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Abstract

Zircaloy-2 and Zircaloy-4 samples were oxidised in an autoclave in water and in lithiated water (70 ppm) in order to
evaluate the influence of both the alloy compositions and the effect of lithium on the oxidation kinetics. Cross-sectional
TEM and electrochemical impedance spectroscopy were used to analyse the samples. The pre-transition oxidation rate
is not affected by the presence of LiOH, but the transition occurs earlier and the post-transition oxidation rate is in-
creased. The oxidation rate correlates with the density of cracks in the oxide layer and the morphology of the oxide
grains. The impedance measurements show that the oxides formed have a layered structure and for samples oxidised in
LiOH solution the inner protective layer is thin. The hydrogen pickup ratio follows the weight gain, not the oxidation
rate, up to the second transition. When the protective oxide layer is degraded the hydrogen pickup ratio increases
strongly. The effect of LiOH is suggested to be due to partial dissolution of the oxide and subsequent incorporation of
lithium ions during a dissolution—precipitation process. Newly formed oxide is probably more hydrous and the grain
boundaries are particularly liable to dissolution. The up-concentration of LiOH within cracks and pores could cause the
detrimental levels necessary for dissolution. This is supported by the insensitivity in the pre-transition region, to both

the compositions of the alloy and to the environment. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Lithium is added to the primary water in pressurised
water reactors (PWR) to control the pH value and
thereby the corrosion of structural materials. The pH
value is recommended to be between 7.2 and 7.4, but
local boiling at the fuel rod surface leads to enrichment
of lithium hydroxide and detrimental levels may be
reached.

Different mechanisms describing the accelerated ox-
idation in the presence of lithium have been discussed in
the literature. One proposed mechanism by which LiOH
increases the corrosion rate is by substitutional solid
solution of lithium in the oxide layer [1]. When one Zr**
ion is replaced with Li* in the ZrO, lattice one and a
half anion vacancies are created. An increase in the

* Corresponding author. Tel.: +46-31 772 2879; fax: +46-31
772 2853.
E-mail address: ela@inoc.chalmers.se (E. Ahlberg).

anion vacancy concentration will enhance the oxygen
diffusion through the oxide layer. Cation incorporation
into ZrO, has also been suggested to control the oxide
microstructure, the oxide growth mechanism at the
metal-oxide interface and the corrosion rate [2]. Cor-
rosion tests of Zircaloy-4 in various aqueous solutions
with equimolar M* (Cs*,Rb",K™,Na® and Li") and
OH™ at 350°C showed that the corrosion rate is signif-
icantly accelerated in LiOH and slightly enhanced in
NaOH, but no acceleration was observed in the other
solutions. The hydrogen pickup fraction has a similar
trend as the corrosion behaviour in different solutions
[2]. In another model the generation of porosity rather
than the dissolution of lithium in the growing oxide
phases was proposed to cause the accelerated corrosion
[3]. It is suggested that undissociated LiOH and hy-
droxyl ions react at an anion vacancy and form Zr—OLi
groups. The recrystallisation and oxide growth is dis-
turbed by the presence of these Zr—OLi groups and a
larger grain boundary area may be expected. Two Zr—
OLi groups could also react with each other and form
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Li,O in the grain boundary, generating porosity in the
growing oxide. Porosity has also been proposed to be
generated by preferential dissolution of cubic or tetrag-
onal crystallites in the oxide [4,5]. The effect of LiOH has
been reported to be twofold: (i) reducing the time to
transition and (ii) enhancing the post-transition rate [6].
Lithium hydroxide is suggested to enhance the oxidation
by degrading the barrier layer. For the post-transition
corrosion it has been proposed that the corrosion pro-
cess proceeds within cracks in the oxide film [7]. The rate
is accelerated due to an accumulation of LiOH within
the cracks, since the corrosion process consumes water
and the circulation is restricted.

In this work, both Zircaloy-2 and Zircaloy-4 have
been oxidised in a refreshed autoclave and the environ-
ments were pure water or water with 70 ppm lithium
hydroxide added. Zircaloy-2 is normally used in boiling
water reactors (BWR) but has also, in Sweden, been
tested in PWR environment. The oxide layer formed was
characterised by cross-sectional transmission electron
microscope (TEM) and electrochemical impedance
spectroscopy (EIS) with the purpose of improving our
understanding of the mechanism by which lithium in-
fluences the oxidation and hydriding of Zircaloy.

