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Abstract

The a/(a + b)/b transformation temperature, the solubility limit of Nb, and the monotectoid temperature of the Zr–Nb
binary system were investigated using commercial grade Zr containing 1400 ppm O and 700 ppm Fe and different Nb levels
with a high purity. The microstructure characterization was carried out using OM, SEM and TEM and the phase trans-
formation behavior was also investigated using DSC. From the microstructure examination using OM and SEM, it was
revealded that the (a + b) region was expanded in commercial grade Zr containing 1400 ppm O and 700 ppm Fe. From the
microstructure characterization using TEM, it was revealed that the Nb solubility in a-Zr of quaternary alloy was 0.2 wt%.
And the monotectoid temperature of the commercial grade quaternary system of Zr, O, Fe, and Nb was revealed as 585 �C
from the SEM, TEM and XRD analysis. The phase boundary of the Zr-rich region in a restricted quaternary alloy of Zr–
0.14O–0.07Fe–xNb system was established on the basis of the results obtained in this study using sponge-type Zr. The
results of this study were largely different compared with results of the Zr–Nb binary alloy, however, these results could
be used at the case of the Zr-rich corner of the phase diagram for a restricted quaternary alloy of Zr–0.14O–0.07Fe–xNb
system.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The development of advanced cladding materials
with an improved corrosion resistance has been
widely carried out in many countries operating
nuclear power plants for the last few decades [1–3].
Nb is an important alloying element in the advanced
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Zr-based alloys. Although a number of researches
[1–6] were carried out to optimize the Nb content
and annealing conditions in the Nb-containing Zr
alloys, the optimum Nb content for a good corro-
sion resistance has been reported differently since
the optimum Nb content for a corrosion resistance
of the Nb-containing Zr alloys depended on the
impurities which were assumed to change the Nb
solubility and the monotectoid temperature in the
alloy system. Therefore, it is essential to investigate
the phase stability of the commercial grade Zr–Nb
binary alloy system for developing advanced fuel
.
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cladding materials with a superior corrosion
resistance. The phase diagram of the Zr–Nb binary
alloy was extensively studied using iodide Zr and
sponge type Zr [7–13]. For example, Lundin and
Cox [7] reported that the a/b transformation tem-
perature and the monotectoid temperature of Zr–
Nb binary alloys were 863 �C and 610 �C, respec-
tively, and the Nb solubility in a-Zr was 0.6 wt%.
However, the commercial grade sponge-type Zr,
which is actually being used in the manufacturing
of the fuel cladding, contains O and Fe as impurities
in the range of 102–103 ppm. Therefore, it is not rea-
sonable to apply the previous results on the Zr–Nb
phase stability directly to the heat treatment condi-
tions for the development of advanced Zr-alloys.

In this study, the phase stability of the Zr–Nb
alloy system was investigated using Zr containing
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Fig. 1. DSC data of Zr–0.2Nb and Zr–10Nb allo
1400 ppm O which is the amount in most fuel clad-
dings and 700 ppm Fe. The characterization of the
microstructure and phase transformation was
performed in order to establish the phase boundary
in the Zr-rich region.

2. Experimental procedure

The chemical compositions of the Zr alloys used
in this study are the Zr–xNb system (x = 0, 0.05,
0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1.0, 2.0 and 10.0 wt%).
Nb of 99.9% and Zr containing 1400 ppm O which
was additionally added to commercial grade
sponge-type Zr and 700 ppm Fe were used for
manufacturing the experimental alloys. Button
ingots, �300 g, were prepared by an arc melting
under an argon atmosphere and remelted at least
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five times to promote the homogeneity of the as-cast
structure. The arc-melted ingots were solution-
treated at 1050 �C for 30 min in a vacuum furnace,
hot-rolled after a pre-heating at 700 �C for
30 min, and cold-rolled three times to a final thick-
ness of 1 mm. Between the rolling steps, the cold-
rolled sheets were intermediately annealed at
600 �C in a vacuum furnace for 2 h to obtain the
fully recrystallized structure. The final cold-rolled
sheets were b-quenched in water with a cooling
rate of about 1200 �C/sec from the temperature
of 1050 �C, and then quenched in water after
isothermally annealed at various temperatures for
a long time to reach the equilibrium phase from
3 h to 3 months. Transformation temperatures of
Zr–Nb alloys with low Nb contents were measured
by using DSC in an Ar atmosphere. The micro-
structures of the alloys were examined using OM,
SEM, and TEM equipped with an EDS. The
TEM specimens were prepared by a twin-jet pol-
isher with a solution of 10 vol.% HClO3 and
90 vol.% C2H5OH after a mechanical thinning to
70 lm.
Fig. 2. Optical micrographs of Zr–xNb alloys annealed at the variou
3. Results and discussion

