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Abstract

The corrosion characteristics of Zr-based alloys are very sensitive to their microstructures which are determined by the b-annealing
conditions. Specimens of Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy were investigated in order to obtain their optimized b-annealing conditions
such as the b-annealing temperature and the cooling rate from the b-region. From the microstructural analysis, the prior b-grain size of
this alloy was increased by increasing the b-annealing temperature. The martensitic structure was formed by a fast cooling rate of a water
quenching from a range of 960–1200 �C and the Widmanstätten structure was formed by a slow cooling rate of an air cooling from
1050 �C. The corrosion behavior of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was not affected by the b-annealing temperature but it
was changed by the cooling rate. The increased corrosion resistance was caused by a decreased the supersaturated Nb content in the
matrix by a formation of the b-Zr phase. However, the formation of the b-Zr phase is not recommended in the b-solution annealing
procedure of Nb-containing Zr-based alloy, because the aim of the b-solution annealing is to obtain a good homogeneity.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The corrosion resistance of fuel claddings has been con-
sidered to be one of the important properties to control the
performance and the safety of a nuclear reactor. Zr-based
alloy such as Zircaloy-4 has been used as fuel cladding
materials for the last few decades. Since, the corrosion of
fuel claddings is the most critical issue in a high burn-up
operating condition in PWRs, the development of an
advanced Zr-based fuel cladding with an improved corro-
sion resistance was necessary. For the development of
advanced cladding materials, many researches have been
implemented to improve the corrosion resistance of the
Zr-based alloys [1–3]. They have reported that the corro-
sion kinetics of Zr alloy were affected by the alloying ele-
ment and the precipitates that are formed by various
alloying elements. Since the combination of an alloying ele-
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ment such as Nb, Sn, Fe, Cr etc., is very important factor
to obtain good corrosion properties in fuel cladding alloys,
many researchers have tried to establish the ideal alloying
elements and compositions [3,4]. It has been reported that
the corrosion properties of the Nb-containing Zr-based
alloys were very sensitive to certain factors such as the
Nb-content and the second phase characteristics, which
could be controlled by heat-treatment [1,3]. The corrosion
resistance of Zr alloy was increased by the addition of Fe
up to 0.2 wt% [5], and that of Zr alloy was decreased by
increasing the Sn content, however, the mechanical proper-
ties of Zr alloy were increased by increasing the Sn content
[6]. At KAERI, many of the Zr alloys, which were system-
atically controlled by an alloying element, were then tested
for various properties such as their corrosion, tensile,
creep, and high temperature oxidation. Therefore, a high
Nb-containing Zr-based alloy was designed and its compo-
sition is Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr in wt%.

In the new alloy system, the optimum manufacturing
process was one of the important factors to increase the
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properties of the alloy. The manufacturing processes such
as a b-heat-treatment temperature, the cooling rate from
the b-region, and the intermediate annealing condition
which is described as a RA parameter have been studied
for commercial Zircaloy for a long time. It is necessary
to setup the optimum manufacturing process for the new
alloy, since Nb content of the new alloy was high. There-
fore, the purpose of this investigation is to obtain the opti-
mized b-annealing conditions for the Zr–1.5Nb–0.4Sn–
0.2Fe–0.1Cr alloy.
2. Experimental procedure

Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was manufactured
by a sequence of four vacuum arc re-meltings to promote
the homogeneity of the alloying elements. To study the b-
annealing temperature effect, a button of the melted Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was quenched from the
b-regions of 960, 1050, and 1200 �C for 30 min. And to
study the cooling rate effect, another button of this
alloy was also applied to a different cooling rate for a
water quenching and air cooling from the b-region of
1050 �C for 30 min. The cooling rate of the water quench-
ing was about 1000 �C/s and that of the air cooling
was about 4 �C/s. Therefore, Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloys with different b-annealing conditions were
manufactured.

