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Abstract

The steam oxidation characteristics for the Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr (HANA-4) and Zircaloy-4 claddings were
elucidated at LOCA temperatures of 900-1200 °C by using a modified thermo-gravimetric analyzer. After the oxidation
tests, the oxidation behaviors, oxidation rates, surface appearances, and microstructures of the as-received, as-oxidized,
and burn-up simulated claddings were evaluated in this study. The high-temperature oxidation resistance of the as-received
HANA-4 cladding was superior to that of the Zircaloy-4. The superior oxidation resistance of the HANA-4 cladding could
be attributed to the higher Nb and the lower Sn within its cladding. The pre-oxidized layer formed at the low temperatures
below 500 °C could retard the oxidation rate at the high temperatures above 900 °C. And the soundness of the pre-oxidized
layer formed at a lower temperature could influence the oxidation kinetics and the rate constants during a steam oxidation

at LOCA temperatures from 900 to 1200 °C.
© 2006 Elsevier B.V. All rights reserved.

PACS: 42.81.B; 81.65.M; 81.65.K

1. Introduction

In a light water reactor, the fuel cladding plays an
important role of preventing leakage of radioactive
materials into the coolant as well as transferring the
heat generated in the fuel into the coolant [1]. So,
the mechanical integrity of the cladding should be
guaranteed under the conditions of normal and
transient operation, including the design based
severe accidents such as a loss of coolant accident
(LOCA) and reactivity initiated accident (RIA).

* Corresponding author. Tel.: +82 42 868 8823; fax: +82 42 862
0432.
E-mail address: jhback@kaeri.re.kr (J.H. Baek).

During a typical LOCA condition, the cladding is
subjected to a high-temperature oxidation which is
finally quenched because of an emergency coolant
reflooding into the core. In this situation, the cur-
rent LOCA criteria consist of five separate limits
or requirements: (1) peak cladding temperature,
(2) maximum cladding oxidation, (3) maximum
hydrogen generation, (4) coolable geometry, and
(5) long-term cooling [2]. On concerning the high-
temperature oxidation of cladding, the equivalent
cladding reacted (ECR) should not exceed the
criterion of 17% and the peak cladding temperature
(PCT) should also be below 1200 °C.

The current trend for nuclear fuel is to increase
the fuel discharge burn-up and its cycle length
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because of the major advantages in its fuel cycle
cost and spent fuel management. At a high burn-
up, fuel rods fabricated from conventional Zirca-
loys often exhibit a significant degradation such as
an oxidation, hydriding and oxide spallation. Many
fuel vendors have developed advanced claddings,
such as ZIRLO, M5, MDA, and NDA, for the high
burn-up fuel to improve their safety and economi-
cal efficiency [3-7]. Korea is also developing
advanced claddings for a high burn-up fuel above
70 GWD/tU [8,9]. The composition of the Korean
advanced claddings, which were named HANA
claddings, consisted of Zr, Nb, Sn, Fe, Cr, and
Cu. The chemical compositions of the HANA clad-
dings are different from those of the conventional
Zircaloys. Particularly, Nb is added in the range
of 0.4-1.5wt% as one of the major alloying ele-
ments. Because of the different composition of the
HANA claddings in comparison with the conven-
tional Zircaloy-4, their integrity of the HANA clad-
dings under the LOCA condition should be
evaluated.

Most studies have been focused on the steam
oxidation of the as-received cladding state [10-16],
because the steam oxidation of the cladding during
a LOCA occurs at high temperatures above 800 °C.
Practically, however, since a LOCA occurs suddenly
during the normal operation of a nuclear power
plant, the fuel cladding, which has been oxidized
on the outer surface and hydrided in the matrix
during the operation period, would undergo a
LOCA experience. Although some researches have
reported on the effects of a pre-oxidization and a
pre-hydrogenation in the Zircaloy claddings on a
steam oxidation at LOCA temperatures [17,18],
a detailed understanding of the effects has not be
found as yet. As these researches were confined to
Zircaloy claddings, it is necessary to expand the
research on the effects to advanced Nb-containing
Zr claddings. In this study, the steam oxidation
characteristics of two claddings (HANA-4 and
Zircaloy-4) were systematically elucidated from the
viewpoints of the oxidation behaviors, oxidation
rates, surface appearances, and microstructures of
the as-received, pre-oxidized, and pre-hydrogenated/
pre-oxidized claddings.

