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1. Introduction

Zirconium alloys are used as fuel cladding
materials in nuclear power reactors, because these
materials have a very low thermal neutron capture
cross section as well as desirable mechanical properties.
However, the Fukushima accident shows that the
oxidation behavior of zirconium alloy is an important
issue because the zirconium alloy functions as a shield
of nuclear material (i.e., uranium, fission gas), and the
degradation on zirconium cladding directly causes
severe accident on nuclear power plant. Therefore, to
ensure the safety of nuclear power reactors, the
performance and sustainability of nuclear fuel should
be understood.

Currently, the water-metal interface is regarded as
the rate-controlling site governing the rapid oxidation
transition in high-burn-up fuels [1-4]. Zirconium oxide
is formed at the water-metal interface, and its structure
and phase play an important role in determining its
mechanical properties [5-18]. During the oxidation
process, a protective tetragonal oxide layer develops at
the interface owing to the accumulated high stress.
This layer turns into a non-protective one of
monoclinic zirconium oxide as the layer thickness
increases, thus decreasing the stress [16-18]. Therefore,
it is important to determine the types of oxides (i.e., the
phases of the oxides) in the oxide layer formed on the
zirconium alloy during the in situ oxidation process.
Because it does not require the removal of specimen
from the oxidation environment, which can modify the
oxide phase and structure on specimen.

Raman spectroscopy can be applied the in situ
investigation, because the experimental system can be
conducted at elevated temperatures and high pressure.
In situ Raman spectroscopy identify the oxide phase
and oxidation products on a metal surface w for
comprehensive understanding of the oxidation
mechanism. It involves measuring the wavelength and
intensity of inelastically scattered light due to the
excitation of molecules when the test sample is
irradiated with a laser. The light inelastically scattered
by the sample is collected. The shift in its energy from
that of the incident light, which is by a discrete amount,
is characteristic of the scattering material [19, 20].
There have been a number of studies involving the ex
situ Raman analyses of zirconium and zirconium alloys
in aqueous solutions [21-25]. Also, in previous studies
[19, 20, 26], the in situ Raman system was designed for
the oxide analysis on nickel base alloy and low alloy

steel in high temperature environment. Also, the
dissolved hydrogen (DH) concentration effect on the
oxide has been investigated by other previous research
[27-29]. However, the in situ Raman investigation of
zirconium oxide and alloy at high temperature water
environment with various DH concentration was
conducted relatively little number compared with other
metal alloy.

Therefore, in this study, the zirconium alloy was
oxidized in situ at different DH  concentrations,
including under the normal operating conditions of a
pressurized water reactor (PWR) (30 cc/kg) and at a
higher DH concentration (50 cc/kg) at high
temperature water. Next, in situ Raman spectroscopy
was used to characterize oxide phase at the zirconium-
water interface, and the effects of the DH concentration
on the characteristics of the phase of the zirconium
oxide were investigated. Then, the ex situ investigation
methods like scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS) and
transmission electron microscopy (TEM) were used for
characterizing the oxide structure of zirconium alloy.

2. EXPERIMENTAL
2.1 Materials and specimen preparation

A plate of the zirconium alloy, ZIRLO [30-32]
provided by KEPCO Nuclear Fuel Co., Ltd., was used
in this study, for oxidation in the primary water
environment of a PWR. The chemical composition of
ZIRLO is explained in the Table 1, and the dimension
of specimen was 40 mm x 40 mm x 0.65 mm, and the
specimen was polished before the oxidization process.

First, SiC papers with grits 400 to 800 were used
to polish the specimen. Next, it was polished using
diamond pastes (up to 1 um). Finally, to minimize the
mechanical transformation of the ZIRLO specimen, a
0.05 pm colloidal silica paste was used for polishing.

