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a b s t r a c t

In order to characterize the microstructure of oxide layers formed on Zircaloy-4 tubes during the break-
away transition, oxidation tests in a flowing steam environment were performed at 1000 �C with a dif-
ferent oxidation time. It was found that breakaway oxidation occurred after the oxidation time of
3000 s, and zirconium dioxide layers existed in two mixed crystallographic forms of the tetragonal and
monoclinic phase in all samples. The zirconium oxide layers showed enhanced crystallinity, increase in
grain size, and fine pores at the grain boundary after breakaway oxidation. We found that the initiation
of breakaway oxidation instability originated from these microstructural changes.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium (Zr) based alloys have been extensively studied due
to their fairly good resistance to corrosion from water at elevated
temperatures and a very low absorption cross-section of thermal
neutrons, and also their potential use in the nuclear industry.
The main application is thin-walled tubes used to clad radioactive
fuel in boiling water reactors (BWRs). The most commonly used al-
loy is Zircaloy-4, which is Zr primarily alloyed with tin and iron.

In view of the fact that the fuel cladding have to maintain its
fuel integrity in a postulated design-based accident as well as
during a normal operation, a loss of coolant accident (LOCA) is con-
sidered as one of the most important postulated design-basis acci-
dents in a light water reactor (LWR). When a small break LOCA
occurs, the temperature of the fuel system rises rapidly and the
cladding undergoes an oxidation for relatively longer periods of
time at environment of the mixture of water and steam until it is
quenched by emergency core cooling water [1]. As a result, signif-
icant oxidation takes place on the surface of the cladding tube
during the LOCA, and prolonged exposure to steam can cause
breakaway oxidation phenomenon which is described by linear
oxidation kinetics with a sudden increase in the oxidation rate
which follows initial parabolic regimes [2]. This phenomenon
could severely promote embrittlement of the cladding, therefore
it is very important to explain precisely why this breakaway oxida-
tion takes place during the LOCA for safety analysis. However, no
mechanism has been generally accepted for the explanation of
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: +82 42 862 0432.
pre- to post-breakaway kinetics and its actual process is still a mat-
ter of controversy, although extensive investigations have been
carried out [3–8]. Furthermore, most investigations of them were
performed at a lower temperature than a real LOCA condition.
However, high temperature oxidation test should be conducted
for simulating almost real accident condition and for understand-
ing what happens to oxide layer formed on cladding during actual
LOCA. Few studies have been published on the mechanisms of
breakaway oxidation in actual LOCA conditions, but microstruc-
tural analysis studies were carried out with just low magnification
using optical microscopy (OM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), etc.

In this study, we attempted to synthesize the microstructure
and atomic arrangement of the oxide layer formed on Zircaloy-4
tube at a temperature of 1000 �C by using a high resolution TEM
(HRTEM). As a result, we observed flat grain boundaries (GBs)
and micro-pores between the enlarged grains in post-breakaway
oxide layer. We propose a mechanism to explain how these micro-
structural changes play a crucial role in transition to the break-
away and contribute to the enhanced oxidation rate.

2. Experimental procedure

A Zircaloy-4 tube which has a 200 mm length was used in this
study and specimen temperature was measured by a pyrometer.
Direct heating by an ohmic resistance with feedback between the
pyrometer and the power supply enabled the specimen to heat
up to temperatures of 1000 �C. Then the specimen was oxidized
in a flowing steam with different exposure times in the range of
300–4000 s. Finally, the specimen was cooled at an intermediate
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temperature of 700 �C for 200 s after oxidation and then quenched
because the apparent temperatures do not abruptly drop at first
until a sufficient amount of coolant is flooded into the core. All
the data and procedures were collected and controlled by a main
computer. The detailed illustration and description of experimen-
tal procedures of the simulated LOCA facility can be founded in
previous work already reported by our group [9]. The metallo-
graphic study and cross-sectional morphology of the oxide layer
was investigated by OM with a polarized filter, and the HRTEM
(JEM 3010) operated at 300 kV. TEM samples sectioned from the
oxidized tube were polished mechanically and then argon ion
thinned for electron transparency.
3. Results and discussion