2. Materials

The materials investigated are two Zircaloy-2 alloys
and one Zircaloy-4 alloy. Sandvik Steel AB manufac-
tured the materials as tubes. Material Zry-4:A is a Zir-
caloy-4 alloy and the chemical composition is given in
Table 1, together with the log A parameter for all samples.
In Zircaloy-4 only the Zr(Fe, Cr), second-phase particles
are formed and for Zry-4:A the mean diameter is 160 nm.
Material Zry-2:A and Zry-2:B are Zircaloy-2 alloys with
the chemical composition given in Table 1. The Zry-2:B
alloy has a higher tin content, but a lower content of el-
ements forming second-phase particles than alloy Zry-
2:A. Further, the Zry-2:B has a late B-quenching step,
yielding small second-phase particles (mean diameter 80
nm). For Zry-2:A the second-phase particles are larger
with a mean diameter of 240 nm. These two materials
were chosen on the basis of earlier autoclave tests, having

good (Zry-2:B) and bad (Zry-2:A) corrosion resistance in
lithiated environment, respectively.

3. Experimental

The materials were oxidised in a refreshed autoclave
at 360°C and 220 bar, in pure water or in water with
addition of 70 ppm Li. The samples were degreased
before the oxidation.

To characterise the microstructure of the oxide layers
a JEOL 2000 EX scanning transmission electron mi-
croscope was used. Cross-sectional thin foils of the oxide
layers were produced from the autoclaved samples and
the detailed procedure is given elsewhere [8]. Samples
with thicker oxide layer (>10 pm) were rather time-
consuming to produce, since the oxide had a strong
tendency to fall off during the last thinning step. Several
thin foils were prepared for each sample to guarantee the
reproducibility.

A three-electrode cell was used for the impedance
experiments in aqueous 0.5 M Na,SO4. 1 cm of the
autoclaved Zircaloy tubes were used as working elec-
trodes in the impedance measurements. The contacting
was made on the inside of the tube and epoxy resin was
used to isolate the contact and bare metal ends from the
electrolyte. A large platinum gauze was used as the
counter electrode and was placed in a concentric posi-
tion around the working electrode to assure a good
current distribution. The potential was measured against
a double junction Ag/AgCl reference electrode with 0.5
M Na,SO, in the outer compartment. The electrolyte
was made up by p.a. quality chemicals and doubly dis-
tilled water. All impedance measurements were carried
out at room temperature, in the frequency range 1 mHz
to 100 kHz. The instrumentation used was an EG&G
Princeton Applied Research Potentiostat/Galvanostat
Model 273A, and a Schlumberger SI 1255 HF frequency
response analyser.

The impedance data were fitted to equivalent circuits
with one, two or three time constants in series, using
Boukamp’s fitting program ‘Equivalent circuit’. The
number of time constants used depends on the com-
plexity of the impedance spectra.

Table 1
Chemical composition of the materials
Material Sn (%) Fe (%) Cr (%) Ni (%) O (%)
Zry-4:A 1.33 0.215 0.10 0.002 0.120
Zry-2:A 1.34 0.17 0.10 0.05 0.126
Zry-2:B 1.48 0.125 0.08 0.045 0.103

Si (ppm) N (ppm) H (ppm) C (ppm) Alloy log4
Zry-4:A 75 <30 9 140 Zr-4 -12.9
Zry-2:A 70 <33 11 135 Zr-2 -5.8
Zry-2:B 80 <30 10 110 Zr-2 -16.0
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Zirconium oxide is highly insulating and the overall
impedance can therefore be attributed to the impedance
of the oxide. The oxide behaves like a capacitor in the
impedance measurements and the thickness can be cal-
culated by the expression for a parallel plate capacitor,

g0 A

d==C" (1)

where ¢, is the dielectric constant of vacuum, ¢ the
relative dielectric constant for ZrO,, 4 is the geometric
surface area, d is the thickness of the oxide layer and C'is
the capacitance. The impedance data exhibit some fre-
quency dispersion and a constant phase element was
used instead of a capacitor. Due to the frequency dis-
persion the capacitance, and thereby the thickness will
vary with frequency. Two strategies were used to com-
pare data from different measurements. Firstly, to esti-
mate the total thickness of the oxide layer the
capacitance value at 60 kHz was used. Secondly, the
capacitance value obtained in the fitting procedure was
used to estimate the apparent thickness of the different
layers of the oxide. The capacitance value was not cor-
rected for the frequency dispersion but the calculated
thickness data were scaled to the value obtained from
the thickness determined at 60 kHz.

4. Results

The weight gain during oxidation for the different
materials is given in Fig. 1. The presence of LiOH seems
to have little effect on the pre-transition oxidation rate.
However, the transition from parabolic/cubic to linear
growth rate occurs earlier in lithiated water than in
water and the post-transition oxidation rate is increased.
The Zircaloy-4 sample Zry-4:A has a somewhat higher
oxidation rate than Zircaloy-2, during tests in lithiated
water. However, the second transition appears later and
the acceleration in corrosion rate is lower. Sample Zry-

Table 2
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Fig. 1. Corrosion kinetics for the studied materials. Autoclaved
at 360°C and 220 bar, in pure water or in water with addition of
70 ppm Li.

