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Abstract

The causes of accelerated corrosion of Zircaloy-4 fuel cladding at high burnups in PWRs have been reviewed and, among
these causes, the effect of hydriding has been investigated using out-of-pile corrosion test results and quantitative analyses.
The review shows that the lithium effect and the microstructural change of Zircaloy-4 have potential to accelerate the
corrosion rate. However, consistent data base applicable to quantitative analyses of PWR corrosion is not enough. On the
other hand, the out-of-pile corrosion data shows that hydriding could accelerate the corrosion rate by a factor of up to 4. A
new corrosion model which can take account of hydrogen movement showed hydriding is a plausible factor to determine the

high burnup corrosion behavior. © 1997 Elsevier Science B.V.

1. Introduction

Among numerous works on the corrosion behavior of
Zr-base alloys, one of the most important aspects is to
elucidate the cause of accelerated uniform corrosion of
Zircaloy-4 cladding at high burnup in PWRs.

The phenomenon of accelerated corrosion has become
clear as the extended burnup corrosion data from PWRs
accumulates. Based on test results, the tin content of
Zircaloy-4 has been reduced in an attempt to minimize the
rate of corrosion. This, so called low-tin-content Zircaloy-4,
has become an industrial standard and is widely utilized in
LWR’s at present. The corrosion behavior of low-tin
Zircaloy-4 cladding is shown in Fig. 1 [1-4]. The trend
shown in Fig. 1 are not fully correct from the view point of
corrosion consideration since the horizontal axis of Fig. 1
is given in burnup and factors affecting corrosion rate such
as the temperature histories and water chemistry, are not
taken into account. The effectiveness of reducing the tin
content on the retarding corrosion rate is expected to be
confirmed more precisely in the near future as in-reactor
data of this type of Zircaloy-4 is accumulated. However, it
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is useful to gather provisional corrosion data from the
literature in the meantime. As shown in Fig. 1, the low-tin
Zircaloy-4 cladding follows a similar trend to that of the
conventional-tin-content Zircaloy-4 cladding, i.e., corro-
sion is accelerated at high burnup. Moreover, reduced
scatter of the data and a clearer transition point from the
incubation period to the accelerated corrosion regime are
seen in comparison with conventional-tin-content Zircaloy-
4. This is probably due to reduced variation in tin content.
On the other hand, the oxide thickness from which the
acceleration occurs remains approximately 10 to 20 pm
and does not change from the tendency of the conven-
tional-tin-content Zircaloy-4 cladding. The slopes of oxide
growth against burnup accumulation before and after the
onset of corrosion acceleration differs by a factor of four
as iltustrated by the dashed lines in Fig. 1.

Since the above-mentioned provisional data shows ac-
celerated corrosion at high burnup is also observed for
low-tin Zircaloy-4 cladding, it may be useful to continue
clarifying factors which have been reported as the plausi-
ble causes of the acceleration. In addition to mechanistic
consideration, quantitative analysis on the causes is recom-
mended to see which cause is dominant. ’

This paper reviews the literature with respect to quanti-
tative data on the possible causes first. Secondly the effect
of hydriding on corrosion, which is shown to be one of the
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Fig. 1. Maximum oxide thickness of low tin cladding as a function
of rod average burnup.

possible causes by reviewing, is discussed based on the
results of our out-of-pile corrosion experiments.

2. Literature review

The hypotheses for the cause of accelerated uniform
corrosion at high burnup in PWRs might be categorized as
follows.

(1) Thermal conductivity degradation of the 7rOQ, as
the oxide thickens [5].

(2) Loss of corrosion resistance of Zircaloy matrix
brought by changes in the microchemistry due to the
irradiation [6].

(3) Accumulation of lithium in the ZrQ, and loss of the
protective nature of the oxide at the metal—oxide interface
[7.8].

(4) Build up of the isolated water chemistry in the
oxide of thicker than 12 wm (thick-film effect) [9].

(5) Deleterious effect on corrosion of the formation
and /or presence of zirconium-hydride [10,11].

2.1. Thermal conductivity degradation of the oxide

Two factors which affect the thermal conductivity of
the oxide are; the accumulation of the irradiation damage
and change in the density of the oxide. The results from
measurements on the oxide irradiated in PWRs are insuffi-
cient. The only data set available is shown in Fig. 2 which
allows us to assess the effect of irradiation and of oxide
thickness [5]. The thermal conductivity of the irradiated
oxides is in the range 1.5 to 2.0 W/mK. The thickest
oxide gives the lowest value and the smallest scatter. If
one assumes that the thermal conductivity of the irradiated
oxide starts from 2.0 W/mK, a reduction of approxi-

mately 30% is observed. This reduction in the thermal
conductivity of the oxide can cause an increase in tempera-
ture of approximately 5 K in the metal-oxide interface for
a 50 pm oxide at linear heat rate of 20 kW /m. This
corresponds to approximately 20% acceleration in the
post-transition corrosion rate with typical activation energy
[12]. The extent of this effect is not large enough to
explain the accelerated corrosion completely and few cor-
rosion models have utilized this effect. A further concern
about this factor is the possibility of further degradation of
the oxide thermal conductivity during operation due to the
formation of steam phase in the pore or cracks of the
oxide.

