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Abstract

The effects of different Nb and Fe addition ratios on the microstructure, corrosion and oxide characteristics of Zr-
based alloys were investigated. The Nb/Fe ratio was controlled to be 0.6, 1.0, 1.7, 3.0, and 7.0 with the same amount of
Nb + Fe in each alloy. The microstructural analysis and precipitate characterization were performed to obtain the cor-
relation between the corrosion and the microstructures. The grain size and the area fraction of the precipitate in all the
tested alloys were almost the same even though the Nb/Fe ratio was considerably changed. But the mean diameter and
the crystal structure of the precipitates were affected by the variation of the Nb/Fe ratio. In the alloy with a low Nb
content, the FCC-(ZrNb),Fe precipitate was mainly formed while the HCP-Zr(NbFe), precipitate was frequently
observed in the alloy of with a high Nb content. The corrosion resistance of the Zr-xNb—yFe ternary alloys was
improved by decreasing the Nb/Fe ratio. From the microstructure and corrosion studies, it seems that the corrosion
resistance would be more closely related to the crystal structure of the precipitate rather than the other properties such
as the size distribution and the density of the precipitates.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The corrosion resistance of fuel claddings has been
considered to be one of the key properties for control-
ling the performance and the safety of nuclear fuel. Zr-
based alloys have been used as fuel cladding materials
and a great number of researches have been done to im-
prove the corrosion resistance of the Zr-based alloys.
The development of advanced cladding materials with
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an improved corrosion resistance has been extensively
carried out in many countries operating nuclear power
plants for the last few decades [1-3]. They have reported
that the corrosion kinetics of Zr-alloy were affected by
the alloying element and the precipitates that are formed
by various alloying elements when there was an excess
soluble limit in o-Zr. Among the various alloying ele-
ments, Nb and Fe are considered to be very effective
for improving the corrosion resistance of the Zr-based
alloys [1,2]. It has been reported that the corrosion resis-
tance of the Zr alloys was improved when the Nb was
added at a range less than the solubility of the o-Zr.
Even though the Nb content is higher than the solubil-
ity of o-Zr, the Zr alloys showed a better corrosion
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resistance when B-NDb precipitates are formed by a heat-
treatment below the monotectoid temperature [3]. It has
also been reported that Fe improved the corrosion resis-
tance of the Zr alloys when added at a range more than
0.2 wt% [4].

The precipitate types are determined by some kinds
of alloying elements and annealing conditions. It is
known that in Zircaloy-type alloys, the precipitates size
was a very sensitive parameter for the corrosion resis-
tance [4] and the effects of the Fe/Cr ratio in the precip-
itate on the corrosion resistance have been extensively
investigated [5]. From the study of the second phase par-
ticles in a Zr binary alloy, an improvement in the corro-
sion behavior at a high temperature can be obtained by
a higher volume fraction and size of the intermetallic
precipitates [6].

Although Nb and Fe are considered to be important
alloying elements in the advanced Zr-based alloys, the
effect of the Nb/Fe ratio on the precipitate characteris-
tics and the corrosion behavior was not evaluated in
the Nb-containing Zr alloys. The aim of this study is
to investigate the effect of the Nb/Fe ratio on the corro-
sion of the Zr alloys. Microstructure observations, a cor-
rosion test and an oxide -characterization were
performed for the Zr-Nb-Fe ternary alloys with various
addition ratios of Nb/Fe.

2. Experimental procedure

The experimental alloys with various Nb/Fe ratios
were manufactured to investigate the optimum ratio
for the corrosion. As shown in Table 1, the Nb content
ranged from 0.3 to 0.7 wt% and the Fe content ranged
from 0.1 to 0.7 wt% in the Zr—xNb—yFe ternary alloys.
The Nb/Fe ratio was controlled by decreasing the Nb
content with an increasing Fe content so that the total
amount of Nb + Fe content in wt% was the same in
all of the alloys although the total amount of that in
at.% was slightly decreased. The lowest Nb content
(0.2 wt%) selected in this study was the critical Nb con-
tent to form the Nb-containing precipitates which was
observed in our previous study [7]. The addition ratio

Table 1

of Nb/Fe in the experimental alloys was controlled to
be 0.6, 1.0, 1.7, 3.0 and 7.0.