The microstructure evaluation by the annealing temper-
ature was observed using an optical microscope with a
polarized light. The microstructural characteristics of the
alloys with different annealing conditions were analyzed
by using a transmission electron microscope equipped with
energy dispersive spectra. Specimens for the TEM observa-
tion were prepared using a twin-jet polishing with a solu-
tion of C2H5OH (90 vol.%) and HClO3 (10 vol.%) after a
mechanical thinning of the specimens to about 70 lm.

The corrosion test was performed in a static autoclave of
400 �C steam under a saturated pressure of 10.3 MPa. Cor-
Fig. 1. Optical microstructures of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy wi
rosion testing specimens of 15 mm · 25 mm · 1 mm in size
were cut from the annealed samples and mechanically
ground with 1200 grit SiC paper. Also, the ground speci-
mens for the corrosion test were pickled in a solution of
H2O (40 vol.%), HNO3 (30 vol.%), HCl (25 vol.%) and
HF (5 vol.%). The corrosion resistance was evaluated by
measuring the weight gain of the corroded samples after
suspending the corrosion test at a periodic term. To
observe the oxide characteristics, a transmitted optical
microscope observation and a cross-sectional TEM exami-
nation were performed on the thin oxide samples. A cross-
sectional observation of the oxide sample for transmitted
optical microscopy was prepared by mechanical thinning
to a thickness of less than 15 lm by using a MultiPrep pol-
ishing system and that of the oxide sample for TEM was
followed by ion milling process by using a Fishione 1010
model.

3. Results and discussion

3.1. Microstructural characteristics of the Zr–1.5Nb–0.4Sn–

0.2Fe–0.1Cr alloy with the b-annealing conditions

A microstructural characterization study was performed
to evaluate the grain shape and second phase particles in
the specimens manufactured with the b-annealing tempera-
tures of 960, 1050, 1200 �C and the cooling rate from the b-
region of 1050 �C, since it is well known that the corrosion
properties of Nb-containing Zr alloys are highly dependent
on the microstructural characteristics of the alloys [3].

Fig. 1 shows the macroscopic microstructure of the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy with different cooling rates
for a water quenching and air cooling from the b-region of
1050 �C determined by optical microscope. It was observed
that the grain size of the b-phase was increased by increas-
ing the b-annealing temperature from 960 to 1200 �C, how-
ever, the grain size of the prior b-phase was not changed
with the different cooling rates. This implies that the prior
b-grain size was determined by the annealing temperature
th different annealing temperatures and cooling rates from the b-region.



Table 1
Analyzed chemical compositions of the alloy used in this study (in wt%)

Alloy Nb Sn Fe Cr O C Zr

Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr

1.48 0.38 0.21 0.10 0.135 0.012 Bal.

Table 2
Prior b-grain size of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy with different
annealing temperatures and cooling conditions

Condition Water quenching Air cooling

at 960 �C at 1050 �C at 1200 �C at 1050 �C

Prior b-grain size 0.99 1.02 1.07 1.03

306 H.-G. Kim et al. / Journal of Nuclear Materials 372 (2008) 304–311
of the b-region. The results of the prior b-grain size of the
Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy are shown in Table 1.
The measured grain size ranged from 0.99 to 1.07 mm
depending on the annealed temperature. Since, the grain
size was determined by the diffusion rate of the temperature
of the b-region, it was assumed that the prior b-grain size
of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was not con-
trolled by the cooling rates from the b-annealing tempera-
ture shown in Table 2.

It is well known that a martensite structure [7–14] is
formed by a fast cooling rate and the Widmanstätten struc-
ture [15] is formed by a slow cooling rate at the b-region of
the Zr alloys. Fig. 2 shows the TEM micrographs of the
water quenched and air cooled Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloy at different annealing temperatures from 960
to 1200 �C. The martensite structure, which was mixed
with dislocations and twins, was formed on the fast cooled
Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy regardless of the b-
annealing temperature range of 960–1200 �C and the Wid-
manstätten structure, which was mixed with an elongated
Fig. 2. TEM micrographs of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy with
a-grain and b-phase was formed on the slow cooled Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy.

