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Abstract

The influence of the Nb concentration in the a-matrix on the corrosion behavior of Zr–xNb (x¼ 0–0.6 wt%) binary

alloys was evaluated using a static autoclave in the temperature range from 300 to 500 �C. Corrosion tests and pre-

cipitate analysis of Zr–xNb binary alloys showed that corrosion resistance increased with the increase of the Nb

concentration in the a-matrix, and the best corrosion resistance was obtained when the Nb concentration was nearly at

its equilibrium solubility limit at all test temperatures. The alloys containing a higher Nb concentration than their

equilibrium solubility also showed good corrosion resistance, which could be attributed mainly to the formation of Nb-

precipitates, resulting in an equilibrium Nb concentration in the a-matrix. These results imply that the corrosion

resistance of Nb-containing Zr-alloys can be controlled by the Nb concentration in the a-matrix rather than the Nb-

precipitates.

� 2003 Elsevier B.V. All rights reserved.
PACS: 81.65.M; 81.65.K; 42.81.B
1. Introduction

Corrosion properties of Zr-alloys for nuclear fuel

cladding materials in high temperature aqueous solu-

tions are mainly affected by the material parameters

which include alloying elements, precipitates, and mi-

crochemistry. The effect of metallurgical parameters on

the corrosion behavior of Zr-based alloys has been

studied extensively [1–3]. Recently, advanced Zr-based

alloys have been required for severe operating condi-

tions such as an increased burn-up and a higher opera-

tion temperature.

Several advanced 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] have been developed
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and are being tested in reactors as substitutes for com-

mercial Zircaloy-4. The fact that Nb was selected as a

major alloying element in the Zr-based alloy has become

a common characteristic for the newly developed fuel

claddings [1–5]. Nb has not been considered as an al-

loying element in conventional Zircaloy-4 which has

been used in pressurized water reactors. As the corrosion

properties of the Nb-containing Zr-alloys are known to

highly rely on the microstructure, it is essentially re-

quired to investigate the effect of the Nb-content and the

metallurgical parameters on the corrosion of Zr–xNb

binary alloys for a better understanding of the mecha-

nism of corrosion resistance.

From the studies on the effect of the b phase on

corrosion, it has been reported that the corrosion rate of

Zr–Nb alloy increased with the formation of the bZr

phase (�20 wt% Nb) but decreased with the formation

of the bNb phase (�80 wt% Nb) [6,7]. When Zr–Nb al-

loys were annealed in the aþ bNb temperature range

below the monotectoid temperature (610 �C) after beta
ed.
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quenching, the bNb phase can be produced by the phase

transformation of a0 ! aþ bZr ! aþ bNb. [9–13]. Also,

Urbanic [7,8] reported that the corrosion resistance was

enhanced with the precipitation of the bNb phase in a

Zr–2.5Nb pressure tube under irradiation conditions.

In our previous study [14,15] on the effect of the

second phase and the Nb solubility on the corrosion of

the Zr–xNb alloys, it has been suggested that the cor-

rosion resistance of the alloys containing the bNb phase

was not improved by bNb itself but by the equilibrium

Nb concentration in the matrix resulting from the re-

duction of the Nb concentration in the matrix by the

formation of the bNb phase.

Thus, there is still uncertainty on the mechanism of

corrosion resistance of the Nb-containing Zr-alloys. The

present study was carried out to identify which factor,

i.e. the equilibrium Nb concentration in the a-matrix or

the precipitates, plays the dominant role in the corrosion

resistance of Nb-containing Zr-alloys.
2. Experimental procedure

Eight Zr–xNb binary alloys (x ¼ 0, 0.05, 0.1, 0.2, 0.3,

0.4, 0.5 and 0.6 in wt%) were prepared by the vacuum

arc remelting (VAR) method. Sponge Zr and high purity

Nb were used as raw materials to simulate the com-

mercial alloys. The chemical compositions of Zr–xNb

alloys are given in Table 1. Minor elements like Fe and

Cr which were introduced from the sponge zirconium

were also observed in all samples. The ingots were an-

nealed, hot-rolled and cold-rolled, and finally annealed

at 590 �C for 3 h. The microstructures of the samples

were also investigated using transmission electron mi-

croscope (TEM)/energy dispersive spectroscope (EDS).