2.2 Experimental system

To simulate the primary water chemistry of a
PWR, a loop for the high-temperature and high-
pressure conditions and an autoclave were used. A
schematic of the complete system used for the in situ
Raman spectroscopic analysis is shown in Fig. 1(a),
and the region near the specimen in the autoclave is
shown in Fig. 1(b). Using this system, the primary
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Table 1. Chemical composition of ZIRLO

Element Nb Sn Fe Hf C 8] N Zr

Composition (wt %) 096 076 018 0.002 0.1 0.62 003 Balance

water chemistry of the simulated PWR was set as
follows: temperature of 325 °C, pressure of 18 MPa, by
main and pre heaters and high pressure pump,
dissolved oxygen concentration of less than 5 ppb, and
LiOH and H3BOs concentrations of 2 and 1200 ppm,
respectively, and it is maintained during oxidation
process. The water chemistry data during oxidation
including electrical conductivity of inlet and outlet
water, dissolved oxygen and hydrogen concentration,

autoclave pressure and temperature are shown in Fig. 2.

Also, the DH concentration was precisely measured by
Orbisphere™ DH sensor.

2.3 In situ Raman spectroscopic system

The Raman spectroscopy measurements were
made using a RamanRXNTM, manufactured by Kaiser
optical systems Inc., which uses a 532 nm wavelength
krypton ion laser with a maximum power 100 mW.
The irradiation area in the specimen of the Raman
system was 100 pm2 and the power density at the
specimen was less than 10 mW/cm2 to prevent the
damage on specimen. The in situ Raman system
consists of four parts, and these include the immersion
optics for moving the laser toward the sample, a notch
filter for signal processing, a band-pass filter, and a
charge-coupled device detector, and the detail
explanation about Raman system is shown in earlier
studies [19, 20]. The optical probe for in situ Raman
was installed in the autoclave within the distance under
1 mm, which is lower than the maximum focal length
of laser beam.

2.4 Experimental procedure

In this study, in situ Raman spectroscopic
measurement was performed on ZIRLO specimen in
primary water environment. The temperature was
measured by thermocouples positioned close to the
specimen in the autoclave, and the ZIRLO plate
specimen was oxidized under primary water chemistry
conditions for 150 h. Tests were conducted in an
autoclave system specially constructed for the present
study. Careful consideration was given to ensuring
extremely rigorous chemistry control, and near-
theoretical water conductivity was achieved routinely.

DH concentration was maintained at 50 cc/kg
during 120 h oxidation, then the DH concentration was
decreased to 30 cc/kg, and the detail explanation is
shown in Fig. 2. At DH concentration is 50 cc/kg, the
in situ Raman spectra were obtained after 60 h and
after 120 h, respectively. Also the in situ Raman
spectrum measurement was made at DH concentration
is 30 cc/kg to see the effect of DH concentration change

on oxidation behavior of ZIRLO in high temperature
water, and the in situ Raman spectrum was obtained
after 140 h from oxidation start-up. During each
measurement, the in situ Raman spectra were recorded
over a period of 30 minutes and it was repeated 2 times
for increasing the signal-to-noise ratio. Before
analyzing the in situ Raman spectra, the post
treatments like smoothening process using Svizy-Golay
method and baseline correction method were conducted.
After in situ Raman spectra measurement, the ZIRLO
specimen was cooled down to room temperature in the
autoclave and removed for additional ex situ
investigation. As the ex situ investigation, it was
performed to characterize the oxide layer of specimen
using the several instruments like SEM, EDS and TEM.
For TEM analysis, focused ion beam (FIB) method is
used for making 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 the FIB
process. And, the in situ and ex situ results were
compared for a comprehensive understanding of the
zirconium oxide characteristic.
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Figure 1. Schematic figure of the system used for
zirconium alloy oxidation test.
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Figure 2. Water chemistry data and in-situ Raman
measurement time during oxidation.

3. RESULTS AND DISCUSSION

3.1. Reference Raman spectra for zirconium oxide
powders in room temperature air

The ex situ Raman spectra of reference powder
sample, produced in Sigma-Aldrich, is measured in
room temperature air environment with 532 nm
radiation. Figure 3 shows the Raman spectrum for
ZrO; powder (99.9%). The measured Raman spectrum
for ZrO, powder in this study exhibited features at 334,
347, 382, 475, 558, 633 and 756 cm™, and these are
summarized in Table 2 in comparison with earlier
studies [11, 33, 34]. Features below 300 cm-1 are not
shown because the Raman spectrum exhibits a
relatively high background noise due to oxygen and
nitrogen Raman lines. These results were well matched
with monoclinic zirconium oxide phase in literature
[11, 33, 34]. It is considered that the slight difference
between the current work and Maslar et al.’s work [11]
is caused by the difference of laser wavelength. Maslar
et al. [11] used 514.5 nm argon ion laser, but in this
study, 532 nm laser is used.