3.1. The a/(a + b) and (a + b)/b phase boundary

in Zr-rich region

The phase boundary in the Zr–Nb alloy was inev-
itably affected by the impurities [14]. The oxygen
which is known as one of the a stabilizing elements
in the Zr–Nb alloy is considered to be the most
important element in terms of the phase stability
[15]. As a preliminary study for selecting the anneal-
ing temperature for the microstructure characteriza-
tion, the phase boundary and the Nb solubility in
a-Zr in the quaternary Zr-rich region were examined
by DSC. From the DSC results of Fig. 1, the phase
boundary of the a/(a + b) and (a + b)/b transus
lines were observed in the Zr–0.2Nb and Zr–
10.0Nb alloys which contained 1400 ppm O and
700 ppm Fe. The a/(a + b) and (a + b)/b transus
temperature ranges of the Zr–0.2Nb alloy were
roughly showed from 820 �C to 970 �C and those
of the Zr–10Nb alloy were roughly showed from
620 �C to 680 �C. The starting and finishing
s temperatures for different annealing time between 3 and 24 h.



Fig. 3. SEM micrographs of sponge Zr containing 1400 ppm O and 700 ppm Fe with different annealing temperature.

Fig. 4. TEM micrographs of Zr–xNb alloys containing 1400 ppm O and 700 ppm Fe annealed at 970 �C and 980 �C.
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temperatures of the (a + b) area were decreased
with an increasing Nb content because Nb is the b
stabilizing element. The transus temperatures with
the Nb contents were not clearly defined in the
DSC results due to the overheating effect on the
incubation time of the diffusion controlled phase
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transformation. However, the a/(a + b) and (a + b)/b
transformation range of the Zr–Nb system was
roughly obtained by DSC results.

The phase equilibria of the alloys is characterized
by the structural change which was observed by the
optical microscope. Fig. 2 shows the optical micro-
graphs of the Zr–xNb (x = 0.0–0.6 wt%) alloys
annealed at 810–980 �C to investigate the a/(a + b)
and (a + b)/b transus lines of the Zr-rich region.
Fig. 5. Optical micrographs of Zr–xNb alloys containing 1400 p

Fig. 6. SEM micrographs of Zr–xNb alloys containing 1400 p
The martensitic microstructure which had been ini-
tially formed by a fast cooling at the b phase region
was changed with a variation of the annealing
conditions and the Nb contents. After an isothermal
annealing at various temperatures for a long time,
the new microstructures such as the a and a 0(prior
b) phase were formed at some conditions. So, it is
possible that the phase state of the alloys with vari-
ous annealing temperatures and Nb contents could
pm O and 700 ppm Fe annealed at various temperatures.

pm O and 700 ppm Fe annealed at 580 �C for 3 months.
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be defined by a microstructural characterization. In
the sponge Zr containing 1400 ppm O and 700 ppm
Fe, the fully recrystallized a phase was observed by
an annealing at 810 �C. And the mixed a and a 0

(prior b) phase, and the a 0 phase were observed at
the annealing temperature at 820–970 �C, and
980 �C, respectively. These microstructural changes
such as the a and a 0 (prior b) phase were similarly
observed in other Zr–xNb alloys containing
1400 ppm O and 700 ppm Fe, and the a/(a + b)
and (a + b)/b transus temperatures were decreased
with an increasing Nb content.

