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Abstract

The corrosion test and oxide characterization were performed on the specimens having different Nb-content in the

range of 0–5 wt%. The specimens were heat-treated at 570 �C for 500 h to get the a þ bNb phase and at 640 �C for 10 h

to get the a þ bZr phase after b-quenching. The corrosion tests were carried out at 360 �C. In the low Nb-contents of

0.1–0.2 wt% where Nb was soluble in the matrix without the formation of Nb-containing precipitates or b phase, the

samples showed the excellent corrosion resistance and their corrosion resistance was not affected by heat-treatment. The

corrosion resistance was improved by the stabilization of tetragonal ZrO2 and columnar oxide structure when all added

Nb was soluble in the matrix to equilibrium concentration. In the high Nb-contents of 1.0–5.0 wt%, the corrosion rate

was very sensitive to the annealing condition. The transformation of oxide crystal structure from tetragonal ZrO2 to

monoclinic ZrO2 and oxide microstructure from columnar to equiaxed structure was accelerated in the samples having

bZr phase, while retarded in the sample having bNb phase. This means that the formation of bNb phase resulted in the

reduction of Nb concentration in the a matrix, thus the corrosion resistance was enhanced with the formation of bNb

phase. From the corrosion test and oxide characterization, it is suggested that the equilibrium concentration of Nb in

the a matrix would be a more dominant factor to enhance the corrosion resistance than the Nb-containing precipitates,

supersaturated Nb, and b phase (bNb or bZr).

� 2003 Elsevier Science B.V. All rights reserved.

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

1. Introduction

Zircaloy-4 alloy has been used as nuclear fuel clad-

ding materials for several decades without any signifi-

cant problems in pressurized water reactor. However

more advanced Zr-based alloys are recently required for

the severe operating condition such as higher burn-up,

increased operation temperature, and high pH opera-

tion. As a substitute for Zircaloy-4, several new Zr alloys

such as Zirlo (Zr–1.0Nb–1.0Sn–0.1Fe) [1], M5 (Zr–

1Nb–O) [2] and NDA (Zr–0.1Nb–1.0Sn–0.27Fe–0.16Cr)

[3] were developed and are being tested in-reactor. Like

this, most new Zr alloys that are being developed con-

tain the Nb element. However, it is reported that the

corrosion behavior of Nb-containing Zr alloy is very

sensitive to the microstructures that could be changed by

heat treatment.

Up to now, the correlation between microstructural

changes and corrosion behaviors in Zr–Nb binary al-

loys, in particular Zr–2.5Nb alloy, have been investi-

gated by many workers [4–11]. It is reported that the

martensitic structure where all the added Nb is super-

saturated in the matrix and bZr(�20 wt% Nb) phase

accelerates the oxidation of Zr alloy, while bNb phase

retards the oxidation of Zr alloy [4,5]. It is known that
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bNb phase is produced by aging of quenched Zr–Nb al-

loy having martensitic structure below monotectoid

temperature (610 �C) [6,7], or by the decomposition of

bZr phase to aZr þ bNb phases when bZr phase is annealed

[8,9]. Also, Urbanic and Gilbert [4] reported that the

corrosion resistance was enhanced with precipitation of

bNb phase in Zr–2.5Nb pressure tube under irradiation

condition. However, these studies were mainly focused

on the Zr–2.5wt%Nb alloy that is being used as a

pressure tube material for CANDU-PHW reactors.

Isobe and Matsuo [10] reported that the corrosion re-

sistance of Zircaloy-4 was improved by small Nb addi-

tion to it. Also, many studies have performed to improve

the corrosion resistance of Zr-based alloys with chang-

ing not only their Nb-content but also their micro-

structure control through heat-treatment. However,

most studies were mainly focused on the corrosion be-

havior or microstructure. The correlation between oxide

characteristics and microstructure or microchemistry

such as b phases, Nb-containing precipitates, and solu-

ble Nb in matrix is not well understood in Zr–Nb alloys.

