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Abstract

The effects of adsorbates on the oxidation of Zircaloy-4 in air and steam are studied by the measurement of the
weight gain of specimens. The effect of LiOH is dependent on surface condition, temperature and type of atmosphere.
LiOH works as a mineralizer stabilizing monoclinic phases. LiOH only affects the specimens of pickled surface. LIOH
enhances oxidation at low temperature, but retard oxidation at high temperature. NaCl enhances the oxidation, where
nonuniform stresses on the surface and embrittlement of oxide by Cl are the cause. The effects of fluorides on oxidation
are also measured. NaF is most harmful and KF follows next. LiF does not effect the oxidation of Zry. © 1999

Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Zircaloy (Zry) cladding is the first protective barrier
against the release of radioactive fission products from
the fuel during normal and accidental conditions. The
oxidation of Zry has been of great concern due to its
importance on the safety of nuclear reactors. Zry oxi-
dation has been widely investigated in water [1-7] and
steam environments [8-12]; however, relatively little
data exist for the oxidation in air [13]. Spent nuclear
fuels contain more than 96% of fissionable materials,
and are considered as energy resources in the future.
Spent fuels are stored in both wet and dry methods.
Nowadays, dry storage facilities are more favored be-
cause of lower operation cost, improved safety margin in
criticality, and easier selection of available sites. How-
ever, the spent fuel temperature in the dry storage fa-
cility is higher than that in wet storage. So, corrosion
and creep of spent fuels are important topics for the
safety of dry storage facilities.

*Corresponding author. Tel.: +82-331 280 2558; fax: +82-
331 281 4965; e-mail: kpark@nms.kyunghee.ac.kv

The air oxidation of Zry cladding has been an in-
teresting topic, but there exist relatively small amount of
the experimental data. And, some adsorbates are pos-
sible to stay on the surface of fuel claddings during dry
storage. For example, LiOH, a pH-controller in the
coolant of Pressurized Water Reactor (PWR), can be an
adsorbate. NaCl also can be adsorbed on the surface of
fuels from the permeated air near the sea during storage.
And, organic dirt may be on the fuel surface. However,
the roles of these adsorbates have not been clarified, so
far.

The integrity of cladding is an important issue, dur-
ing the accident of a nuclear reactor as well as the nor-
mal operation. NRC regulations indicate the maximum
cladding oxidation during the accident, as that the cal-
culated total oxidation of the cladding shall nowhere
exceed 0.17 times the total cladding thickness before
oxidation. In the severe accident case like LOCA, Zry
claddings with H;BO; and LiOH adsorbed on the sur-
face are oxidized in steam rather than clean Zry cladd-
ings. However, the effects of these adsorbates on the
steam-oxidation of Zry cladding have not been studied,
so far. In this paper, the effects of these adsorbates on
the oxidation of Zry in steam and air are mentioned, and
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the possible mechanisms of these adsorbates are also
discussed.

2. Experimental

The oxidation rates of Zry claddings were determined
by measuring the weight-gain of the specimen. Both of
intermittent and continuous measurements were used in
the experiment. The intermittent method of measuring
weight gain was used in the experiments at the low
temperatures (<500°C), while continuous measurements
were done at temperatures, 700-900°C. The specimens
are commercial Zircaloy-4 tubes, as-received fresh
Westinghouse products used in Kori PWR power plants.
The elemental composition of Zircaloy-4 is in Table 1.
The tubes were cut and pickled to be used as specimens
(height ~1 cm). We used the pickling method given in
ASTM G2-88 [14].

In the air oxidation experiments, two types of ad-
sorbed specimens were prepared: specimens with ad-
sorbates on the pickled surface and those on the oxide
layer that was prepared before adsorption. In the case of
LiOH and NaCl, both types of specimens were made
and tested. Fluorides (LiF, NaF and KF) representing
possible dirt on the fuel surface were tested in the latter
case only. Adsorption of these adsorbates is done by
drying after the insertion of specimens in 1 M solution
for an hour at room temperature. Experiments were
done at three temperatures, 400, 450, and 500°C. The
specimens are oxidized in the air with 80% relative hu-
midity (referenced at room temperature).