The experimental alloys were manufactured by the
sequence of a vacuum arc melting (4 times), water-
quenching after B-solution treatment at 1020 °C for
30 min, hot rolling (60% reduction in thickness) after
pre-heating at 570 °C for 30 min and then 3 times cold
rolling (50% reduction in thickness). The cold-rolled
sheets were annealed at 570 °C for 3 h after each cold
rolling step. To focus on the effects of the precipitate
characteristics on the corrosion, the microstructures of
the alloys were controlled to have a recrystallized struc-
ture whose grain size was almost similar in all of the al-
loys. The Nb/Fe ratio in the precipitates was analyzed
using a transmission electron microscope (TEM)
equipped with an energy dispersive X-ray spectroscopy
(EDS). The area fraction and the mean diameter of
the precipitates were calculated using an image analyzer.
The samples for the TEM observation were prepared by
a twin jet polishing method after a mechanical thinning
to about 70 um.

The corrosion test was performed in a static auto-
clave of 360 °C water under a saturation pressure of
18.9 MPa. The corrosion resistance was evaluated by
measuring the corrosion weight gain of the corroded
samples after suspending the corrosion test at a periodic
term.

The small angle X-ray diffraction and the cross-sec-
tional TEM method were used to analysis the oxide
characteristics. The fraction of the tetragonal ZrO,
was calculated for the pre-transition oxide having an
equal oxide thickness of different Nb/Fe ratio alloys,
and the microstructure of the oxide and the precipitates
in the oxide were observed for the post-transition oxide
having an equal corrosion time of 350 days.

3. Results and discussion
3.1. Microstructures and the precipitates characteristics

The optical microstructure and the grain size of the
final-annealed alloy are shown in Fig. 1. Each alloy

Model alloy composition and Nb/Fe ratio of the Zr-Nb-Fe ternary system

Sample Nb (wt%) Fe (wt%) Nb + Fe Nb + Fe at.% Nb/Fe ratio

(Wt%) (at.%) available for precipitate (Wi%) (at.%)
1 0.3 0.5 0.8 1.11 0.91 0.6 0.36
2 0.4 0.4 0.8 1.04 0.84 1.0 0.61
3 0.5 0.3 0.8 0.98 0.78 1.7 1.02
4 0.6 0.2 0.8 0.92 0.72 3.0 1.83
5 0.7 0.1 0.8 0.85 0.65 7.0 4.29
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'(d) Zr-0.6Nb-0.2Fe

(€) Zr-0.7Nb-0.1Fe

(c) 2r-0.5Nb-0.3Fe

Alloy | Grain size (um)
(a) 4.2
(b) 4.5
(c) 4.3
(d) 4.6
(e) 4.7

Fig. 1. Optical microscopy and grain size of the Zr-Nb-Fe alloys.

was shown to have a recrystallized structure with equi-
axed grains and the measured grain size ranged from
4.2 to 4.7 pm depending on the alloy composition. How-
ever, the difference of the grain size in the alloys was not
significant although the alloys had a variety of Nb/Fe ra-
tios. Fig. 2 shows the TEM microstructure of the second
phase particles in the alloys. Precipitates with various
sizes were uniformly distributed in the grain as well as
the grain boundaries.

The size distribution, the mean diameter and the area
fraction of the observed precipitates are shown in Fig. 3.
For reducing the calculation errors, the TEM micro-
graphs taken from different grains in the same alloy were
selected to analyze the precipitate characteristics. The
parameters such as the mean diameter and the area frac-
tion were determined from the analysis on the precipi-
tates of more than 350 e.a. Although the alloy

composition was greatly altered, the area fraction of
the precipitate was slightly decreased with an increasing
Nb/Fe ratio.

From the view point of the model alloy design, it was
intended to obtain a similar amount of precipitate in all
the alloys by adding the same content of Nb and Fe in
each alloy. It has been reported that the solubility of
the Nb in o-Zr was about 0.2 wt% [7] and that of Fe
was 100 ppm [8]. Therefore, all the ternary alloys de-
signed in this study have almost a similar amount of
the precipitate of Nb and Fe in the matrix. The size dis-
tribution of the precipitate was changed with the Nb/Fe
addition ratio. As the Nb/Fe ratio increased, the mean
diameter of the precipitate decreased from 62.98 nm to
38.31 nm as shown in Fig. 3. This implies that the pre-
cipitate mean diameter is strongly affected by the Nb/
Fe ratio.

