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1. Introduction

Zirconium and its alloy have low thermal neutron
capture cross section and excellent mechanical properties;
therefore, they are used as nuclear fuel cladding materials
in nuclear power plants. The phase of zirconium oxide
contributes to mechanical properties and corrosion
behaviors of zirconium oxide. To assure the safety of
nuclear power plants, therefore, the oxidation characteristic
and phase of zirconium oxide should be comprehensively
understood.

Investigation based diffraction studies has shown that
due to the compressive stresses, tetragonal phase fraction is
the highest near the oxide/metal interface, where the
compressive stress is relatively higher than the middle of
the zirconium oxide. As oxidation time increases, the
proportion of monoclinic zirconium oxide increases while
that of tetragonal zirconium oxide decreases [1-3].

Detailed characterization of the oxide structure and the
tetragonal phase fraction using high-energy synchrotron X-
ray diffraction on zirconium alloys and metastable
tetragonal phase fraction is previously reviewed: The
previous study has shown that X-ray absorption spectra are
sensitive to the thin film structure [4].

However, the oxidation of zirconium alloys is a complex
process, which starts by the alloy developing a black
protective oxide resulting in a parabolically decreasing
oxidation rate [5]. To identify structure of the zirconium
oxide, and the oxide/metal interface, electron energy loss
spectroscopy, and atom probe tomography have identified
a layer zirconium oxide before the first abrupt transition
[6,7].

In this study, a specific zirconium alloy was oxidized
and investigated with scanning transmission X-ray
microscopy (STXM) for 100 d oxidation, which is close to
the first transition time of the zirconium alloy oxidation.
The ex situ investigation methods such as transmission
electron microscopy (TEM) was used to further
characterize the zirconium oxide structure.

2. Experimental
2.1 Materials and specimen preparation
A plate of the zirconium alloy, provided by KEPCO

Nuclear Fuel Co., Ltd., was used for the oxidation
experiment in the primary water chemistry of pressurized

water reactor. The chemical composition of the
zirconium alloy is presented in Table. I.

Table. I Chemical composition of zirconium alloy

Element Nb Sn Fe (0] N C Zr

Composition

096 | 076 | 018 | 062 | 003 | 0.1 | Bal
(wt. %)

The specimens were polished before oxidation. Grits
400 to 800 SiC papers were used to polish the specimen.
Next, diamond pastes of up to 1 pm and colloidal SiO»
were used for minimizing the mechanical transformation
of specimens.

2.2 Experimental system

For simulating the primary water chemistry of a
pressurized water reactor, a loop and an autoclave for
high temperature and pressure conditions were used. The
detailed explanation about the system is illustrated in the
authors’ previous study [8].

Using this system, the conditions of the simulated
primary water environment were set as follows:
temperature of 360 °C, pressure of 19 MPa, dissolved
oxygen concentration of below 5 ppb, and boric acid and
lithium hydroxide concentrations of 1200 ppm and 2
ppm, respectively. Also, the dissolved hydrogen
concentration is controlled as 30 cm®kg. These water
chemistry conditions were maintained during the
oxidation process, for a total of 100 d.

For STXM experiment, the focused ion beam method
is used to make analysis sample. To prevent the surface
contamination from impurities and ion beam damage
during the FIB process, the specimen surface was coated
with sputtered carbon before gallium ion milling.

The structural properties were examined by using the
synchrotron X-ray at soft X-ray Nanoscopy beamline (10
A beamline of Pohang Light Source, South Korea). Local
electronic structure of the oxidized zirconium samples
was investigated by using X-ray absorption fine structure
spectroscopy at the O K-edge, and the energy range of O
K-edge is set as 520 to 560 eV.

Then, for further investigation of microstructure of
zirconium oxide, TEM analysis was conducted for
oxidized zirconium alloy for 30, 50, 80 and 100 d.

3. Results and Discussion

3.1. STXM analysis of oxidized zirconium alloy.
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The STXM results of oxidized zirconium alloy with
different oxidation time are illustrated in Fig. 1. Fig. 1
shows the STXM images of oxidized zirconium alloy
cross-section from FIB sampling.
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Fig. 1 STXM images of oxidized zirconiumalloy @
30d, (b) 50 d, (c) 80 d, and (d) 100 d.

Fig. 1 shows the STXM images of oxidized zirconium
alloy with different oxidation time. All STXM image
shows the dark-contrast region which existed just above
the oxide/metal (O/M) interface. For investigating the
characteristic of dark-contrast region, the X-ray
absorption spectroscopy of O K-edge energy region was
conducted.

X-ray absorption spectroscopy of O K-edge energy
region.

Absorption intensity (a.u.)

F Zirconium oxide

Zrdd ! Zr 5s O K-edge, 30d 3
: ) ]

L 1 i | L L
520 525 530 535 540 545 550 555 560
Photon energy (eV)

(2) 30 d

e

A

Absorption intensity (a.u.)

E iZrad 7rss O K-edge, 50 4
HI . . .

1 1 )
520 525 530 535 540 545 550 555 560
Photon energy (eV)

(b) 50 d

T
E Sub-oxide region (2) P

F Sub-oxide region (1) \/ \V\\/

Zrdd ZrSs
L 1 1

Absorption intensity (a.u.)

O K-edge, 80d
L L

L L
520 525 530 535 540 545 550 555 560
Photon energy (eV)

(c) 80 d

e : E

E Sub-oxide region (2)

Absorption intensity (a.u.)