2.2. Changes in the microchemistry

In the last decade, the relationship between the distribu-
tion of the intermetallic particles and the in-reactor corro-
sion behavior has been well established. The investigations
{13,14] have confirmed that the appropriate size distribu-
tion of the intermetallic particles exists to give good
in-reactor corrosion performance. On the other hand, the
re-dissolution of the intermetallic particles due to irradia-
tion has been shown to have an influence on the corrosion
resistance of the materials irradiated in BWR [6].

Fig. 3 is an example showing the effect of irradiation
on the post-irradiation corrosion [6]. The corrosion rates of
the irradiated base materials in 673 K steam are clearly
increased by a factor of approximately four compared to
that of the unirradiated materials. The extent of this in-
crease in the corrosion rate is adequate to account for the
in-reactor behavior. However, the materials tested have
been irradiated in BWR and are therefore irradiated at
lower temperature than would be the case for PWR
claddings. Since the dissolution phenomenon is reported to
be temperature-dependent [15] and is enhanced at lower
temperature, one should be careful to apply these results to
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Fig. 2. Thermal conductivity of the oxide on irradiated cladding
materials [5].
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PWR materials immediately. Temperature in the cladding
with oxide of more than 60 pm is approximately 633 K
during operation. Around this temperature level, the disso-
lution of the intermetallic particles is reported to be re-
placed by ripening [16]. Since the effect of particle ripen-
ing may improve corrosion resistance, the rate of corrosion
should be decreased in the region where the oxide thick-
ness exceeds about 60 wm. However, declining tendency
of the accelerated corrosion has not observed clearly [1-
3,17].

In order to clarify the effect of the microstructural
change on the corrosion behavior of PWR cladding, more
investigations, especially post-irradiation corrosion tests
coupled with microstructural examinations, are required.

2.3. Accumulation of lithium in the oxide

The influence of lithium on the corrosion property of
Zircaloy has been investigated for more than thirty years
[7.8,18-21], mainly by means of out-of-pile corrosion
tests. However, the effect of lithium on the in-pile corro-
sion is ambiguous. Because in-pile data are only available
from in-reactor demonstrations of the high lithium opera-
tion in the commercial reactors except one investigation
performed in the Halden reactor [22—24]. These data in-
clude many valuables which should be taken into account
and make it difficult to quantify the effect of lithium on
the in-reactor corrosion of the cladding.

Although there is still much argument about the deter-
mining factor of the lithium effect, a correlation between
the corrosion rate and the concentration of lithium in the
formed oxide seems to shows good agreement. The lithium
concentration in the oxide from which the corrosion is
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Fig. 3. Post-irradiation corrosion test results on Zircaloy-4 chan-
nels irradiated in BWR [6].
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Fig. 4. Calculated data to demonstrate lithium effect on the
corrosion rate.

accelerated has settled somewhere between 50 to 100 ppm
by weight according to the out-of-pile corrosion data [7,19].

There are no in-reactor data which enable us to directly
compare the lithium concentration in the oxide with the
corresponding corrosion rate. Only empirical models ex-
pressing the relation between the lithium concentration in
water and the acceleration factor for the corrosion rate are
available. Fig. 4 summarizes the effect of lithium derived
by these models [7,23,25]. Although one of the models
shows good predictability for the accelerated corrosion at
high burnup [25], inconsistency in the extent of this effect
is relatively large as shown in Fig. 4. And there is insuffi-
cient data to link the extent of the acceleration to the
knowledge established by the ex-reactor materials, for
example, the lithium depth profile or changes in the lithium
concentration or in the irradiated oxides as a function of
time. In order to fill this gap additional in-pile as well as
out-of-pile data are required.

2.4. Thick film effect

This hypothesis is based on two experimental results:
(1) the Zircaloy corrosion is enhanced by the synergistic
effect of radiation and oxygenated water [26], (2) the
corrosion rate on the samples with thick oxides (> 12 pm)
is accelerated irrespective of the water chemistry during
irradiation [11]. These observations lead to the conclusion:
beyond a threshold oxide thickness the water chemistry
inside the oxide is isolated from the bulk water and
controls the corrosion rate.