Corrosion tests were performed in water at 300 and

360 �C and in steam at 400, 450, and 500 �C using static

autoclaves according to the ASTM G2 method. The

corrosion rates were evaluated by the discontinuous

gravimetric method. The characteristics of the oxide

layer on the corroded samples which were prepared to

have an equal weight gain by the control of exposure

time were examined by scanning electron microscope
Table 1

Chemical compositions of Zr–xNb binary alloys

Nominal

composition

(wt%)

Nb 0.00 0.05 0.10 0

Analyzed

composition

Nb (wt%) 0.00 0.05 0.11 0

Fe (ppm) 720 680 720 7

Cr (ppm) 83 75 85 9

O (ppm) 677 660 705 6

C (ppm) 33 37 36 3

Zr
(SEM), X-ray diffraction (XRD), and TEM. Particu-

larly, the synchrotron X-ray (Line 3C2) at the Pohang

Accelerator Laboratory in Korea was used to analyze

the oxide characteristics. It was reported in our previous

study [14] that the Synchrotron X-ray scattering is a

more accurate technique to detect the crystallography of

a thin oxide film than the conventional low angle XRD.

For the synchrotron X-ray analysis, the h–2h method

was also used. The fraction of tetragonal-ZrO2 (Xt) was

calculated using the following equation [16]:

Xt ¼ ð111Þt=½ð111Þtþ ð�111Þmþ ð111Þm�; ð1Þ

where (1 1 1)t, ()1 1 1)m and (1 1 1)m are the integrated

intensities of the (1 1 1) reflection of tetragonal-ZrO2, the

()1 1 1) reflection of monoclinic-ZrO2, and the (1 1 1)

reflection of monoclinic-ZrO2, respectively.
3. Results and discussion

3.1. Corrosion behavior of Zr–xNb alloys at different

temperatures

Fig. 1 shows the corrosion behavior of Zr–xNb bi-

nary alloys in water at 300 and 360 �C. It was observed
that the corrosion resistance was dependent on the Nb

content. At 300 �C (Fig. 1(a)), the unalloyed Zr exhib-

ited an accelerated corrosion, showing the spalling

phenomena of oxide scales after 2500 h. The corrosion

resistance increased with the addition of Nb, and the

lowest weight gain was observed in the Zr–0.1wt% Nb

alloy. However, in the range of Nb content above 0.2

wt%, the corrosion resistance continuously decreased

with the increase of the Nb content. The corrosion be-

havior at 360 �C (Fig. 1(b)) was similar to that at 300 �C.
At 360 �C, the lowest weight gain was observed in the

Zr–0.2wt%Nb alloy while the Zr–0.1wt%Nb alloy which

had shown the lowest weight gain at 300 �C exhibited a

high corrosion rate showing the oxide spalling phe-

nomena.

Fig. 2 shows the corrosion behavior of Zr–xNb bi-

nary alloys in steam at 400, 450 and 500 �C. The lowest
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Fig. 1. Corrosion behavior of Zr–xNb binary alloys in water at

300 (a) and 360 �C (b).
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Fig. 2. Corrosion behavior of Zr–xNb binary alloys in steam at

400 (a), 450 (b) and 500 �C (c).
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corrosion rate at 400 �C was observed in the Zr–0.2Nb

and Zr–0.3Nb alloys. At 450 and 500 �C, the Zr–0.3Nb

alloy showed the best corrosion resistance while Zr–

0.2Nb which had shown a good corrosion resistance at

400 �C exhibited a bad corrosion resistance showing the

oxide spalling. The corrosion behaviors of Zr–xNb al-

loys are divided into two groups, i.e. good corrosion

resistance of Zr–Nb alloys containing a low Nb content

and bad corrosion resistance of Zr–Nb alloys containing

a high Nb content. There was a critical Nb content in

Zr–xNb alloys between the good corrosion resistant al-

loys and the bad corrosion resistant alloys.

Fig. 3 shows the relationship between the final weight

gain and Nb content in the Zr–Nb binary alloy after a

corrosion test at different temperatures. The weight

gains were rapidly decreased to a certain Nb content

where the weight gain was a minimum level, and then

slightly increased with the increase of the Nb content.

This critical Nb content showing the best corrosion re-

sistance was changed from 0.1 to 0.3 wt% with the in-

crease of test temperature from 300 to 500 �C. This



 
 
 

  Weight gain at 450°C 
 

 
 
 
 
 
 
 
 
     0  0.1  0.2  0.3   0.4   0.5 0.6    20

-Zr 

-Zr 

300 

450 

550 

600 

700 

590°C 0.4wt% 

-Zr + -Zr

400 

500 

350 

650 

 Weight gain at 500°C 

 Weight gain at 400°C 

 Weight gain at 360°C 

 Weight gain at 300°C 

750 

800 

850 

900 

α

α
α β

β

β

-Zr + -NbTe
m

p.
 (°

C
)

Nb content (wt.%)

Fig. 4. Zr–Nb binary phase diagram showing the correlation

between the corrosion resistance and Nb content at various

temperatures.

