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Abstract

Corrosion behavior of Zircaloy-4 has been studied under different oxygen potentials and tellurium vapor pressures.

The oxygen potential was controlled by buffer over the range of �600 to �430 kJ/mol. Under the condition of oxygen

potential of less than �500 kJ/mol with coexisting tellurium vapor, duplex corrosion layers were formed on the surface

of Zircaloy-4 specimens, which consisted of zirconium telluride and zirconium oxide. The thickness of corrosion layer

was increased with tellurium vapor pressure. For the oxygen potential over �430 kJ/mol, only zirconium oxide was

observed on the specimen surface regardless of coexistence of tellurium vapor. � 2002 Elsevier Science B.V. All rights

reserved.

PACS: 28.41.T

1. Introduction

Tellurium is one of the fission products from fissile

material, uranium and plutonium. And its fission yield is

relatively high. The chemical properties are character-

ized by low melting temperature of 450 �C and high

volatility. Furthermore, under the irradiation condition,

tellurium is a precursor of radiotoxic iodine. In the

normal operating fuel rods, the chemical form of tellu-

rium is predicted to be Cs2Te, CsTe, Te, Te2, ZrTe2 or

Cs2TeO3 according to the oxygen potential [1–3]. Re-

cently, some light water reactor fuels have been irradi-

ated to a burn-up of over 50 GWd/t. This means that

fuel loading time is elongated and the oxygen potential

of fuel is increased step-by-step with that time. As a

result, in such fuel rods, it is expected that a certain

amount of tellurium or its compound as gaseous species

diffuses from the fuel core to the fuel-cladding gap and

subsequently reacts with Zircaloy, which is a kind of

so-called ‘fuel-cladding chemical interaction (FCCI)’.

On the other hand, during a reactor accident, tellurium

is possible to be released to the environmental system

because of its high volatility [4]. Consequently, it would

be harmful to health of lives. Considering the problems

described above, reaction of Zircaloy with tellurium can

be crucially important for the safety of a nuclear reactor.

Various experiments have been so far made on

chemical reactions of tellurium with zirconium and zir-

conium alloys [5,6]. Dependence of chemical forms of

tellurium compounds on temperature and weight ratio

of Te to Zircaloy-4 was studied by de Boer and Cord-

funke [5]. Pulham et al. reported that corrosion depth of

Zircaloy-4 increased with increase of oxygen potential

[6]. In those reports, tellurium vapor pressure seems to

have been relatively high comparing with the one ex-

pected in fuel-cladding gap during the normal operating

condition of fuel rods and, while the kinetics of corro-

sion behavior were not so much discussed in detail.

In this study, corrosion behavior of Zircaloy-4 has

been investigated at temperature of �600 �C under the

oxygen potential of less than or equal to �430 kJ/mol

and the tellurium vapor pressure of 3:1� 10�4 to 2:8 �
10�3 atm. Oxygen potential was controlled by buffer
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materials to simulate that of the fuel-cladding gap.

Corrosion depth of samples was measured with the

scanning-electron microscopy (SEM). And simulta-

neously, distributions of Zr, O and Te were observed

with the energy dispersive X-ray (EDX) examination. In

addition, chemical forms of corrosion layers were iden-

tified with the X-ray diffractometry (XRD). On the basis

of the data obtained in these measurements, reaction of

Zircaloy-4 was discussed in terms of oxygen potential,

tellurium vapor pressure and corrosion time.

2. Experimental

The specimens of Zircaloy-4 used in this experiment

were cut from the a-forged rod, and were prepared into

the form of a disk which has the geometry of 5 and 0.5

mm thickness. Their surfaces were polished on abrasive

papers and then subsequently finished by alumina buf-

fing.

The corrosion tests were carried out by heating each

specimen together with the buffer and tellurium in a

silica tube evacuated to �10�3 Torr. Fig. 1 shows the

schematic diagram of experimental set-up. It should be

noted that the temperature of tellurium powders was set

to be the lowest in the system in order for its vapor not

to condense in the middle way to Zircaloy-4 specimen

and the buffer. The Zircaloy-4 specimen and the buffer

consisting of an equimolar mixture of a metal with its

oxide, such as Cr/Cr2O3 (DGO2
¼ �600 kJ/mol), NbO2/

Nb2O5 (�500 kJ/mol) or Mo/MoO2 (�430 kJ/mol), were

placed at the upper side in the sealed tube and were

heated at 600 �C, while crushed tellurium powders

were placed at the bottom and were heated in the tem-

perature range of 460–550 �C. The tellurium vapor

pressure thus obtained was 3:1� 10�4–2:8� 10�3 atm

[7]. The samples were analyzed by SEMþ EDX and

XRD immediately after the corrosion test was com-

pleted.