Although the hypothesis is well explained [11], the
corrosion rate under onset of this effect is reported around
2.0 mg/dm? day at temperature of 553 to 563 K. This
seems too large because an expected corrosion rate on the
ordinary Zircaloy may be less. than one twentieth. In order
to confirm the effectiveness of this effect, some experi-
ments under conditions similar to PWR are necessary.
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2.5. Hydriding

The first trial to explain the enhanced corrosion at high
burnup in PWRs with the effect of hydride precipitation
was conducted by Garde [10]. Before that the corrosion
rate transition attributed to hydriding was reported by Cox
[27], but hydrogen concentration at which the acceleration
occurred was about 1500 to 2000 ppm and seemed too
high to be applied to the enhanced corrosion in PWRs.
This was probably due to the high corrosion temperature
(773 K). Other data have been presented recently by Blat
et al. by means of out-of-pile corrosion tests on samples
pre-hydrided by gaseous and cathodic charging in steam at
673 K [28]. Their results have shown that the influence of
massive hydride layer seems dominant. Along with these
ex-reactor data, enhanced oxide thicknesses have been
detected on the irradiated materials where the hydride
heavily precipitated [29,30].

Although the effect of hydriding on the corrosion be-
havior has been analyzed quantitatively [11,31], there are
little data on the temperature dependence of this effect.
Therefore, we have performed long-term out-of-pile corro-
sion tests to quantify the temperature dependence of the
effect of hydriding on the corrosion rate of Zircaloy-4.

3. Assessment on hydriding effect by out-of-pile corro-
sion tests

3.1. Experimental

In an attempt to quantify the effect of hydriding on the
corrosion rate, the samples (pre-hydrided) were subjected
to long-term out-of-pile corrosion tests.

A Zircaloy-4 tube lot of PWR fuel cladding geometry
was selected for corrosion tests. Concentrations of major
elements are shown in Table 1. The accumulated annealing
parameter of the tube was typical for PWR materials. The
final tube heat treatment was stress relief annealing.

Charging of hydrogen to the samples prior to conduct-
ing corrosion test was done by exposing 150 mm long

Table 1

Chemical composition of Zircaloy-4 used for corrosion tests
Element Unit Range Average
Sn wt% 1.54-1.58 1.55

Fe wt% 0.20-0.22 0.21

Cr wt% 0.10-0.11 0.1

C ppm 120-140 130

Si ppm 94105 102

H?® ppm 7-8 8

N? ppm 29-30 30

o? ppm 1230-1250 1240

* Measurements of the cladding.
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Fig. 5. Effect of initial hydrogen concentration on post-transition
corrosion rate.

samples to a hydrogen /argon gas mixture at about 673 K.
Exposure time and hydrogen /argon ratio were varied so
that with several levels of hydrogen concentration were
obtained. The surface of the as-received sample was me-
chanicalty abraded. After hydrogen charging, the sample
was cut into 10 mm long tubes and every tube-end was
analyzed for hydrogen concentration determination.

Corrosion tests were conducted in deionized water at
613 and 633 K, 19 MPa in a refreshed autoclave and in
steam at 673 K, 10.3 MPa in a static autoclave. The level
of dissolved oxygen in the water in the refreshed auto-
claves was maintained at less than 5 ppb by hydrogen
overpressure. This resulted in a dissolved hydrogen level
of 10 to 20 cm®/kg H,O. Five 10 mm long samples from
the original tube were loaded into each autoclave as con-
trol material together with the pre-hydrided samples. The
samples were weighed after each 30-day autoclave cycle
for the weight gain calculation. The total exposure times
were 398 and 210 days for the samples corroded in water
and steam, respectively. Selected samples were subjected
to hydrogen analysis after completion of the corrosion
tests.

3.2. Results

Fig. 5 shows the results of the corrosion test in the form
of a relationship between initial hydrogen concentration
and post-transition corrosion rate. The initial hydrogen
concentrations of the starting materials were up in excess
of 3000 ppm as a result of hydrogen charging. The post-
transition corrosion rate on each sample was derived by a
least-square fit of the weight gain data with exposure time
after the transition point at each corrosion test temperature
and was normalized to the average corrosion rate of as-re-
ceived samples. As clearly shown in Fig. 5, the corrosion
rates in water at 613 and 633 K were accelerated for the
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Fig. 6. Effect of initial hydrogen concentration on post-transition
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samples with higher initial hydrogen levels. Conversely,
the corrosion rates on the samples with similar level of
hydrogen show only slight increase in corrosion rate in
steam at 673 K. Although it was not so clear due to
relatively large scatter in the initial hydrogen concentration
of the samples, the accelerated phenomenon became obvi-
ous when the sample contained more than 200 to 400 ppm
of hydrogen.