(a) Zr-0.3Nb-0.5Fe

(b) Zr-0.5Nb-0.3Fe

(c) Zr-0.7Nb-0.1Fe

Fig. 2. TEM microstructure of the precipitates distribution in the alloys.
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Fig. 3. Size distribution, mean diameter and area fraction of the observed precipitates.

The crystal structure and chemical composition of
the precipitate were analyzed using a TEM equipped
with EDS. To increase the reliability of the analysis,
the number of encountered precipitates was more than
30 for each alloy. From the precipitates analysis,
(ZrNb),Fe precipitate of a FCC structure having a com-
position of about 64 at.%Zr-16 at.%Nb-20 at.%Fe was
mainly observed at a lower Nb/Fe ratio than 1.0. and
Zr(NbFe), precipitate of a HCP structure having a com-
position of about 45 at.%Zr-30 at.%Nb-25 at.%Fe was
mainly observed in the alloy with a higher Nb/Fe ratio.

The crystal structure of the precipitate was critically
changed between 1.0 and 1.7 for the Nb/Fe ratio. Similar
results to this observation have been reported in previ-
ous studies [9]. The precipitate characteristics are sum-
marized in Table 2. The main precipitates in the
investigated alloys were ZrsFe, (ZrNb),Fe and
Zr(NbFe),. In the alloys with a high Nb content, the
HCP Zr(NbFe), precipitate was mainly observed while
the FCC (ZrNb),Fe precipitate was frequently observed
in the alloys with a high Fe content. The Zr;Fe precipi-
tate was observed in all of the alloys even though its

Table 2
The precipitate characteristics of the Zr-Nb-Fe alloys having different Nb/Fe ratios
Alloy (at.% ratio) Precipitate characteristics Remark
Phase type Structure Average composition (at.%)
Zr—0.3Nb-0.5Fe Zr;Fe Ortho (Im-3m) 75Zr-25Fe Minor
(Nb/Fe ratio: 0.32) (ZrNb),Fe FCC (Fm-3m) 63Zr—-15Nb-22Fe Major
Zr-0.5Nb-0.3Fe ZrsFe Ortho (Im-3m) 75Zr-25Fe Minor
(Nb/Fe ratio: 0.73) (ZrNb),Fe FCC (Fm-3m) 64Zr-16Nb-20Fe Minor
Zr(NbFe), HCP (P63/mmc) 457r-30Nb-25Fe¢ Major
Zr-0.7Nb-0.1Fe ZrsFe Ortho (Im-3m) 75Zr-25Fe Minor
(Nb/Fe ratio: 2.56) (ZrNb), Fe FCC (Fm-3m) 63Zr-17Nb-20Fe Minor
Zr(NbFe), HCP (P63/mmc) 457r-33Nb-22Fe¢ Major
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fraction was very low. The B-Nb phase was not observed
in this alloy system even in the high Nb content of
0.7 wt% due to the slow diffusion rate of niobium. From
the study of the equilibrium condition for B-Nb phase
formation, it takes about 50 h of annealing at 570 °C
to get the B-Nb phase precipitation [10]. Therefore, it
could be thought that the total annealing time was some-
what short to get equilibrium phase in the sample man-
ufacturing process.

3.2. Corrosion and oxide characteristics

The corrosion test at a 360 °C water condition was
performed for up to 390 days. Fig. 4 shows the corrosion
weight gain as a function of the exposure time and the
Nb/Fe ratio. The corrosion resistance was decreased
by increasing the Nb/Fe ratio. It was noted that the cor-
rosion resistance was critically changed with the Nb/Fe
ratio between 1 and 1.7. The corrosion kinetics was di-
vided into two groups according to the Nb/Fe ratio.
When the Nb/Fe ratio is lower than 1.0, the alloys
showed a lower corrosion rate than the alloys with a
higher Nb/Fe ratio. From the matrix properties, the ef-
fect of the matrix composition can be considered to be
equivalent in all of the alloys because the contents of
Nb and Fe are higher than their solubility in all of the
alloys. And the grain size and the precipitate area frac-
tion in the alloys were similar. So, the different corrosion
behavior may have resulted from the different precipitate
characteristics in the alloys which changed with the Nb/
Fe ratio. It has been reported from a recent study on the
corrosion of the ternary Zr-Nb-Fe system that the cor-
rosion behavior in steam significantly depended on the
SPP volume fraction [11]. In this study, however, the
corrosion behavior of the alloys was shown to be differ-
ent from the previous results.