In the fast cooled condition, the a-grain was not
observed in the OM and TEM micrographs of the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy, although the lowest
b-annealing temperature was performed at 960 �C. There-
fore, it was though that the a + b to b transition tempera-
ture of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was lower
than 960 �C. Generally, the a + b to b transus temperature
of Zircaloy-4 is known to be about 970 �C [16]. The
decrease of the a + b to b transus temperature in the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy compared to Zircaloy-4
is caused by Nb as an alloying element, because Nb is
one of the b-stabilizing elements. And the second phase
particles were not observed in the martensite structure of
that alloy, therefore, the alloying elements such as Nb,
Sn, Fe, and Cr were supersaturated in the martensite struc-
ture, which was formed by a water quenching at the b-
region.

In the slow cooled condition, the Widmanstätten struc-
ture which was described as a basketweave structure from a
previous definition [15] was observed in the air cooled Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy. It is difficult to establish
the microstructural differences between the water quenched
and air cooled structure of this alloy from the macroscopic
observation by using the OM. From the TEM observation
of the Widmanstätten structure formed in the air cooled
Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy, a lamellar structure
consisting of the a-phase and b-phase was observed in
the matrix. The formation of the b-phase was affected by
the contents of the alloying elements such as Nb, Fe, and
Cr which act as b-stabilizers [17].

Fig. 3 shows the twined microstructure of the water
quenched Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy from the
different annealing temperatures and cooling rates from the b-region.



Fig. 3. TEM micrographs of the water quenched Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy at the b-region of 1050 �C.
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b-region of 1050 �C. The size of the twin was measured ad
500–1000 nm in length and 100–200 nm in width and dislo-
cations were observed in the small thin twin structures
which could be analyzed from the SAD and conformed
from the dark field image. The common plane of the twin
was revealed as f10�10g, which is a typical twin common
plane observed in zirconium alloys [14]. Hence, the micro-
structural characteristics of the quenched structure of the
Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy were quite similar to
those of the quenched structure of the Zr-based alloys.
Fig. 4 shows the TEM micrographs to analyze the b-phase
formed on the air cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr
alloy from the b-region of 1050 �C. In Fig. 4(a), a lamellar
structure mixed with the a- and b-phases were observed
and the area fraction of the b-phase was smaller than that
of the a-phase. The crystal structure of the b-phase was
identified as BCC from the SAD analysis shown in
Fig. 4(b). From the compositional characteristics analyzed
by EDS, the b-phase formed in the Zr–1.5Nb–0.4Sn–
0.2Fe–0.1Cr alloy consisted of Zr (78.4 at.%), Nb
(17.6 at.%), Fe (3.1 at.%), and Cr (0.9 at.%). It could not
observe for the Nb, Fe, Cr rich second phase particles in
the a-Zr phase. The alloying elements of Nb, Fe, and Cr
were contained in the b-Zr phase which was formed in slow
cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy from 1050 �C.

The b-phase formation resulted in the alloying elements
which were supersaturated in the b-region, being diffused
into the a-phase boundary during the Widmanstätten
transformation. The Nb effect of a b-phase formation of
the Zr–Nb alloys with the cooling rate and the crystallo-
graphic relation between the a-phase and the b-phase have
been reported [18]. From the microstructural observation
of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy with different
cooling rates, the martensite structure was formed by a fast
cooling, which was obtained by a water quenching from the
b-phase region and the Widmanstätten structure, was
formed by a slow cooling, which was obtained by an air
cooling from the b-phase region. In the martensite struc-
ture, the alloying elements of the Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloy were supersaturated in the matrix, whereas they
were diffused into the b-phase, which was identified as b-Zr
in the Widmanstätten structure.

