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Abstract

The corrosion behavior and oxide properties of Zr—1.1 wt%Nb-0.05 wt%Cu (ZrNbCu) and Zircaloy-4 have been inves-
tigated. The corrosion rate of the ZrNbCu alloy was much lower than that of the Zirclaoy-4 in the 360 °C water and 360 °C
PWR-simulating loop condition without a neutron flux and it was increased with an increase of the final annealing
temperature from 470 °C to 570 °C. TEM observations revealed that the precipitates in the ZrNbCu were B-Nb and ZrNb
Fe-precipitate with B-Nb being more frequently observed and that the precipitates were more finely distributed in the
ZrNbCu alloy. It was also observed that the oxides of the ZrNbCu and Zircaloy-4 consisted of two and seven layers,
respectively, after 1000 days in the PWR-simulating loop condition and that the thickness of a fully-developed layer
was higher in the ZrNbCu than in the Zircaloy-4. It was also found that the B-Nb in ZrNbCu was oxidized more slowly
when compared to the Zr(Fe, Cr), in Zirclaoy-4 when the precipitates in the oxide were observed by TEM. Cracks were
observed in the vicinity of the oxidized Zr(Fe, Cr),, while no cracks were formed near 3-Nb which had retained a metallic
state. From the results obtained, it is suggested that the oxide formed on the ZrNbCu has a more protective nature against
a corrosion when compared to that of the Zircaloy-4.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction to realize without an improvement in the corrosion
resistance of the Zr fuel claddings. Such a concern
has promoted a great number of researches on Zr

fuel cladding which has meant the development of

The Zr fuel claddings in light water reactors are
being challenged by several operational issues such

as an extension of discharge burn-up, power uprat-
ing and a more corrosive coolant chemistry. A
burn-up extension is desirable in the context of the
economics of a reactor operation, but this is hard
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advanced Zr alloys as a substitute for the Zircaloys
[1-4].

In many previous results obtained from advanced
Zr alloys [1-4], a Nb addition was proven to be very
beneficial for increasing the corrosion resistance of
the Zr alloys. However, the addition of Nb should
be accompanied by an elaborate heat treatment
because the corrosion resistance of Zr alloys has
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been reported to be very sensitive to the Nb concen-
tration as well as the heat treatment [5,6]. More
recently, a Cu addition was reported to be effective
for reducing the corrosion rate of Nb-containing
Zr alloys in 360 °C water containing B and Li [7].
From a previous result by the authors [4], an
advanced Zr alloy, Zr-1.1 wt%Nb-0.05 wt%Cu
which was named HANA-6 showed a much better
corrosion resistance when compared to the Zirc-
laoy-4 in various corrosion conditions.

However, the corrosion mechanism of Zr alloys
has not really been established so far, even though
a number of empirical relations between the corro-
sion behavior and the microstructures of an alloy
and oxide have been reported by many researchers.
Moreover, the corrosion behavior of the Nb-contain-
ing Zr alloys was not fully established by the previous
results obtained for Zircaloy-4 suggesting that the
corrosion mechanism of the Nb-containing Zr alloy
was not the same as that of the Zirclaoy-4 [8].

This study aims at enhancing the understanding
of the corrosion mechanism of Nb-containing Zr
alloys. The corrosion behavior, microstructure and
oxide properties of Zr—1.1 wt%Nb-0.05 wt%Cu
have been investigated and correlated with each
other to explore the reason why this alloy showed
a better corrosion resistance than Zircaloy-4.

2. Experimental procedure

Nb-containing Zr alloy with a nominal compo-
sition of Zr-1.1 wt%Nb-0.05 wt%Cu (hereafter
referred to as ZrNbCu) was used together with
Zircaloy-4 in this study. The analyzed chemical
compositions of the alloys are shown in Table 1.
ZrNbCu was fabricated as a cladding tube with an

types of precipitates in the alloys were identified by
analyzing the seclected area diffraction pattern
(SADP) and the chemical composition from the
energy dispersive X-ray spectroscopy (EDS). The
samples for the TEM observation were prepared
by thinning the tube to a thickness less than 70 pm
by using a solution of 10vol.% HF, 30 vol.%
H>S0Oy4, 30 vol.% HNO;3; and 30 vol.% H,O followed
by a twin jet polishing with a solution of 10 vol.%
HC103 and 90 vol.% CzHSOH

Corrosion tests of the alloys were performed in a
360 °C water condition by using a static autoclave
for 1020 days and in a 360 °C PWR-simulating loop
condition without a neutron flux for 1000 days.
Table 2 shows the detailed operating conditions of
the PWR-simulating loop used in this study. The
samples for the corrosion test were cut from the
tube into segments with a length of 40 mm for
ZrNbCu and 30 mm for Zircaloy-4 and then pickled
in a solution of 10vol.% HF, 30 vol.% H,SO,,
30 vol.% HNOj3 and 30 vol.% H,O.