Fig. 5. TEM images and EDS data on the precipitates in Zr–

0.2Nb (a), Zr–0.3Nb (b), Zr–0.4Nb (c) and Zr–0.5Nb alloy (d)

before corrosion test.
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implies that the corrosion behaviors of Zr–xNb alloys

are different depending on the test temperature. An in-

creased test temperature makes the solubility of the Nb

in the a-matrix shift upward, resulting in the increase of

the equilibrium Nb concentration in the a-matrix and a

change of the second phase.

In order to investigate the correlation between the

corrosion resistance and the equilibrium Nb concentra-

tion in the Zr–Nb binary alloys more clearly, the weight

gains after a corrosion test were superimposed onto the

phase diagram of the Zr–Nb binary alloy, which are

shown in Fig. 4. It is clearly shown that the alloys

containing Nb less than their solubility showed the

worst corrosion resistance at all the tested temperatures.

It is thus deduced that the main metallurgical factor

controlling the corrosion behavior of Zr–xNb binary

alloys could be the Nb concentration in the matrix.

3.2. Microstructure

Fig. 5 shows the results of the TEM/EDS studies on

the Zr–xNb binary alloys before corrosion testing. All

the alloys were composed of fully recrystallized struc-

tures due to the final annealing at a high temperature of

590 �C, and showed a similar morphology and distri-

bution of the precipitates. However, there was a little

difference in chemical composition and crystal structure

of precipitates in the Zr–xNb alloys as shown in the EDS

data. In Zr–0.2Nb and Zr–0.3Nb alloy (Fig. 5(a) and

(b)), the Zr3Fe type precipitates (orthorhombic,

a ¼ 0:3320 nm, b ¼ 1:098 nm, c ¼ 0:8800 nm) were ob-

served even though Fe was not intentionally added in
the sample. The formation of Zr3Fe type precipitate

resulted from the Fe in the sponge zirconium. The

maximum solubilities of Fe and Cr in Zr–1.4Sn alloy are

known to be about 120 ppm at 820 �C and 200 ppm at

860 �C, respectively [17]. The Fe content in the sponge

zirconium used in this study was about 700 ppm. Thus,

most Fe in sponge Zr would be precipitated as Fe-con-

taining precipitates. In Zr–0.4Nb (Fig. 5(c)) and Zr–

0.5Nb alloys (Fig. 5(d)), Zr (Nb,Fe,Cr)2 type precipitates

(hcp, a ¼ 0:5401 nm c ¼ 0:8665 nm) were observed. This

precipitate was identified to be the Zr (NbFe)2 type

with a hexagonal structure by selected area diffraction

(SAD) analysis. The (ZrNb)3Fe type precipitates with a

orthorhombic structure were not found in these alloys.

To analyze the supersaturated or soluble Nb con-

centration in the matrix, EDS analysis was performed

for all the specimens. But it was not successful in ana-

lyzing the exact Nb concentration in the matrix owing to

the limited resolution of the EDS. However, it can be

expected that in the samples having a Nb content less

than 0.3 wt%, Nb would be soluble in the matrix without

supersaturation or precipitation. It is considered that the

difference in crystal structure and chemical composition

of the precipitates mainly results from the correlation

between the addition of Nb and the Nb solubility in the

Zr–xNb binary alloys.

Fig. 6 shows the results of the TEM/EDS studies on

the Zr–xNb binary alloys after corrosion testing in steam



Fig. 6. TEM images and EDS spectra on the precipitates of Zr–

0.2Nb (a), Zr–0.3Nb (b), Zr–0.4Nb (c) and Zr–0.5Nb alloy

(d) after corrosion test at 400 �C for 1000 h.

