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Abstract

The e�ect of oxygen on the long-term oxidation behavior of modi®ed Zircaloy-4 (Zry-4) was investigated. The

modi®ed alloys were prepared by changing the chemical compositions of Zry-4; the tin content decreased from 0.5 wt%

to zero while oxygen increased from 0.1 to 0.2 wt%, 0.1 wt% Nb was added and the amounts of Fe and Cr were kept to

0.1 and 0.2 wt%, respectively. The weight gain in water at 360°C for the 270 days exposure increased with increasing

oxygen content from 0.1 to 0.2 wt%. In the case of the specimens containing 0.2 wt% oxygen, the tin free specimen

showed a rate transition and a much higher weight gain compared to Zry-4. Raman spectroscopy showed that the

tetragonal phase in the pre-transition region transformed to the monoclinic phase after the rate transition. Further-

more, this protective structure was changed to the non-protective cauli¯ower-like structure in the post-transition re-

gion. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Recently, a modi®ed Zircaloy-4 (Zry-4) alloy was

developed by reducing the tin content from 1.0 wt% to

zero and adding 0.1 wt% Nb and oxygen up to 0.8

wt% [1]. Oxygen was originally added to compensate

for the decrease in strength resulting from the reduc-

tion of the tin content. The oxygen addition showed a

marked improvement in the mechanical strength.

There still exists a controversy with regard to the ef-

fect of oxygen on the oxidation resistance [1±3]. While

oxygen as an impurity has been known to be harmful

on the oxidation resistance of Zircaloy, Charquet

et al. reported that a small amount of oxygen in the

0.25 wt% Fe±0.25 wt% V±Zr alloy did not modify the

oxidation resistance [2]. In a previous study [1], it was

found that higher amounts of oxygen resulted in a

higher weight gain for the 120 days short-term oxi-

dation test of the modi®ed Zry-4, but little was known

about the e�ect of oxygen on the long-term oxidation.

In order to clarify the oxygen addition e�ect, there-

fore, it is necessary to investigate the long-term oxi-

dation characteristics of the modi®ed Zry-4.

In the present study, a long-term oxidation test was

conducted up to 270 days in order to investigate the

e�ect of oxygen on oxidation. The e�ect of oxygen on

the weight gain and the rate transition was studied. The

variation of the oxide structure in the modi®ed alloys

with time of exposure was also investigated.

2. Experimental procedures

2.1. Specimens

The modi®ed Zry-4 specimens for the oxidation test

were prepared by changing the chemical composition of

Zry-4. Speci®cally the tin content was varied from 0.5

wt% down to zero and oxygen was added from 0.1 wt%

up to 0.2 wt%. In addition, 0.1 wt% Nb was added and

the Fe/Cr ratio of Zry-4 was reduced to 1/2 with the

amounts of Fe and Cr ®xed at 0.1 and 0.2 wt%, re-

spectively. The chemical composition of the modi®ed

Zry-4 alloys is presented in Table 1.
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2.2. Oxidation test

The specimens for the oxidation tests were prepared

by the procedures described in a previous study [1]. The

oxidation tests were conducted in autoclaves ®lled with

pure water at 360°C under a pressure of 180 bar. Oxi-

dation test specimens with the dimensions of 10 ´ 25 ´ 1

mm3 were prepared from the recrystallized sheet speci-

mens which were mechanically and chemically polished

before testing. The test followed the ASTM G-2 method

[4]. The oxidation behavior was evaluated by the weight

gain (DW) as a function of exposure time.

2.3. Microstructural analysis

In order to identify the crystal structure of the

growing oxide surface, Raman spectroscopy was used.

The methods of characterization of the structure of

ZrO2 by a Raman spectrometer have been reported

elsewhere [5±7]. A Raman spectrometer with a 200 mW

argon±ion laser source at a wavelength of 488 nm was

used. The spectral range employed was from 100 to 500

cmÿ1.