To clearly define the a/(a + b) transus region, the
SEM observation was performed for the sponge Zr
at different annealing temperatures as shown in
Fig. 3. The sponge Zr containing 1400 ppm O and
700 ppm Fe was found to have two-phase structures
consisted of a and b when the annealing temper-
ature was more than 820 �C, and the fraction of
the b phase was increased by increasing the anneal-
ing temperature. Also the analysed Fe content in the
b phase was decreased with an increasing annealing
Fig. 7. TEM micrographs of Zr–xNb alloys containing 1400 p
temperature. Fig. 4 shows the TEM micrographs
of the Zr–xNb (x = 0.0–0.3 wt%) alloys annealed
at 970 �C and 980 �C. The mixed structure of the
a and a 0 phase and the single structure of the a 0

phase were observed at the annealing temperatures
of 970 �C and 980 �C, respectively. From these
results of the OM, SEM, and TEM analysis, the
a/(a + b) and (a + b)/b transus temperatures for
the sponge Zr containing 1400 ppm O and
700 ppm Fe were defined as 815 �C and 975 �C,
respectively.

3.2. Nb solubility in a-Zr of quaternary alloy

Fig. 5 shows the optical micrographs of the Zr–
xNb (x = 0.0–1.0 wt%) alloys annealed at 570 �C
to 600 �C to investigate the Nb solubility in a-Zr
of quaternary alloy. The maximum composition at
which the single recrystallized a phase is retained
can be defined as the Nb solubility in a-Zr at a
certain temperature. The alloys containing more
Nb than the solubility were found to have the
pm O and 700 ppm Fe annealed at 580 �C for 3 months.



Fig. 8. XRD spectra of Zr–2.0Nb alloys containing 1400 ppm O
and 700 ppm Fe annealed at (a) 580 �C and (b) 590 �C for 3
months.
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two-phase structure consisted of a and a 0 after an
annealing for a long time to get the equilibrium
phase. It was shown that the a/a 0 phase boundary
in a-Zr increased to reach a maximum value at
580 �C and then decreased by increasing the temper-
ature. From the observation of the optical micro-
graphs, the Nb solubility in a-Zr could not clearly
define because the Nb-containing precipitates which
could determine the Nb solubility were not observed
in the optical microstructure. Therefore, SEM and
TEM analysis were performed to clearly investigate
the formation of the Nb-containing precipitates.

Fig. 6 shows the SEM micrographs of the Zr–
xNb (x = 0.0–0.6) alloys annealed at 580 �C. Very
small Nb-containing precipitates were randomly
distributed in the a grains as well as at the grain
boundaries and their density increased by increasing
the Nb contents. The composition of the precipi-
tates was analyzed by EDS in SEM. Although the
quantitative composition was not clearly defined
by SEM–EDS analysis because the analyzed area
by EDS was larger than the precipitate size, it is
possible to assume that the Nb solubility in a-Zr
would be below than 0.3 wt%.

Fig. 7 shows the TEM micrographs and EDS
spectra for the precipitates of the Zr–xNb
(x = 0.1, 0.2 and 0.3) alloys. It was observed that
the precipitates in the Zr–0.1Nb and Zr–0.2Nb
alloys consisted of Zr and Fe from the EDS reaults,
while the precipitates in the Zr–0.3Nb alloy con-
sisted of Nb as well as Zr and Fe. The precipitates
type in the Zr–xNb alloys was reported in a pre-
vious study [16]. The Fe containing precipitate
originated from the Fe contained in the sponge Zr
because the Fe content (700 ppm) in all the tested
samples was much higher than the Fe solubility in
a-Zr (about 100 ppm). Although the b phase was
not observed in the analyzed alloys (to 0.3 wt%
Nb), it was frequently observed in the Zr–0.6Nb al-
loy. It is suggested that 0.3Nb was higher than the
Nb solubility in a-Zr of quaternary alloy because
the Nb was precipitated in the second phase.
It should be considered that the Nb solubility in
a-Zr was affected by an element such as Fe which
is known as one of the b stabilizers. Consequently,
the Nb solubility in a-Zr of quaternary alloy was
determined to be 0.2 wt% because the Nb contain-
ing precipitates were not found in the analysed spe-
cimens contained up to 0.2 wt% Nb of the alloys.
The Nb solubility in a-Zr obtained by the TEM
observation was clearly showed compared with the
result from the OM observation.
3.3. Monotectoid temperature in the Zr–Nb system

In order to determine the monotectoid temper-
ature in the Zr–Nb system containing 1400 ppm O
and 700 ppm Fe, the sheets of Zr–2.0Nb alloy were
annealed at the temperature of 580 �C and 590 �C
for 1500 h to get the full equilibrium state.

