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Abstract

Analyses of the oxide layers which were formed in a static autoclave of 400 �C steam after the heat-treatment to

coarsen the precipitates were performed with the optical microscope, scanning electrical microscope (SEM), trans-

mission electron microscope, electron probe micro-analyzer (EPMA), synchrotron X-ray diffractometer (XRD), and

secondary ion mass spectroscope (SIMS), paying attention to the oxidation of Fe and Cr within ZrðFe;CrÞ2 precipitates
in Zircaloy-4. The oxide analyses were concentrated on the oxidized samples in the regime of pre- and post-transition. It

could be confirmed from the SEM observation of the interfacial oxide that the Zr matrix was oxidized earlier than the

precipitates. During the oxidation process, the unoxidized precipitates were incorporated in the interfacial oxide, and

then the precipitates were oxidized gradually in the oxide layer. From EPMA, synchrotron XRD and SIMS analyses,

the alloying elements such as Fe and Cr within precipitates exhibited differences in oxidation rate. It was found that the

Fe depletion from precipitates in the initial stage stabilized the tetragonal ZrO2 phase of the surrounding oxide and

when the oxidation time increased, the depletion of Fe and Cr initiated the phase transformation of the oxide crystal

structure from tetragonal ZrO2 to monoclinic ZrO2. All Fe within precipitates were depleted in the preference to Cr. It

is thought that the overall corrosion rate of Zircaloy-4 can be governed mostly by the oxidation of ZrðFe;CrÞ2 pre-
cipitates, and the oxidation rate of Fe was much faster than that of Cr in precipitates.

� 2002 Elsevier Science B.V. All rights reserved.

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

1. Introduction

Zircaloy-4 alloy has been used as a fuel cladding

material in pressurized water reactors since the 1960s.

The primary metallurgical factors that have been found

to correlate with the corrosion characteristics of Zirca-

loy-4 are the size and distribution of precipitates such as

ZrðFe;CrÞ2 [1–6]. The solubility of Fe and Cr in a-Zr is
less than the common impurity levels. So, most of the Fe

and Cr are always present in the form of precipitates.

Many researchers have suggested that the precipi-

tates in the Zr matrix be incorporated into the oxide and

oxidized gradually in it [7–14]. Pecheur et al. [7,8] indi-

cated that the transformation of ZrO2 in the oxide

structure and the decrease of the Fe to Cr ratio in pre-

cipitates occurred during the process of oxidation. Ac-

cording to the hypotheses of Anada et al. [12,13] and

Baek et al. [14], some of the Fe and Cr in the precipitates

diffuses into the surrounding ZrO2 and is then oxidized

to Fe oxide and Cr oxide. The difference of the pilling-

Bedworth ratio [15] between the Zr and alloying ele-

ments reduces the compressive stress heterogeneously

in the surrounding ZrO2 and the protectiveness to the

inward diffusion of the oxygen ions. In their studies,

they posited that the precipitates of an unoxidized state
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existed in the oxide layer and then the Fe, Cr and Zr in

the precipitates could be gradually oxidized to the Fe

oxide, Cr oxide and Zr oxide, respectively. However, the

details of this phenomenon were not completely agreed

upon. The oxidation rate of alloying elements such as Fe

and Cr within the precipitates has not verified since the

phase relationships between these metal oxides and zir-

conium oxide are complicatedly dependent on the space

coordinates of oxide film.

The objectives of this study are to clarify the oxida-

tion rate of Fe and Cr in the precipitates and to explain

the role of the precipitates in the oxidation process of

Zr-based alloys. The Zircaloy-4 samples having coars-

ened precipitates were oxidized in 400 �C steam and the
coarsened precipitates were characterized for the oxide

specimens in the pre- and post-transition regimes using

the optical microscopes, scanning electrical microscope

(SEM), transmission electron microscope (TEM), elec-

tron probe micro-analyzer (EPMA), synchrotron X-ray

diffractometer (XRD) and secondary ion mass spectro-

scope (SIMS).