2. Experimental
The chemical composition of the two claddings

used in this study is shown in Table 1. During a
steam oxidation testing, the samples consisted of

Table 1

Chemical composition of the Zr claddings

Claddings Nb Sn Fe Cr Zr
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

HANA-4 1.5 0.4 0.2 0.1 Bal.

Zircaloy-4 - 1.38 0.2 0.1 Bal.

three kinds of specimens with the following condi-
tions: (1) as-received, (2) pre-oxidized, and (3)
pre-hydrogenated/pre-oxidized. For case (1), the
specimens (~7 wppm H) were prepared by cutting
ring-like specimens of 8 mm in length. Both ends
of the specimens were ground carefully up to Grit
No. 1200 of SiC paper. Then all the specimens were
pickled in a solution of 5% HF, 45% HNOj;, and
50% H,0. For case (2), the pre-oxide layer on the
surface was formed by corroding it in a static
autoclave with 450 °C pure steam (10.3 MPa). The
oxide thicknesses were estimated by a calcula-
tion of the periodical measurements of the weight
gain and they were nearly 6 pm for all the speci-
mens. For case (3), the charging hydrogen con-
tents and the forming oxide thickness were
determined, with the intention of simulating the
irradiated Zircaloy-4 claddings in a PWR [19]. The
30 um oxide specimens with 250 wppm H and
the 80 um ones with 250 wppm H were prepared
by hydrogenating them gaseously at 400 °C and
then oxidizing them at 500 °C in air. All the pre-
pared specimens were analyzed for hydrogen using
the hot vacuum extraction mass spectrometry
(HVEMS) technique.

The apparatus for the high-temperature testing
was established by modifying the Shimadzu TGA
(thermo-gravimetric analyzer, TGA 51H), as des-
cribed in a previous study [20]. The specimens were
hung on a microbalance above an electric furnace.
The balance chamber was purged with a argon
backflow to prevent the ingress of steam. A steam
generator was attached to the apparatus to supply
steam continuously into the furnace. Steam flow
was maintained at a constant rate during the oxida-
tion test. The steam supply rate was 0.6 g/cm” min
(STP) at 1 atm. This steam flow rate was adequate
enough to satisfy the conditions for a high-temper-
ature oxidation between the steam and the Zr clad-
dings without a steam starvation on the basis of a
review of previous literatures [21,22]. The weight
change was measured by an in situ method to within
40.001 mg during the oxidation reaction. The dis-
tance between the specimen and the thermocouple
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junctions was about 2 mm. Because this separation
could introduce temperature measurement errors,
preliminary tests were performed by comparing
thermocouple reading to another one which was
attached directly to the specimen. The difference
between the temperature reading from the thermo-
couple in the furnace and the one attached to the
specimen was less than 5°C in the temperature
ranges of 900-1200 °C. In flowing steam, the tem-
perature became a maximum but returned to the
desired value in less than 20 s. In order to prevent
the specimen from oxidizing during the heat-up to
the desired temperature, high purity (99.999%) Ar
gas was purged into the furnace thus not affecting
the weighing accuracy of the electric balance.
The heat-up rate to the desired temperature was
set at 50 °C/min. The prepared steam was sup-
plied into the furnace right after the temperature
reached the desired level. After an oxidation test-
ing at the LOCA temperatures of 900-1200 °C
for 2400 s, the surface appearances and microstruc-
tures of the oxidized specimens were carefully
observed by a close-focused camera and an optical
microscope.
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3. Results and discussion
3.1. As-received claddings

When the steam oxidation tests of the Zr clad-
dings were carried out by using a TGA, the weight
gains were directly detected from the reaction
between the Zr and the steam. The weight gains
were deduced from the amount of absorbed oxygen
(Woxygen absorbed) during the oxidation reaction.