Thus, for better understanding the correlation be-

tween microstructure and corrosion behavior or oxide

chracteristics, it is necessary to do the systematic study

with the variation of Nb-content and annealing condi-

tion in Zr–Nb binary alloys. Therefore, in this study, the

specimens having different microstructure were prepared

with the variation of Nb-content and annealing condi-

tion. And the corrosion test, the microstructural study,

and the oxide characterization for the specimens were

performed to investigate the effect of the soluble Nb-

content, b phase, and precipitates on the corrosion re-

sistance and to identify the main controlling factor for

the enhancement of corrosion resistance in Nb-

containing Zr alloys.

2. Experimental procedure

Zirconium alloy ingots having different Nb-content

in the range of 0–5.0 wt% were prepared by vacuum arc

remelting method with sponge zirconium from Wah

Chang Albany and high purity (99.99%) niobium. The

low Nb-contents of 0–0.3 wt% were selected to investi-

gate the effect of soluble Nb in the matrix on the cor-

rosion. The alloys that have the medium Nb-contents of

0.3–1.0 wt% and the high Nb-content of 1.0–5 wt% were

prepared for studying the effect of the Nb precipitates

and the b phase on the corrosion, respectively. These

ingots were then rolled to approximately 1.0 mm

thickness sheets. These rolled sheet specimens were b-
quenched following heating at 1050 �C for 20 min in

order to remove the annealing effect during the manu-

facturing process and then annealed at 570 �C for 500 h

to obtain the bNb phase and at 640 �C for 10 h to obtain

the bZr phase as shown in Table 1 and Fig. 1. The

samples annealed at 570 and 640 �C were directly

quenched into water to give the fast cooling rate.

The specimens for autoclave corrosion testing were

polished with SiC paper to remove surface contaminant.

The corrosion test was performed in a static autoclave

with distilled water under the condition of 360 �C and

18.9 MPa according to the procedure of ASTM G2. The

microstructural observation and the analysis for the

precipitates were performed using the polarized optical

microscopy and transmission electron microscopy. The

observation of optical microstructure was performed for

the perpendicular section to the rolling direction of

specimens, and the specimens were etched with a solu-

tion containing 10 vol.% HF, 45 vol.% HNO3 and 45

vol.% H2O. Thin foils for transmission electron mi-

croscopy of matrix were prepared by grinding down to

70 lm in thickness and then electrolytically polished

with a mixed solution of 90 vol.% ethanol and 10 vol.%

perchloric acid using twin-jet electro-polisher at )40 �C.
The analysis of chemical composition of the precipitates

was performed using a TEM equipped with energy dis-

persive X-ray spectroscopy (EDS), and the area fraction

of second phase was calculated using the image analyzer

from the TEM photographs.

The oxide characteristics were investigated by using

synchrotron X-ray scattering, low angle XRD, and

TEM. The synchrotron X-ray scattering experiments

were carried out at beamline 5C2 at Pohang Light

Source in Korea for the corroded specimens having the

equal weight gain of 20 mg/dm2. The incident beam

angle was 2� on all oxide samples for the analysis of

synchrotron X-ray scattering and low angle XRD. For

the TEM observation on the oxide, the sections with

oxide on the corroded samples were glued to each other

and they were sliced in the thickness of about 300 lm for

the perpendicular direction to the oxide/metal interface.

Table 1

Chemical composition of Zr–xNb alloy and annealing condition

Alloy Heat-treatment

Zr–xNb (a) 570 �C� 500 h (a þ bNb region)

(b) 640 �C� 10 h (a þ bZr region)1a – (x ¼ 0:05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 5.0 wt%)

2a – O: 500 ppm, Fe: 400 ppm, Cr < 50 ppm, C < 36 ppm, Si < 10 ppm

aCompositions of alloying elements are nominal values.
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The sliced specimens were mechanically polished until

their thickness became 20–30 lm and then finally pre-

pared by an ion-milling.

3. Results and discussion

3.1. Characteristics of microstructure with Nb-content

and annealing condition

Fig. 2 shows the optical microstructure of Zr–xNb
alloys with the variation of Nb-contents and annealing

conditions. The optical microstructures were changed

depending on the Nb-content in both annealing condi-

tions. Even though the samples were annealed at 570

and 640 �C for long time, b-quenched structures were

maintained without the significant change of plate or

grain shape. As the Nb-content increased, the micro-

structure was getting fine, in particular in the Nb-con-

tent more than 2.0 wt%. It is known thatMS temperature

is affected by the amount of Nb-content, and MS tem-

perature is decreased with increasing Nb-content and

cooling rate in Zr–Nb alloy system [11,12]. Thus it is

considered that the variation of microstructure with Nb-

content resulted from the different MS temperature even

in the same cooling rate. In other words, it means that

MS temperature of samples having Nb more than 2.0

wt% is so low as to produce the martensitic structure.