After the corrosion tests, a cross-section of the
oxide was observed by a variety of methods such
as a conventional optical microscopy (OM), trans-
mitted light optical microscopy (TLOM), scanning
electron microscopy (SEM) and TEM. The cross-
section oxide sample for the TEM observation was
prepared by mechanical thinning to a thickness of
less than 20 pm followed by ion milling by using a
Fishione Lamp 1010. Before the ion milling process,
a mechanically thinned sample was also used for
TLOM.

Nano-hardness of the oxide was measured as a
function of the distance from the interface by using

. . Table 2
outer dlamet.er of 9.5 mm and a wall thickness of Operation condition of PWR-simulating loop used in this study
0.57 mm while the Zircaloy-4 tube was used as- —
. . Parameter Conditions
received. The final annealing for the manufactured
ZrNbCu tube was applied at three different temper- Temperature 360°C
e 470 °C. 510 °C and 570 °C t th Pressure 18.5-18.8 MPa
atures, 1.e. , a o assess the Flow rate 3.41/h
effect of the final annealing temperature on the [Li}/[B] 2.2 wppm/650 wppm
corrosion behavior. pH 6.8
The microstructure of the alloys was observed by Dissolved oxygen <5 wppb
a transmission electron microscopy (TEM). The Conductivity 25 mS/em
Table 1
Analyzed chemical compositions of the alloys used in this study (in wt%)
Alloy Nb Sn Fe Cr Cu O C Si N H (wppm)
ZrNbCu 1.12 <0.001 0.046 <0.01 0.08 0.132 0.010 0.010 <0.002 <3
Zircaloy-4 <0.001 1.34 0.21 0.11 0.0011 0.119 0.014 0.0084 0.0022 <8
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a Nano Indentor XP. A nano-indentation was per-
formed for a cross-section of the oxide at an interval
of 300 nm in a direction perpendicular to the
interface.

3. Results
3.1. Corrosion behavior

Fig. 1 shows the corrosion behavior of the
ZrNbCu and Zircaloy-4in 360 °C water for
1020 days. ZrNbCu showed a much lower corrosion
rate than Zircaloy-4, irrespective of the final anneal-
ing temperature although the corrosion rate of
ZrNbCu increased with an increase of the final
annealing temperature. The weight gain of the
470 °C-annealed ZrNbCu which showed the low-
est corrosion rate was less than 1/3 of that of the
Zircaloy-4 corroded for the same duration. On the
other hand, the corrosion rate of ZrNbCu in this
study was found to be about half of that obtained
for the Zr-1.0 wt%Nb in the authors’ previous
result [9]. This implies that the addition of Cu was
very effective to reduce the corrosion rate of Zr—
Nb binary alloy with about 1 wt%Nb in 360 °C
water condition although it was taken into account
that the chemical composition and the manufactur-
ing process of the tube used in this study was further
optimized when compared to the experimental
alloys in the previous study [9].

Fig. 2 shows the corrosion behavior of the
ZrNbCu and Zircaloy-4 in the PWR-simulating
loop condition for 1000 days. ZrNbCu also showed
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Fig. 1. Corrosion behavior of the ZrNbCu and Zircaloy-4 in the
360 °C water static autoclave. The temperatures in the parenthe-
ses indicate the final annealing temperatures for the ZrNbCu.
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Fig. 2. Corrosion behavior of the ZrNbCu and Zircaloy-4 in the
PWR-simulating loop condition. The temperatures in the paren-
theses indicate the final annealing temperatures for the ZrNbCu.

a much lower corrosion rate than Zircaloy-4 in the
PWR-simulating loop conditions. The corrosion
rate of ZrNbCu was increased with an increase of
the final annealing temperature in both conditions,
but the increment of the corrosion rate with the final
annealing temperature was relatively small in the
PWR-simulating loop when compared to the
360 °C static water condition as shown in Fig. 3.
All the alloys showed a lower corrosion rate in the
PWR-simulating loop condition than in the 360 °C
static water condition. This was caused by the fact
that the dissolved oxygen concentration in the
PWR-simulating loop was maintained below
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Fig. 3. Effect of the final annealing temperature on the corrosion
behavior of the ZrNbCu in a 360 °C water and the PWR-
simulating loop conditions.