SEM investigation of the oxide structure at the

metal±oxide interface was performed on specimens

where the metal phase had been removed. For this ex-

periment, one side of the specimen was ground and

polished to reduce the thickness. The remaining metal

was dissolved in a mixed solution of 10% HF, 45%

HNO3 and 45% H2O.

3. Results and discussion

3.1. Oxidation behavior

The weight gain versus oxidation time curves for the

®ve specimens including Zry-4 up to 270 days exposure

are represented in Fig. 1. It is seen that the weight gain

increases with exposure time during the oxidation. As

shown in Fig. 1 the weight gain di�erence between the

specimens up to 150 days exposure is not large enough

to be clearly distinguished, and thus the e�ect of oxy-

gen content on the weight gain is controversial in this

exposure range. However, in the long-term oxidation of

270 days, it is clearly seen that the weight gain in-

creased with increasing oxygen content as well as ex-

posure time.

The oxidation of the specimens containing 0.5 wt%

tin followed the cubic rate law up to 270 days and a

Table 1

Chemical composition of the modi®ed Zry-4 alloys (in wt%)

Specimen number Alloying elements

Sn Fe Cr Nb O Zr

1 0.5 0.1 0.2 0.1 0.1 Bal.

2 0.5 0.1 0.2 0.1 0.2 Bal.

3 0.0 0.1 0.2 0.1 0.1 Bal.

4 0.0 0.1 0.2 0.1 0.2 Bal.

5(Zry-4) 1.2±1.7 0.18±0.24 0.07±0.13 0.01 0.09±0.16 Bal.

Fig. 1. Weight gain of the modi®ed Zr alloys as a function of exposure time at 360°C.
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rate transition did not occur. Weight gain of the 0.5

wt% tin specimens increased from 36.87 to 46.43 mg/

dm2 as the oxygen content increased from 0.1 to 0.2

wt%. The e�ect of the oxygen content on the weight

gain increase can be related to the oxygen dissolution

rate as discussed in the previous study [1]. During ox-

idation of zirconium alloys, oxygen ions di�use from

the water/ZrO2 interface to the metal matrix following

an oxygen concentration gradient built-up in the oxide

layer. The di�used oxygen ions at the oxide/Zr interface

move into the Zr matrix down the oxygen concentra-

tion gradient in the Zr matrix depending on the oxygen

concentration of the specimen. The decrease of the

oxygen concentration gradient with the addition of

oxygen retards the dissolution rate of oxygen into the

Zr matrix. The lower dissolution rate accelerates the

formation of ZrO2 and results in the higher weight

gain. Therefore, it could be suggested that the amount

of 0.2 wt% oxygen in the present specimens increased

the weight gain due to the lower oxygen concentration

gradient between the oxide/Zr interface and the Zr

matrix.

In the case of the tin free specimen, the weight gain

increased from 33.73 to 207.27 mg/dm2 after 270 days as

the oxygen content increased from 0.1 to 0.2 wt%. The

0.0 wt% Sn-0.2 wt% O specimen showed a rate transition

from the cubic oxidation rate to the linear oxidation rate

after the 150 days exposure as shown in Fig. 1. The

other specimens did not show a rate transition up to 270

days. It was reported in a previous study [1] that the

oxide layer in the pre-transition region was black and

uniform. In the present long-term study, it was observed

that the initial black oxide was changed to a porous

white or gray oxide at the rate transition point of 150

days.

It is well known that the oxidation resistance of Zry-4

is improved as the tin content decreases. In the present

study, both the 0.5 wt% and zero tin specimens con-

taining 0.1 wt% oxygen showed a better oxidation re-

sistance compared to Zry-4 containing 1.5 wt% tin.

However, in the case of the specimens containing 0.2

wt% oxygen, the tin free specimen showed a rate tran-

sition at 150 days exposure and a much higher weight

gain compared to Zry-4. This 0.0 wt% Sn±0.2 wt% O

specimen showed a better oxidation resistance than Zry-

4 in the previous 120 days test, but the specimen showed

a reduced oxidation resistance than Zry-4 in the present

270 days test.