The average surface concentration of each adsorbate
was measured by redissolving the adsorbate on a speci-
men in water after drying. The concentration of the
adsorbate in a bottle of water containing a specimen was
measured by ICP. The average surface concentration
was obtained from total amount of adsorbate in a bottle
of solution and the specimen surface area. The results
are shown in Table 2.

In the steam oxidation of Zry claddings, LiOH and
boric acid are used as adsorbates. The sample prepara-
tion method is identical with those used in air oxidation
experiments. Specimens adsorbed with LiOH and the
mixture of H;BO3 and LiOH on the pickled surface were

Table 2
The average surface concentration of adsorbates on the speci-
mens. Ox: adsorbate on the oxide surface, Me: on metal surface

Adsorbate

Average surface concentration (mg/m?)

LiOH 2.4(£15%)(0x)/3.5(£15%)(Me)
NaCl 5.0(£10%)(0x)/5.3(+15%)(Me)
NaF 3.9(£10%)(Ox)
KF 5.8(+10%)(Ox)
LiF 1.2(+30%)(Ox)

tested. The mixture of H;BO; and LiOH were made
from the solution containing equal molar amount of
these compounds. Experiments were performed at tem-
peratures from 700°C to 900°C.

3. Results
3.1. Adsorbates on the pickled surface in air oxidation

Zry specimens without adsorbates on the surface
were oxidized intermittently and the results are shown in
Fig. 1. The results are compared with those of Suzuki
and Kawasaki (dashed lines) [13]. The experimental data
(points and solid lines) are very close to those of Suzuki
and Kawasaki (dashed lines). Transition points at 450
and 500°C are noticeable during the measurement peri-
od. While the color of post-transition oxide of Zry
formed in steam or water looks white, most specimens
oxidized in air take the color of (bright) yellowish
brown. Even the white oxide formed in steam turns into
yellowish brown, when Zry is reoxidized in air. The
oxide formed in air may contain small amount of ZrN,
the color of which is yellowish brown. However, we
could not detect its existence by XRD or Raman spec-
trometer analyses.

The adsorbate, LiIOH enhances the oxidation of Zry
in air (Fig. 2). Two repeated-experimental results are
collected and shown all together in Fig. 2. The oxidation
rate is high initially; but after a transition point, the rate
decreases. It is not clear whether the trend of the de-
creased oxidation rate continues; but, seems to have
another transition at 500°C during the measurement
period. There appears large deviation in weight gain
results after the transition.

Table 1
Elemental composition of Zircaloy-4
Alloying addition Sn Fe Cr Ni Total Fe,Cr,Ni
Zircaloy-4 (w/o) 1.50 (1.20-1.70) 0.20 (0.18-0.24) 0.10 (0.07— <0.007 >0.28
0.13)
Maximum impurity Levels
Element Al B Cd C CoCu Hf H M- Mn N Si Ti W U
n

Ppm 75 0.5 0.5 270

20 50 200 2550 50 80 200 50

100 3.5
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Fig. 1. The weight gain of etched specimens.

NaCl also enhances the oxidation of Zry (Fig. 3).
There are some deviations in weight gain measurements
between two repeated experiments, which may come
from the concentration difference of NaCl adsorbed on
the surface. The transition points do not appear during
the measurement. The oxidation follows approximately
the parabolic rate law.

The oxidation rate can be expressed as follows:

o
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Fig. 2. The weight gain of Zry with LiOH adsorbed on the
etched surface.
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Fig. 3. The weight gain of Zry with NaCl adsorbed on the
etched surface.

Pre-transition:(AW)" = K,, ¢
Post-transition:(AW — AW)" =k, (t — t,),

where n, m, K, K,, are experimentally measured kinetic
constants, AW, is weight gain at the transition point, and
t 1s transition time. Table 3 shows the kinetic constants
for the oxidation of etched, LiOH- and NaCl-adsorbed
specimens. The unit of weight gain is g/m?.