2. Experimental procedures

2.1. Preparation of specimens

The materials investigated in this study were low-Sn

Zircaloy-4 sheets, which were manufactured by Cezus

and satisfied with ASTM B 352-92 GR60804. The

chemical composition of this alloy is shown in Table 1.

The oxidation of precipitates could be observed more

easily in the coarsening state than in the as-received

state. In order to coarsen the precipitates, these sheets

were successively annealed at 1100 �C (b phase region)
for 0.5 h, at 830 �C (a þ b phase region) for 5 h, at 780
�C (a phase region) for 216 h, and then slowly cooled in
the furnace in vacuum state.

2.2. Observation of precipitate

The micro-structures of the matrix were examined

using a polarized optical microscope (Leica DMRX) and

a SEM (JEOL JSM-6300) after the coarsening treat-

ment. The precipitates in the matrix were also observed

in detail with a TEM (JEOL JEM-2000FXII) equipped

with energy dispersive X-ray spectroscopy (EDS).

Metallic specimens for the optical microscope and

the SEM were prepared using mechanical grinding to

produce a mirror surface using 1200 Grid SiC paper and

chemical etching with a solution of 10% HF, 45%

HNO3, and 45% H2O. The specimens for the TEM were

prepared at )45 �C (applied voltage and current ¼ 12
V/1.2 mA) by the twin-jet polisher (Struers, Tenupol-3)

using a solution of 10% HClO3 and 90% C2H5OH after

mechanical thinning to 70 lm.

2.3. Corrosion tests

The heat-treated materials were machined to a size of

20� 25� 2 mm3 for the corrosion tests. The specimens

were mechanically ground with 800 Grid SiC paper and

chemically polished using a pickling solution (a mixture

of 5% HF, 45% HNO3, and 50% H2O) in the final step.

Corrosion tests were conducted in steam at a pressure of

10.3 MPa and temperature of 400 �C for 24 days in a
static autoclave, in accordance with ASTM Practice for

Aqueous Corrosion Testing of Samples of Zirconium

and Zirconium Alloys Procedure (G2-88). To obtain

samples with the specific oxide thickness of 1 lm (pre-

transition regime) and 4 lm (post-transition regime), the
weight gains were measured after every corrosion pe-

riod. The thickness of the oxide film was calculated from

the measured weight gain and confirmed by the SEM

examination.

2.4. Observation of precipitate oxidation at the metal–

oxide interface

To observe the oxide morphologies of oxide formed

at the interface of the matrix and oxide, the metal part of

the oxidized sample was removed chemically with the

mentioned etchant. Then the precipitates in the vicinity

of the interface were examined using an optical micro-

scope and SEM. In addition, the depletion of Fe and Cr

from precipitates in the vicinity of the interface was

observed by the technique of line profile using an EPMA

(Cameca SX-50) with a beam diameter of 0.1 lm, which
was attached with wavelength dispersive X-ray spec-

troscopy (WDS) and EDS, for the oxidized sample of

post-transition regimes.

2.5. Observation of oxide crystal structure

The crystal structure of the oxide layers was char-

acterized by a grazing angle XRD using a synchrotron

XRD of 3C2 beamline in Pohang Accelerator Lab., with

the energy range of 4–12 keV and a beam size of less

than 1 mm2. The grazing angle of the incident beam was

varied from 0.01� to 10� to identify the depth of te-
tragonal ZrO2. The measurements were made at 0.02�
intervals of 2h over a range of 25�–45� with a count-time

Table 1

Chemical composition of the Zircaloy-4 in this study (wt%)

Sn Fe Cr O Zr

1.32 0.21 0.11 0.122 Balance
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of 5 s at each angle. Integrated intensities were calcu-

lated for the measured X-ray peaks, and the intensity of

the tetragonal ZrO2(1 1 1) peak was compared with that

of the monoclinic ZrO2ð�1111Þ peak. The ratio of inte-
grated intensities was not equal to the amount of te-

tragonal ZrO2 or monoclinic ZrO2 directly, but the ratio

showed a relative change in the crystal structure.