Consequently, it was found in the present study that

the weight gain of the modi®ed Zry-4 generally increases

with increasing oxygen content from 0.1 to 0.2 wt%, and

decreases with decreasing tin content from 1.5 to 0.5

wt% and zero in the modi®ed 0.1 wt% oxygen containing

Zry-4. However, the reduction of the tin content down

to zero degrades the oxidation resistance of the modi®ed

0.2 wt% oxygen containing Zry-4.

3.2. The characteristics of oxide

The oxide of the modi®ed Zry-4 in the pre-transition

region was reported to be a mixture of the tetragonal

and monoclinic phases in the previous study [1]. The

amount of the tetragonal phase in the oxide was quan-

titatively evaluated using the laser Raman spectroscopy

analysis and the amount of the tetragonal phase was

found to be in the range of 38.5±35% in the pre-transi-

tion region. It was speculated that the oxide layer is

under high compressive stress and such stress might

stabilize the oxide in its tetragonal form, which is nor-

mally stable only at temperatures above 1100°C [8].

Furthermore, the compressive stress was relaxed during

the outward growth of the oxide, and the tetragonal

phase became destabilized and transformed to the

monoclinic phase.

The laser Raman spectroscopy results of the oxide

structure in the 0.0 wt% Sn±0.2 wt% O specimen for the

120 and 180 days exposures in the present study are

shown in Fig. 2. Fig. 2(a) illustrates that the oxide

structure in the specimen at 120 days is a mixture of

both the tetragonal and monoclinic phases. However,

the oxide at 180 days is composed of only the monoclinic

phase as shown in Fig. 2(b). It was thought that the

tetragonal phase in the pre-transition region was trans-

formed to the monoclinic phase at the rate transition.

Fig. 2. Raman spectroscopy analyses of the oxide structure in

the 0.0 wt% Sn±2 wt% O specimen: (a) 120 days exposure (pre-

transition region), (b) 180 days exposure (post-transition re-

gion).

H.S. Hong et al. / Journal of Nuclear Materials 273 (1999) 177±181 179



This tetragonal-to-monoclinic transformation is known

to be governed by a martensitic transformation [9,10].

Thus, it is believed that the whole amount of the te-

tragonal phase was abruptly and completely trans-

formed to the monoclinic phase at the critical point of

the rate transition during oxidation at 360°C.

According to Godlewski [11,12] the oxide of zirco-

nium alloys which was formed during oxidation at

400°C was made up of about 40% tetragonal phase and

60% monoclinic phase in the pre-transition region. After

the transition, the oxide layer had a low concentration of

the tetragonal phase of about 5±7%. This amount might

be stabilized by oxidation of the precipitates. The oxi-

dation of the precipitates is accompanied by a volume

change that leads to the formation of a stress ®eld

around the precipitates and can stabilize the tetragonal

phase. Contrary to this result, it was found in the present

study that the oxide of the post-transition region was

composed of only the monoclinic phase as shown in

Fig. 2(b).

The in¯uence of the tin content on the monoclinic/

tetragonal ratio of ZrO2 in the present study was studied

by Raman spectroscopy. The tin content less than 0.5

wt% did not a�ect the monoclinic/tetragonal ratio in the

present study. According to Harada [13] the oxide

structure in 0.12Fe±0.1Cr±0.055Ni±Zr alloys (wt%) was

changed with the tin content. In the specimen with tin

less than 0.1 wt%, oxide surface consisted of monoclinic

and tetragonal ZrO2. In the specimen containing 2.20

wt% tin, only monoclinic ZrO2 was observed at the

oxide surface. So, he suggested that tin stabilizes the

monoclinic phase. In the present specimens, however,

the tin content had no in¯uence on changing the oxide

structure.