Fig. 4 shows the weight gains of all three types of
specimens based on Table 3. Open and close symbols
indicate experimental results at 400 and 500°C, respec-
tively. Both LiOH and NaCl adsorbed on the surface
enhance the oxidation of Zry. NaCl affects more actively
with the increase of temperature than LiOH does.

3.2. Adsorbates on the oxide surface in air oxidation

The role of adsorbates staying on the oxide layer was
examined by putting adsorbates on the surface after the
oxide layer formed. Fig. 5 shows the experimental re-
sults. Clean Zry specimens are oxidized in air up to 5 g/
m? (post-transition region) at 500°C, then pulled out and
immersed in the solution containing the adsorbates.
After adsorption, the specimens are reoxidized at a fixed
temperature. The temperature was 450°C in the case of
Fig. 5. Adsorbed NaCl enhances the oxidation of Zry,
while enhancement of LiOH on oxidation is negligible.
Adsorbed LiOH seems to affect only the formation of
initial oxide on the Zry surface. Fluoride except LiF
enhances oxidation more than NaCl does. NaF is a most
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Table 3
Kinetic constants for the oxidation of etched, LiOH- and NaCl-adsorbed specimens
Specimen Temp (°C) n K, t AW, m K,
Zry 500 2.36 0.657 449 4.195 1.07 0.092
450 2.38 0.153 245.6 4.606 1.01 0.017
400 2.95 0.0321 NA. NA. NA. NA.
LiOH-Zry 500 1.42 2.59 9.2 9.2 4.1 963
400 1.44 0.56 32.8 8.0 5.1 1316
NaCl-Zry 500 2.04 13.9 N.A. N.A. N.A. N.A.
450 2.14 1.78 N.A. N.A. N.A. N.A.
400 2.32 0.123 N.A. N.A. N.A. N.A.
oxidized in steam, to see the effects of the chemicals used
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Fig. 4. Comparison of weight gains of Zry, LiOH adsorbed Zry,
and NaCl adsorbed Zry specimens.
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Fig. 5. The effects of adsorbates on the air oxidation, when Zry
specimens with oxide layer are adsorbed. Adsorbates are LiOH,
NaCl, LiF, KF, and NaF.

harmful adsorbate, and KF is the next. LiF does not
influence Zry oxidation.

3.3. Adsorbates in steam oxidation

Specimens adsorbed by LiOH and those by the
mixture of H;BO;3 and LiOH on the pickled surface were

Weight gain of each specimen (880, 890°C) during the
experiment is also shown in Fig. 6 (solid symbols). We
can still see the slight retarding effect of LiOH on steam
oxidation at high temperature. The mixture of H;BO;
and LiOH does not make any noticeable effect.

The effect of LiOH on steam oxidation of Zry at
450°C was also measured in 1 atm steam. Fig. 7 shows
the experimental results. Air-oxidation results are also
shown for the comparison. Contrary to the retarding
role at the high temperature, LiOH at this temperature
enhances the oxidation of Zry, however, the extent of
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Fig. 6. Effects of LIOH and the mixture of LiOH and H;BO; on
steam oxidation of Zry at high temperatures. [1: Etched surface,
A: LiOH, O: H;BO; + LiOH.
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Fig. 7. LiOH effect on oxidation of Zry in steam at 450°C. E and L mean Zry with clean surface and Zry adsorbed by LiOH, re-

spectively. Steam and air indicate the atmosphere.

effect is quite smaller than that in air oxidation. LiOH
looks like affecting oxidation only at the initial stage.