3.2. In situ Raman spectroscopy at high temperature
water

Figure 4 shows the in situ Raman spectra of the
zirconium alloy specimen oxidized for 120 h while the
DH concentration was maintained at 50 cc/kg. The
baseline correction method was applied to remove the
baseline drift caused by fluorescence. From this method,
it is possible to obtain the better Raman spectrum. The
strong intensity peaks, originated from sapphire
window and boric acid, are marked in the spectrum.
The results of Raman spectra in high temperature
water environment at DH 50 cc/kg and 30 cc/kg are
also summarized in Table 3 and 4. The sapphire
window, which is attached to the tip, produced Raman
peaks at 414 and 747 cm™. Also, the peaks related to
the boric acid which is dissolved in water, are observed
in the range of 868-870 cm™ [19, 20, 26]. The lower

line in red is the Raman spectrum of the zirconium
alloy specimen oxidized for 60 h. The arrows mark the
peaks related to zirconium oxide, especially monoclinic
and tetragonal phase. The peaks at 329, 380, 558 and
637 cm? can be attributed to monoclinic zirconium
oxide phase, and the peak at 470 cm* can be attributed
to tetragonal zirconium oxide phase. In this data, the
signal-to-noise ratio was so small that it made difficult
to analyze the peaks accurately. It is due to that the
oxidation time is not long enough to make oxide layer
on zirconium alloy specimen.

The upper line in black is the Raman spectrum
obtained after 120 h, the signal-to-noise ratio was
larger because of the rearrangement of immersion
optics in the autoclave and the oxidation time increase.
Thus, it was possible to identify the shift in the Raman
peaks. The peaks of tetragonal zirconium oxide
decreased in intensity as the zirconium oxide layer
increased in thickness during oxidation process. As
comparing two in situ Raman spectra, the oxidation
time is considered as one of key variables to determine
the phase of the oxide. In the early stage of the
oxidation process, the zirconium oxide layer exhibits
both monoclinic and tetragonal phases. The peaks of
monoclinic zirconium oxide, 329, 380, 558, and 637
cm? are shown and the peak of tetragonal zirconium
oxide, 470 cm™ is shown. The possible phase of
zirconium oxide formed under the primary water
chemistry conditions at 325 °C is illustrated in oxygen-
zirconium phase diagram, in Fig. 5 [35]. As can be
seen from the Fig. 5, the monoclinic phase of ZrO; is
the most stable one at 600 K (327 °C). While
monoclinic ZrO, was found in this study, a simulation
of the oxidation process also suggested that monoclinic
ZrO; is formed on the surface of the ZIRLO specimen
[17], and the in situ Raman spectra show that the
monoclinic phase is the dominant zirconium oxide at
the early stage oxidation.

Next, it is determined the Raman spectra of ZIRLO
specimens  corresponding  to  different DH
concentrations. The DH concentration was changed
from 50 cc/kg to 30 cc/kg, and the in situ Raman
spectrum was obtained after the DH concentration was
stabilized. As can be seen from Fig. 6, Raman peaks
for the sapphire window were observed at 414 and 747
cm?, also the peak at 868 — 870 cm™ is attributed to the
boric acid. The upper line is the Raman spectrum
corresponding to a DH of 30 cc/kg while the lower line
is the spectrum corresponding to a DH of 50 cc/kg. The
in situ Raman spectrum measured at 30 cc/kg shows
different spectrum to 50 cc/kg result. In 30 cc/kg result,
a new and broad range monoclinic zirconium oxide
peaks are shown in 530 — 561 cm!, and the tetragonal
zirconium oxide peak at 470 cm™ is slightly stronger
than 50 cc/kg Raman spectrum. Also peaks at 380 and
756 cm™ in 30 cc/kg Raman spectrum which can be
attributed to monoclinic zirconium oxide are much
stronger than 50 cc/kg Raman spectrum, and it shows
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when the DH is changed.