2:A, tested in water, has the slowest oxidation rate in the
post-transition region. The linear growth rate indicates
that the rate is limited by diffusion of oxygen ions
through a fairly constant oxide layer thickness. In the
lithiated water, the Zry-2:A alloy has the lowest corro-
sion resistance of all tested samples. The post-transition
region is very limited, and the second transition occurs
very early resulting in accelerated oxidation Kinetics.
The increasing oxidation rate indicates that the barrier
layer thickness is decreasing. The other Zircaloy-2
sample (Zry-2:B) has a better corrosion resistance in
lithiated water and the post-transition oxidation is in
parity with the oxidation in water for the other two al-
loys. At about 130 days the second transition occurs and
the accelerated oxidation rate starts.

The hydrogen pickup was measured for some of the
oxidised samples and the result is given in Table 2. As
expected, the Zircaloy-4 sample has the lowest pickup
ratio both in water and in lithiated water. For long time
exposure, i.e., after the second transition, the hydrogen
pickup ratio has increased by a factor of 2.5. For

Oxide thickness and hydrogen pickup as a function of alloy composition, environment and exposure time

Material Environment Time Weight gain Oxide thickness H pickup H pickup ratio
(days) (mg/dm’) (um)* (ppm) (%)

Zry-4:A H,O 30 22.1 1.5 - -
Zry-4:A 70 ppm Li 30 27.9 1.9 - -
Zry-4:A H,O 200 89.3 5.9 120 20
Zry-4:A 70 ppm Li 73 59.2 3.9 72 18
Zry-4:A 70 ppm Li 353 386.6 25.8 1200 47
Zry-2:A H,O 30 21.2 1.4 - -
Zry-2:A 70 ppm Li 30 233 1.6 - -
Zry-2:A H,O 200 67.1 4.5 170 38
Zry-2:A 70 ppm Li 200 663.6 44.2 2750 62
Zry-2:A 70 ppm Li 73 70.3 4.7 170 43
Zry-2:B 70 ppm Li 200 164.9 10.9 640 64

Thickness calculated from weight gain (15 mg/dm” ~ 1 um).
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Zry-2:A a small difference in the pickup ratio can be
noted by comparing the oxidation in water (200 days)
with that in lithiated water (73 days) at a similar weight
gain. Oxidation of Zry-2:A and Zry-2:B in lithiated
water for 200 days results in similar pickup ratios despite
the big difference in weight gain.

4.1. TEM investigation

Samples for the cross-sectional TEM investigation
were chosen in such a way that both the alloy compo-

. 188m

Fig. 2. Sample Zry-4:A after oxidation for 30 days in water.
The entire oxide layer is imaged.

sition and the effect of lithium on the oxidation kinetics
were highlighted. The 30 days samples with similar
weight gain illustrate the non-sensitivity to both the
environment and the alloy composition. Comparing
samples subjected to the same oxidation time and the
same environment can outline the effect of different alloy
compositions. Using one alloy and comparing samples
with similar weight gain, the influence of the environ-
ment can be depicted.

The TEM investigation was focussed on the oxide
and the oxide-metal interface. Columnar grains were
mainly found in the oxide close to the interface and this
region seems to be dense and compact. It is sometimes
referred to as the barrier layer, where the environment
does not penetrate the oxide. Outside this region, a
mixture of equiaxed and columnar oxide grains are ob-
served. The fraction of grain type depends on the oxi-
dation time and the environment. In this work an oxide
grain is defined as columnar when the length is more
than twice the width. The growth of the columnar grains
is perpendicular to the oxide-metal interface.

Cracks were found in the studied oxide layers and
were mainly oriented parallel with the interface. The
cracks in the oxide layer may originate both from the
oxidation process and from the metallographic sample
preparation technique [9]. Large compressive stresses
present in the oxide film will be released when the thin
TEM samples are prepared and cracks could be expected,
but it is difficult to separate cracks present before prep-
aration and those formed during preparation. The oxide
grains are mainly equiaxed around the cracks. The reason
for this may be due to (i) crack propagation through
columnar grains, causing morphological changes,

Fig. 3. Sample Zry-4:A after oxidation for 73 days in lithiated
water. The middle section of the oxide layer is imaged.
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(ii) preferential crack propagation in equiaxed areas and
(iii) nucleation of equiaxed grains at crack formed closed
to the metal-oxide interface during the oxidation process.

The Zircaloy-4 sample Zry-4:A, autoclaved 30 days in
pure water, has an oxide structure of columnar grains
close to the interface and also in the middle section there
is mainly columnar oxide grains, see Fig. 2. Cracks
parallel to the interface are found in this region. The
sample tested for 30 days in lithiated water, has a similar
microstructure. The oxide grain size was estimated to be
20-40 x 70-200 nm? (columnar) and a diameter of 20-40
nm (equiaxed), respectively. After 200 days in pure water
the oxide at the interface still contains columnar grains.