2.6. Observation of precipitate oxidation on surface oxide

The distributions of Fe and Cr on the oxide surfaces

were analyzed by using the line scanning method of

SIMS (Cameca IMS-4F). Secondary positive oxygen

ions were used for the line scanning with a beam di-

ameter of 10 lm and a primary ion current of 10 nA.

The concentration of Fe and Cr could not be compared

with each other but the distribution of Fe and Cr could

be analyzed from the variation of intensities for a single

element.

3. Results

3.1. Micro-structures after the heat-treatments

Fig. 1 shows the micro-structures of the Zircaloy-4

matrix after heat-treatment to coarsen the precipitates.

The precipitates existed mainly at the boundaries of

prior b-phase grains. And the mean diameter of the
precipitates increased up to 3 lm from about 0.1 lm,
which was that of the as-received Zircaloy-4. But the

number density of the precipitates decreased drastically.

Since the solubility of Fe and Cr was very low in a-Zr,
i.e. in the region of 120 ppm for Fe and 200 ppm for Cr

at the maximum solubility temperature [16], most of the

Fe and Cr in the a matrix should form the intermetallic
precipitates of the ZrðFe;CrÞ2. From the TEM micro-

analysis in Fig. 2, it could be found that the precipitates

revealed the structure of a hexagonal Laves phase (C14)

and showed the characteristics of stacking faults as seen

in the dark field image. The ratio of Fe to Cr was varied

in the range of 1.2–1.7. The mean size of precipitates

analyzed from the TEM image was about 2.7 lm in

equivalent diameter.

3.2. Oxidation kinetics

As shown in Fig. 3, the weight gain kinetics of the

heat-treated samples in 400 �C steam was similar to that
of typical Zircaloy-4, expressing two regimes of pre-

transition and post-transition. The change of pre-tran-

sition to post-transition occurred at the oxidation time

of 6 days. It was believed that the parabolic kinetics in

the pre-transition regime result from the non-homoge-

neity of the diffusion process controlling oxide growth.

When the oxide reached a thickness of about 2 lm,
which was calculated from the measured weight gain (15

mg/dm2�1 lm), the oxidation rate was approximately
constant.

It was reported that the change in kinetics to the post

transition linear rate is smooth and no sudden discon-

tinuities are observed at relative high temperatures

(P 400 �C) [17]. Fortunately, it was obviously observed
in this study that the transition of the oxidation rate

occurred when the oxide thickness reached about 2 lm
after the 6-day oxidation test. For the verification of the

depletion rate of Fe and Cr within the precipitates, two

oxidized samples having an oxide thickness of �1 lm
(the pre-transition) and �4 lm (post-transition regimes)
were selected.

3.3. Morphologies of interfacial oxide

After the oxidation test in 400 �C steam, the initiated
oxide samples were prepared by etching out the metal

part for the observation of the precipitates in the oxide

Fig. 1. Micro-structures of the Zircaloy-4 matrix after heat-

treatment for coarsening the precipitates: (a) polarized optical

microscope and (b) SEM.
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interfacing with the matrix. In Fig. 4 of the post-tran-

sition oxide sample, the morphology in the initiated

oxide part showed a diffuse-out image. The precipitates

in the oxide could not be distinguished clearly from the

zirconium oxide. The diffuse-out image resulted from the

precipitate oxidation. It was interpreted that the oxida-

tion rate of precipitates is slower than that of the Zr

matrix.

A SEM was used to examine in detail the initiated

oxide and the results were disclosed in Fig. 5. Unoxi-

dized precipitates were observed in Zr oxide in both the

pre- and post-transition regimes. The unoxidized pre-

cipitates existed only in the vicinity of the matrix–oxide

interface in the case of the post-transition sample while

the precipitates were observed in the regions far away

from the interface in the case of the pre-transition. The

size of the precipitates was reduced with increasing oxi-

dation time. This decrease of the precipitate size would

be resulted from the oxidation of the precipitates in the

oxide layer.