Fig. 1 shows the morphology of the ZrO2 layers formed on the Zr
tube with different oxidation times of 300 s (sample A), 2000 s
(sample B), 3000 s (sample C), and 4000 s (sample D). In previous
result reported by our group, similar oxidation tests were carried
out at 1000 �C. At that time, the in situ measuring method was
used to determine the weight gain during an oxidation and the
breakaway oxidation of the Zircaloy-4 alloy occurred after an expo-
sure for about 3100 s. It can be found that the breakaway oxidation
time of the Zircaloy-4 alloys was almost the same from the repeat-
edly performed tests for the various exposure times [10]. This is
the reason why these test times from 1000 s to 4000 s were se-
lected, although experimental instrument used for oxidation in
this study is not a same one. Sample A showed a uniform oxide
layer with a mean thickness of 41.7 lm. Thickness of the oxide
layer increased slightly up to an oxidation time of 3000 s, but sam-
ple D showed a sudden increase in the thickness of the oxide layer
due to breakaway oxidation. The lateral crack parallel to the inter-
face between oxide and metal (see arrow in Fig. 1d) was formed
during the transition to breakaway oxidation. Based on results of
the previous report [4], it seems likely that the oxide layer below
the arrow is the black hypostoichiometric oxide (anion-deficient)
and the upper one is the white (or grey) stoichiometric oxide.
Oxygen-stabilized alpha phase was formed beneath the oxide layer
in all samples because of the oxygen diffusion along the cladding
thickness and excess of oxygen solubility limit in prior beta region.
The thickness of alpha layer increased as the oxidation time
increased, as shown in Fig. 1a–d.
Fig. 1. Optical metallographs of outer surface oxide layers oxidized at 1000 �C with
different oxidation times: (a) 300 s, (b) 2000 s, (c) 3000 s, and (d) 4000 s.
Cross-sectional bright-field TEM images of the oxide layer from
samples A and D are shown in Fig. 2a and b. While sample A
showed high density columns vertically aligned with round tips,
enlarged grains having fine pores in GBs (see arrows and inset of
Fig. 2b) were observed in sample D. Selected area diffraction pat-
terns (SADPs) obtained from both samples indicate that oxide lay-
ers of sample A and D are composed of two mixed crystallographic
forms of the tetragonal and monoclinic phase. However, it is not
absolutely clear due to very similar interplanar spacing distances
of several planes of the two crystallographic phases, such as the
(2 0 0) plane of monoclinic ZrO2 and the (1 1 0) plane of tetragonal
ZrO2. The SADP was converted from an initial ring pattern to a
spotty one. These results reveal that crystallinity and the size of
grains in the oxide layer changed during breakaway oxidation,
i.e., small grains having a random distribution in crystalline orien-
tation changed to large grains with high crystallinity and the same
crystalline orientation due to a longer oxidation time at a high
temperature.

HRTEM analysis was performed to characterize the detailed
microstructural properties of the oxide layer in sample A. A repre-
sentative HRTEM image was taken from middle region of oxide
layer. As shown in Fig. 3, the boundary shape between columns
was unclear and uneven. Moreover, crystalline orientations in the
same column show a slight difference depending on the location.
For analyzing the crystalline structure, fast-Fourier-transformed
(FFT) diffraction patterns were obtained from each region labeled
as A, B, and C. Based on distances and angles between spots deter-
mined from the FFT image, the FFT diffraction patterns from re-
gions A, B, and C are indexed and determined to be the
diffraction patterns for the tetragonal structure with the [111]
zone axis (ZA), the monoclinic structure with the [110] ZA, and
the tetragonal structure with the [110] ZA, respectively. From
these results and the SADP of sample A in Fig. 2, it is concluded that
the oxide layer of sample A is composed of two mixed crystallo-
graphic forms of the tetragonal and monoclinic phase.

The oxide layer of sample D was also characterized by HRTEM.
The micrograph in Fig. 4 was obtained from the oxide layer below
arrow in Fig. 1d. In contrast to the result of sample A (Fig. 3), the
oxide layer of sample D showed larger grains with very flat GB,
and crystalline orientation in each grain was completely the same.
This change in the grain morphology means that grain growth oc-
curs continuously as the oxidation time increases. The driving force
for the grain growth and flat boundaries is the excess boundary en-
ergy of grains [11] because reduced boundaries due to larger grains
with a flat boundary are more energetically favored than a smaller
one with a rough boundary. Fast-Fourier-transformed (FFT) diffrac-
tion patterns obtained from each region labeled as A and B were in-
dexed, as shown in Fig. 4. Although it revealed that both grains in
Fig. 4 were monoclinic structure with the [1 1 0] ZA and the [011]
ZA, a tetragonal structure was also observed in the HR TEM result
obtained from another region (not shown here). Considering the
SADP in Fig. 2, therefore, we know that the oxide layer of sample
D is also composed of two mixed crystallographic forms of the
tetragonal and monoclinic phase. These results mean that oxide
layers of pre- and post-breakaway oxidation do not differ in
crystalline structure. Although several investigators [12,13] have
suggested that the transition at breakaway is probably caused by
a change in the oxide structure from cubic or tetragonal to mono-
clinic, our results reveal that no effect of such a change would be
expected to give rise to the breakaway oxidation.