Results from Raman spectroscopy of different DH
concentration environment, 30 cc/kg and 50 cc/kg
show that the monoclinic phase zirconium oxide is
much dominant when the DH is 30 cc/kg. As shown in
Fig. 6, the 380 and 637 cm™ peaks are larger and the
new broad peak between 530 and 561 cm™ appears.
This is an evidence of the monoclinic phase is stable at
30 cc/kg DH concentration environment. Also the
minor peak of monoclinic zirconium oxide like 333 cm-
1 and the peak which is overlapped with sapphire at
756 cm? exist. In order to verify the information of
zirconium oxide phases obtained by in-situ Raman
spectroscopy with oxidized ZIRLO specimen, SEM and
TEM analysis were conducted and the comparison with
their results will be provide in the latter section.

Table 2. Results of ex situ Raman peaks of ZrO,
powder in room temperature air environment (cm™?)

Zr0y; powder Zirconium oxide phase  Ref. [11] Ref. [33] Ref. [34]
334 Monoclinie 333 334 335
347 Monaoclinic 347 349 348
382 Monoclinic 382 380 385
475 Monoclinic 475 476 480
558 Monoclinic 558 558 558
633 Monoclinic 637 638 Not shown
756 Monoclinic 756 757 Not shown

ZrO, powder

M: Monoclinic

Intensity (Atb. Unit)

300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
Raman Shift (cm™)
Figure 3. Measured Raman spectrum of reference
zirconium oxide powders excited by a laser at 532 nm
in air.
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Figure 4. In-situ Raman spectra of oxidized ZIRLO
specimen for different oxidation times (DH = 50 cc/kg;
upper line = 120 h; lower line = 60 h).
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Figure 5. Oxygen-zirconium phase diagram [35].
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Figure 6. In situ Raman spectra of oxidized ZIRLO
specimen corresponding to two different DH
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DH = 50 cc/kg).
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Table 3. Results of in situ Raman peaks of oxidized
ZIRLO (cm™) (DH=50 cc/kg)

Zirconium oxide

Oxidized ZIRLO Ref [11] Ref [33]
phase
329 Monoclinic 333 334
380 Monoclinic 382 380
470 Tetragonal - 473
558 Monoclinic 558 558
637 Monoclinic 637 638

Table 4. Results of in situ Raman peaks of oxidized
ZIRLO (cm™) (DH=30 cc/kg)

Zirconium oxide

Oxidized ZIRL.O Ref. [11] Ref. [33]
phase
329 Monoclinic 333 334
380 Monoclinic 382 380
470 Tetragonal - 473
530 — 561 (Broad
Monoclinic 558 558
range)
637 Monoclinic 637 638
756 Monoclinie 756 757

3.3. Ex situ characterization of zirconium oxide

Ex situ characterization of oxide on zirconium alloy
specimen removed from the autoclave were performed
using Ex-situ Raman, SEM and EDS to validate in situ
Raman results. Figure 7 shows the measured ex situ
Raman spectrum of oxidized ZIRLO specimen at room
temperature in air environment, and the results of
Raman spectrum is summarized in Table 5. The
Raman peaks for oxidized ZIRLO specimen are
observed at 335, 384, 477, 502, 538, 554, 636 and 751
cm? and these peaks can be attributed to monoclinic
zirconium oxide. Feature at and 335 cm™ are assigned
to vibrations which do not involve oxygen atoms, and it
means they are zirconium-zirconium atom vibration
modes [33]. Then, the four peaks at 384, 477, 502 and
638 cm* are assigned to oxygen-oxygen atom vibration
mode [33]. The Raman spectrum of ZIRLO specimen is
slightly different when it is measured at in situ
environment and air environment. The signal to noise
ratio is significantly improved because of the absence
of boric acid peak and environmental noise. The ca.
751 cm! peak in the ex situ spectrum was weakened by
the absence of sapphire window which is installed in
immersion optics for in situ measurement. Also, it is

difficult to find the peaks of tetragonal phase oxide,
because the monoclinic phase is the most stable phase
at the room temperature, discussed in Okamoto et al.’s
work [35] and the tetragonal zirconium oxide Raman
peaks are similar to monoclinic zirconium’s peak [11,
33, 36].