Even though the effect of annealing on the microstruc-

ture change was not clearly observed in both conditions,

however it is expected that the substructures such as

precipitates and dislocation would be changed in these

annealed samples. To investigate the microstructure

more clearly, TEM observation was performed for the

samples annealed at 570 and 640 �C.
Fig. 3 shows the TEM micrographs of the Zr–xNb

alloys annealed at 570 �C for 500 h, which was applied

to produce the (a þ bNb) phase. The type, distribution,

and volume fraction of second phase particle were

changed with increasing the Nb-content. In Zr–0.1Nb

alloy (Fig. 3(a)), the Zr3Fe type precipitate was observed

at grain boundary even though Fe was not added in the

sample. The formation of Zr3Fe type precipitate resulted

from Fe in sponge zirconium. The maximum solubility

of Fe in Zr–Fe alloy is known to be about 200 ppm [13].

The Fe-content in sponge zirconium used in this study

was 420 ppm. Thus, most Fe in sponge Zr would be

precipitated as Fe-containing precipitates. In Zr–0.3Nb

(Fig. 3(b)) and Zr–0.5Nb alloys (Fig. 3(c)), Zr(NbFe)2
type precipitates having the chemical composition of

Zr0:4Nb0:4Fe0:2 were observed at grain boundaries. The

precipitates were identified to be of Zr(NbFe)2 type of

hexagonal structure by selected area diffraction (SAD)

analysis. The (ZrNb)3Fe type precipitates of ortho-

rhombic structure were not found in these alloys. The

Nb in Zr is known to have the maximum solubility of 0.6

wt% by Cox and Lundin and as b-stabilizer [14]. How-
ever, Nb-containing precipitates were observed on the

Zr–0.3Nb alloy containing 520 ppm O and 420 ppm Fe

in spite of the low Nb-contents of 0.3 wt% alloys. This

means that Nb solubility in Zr–xNb binary alloy used

in this study would be lower than 0.3 wt% due to the

b-stabilizer like Fe. The benriched phase containing 30–50

wt% Nb was observed in Zr–0.8Nb alloy that was

Fig. 1. Experimental procedure showing the annealing condition and Nb-content.
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annealed at 570 �C for 500 h. This resulted from either

the annealing time is not enough to form bNb in 0.8 wt%

Nb or Nb-content is not enough to form bNb in this

annealing condition. The bNb phases were observed in Zr

with 1.0 and 3.0 Nb alloy having the high Nb-content.

Fig. 4 shows the TEM micrographs of the Zr–xNb
alloys annealed at 640 �C for 10 h, which was applied to

produce the a þ bZr phase. In the range of 0.1–5.0Nb,

the type, distribution, and shape of precipitate in the

sample annealed at 640 �C for 10 h were very similar to

those in the sample annealed at 570 �C for 500 h.

However, in the high Nb-containing alloys annealed at

a þ bZr region, the characteristic of the second phase

was different from that in the alloy annealed at a þ bNb

region. The microstructure was lamellar structure

showing the bZr phase at plate boundary and the area

fraction of second phase was higher than that in the

samples annealed at a þ bNb region.

Table 2 shows the summary of the precipitates and b
phase investigated in this study. The characteristics of

the second phase were changed with the annealing

condition and Nb-content. It was found that the bNb

phase having round shape mainly formed in the alloy

annealed at 570 �C of the a þ bNb region, and the bZr

phase having elongated shape in the alloy annealed at

640 �C of the a þ bZr region. The relative volume frac-

tion of Zr(NbFe)2 type precipitates would be decreased

with increasing Nb-content because the solubility of Fe

increased in the b phase and Fe elements were also more

dispersed at the increased grain boundaries of high Nb-

content alloys than that of low Nb-content alloys as

reported by Perovic et al. [15].