Fig. 7. Synchrotron XRD patterns on the oxides formed in

Zr–0.05Nb (a) and Zr–0.5Nb alloy (b) after corrosion test at

400 �C.
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at 400 �C for 1000 h. No remarkable difference in the

chemical composition of the precipitates in the Zr–xNb

alloys after corrosion testing was observed. However, in

the case of the Zr–0.3Nb alloy, Nb-containing precipi-

tates besides Fe-containing precipitates were also ob-

served. It could have resulted from the difference of Nb

solubility with temperature. Nb-containing precipitates

were not observed in the sample annealed at 590 �C
before the corrosion test since the Nb solubility was

higher than 0.3 wt% at this temperature, while they were

observed in the sample tested at 400 �C since the Nb

solubility was lower than 0.3 wt% at 400 �C. This means

that some of the supersaturated Nb in the matrix is

precipitated as Nb-containing precipitates during the

corrosion testing, thus maintaining the equilibrium Nb

concentration in the a-matrix. Therefore it is possible to

suggest that the alloys containing Nb more than their

solubility showed good corrosion resistance due to the

equilibrium Nb concentration in the matrix.

3.3. Oxide characteristics

Fig. 7 shows the Synchrotron XRD patterns on the

oxides formed in Zr–0.05Nb and Zr–0.5Nb alloys hav-

ing an equal weight gain of 30 mg/dm2 after the corro-

sion test in steam at 400 �C. The intensity of (1 1 1)

tetragonal ZrO2 in Zr–0.05Nb alloy having a Nb less

than its solubility looks similar to that in the Zr–0.5Nb
alloy having Nb more than its solubility. Therefore, to

clearly investigate the ratio of tetragonal ZrO2/mono-

clinic ZrO2, the fractions of tetragonal ZrO2 in both

samples were calculated using Eq. (1).

Fig. 8 shows the fractions of tetragonal ZrO2 in the

oxide formed in Zr–0.05Nb and Zr–0.5Nb alloys after



Fig. 9. Illustration for the variation of the oxide structure with

Nb content.

Fig. 10. SEM images on the oxide surfaces at the metal-oxide

interfaces formed in Zr–0.05Nb (a), Zr–0.3Nb (b) and Zr–

0.5Nb alloy (c) after corrosion test at 400 �C (equal weight gain

of 30 mg/dm2).
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the corrosion test at 400 �C. The weight gains were also
superimposed onto this graph to show the correlation

between the fractions of tetragonal ZrO2 and the weight

gain. The fraction of tetragonal ZrO2 in the Zr–0.5Nb

alloy which showed a low weight gain is much higher

than that in the Zr–0.05Nb alloy which showed a high

weight gain. The tetragonal ZrO2 is well known to have

a protective property against the oxidation of Zr alloys,

and many researchers have reported that the alloy

having a good corrosion resistance showed a high frac-

tion of tetragonal ZrO2 in the oxide [18–21].

Fig. 9 shows the schematic diagram illustrating the

variation of oxide structure with Nb content. Even

though both samples had an equal oxide thickness, the

fraction of tetragonal ZrO2 in the oxide formed on the

Zr–0.5Nb alloy was higher than that in the Zr–0.05Nb

alloy. The present results corresponded well to the re-

ported one which showed a high fraction of tetragonal

ZrO2 in the high corrosion resistant alloys [18–21].

Fig. 10 shows the SEM images in a plane view of the

oxide at the metal-oxide interfaces formed in Zr–

0.05Nb, Zr–0.3Nb and Zr–0.5Nb alloys having an equal

weight gain of 30 mg/dm2 after the corrosion test in

steam at 400 �C. The SEM specimens were prepared by

dissolving metal parts in the corroded sample. The oxide

morphology of Zr–0.05Nb alloy showed a protruded

shape which could have resulted from the grain

boundary of the matrix.

The Zr–0.3Nb alloy exhibited a uniform oxide sur-

face (Fig. 10(b)) and the Zr–0.5Nb alloy showed a

somewhat non-uniform oxide at the metal-oxide inter-

face (Fig. 10(c)). A difference in the morphology of the

developing oxide at the metal-oxide interface could be

closely related to the corrosion resistance of the tested

alloys. Usually, the excellent corrosion resistant alloy

showed an uniform oxide interface. Thus it can be

considered that a different oxide morphology is attrib-

uted to a different Nb concentration. A lower Nb con-
centration than its solubility results in a protruded shape

like Fig. 10(a), while a higher value gives a smooth shape

as Fig. 10(b). A somewhat non-uniform oxide layer

could be related to the Nb- and Fe-containing precipi-

tates. It is thought that the Nb concentration in the

matrix plays an important role in the characteristics of

oxide growth in the Zr–Nb alloys.