Fig. 5 shows the corrosion behavior versus the micro-
structural characteristics with the Nb/Fe ratio of the al-
loys. The corrosion rate was drastically changed with the
Nb/Fe ratio between 1 and 1.7, but the other microstruc-
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Fig. 5. Corrosion behavior versus the microstructural charac-
teristics with the Nb/Fe ratio of the alloys.

tural characteristics were not greatly changed with the
Nb/Fe ratio. The mean grain size and the precipitate
area fraction were almost the same and the precipitate
mean diameter was decreased by increasing the Nb/Fe
ratio. From the result of the precipitate analysis, the
FCC (ZrNb),Fe precipitates were mainly formed at a
low Nb/Fe ratio while the HCP Zr(NbFe), precipitates
were mainly formed at a high Nb/Fe ratio. The lower
corrosion rate was observed when the (ZrNb),Fe precip-
itates were formed in the alloys with a lower Nb/Fe ratio
than 1.0. The (ZrNb),Fe precipitate seems to be more
beneficial for improving the corrosion resistance than
the Zr(NbFe), in the ternary Zr—-xNb—yFe alloy. There-
fore, it could be assumed that the corrosion rate of the
Zr-xNb-yFe alloys is more strongly affected by the pre-
cipitate type rather than the other characteristics of the
precipitates and the grain size.

From the oxide analysis of the crystal structure as
shown in Fig. 6, the tetragonal ZrO, phase and mono-
clinic ZrO, phase peaks were observed for the pre-tran-
sition oxide having an equal oxide thickness of the
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Fig. 4. Corrosion behavior of the Zr—-Nb-Fe alloy at a 360 °C water condition for 390 days.
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Fig. 6. Small angle X-ray diffraction spectra of the Zr—Nb—Fe alloys and the fraction of the tetragonal phase with the Nb/Fe ratio.

different Nb/Fe ratio alloys. The volume fraction of the
tetragonal ZrO, phase was higher in the oxide that was
formed in the low Nb/Fe ratio alloy. Especially, the cor-
relation between the corrosion behavior and the tetrag-
onal fraction is well matched with the Nb/Fe ratio.
Therefore, it is suggested that the tetragonal ZrO, phase
would be more easily stabilized by the precipitation of
FCC (ZrNb),Fe than HCP Zr(NbFe), in the Zr-xNb—
yFe alloy.

Fig. 7 shows the shape of the oxide-metal interface
for the post-transition region of the oxide corroded for
330 days. A uniform interface was formed for the low
Nb/Fe ratio alloy having the FCC (ZrNb),Fe precipitate
in the matrix, but the wavy interface was formed at the
high Nb/Fe ratio alloy having the HCP Zr(NbFe), pre-
cipitate in the matrix. Also, lateral cracks were observed
in the oxide having a wavy interface. The difference of
the oxide-metal interface shape resulted from the differ-
ent oxide growth rate depending on the discrete oxygen
diffusion rate with the local area of the oxide. Generally,
good corrosion resistant alloys show a uniform oxide—

metal interface but bad corrosion resistant alloys show
an irregular interface due to the oxide characteristics
that have a locally non-protective area in the oxide.
The morphology of the oxide microstructure is
shown in Fig. 8. Fig. 8(a) shows the TEM oxide micro-
structure prepared for the post-transition region of the
Zr-0.3Nb-0.5Fe alloy which showed a good corrosion
resistance. In the low Nb/Fe ratio alloy, the oxide mor-
phology mainly consisted of a columnar structure except
for the outer part which was mixed with some equiaxed
structures. The shape of the columnar structure near the
metal-oxide interface was very dense. Fig. 8(b) shows
the TEM oxide microstructure prepared for the post-
transition of the Zr-0.7Nb-0.1Fe alloy having a lower
corrosion resistance than the Zr—0.3Nb-0.5Fe alloy.
The oxide morphology of the Zr—0.7Nb-0.1Fe alloy also
consisted of a columnar and an equiaxed structure, but
the outer part of oxide had a higher equiaxed structure
fraction than that of the oxide in the Zr-0.3Nb-0.5Fe
alloy. Because the metal-oxide interface of the columnar
structure in the Zr—0.7Nb-0.1Fe alloy had a more