Fig. 2. TEM micro-analysis of a coarsening precipitate in the heat-treated Zircaloy-4 matrix: (a) bright field image, (b) dark field

image, (c) EDX spectra at center and edge and (d) SAD pattern of the precipitate.
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3.4. Electron probe micro-analyzer analysis

For the oxidized sample with 4 lm in oxide thickness
(post-transition), the EPMA line profiles at the interface

between the matrix and oxide are revealed in Fig. 6. Two

precipitates at the interface were selected to verify the

oxidation kinetics of Fe and Cr in the precipitates. The

one (P1 in Fig. 6) was located in matrix and the other

(P2 in Fig. 6) in the oxide. There was no difference in the

size (about 2 lm) of the two precipitates. Since the in-
tensities of the two elements (Fe and Cr) were normal-

ized on the basis of the intensity of Zr, the concentration

of the elements in the precipitates could be interpreted

indirectly from the measured intensities. The intensity of

Fe in the two precipitates was different while that of Cr

remained almost constant regardless of the locations.

The Fe intensity in the P1 of the matrix precipitate was

stronger than that in the P2 of the oxide precipitate. This

means that the oxidation kinetics of Fe and Cr could be

different within precipitates. The difference of the Fe

intensities between the two precipitates could result from

the faster rate of Fe oxidation. It was confirmed that the

oxidation rate of Fe within precipitates is faster than

that of Cr.

3.5. Synchrotron X-ray diffractometer analysis

It is understood that tetragonal ZrO2, a meta-stable

phase formed from the high Pilling-Bedworth ratio of Zr

(1.56) at the interface of matrix and oxide affects the

oxidation kinetics of Zr in the oxidation process [18–21].

The tetragonal ZrO2 phase acts as a barrier layer to

control the oxidation rate. The crystal structure trans-

formation from the tetragonal ZrO2 to the monoclinic

ZrO2 results in the acceleration of the oxidation rate. To

verify the location of the tetragonal ZrO2 in the oxide

layer, the synchrotron XRD analysis was performed by

varying the grazing angle for the oxidized samples in the

Fig. 3. Corrosion behavior in the condition of 400 �C steam of
the heat-treated Zircaloy-4 for coarsening the precipitates.

Fig. 4. Micro-structure of the initiated oxide at the matrix and

oxide interface of the post-transition sample (4 lm in oxide

thickness).

Fig. 5. SEM morphologies at interfacial oxide of the oxidized

samples with (a) 1 lm and (b) 4 lm in oxide thicknesses.
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regime of the pre- (1 lm oxide thickness) and post-

transition (4 lm oxide thickness) and the resulting pat-

terns are shown in Fig. 7.

The penetration depth of the X-ray in the oxide layer

can be changed with the variation of the grazing angle of

the incident beam. Especially, the grazing angle was

linearly related to the penetration depth in the case of a

small grazing angle of less than 10�. In the case of the
oxidized sample of the pre-transition regime, the inten-

sity of tetragonal (1 1 1)-ZrO2 was changed by increasing

the grazing angle of the incident beam and the intensity

maximum of the tetragonal oxide occurred at the graz-

ing angle of 1�. The tetragonal ZrO2 intensity at the
grazing angle 2� was reduced slightly from the maximum
by increasing the maximum peak intensity. This trend

also appeared in the post-transition sample. But the in-

tensity maximum occurred at the grazing angle of 5� in
the post-transition oxide. The ratio of tetragonal (1 1 1)-

ZrO2 to monoclinic ð�1111Þ-ZrO2 was calculated by in-
tegrating the peaks and is summarized in Table 2. It is

thought that the intensity maximum will occur when the

penetration depth of the X-ray is equivalent to the

thickness of the oxide layer because the tetragonal ZrO2
exists in the thin oxide layer of the interface between the

matrix and oxide.