Outside this region, a small fraction of equiaxed grains is
mainly found at cracks present. Sample Zry-4:A auto-
claved for 73 days in lithiated water, see Fig. 3, has a
morphology similar to the sample Zry-4:A tested for 200
days in pure water. However, the fraction of equiaxed
oxide grains is slightly higher for the former sample. The
hydrogen pickup ratio is similar, despite the 50% differ-
ence in weight gain, see Table 2. For the Zircaloy-4 the
hydrogen absorption was smaller than for the two other
tested materials. Nickel is believed to be responsible for
the higher hydrogen pickup in Zircaloy-2 [10].

The Zry-2:A alloy had poor corrosion resistance in
lithiated water. After tests at 30 days in pure water and

I .
B * ‘ 'w »
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Fig. 4. Sample Zry-2:A after oxidation for 200 days: (a) in water, the metal-oxide interface; (b) in lithiated water, the metal-oxide
interface; (c) in lithiated water, middle section of oxide layer; (d) in lithiated water, outer section of oxide layer.
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lithiated water the oxide layer at the interface consists of
columnar oxide grains. In the outer part equiaxed grains
develop. The weight gain is similar for these two samples
and no difference in morphology was detected. The grain
size for alloy Zry-2:A is in parity with the investigated
Zircaloy-4 samples.

Sample Zry-2:A autoclaved for 200 days in pure water
and lithiated water has major differences in morphology
and weight gain. For the sample tested in water a mor-
phology of columnar oxide grains is observed at the in-
terface. Outside this area, there is a majority of columnar
grains, but equiaxed grains are also present, Fig. 4(a).
Compared to the sample after 30 days testing, the oxide
layer is thicker and the morphology outside the interface
region has more equiaxed grains present, probably due to
the presence of more cracks. The sample tested in lithi-
ated water has a mixture of columnar and equiaxed
grains at the interface, as shown in Fig. 4(b), and the
interface region is thinner. The middle section of the
oxide layer has more cracks and an increased fraction of
equiaxed oxide grains as shown in Fig. 4(c). The outer
oxide is rather porous and an example of a non-protec-
tive oxide is shown in Fig. 4(d). The size of the columnar
grains was found to be smaller, approximately
20-30 x 60-100 nm? and the oxide layer has many cracks
and open porosity was also found. The hydrogen content
is extremely high in this sample, see Table 2.

Sample Zry-2:A, autoclaved for 73 days in lithiated
water, has a similar weight gain to the sample tested for
200 days in water. The morphology at the interface is the
same with mainly columnar oxide grains. In the outer
region of the oxide a larger number of equiaxed grains
and more cracks were found in the sample exposed to
lithiated water. The hydrogen content is similar for these
two samples, but the pickup ratio is slightly larger for the
sample oxidised in the presence of lithium, see Table 2.

The high Sn Zircaloy-2 sample (Zry-2:B) exhibits a
lower weight gain when oxidised for 200 days in lithiated
water than Zry-2:A. At the interface columnar grains are
present, while outside this area a mixture of columnar and
equiaxed grains is found, see Fig. 5. Compared to the
sample Zry-2:A, oxidised under the same conditions, the
outer oxide layer is much denser and a higher fraction of
columnar oxide grains is retained. However, some po-
rosity was found in the outer oxide. The grain size in the
oxide is of the same size as for sample Zry-2:A. Surpris-
ingly, the hydrogen pickup ratio was similar for the two
materials, despite the large difference in the oxidation rate.

4.2. EIS measurements

Impedance measurements can provide information
about the porosity of the oxide and its homogeneity. If a
dense oxide is formed, one time constant is sufficient to
model the impedance data. The frequency dispersion
commonly observed, can in this case be attributed to

Fig. 5. Sample Zry-2:B after oxidation for 200 days in lithiated
water. The middle section of the oxide layer is imaged.

surface roughness of the underlying metal and dielectric
relaxation [11-13]. If the oxide is composed of layers
with different properties several time constants are nee-
ded to model the data. The change in properties can
originate from a difference in the dielectric properties or
from changes in the pore structure. Large differences in
the dielectric constant for ZrO, on zirconium and zir-
conium alloys have been reported, between 21.4 and
31.5 [14,15] and have, for example, been attributed to
anion incorporation in anodically formed oxides. In the
present investigation a value of 22 was used for the
relative dielectric constant of ZrO,.

Impedance measurements on the autoclaved samples
were made as a function of time to follow the penetra-
tion of the electrolyte into the pores. These measure-
ments will give a qualitative picture of the properties of
the oxide. In Fig. 6 impedance spectra for sample Zry-
4:A exposed to water at 360°C for 200 days and to
lithiated water for 73 days are shown. For the sample
exposed to water, Fig. 6(a), initially only one time con-
stant can be observed (curve 1), but the frequency dis-
persion is quite large, indicating that the oxide is
inhomogeneous. For longer exposure times electrolyte
has penetrated into the oxide, the resistance is markedly
decreased and two time constants are necessary to model
the data (curves 2 and 3). The electrolyte is supposed to
get in contact with conducting paths in the oxide, con-
sisting of pores running all the way to the metal inter-
face, metal strings in the oxide or a defect oxide with
higher conductivity than monoclinic ZrO,, causing the
dramatic decrease in the resistance. At very long expo-
sure times the inner part of the oxide is changed and a
new time constant is visible in the impedance spectra
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Fig. 6. Impedance spectra for sample Zry-4:A as a function of immersion time: (a) exposed 200 days in water for 19 h (1), 360 h (2)
1500 h (3) and 3600 h (4); (b) exposed 73 days in lithiated water for 15 h (1), 330 h (2) and 1500 h (3).