Zr4d:
PP

Zr3s

i O K-cdge, 100d
520‘ : l525 530 535 ‘ ‘5:10‘ 5:15 55‘»0 ] ‘55‘:5‘ ‘ ‘550
Photon energy (eV)

(d) 100d
Fig. 2 O K-edge XAS images of oxidized zirconium

alloy with different oxidation time

When obtaining the O K-edge XAS spectra in Fig. 2, the
oxide/metal interface is assumed just above the metal layer,
and the interface is dark area in the 534 eV image, Fig. 1.
From the all STXM image, the O/M interface layer
thickness is below 100 nm.

The obvious twin peaks are observed in the XAS
spectrum of zirconium oxide. The twin-peak structure of
the O K-edge means the tyy and eg orbital of the oxygen are
shown in the XAS image. In the electronic structure of
ZrO, the lowest unoccupied molecular orbitals will be
associated with the empty 4d orbitals of the Zr atoms. As a
consequence of electron-electron interactions, the latter
pair, labeled ey, are lowered in energy while the former
group, labeled ty, are raised in energy.

The ey orbital points toward the interstitial sites of
zirconium oxide between the two oxygen atoms, hence is
“nonbonding,” while tog orbital is “bonding” [9].

The first peak (~532 eV) corresponds to the excitation
from the O 1s state to the hybridized O 2p— Zr 3d state, and
the second (~536V) and third peaks (~541 eV) have been
attributed to the excitations of O 1s to O 2p—Zr 5d, and O
2p—Zr 4sp, respectively.

This results show that the oxygen chemistry is
different in sub-oxide region compared to the bulk
zirconium oxide layer. Two sharp peaks which can be
contributed to the eg and tog disappear as far from the bulk
oxide. This means the crystal structure of dark-contrast
region is different from bulk zirconium oxide. For further
investigation of phase of dark-contrast region, the TEM
analysis is conducted.
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3.2. TEM analysis of oxidized zirconium alloy
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Fig. 3 TEM and FFT analysis results of oxidized
zirconium alloy after 30 d oxidation.
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Fig. 4 TEM analysis results of oxidized zirconium
alloy after (a) 50 and (b) 80 d oxidation.

For investigating the phase of zirconium oxide with
different oxidation time, the TEM analysis was
conducted. After 30 d oxidation, the oxide thickness
increased to 0.88 um. For investigating the phase of
zirconium oxide at specific position, the Fast Fourier
transform (FFT) analysis was conducted from positions

“A” and “B” which are marked with a red box in Fig. 3.
The middle oxide which can be represented as A is
analyzed as monoclinic, and the O/M interface, which
can be represented as “B” is analyzed as tetragonal
zirconium oxide phase. It is well-matched with in situ
Raman spectroscopy results. The oxide thickness is
below 1 um; therefore, the tetragonal zirconium oxide
peak can be shown in Raman spectrum after 30 d.

Fig. 4 is the TEM image of oxidized zirconium alloy
after 50 and 80 d, respectively. The oxide thickness is
increased from 1.46 pm to 2.27 pum as oxidation time
increases from 50 d to 80 d.

Fig. 5 is the TEM image of oxidized zirconium alloy
after 100 d. The oxide thickness is increased to 2.44 pm
as oxidation time increases to 100 d. The d-spacing of
positions “A”, “B”, and “C” are explained, and the
zirconium oxide phases located at these three sites are
determined using JCPDS diffraction reference data (37-
1484, 42-114, 50-1087; zirconium oxide). The FFT
analysis results show that the oxide phase of positions “A”
and “B” are monoclinic zirconium oxide, especially (110)
and (120) planes. This means that the top and middle
regions of zirconium oxide are monoclinic dominant
zirconium oxide. The tetragonal zirconium oxide, which
has (102) and (211) planes, is shown in position “C,”
which represents the O/M interface. It shows that the
tetragonal zirconium oxide is always positioned near the
O/M interface during the zirconium oxidation process.
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Fig. 5 TEM and FFT analysis results of oxidized
zirconium alloy after 100 d oxidation.

3.3 Oxygen chemistry of zirconium oxide

Many previous researches explained that the sub-
oxide layer is a metastable ordered solution of O in Zr,
although no sub-oxide diffraction peaks could be clearly
indexed in TEM [7]. However, small crystallites which
can be attributed to the tetragonal zirconium oxide
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appear in the rectangular grains in the sub-oxide region.
This can explain the tetragonal oxide is found just near
the O/M interface, which is included in the sub-oxide
region.

From STXM and XAS analysis, the dark-contrast
region is existed just above the O/M interface, and
thickness of that region is around 50 to 100 nm. This
indicates that the oxygen chemistry is different compared
to the bulk zirconium oxide. The sharp eq and toq orbitals
peaks related to the Zr 4d and O 2p hybridization
disappear in the sub-oxide region.

TEM analysis results also show that the tetragonal
zirconium oxide is positioned just above the O/M
interface, and the position of tetragonal zirconium oxide
is overlapped with the sub-oxide region. This result is
well matched with the previous researches [10,11],

4. Conclusions

In this study, synchrotron STXM and TEM analysis
were conducted for investigating the phase
transformation of zirconium alloy in primary water.
From this study, the following conclusions are drawn:

1. The zirconium alloy was oxidized in primary water
chemistry for 100 d, and the STXM and XAS were
measured after 30, 50, 80, and 100 d from start-up. The
hybridization state of Zr 4d and O 2p orbitals are changed
with the position of oxide.

2. As oxidation time increased, the sub-oxide region,
which is positioned just above the O/M interface is
remained.

3. TEM and FFT analysis showed that the zirconium
oxide mostly consisted of the monoclinic phase. The
tetragonal zirconium oxide was just found near the O/M
interface..
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