4. Discussion

The role of LiOH on the corrosion of Zry in the
primary system of PWR has been an important topic,
due to the acceleration of corrosion rate in the presence
of high concentration of LiOH. Hillner and Chirigos
found the corrosion resistance was significantly reduced
at the concentration of LiOH corresponding to pH 11.7
and higher. They interpreted these phenomena as the
increase of anion vacancy concentrations in oxygen-de-
ficient zirconia due to Li dopants [15]. Ramasubra-
manian and Balakrishnan insist that the enhancement of
corrosion is caused by O-Li groups on the surface and
oxide grains, since these O-Li groups retard the dia-
metral and columnar grain growth, resulting in a fine-
grained oxide and the enhanced corrosion rate [16]. Cox
suggests the dissolution of cubic/tetragonal zirconia in
the pores, where the solution concentration is locally
high, causes enhanced corrosion by the formation of a
porous inner layer of oxide [17]. Pecheur and Godlewski
found the oxide layer formed on the metal-oxide inter-
face is equiaxed and smaller, when the strong enhance-
ment of the oxidation rate occurs in LiOH solution [18].

The roles of LiOH on the oxidation of Zry in air and
in steam are similar to that in solution. Fig. 8 shows a
brief summary of the experimental results of LiOH ef-

fects on Zry oxidation in these atmospheres. LiOH en-
hances the oxidation at the low temperature (<500°C).
LiOH affects only the initial oxide formation, so is the
corrosion rate. LiOH in air oxidation is more effective
than in steam. However, LIOH decreases the oxidation
rate at the high temperature (>700°C). Interestingly,
H;BO; retards this role of LiOH.

The oxidation rate of Zry in air at the lower tem-
perature, when LiOH is adsorbed on the pickled surface
of Zry, is very high up to a transition point, then the rate
decreases. Fig. 9 shows the surface of specimens just
after LIOH adsorption on the etched surface (Fig. 9(a)),

Pickled . Increase Oxidaton
@ Surface L LiOH }—{ i Oxide
Formation
Ox'r?e No or Negligible
LSurface | Effect
Pickled . T>700C :
Surface LiOH Decrease
T<500C :
\ Increase
Negligible
Effect

Fig. 8. A brief summary of the results of the effects of LiOH on

Zry oxidation in air and in steam.
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Fig. 9. The surface of LiOH adsorbed Zry, (a) after adsorption, (b) 30 h at 450°C, (c) 736 h at 500°C

30 h oxidation at 450°C (Fig. 9(b)), and 736 h oxidation
at 500°C (Fig. 9(c)) in air. Fine powders (or crystals) of
LiOH - n(H,0O) are adsorbed on the surface, not uni-
formly. When it is heated, these powders conglomerate
to form small particles. Thermodynamically, the for-
mation of Li,ZrO; on the surface is possible [19], but we
could not detect its existence by Raman spectroscopy.
After a long period of oxidation, the conglomerates to-
tally disappear and porous oxide surface shows up.
Based on the evaporation feature of these conglomer-
ates, they are suspected as LiOH.

LiOH is known to work as a mineralizer during
corrosion in high temperature water. Concentrated
LiOH in liquid solution makes the initial oxide layer
very fine structure enough to oxidize abnormally fast.
Ramasubramanian insists O-Li groups on the oxide
surface impede the diametral and columnar growth of
oxide crystallites resulting in fine-grained oxide and an
enhanced corrosion rate [16,20]. Garzarolli suggested
that LiOH cause a smaller grain size in the oxide and a
more rapid transition from the tetragonal oxide phase to
the monoclinic phase [21]. The role of LiOH as a sta-
bilizer of monoclinic oxide phase during the oxidation in
air also can be found in this study. Fig. 10 shows the
Raman spectra of Zry oxide specimens prepared in dif-
ferent conditions — firstly, oxide on clean pickled surface:
(a) 1.76 g/m? in air at 450°C, (b) 5.28 g/m? in air at
450°C, (c) 6.13 g/m? in steam at 450°C, secondly, oxide
on LiOH adsorbed surface: (d) 2.13 g/m? in air at 450°C.
Thin oxide layer (Fig. 10(a), 1.2 um) formed on pickled
surface of Zry in air mainly consists of tetragonal zir-
conia. Even though the spectrum contains high level of
noise, the signal from monoclinic oxides is almost ab-
sent. With the growth of oxide, monoclinic phases start
showing up (Fig. 10(b), 3.6 pum; Fig. 10(c), 4.2 pm).
These oxides are in the post-transition growth region.
The difference in spectrum is hardly noticeable between
these two, even though the oxidizing atmosphere is quite
different. Still, we can detect the tetragonal phases in the
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Fig. 10. Raman spectroscopy of the oxide surface. (a) p.s., 1.76
g/m? in air at 450°C, (b) p.s., 5.28 g/m? in air at 450°C, (c) p.s.,
6.13 g/m? in steam at 450°C, (d) Ls., 2.13 g/m? in air at 450°C,
where p.s. and l.s. mean oxides formed on pickled surface and
on LiOH adsorbed surface, respectively.
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post-transition oxide layer. The oxide formed on LiOH
adsorbed Zry in air (Fig. 10(d), 1.4 pm) does not show
any tetragonal phase. Considering tetragonal phases are
observed in the thick post-transition oxide, it is inter-
esting that this thin oxide formed on LiOH adsorbed
surface does not show any tetragonal phase. It means
LiOH stabilizes monoclinic phases during oxidation in
air.