62 J.-Y. Park et al. | Journal of Nuclear Materials 359 (2006) 59-68

S wppb which is much lower than 8 wppm in the
static autoclave. Therefore, it is suggested that the
corrosion rate of the Zr alloys is highly dependant
on the dissolved oxygen content even though the
temperature is identical.

3.2. Precipitates in the alloys

Fig. 4 shows the microstructure of the ZrNbCu
annealed at 470 °C, 510 °C and 570 °C. The micro-
structure of the ZrNbCu annealed at 470 °C con-
sisted of entangled dislocations and recrystallized
grains with a number of precipitates. When the final
annealing temperature was increased, the entangled
dislocations disappeared and the size of the recrys-

tallized grain increased. It was found that the pre-
cipitates were more finely distributed in the
ZrNbCu as compared to the Zircaloy-4.

The precipitates in ZrNbCu were identified by
analyzing the SADP and the chemical compositions
obtained form the EDS. Fig. 5 shows the precipi-
tates found in the ZrNbCu annealed at 470 °C.
The analysis on the precipitates revealed that the
ZrNbCu annealed at 470 °C had two types of pre-
cipitates: f-Nb with a bcc crystal structure and
ZrNbFe-precipitate with a fcc structure. B-Nb was
more frequently observed when compared to
ZrNbFe-precipitate in ZrNbCu alloy. Although Fe
is not an alloying element of ZrNbCu alloy, a Fe
impurity of about 500 wppm which is inevitable in

Fig. 4. Transmission electron micrographs of the ZrNbCu annealed at 470 °C, 510 °C and 570 °C.
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Fig. 5. TEM bright field image, selected area diffraction pattern and EDS spectrum with the analyzed chemical composition for the f-Nb

and ZrNbFe-precipitate in ZrNbCu annealed at 470 °C.
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a Zr sponge seems to be responsible for the
formation of the Fe-containing precipitates. The
Fe-containing precipitate with a fcc structure in
ternary Zr—-Nb-Fe system has been designated as
(Zr,Nb),Fe [10] or (Zr,Nb)4Fe, [11] and was found
to have approximately 30 at.% Fe [10,11]. In this
study, however, the analyzed Fe content was about
9 at.% in the ZrNbFe-precipitate which had a fcc
structure as shown in Fig. 5. This seems to be
caused by the fact that the influence of Zr in the
matrix was significant during the EDS analysis in
this study.

Table 3 summarizes the characteristics of the pre-
cipitates in the ZrNbCu. The precipitate character-
istics of ZrNbCu were not changed with an
annealing temperature from 470 °C to 570 °C except
that the particle size was increased with an increase
of the final annealing temperature.

3.3. Oxide microstructure

Fig. 6 shows scanning electron micrographs of
the cross-section of the oxide formed on the
ZrNbCu annealed at 470 °C and Zircaloy-4 after a
corrosion test for 1000 days in the PWR-simulating
loop conditions. The interface was found to be more
irregular in the Zirclaoy-4 showing a higher corro-
sion rate than ZrNbCu. This is in good agreement
with a previous result [8]. On the other hand, the
cross-section of the oxide had a rougher surface in
the Zircaloy-4, even though the oxides of the two
alloys were subjected to an identical polishing
process with up to a 4000 grit abrasive paper. This
result seems to be attributable to the fact that the
oxide formed on Zircaloy-4 was more porous when
compared to that of ZrNbCu.

Fig. 7 shows optical micrographs of the oxide
cross-section of the ZrNbCu and Zicaloy-4. The
reflected light optical micrographs showed that the
interface of the ZrNbCu was smoother than that

Table 3
The characteristics of the precipitate in ZrNbCu

Fig. 6. Scanning electron micrographs on the cross-section of the
oxide formed on the (a) ZrNbCu annealed at 470 °C for 8 h and
(b) Zircaloy-4 after a corrosion test for 1000 days in the PWR-
simulating loop conditions.

of the Zircaloy-4 as observed from the SEM image.
Meanwhile, the transmitted light optical micro-
graphs revealed that the oxide consisted of many
layers, which was not observed from the reflected
light optical micrographs. The layer structure in
the transmitted light optical microscopy could have
resulted from the fact that the transparency of the
oxide is changed periodically, which is closely
related to the changes of the grain morphology
[12]. The transmitted light could have been scattered