3.2. Corrosion characteristics with Nb-content and an-

nealing condition

Fig. 5 shows that the corrosion behavior of Zr–xNb
binary alloys with Nb-content and annealing condition.

In the samples annealed at 570 �C as shown in Fig. 5(a),

the corrosion kinetics of the alloys was the cubic rate in

the early stage of corrosion and then nearly saturated

after 30 days up to 90 days. The transitions of corrosion

rate were not observed on the all specimens even after

exposure time of 90 days. In the samples annealed at 640

�C as shown in Fig. 5(b), the corrosion behaviors of the

low Nb-containing alloys were nearly similar to those of

Fig. 2. Optical microstructures of Zr–xNb alloys with the variation of Nb-content and annealing condition.
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specimens annealed at 570 �C, but the high Nb-

containing alloys showed higher corrosion rate and

earlier acceleration of corrosion rates than the alloys

annealed at 570 �C.
Fig. 6 shows the variation of weight gain of Zr–xNb

alloys with different heat treatment as a function of Nb-

content. It was clearly revealed that the corrosion rate of

Zr–xNb alloys was significantly different depending on

the Nb-content and annealing condition. The corrosion

behavior of Zr–xNb alloy was classified into three

groups (region A, B, and C) with the Nb-content. From

above results, it is expected that the corrosion behavior

of Nb-containing alloys would be affected by the content

of soluble Nb in the matrix, Nb-containing precipitate,

and b phase. In the range of low Nb-content from 0 to

0.3 wt% identified as region A, the weight gain slightly

decreased up to 0.1–0.2 wt% in Nb-content but in-

creased again with increasing the Nb-content. In this

region up to 0.2 wt% Nb, Nb-containing precipitate and

b phase were not observed by TEM observation and the

corrosion resistance was not affected by the heat-treat-

ment maintaining the low weight gain. Therefore, it is

suggested that the corrosion rate in this region would be

controlled by the soluble Nb in the matrix. This means

that the equilibrium concentration of Nb in the matrix

enhance the corrosion resistance of Zr–xNb alloys. In

the range of medium Nb-content from 0.3 to 1.0 wt%

identified as region B, the weight gain gradually in-

creased with increasing Nb-content showing the effect of

heat-treatment. It was found from TEM study that the

Nb-containing precipitates [Zr(NbFe)2-type] were ob-

served even in the alloys having 0.3 wt% Nb. It is con-

sidered that Nb-containing precipitates would control

the corrosion rate in this region resulting in the corro-

sion acceleration.

In the range of high Nb-content from 1.0 to 5.0 wt%

identified as the region C, the corrosion rate of the alloys

were very sensitive to the heat-treatment and they

showed the quite different corrosion behavior depending

on the annealing condition. The corrosion rate of the

sample annealed at 570 �C with formation of the bNb

phase was much lower than that of sample annealed

at 640 �C with formation of the bZr phase. Thus, it is

thought that bNb phase is beneficial to the corrosion

while bZr phase is detrimental to the corrosion. How-

ever, it is not clear whether bNb phase is the main cause

for increasing the corrosion resistance of Zr–xNb alloy

because the formation of bNb phase results in the re-

duction of Nb-concentration in the matrix. Therefore, it

is thought that the corrosion resistance would be en-

hanced by the reduction of Nb concentration in the

matrix with formation of bNb phase containing 80 wt%

Nb. The high corrosion rate in the sample annealed at

640 �C would be related to the high Nb concentration in

Fig. 3. TEM micrographs of Zr–xNb alloys annealed at 570 �C for 500 h with varation of Nb-content.
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the matrix due to the short annealing time and the

contribution of high corrosion rate of bZr phase con-

taining 20 wt% Nb.

To analyze the supersaturated or soluble Nb con-

centration in matrix, EDS analysis was performed for all

the specimens. It was not successful to analyze the exact

Nb concentration in matrix owing to the limited reso-

lution of EDS. However, it can be expected that in the

samples having Nb-content less than 0.3 wt%, the Nb

would be soluble in the matrix without the supersatu-

ration and in range of 0.3–0.8 wt%, the supersaturated

Nb concentration would be increased with increasing the

Nb-content. In the alloy having Nb-content more than

1.0 wt%, the sample annealed at 640 �C would have

higher Nb concentration in the matrix than the sample

annealed at 570 �C. And the Nb concentration in matrix

Fig. 4. TEM micrographs of Zr–xNb alloys annealed at 640 �C for 10 h with varation of Nb-content.