The difference in peaks between in situ and ex situ
Raman measurement originated from the environment
difference. The Raman peaks at 384, 538, 554 and 638
cm? are both shown and they can be attributed to
monoclinic zirconium oxide. However, there is a slight
difference between the two Raman spectra, especially,
at 335, 470 and 477 cm™. The peak at 477 cm™ which
is attributed to tetragonal zirconium oxide phase is
shown in situ Raman spectrum after 140 h oxidation,
whereas it does not appear at ex situ Raman spectrum.
The extinction of tetragonal phase and increase of
monoclinic phase related peaks are due to the cooling
of specimen to room temperature. Also, the monoclinic
zirconium oxide peaks at 335 and 470 cm™ become
much stronger at ex situ Raman spectrum. Furthermore,
the peaks which are associated with sapphire window
and boric acid are not observed because the sapphire
window for immersion optics is not required for ex situ
Raman spectroscopy. Therefore, the peak at ca. 750
which can be attributed monoclinic zirconium oxide is
easily distinguished compared to in situ Raman
spectrum. Note that the measurement temperature and
environment have a decisive effect on zirconium oxide,
especially its phase, and the Raman spectrum result.
Figure 8 represents the SEM image and EDS profile of
cross section of the oxidized ZIRLO specimen. The
SEM analysis in Fig. 8(a) indicates that the zirconium
oxide was formed on the zirconium alloy and its
thickness after 150 h oxidation is approximately 1.2
pm or less. The EDS analysis was conducted and the
result is shown in Fig. 8(b). Figure 8(b) indicates that
the composition of zirconium oxide is 65 ~ 69
atomic % oxygen and 31 ~ 35 atomic % zirconium.
And, the thickness of oxide layer is 1.2 pm.

The oxidized ZIRLO specimen was investigated by
using TEM analysis after the specimen is prepared by
using the FIB method. Figure 9(a) represents the result
of TEM micrograph, as shown in Fig. 9(a), and it is
found that there exist the crack (white line) on the
oxide/metal interface. The arrowed mark on Fig. 9(a)
means the oxide growth direction. The size of crack is
around 200 nm and the cracks are parallel to the
oxide/metal interface, and they have undulating shape.
The hand-drawn sketch of the grain boundary is shown
in Fig. 9(b). In the oxide formed on zirconium alloy,
both equiaxed and columnar shape grains were
observed. The diameter of the equiaxed grains is 15 —
25 nm and the width of the columnar grains is 20 — 40
nm. The columnar shape grains are positioned near the
oxide/metal interface, however, the equiaxed shape
grains are positioned at the end of zirconium oxide
layer. Figure 10 shows the TEM-EDS analysis result of
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oxidized zirconium alloy. The undulating oxide/metal
interface is shown in Fig. 10 and the zirconium oxide
was formed on the interface. The results of maps of the
chemical composition of cross section of specimen
shows the distinct interface line between oxide and
metal.

Diffraction pattern analysis using fast Fourier
transform (FFT) method is conducted to confirm the
zirconium oxide phases which are different depending
on the grain shape. The diffraction patterns are
obtained at two different position A and B in Fig. 9(a),
and A represents the equiaxed shape grain, and B
represents the columnar shape grain. The two high
resolution TEM (HRTEM) images of at position A and
B are represented in Fig. 11. Figure 11 clearly shows
that there are disordered amorphous zirconium oxide
layer, and to fully understand the oxide phase of them,
the FFT images are obtained. Figure 11(a) is the FFT
image of position A, and Fig. 11(b) is the FFT image of
position B. The d-spacing of position A and B are
explained in Table 6 and the phase of them are decided
using JCPDS diffraction reference data (42-1164, 50-
1087, 37-1484; Zirconium oxide).