For SEM examinations, the cross-sections of samples

embedded in an acrylic resin were observed. The surfaces

of the observed sections were mechanically polished as

described above, and subsequently were measured the

corrosion depth and distribution of elements. For EDX

examinations, characteristic X-rays of Zr-La, O-Ka and

Te-La were detected.

In order to investigate the chemical form of corrosion

layers, X-ray diffraction measurements were performed.

X-ray patterns from corroded samples were acquired

using an XD-D1 Shimadzu diffractometer. The diffrac-

tometer was used with Cu-Ka radiation at conditions of

40 keV and 30 mA. All X-ray diffraction measurements

were performed at room temperature.

3. Results and discussion

Fig. 2 shows the SEM photograph of cross-sectional

view of sample corroded under the condition of Cr/

Cr2O3 buffer with tellurium vapor pressure of 8:9� 10�4

atm for 24 h as well as results from line analysis by EDX

examination. The duplex corrosion layer was formed on

the surface of Zircaloy-4 specimen. This is a typical

SEM photograph for the sample corroded under the low

oxygen potential, i.e. NbO2/Nb2O5, Cr/Cr2O3 buffers

and no oxygen buffer, with tellurium vapor. By the EDX

examination, the inner corrosion layer consisted of Zr

and Te, whereas the outer corrosion layer consisted of

Zr and O. On the other hand, in case of using Mo/MoO2

buffer with tellurium vapor pressure of 8:9� 10�4 atm

for 24 h, a single layer was observed by SEM (Fig. 3).

EDX examination clarified that this layer consisted of

Zr and O, and that Te was not included.

The X-ray diffraction patterns from corrosion layers

were taken over the 2h range of 20–80�. Fig. 4(a) shows

the diffraction pattern from the sample corroded under

the oxygen potential of �600 kJ/mol and tellurium

vapor pressure of 8:9� 10�4 atm. As shown in this fig-

ure, both ZrTe and ZrO2 peaks were observed. For the

sample corroded under the oxygen potential of �430 kJ/

mol and tellurium vapor pressure of 8:9� 10�4 atm,

ZrO2 peaks from the corrosion layer and a-Zr peaks

from underlying Zircaloy-4 were observed as shown in

Fig. 4(b).
Fig. 1. Schematic diagram of experimental set-up for corrosion

tests.
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Effect of oxygen potential on growth of corrosion

layer was shown in Fig. 5. For corrosion layer which

consisted of oxide and telluride, thickness of each layer

was plotted as a function of time. These samples were

corroded with tellurium vapor pressure of 8:9� 10�4

atm. Thickness of oxide obtained under NbO2/Nb2O5

buffer was thicker than that under Cr/Cr2O3 buffer. On

the contrary, thickness of telluride obtained under Cr/

Cr2O3 buffer was thicker than that under NbO2/Nb2O5

buffer. In addition, we performed the corrosion test

without oxygen buffer for 24 h. In this case, of which

oxygen potential was extremely low, the duplex layer

was also observed to form. Thickness of the oxide was

about 3 lm and that of telluride was 30 lm. It was

considered that the activity of oxygen increases in the

high oxygen potential, while that on the contrary, that

of tellurium does in the low oxygen potential.

In order to discuss the process of growth for such

duplex layers which was observed under the low oxygen

potential, SEM photographs of sample corroded for the

short time of 6 h were taken, which are shown in Fig. 6.