Table 2

Summery of precipitate characteristics of Zr–xNb alloys

Nb-content (wt%) 0.1 0.3 0.5 0.8 1.0 3.0

570 �C (bNb) Type �Zr3Fe �Zr3Fe �Zr3Fe – – –

– �Zr(NbFe)2 �Zr(NbFe)2 �Zr(NbFe)2 �Zr(NbFe)2 �Zr(NbFe)2
– – – �ben �ben, bNb �ben, bNb

Distribution Grain

boundary

Grain

boundary

Grain

boundary

In a-grain
and grain-

boundary

Plate

boundary

In a-grain
and plate-

boundary

640 �C (bZr) Type �Zr3Fe �Zr3Fe �Zr3Fe – – –

– �Zr(NbFe)2 �Zr(NbFe)2 �Zr(NbFe)2 �Zr(NbFe)2 �Zr(NbFe)2
– – – �bZr �bZr �bZr

Distribution Grain

boundary

Grain

boundary

In a-grain
and grain-

boundary

In a-grain
and grain-

boundary

Plate

boundary

Plate

boundary

�: Major; �: minor.
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of the sample annealed at 570 �C would be similar to the

equilibrium concentration of Nb.

Therefore, the corrosion resistance with Nb-content

and annealing condition would have close relationship

with the concentration of soluble and supersaturated Nb

in the matrix. In the samples having 1.0–5.0 wt% Nb,

even though the volume fraction of bNb phase increased

with increasing Nb-content, their weight gains were

nearly constant and were similar to those in the samples

having 0.1–0.3 wt% Nb. This means that the main

controlling factor of corrosion resistance would be Nb

concentration in the a matrix. In a previous study [16],

the effect of supersaturated Nb concentration on the

corrosion of Zr–xNb alloys was investigated with vari-

ation of cooling rate and Nb-contents. It was already

reported that the supersaturated Nb had accelerated the

corrosion rate of Zr–xNb binary alloys.

3.3. Oxide characterization by synchrotron X-ray scat-

tering and low angle XRD

Pilling–Bedworth (PBW) ratio means volume ratio of

metallic oxide versus metal, and PBW ratio of ZrO2/Zr

is as high as 1.56. So the high compressive stress due to

volume expansion accompanied by formation of oxide is

applied to the oxide formed in the early corrosion. In the

early stage of corrosion, the plenty of tetragonal ZrO2

that is meta-stable phase and has protective property is

formed. However, as the oxidation is getting progressed,

the protective tetragonal ZrO2 is transformed to mono-

clinic ZrO2 having non-protective property. It is known

that the corrosion is accelerated by this change of oxide

structure [17].

Fig. 7 shows the crystallography of oxide identified

by synchrotron X-ray scattering and XRD for the Zr–

0.3Nb alloy having the weight gain of about 20 mg/dm2.

Even though the incident beam angle was 2� in the

analysis by both synchrotron X-ray scattering and

XRD, the diffraction patterns were slightly different

depending on the method for oxide analysis. In the

conventional XRD, the low angle diffraction and local

analysis are not easy because the beam size is too wide.

But in the synchrotron X-ray scattering, it is possible to

analyze the local area and to apply the low angle dif-

fraction owing to small beam size (0:5� 1 mm2). In the

low angle XRD, the major peaks of Zr matrix were

observed, while in the synchrotron X-ray scattering,

only the peaks from oxide were detected without the

matrix peaks. In both methods, the (1 1 1) tetragonal

ZrO2 peak was observed in the vicinity of 30. Therefore,

it is thought that the synchrotron X-ray scattering is

more accurate technique to detect the crystallography of

thin oxide film than the conventional low angle XRD.