In order to simplify the results shown in Fig. 5, the
individual data were averaged over two to four samples
with similar hydrogen concentrations as shown in Fig. 6.
Fig. 6 shows that the acceleration of corrosion increases
with decreasing temperature. With respect to the tests in
water, the rate of corrosion was greater for lower hydrogen
concentration at 613 K than at 633 K. The results in steam
at 673 K showed that corrosion was accelerated from the
lowest hydrogen concentration though the extent of accel-
eration was small. The samples with hydrogen concentra-
tions slightly less than the hydrogen terminal solid solubil-
ity (presented by ‘TSS’ in Fig. 6) showed a slight in-
creases in corrosion rate at each test”temperature. Since
hydride precipitation is attended with the volume expan-
sion and is thought to be a cause to damage the oxide,
these samples were loaded in the autoclaves so that the
effect of the onset of hydride precipitation on corrosion
could be investigated. The results show that hydride pre-
cipitation has little effect on the acceleration of corrosion.
It may be considered that the presence of hydride has more
significant effect than the precipitation of hydride.

The extent of acceleration was evaluated for the data
with a hydrogen concentration above 200 ppm and is
expressed by the following equation:

RPCR = A, + B, In[H], (1)

where RPCR is the relative post-transition corrosion rate,
Ay and B; are constants at temperature T and [H] is the

1.0 T T
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Fig. 7. Arrhenius plot of acceleration factor for post-transition
corrosion rate.

hydrogen concentration in ppm. The temperature depen-
dency of evaluated B; is shown in Fig. 7.

The hydrogen absorption fraction was calculated by
means of the weight gain data and the results from hydro-
gen analysis and is plotted in Fig. 8. Due to the variation
in the initial hydrogen level of each sample, the scatter
bands are quite large. It is difficult to assess the effect of
hydriding on the hydrogen-absorption property at preserit.

3.3. Discussion

From the experimental results represented in Section
2.5, the potential of hydriding to be a cause of the acceler-
ated corrosion is well supported. In order to determine the
applicability of this effect with respect to high burnup
corrosion of the PWR cladding, analysis accounts for
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Fig. 8. Effect of initial hydrogen concentration on hydrogen
pickup at 387 days exposure.
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Fig. 9. Flow chart of the corrosion model.

hydrogen movement in the cladding because hydride pre-
cipitation occurs first at the colder outside surface (metal-
oxide interface) under heat flux conditions and corrosion
initiates in the same position.

For this purpose, we have developed a corrosion model
coupled with a model of hydrogen movement [11]. A flow
chart of the corrosion model is shown in Fig. 9. The
acceleration factor in the model is based on the results of
the out-of-pile corrosion data given in Section 3.2. Hydro-
gen concentration at which acceleration due to hydriding
becomes active is settled to 200 ppm referring to the
scatter of the data shown in Fig. 5.

Examples calculated by the model are given in Fig. 10.
In Fig. 10, a comparison of the predictions with and
without the acceleration effect are shown. Detailed descrip-
tion of the fundamental corrosion model and constants are

100 T T T T Y
—— With Hydriding Effect
g | Without the Effect
3 8or ]
7
&
5 ol
c
3
3 -
- 4@F J
9
5
3 .
g .-
2 p - 1
o 5 L N A N
0 10 20 30 40 50 60
Burnup (GWd/t)

Fig. 10. Predicted oxide thickness as a function of burnup for
typical PWR fuel cladding.

given in Ref. [11]. The calculation has been made for an
axial position of cladding where corrosion is most severe
under typical PWR conditions. The model predictions
realized two features which were in a reasonable agree-
ment with a comprehensive trend of in-PWR corrosion
data similar to that shown in Fig. 1. First, the second
transition point is obvious at the oxide thickness-of 15 wm.
Second, the deviation from the conventional calculation
result was obvious after approximately 30 GW d /t irradia-
tion after passing the second transition point. Conse-
quently, the hydrogen buildup at the outer surface of the
fuel cladding may be hypothesized to be one of the
possible causes of the corrosion enhancement at high
burnups.

In the present model and calculations, however, neither
irradiation effect nor lithium effect on the influence of
hydriding are taken into account. These effects are thought
to be other plausible factors for the accelerated corrosion
as discussed in Section 2. In order to confirm any synergis-
tic effects of these factors, further experiments especially
under irradiation are still needed.

4. Conclusions

The causes of enhanced corrosion of Zircaloy-4 fuel
cladding at high burnups in PWRs have been reviewed
and, among these causes, the effect of hydriding on the
corrosion has been investigated.

A review of the literature showed changes in the micro-
chemistry of Zircaloy-4 matrix due to irradiation and
accumulation of lithium into the oxide may have signifi-
cant effects on the corrosion rate. Additional data is needed
for confirmation, especially for consideration under PWR
conditions.

Out-of-pile corrosion tests with pre-hydrided Zircaloy-4
samples have made it possible to establish a relationship
between hydrogen concentration and the corrosion rate of
Zircaloy-4. A corrosion model which can take account of
hydrogen movement has been developed. Calculations with
the model showed hydriding is a plausible factor to deter-
mine the high burnup corrosion behavior.
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