3.2. Corrosion behavior of the Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloy with the b-annealing conditions

Fig. 5 shows the corrosion behavior of the b-annealed
Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy corroded in a static
autoclave with a 400 �C steam condition for up to 90 days.
Generally, the exposure time steps in weight gain of Zr-
based alloys are 15 or 30 days at periodic terms. In this
case, the transition behavior was observed in all of the
Zr-based alloys and also the weight gain range at the tran-
sition point was about 30–40 mg/dm2. However, in the b
heat treated Zr-based alloys containing high Nb, the tran-
sition behavior is unclear. Because those alloys have very
high corrosion rate, therefore, it is difficulty to find the
transition point during long term periodic corrosion tests.
Also, it is well known that the corrosion resistance of zirco-
nium alloys is affected by the addition of Nb as an alloying
element [19–21], especially, it is considerably affected by the
microstructural characteristics which are determined by the
heat-treatment condition. Since, 1.5 wt% Nb was contained
in the tested alloy, it was assumed that the corrosion char-
acteristics of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was
considerably affected by the heat-treatment conditions.

From the view point of the b-annealing temperatures of
960, 1050, 1200 �C, the weight gain of the water quenched
Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy reached about 450 mg/
dm2 at the corrosion test time of 90 days. Since an effect of
the b-annealing temperature was not observed in the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy, the corrosion resistance
of the water quenched that alloy was not affected by the
b-annealing temperatures.

From the view point of the cooling rate effect, the corro-
sion resistance of the air cooled Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloy from the b-region of 1050 �C increases when
compared to that of the water quenched alloy from the



Fig. 4. TEM micrographs of the air cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy at the b-region of 1050 �C.
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b-region of 1050 �C. Therefore, the corrosion resistance
increases when the b-Zr phase in the matrix of the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy formed by a slow cooling.
This increment of the corrosion resistance was caused by a
decrement of the supersaturated Nb content in the matrix
by a formation of the b-Zr phase which was defined by
the TEM/EDS observation.

Since the corrosion resistance was considerably changed
by the cooling rate, a microstructure observation of the
cross-sectional oxide was performed for two conditions
with different cooling rates. Fig. 6 shows the cross-sectional
optical micrographs of the oxides of the water quenched
and air cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy which
were corroded for 60 days. The oxide thickness and the
roughness of the metal/oxide interfaces were clearly defined
by the cross-sectional optical micrographs. The oxide
thickness of the water quenched and air cooled Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy matched well with the
weight gain of the corrosion data of 60 days. The rough-
ness of the metal/oxide interfaces was shown differently
with the cooling rates of the Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloy. In general, the uniform roughness of the
metal/oxide interfaces was formed in the good corrosion
resistance alloy, however, the oxide formed in the air
cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy has more irreg-
ular metal/oxide interfaces, although the air cooled Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy has a better corrosion



Fig. 6. Reflected and transmitted optical micrographs of the oxide formed
on the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy with different cooling rates.
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resistance than the water quenched alloy. It may be caused
by the matrix homogeneity of the alloying element. From
the inhomogeneity of the alloying element between the a-
phase and the b-phase, the corrosion rate was differently
in a local area. Therefore, irregular metal/oxide interfaces
were formed in the air cooled Zr–1.5Nb–0.4Sn–0.2Fe–
0.1Cr alloy. But the corrosion resistance of the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was increased by an air
cooling from the b-region, because the oxide thickness of
the air cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was
thinner than that of the water quenched Zr–1.5Nb–
0.4Sn–0.2Fe–0.1Cr alloy.

A cross-sectional oxide layer examined by a transmitted
optical microscope was reported by A. Yilmazbayhan et al.
[22]. From the information of the transmitted optical
microscope, they found that the formation of a periodic
layered structure was related to the transition behavior
and the dark bands were interpreted as an increased density
of smaller the grains and possible cracks. Since the optical
light of microscopy could be transmitted for the thin oxide
film, the layer structure in the oxide, which is closely
related to the changes of the grain morphology, revealed
by using the transmitted optical microscopy. The transmit-
ted light could have been more scattered in the small size
equiaxed grains compared to the columnar grains. This
implies that the difference of contrast in oxide microscopy
is caused by the change of the oxide morphology during the
oxide grows.
The layered structure in the cross-sectional oxide of the
b-annealed Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was not
observed clearly. However, very small dark lines were ran-
domly distributed in the oxide of the water quenched Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy and some large dark
bands were observed in the oxide of air cooled that alloy.
In the view point of correlation between layered structure
and transition behavior of corrosion, the transition point
could be estimated from the layered structure. Since, the
layered structure was not clearly observed in the oxide of
the b-annealed Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy, it
could be assumed that the transition of corrosion rate
was not was not observed in the b-annealed Zr–1.5Nb–
0.4Sn–0.2Fe–0.1Cr alloy as shown in Fig. 5. From the
results of the transmitted optical microscopy in this study,
it was assumed that the corrosion rate was related to the
size and density of the dark lines in the oxides, because
the size and density of dark lines in the cross-sectional
oxide micrograph was changed with the different corrosion
rates which were shown in the water quenched and air
cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy.