Final annealing Precipitate Frequency Crystal Chemical composition (at.%) Average particle
temperature (°C) type structure size (nm)
470 B-Nb Major BCC 19.8Zr-79.2Nb-1.0Cu 60
ZrNbFe Minor FCC 61.0Zr—27.5Nb-9.2Fe-0.9Cr-1.4Cu
510 B-Nb Major BCC 19.7Zr-79.3Nb-1.0Cu 70
ZrNbFe Minor FCC 68.4Zr-23.5Nb-8.1Fe
570 B-Nb Major BCC 20.7Zr-78.2Nb-1.1Cu 80
ZrNbFe Minor FCC 57.2Zr-29.5Nb-12.1Fe-1.2Cu
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Fig. 7. (a) and (c) Reflected and (b) and (d) transmitted light optical micrographs on the cross-section of the oxide formed on the (a) and
(b) ZrNbCu annealed at 470 °C for 8 h and (c) and (d) Zircaloy-4 after a corrosion test for 1000 days in the PWR-simulating loop

conditions.

more in the smaller-sized equiaxed grains when
compared to the columnar grains. This implies that
the grain morphology is changed periodically when
the oxide grows [13].

In the oxide of the ZrNbCu, two layers existed
with different thicknesses. It was thought that the
thicker layer was fully-developed whereas the thin-
ner one adjacent to the interface was still develop-
ing. On the other hand, the oxide of Zirclaoy-4
was found to consist of six fully-developed lay-
ers and one developing layer. The characteristics
of the oxide layer structures are summarized in
Table 4. The most important factor related to the
corrosion behavior of the alloys is thought to be
the thickness of the fully-developed layer which
was higher in the oxide of ZrNbCu, indicating that
the oxide can become even thicker before an oxide
transition in the ZrNbCu when compared to the
Zircaloy-4.

Table 4
The characteristics of the layer structure observed in the oxide

Thickness of the

Total oxide No. of

thickness layer fully-developed
(um) layer (pm)
ZrNbCu 4.3 2 2.9
Zircaloy-4 14.1 7 2.2

An oxide transition is usually accompanied by a
cracking in an oxide [12] since the stress accumu-
lated during an oxide growth has to be relaxed.
Therefore, the oxide of ZrNbCu could withstand a
higher stress before a transition or a stress accumu-
lation in the oxide could be lower in the ZrNbCu
when compared to Zircaloy-4. Although an exact
explanation is not available at present, it is sug-
gested that a resistance to a cracking is higher in
the oxide of ZrNbCu.
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3.4. Nano-hardness of the oxide

Nano-indentation test method is considered as a
promising and appropriate technique for obtaining
the local mechanical properties in an oxide to facil-
itate the analysis of the mechanical properties of an
oxide from the context of a transition during an
oxide growth. Fig. 8 shows the nano-hardness as a
function of the position in the oxide formed on
the ZrNbCu and the Zicaloy-4. In the case of Zirca-
loy-4, the nano-hardness values were considerably
varied according to the position in the oxide from
5.6 GPa to 16.6 GPa. In the oxide of ZrNbCu, how-
ever, the nano-hardness ranged from 9.3 GPa to
12.2 GPa. The scattering range of the nano-
hardness value was relatively small in the ZrNbCu
when compared to Zricaloy-4. The scattering of
the nano-hardness value seems to be attributable
to the existence of defects such as cracks rather than
the intrinsic properties of oxide indicating that the
oxide of the Zirclaoy-4 was more porous than that
of the ZrNbCu.

In this study, it was difficult to find any relation-
ship between the nano-hardness variation and the
layer structure shown in Fig. 7. However, it is
noteworthy that the average nano-hardness is lower
in the oxide of ZrNbCu. In general, a hardness
value provides information on the resistance of
materials to a plastic deformation: Harder materials
are more susceptible to a cracking. It might imply
that the softer oxide of ZrNbCu has a higher
resistance to a cracking when compared to that of
Zircaloy-4.
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3.5. Precipitates incorporated into the oxide

It was well known that Zr alloys exhibit a differ-
ent corrosion resistance depending on the character-
istics of the precipitates. The precipitates are
oxidized after they are incorporated into the oxide
because the precipitates are usually more resistant
to an oxidation when compared to the Zr matrix
[14]. The grain morphology as well as the crystal
structure of the oxide is significantly influenced by
a delayed oxidation of the precipitate in the oxide.
However, the influence of the precipitate on the
oxide is different depending on the precipitate
characteristics.