Fig. 6(a) shows the single layer as well as the duplex

layer, which means that formation of duplex layers was

not completed. In this figure, the single layer was iden-

tified to be composed of zirconium oxide, while the

duplex layer consisted of oxide and telluride. On the

other hand, Fig. 6(b) shows only the duplex layer. These

SEM photographs were taken for the same corroded

sample. For the corrosion time of 6 h, difference in the

degree of corrosion can be seen in one sample. The

growth process of the duplex layer is briefly summarized

as follows. In the initial stage of corrosion, the oxide

layer covered the specimen. And subsequently, the tel-

luride layer started to grow by the reaction of zirconium

in the underlying Zircaloy-4 with tellurium coming

through the oxide layer. After that, the telluride layer

thickened between underlying Zircaloy-4 and the oxide

layer. Only from our experimental results, it cannot

be determined whether the telluride formation occurs

Fig. 2. SEM photograph of cross-sectional view of sample

corroded under the oxygen potential of �600 kJ/mol with tel-

lurium vapor pressure of 8:9� 10�4 atm for 24 h. Results from

line analysis of EDX examinations are shown.

Fig. 3. SEM photograph of cross-sectional view of sample

corroded under the oxygen potential of �430 kJ/mol with tel-

lurium vapor pressure of 8:9� 10�4 atm for 24 h. Corrosion

layer was analyzed by EDX examination.
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between underlying Zircaloy-4 and the telluride layer or

between the telluride and oxide layers. For the growth of

oxide, in addition to the oxide formed at the initial stage

of corrosion, telluride seems to be oxidized in the vi-

cinity of the oxide layer formed in the initial stage of

corrosion, and consequently oxide is newly grown with

time. To verify this model, the pre-oxidized sample was

corroded with tellurium under the Cr/Cr2O3 buffer. Pre-

oxidized sample was prepared by heating at 600 �C for

24 h under the Mo/MoO2 buffer ‘without’ tellurium

vapor. By this treatment, the oxide layer in about 5 lm
thickness covered the specimen. Fig. 7 shows the result

from corrosion test of pre-oxidized sample. Pre-oxide,

oxide newly grown from telluride and telluride are ob-

served in this figure. The similar triplex corrosion layer

is also seen in Fig. 6(b). A series of these corrosion tests

indicates not only the growth process of corrosion layer

but also that the oxide layer might not be protective in

the low oxygen potential against chemical attack by

tellurium.

Fig. 8 shows the effect of tellurium vapor pressure

on growth of corrosion layer. At the oxygen potential

of �600 kJ/mol, thickness for oxide or telluride was

increased with tellurium vapor pressure. Comparison of

oxide thicknesses observed with or without tellurium

vapor is shown in Fig. 9, which elucidates the effect of

tellurium vapor on oxidation of Zircaloy-4. Data points

plotted in Fig. 9 were obtained from the corrosion tests

in tellurium vapor which were carried out with the buffer

applied in this study. In addition, weight gain curves for

Zircaloy-4 samples oxidized in CO/CO2 gas mixture, of

which oxygen potential was �300 to �10 kJ/mol, are

shown in it [8]. As shown in Figs. 8 and 9, tellurium

vapor obviously promoted the oxidation of Zircaloy-4.

Even if the value of oxygen potential controlled by

buffer was the same, the obtained oxide thickness

was larger for higher tellurium vapor pressure cases.

Accordingly, it can be imagined that zirconium tellu-

ride might be easily oxidized in the oxidizing atmo-

sphere.

Fig. 4. X-ray diffraction patterns from sample corroded with tellurium vapor pressure of 8:9� 10�4 atm at the oxygen potential of

(a) �600 kJ/mol and (b) �420 kJ/mol.
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Here, formation of corrosion layer was considered

from the point of view of chemical-equilibrium theory.

For this purpose, a stability diagram for Zr–Te–O sys-

tem is available [9–11]. Fig. 10 shows the stability dia-

gram at the temperature of 600 �C under low oxygen

partial pressures. In order to draw this figure, equations

listed in Table 1 had to be solved. For instance, to draw

the boundary line between two solid phases, ZrTe3 and

ZrO2, reaction of no. 5 must be solved as a function of

oxygen partial pressure and tellurium vapor pressure.

As can be seen in this diagram, even under the lowest

oxygen potential, Cr/Cr2O3 buffer, telluride cannot be

Fig. 5. Effect of oxygen potential on growth of corrosion layer.

Fig. 6. SEM photograph of cross-sectional view of sample

corroded under the oxygen potential of �600 kJ/mol with tel-

lurium vapor pressure of 8:9� 10�4 atm for 6 h. (a) Single and

duplex corroded layers and (b) duplex (or triplex?) layer.