From the TEM observation, the oxide characteristics
such as grain morphology, cracks, and precipitate dissolu-
tion could be identified. Since, the formation of cracks and
the a lot of volume fractions of equiaxed grains in the oxide
layer was increased of a diffusion path of oxygen ions, the
corrosion behavior of zirconium alloys could be assumed
from the microstructure characteristics obtained by TEM
techniques. Fig. 7 shows the cross-sectional TEM oxide
micrographs of the water quenched and air cooled Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloys which were corroded for
60 days. Although the oxide thickness of both alloys was
different, it could be observed that the oxide morphology
characteristics were changed with the oxide depth. At the
same position of the oxide depth such as the metal/oxide
interfaces (A), middle oxide layer (B), and outer oxide layer
(C), a columnar oxide was developed well in the case of the
air cooled Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy when com-
pared to that of the water quenched Zr–1.5Nb–0.4Sn–
0.2Fe–0.1Cr alloy. A correlation between the oxide micro-
structure and the corrosion behavior of the Nb-containing
Zr alloys has been reported [20]. From this result, the better
corrosion resistance of the air cooled Zr–1.5Nb–0.4Sn–
0.2Fe–0.1Cr alloy resulted from a columnar shape oxide
formation and an inhibition of a crack formation in the
oxide layer. Based on a previous study [20], the oxide char-
acteristics were mainly controlled by the supersaturated Nb
content in the matrix which was determined by the heat-
treatment conditions.

From a study of the microstructural characteristics and
corrosion behavior of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr
alloy with a b-annealing, the corrosion resistance of this
alloy was increased by applying a slow cooling rate, how-
ever, it is considered to be from a inhomogeneity of the
alloying element as a result of a formation of a lamellar
shape of the b-Zr in the matrix by a slow cooling. It is pos-
sible that the corrosion resistance could be improved by



Fig. 7. Cross-sectional TEM oxide morphology formed on the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy with different cooling rates.
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controlling the intermediate heat-treatment process during
the manufacturing process after a b-solution annealing. On
the contrary, the b-Zr phase with a lamellar shape was not
easily removed by the intermediate heat-treatment process
except for a b-solution annealing. Therefore, it is consid-
ered that a fast cooling rate after a b-solution annealing
should be applied for the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr
alloy to obtain a good homogeneity of the alloying ele-
ments. Also, the b-annealing temperature of this alloy
could be determined by this study because it was revealed
that the a + b to b transition temperature of the Zr–
1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was lower than 960 �C.
4. Conclusion

From the results of the microstructural observations and
the corrosion tests for the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr
alloy, it was revealed that the a + b to b transus tempera-
ture of that alloy was lower than 960 �C. And a martensite
structure was formed by a water quenching and a Wid-
manstätten structure containing a lamellar shape of the
b-Zr phase was formed by an air cooling. The corrosion
resistance of the Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr alloy was
not affected by the different b-annealing temperatures of
960, 1050, and 1200 �C, however, the corrosion resistance
of this alloy was increased by a slow cooling when com-
pared to a fast cooling. Although the corrosion behavior
was improved by applying a slow cooling, a good homoge-
neity could not obtained by a slow cooling condition.
Therefore, it is concluded that a fast cooling rate after a
b-solution annealing should be applied to the Zr–1.5Nb–
0.4Sn–0.2Fe–0.1Cr alloy to obtain a good homogeneity
of the alloying element.
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