Fig. 8 shows the XRD spectra of the Zr–2.0Nb
alloy annealed at 580 �C and 590 �C. The peaks of
the a-Zr phase were found for both the alloys
annealed at different temperatures. The peak of
the b-Nb phase was found in the specimen annealed
at 580 �C while that of the b-Zr phase was found
in the specimen annealed at 590 �C. It can be
suggested that the phase transformation from the
b-Nb to the b-Zr phase occurred between 580 �C
and 590 �C.



Fig. 9. TEMmicrographs of Zr–2.0Nb alloys containing 1400 ppm O and 700 ppm Fe annealed at (a) 580 �C and (b) 590 �C for 3 months.
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Fig. 9 shows the TEM microstructures and EDS
spectra for the constituent phases of the Zr–2.0Nb
alloy annealed at different temperatures of 580 �C
and 590 �C. In the EDS data, the Cu peak resulted
from the Cu holder which was used for the TEM
specimen fixing. The chemical analyses by the EDS
revealed that the b-Zr phase (Nb � 20 wt%) was
formed in the specimen annealed at 590 �C while
the b-Nb phase (Nb � 80 wt%) was formed in the
specimen annealed at 580 �C. This result was consis-
tent with the XRD result. The crystal structure of the
b-Zr and b-Nb phase was identified as a BCC struc-
ture from the diffraction pattern analysis. From the
results obtained from the XRD and TEM observa-
tions, the monotectoid temperature of the commer-
cial grade Zr–Nb alloy containing 1400 ppm O and
700 ppm Fe would be approximately 585 �C. This
monotectoid reaction temperature was slightly dif-
ferent to that in a recent study which showed a
monotectoid temperature of about 600 ± 5 �C in
Zr–1%Nb (�1200 wt% oxygen) [17].

3.4. Phase boundary of the Zr–Nb system

The phase boundary of the Zr-rich region in the
Zr–Nb system was established from the results
obtained using the sponge-type Zr containing
1400 ppm O and 700 ppm Fe. Fig. 10 shows the
phase boundary of the Zr-rich region in a restricted
quaternary alloy of Zr–0.14O–0.07Fe–xNb system
as a function of the temperature and Nb content.
The detailed microstructures for a critical area are
exhibited in Fig. 2 showing the a/(a + b) and
(a + b)/b transus temperatures, and Fig. 5 showing
the maximum a region. On the basis of the micro-
structural observation using OM in this study, it is
possible that the phase boundary in a commercial
grade Zr–Nb containing 1400 ppm O and 700 ppm
Fe could be roughly determined. The published
results [7–13] for the phase boundary of Zr–Nb alloy
were somewhat differently reported because it
would be affected by the experimental method or
impurity contents. Although the Nb solubility in
a-Zr of quaternary Zr–Nb system containing
1400 ppm O and 700 ppm Fe could not be deter-
mined from the optical micrographs shown in
Fig. 5, it was clearly determined from the results
of the SEM and TEM chemical analysis for the
precipitates shown in Figs. 6 and 7.

The Nb solubility in a-Zr at the monotectoid
temperature should be carefully determined because
the phase characteristics depend on the applied



Fig. 10. Optical micrographs of Zr–xNb alloys containing 1400 ppm O and 700 ppm Fe annealed from 550 to 1000 �C.
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experimental methods and impurity contents. In the
optical microstructure characteristics for the a/a 0

phase boundary, the critical change of the grain
morphology was observed between 0.4 and
0.6 wt% Nb. But the Nb-containing precipitates
which could determine the Nb solubility were not
observed in the optical microstructure. Therefore,
it is suggested that the microstructure observation
using optical microscopy was not suitable to deter-
mine the Nb solubility in a-Zr.