The weight gains of HANA-4 from the steam
oxidization test performed at 900-1200 °C for up
to 2400 s are presented in Fig. 1, and compared with
those of Zircaloy-4. The weight gains of both Zr
claddings increased with an increase of the oxida-
tion time. The weight gains of the HANA-4 clad-
dings were lower than those of the Zircaloy-4 at
the same oxidation temperature. It is thought that
the oxidation resistance improvement of HANA-4
could have resulted from a difference in the alloying
composition. It was anticipated that the Nb as well
as Sn within the HANA-4 cladding could have
improved its oxidation resistance at high tempera-
tures above 900 °C. The oxidation kinetics of both
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g. 1. Oxidation behaviors of the as-received Zr claddings: (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C.
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claddings at the early stages obeyed the parabolic
rate law. The obedience for the parabolic rate law
increased as the oxidation temperature increased.
This is the reason why the oxidation reaction would
be more active at higher temperature.

In general, because the oxidation rate at LOCA
temperatures above 900 °C could be strongly depen-
dent upon the test temperature and time during the
oxidation reaction, the weight gains at the early
stages could have resulted from an oxygen diffusion
through the oxide layer in accordance with the
parabolic rate [18,23]. The relationship between
the weight gain and the exposure time is as follows:

(Woxygen absorbed)2 = Kp -1, (1)

where, Woxygen absorbea denotes the weight gain (mg/
dm?) of the absorbed oxygen by the oxidation reac-
tion, K, the parabolic rate constant (mg?/dm*s),
and ¢ the exposure time (s).

The parabolic rate constant (K}) during the oxi-
dation was strongly dependent on the temperature.
So,

Ky =4 - exp(—Q/RT), (2)

where, A is a constant (mg®/dm*s), O the activation
energy for the oxidation reaction, R a universal gas
constant (8.314 J/mol K), and T the oxidation tem-
perature (K).

The parabolic rate constants of both as-received
HANA-4 and Zircaloy-4 claddings were analyzed
by Egs. (1) and (2), and the results are shown in
Fig. 2. The oxidation rate constants of the
HANA-4 claddings were lower than those of the
Zircaloy-4. There was little difference in the rate
constants at 1200 °C. But, as the oxidation temper-
ature decreased, the rate constants for both clad-
dings decreased.

Although the difference of the oxidation rate con-
stants in comparison with results from the present
study and the Pawel et al. [24] might be of a complex
nature, e.g. caused by different steam-flow carrier
gas or different steam flow direction, it could be pos-
sible to compare with the both results because of the
same method in the weight gain measurement for
the evaluation of the oxygen uptakes. In Fig. 2,
the rate constants by the Cathcart-Pawel correla-
tion [24] are also represented to compare them with
those of the present claddings. The rate constants of
HANA-4 and Zircaloy-4 in this study were in the
lower region when compared with the Cathcart—
Pawel ones. In the case of the Zircaloy-4 cladding,
there was a large difference in the oxidation rate
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Fig. 2. Rate constants of the as-received Zr claddings.

constants between the present data and the Cath-
cart—-Pawel ones. This could have been caused by
the different experimental methods and the temper-
ature ranges. The absorbed oxygen was directly
determined by the weight gain method by using a
TGA in the present study. Meanwhile, in the Cath-
cart-Pawel study, the oxygen consumption was
calculated from the oxide thickness and the o-Zr
layer thickness by the metallographic method. It
was noted that the absorbed oxygen level could
be underestimated in the Cathcart-Pawel study.
Besides, because the oxidation temperatures in the
Cathcart—Pawel study ranged from 900 to 1500 °C,
there was some inconstancy in the lower tempera-
ture ranges at less than 1000 °C, at which the
absorbed oxygen level was relatively small. Com-
pared with the Cathcart-Pawel correlation, the
oxidation experimental results obtained from the
present study were more conservative below
1000 °C than those from the correlation on the basis
of the lower rate constants of the HANA-4
cladding.