3.6. Secondary ion mass spectroscope analysis

Both the oxidized samples with 1 and 4 lm of oxide
thickness were analyzed on the oxide surface by the

SIMS line profiling technique. The profiles on the oxide

surface are shown in Fig. 8. The level of Fe and Cr on

the surface was not quantified but the line profiles could

only represent the relative localization of the alloying

elements. It was considered that the concentrated sites of

Fe and Cr would agree with the sites of the precipitates

because of the low solubility of Fe and Cr in the Zr

matrix. Most Fe and Cr would be located in precipitates.

In the case of the pre-transition oxide with a 1 lm
thickness, the profiles of Fe and Cr on the oxide surface

nearly coincide with each other. The peaks in the Cr

profile were shown at the same positions of the peaks in

the Fe profile. Fe and Cr were concentrated in the po-

sitions of the precipitates. In the case of the post-

transition oxide with a 4 lm thickness, the peaks in the
Fe profile disappeared but the peaks in the Cr profile

could be observed on the oxide surface. This was inter-

preted to mean that the Fe on the surface oxide was

already oxidized in the regime of post-transition. The

oxidation of Fe within precipitates would be faster than

Cr in the view of the oxidation rate.

4. Discussion

It has been reported in many studies that the pre-

cipitates can control the uniform oxidation rate of the

Zircaloy-4 alloy [1–14]. Since the oxidation rate of pre-

cipitates was slower than that of the Zr matrix, the

larger precipitates could retard the uniform oxidation of

Fig. 6. Line profiles of Fe and Cr in precipitates at interfacial

oxide of the oxidized sample with 4 lm in oxide thickness:

(a) SEM image, (b) Fe profile and (c) Cr profile.
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Zircaloy-4. The larger precipitates could improve the

uniform corrosion resistance of the alloy. And some

researchers explained the oxidation of incorporated

precipitates into oxide could give rise to a transforma-

tion of the structures from monoclinic ZrO2 to tetrag-

onal ZrO2 or cubic ZrO2 of the surrounding oxide

[7–9,11].

As explained in the proceeding section, the oxidation

kinetics of alloying elements such as Fe and Cr within

precipitates has been characterized for Zircaloy-4. The

oxidation rates of the alloying elements could control

the total oxidation rate of the alloy. The structure of the

precipitates, in Fig. 2, was identified as hcp Zr(Fe, Cr)2
by SAD analysis of TEM and the ratio of Fe to Cr was

in the range of 1.2–1.7. After the heat-treatment was

performed to coarsen the precipitates of Zircaloy-4, the

oxidation kinetics of the heat-treated samples almost

agreed with that of the as-received (typical) Zircaloy-4

[22]. It could be said the heat-treatment did not affect the

oxidation kinetics of the alloy. In other words, the oxi-

dation kinetics were represented by two regimes of pre-

and post-transition.

From the micro-structure observation at the interface

between the matrix and oxide in Figs. 4 and 5, most

precipitates in the regime of post-transition were grad-

ually oxidized and the smaller precipitates existed in the

interfacial oxide, compared to the precipitates in the pre-

transition regime. This could be interpreted that the Zr

matrix would be oxidized earlier than the precipitates,

the unoxidized precipitates would be incorporated in the

interfacial oxide, and then the incorporated precipitates

in the oxide would be oxidized gradually. The overall

corrosion rate of Zircaloy-4 could be governed mostly

by the oxidation of precipitates.