When oxide forms on the Zry substrate, compressive
stress appears in the oxide layer due to the high value of
Pilling-Bedworth ratio (ca. 1.57) [22,23]. Thermody-
namically, the stability of tetragonal phase is a function
of pressure and temperature, and tetragonal oxides can
exist at high compressive stress below 1000°C [24]. Based
on TEM analysis, Garzarolli observed that an oxide
layer formed in oxygen had a higher proportion of te-
tragonal oxide than an oxide formed in steam or water,
due to the missing effect of hydrogen which accelerates
the allotropic transformation [7]. This can be a possible
explanation why tetragonal phases were mainly ob-
served in Raman spectroscopy of the thin oxide layer
formed in air (Fig. 10(a)). At the low temperature, ox-
ygen diffusion is mainly through fast paths (grain
boundaries, dislocations) [26,27]. LiOH stabilizes
monoclinic oxides and seems to change the oxide
structure in such a way that the oxides formed by ad-
sorbed LiOH supply much more fast paths to oxygen
than the normal oxides do, so enhance the oxidation
initially.

Anada suggests a three-layer oxide structure, i.e.,
monoclinic oxides over tetragonal oxides, and tetragonal
oxides over the substoichiometric Zr oxide layer just
above the metal substrate, during the pre-transition pe-
riod in steam oxidation [25]. Assuming this three-layer
structure be applicable, the main difference in the oxide
structure formed in steam and that in air is the portion
of monoclinic phases in the oxide layer. Oxides formed
in steam should contain a higher portion of monoclinic
phases [7]. Experimental results indicate the oxidation
rate of Zry in air is almost equal to (or, somewhat slower
than) that in steam or water [6,13] in the pre-transition
region. The oxygen vacancy diffusion coefficient of te-
tragonal zirconia is known to be an order higher than
that of monoclinic zirconia, based on the parabolic rate
coefficient of each phase [30-32]. This means the oxides
formed in air should be more tightly joined during the
pre-transition period, so fast diffusion paths are less
developed than in steam.

In this study, LiOH enhances oxidation much more
noticeably in air than in steam. LiOH has a equilibrium
vapor pressure about 107¢ bar at 450°C in air or in
steam [28,29], so there always be a possibility of the
movement of LiOH vapor to the inner oxide. The en-
hanced oxidation of LiOH adsorbed Zry in air can be
explained in the following way. In air oxidation, LiOH
vapor attacks the tightly joined tetragonal oxide layer

and makes locally small monoclinic oxides. This local
rapid transformation increases fast diffusion paths to
oxygen, and also the oxidation rate. However, the role
of LiOH as a monoclinic stabilizer in steam oxidation is
quite weaker than in air, due to the existence of hydro-
gen that also accelerates the allotropic transformation.
So, the LiOH effect on oxidation in steam is not so
strong as in air oxidation. This acceleration effect cannot
continue since LiOH cannot reach to tetragonal phase as
the oxide thickens. When LiOH is adsorbed on the
specimen after the formation of thick oxide layer, the
oxidation rate is rarely affected (Fig. 5). Most oxides
eligible to contact LiOH already exist as the stable
monoclinic phase, and LiOH cannot change the oxide
structure, or the oxidation rate.