3.2. Pre-oxidized claddings

Before the steam oxidation, all the specimens had
nearly the same oxide thickness (~6 um), because
they were simultaneously pre-oxidized in 450 °C
steam. Fig. 3 shows the oxidation behaviors of the
pre-oxidized Zr claddings. From Figs. 1 and 3, the
weight gains of the pre-oxidized claddings were
lower when compared with those of the as-received
ones. It was concluded that the pre-oxide layer
could affect the oxidation reaction at the LOCA
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Fig. 3. Oxidation behaviors of the pre-oxidized Zr claddings: (a) 900 °C, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C.

temperatures. And, the weight gains of the pre-oxi-
dized HANA-4 cladding were lower than those of
the pre-oxidized Zircaloy-4 at all the oxidation tem-
peratures. This means that the oxidation resistance
of the pre-oxidized HANA-4 cladding was superior
to that of the pre-oxidized Zircaloy-4. This could
have resulted from the different compositions of
the two claddings, as previously mentioned. It was
found that the oxidation kinetics of the pre-oxidized
claddings followed the parabolic rate law similar to
the as-received HANA-4. But, the oxidation behav-
ior of the pre-oxidized Zircaloy-4 cladding at
1000 °C showed a rate transition after 700s. In
the case of the pre-oxidized Zircaloy-4 at 1000 °C,
the rate constants were calculated from the weight
gain data before 700 s. It is not clear why the rate
transition occurred at 1000 °C. Probably, it could
be related to the phase transformation of the oxide
crystal structure [18].

Fig. 4 shows the oxidation rate constants of both
the pre-oxidized claddings together with those of the
as-received claddings. In the case of the pre-oxidized
claddings, the rate constants of HANA-4 were also
lower than those of Zircaloy-4. This was the same
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Fig. 4. Rate constants of the pre-oxidized Zr claddings.

trend as the as-received claddings, as discussed in
Fig. 2. The Nb addition to the HANA-4 cladding
could improve the high-temperature oxidation resis-
tance at temperatures of 900-1200 °C. It is thought
that the oxide protectiveness is improved by a nio-
bium addition in Zr alloys. It can be interpreted that
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an oxygen diffusion would be retarded during a
steam oxidation due to a Nb addition in Zr alloys.

The rate constants of both the pre-oxidized
claddings were lower than those of the as-received
claddings at all the oxidation temperatures. This
present study clearly shows that the oxidation resis-
tance of the pre-oxidized claddings was improved by
the pre-oxide layer. But the pre-oxidizing effects on
the oxidation resistance were reduced as the oxida-
tion temperatures increased. The retardation effect
of the pre-oxidization on a high-temperature oxida-
tion has been published previously by several
researches [17,25-27]. They also pointed out that
the oxidation suppression effects by the pre-formed
oxide were more apparent at higher temperatures.
From their results, the exact reason for this phe-
nomenon has not been sufficiently clarified as yet.
But one assumption has been considered by the
physical property difference of the oxides between
that formed at a low temperature of around
450 °C and that formed at a high temperature above
900 °C. At a higher temperature of 1100 or 1200 °C,
especially, a diffusion of the oxygen in the pre-
oxidized layer might be faster than that in the oxide

a 500
- - - As-received
—— 30 um OT with 250 wppm H
NE 400 || 80 um OT with 600 wppm H
o
[}
E 0 e
o oo
S o
5 -
2 -
s 200 =
g e ==
g e —
= ’, /
100
1
d
U
0
0 500 1000 1500 2000 2500
Time, s
2500
c - - - As-received
—— 30 um OT with 250 wppm H
NE 2000 || 80 um OT with 600 wppm H
2
= -
E 1500 S N
3 S L
2 -
5 -
@ -
< 1000 o _—
o 7
e 500 |7
!
H
v
ol

1000 1500 2000 2500

Time, s

35

layer formed at relatively lower temperatures of 900
and 1000 °C. The oxide morphologies at 1100 or
1200 °C were also transformed into more columnar
structures, in which the oxygen diffusion along the
oxide grain boundary was easier than the oxide
morphologies formed at 900 or 1000 °C. So, the
pre-oxidization effects had almost disappeared at
the higher temperatures of 1100 and 1200 °C. But
at relatively lower oxidation temperatures of 900
and 1000 °C, the oxygen diffusion rate in the pre-
oxidized layer might decrease to a value equivalent
to that in the oxide layer formed in those tempera-
ture ranges. Thus this could lead to the suppression
of an oxidation at 900 and 1000 °C due to the pre-
oxidized layer formed at 450 °C.