Fig. 9 shows the Zr(Fe, Cr), precipitate located at
about 500nm away from the interface in the
Zircaloy-4 corroded in the PWR-simulating loop
for 1000 days. The Zr(Fe, Cr), precipitate was found
to be oxidized from the EDS results. We also
observed that many cracks existed in the vicinity
of the oxidized Zr(Fe, Cr),. On the other hand, the
B-Nb located at a similar distance from the interface
in the oxide of the ZrNbCu maintained a metallic
state with no cracks nearby as shown in Fig. 10. It
implies that Zr(Fe,Cr), is more easily oxidized
in the oxide of Zircaloy-4 when compared to the
B-Nb in ZrNbCu. This result is in good agreement
with a previous result [15]. Pecheur reported that
unoxidized B-Nb was located in the oxide up to
about 400 nm from the interface of Zr—1 wt%Nb
while the Zr(Fe,Cr), precipitate located at 350 nm
from the interface of Zircaloy-4 was transformed
to equiaxed nanocrystallites [15].
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Fig. 8. Nano-hardness as a function of the distance from the interface in the oxide formed (a) ZrNbCu annealed at 470 °C for 8 h and
(b) Zircaloy-4 after a corrosion test for 1000 days in the PWR-simulating loop condition.
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Fig. 9. Zr(Fe,Cr), precipitate in the oxide formed on Zirclaoy-4
corroded to 1000days in the PWR-simulating loop condition.

Fig. 10. B-Nb in the oxide formed on ZrNbCu corroded to
1000 days in the PWR-simulating loop condition.

4. Discussion

In this study, ZrNbCu showed a superior corro-
sion resistance to Zircaloy-4 in the 360 °C water
(Fig. 1) and 360 °C PWR-simulating loop condi-
tions (Fig. 2). In the Zr alloys used in this study,

Fe and Cr existed in the form of precipitates
whereas Sn was in the form of a solute element in
the Zr matrix. On the other hand, Nb existed in
the form of a solute element as well as precipitates.
However, the Nb and Sn atoms in the form of solute
elements have to be redistributed during the corro-
sion process [16] since the solubilities of Nb and
Sn are very limited in ZrO,. Takeda et al. reported
that Sn was enriched at the boundaries of oxide
crystallites [16]. It was also known that the high pur-
ity unalloyed Zr manufactured by van Arkel process
could grow longer columnar grains during the oxi-
dation process as compared to Zircaloy-4. This
implies that the solute elements accumulated at the
oxide/metal interface during the oxidation process
could inhibit further columnar oxide growth and
promote the nucleation of new columnar oxides.
Therefore, the smaller amount of solute elements
could be one of the reasons why the fully-developed
layer was thicker in the oxide of ZrNbCu as com-
pared to that of Zircaloy-4 as shown in Fig. 7.

On the other hand, it was confirmed from the
nano-indentation test that the oxide on ZrNbCu
was softer than that of Zircaloy-4 as shown in
Fig. 8. In this study, however, the variation of the
chemical composition, which can be correlated to
the nano-hardness variation, was not measured in
the oxide as well as at the interface. The hardness
of the oxide is thought to be largely affected by
the chemical composition rather than the grain mor-
phology. Therefore, the difference in the hardness
between the ZrNbCu and Zircaloy-4 originated
from the differences in the distribution of alloying
elements. The harder oxide on Zircaloy-4 could be
attributed to the fact that the valence of Sn is lower
when compared to Zr. The substitution of Sn with
Zr in the ZrO, will increase the concentration of
an oxygen vacancy while the addition of Nb whose
valence is higher than Zr will reduce the concentra-
tion of an oxygen vacancy in ZrO,. Oxygen vacancy
will contribute to an increase of the hardness of the
oxide as well as the corrosion rate. Moreover, a
cracking could occur more easily in a harder oxide,
which means that an oxide transition is more likely
in the harder oxide of Zirclaoy-4 when compared to
the softer oxide of ZrNbCu.