Fig. 8 shows the synchrotron X-ray spectra of the

oxides formed on the samples that annealed at 570 �C
(Fig. 8(a)) and 640 �C (Fig. 8(b)). In the sample annealed

at 570 �C, the measured peak intensity of tetragonal

ZrO2 was slightly higher in 0.3Nb alloy than 0.8Nb

alloy. However, the intensities of monoclinic ZrO2 were

similar in the two alloys. Also, in the sample annealed at

640 �C, synchrotron X-ray scattering patterns were very

similar to those in the sample annealed at 570 �C.
However, the intensity of (0 0 2) monoclinic ZrO2 in the
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Zr–0.8Nb alloy that had shown the high corrosion rate

was slightly higher than that in the Zr–0.3Nb alloy that

had shown the low corrosion rate. Therefore, it is con-

sidered that the preferential growth of (0 0 2) monoclinic

ZrO2 has some relationship with the fast corrosion rate

in the Zr–0.8Nb alloy. Fig. 9 shows the variation

of volume fraction of tetragonal ZrO2 measured by

synchrotron X-ray scattering and low angle XRD with

Nb-content in both annealing condition. The volume

fraction of protective tetragonal ZrO2 decreased with

increasing Nb-content up to 0.8Nb regardless of the

annealing condition, but more than 1.0 wt% Nb-con-

tent, it was changed depending on the annealing tem-

perature. The volume fraction of tetragonal ZrO2

increased again in the sample annealed at 570 �C to get

the bNb phase while saturated in the sample annealed at

640 �C to get the bZr phase. This trend matched up to the

result that the corrosion resistance of the Zr–Nb alloys

having Nb in the range of 0.1–0.3 wt% was better than

that of samples in the range of 0.3–0.8 wt% Nb, and the
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sample annealed at 570 �C showed higher corrosion

resistance than the sample annealed at 640 �C.

3.4. Oxide characterization by TEM

Many workers have investigated the oxide charac-

teristics by using TEM and SEM to understand corro-

sion mechanisms [18–20]. It was reported that the

columnar oxide was beneficial while the equiaxed oxide

was detrimental to the corrosion resistance. In this

study, the observation on oxide microstructure by TEM

was also performed for the Zr with 0.3, 0.8, and 3.0 Nb

alloy annealed at 570 and 640 �C.
Fig. 10 shows the oxide microstructures in some Zr–

xNb alloys corroded to have almost equal weight gain of
20 mg/dm2 at pre-transition. In the samples annealed

at 570 �C, the microstructures of oxides were mostly

a columnar structure even though they had different

Nb-content. But in the samples annealed at 640 �C, the
columnar structure was formed on the alloys having 0.3

and 0.8 wt% Nb-content while the equiaxed structure

was formed on the alloys having 3.0 wt% Nb. This result

well coincided with the fact that samples annealed at 570

�C showed better corrosion resistance than those an-

nealed at 640 �C. It is expected that the different corro-

sion resistance with annealing condition would be related

to the oxidation characteristics of bZr phase and bNb

phase in the oxide during corrosion. Therefore, the

change of second phase particle in the oxide was inves-

tigated.

Fig. 11 shows the oxide microstructure of sample

having 3.0 wt% Nb-content annealed at 570 �C. It was
found that the second phases (P1, P2, and P3) were still

remained in the columnar oxide but their size was get-

ting finer toward the surface. These second phases were

analyzed to be composed of high Nb, low Zr, and low O

as shown in EDS spectra and their crystal structures are

of amorphous as shown in SAD pattern in Fig. 11. This

means that the corrosion rate of the bNb phase was much

lower than that of Zr matrix and the crystal structure of

bNb phase was changed to amorphous during oxidation.

Also, bNb phase did not accelerate the transformation of

oxide microstructure from columnar to equiaxed struc-

ture.

Fig. 12 shows the oxide microstructure of the Zr–

3.0Nb alloy annealed at 640 �C. As shown in Fig. 12(b),

the oxidized bZr phase has a micro-equiaxed structure.

Also, bZr phase accelerates the transformation of oxide

microstructure from columnar to equiaxed at the inter-

face between bZr phase and surrounding oxide. There-

fore, it was thought that the bZr phase would have

accelerated the oxide microstructure from the columnar

to the equiaxed one and the oxide crystal structure from

tetragonal ZrO2 to monoclinic ZrO2, while bNb phase

did not affect the oxide transformation.