LiOH slightly retards the oxidation at the high tem-
perature (>700°C). The effect is small, but noticeable.
Fig. 11 shows the surface of the specimens tested at
870°C. The oxide surface of Zry tube without adsorp-
tion (Fig. 11(a)) shows a normal surface with cracks
originated from thermal shock. Fine spherical oxide
grains appear on the surface of LiOH-adsorbed Zry
(Fig. 11(b)). In the case of adsorption of the mixture of
H;BO; and LiOH, the fine grains appear locally (where
LiOH seem concentrated locally), and microcracks are
shown in between (Fig. 11(c)). It is not clear whether
these microcracks are from the thermal shock or exist
originally.

Contrary to the active research on the tetragonal
oxides during the low temperature corrosion, the sta-
bility of tetragonal phases at high temperature oxidation
is hardly studied. Generally, oxide films formed below
1000°C have been considered as monoclinic zirconia
only. However, Lightstone and Pemsler observed both
monoclinic and tetragonal zirconia in the oxide growing
at 920°C by an in situ X-ray analysis [33,34]. So, there is
a possibility that the three layer oxide structure [24]
exists at the high temperature (700-1000°C). If tetrago-
nal oxides in the oxide layer contribute oxygen diffusion
in this temperature range, the rate-controlling step
would be the diffusion through the monoclinic oxide
layer due to the lower oxygen mobility in the monoclinic
phase. LiOH on Zry surface stabilizes monoclinic oxides
during oxidation, and the rate controlling monoclinic
oxide layer can be easily and fully developed. Due to the
early and fully developed monoclinic oxides, the oxida-
tion rate decreases in the case of LiOH adsorbed Zry at
the high temperature.

LiOH works as a mineralizer, which makes nonuni-
form transformation of tetragonal to monoclinic oxides.
So is true at the high temperature, since the fine oxide
grains is also observable at the oxide surface of LiOH
adsorbed Zry (Fig. 11(b)). LiOH enhances oxidation at
the low temperature, due to the increased oxygen fast-
paths. At high temperatures, oxidation mechanism is
somewhat different. The contribution of bulk diffusion
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Fig. 11. The oxide surface of Zry specimens at 870°C for 100 min in steam; (a) without adsorption, (b) LiOH adsorption, (c) adsorption

of the mixture of H;BO; and LiOH.

becomes important, as are the oxide types (monoclinic
or tetragonal). Hart and Chaklader observed that oxy-
gen-deficient zirconia has superplasticity at high tem-
peratures and the tetragonal-monoclinic inversion is not
destructive in oxygen-deficient zirconia [35]. Due to this
superplasticity of oxygen-deficient zirconia near metal
interface, fast-diffusion paths may not be generated so
much at the high temperature as at the low temperature
during phase transformation.

Interestingly, H;BOs; also interrupts the role of LIOH
on oxidation at the high temperature. H;BO; seems to
make LiOH distributed locally and not uniformly. Ox-
idation rate should be faster in the LiOH-free region (or
H;BO; region). As monoclinic phases grow in the LIOH
region, they compress nearby thicker oxide located in
the H;BO; region, resulting in microcrack formation in
nearby oxide. This may be the reason why the micro-
cracks are observable just in between locally distributed
LiOH region (Fig. 11(c)). If these microcracks form in
growing oxide, they certainly enhance oxidation, since
they supply open paths to oxygen or steam to inner
oxide. The oxidation rate of Zry adsorbed by the mix-
ture of LiOH and H;BOj; is equal to or slightly superior
to that of normal Zry.