Meanwhile, the stable oxide types of Sn and Nb
in the corrosion conditions used in this study are
SnO and Nb,Os, respectively. Nb requires more
oxygen when compared to Sn during an oxidation
process. It implies that the volume fraction of the
Sn oxide would be lower than the Nb oxide when
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the same content of Sn and Nb is oxidized in ZrO,.
The solutionized Nb and Sn atoms are segregated
into the grain boundary of the ZrO, and finally oxi-
dized when the oxygen potential is sufficiently high
enough for Nb or Sn to be oxidized. Such a delayed
oxidation of the segregated elements might promote
a cracking in the oxide, leading to an increase of the
corrosion rate [16]. These phenomena would be
more prominent in the Sn-containing alloys such
as Zircaloy-4 because all the Sn existed in the form
of a solid solution. However, this effect would be
relatively small in the Nb-containing alloys like
ZrNbCu since the solubility of Nb is lower when
compared to Sn and a large amount of Nb existed
in the form of a precipitate. This consideration is
in good agreement with a previous result where
the Zr-Nb alloys with an equilibrium Nb concentra-
tion in the matrix showed a lower corrosion rate
than the supersaturated Nb-containing Zr alloys
[17].

On the other hand, as mentioned before, a pre-
cipitate has been considered as the key parameter
among the various metallurgical properties that
influences most the corrosion resistance of Zr alloys.
It was also found that the Zr(Fe,Cr), precipitate
was more likely to be oxidized in an oxide with some
cracks propagated nearby when compared to B-Nb
in ZrNbCu. It is not clear whether the cracks are
attributable to an oxidation of the Zr(Fe, Cr), since
this might originate from the sample preparation
process. However, the cracking seems to be caused
by the fact that the additional stress build-up is
higher when Zr(Fe,Cr), is oxidized in the oxide.
This would make the oxide more susceptible to a
corrosion by enhancing the diffusion path of the
oxidizing species in the oxide.

An oxide transition is usually accompanied by a
cracking which has occurred in the case when the
internal stress has reached a specific level. The
oxidation of a precipitate exerts an additional stress
on an oxide which already has an internal stress
resulting from its growth. It implies that an addi-
tional stress build-up by an oxidation of a precipi-
tate promotes an oxide transition. However, such
an effect is considerably different depending on the
precipitate morphology. It is thought that the distri-
bution of an additional stress build-up by an oxida-
tion of the precipitates is more homogenous in the
case of ZrNbCu where the p-Nb was found to be
finely distributed. Moreover, since the B-Nb in
ZrNbCu was oxidized more slowly when compared
to Zr(Fe,Cr), in Zircaloy-4, an oxide transition

would be delayed more in the ZrNbCu. This can
be considered as the main reason why ZrNbCu
showed a much better corrosion resistance than
Zirclaoy-4.

This consideration can also provide a satisfactory
explanation to the reason why a final annealing at
a lower temperature is beneficial for the corrosion
resistance of ZrNbCu. The beneficial effect of
B-Nb would be enhanced when the particle size is
reduced and the distribution is finer by a low tem-
perature annealing because the stress induced by
the oxidation of B-Nb will be more homogeneous
and the oxide can grow to a greater thickness before
a transition. Although the corrosion is controlled by
a diffusion of the oxidizing species through the oxide
both in the ZrNbCu and the Zircaloy-4, it is
suggested that the oxide properties controlling the
diffusion have a more protective nature in the
ZrNbCu on the basis of the results obtained in this
study.

5. Conclusions

The corrosion behavior and oxide properties
of  Zr-1.1 wt%Nb-0.05 wt%Cu (ZrNbCu) and
Zircaloy-4 have been investigated. The corrosion
rate of the ZrNbCu alloy was much lower than that
of the Zirclaoy-4 in the 360 °C water and 360 °C
PWR-simulating loop conditions without a neutron
flux and it was increased with an increase of the final
annealing temperature from 470 °C to 570 °C. TEM
observations revealed that the precipitates in the
ZrNbCu were B-Nb and ZrNbFe-precipitate with
B-Nb being more frequently observed and that the
precipitates were more finely distributed in the
ZrNbCu alloy. It was also observed that the oxides
of the ZrNbCu and Zircaloy-4 consisted of two and
seven layers, respectively, after 1000 days in the
PWR-simulating loop condition and that the thick-
ness of a fully-developed layer was higher in the
ZrNbCu than in the Zircaloy-4. Also it was found
that the B-Nb in ZrNbCu was oxidized more slowly
when compared to the Zr(Fe,Cr), in Zirclaoy-4
when the precipitates in the oxide were observed
by TEM. Cracks were observed in the vicinity of
the oxidized Zr(Fe,Cr),, while no cracks were
formed near B-Nb which had maintained a metallic
state. From the results obtained, it is suggested that
the oxide formed on the ZrNbCu has a more protec-
tive nature against a corrosion when compared to
that of the Zircaloy-4.
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