Table 2

Ratio of (1 1 1) t-ZrO2 to ð�1111Þ m-ZrO2 in the oxide layer

Pre-transition (�1 lm in

oxide thickness)

Post-transition (�4 lm in
oxide thickness)

Grazing angle Ratio Grazing angle Ratio

0.2� 0 1� 0

0.5� 0.02 3� 0.03

1� 0.06 5� 0.06

2� 0.02 6� 0.04

Fig. 7. Synchrotron XRD patterns of the oxides on the oxidized samples with (a) 1 lm and (b) 4 lm in oxide thicknesses.
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The oxidation rates of Fe and Cr within precipitates

were different as found by the techniques of EPMA and

SIMS. From the two techniques, it was found that the

oxidation rate of Fe was faster than that of Cr within the

precipitates of Zircaloy-4. The difference of the oxida-

tion rate between Fe and Cr could be explained by the

decrease of the Fe to Cr ratio within incorporated pre-

cipitates in oxide during the oxidation process. Accord-

ing to the Pecheur et al. some iron within precipitates

would be dissolved into the ZrO2 matrix [7,8]. Since

both compressive stress and adequate alloying elements

such as iron are known to stabilize tetragonal ZrO2, the

iron dissolution into the ZrO2 matrix would contribute

to extend the stabilization of tetragonal ZrO2 in the in-

terfacial oxide layer. So, the slower oxidation rate of Fe

than Cr would be correlated to the corrosion kinetics of

Zircaloy-4.

In addition, for the taped oxide layer by SIMS ionic

image, Garzarrolli et al. observed the localization of Fe

and Cr in the oxide of Zircaloy-4 [11]. They suggested

that the Fe distribution is more soluble than that of Cr.

These trends agreed with our analysis results by EPMA

and SIMS. Accordingly, it was considered that the Fe

within the incorporated precipitates in the oxide is oxi-

dized earlier than the Cr. It could be thought that the Fe

oxidation within the incorporated precipitates might

play a key role in controlling the overall oxidation rate

of Zircaloy-4.

In Zircaloy-4, the oxidation sequence can be ex-

plained by the above considerations. When oxidized in

400 �C steam, the Zr matrix is oxidized earlier rather

than the precipitates. The unoxidized precipitates could

be incorporated in the oxide. Then the Fe within the

incorporated precipitates would be oxidized before

the oxidization of Cr. Finally, Cr would be oxidized in

the oxide. This Fe dissolution into ZrO2 matrix would

contribute the formation of tetragonal ZrO2 in sur-

rounding oxides. So, the oxidation of samples having

larger precipitates would be retarded in Zircaloy-4 be-

cause the larger precipitates could form the larger area

to be stabilized tetragonal ZrO2 in the surrounding ox-

ides. This hypothesis could be applied to the results of

the present study.

Godlewski proposed that the fraction of tetragonal

ZrO2 in oxide was related to the corrosion rate and

transition of the corrosion rate of Zircaloy-4 [18]. He

pointed out that the fraction increased slightly due to the

generation of a compressive stress field and changed

drastically at a transition point during the precipitate

oxidation. As mentioned by Pecheur et al. the segrega-

Fig. 8. SIMS line profiles on the surface oxides of the oxidized samples with (a) 1 lm and (b) 4 lm in oxide thicknesses.
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tion of Fe and Cr in precipitates could stabilize the te-

tragonal ZrO2 phase because of the delayed oxidation of

alloying elements such as Fe and Cr with respect to the

Zr in precipitates [7,8]. The synchrotron XRD analysis

in Fig. 7 supported the assumption that the tetragonal

ZrO2 layer exists at the most inner oxide layer in the

vicinity of the matrix–oxide interface by the observation

of the tetragonal ZrO2 at a specific grazing angle. This

tetragonal ZrO2 phase layer would act as a barrier layer,

obstructing the diffusion of the oxygen ion. The pre-

cipitates were not fully oxidized in the ZrO2 layer as

evidenced by the traces of precipitates on the oxide

surface observed by SIMS.

It is possible to suggest the oxidation kinetics of

precipitates from the experimental results. Fig. 9 shows

the schematic diagram of precipitate oxidation in the

vicinity of the matrix–oxide interface of Zircaloy-4.