Fig. 11 shows the phase boundary of the Zr-rich
region determined by various experimental methods
in this study. The Zr–Nb alloy used in this study
could not be defined as the real binary system
because Zr material containing 1400 ppm O and
700 ppm Fe was used. Therefore, the result of the
phase boundary determination in this study was
somewhat different from that of the phase boundary
determination reported for the Zr–Nb binary alloy,
but this phase boundary of the pseudo binary alloy
is more useful for the development of advanced
Zr alloys which usually contain O and Fe of a
102–103 ppm level.
From this study, it was found that the (a + b)/b
transformation temperature of the commercial
grade Zr system containing 1400 ppm O and
700 ppm Fe was 970 ± 3 �C and the a/(a + b) trans-
formation temperature was 815 ± 3 �C. The temper-
ature change of the (a + b)/b phase boundary of
Zr–Nb alloy was attributed to the O concentration
[15,18]. On the contrary, the a to (a + b) phase
transformation temperature of the sponge Zr was
lower than that of the iodide Zr, which could have
resulted from a high Fe content that acted as b sta-
bilizer as shown in Fig. 3. The combination effect of
O and Fe would be expanded the (a + b) two phase
region of the Zr–Nb pseudo-binary system. The Nb
solubility in a-Zr and the monotectoid temperature
of quaternary alloy was determined as 0.2 wt% and
585 ± 3 �C, respectively. It could be suggested that
the Nb solubility was affected by the high Fe con-
tent in the sponge Zr. It was also found that a
ternary intermetallic phase such as a ZrNbFe-type
precipitate was formed in the commercial grade
Zr–Nb alloys as shown in Fig. 7. Therefore, the
Nb solubility of this system was lower than that of



500

600

700

800

900

1000

0  0.05 0.1 0.2  0.4 0.6 1.0 2.0

βZr

α+βZr

α+Zr3Fe

Zr-700ppmFe-1400ppmO

α+ZrNbFe ppt+βNb

585ºC

97

815 : OM
: SEM
: TEM
: XRD

βZr

α+βZr

α+Zr3Fe

Zr-700ppmFe-1400ppmO

α+ZrNbFe ppt+βNb

975ºC

815ºC : OM
: SEM
: TEM
: XRD

: OM
: SEM
: TEM
: XRD

Nb content (wt.%)

T
em

pe
ra

tu
re

 (
o C

)

Fig. 11. Phase boundary determination of dilute Zr–xNb alloys containing 1400 ppm O and 700 ppm Fe.
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the iodide Zr–Nb alloy. It is concluded that the O
and Fe contained in sponge Zr plays a critical role
in expanding the (a + b) region and decreasing the
Nb solubility in a-Zr and the monotectoid temper-
ature when compared with the Zr–Nb alloy made
from the iodide Zr.

4. Conclusions

The phase boundary of a/(a + b) and (a + b)/b,
the Nb solubility in a-Zr, and the menotectoid
temperature in the Zr-rich region of the Zr–0.14O–
0.07Fe–xNb quaternary system were investigated
using DSC, OM, SEM, TEM and XRD. The
sponge-type Zr–Nb alloys containing 1400 ppm O
and 700 ppm Fe which are usually contained in
commercial fuel cladding materials were used to
determine the phase boundary. The a/(a + b) and
(a + b)/b transus temperatures for the sponge-type
commercial grade Zr were defined as 815 ± 3 �C
and 975 ± 3 �C, respectively. The Nb solubility in
a-Zr of quaternary alloy was determined to be
0.2 wt% obtained by the TEM–EDS analysis. In
addition, the monotectoid temperature of the Zr–
Nb alloy would be approximately 585 ± 3 �C from
the results of the XRD and TEM observation. From
this study, the phase boundary of the Zr-rich region
was established for the Zr–Nb alloy manufactured
using the commercial grade Zr and the high purity
Nb. It is concluded that the O and Fe contained
in the commercial grade Zr–Nb alloys plays a
critical role in expanding the (a + b) region and
decreaseing the Nb solubility in a-Zr and the mono-
tectoid temperature when compared to previous
results using a high purity Zr.
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