7x 10 cm®s ™" This results in a high diffusion
coefficient at the reactor operating temperatures (at
355°C (average cladding temperature), the diffusion
coefficient is 1.1 x 10 ®cm’s™"), so that hydrogen
responds quickly to changed conditions to establish
a new steady state. The characteristic time to attain
significant hydrogen ingress by diffusion through the
thickness of the cladding at this temperature is about
12 min, which is much smaller than normal reactor
exposure times. This means that at any given time,
the hydrogen distribution in the cladding can be
considered to be in quasi-steady state, that is, tempo-
ral variations need not be considered. Because of
this, when the hydrogen is in solid solution (before

Figure 22 Hydride-rim formation in cladding on
high-burnup (67 GWd/t) PWR fuel. (cladding from the
H. B. Robinson plant, courtesy R. Daum ANL).

hydride precipitation), the hydrogen concentration in
the cladding is essentially homogeneous.

5.03.5.5 Formation of Hydride Rim

As, from eqn [5], the hydrogen solubility in Zircaloy
decreases with decreasing temperature, the outer
cladding arrives at the solubility limit before the
inner cladding does. For an outer cladding tempera-
ture of 325°C and an inner cladding temperature of
385 °C, the hydrogen solubilities are respectively 90
and 170 wt ppm. This causes hydrides to form prefer-
entially at the outer cladding diameter.

Metallographic examinations performed on clad-
ding hydrided below the solubility limit show a more
or less homogeneous hydride distribution through
the thickness of the cladding. These hydrides pre-
sumably have precipitated out during the cooling
from operation temperature, so that at reactor tem-
perature, the hydrogen is in solution.

As the overall hydrogen content increases as a
result of increased corrosion, eventually the outer
layer of the cladding reaches saturation and a hydride
rim starts to form, whose thickness will increase
with increasing reactor exposure. Figure 22 shows a
metallograph of high-burnup cladding showing en-
hanced hydride formation near the outer diameter of
the cladding.

The hydride distribution response to stress and
temperature gradients is at the root of several degra-
dation mechanisms, such as DHC, secondary hydrid-
ing, and the degradation of cladding duculity from
oxide spalling.
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5.03.6 Delayed Hydride Cracking

A detailed summary of the DHC phenomena is avail-
able in the report of an IAEA (International Atomic
Energy Agency) Coordinated Research Project.”” An
overview 1s presented here.

The classic theory of DHC comes from the work
of Dutton and Puls.”" The basis of the Dutton and
Puls’ theory is sketched in Figure 23. The basis of the
theory is that the crack tip hydride grows as hydrogen
migrates from hydrides in the bulk of the material to
the crack tip. The driving force for the diffusion of
the hydrogen 1s the difference in the chemical poten-
tial of hydrogen between the bulk material and the
crack tip hydride in response to hydrostatic stress.””’>

Dutton and Puls’ theory follows the following
logic. The partial molar volume of hydrogen in the
hydrides is positive. An increasing hydrostatic tensile
stress reduces the chemical potential of hydrogen in
the hydride relative to the bulk. This chemical poten-
ual difference causes hydrogen in solution to diffuse
to the crack tip where it precipitates. In this model,
the hydrides in the bulk dissolve to maintain the
hydrogen concentration at the hydride interface at
the solubility limit for the temperature at which the
cracking is occurring. As the precipitate grows at the
crack tip, it will eventually reach a critical size that is

b
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Figure 23 Crack and diffusion geometry assumed in
the DHC model of Puls. Reproduced from Puls, M. P.
J. Nucl. Mater. 2009, 393, 350-367.

dependent on the stress intensity factor at the crack
tip and the crack will then progress an additional
distance that is related to the hydride size. The rela-
tionship between crack velocity and stress intensity
factor for this type of cracking is shown in Figure 24.
The stable crack growth velocity is a function of tem-
perature since that temperature affects both hydrogen
solubility and hydrogen transport to the crack tip.

A detailed update of the Dutton-Puls’ theory,
along with a response to challenges to the theory
by the group of Kim” was recently released.”*
The review by McRae supports the validity of the
Dutton and Puls’ models rather than the alternatives
promoted by Kim.

Recently, Colas ez al”” used high-energy synchro-
tron X-rays at the advanced photon source, to per-
form #n situ characterization of hydride dissolution,
reprecipitation, and reorientation during thermal
cycles under load. Their results, from samples initi-
ally charged with hydrogen at concentrations up to
600 ppm, indicate that the reorientation occurred
above a threshold stress of 75-80 MPa. In another
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growth
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No crack
growth
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Figure 24 Schematic diagram of crack propagation by
DHC in hydrided Zircaloy. Reproduced from Delayed
hydride cracking in zirconium alloys in pressure tube
nuclear reactors. IAEA-TECDOC-1410; Nuclear Power
Technology Development Section, International Atomic
Energy Agency, Vienna, Austria, 2004.
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recent study related to hydride reorientation, Daum
er al’® found that the threshold stress is approximately
75—80 MPa for both nonirradiated and high-burnup
stress-relieved Zry-4 fuel cladding cooled from
400 °C. Within the uncertainty of the experiment,
the irradiation was not critical to setting the threshold
stress. Under ring compression at both room temper-
ature and 150°C, Daum found that radial-hydride
precipitation embrittles Zry-4. Interestingly, for
nonirradiated Zircaloy-4, samples with lower hydro-
gen concentration (300 vs. 600 ppm) appeared to be
more susceptible to radial-hydride related embrittle-
ment. In a separate work, Daum’® also showed that
failure 1s sensitive to hydride-rim thickness. Zircaloy-4
cladding tubes with a hydride-rim thickness >100 pm
(=700 wt ppm total hydrogen) exhibited brittle behav-
ior, while those with a thickness <90 pm (/600 wt
ppm) remained ductile.

5.03.7 Summary and Outlook

The extensive research on the corrosion of zirco-
nium alloys has resulted in an enormous flow of
information during several decades. On the basis
of this, a basic understanding of the processes lead-
ing to oxidation and hydriding of zirconium alloys
NOW exists.

1. Zirconium alloy fuel cladding undergoes corro-
sion when subjected to the reactor environment.
The corrosion is related to the oxidation of the
metal by coolant water and is associated with
hydrogen uptake into the cladding. The latter
phenomenon is the main contributor to in-reactor
degradation of cladding performance.

2. Uniform corrosion is alloy dependent and envi-
ronment dependent. The higher fuel duty now
imposed on nuclear fuel can lead to accelerated
corrosion, which can limit fuel lifetime.

3. Corrosion is accelerated under irradiation relative
to out-of-pile results. The corrosion rates can
increase after a given exposure.

4. The hydrogen pickup fraction can vary from alloy
to alloy and for different environments and corro-
sion times. The hydrogen pickup mechanisms and
the influence of the alloy on the process are still
under study.

5. Modern alloys such as M5 and ZIRLO provide
much improved corrosion performance and show
the potential for significant benefits from careful
alloy design.

Many challenges remain to be addressed in under-
standing the corrosion and hydriding of Zr alloys in
nuclear environments. Although mechanistic under-
standing has been developed over the past decades,
still much needs to be understood, in particular, on
the role of alloy design on corrosion rate, hydrogen
pickup, and oxide transition. In addition, the behavior
of cladding under the more challenging conditions of
severe fuel duty associated with longer exposures,
higher temperatures, aggressive chemistry, and inci-
dence of boiling needs to be studied.
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