From the results mentioned above (Figs. 1–4), we conclude in
partial consistence with Keys et al. [14] that the breakaway
oxidation phenomena is associated with the change of non-stoichi-
ometric (anion-deficient) and protective black oxide into stoichi-
ometric and non-protective white (or grey) oxide. This change
accompanies a decrease in the plasticity of the oxide layer and



Fig. 2. Cross-sectional bright-field TEM micrographs obtained from the oxide layers of (a) sample A and (b) D. The inset of (b) shows the enlarged TEM image of a grain
boundary containing a micro-pore, and the scale bar denotes 20 nm. Corresponding SADPs of the oxide layer are shown in the bottom of each BF TEM image.

Fig. 3. Cross-sectional HR TEM image taken from the oxide layer of sample A. Fast-
Fourier-transformed patterns corresponding to marked square regions of A, B, and C
are shown in the bottom. Fig. 4. Cross-sectional HR TEM micrograph obtained from the oxide layer of sample

D. The images on the bottom show corresponding fast-Fourier-transformed
diffraction patterns for regions A and B, respectively.
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leads to cracks in the outer stoichiometric region and a mechanical
breakdown under the growth stress originating from a high value
(1.56) for the Pilling–Bedworth ratio [4]. Consequently, this resul-
tant stoichiometric layer of oxide is separated from the underlying
non-stoichiometric layer. The protective barrier for oxidation is
then greatly reduced and the oxidation rate is increased suddenly.
However, Keys et al. did not offer a clear explanation for enhanced



Fig. 5. Schematic diagrams of (a) the oxide layer formed at pre-breakaway kinetics,
and (b) the oxide layer formed during the transition to breakaway oxidation.
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oxygen diffusivity in the stoichiometric region and the origin of
mechanical cracks. In this process of breakaway transition, we
found that initiation of the stoichiometric change in oxide and
the formation of cracks are essentially related with two main
microstructural changes occurring in transition to breakaway oxi-
dation: formation of the flat GBs and the fine pores (about 3–10 nm
in width).

Based on HR TEM observation, a schematic diagram is depicted
in Fig. 5. In contrast to the oxide layer formed at a pre-breakaway
transition with unclear and uneven GBs (Fig. 5a), breakaway oxida-
tion transition led to the formation of enlarged grains having flat
and clear GBs, resulting in enhanced oxygen diffusion into the
oxide layer (Fig. 5b). This can be explained by the fact that GBs
could be a short circuit associated with easier diffusion paths, as
indicated by heavy arrows in Fig. 5b. That is, the GB with mismatch
between adjacent crystal grains in the material’s microstructure is
a more open structure, allowing enhanced diffusion [15,16]. The
relative diffusivities are Dvolume < Dgrain boundary < Dsurface. Further-
more, micro-pores located at grain triple points and GBs are also
open structures. For the crack formation during breakaway oxida-
tion, micro-pores can increase the magnitude of the local stresses
or cause a crack which appear to spread from the internal micro-
pores to the GBs [17]. Thus, these micro-pores are considered to
be the origin of the mechanical cracks in the oxide layer during
breakaway oxidation. In addition, flat GBs in sample D are more
favorable to crack propagation occurring during transition to
breakaway oxidation than uneven GBs in sample A.

4. Conclusions

In conclusion, we demonstrated breakaway oxidation behavior
and resulting microstructural changes of the oxide layer formed
on the Zircaloy-4 tube at 1000 �C with a different oxidation time.
Oxide layers with small grains showing unclear and uneven GBs
were grown at relatively shorter oxidation time, whereas larger
grains with flat GBs and micro-pores were observed in the oxide
layer grown during transition to breakaway oxidation. The crystal-
line structure of ZrO2 layers was characterized on an atomic scale
by using HR TEM. Based on the microstructural changes affecting
breakaway such as the shape of GBs and the formation of micro-
pores, a mechanism was proposed to explain the process of break-
away oxidation transition.
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