3.5. Oxidation characteristics of the simulated b phase

In order to investigate the oxidation characteristics of

the simulated bZr phase and bNb phase, two kinds of

samples were prepared as shown in Table 3. The X-ray

analysis was performed on the manufactured specimens

to check the exact crystal structure as shown in Fig. 13.

It is known that b phase has only one phase of the bNb or

the bZr. In the X-ray pattern, only single phase was

observed in the simulated bZr phase and bNb phase

without any peaks from aZr. Fig. 14 shows the corrosion

behavior of the simulated b phase specimens at 360 �C in

pressurized water. The weight gain of bZr phase was

higher than that of bNb phase. From this result, it was

Fig. 10. Cross-sectional TEM micrographs of zirconium oxide at pre-transition in Zr–xNb alloys with annealing condition and Nb-

content.
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confirmed that the oxidation rate of bZr phase was

slightly faster than that of bNb phase. The improvement

of corrosion resistance in bNb phase was not so high.

Improvement was just by about 25% compared with that

of bZr phase. However, as shown in Fig. 6, the corrosion

rate of samples that had been annealed at 640 �C to form

bZr phase showed 3–4 times as high as that of samples

annealed at 570 �C to form bNb phase. From these re-

Fig. 12. Cross-sectional TEM micrographs and EDS spectra of zirconium-oxide at pre-transition in Zr–3.0Nb alloy (bZr annealing,

640 �C� 10 h).

Fig. 11. Cross-sectional TEM micrographs and EDS spectra of zirconium oxide at pre-transition in Zr–3.0Nb alloy (bNb-annealing,

570 �C� 500 h).

Table 3

Alloy composition of simulated bZr and bNb phase

640 �C (bZr) 570 �C (bNb)

Alloy composition Zr: 80 wt% Zr: 10 wt%

Nb: 20 wt% Nb: 90 wt%

Heat-treatment 640 �C 570 �C
10 h 10 h
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sults, it is thought that the oxidation characteristic of

bNb phase itself was not the main cause for the superior

corrosion resistance in the sample having bNb phase. The

reduction of Nb concentration in the matrix with for-

mation of bNb phase would be a main factor in the en-

hancement of corrosion resistance rather than bNb phase

itself.

4. Conclusion

The corrosion behavior, microstructures, and oxide

characteristics of Zr–xNb alloys were quite different

depending on the the Nb-content and annealing condi-

tion. In the alloys with low Nb-contents from 0 to 0.3

wt% (region A), the weight gain first decreased slightly

up to 0.1–0.2 wt%, and then it went up again with in-

creasing the Nb-content. In this region, Nb-contained

precipitate and b phase were not observed in the alloys

and their corrosion resistance was not affected by heat-

treatment. It was observed from TEM and XRD studies

that the oxides formed in pre-transition region were

mainly consisted of columnar structures with high vol-

ume fraction of tetragonal ZrO2. This means that the

corrosion resistance was improved due to the stabiliza-

tion of tetragonal ZrO2 when Nb was soluble in the

matrix to equilibrium concentration.

In the medium Nb-contents from 0.3 to 1.0 wt%

(region B), the weight gain gradually increased and the

volume fraction of tetragonal ZrO2 decreased with

increasing the Nb-content showing the effect of heat-

treatment. The oxides were mainly of columnar struc-

tures. Nb-containing precipitate [Zr(NbFe)2] were

observed even in the 0.3 wt% Nb alloy.

In the high Nb-contents from 1.0 to 5.0 wt% (region

C), the corrosion rates of the alloys were very sensitive

to the heat-treatment showing the quite different corro-

sion behavior depending on the annealing condition.

The samples annealed at 570 �C showed much lower

corrosion rate with higher volume fraction of tetragonal

ZrO2 in the oxide than those annealed at 640 �C.
On the basis of the effect of soluble Nb in a matrix,

Nb precipitate, and phase on the corrosion, it is sug-

gested that the equilibrium Nb concentration in the a
matrix would be a more dominant factor than the

Nb-containing precipitate, b phases (bNb or bZr) and

supersaturated Nb concentration in the enhancement of

corrosion resistance of Zr–xNb alloys.
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