(curve 4). The inner part of the oxide is thus healed ei-
ther by a transformation of the conducting oxide or by
an oxidation of the metal strings. For the sample ex-
posed to lithiated water, Fig. 6(b), three time constants
are seen from the start (curve 1) and the electrolyte can
readily penetrate the oxide. The oxide thickness was
calculated from the capacitance at 60 kHz and decreases
as a function of the exposure time in the electrolyte. The
thickness obtained directly on immersion of the samples
correlate very well with the values calculated from the

weight gain, see Table 2. A comparison of the oxide
thickness for sample Zry-4:A in the different environ-
ments is shown in Fig. 7. For the sample exposed to
lithiated water, the thickness obtained for the well
soaked sample was only 0.5 pm as compared to the real
oxide thickness of 3.5 pm. The fact that the apparent
oxide thickness decreases is due to a decreasing resis-
tance over the oxide as a result of the electrolyte pene-
tration, since the low resistance together with a small
capacitance will yield a time constant that falls outside
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Fig. 7. Oxide thickness determined by EIS as a function of
immersion time for sample Zry-4:A. Sample oxidised in water
for 200 days (1) and in lithiated water for 73 days (2).

the accessible frequency range. These results show that
the porosity of the oxide film gradually decreases from
the oxide-solution interface to the metal-oxide inter-
face. A model with three or sometimes four layers is
therefore proposed. The inner layer at the metal-oxide
interface (I) is compact and impervious to the electro-
lyte. The middle range (II), which can be composed of
different layers, is microporous, allowing for limited
penetration of electrolyte, while the outer layer is mac-
roporous (III). The outermost layer is not discernible by
impedance measurements since the time constant falls
outside the accessible frequency range.

The impedance characteristics for the other samples
follow the same general features. For the Zry-2:A sam-
ple exposed to water for 200 days, two time constants
were observed throughout the exposure time (up to 3700
h) The capacitance at high frequencies remains constant
with time, indicating that the oxide is fairly dense. The
thickness calculated from the impedance at 60 kHz is in
good agreement with the thickness calculated from the
weight gain, Table 2. The resistance of the film decreases
initially with one order of magnitude, but after long
exposure time the resistance is again higher. When ex-
posed to lithiated water for the same exposure time (200
days) three time constants are present from the begin-
ning of exposure. The resistance of the oxide decreases
by two orders of magnitudes and the time constant for
the innermost layer disappears with time. The oxide
thickness as determined by impedance was 17 pm, which
is much thinner than predicted from the weight gain,
Table 2. Thus, it can be concluded from the impedance
measurements that the major part of the oxide is mac-
roporous and thus not discernible by impedance mea-
surements. The oxide formed on sample Zry-2:A
exposed to lithiated water for a shorter exposure time
(73 days) is compact and only one time constant is ob-
served initially. However, the resistance of the oxide
decreases dramatically with time and a second time
constant starts to evolve. After long exposure times the
total oxide resistance is again high, which indicates that
the pores in the oxide has partly disappeared. The
thickness of the layer is in good agreement with the
weight gain predictions. For sample Zry-2:B exposed to
lithiated water for 200 days the oxide thickness deter-
mined by impedance is in fairly good agreement with
that predicted from the weight gain, indicating a fairly
compact oxide layer. However, already from the initial
exposure, three time constants can be observed in the
impedance spectra. As for the other samples the resis-
tance of the oxide decreases with time, but the capaci-
tance at high frequencies remains constant.

In Table 3 a summary of the impedance results for
well soaked samples are given according to the multi-

Table 3

Oxide thickness calculated by EIS

Material Environment Time (days) Thickness (um)* I (nm)® II (um)© II (um) I (um)¢
Zry-4:A H,O 200 5.9/5.2 800 2.6 2-2.5
Zry-4:A 70 ppm Li 73 3.9/3.5 170 0.33 3-34
Zry-2:A H,O 200 4.5/3.8 1000 2.5 0.3-1
Zry-2:A 70 ppm Li 200 44.2/17.1 30 1.6 11 30
Zry-2:A 70 ppm Li 73 4.7/14.5 40 4.5 0.2
Zry-2:B 70 ppm Li 200 10.9/8.8 30 0.9 6.3 1.6-3.6

aThickness calculated from weight gain (15 mg/dm® ~ 1 um)/thickness calculated from EIS.