The ZrðFe;CrÞ2 type precipitate was incorporated in the
oxide because the precipitates were oxidized slower than

the Zr matrix. It is thought that the structure of the

initial oxide is tetragonal ZrO2 phase, providing a bar-

rier layer for the diffusion of the oxygen ion. In the

initial oxide, a small amount of Fe would be dissolve

into the surrounding oxide. In the process of the Fe

dissolution into the oxide matrix, the tetragonal ZrO2
would be more stabilized by the oxidation of Fe at the

boundary of the precipitates. With the oxidation time

increased, most of the Fe as well as a little of the Cr

would dissolve into the oxide and a few of Cr would

start to dissolve into the oxide. Simultaneously, the

oxide structure would be transformed from the tetrago-

nal ZrO2 phase to the monoclinic ZrO2 phase due to the

oxidation of Fe and Cr. The Fe-depleted precipitate in

this step should be left in the oxide layer. The Fe within

precipitates would be oxidized to iron oxide simulta-

neously. The volume expansion caused by the oxidation

of Fe in the oxide could have contributed to the for-

mation of compressive stress in the oxide layer. Beyond

a critical compressive stress to stabilize the tetragonal

oxide phase, the excess stress would result in the motive

for the phase transformation from tetragonal ZrO2 to

monoclinic ZrO2. The TEM observation on the oxide

layer was not conducted for the phase transformation in

this study, but the existence of micro-cracks in the

middle oxide was already discussed in previous studies

[23,24]. The micro-cracks would also be developed in the

oxide layers, which could be evidence of stress relaxation

in oxide.

At the further outer oxide layer, most of the Fe

would have oxidized into the surrounding oxide and

then Cr from the precipitates would have oxidized into

the oxide matrix. After the Fe within the precipitates

was utterly exhausted in the oxide matrix, the Cr within

the precipitates would also be oxidized gradually into

the surrounding oxide.

It was concluded that the oxidation rate of Fe was

much faster than that of Cr within precipitates. The Fe

dissolution in the initial stage could stabilize the te-

tragonal ZrO2 phase of the surrounding oxide and the

oxidation of Fe and Cr would be thought to give rise to

a transformation from tetragonal ZrO2 to monoclinic

ZrO2. All Fe in precipitates would be preferably oxi-

dized out and then Cr would be oxidized gradually.

5. Conclusions

The oxidation kinetics of precipitates in the oxide

layer formed in 400 �C steam have been studied by the

techniques of OM, SEM, EPMA, Synchrotron XRD,

and SIMS. The Zr matrix was oxidized earlier than the

precipitates, so the unoxidized precipitates would in-

corporate in oxide, and then the incorporated precipi-

tates in oxide would be oxidized gradually. The overall

corrosion rate of Zircaloy-4 could be governed mostly

by the oxidation of precipitates. In precipitates, the al-

loying elements such as Fe and Cr exhibited a difference

in their oxidation rate, that of Fe being much faster than

that of Cr within the precipitates. It was interpretated

that the Fe dissolution in the initial stage could have

stabilized the tetragonal ZrO2 phase of the surrounding

oxide, and then the oxidation of Fe and Cr would have

initiated the phase transformation from tetragonal ZrO2
to monoclinic ZrO2 when the excess compressive stress

was created due to the oxidation of Fe and Cr within

precipitates.

It was concluded that the oxidation kinetics were

dependent on the depletion of alloying elements such as
Fig. 9. Schematic diagram of precipitate corrosion in the vi-

cinity of the matrix–oxide interface of Zircaloy-4.
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Fe and Cr from precipitates. In the first stage, the Fe

dissolution into ZrO2 matrix and its oxidation would

lead to enhance the stabilization of the tetragonal ZrO2
phase in the interfacial oxide. As the oxidation pro-

cessed, the tetragonal ZrO2 phases would transform to

the monoclinic ZrO2 phases beyond the critical com-

pressive stress. At the later stage, the oxidation of Fe

and Cr in precipitates was responsible for the destabili-

zation of the tetragonal ZrO2 phase.
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