3.3. Pre-hydrogenated|pre-oxidized claddings

As mentioned previously, the effects of a pre-oxi-
dization on a steam oxidation at the LOCA temper-
atures are not fully understood as yet. Furthermore,
the effects of a burn-up extension on a high-temper-
ature oxidation above 900 °C, namely the effects of
the existence of an oxide layer on the cladding
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Fig. 5. Oxidation behaviors of the pre-hydrogenated/pre-oxidized HANA-4 claddings: (a) 900 °C, (b) 1000 °C, (¢) 1100 °C and

(d) 1200 °C.
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surface and the hydrogen absorption during a
normal operation, are not sufficiently understood
and the number of researches is limited [25,26].
Figs. 5 and 6 show the oxidation behaviors of the
pre-hydrogenated and the pre-oxidized HANA-4
and Zircaloy-4 claddings, respectively. In the case
of the HANA-4 claddings as shown in Fig. 5, the
weight gains of the pre-hydrogenated/pre-oxidized
claddings were lower than those of the as-received
claddings. The retardation effects of the pre-oxi-
dized layer were revealed in the pre-hydrogenated/
pre-oxidized claddings of HANA-4. But, the differ-
ence in the weight gains between the two pre-hydro-
genated/pre-oxidized claddings having 30 um oxide-
thickness (OT) with 250 wppm H and 80 pm OT
with 600 wppm was so small that it was regarded
as negligible. At all the test temperatures, the oxida-
tion kinetics of the pre-hydrogenated/pre-oxidized
claddings was controlled by the parabolic rate law.

The weight gains of the pre-hydrogenated/pre-
oxidized Zircaloy-4 claddings were also found in
the lower region when compared with those of the
as-received ones, as shown in Fig. 6. These are the
same trends as the HANA-4 claddings. In the case
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of the pre-hydrogenated/pre-oxidized Zircaloy-4
claddings, however, the weight gains of the samples
having 80 pm OT with 600 wppm H were higher
than those of the 30 um OT with 250 wppm H. It
is thought that this could have been caused by the
vertical cracks within the pre-oxide layer formed
during the specimen preparation process. Fig. 7
shows several vertical cracks within the oxide layer,
which were examined after the preparation of
the Zircaloy-4 samples having 80 um OT with
600 wppm H. But they were not detected in other
samples such as the 30 um OT with 250 wppm H
and the 80 um OT with 600 wppm H of the
HANA-4 claddings as well as the 30 um OT with
250 wppm H of the Zircaloy-4 claddings. It is antic-
ipated that the crack existence within the oxide layer
in the Zircaloy-4 claddings having 80 um OT with
600 wppm H could be caused by a lower oxidation
resistance of the cladding during the preparation
process at 500 °C. In other words, since the oxida-
tion resistance of the HANA-4 cladding was better
than that of the Zircaloy-4 at that temperature, ver-
tical cracks would not develop within the oxide
layer of HANA-4 in spite of the same preparation
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Fig. 6. Oxidation behaviors of the pre-hydrogenated/pre-oxidized Zircaloy-4 claddings: (a) 900 °C, (b) 1000 °C, (c) 1100 °C and

(d) 1200 °C.
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Fig. 7. Vertical cracks within the oxide layer in the Zircaloy-4
samples having 80 pm OT with 600 wppm H.

condition. Coming back to Fig. 6, thus the existing
vertical cracks would accelerate the steam oxidation
reaction at high temperatures above 900 °C. But,
since the oxygen diffusion was rapid in the pre-
formed oxide layer at 1200 °C, an accelerated oxi-
dation due to the vertical cracks disappeared. A
pre-hydrogenation (up to 740 wppm) of the Zr clad-
dings is known not to influence a steam oxidation at
the LOCA temperatures on the basis of previous
studies [17,26]. In the present study, the hydrogena-
tion effects on a steam oxidation were considered
not to have occurred significantly in the HANA-4
and Zircaloy-4 claddings and they are thus not
included in the discussion parts.