® Barrier layer.
¢ Microporous layer.
9 Outer macroporous layer.
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layer model. The thicknesses of the inner layers are
calculated from the circuit parameters obtained by the
fitting procedure and scaled to the total thickness de-
termined at 60 kHz. The thickness of the macroporous
layer is simply the difference between the total thickness
and the sum of the thickness for the inner layers. In
general the thickness determined by impedance mea-
surements is in good agreement with the thickness ob-
tained from the weight gain, except for the thickest oxide
where only a part of the oxide can be detected by im-
pedance. However, the pore structure of the oxides dif-
fers. For samples exposed to lithiated water, the inner
layer is always thin and the middle layer can sometimes
be divided into two layers. In contrast, for the samples
exposed to pure water the inner layer is rather thick
(~1 pm).

The multi-layer observed with impedance measure-
ments can be compared with the two layers found in the
TEM investigation, the inner dense layer and the outer
layer with visible cracks. Only for the sample Zry-2:A
oxidised in lithium for 200 days a change of the inner
layer was observed in TEM. The high oxidation rate for
this sample explains the changed morphology.

5. Discussion

This investigation showed that the morphology of the
formed oxide in presence of lithium hydroxide is dis-
turbed compared to oxidation in pure water. A higher
fraction of equiaxed grains is found outside the barrier
layer and the oxide formed during accelerated corrosion
has less columnar grains. Open porosity was found in
areas with equiaxed grains, Fig. 4(d), in the outer part of
the oxide and can be correlated with the macroporous
layer found in the impedance measurements. The barrier
layer thickness decreases when the accelerated oxidation
starts, and the morphology of the inner layer changes
from columnar to a mixture of columnar and equiaxed
grains. A decrease in thickness of the barrier layer at
longer exposure times in lithiated environment has been
reported elsewhere [6,16] and is also in agreement with
our impedance data. The effect of lithium on the cor-
rosion behaviour of Zircaloy has received great atten-
tion during the years and different hypotheses have been
put forward to explain the results. Common to the dif-
ferent models and hypotheses is the distinct influence of
lithium on the oxide microstructure [3-6,9,16-20].

The corrosion rate for zirconium alloys is well known
to increase with increasing pH. However, the effect ob-
tained in LiOH solutions is much stronger than in
NaOH or KOH solutions, and therefore lithium rather
than hydroxide ions was considered to be the main cause
of the accelerated corrosion rate [1,2,7,17,19,21]. Cor-
rosion tests were performed in lithium salts but no effect
was found on the oxidation rate, ruling out the lithium

ion as the only species causing accelerated corrosion [1].
The lithium hydroxide concentration must be above a
critical level to accelerate the corrosion rate [21,22] and
it has been suggested that the active species is undisso-
ciated LiOH [3,5,18]. The large effect of temperature also
supports the importance of undissociated LiOH, since
its concentration increases with increasing temperature
[23].

In the model by Cox et al. [4,5,20] the accelerated
corrosion is explained by preferential dissolution of
oxide grains with cubic or tetragonal crystal structure,
leading to a porous inner oxide layer. To support this
hypothesis microscopic investigations were made on a
pre-oxidised sample that was subjected to 0.1 M LiOH
solution. It was found that a number of pores were de-
veloped on the outer oxide surface. Further, the im-
portance of preferential dissolution of the tetragonal
modification was emphasised by referring to an investi-
gation where Yttria stabilised Zirconia (YSZ) was tested
in water and alkali solutions at 600-780°C and 100 MPa
[24]. The YSZ was unchanged in water while it was
reported to dissolve (and precipitate as monoclinic
oxide) in alkaline solutions, in the order LiOH >
NaOH > KOH. However, corrosion tests on stabilised
zirconia do not support the model with preferential
dissolution [25]. These corrosion tests were performed
under conditions similar to autoclave testing of Zircaloy,
i.e., 400°C and 10 MPa. The tests were performed in
pure water or 1.0 M LiOH solution for 3 days in a mini
autoclave. Different types of stabilised zirconia were
tested, including both yttrium and size stabilised, both
yielding the tetragonal modification. A phase transfor-
mation from tetragonal to monoclinic oxide was de-
tected by X-ray diffraction after the test. No difference in
the phase transformation rate was detected between the
two environments. However, the YSZ was found to have
a higher transformation rate than the size stabilised
oxide [25].

For pre-transition oxidation in water (288-360°C) of
Zircaloy-2 and Zircaloy-4, only very small amounts of
tetragonal zirconium oxide was detected by X-ray dif-
fraction [26] as shown for a standard Zircaloy-4 in Fig. 8.
This implies that the porous structure of the oxide
formed in lithium hydroxide solution [4] is not entirely
due to preferential dissolution of the tetragonal modifi-
cation, but may well be due to partial dissolution of the
oxide. Newly formed oxide is probably more hydrous
[27] and it is reasonable to assume that the grain
boundaries are particularly liable to dissolution, which
can explain the formation of the small pores. The up-
concentration of LiOH within cracks and pores could
cause the detrimental levels necessary for dissolution.