Fig. 11 shows the cross-sectional TEM images of the

oxide formed on Zr–0.05Nb, Zr–0.3Nb and Zr–0.5Nb

alloys having an equal weight gain of 30 mg/dm2 after

the corrosion test in steam at 400 �C. The oxide formed

in the Zr–0.05Nb alloy was mainly composed of equi-

axed oxide grains (Fig. 11(a)). The Zr–0.2Nb alloy

showing an excellent corrosion resistance was mainly

composed of columnar oxide grains (Fig. 11(b)).

Meanwhile, the oxide formed in the Zr–0.5Nb alloy

exhibited a mixture of equiaxed and columnar oxide

grains (Fig. 11(c)). Regarding the oxygen diffusion in the



Fig. 11. Cross-sectional TEM images on the oxide-metal in-

terfaces formed in Zr–0.05Nb (a), Zr–0.3Nb (b) and Zr–0.5Nb

(c) alloys after corrosion test at 400 �C (equal weight gain of 30

mg/dm2).
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oxide, Godlewski has reported that oxygen transport

occurred principally by grain boundary diffusion and the

boundary diffusion coefficient was 108 times higher than

that for a bulk diffusion [22]. Also, it is reported that the

equiaxed oxide structure usually has a high fraction of

grain boundary which could be an open structure and

sometimes contains microcracks, while the columnar

structure is more protective than the equiaxed structure

against oxygen diffusion [23–25]. Therefore, the present

results correspond well to the previous results in terms

of the correlation between the oxide structure and cor-

rosion resistance.
3.4. Correlation between the corrosion resistance and the

Nb concentration in the a-matrix

Fig. 12 shows the schematic diagrams illustrating the

correlation between the corrosion behavior and the Nb

concentration in the a-matrix. Based on the corrosion

behavior, oxide characteristics, and precipitates obser-

vation, the correlation between the corrosion resistance

and the Nb content in Zr–xNb alloys could be explained

from the viewpoint of the Nb concentration in the ma-

trix and the oxide properties. The corrosion behavior

could be divided into three categories depending on the

Nb concentration in the matrix; (1) in case of the Nb

concentration less than its solubility (Nb 6 0.2 wt%),
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(2) equal to its solubility (Nb¼ 0.3 wt%), and (3) more

than its solubility (Nb P 0.5 wt%).

If the Nb concentration in the matrix is less than its

solubility, the corrosion is preferentially accelerated in

the grain boundary of the matrix due to the high energy

level resulting from microstructural defaults (Fig. 12(a)).

When the Nb concentration in the matrix is nearly at its

solubility, it helps to prevent the preferential growth in

the grain boundary and forms the columnar oxides

which are known as a protective oxide structure against

oxidation. In case that the Nb concentration in the

matrix is more than its solubility, Nb-precipitates which

also participate in the corrosion reaction are observed in

the matrix.

This indicates that the additional effect of Nb-

precipitates besides the matrix would be expected on the

corrosion. During the corrosion test, the precipitates

usually remain in the oxide layer in the initial stage and

then they are finally oxidized, resulting in the change of

the oxide structure near the precipitates from columnar

grains to equiaxed ones. Thus, alloy containing Nb-

precipitates showed a slightly higher corrosion rate than

the alloy having an equilibrium Nb concentration

without Nb-precipitates. From these results, it could be

concluded that the Nb concentration in the matrix plays

a dominant role in the control of corrosion rate, and the

excellent corrosion resistance is always obtained only

when the Nb concentration in the matrix is nearly at its

solubility.
4. Conclusions

In this study, the corrosion tests and oxide charac-

terization for the Zr–xNb (x ¼ 0–0.6 wt%) binary alloys

were performed in order to evaluate the effect of the Nb

content and the Nb concentration in the a-matrix on the

corrosion of the Nb-containing Zr-alloys. The results of

the corrosion tests at different temperatures of 300–500

�C indicated that the best corrosion resistance was al-

ways obtained only when the Nb concentration in the a-
matrix was nearly at its equilibrium solubility. Detailed

observation on the oxide by using the Synchrotron

XRD, SEM and TEM/EDS supported the corrosion

results. The critical Nb concentration showing the best

corrosion resistance increased with the increase of test

temperature owing to the change of equilibrium Nb

solubility.

Alloys containing a higher Nb concentration than its

equilibrium solubility also revealed a good corrosion

resistance due to the additional effect of Nb-precipitate

as well as the equilibrium Nb concentration in the a-
matrix. It is concluded from the present study that the

corrosion resistance of Nb-containing Zr-alloys can be

controlled by the Nb concentration in the a-matrix ra-

ther than Nb-precipitates.
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