The oxidation rates of the pre-hydrogenated/pre-
oxidized HANA-4 and Zircaloy-4 claddings were
also represented by the parabolic rate law. The oxi-
dation rate constants for all the experimental varia-
tions were obtained from the oxidation rate at each
oxidation temperature. Fig. 8§ shows the oxidation
rate constants of the pre-hydrogenated/pre-oxidized
HANA-4 and Zircaloy-4 claddings, respectively,
including the pre-oxidized and the as-received clad-
dings. In Fig. 8(a), the oxidation rate constants of
both the pre-hydrogenated/pre-oxidized HANA-4
claddings were lower than those of the as-received
ones. As noted in the oxidation behaviors of
Fig. 5, there was little difference in the rate constants
of the pre-hydrogenated/pre-oxidized HANA-4
claddings. This means that the effects of a pre-oxi-
dized layer of more than 30 um in oxide thickness
could almost be the same as long as the vertical
cracks do not exist within the oxide layer. And, it
is also possible to compare the rate constants of
the pre-hydrogenated/pre-oxidized HANA-4 clad-
dings with those of the pre-oxidized ones. The oxi-
dation rate constants of the pre-oxidized claddings
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Fig. 8. Rate constants of the Zr claddings: (a) HANA-4, (b)
Zircaloy-4.

were the lowest in a comparison with the other con-
ditioned claddings. The pre-oxidized oxide layers
(~6 um) of the pre-oxidized claddings were thinner
in comparison to the pre-hydrogenated/pre-
oxidized claddings, and they were denser than the
other ones because they were formed in the 450 °C
steam condition. These relatively thinner and denser
oxide layers could affect the oxidation rate at high
temperatures above 900 °C. From this phenome-
non, it is thought that the physical properties of
the pre-formed oxide layer would strongly influence
the oxidation kinetics and the oxidation rate at the
LOCA temperatures.

In the case of the Zircaloy-4 claddings of
Fig. 8(b), the oxidation rate constants of the samples
having 80 pm OT with 600 wppm H were higher
than those of the 30 um OT with 250 wppm H. This
could be due to the existing vertical cracks within the
oxide layer formed during the sample preparation
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process. If there were several vertical cracks within
the oxide layer formed at the lower temperatures
of less than 500 °C, they could affect the oxidation
rate constants at temperatures above 900 °C during
a steam oxidation. The existing cracks could play
the role of an oxygen transportation during a steam
oxidation at the LOCA temperatures. They would
accelerate the oxidation rate when compared to an
oxidation without vertical cracks. In Zircaloy-4, an
oxidation retardation by the pre-formed layers was
shown in the pre-hydrogenated/pre-oxidized clad-
dings with 30 um OT with 250 wppm H and the
pre-oxidized ones. A thinner and denser, sound
oxide layer would result in more retardation effects
during a steam oxidation at temperatures above
900 °C.

3.4. Surface appearances and microstructures

After the oxidation tests at 900-1200 °C, the
surface appearances were observed for the as-
received claddings, as shown in Fig. 9. The surface
colors were changed from a dark black to a gray
color as the oxidation temperature increased. An
oxidation temperature for the same duration of
2400 s would change the surface colors of the
specimens. Similar trends were also revealed for
the pre-oxidized and the pre-hydrogenated/pre-
oxidized claddings. Fig. 10 shows the typical micro-
structures of the as-received claddings after the

a
As-received HANA-4
900°C 1000°C | 1100°C | 1200°C
b
As-received Zircaloy-4
900°C 1000°C | 1100°C | 1200°C

Fig. 9. Surface appearances after the oxidation tests at temper-
atures of 900-1200 °C: (a) as-received HANA-4, (b) as-received
Zircaloy-4.
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Fig. 10. Optical microstructures after the oxidation tests at
1100 °C: (a) as-received HANA-4, (b) as-received Zircaloy-4.