A metal oxide exposed to water will exhibit acid—base
properties. The surface hydroxide groups are ampho-
teric and can therefore be protonated and deprotonated.
Thus, in alkaline solution the surface will be negative
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Fig. 8. Grazing angle X-ray diffraction of standard Zry-4, ox-
idised in water for 4 days at 360°C and 186 bar. The reflections
at 30.2, 34.8 and 36.5 20 originate from o-Zr.

and the surface charge is balanced by cations in solution.
Interfacial properties of zirconium dioxide have been
studied at room temperature by measurements of the
electrophoretic mobilities and surface charge densities
[28]. The results have been discussed in terms of a site
binding model, in which the contribution to the gener-
ation of surface charge from the indifferent electrolyte
ions is stressed [29-33]. In the model the formation of
ion pairs between the surface groups and the electrolyte
ions were proposed,

ESOHG =+ X7 =+ H:r ad ESOH;r — X7 Kanion
=SOH"° + 1\/1+ =80 — M+ + H:r Kcatiom

where =S denotes a surface site and MX is the indif-
ferent electrolyte salt. Measurements were made as a
function of electrolyte concentration and rather strong
site binding with surface hydroxide groups was found.
The pH of zero charge for zirconium dioxide was de-
termined to be 6.4, taking into account the influence of
electrolyte ion adsorption. A specific adsorption of
electrolyte cations is commonly found for oxides [34].

Thus, in the alkaline environment in the pores of the
oxide, the surface will be highly negatively charged and
lithium ions will be strongly bound to the oxide surface.
The presence of lithium ions on the oxide surface can
result in both an incorporation of Li* in the oxide by a
dissolution—precipitation reaction and by an effect on
the crystallisation rate.

It has been observed that high oxidation rates result
in formation of equiaxed grains [6,16,17]. But smaller
grains can also be formed by precipitation of zirconium
oxide in the presence of cations, favouring the tetragonal
modification [35]. By contacting hydrous zirconium ox-

ide with Na™ solution at a given pH it could be shown
that sodium ions are adsorbed on the hydrous zirconium
oxide in different amounts depending on the pH value.
Adsorbed sodium ions slow down the crystallisation
process and sodium will be present in different locations,
as atomically dispersed on the surface, as Na,O crystals
and incorporated in solid solution. The amount of so-
dium that is incorporated depends on the pH of solution
and temperature, but is always less than 1 wt% [35].
However, lithium ions have comparable size to Zr** and
it can be expected that a larger number of lithium ions
can be found in solid solution. In fact, when the accel-
erated corrosion occurs and the barrier layer has de-
graded, a high concentration of lithium can be found at
the oxide-metal interface, as determined by SIMS
analysis [6,16]. Both the oxidation rate and the presence
of cations may therefore contribute to the appearance of
equiaxed grains. If lithium should have any effect on the
diffusion of hydrogen and oxygen through the inner
protective layer, it must be incorporated in the oxide.
The incorporation of lithium may take place under cir-
cumstances where a dissolution—precipitation process
occurs. This is consistent with the oxidation kinetics
being independent of both the compositions of the alloy
and the environment, in the pre-transition region. SIMS
profiling show very low amounts of lithium in the bar-
rier layer (<20 ppm) [6,16]. In the pores, where the
concentration of lithium hydroxide increases with time,
due to the restricted exchange with the bulk solution,
partial dissolution can take place. The dissolution re-
action consumes hydroxide ions and the oxide is again
precipitated possibly incorporating some lithium in solid
solution. This will increase the anion vacancy concen-
tration at the surface of the pores and further increase
the diffusion of oxygen.

The rate controlling process in Zircaloy oxidation is
the transport of oxygen across the dense inner layer of
the oxide. In the post-transition region the oxidation
kinetics are linear, implying that the thickness of the
inner layer is constant. The oxygen transport through
the oxide layer is believed to proceed by grain boundary
diffusion. It has been proposed that the width of the
grain boundaries may be affected by the pH value, such
that the width is increased with increasing pH [19]. An
enlargement of the grain boundaries will increase the
diffusion of oxygen and thereby elevate the oxidation
rate. Due to the smaller size of the lithium versus the
sodium and potassium ions, it would be easier for lith-
ium to enter the grain boundaries of the dense oxide
layer and reach the metal-oxide interface.