The di�erence in oxide topographies formed in the

oxidation of the 0.0 wt% Sn±0.2 wt% O specimen for 120

days and 180 days is shown in Fig. 3. Fig. 3(a) illustrates

that the oxide in the pre-transition region is character-

ized by a granular structure of small crystallites and

appears to be dense. This structure changes to a cauli-

¯ower-like structure for the 180 days exposure, corre-

sponding to the post-transition region, as shown in

Fig. 3(b). The cauli¯ower-like granules are typical

structures found in the oxide of the post-transition re-

gion [14,15]. They are porous and non-protective, and

the weight gain in the post-transition region as shown in

Fig. 1 increases linearly with oxidation time. The te-

tragonal-to-monoclinic transformation is reported to be

associated with a large volume change (3±5%). This is

su�cient to exceed elastic and fracture limits and can

only be accommodated by cracking [16]. The volume

expansion occurring in the tetragonal-to-monoclinic

transformation causes microcracks to form around the

crystallites clusters. Cracks are propagated around the

clusters of some crystallites. The clusters are ®nally

separated, and the oxide becomes porous as shown in

Fig. 3(b). Therefore, it is considered that the cauli¯ower-

like structure is formed by the cracks caused by volume

expansion of the tetragonal-to-monoclinic transforma-

tion.

It is well known that zirconium and its alloys have a

rather high value (1.56) of the Pilling±Bedworth ratio.

Consequently, during the oxidation of zirconium alloys,

the volume changes lead to the development of a com-

pressive stress in the oxide and of a tensile stress in the

metal of zirconium. The high compressive stress might

stabilize the tetragonal phase in the oxide. When the

compressive stress is released for some reasons, the te-

tragonal phase is destabilized and transforms to the

monoclinic phase. Interstitial oxygen ions can increase

the lattice parameter of a-zirconium [17]. It is probable

that the increased lattice parameter causes a decrease of

the Pilling±Bedworth ratio, and consequently a reduc-

tion of the compressive stress in the oxide and a desta-

Fig. 3. SEM photographs of oxide formed during oxidation of

the 0.0 wt% Sn±0.2 wt% O specimen: (a) 120 days exposure

(pre-transition region), (b) 180 days exposure (post-transition

region).

180 H.S. Hong et al. / Journal of Nuclear Materials 273 (1999) 177±181



bilization of the tetragonal phase. Therefore, in the

present study, the tetragonal-to-monoclinic phase

transformation is probably caused by a stress reduction

in the oxide.

It is reported that Ca and Mg exist as impurities in

Zry-4 [18]. The concentrations of Ca and Mg are less

than 30 and 20 ppm by weight, respectively. These ele-

ments in forms of CaO and MgO are well known to

stabilize the tetragonal structure of zirconia when their

contents are higher than 3 mol% [16]. Interstitial oxygen

ions might interact with Ca and Mg ions to form CaO

and MgO oxides, and so they might stabilize the te-

tragonal structure. However, in the present study, the

amounts of Ca and Mg were analyzed to be 2 and

3 ppm, respectively. It is speculated that the contents of

these elements are too small to a�ect the oxide structure.

Consequently, it is considered that the addition of oxy-

gen can a�ect the rate transition by stress relaxation in

the oxide rather than by the formation of CaO and

MgO.

4. Conclusions

1. The weight gain for the 270 days exposure increased

with increasing oxygen content from 0.1 to 0.2 wt%.

The weight gain decreased with decreasing tin content

from 1.5 to 0.5 wt% and zero in the modi®ed Zry-4

containing 0.1 wt% oxygen. However, the reduction

of the tin content down to zero degraded the oxida-

tion resistance of the modi®ed Zry-4 containing 0.2

wt% oxygen.

2. The oxide structure after 120 days was a mixture of

both the tetragonal and monoclinic phases, however,

the oxide after 180 days was composed only of the

monoclinic phase. It is thought that the tetragonal

phase in the pre-transition region completely trans-

formed to the monoclinic phase at the rate transition.

3. The oxide in the post-transition region has cauli¯ow-

er-like structure. It is considered that this structure

was formed by cracks caused by the volume expan-

sion of the tetragonal to monoclinic transformation.

4. Interstitial oxygen ions in the zirconium matrix at the

oxide/zirconium interface were believed to reduce the

compressive stress in the oxide. The reduced com-

pressive stress caused the tetragonal monoclinic

phase transformation.
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