oxidation tests at 1100 °C. The microstructure of
the as-received HANA-4 claddings was different
from that of the Zircaloy-4. The thicknesses of the
oxide layer and the oxygen-stabilized o-Zr layer of
HANA-4 were thinner than those of Zircaloy-4.
The thinner thicknesses of the layers in HANA-4
could be attributed to the lower oxidation rate con-
stants. The border line between the oxygen-stabi-
lized o-Zr layer and the prior B-Zr layer was
clearly distinguished in Zircaloy-4. But the O-stabi-
lized a-Zr layer in the HANA-4 cladding could not
be clearly distinguished between the oxide and
prior-p layers. The O-stabilized a-Zr phases could
be incorporated into the prior B-Zr phases for the
HANA-4 cladding. This could also be interpreted
from the effects of a niobium addition to the
HANA-4 cladding, from the results of Bohmert
et al. [28]. The Sn segregation line [29-31] in the Zir-
caloy-4 oxide layers were easily detected in a tem-
perature range above 1100 °C. But the line could
not be detected in the oxide layers of the HANA-4
claddings. The absence of the Sn segregation line
in the oxide layers of the HANA-4 claddings cannot
be explained as yet. But the absence of the Sn line in
the HANA-4 claddings could also be related to the
alloying composition.
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Fig. 11. Oxide layer morphologies of the pre-hydrogenated/pre-
oxidized Zircaloy-4 at 1100 °C: (a) 30 pm OT with 250 wppm H,
(b) 80 um OT with 600 wppm H.

The microstructural properties of the pre-oxi-
dized claddings were very similar to the as-received
claddings. However, the pre-oxidized layer could
reduce the oxidation rate at high temperatures
above 900°C. In the case of the pre-hydro-
genated/pre-oxidized claddings, the microstructures
were different from those of the as-received and the
pre-oxidized claddings. A new oxide layer formed,
during the steam oxidation, was appeared between
the former pre-hydrogenated/pre-oxidized layer
and the metal matrix when oxidized at 900—
1200 °C under a steam atmosphere, as shown in
Fig. 11(a). The new thick oxide layer, in
Fig. 11(b), could be occasionally observed beneath
some vertical cracks. This means that the vertical
cracks could accelerate the steam oxidation rate at
LOCA temperatures above 900 °C.

In short, the oxide layer formed under a normal
operation could affect the steam oxidation rate at
the LOCA temperatures. From the present study,
there would be a critical thickness of the oxide layer
to influence the steam oxidation rate. Since a sound
oxide layer without vertical cracks would reduce the
high-temperature oxidation rate, an improvement
of the in-reactor corrosion resistance during a nor-
mal operation in a PWR is very important to main-
tain the LOCA stability of the fuel rods.

4. Conclusions

The steam oxidation resistance of HANA-4 was
superior to that of Zircaloy-4 at the LOCA temper-
atures of 900-1200 °C, regardless of the pre-oxidi-
zation. This result could have resulted from a
difference in the alloying composition between
HANA-4 and Zircaloy-4. That is, the Nb as well
as Sn within the HANA-4 cladding could have
attributed to the improvement of the oxidation
resistance in the high-temperature range. The higher
Nb and the lower Sn in the HANA-4 cladding could
change the microstructures during a steam oxida-
tion. The microstructures of the HANA-4 cladding
were represented as a thinner oxygen-stabilized
a-Zr layer as well as incorporating o-Zr within the
prior B-Zr layer, when compared to those of Zirca-
loy-4. The microstructural difference between the
HANA-4 and Zircaloy-4 claddings could affect the
oxidation behaviors and the rate constants of a
high-temperature oxidation at 900-1200 °C. When
the pre-oxidized layer on the cladding surface was
formed at lower temperatures below 500 °C, a steam
oxidation at high temperatures above 900 °C could
be retarded significantly. And the vertical cracks
within the pre-formed oxide layer decreased the
effects of the oxidation rate’s retardation. The
soundness of the pre-oxidized layer formed at a
lower temperature could influence the oxidation
kinetics and the rate constant during a steam oxida-
tion at the LOCA temperatures of 900-1200 °C.
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