Fig. 7. SEM photographs of cross-sectional view of pre-oxi-

dized sample corroded under the oxygen potential of �600 kJ/

mol with tellurium vapor pressure of 8:9� 10�4 atm for 24 h.

Before corrosion test with Te, the sample was oxidized under

the oxygen potential of �430 kJ/mol for 24 h.
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formed. A further lower oxygen potential is considered

to be needed to form zirconium telluride. However, in

this study, telluride layers were observed to form under

the condition of using Cr/Cr2O3 or NbO2/Nb2O5 buffers,

not to mention the condition without using oxygen

buffer. It is naturally interpreted that, when telluride

Fig. 8. Effect of tellurium vapor pressure on growth of corrosion layer. Open and solid symbols stand for oxide and telluride,

respectively.

Fig. 9. Effect of tellurium vapor on oxidation of Zircaloy-4.
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layer is formed, the oxygen potential to be established by

underlying Zircaloy-4 and the outer oxide should be as

low as that of Zr/ZrO2, i.e. ��930 kJ/mol. Concerning

the composition of zirconium telluride, the ratio of Te to

Zr was approximately 1:1 for the telluride layer by EDX.

In addition, as shown in Fig. 4(a), telluride formed in this

study was seemed to be ZrTe under the oxygen potential

of �600 kJ/mol. According to the stability diagram for

Zr–Te–O system (Fig. 10), our experimental condition

would not allow ZrTe to form but ZrTe3. Chemical form

of telluride on corroded Zircaloy-4 is also discussed in

Refs. [5,6]. Those reports show the tendency that, when

temperature is high or tellurium vapor pressure is low,

zirconium-rich tellurium compound, e.g. Zr5Te4, can be

formed [5]. From the aspect of oxygen partial pressure,

ZrTe can be observed under the low oxygen partial

pressure, while ZrO2 or ZrO2 þ ZrTe can be done under

the high oxygen partial pressures [6]. In our experiments,

the oxygen potential was controlled by the buffer, and the

reaction temperature is relatively high. Furthermore, the

chemical form of tellurium concerned with corrosion is

vapor. Therefore, ZrTe was observed in our experiment

because of high temperature of reaction and low vapor

pressure of tellurium. In addition, kinetic factors, such as

diffusion of tellurium through ZrO2 layer, may have

effect on the formation of telluride. As a result, a plenty

amount of tellurium might not be supplied to form the

compound of ZrTe3.

4. Conclusion

In this study, reaction of Zircaloy-4 with tellurium

vapor has been studied at 600 �C under different oxygen

potentials as controlled by the buffer such as Cr/Cr2O3,

NbO2/Nb2O5 or Mo/MoO2. Under the low oxygen po-

tential less than �500 kJ/mol, duplex corrosion layers

were observed to form, which consisted of zirconium

telluride and zirconium oxide. About growth of corro-

sion layer, its thickness was increased with time and

tellurium vapor pressure. An attempt to explain the

formation of such duplex corrosion layers was made

from the point of view of both chemical-equilibrium and

kinetic models. On the other hand, under a high oxygen

potential of �430 kJ/mol, only zirconium oxide was

formed on the surface of Zircaloy-4 specimen.

Fig. 10. Stability diagram for Zr–Te–O system at 600 �C.

Table 1

Chemical reactions in Zr–Te–O system

No. Reaction

1 ZrðsÞ þO2 ¼ ZrO2(s)

2 ZrTe2ðsÞ þO2 ¼ Te2ðgÞ þ ZrO2(s)

3 ZrðsÞ þ Te2ðgÞ ¼ ZrTe2(s)

4 ZrTe2ðsÞ þ 1=2 Te2ðgÞ ¼ ZrTe3(s)

5 ZrTe3ðsÞ þO2 ¼ 3=2 Te2ðgÞ þ ZrO2(s)

6 1/2 Te2ðgÞ ¼ Te(s)

7 ZrO2ðsÞ þ 3=2 Te2ðgÞ þ 3O2 ¼ ZrTe3O8(s)

8 1/2 Te2ðgÞ þO2 ¼ TeO2(s)

9 TeðsÞ þO2 ¼ TeO2(s)
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