The oxidation of specimens NaCl-adsorbed on the
pickled surface approximately follows a parabolic rate
law. Fig. 12 shows the specimen surface after adsorption
(Fig. 12(a)) and the surface after 36 h oxidation at
450°C (Fig. 12(b)). Several size salt crystals are shown
on the surface. When oxidation begins, cracks start to
show up just around salt crystals. Cracks surrounding
big salt crystals are frequently observed (Fig. 12(b)).

Based on the observation, the following oxidation
mechanism is proposed. When NaCl crystals are ad-
sorbed on Zry surface, the bonding between Zry and
NaCl should delay the oxidation of the metal layer just
beneath salt crystals. Compressive stress builds up in the
oxide during oxidation, and the oxide near salt crystals
relieves the compressive stress more easily, since metal
or thinner oxide beneath the crystal easily deforms. As
oxide thickens, relaxation of stress in oxide makes ten-
sion start to appear on the oxide surface, but it comes
first on the sites around the salt crystals, where the
compressive stress is already relieved. This non-uniform
stress-relief mechanism can induce many cracks sur-
rounding NaCl crystals. These cracks can supply open

Fig. 12. (a) Zry surface after adsorption, (b) the surface after 36
h oxidation at 450°C in air.



162 K. Park et al. | Journal of Nuclear Materials 270 (1999) 154164

paths to oxygen to inner oxide, and oxidation should be
enhanced. The crack length is dependent on the size of
NaCl crystals. Abnormally porous oxide regions are also
observed at the region where tiny NaCl crystals were
occupied. The parabolic rate law may come from crack-
enhanced oxidation, i.e., the cracks formed near salt
crystals expand their length and depth, resulting in en-
hancement of the oxidation. Cl ion in the oxide layer
makes the oxide brittle, and helps cracking.

NaCl was also adsorbed on the post-transition oxide
layer and tested. The results at 450°C are shown in
Fig. 5. NaCl on the oxide layer still enhances oxidation.
Fig. 13 shows the surface of specimens during the ex-
periment. Several size salt crystals are observed on the
surface initially (Fig. 13(a)). After 146 h oxidation at
450°C in air, salt crystals become smaller and seem to
diffuse into oxide (Fig. 13(b)). Salt crystals disappear
and look vague on the surface after 434 h oxidation
(Fig. 13(c)). Kofstad suggests chlorine migrate through
the scale as chlorine molecules or atoms, not in the form
of chloride ions, due to the fact that there is considerably
more chloride at the metal/scale interface than at the
scale surface. After chlorine molecules are formed from
Nadl, there leave Na,O in dry air and NaOH in humid
air [36]. We examined NaCl crystals at 450°C in air for
weeks; but, any noticeable change in weight or shapes
was not detected. Thermodynamic study indicates very
low possibility of chloride vapor formation [28,29].
Hence, disappearance of NaCl crystals on the surface
cannot be explained by evaporation only. The oxidation
rate of the specimen was enhanced after the adsorption
of NaCl on the oxide layer, which indicates NaCl (or Cl)

certainly affects newly formed oxide. It is quite puzzling
that ionic crystals (NaCl) move into another ionic solid
(Zr0,) with such a fast speed at 450°C, which is too low
temperature to be explained in diffusion.

Cl is notorious for accelerating the oxidation of
metals. Major role of Cl in enhancement of oxidation of
Zry seems embrittlement of oxide. Embrittled oxide
makes many cracks grow into the inner oxide, and may
reach up to near the oxide-metal interface. There must
be many microcracks that enhances oxidation and
transport of NaCl (or Cl), based on the enhanced oxi-
dation rate. Unusual diffusion like surface diffusion
along the microcracks is suspected. However, the fast
dissolution of NaCl into ZrO; is an open question, and
needs more study.