10pum

(a) Zr-0.3Nb-0.5Fe

(b) Zr-0.7Nb-0.1Fe

Fig. 7. Oxide-metal interface of the post-transition region of the oxide corroded for 330 days.
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(b) Zr-0.7Nb-0.1Fe

Fig. 8. TEM microstructure of the post-transition oxide corroded for 390 days.

irregular shape than that of the columnar structure in
the Zr-0.3Nb-0.5F¢ alloy, the oxidation characteristics
of a low Nb/Fe ratio alloy were different when compared
to that of a high Nb/Fe ratio alloy. Generally, a good
corrosion resistance alloy contains more columnar struc-
tures in the oxide, at a long distance from the oxide—
metal interface [12-14]. From this result, it is assumed
that another factor for determining the corrosion resis-
tance was the shape of the columnar structure near the
metal-oxide interface.

To investigate the evolution process of the precipi-
tates in the oxide, it was attempted to observe the precip-
itates in the oxide. A few precipitates were observed in
the oxide as shown in Figs. 9 and 10 and the observed
precipitate was described as two directions of the
cross-section and the plan-view. Fig. 9 shows the precip-
itate in the post-transition oxide of the Zr-0.3Nb-0.5Fe¢
alloy. The observed precipitate in the oxide showed the
nanocrystallite characteristics which were confirmed by
the diffraction pattern and the observed precipitate com-
position in the oxide was different when compared to the
precipitate composition in the matrix. The difference of
the precipitate composition between the oxide and the
matrix was caused by the diffusion of the Nb and Fe
around the oxide and the diffusion of the oxygen into
the precipitate during an oxidation. So, the evolution
process of the precipitate was generated by the oxida-
tion. Fig. 10 shows the precipitate in the post-transition
oxide of the Zr-0.7Nb-0.1Fe alloy. The observed pre-

cipitate in the oxide showed amorphous characteristics
which were also confirmed by the diffraction pattern,
and the precipitate composition was also changed be-
tween in the matrix and in the oxide. The incorporated
precipitates in the oxide have been reported in previous
studies [13,15], but it was not clearly defined how the dif-
ferent types of precipitate in the oxide were formed. For
the reasons mentioned above, it could be assumed that
the different crystallographic characteristics of the pre-
cipitates in the oxide were closely related to the initial
precipitate types of the FCC-(ZrNb),Fe or HCP-
Zr(NbFe),.

Fig. 11 shows the composition change of the precip-
itates between in the matrix and in the oxide. In the FCC
precipitate, Zr is slightly decreased but the Nb and Fe is
significantly decreased with an oxidation. In the HCP
precipitate, Zr is also slightly decreased but the Nb
and Fe is decreased less than those of the FCC precipi-
tate. From this result, the diffusion rates of Nb and Fe in
the FCC precipitate are faster than those in the HCP
precipitate during an oxidation. Also, the Nb/Fe ratio
change of precipitate between in the matrix and in the
oxide was compared. The Nb/Fe ratio of the FCC pre-
cipitate is significantly increased from 0.6 to 1.97, but
that of the HCP precipitate is slightly increased from
1.86 to 2.83. This means that the diffusion rate of Fe
in the FCC precipitate is faster than that in the HCP
precipitate. It could be related to the stability of the
precipitate structure during the oxidation. It could be
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Fig. 10. Cross-sectional and plan-view of the incorporated precipitate in the oxide of the Zr-0.7Nb-0.1Fe alloy.

assumed that the diffusion rate of the elements between
the Nb and Fe around the oxide and the diffusion of the
oxygen into the precipitate during an oxidation is a
main factor for determining the precipitate characteris-
tics of nanocrystallite type or amorphous type in the
oxide.