The accelerated corrosion in LiOH solution results
also in absorption of large quantities of hydrogen by the
metal and of hydrides precipitated in the metal at the
metal-oxide interface. The accelerated oxidation of zir-
conium alloys cannot be due solely to the presence of a
massive hydride layer, since the oxidation of massive
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zirconium hydride resembles the oxidation of zirconium
metal, but must require a combined effect of for example
interfacial roughness and hydride precipitation [8]. The
degradation of the protective oxide layer, found on
samples exposed at longer time for LiOH solutions,
could not be explained by the high hydride concentra-
tion. However, when the protective oxide layer has de-
creased in thickness and both the oxidation rate and
hydrogen pickup is high, the presence of large amount of
hydrides makes the situation even worse. The increased
hydrogen absorption is due to degradation of the pro-
tective oxide barrier layer. The higher oxidation rate in
the lithiated water did not result in a higher hydrogen
pickup ratio (see Table 2 comparing 200 days water with
73 days lithiated water) before the second transition.
Despite the higher hydrogen pickup ratio for Zircaloy-2
the oxidation rate is higher for Zircaloy-4, Fig. 1, clearly
showing that hydrogen does not increase the post-tran-
sition oxidation. These observations are supported by
other investigations, where the corrosion of Zircaloy in
LiOH solutions has shown that the hydrogen pickup
remains constant [1] and the concentration of the LiOH
solution did not influence this value [7]. However, when
the protective oxide layer is degraded, the hydrogen
pickup will increase.

A decrease in the tin content is known to increase the
corrosion resistance [36-38] and normally so also in
lithiated environment. However, in this investigation the
alloy with the highest tin content (Zry-2:B) has the best
corrosion resistance in lithiated water, up to the second
transition. However, this is rather an effect of the sec-
ond-phase particles, which in this alloy (Zry-2:B) are
smaller than in the other Zircaloy-2 alloy (Zry-2:A).
Furthermore, the total content of second-phase particle
formers is 25% lower, see Table 1. The microstructure of
the oxide layer (cracks, pores) is influenced by the sec-
ond-phase particles. A common model for the oxidation
is that large compressive stresses are generated in the
oxide, due to volume increase (Voxige ~ 1.5Vneta), during
oxidation. The oxide grows up to a certain thickness
where cracks form in the oxide layer, often associated
with the transition. The continued oxidation is con-
trolled by diffusion through the protective oxide layer
with fairly constant thickness. More cracks are formed
at the outer side of this layer, causing an outer non-
protective oxide layer. The second-phase particles will
have an effect on the stress distribution in the formed
oxide. Lower compressive stress present in the oxide will
generate fewer cracks and as a consequence less loca-
tions where an up-concentration of the LiOH concen-
tration can occur. The mechanical behaviour of the
oxide layer is also dependent on crystallography of the
oxide grains. Monoclinic phase is mainly formed during
the accelerated oxidation rate in lithiated water. Thus it
may be speculated that the mechanical properties of the
oxide layer will be degraded, since a growing crack can

not be stopped by expending the crack energy on a
phase transformation (tetragonal to monoclinic) and a
higher fraction of cracks will be found in the oxide layer.

6. Conclusions

Zircaloy-2 and Zircaloy-4 samples were oxidised in
an autoclave in pure water and in water with lithium
added (70 ppm) in order to evaluate the influence of
both the alloy composition and the effect of lithium on
the oxidation kinetics. Comparing samples subjected to
the same oxidation time and the same environment can
outline the effect of different alloy compositions. Using
one alloy and comparing samples with similar weight
gain, the influence of the environment can be depicted.
The correlation between hydrogen absorption kinetics
and corrosion kinetics is also investigated. The main
results are:

e The hydrogen pickup ratio follows the weight gain,
not the oxidation rate, up to the second transition.
When the protective oxide layer is degraded the hy-
drogen pickup ratio increases strongly.

e From the impedance measurements a multi-layer
model for the oxide can be proposed. The inner part
of the oxide, which may act as a barrier for the oxi-
dation process, is thin for samples exposed to lithi-
ated water.

e There are mainly columnar grains in the oxide layer
at the oxide/metal interface. The outer oxide layer
have both columnar and equiaxed grains present.
The fraction of grain type depends on the oxidation
kinetics and the environment. Equiaxed grains are
found primarily with cracks present. The density of
cracks in the oxide layer correlates with the oxidation
rate. A high oxidation rate results in a morphology
with equiaxed grains.

e The difference in oxidation kinetics for the investi-
gated materials are associated with the second-phase
particle distribution for the materials. The micro-
structure of the oxide layer depends on the stress dis-
tribution in the oxide layer. The mechanical
properties of the formed oxide layer depend on sec-
ond-phase particles distribution and crystallography
of the grains.

Based on these observations it is suggested that LiOH

effects the oxide by partial dissolution and incorporation

of lithium ions in the oxide. Newly formed oxide is
probably more hydrous and it is reasonably to assume
that the grain boundaries are particularly liable to dis-
solution. The up-concentration of LiOH within cracks
and pores could cause the detrimental levels necessary
for dissolution. The incorporation of lithium takes place
under circumstances where a dissolution—precipitation
process occurs. This is supported by the insensibility in
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the pre-transition region, for both the compositions of
the alloy and the environment.
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