Fluorides were also adsorbed on the oxide surface of
Zry and reoxidized to see the effect of adsorbed dirt.
NaF is the most powerful oxidation-enhancer among
the adsorbates tested in the experiment. Fig. 14 shows
the surface of the specimens. There appear many cracks
(and even spalling) on the surface of NaF-adsorbed
specimen oxidized up to 108 h (Fig. 14(a)). KF adsorbed
specimen shows spalling at the oxide surface, but crack
density seems lower than NaF-adsorbed one
(Fig. 14(b)). Cl and F are known to make oxide very
brittle. Assuming that only fluorine ion changes the
oxide property, the dissolution rate of fluoride in oxide
is the important factor controlling the oxidation rate of
Zry. NaF seems to dissolve faster in oxide than KF does.
LiF on the oxide surface barely dissolve into oxide.
Most LiF on the surface stays after enough time of
oxidation (Fig. 14(c)), and LiF does not affect the oxi-

Fig. 13. Surface of NaCl adsorbed specimens. (a) after adsorption, (b) 146 h oxidation at 450°C, (c) 434 h oxidation at 450°C.
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Fig. 14. Surface of fluoride adsorbed specimens. (a) NaF adsorbed, (b) KF adsorbed, (c¢) LiF adsorbed specimen.

dation of Zry. The origin of the difference in dissolution
rates among these fluorides on the growing zirconia
layer is also an interesting problem, and open to ques-
tion.

5. Conclusion

To see the effects of adsorbates on Zry oxidation in
the accident condition and in dry storage condition,
commercially used Zircaloy-4 tube specimens with ad-
sorbates on the surface were oxidized in dry atmosphere.
The effects are quite diverse depending on the type of
adsorbates, the atmosphere, and conditions. They are
summarized in Table 4.

LiOH works as a mineralizer stabilizing monoclinic
phases (enhancing allotropic transformation of tetrag-
onal to monoclinic phase), and makes the finer oxides
during the oxidation in air and in steam. At the low
temperature, rapid transformation to monoclinic phases
makes many fast diffusion paths to oxygen, like micro-

Table 4

The summary of the experimental results performed in this study

cracks and micro open pores. In air oxidation, the
portion of tetragonal oxides is quite high in the pre-
transition oxide layer, so the local and non-uniform
rapid-transformation makes damages in oxide layer re-
sulting in enhancement of oxidation. In steam oxidation,
H in steam is another mineralizer, so LiOH effect is not
so effective as that in air oxidation. At the high tem-
perature, tetragonal phases exist in oxide layer at least in
the pre-transition stage. LiOH stabilizes monoclinic
phases that have an order lower oxygen diffusion coef-
ficient than tetragonal oxides. The early and fully de-
veloped monoclinic oxides slower the oxidation. H;BOs
retards the role of LiOH by making microcracks dis-
tributed just in between locally distributed LiOH region.

NaCl on pickled surface enhances oxidation by
making cracks induced from non-uniform stress-relax-
ation in the oxide around NaCl crystals. Oxidation ki-
netics depends on the growth rate of crack. NaCl on
post-transition oxide layer also enhances oxidation.
NaCl on the surface dissolves fast into inner oxide. NaCl
(or Cl) damages also newly born oxides, and micro-

Atmosphere Adsorption surface or condition Adsorbates Effects on oxidation
Air Pickled surface LiOH, NaCl Increase
Post-transition oxide layer NaCl, NaF, KF Increase
LiOH, LiF No or Negligible
Steam High temp.(>700°C) LiOH Slight Decrease
LiOH-H;BO; No or Negligible
Low temp.(<500°C) LiOH Slight Decrease
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cracks can reach up to metal-oxide interface resulting in
enhancement of oxidation. The effects of fluorides are
similar to NaCl, but the extent of enhancement is greater
in the case of NaF and KF. NaF turned out to be most
harmful adsorbate tested in the experiment, and KF
follows after. LiF does not enhance the oxidation. F
changes the oxide to be brittle. The dissolution of fluo-
ride in oxide seems to decide the degree of oxidation
enhancement. Fast dissolution of NaCl and fluorides in
growing Zry oxide is open to question.
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