Fig. 12 shows the schematic view of the precipitate
evaluation process and the oxide microstructure. In the
low Nb/Fe ratio alloy, the major precipitate was the
FCC-type which was confirmed by the matrix TEM
analysis. This precipitate is changed to a nanocrystallite
precipitate with the oxidation progress in the oxide, and
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Fig. 11. Composition change of the precipitates between in the matrix and in the oxide.
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Fig. 12. Schematic view of the precipitate evaluation and oxide microstructure of the post-transition.

then fully oxidized at some distance from the metal-
oxide interface. Here, no other precipitate type such as
an un-oxidized precipitate and an amorphous precipitate
even in near the metal-oxide interface as shown in the
left part of Fig. 12 was observed. However, the HCP-
type precipitate is changed to an amorphous precipitate
in the oxide as shown in the right part of Fig. 12. Here,
no other precipitate type was found in the oxide and
only the amorphous precipitate in all the areas of the
oxide was observed. In this high Nb/Fe ratio alloy, the
oxide showed a more irregular metal-oxide interface,
shorter columnar grain, and many more lateral cracks
than that of the low Nb/Fe ratio alloy. It is suggested
that the oxidation rate of the FCC-type precipitate in
the oxide is faster than that of the HCP-type precipitate
from the results of the EDS analysis.

The corrosion resistance of the Zr alloys was im-
proved when the fraction of tetragonal phase increased
in the dense oxide layer near the interface [16]. And the
compressive stress gradient in the Zr oxide and corre-

lated the stress build-up with the tetragonal phase stabil-
ity was measured by using a Raman spectroscopy [17].
From the oxide analysis of the crystal structure as shown
in Fig. 6, it was assumed that tetragonal phase fraction
was related to the corrosion bebavior. The fast oxidation
of FCC-(ZrNb),Fe gives rise to the volume change in the
oxide. Therefore, this volume change could lead to the
formation of a stress field around the precipitate. And
the stress field could continuously stabilize the neighbor-
ing tetragonal phase in the oxide [16]. Since the transition
of corrosion rate was caused by the transformation from
a tetragonal to a monoclinic phase in the oxide near the
metal-oxide interface, the alloy containing the FCC
precipitate shows a good corrosion resistance when
compared to that containing the HCP precipitate. How-
ever, other recent investigations do not show this trend
[18,19]. Yilmazbayhan et al. [18] analyzed the crystal
structures of oxides formed on the different Zr alloys
(Zircaloy-4, ZIRLO, Zr-2.5Nb and Zr-2.5Nb-0.3Cu)
and Park et al. analyzed those of oxides formed on the
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Zircaloy-4 and Zr-1.5Nb alloys using a synchrotron
radiation. These two studies mentioned that the corro-
sion behavior was more related to the size of monoclinic
phase than the fraction of tetragonal phase. Because the
stability of the tetragonal phase can be affected by alloy-
ing elements such as Sn [20] and Fe [21], it was necessary
that the composition of tested alloys was considered to
analyze the correlation on corrosion characteristics and
tetragonal phase. In this study, the experimental alloys
were manufactured by using the same elements of Zr,
Nb and Fe although the amount of that in at.% was dif-
ferent. Therefore, it was suggested that the study for the
correlation on tetragonal phase and corrosion behavior
was more necessary.

From the view point of the oxide microstructure, it is
assumed that the growth of columnar grains is related to
the orientation of the tetragonal phase. But, it is neces-
sary to closely study the relationship between the colum-
nar structure orientation and the tetragonal phase which
was affected by the precipitate types.

4. Conclusions

The effects of the Nb/Fe ratio on the microstructural
characteristics, corrosion behavior and oxide character-
istics were investigated for the non-irradiated Zr-Nb-Fe
ternary alloys.

In the greatly changed Nb/Fe ratio (0.6-7.0) alloys,
the grain size and the area fraction of the precipitate in
all the tested alloys were not greatly effected, but the
mean size and crystal structure of the precipitates were
affected by the variation of the Nb/Fe ratio. The FCC-
(ZrNb),Fe precipitate was formed in a low Nb/Fe ratio
alloy and the HCP-Zr(NbFe), precipitate was formed
in a high Nb/Fe ratio alloy. The corrosion rate of the
Zr—xNb-yFe ternary alloys was considerably changed
with the Nb/Fe ratio between 1.0 and 1.7. When the
Nb/Fe ratio is lower than 1.0, the alloys showed a lower
corrosion rate than the alloys with a higher Nb/Fe ratio.
Since a correlation was not found between the corrosion
behavior and the precipitate characteristics such as the
size and area fraction, it could be more closely related
to the crystal structure of the precipitate rather than
the other factors. As a study of the precipitate evolution
process in oxide, it is suggested that the tetragonal ZrO,
phase would be more easily stabilized by the formation of
the FCC-(ZrNb),Fe type precipitate in the matrix for the
non-irradiated Zr-xNb—yFe alloys.
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