The dominant zirconium oxide phases of position A

are (110), (101) tetragonal phase, and the minor (111)
monoclinic phase is shown. The d-spacing of (110)
tetragonal phase oxide is ca 0.257 nm, it of (101)

tetragonal phase oxide is ca 0.300 nm and it of (111)
monoclinic phase oxide is ca 0.316 nm, therefore, it
can be seen that there are good agreements between the
results in this study and reference data. The dominant

zirconium oxide phases of position B is (5 01), (1112),
and (2 10) monoclinic phase and they have same ratio

of total diffraction pattern. The d-spacing of (2 01)
monoclinic phase oxide is ca 0.250 nm, it of (111)

monoclinic phase oxide is ca 0.284 nm, and it of (2 10)
monoclinic phase oxide is ca 0.234 nm. Also it is well
matched with the reference data. This results shows
that the equiaxed shape grain is mainly tetragonal
phase oxide and the columnar shape grain is mainly
monoclinic phase oxide.

Ex situ investigation results using SEM, TEM
represent the thickness of oxide after 150 h oxidation is
around 1.2 pm, which is shown in Fig. 8, 9 and 10. In
Fig. 9(a), the 200 nm size cracks are positioned on the
oxide/metal interface, which are parallel to interface.
Moreover, Fig. 9(a) shows that the two types of
zirconium oxide grains are existed and they are
composed with equiaxed and columnar shape grain,
and to make it easy to identify, the hand-drawn sketch
is represented in Fig. 9(b). In previous literature [7, 13,
14], the grain structure of zirconium oxide, which is
formed at pressurized water reactor chemistry is
consisted of equiaxed and columnar shape grain. The
equiaxed shape grain is positioned at upper part of

zirconium oxide and the columnar shape grain is
located near the oxide/metal interface. It can be seen in
Fig. 9 that the results show good agreements between
the TEM images in this study and literature data. Also,
the sizes of columnar grains are measured, the average
length of columnar shape is around 500 nm. As
discussed in previous study [37], equiaxed shape grains
were formed at the early stage of oxidation, and the
columnar shape grains were grown in order to decrease
the compressive stress of oxide structure, and it is well
matched the oxide growth direction, red marked arrow
in Fig. 9(a).

Figure 11(a) and (b) are the HRTEM images of
zirconium oxide at specific position A and B, marked
in Fig. 9 (a). The amorphous zirconium oxide is shown
in Fig. 10, and to investigate the difference of oxide
phase at different oxide grain structure, the further
analysis is conducted. First, the position A and B are
represented each zirconium oxide grain structure,
position A represents equiaxed shape grain, and
position B does columnar shape grain. For identifying
the phase and the crystallinity of the zirconium oxide at
specific position, the FFT imaging method is used in
this study. Figure 11 shows the FFT image of
zirconium oxide, and as discussed in above paragraph,
the position A is mainly consisted of tetragonal phase
zirconium oxide and the position B is monoclinic phase
zirconium oxide. It is important that there are several
planes of zirconium oxide, however, the phase of oxide
is decided by the grain shape of zirconium oxide. Kim
et al. [37] also mentioned that the equiaxed part
zirconium oxide is mainly tetragonal phase and the
columnar part is mainly monoclinic phase zirconium
oxide, and it is due to the applied stress in the
tetragonal phase. The relaxation of stress makes
tetragonal phase transform to monoclinic phase oxide
at the oxide/metal interface [38].
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Figure 7. Ex situ Raman spectrum of the oxidized
ZIRLO specimen at room temperature in air.

4. CONCLUSION
In this study, the in situ Raman spectroscopy is
conducted for investigating the effects of the DH
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concentration on the phase of the zirconium oxide layer
formed at the water-zirconium interface under PWR
conditions. In the early stage of the oxidation process,
zirconium oxide with both tetragonal and monoclinic
phases is formed. With an increase in the oxidation
time to 150 h, the unstable tetragonal phase disappears
and the monoclinic phase is dominant and possibly
because of the stress relaxation according to previous
and present results. From this study, the following
conclusions are made:

Table 5. Results of ex situ Raman peaks of oxidized
ZIRLO after 150 h oxidation (cm™)

Zirconium oxide

Oxidized ZIRLO Ref. [11] Ref. [33]
phase

335 Monoclinic 333 334
384 Monoclinic 382 380 T 500nm ! T 500nm !

_ Figure 10. TEM image and maps of cross sectional
477 Menoclinic 473 476 composition in the oxide layer formed on ZIRLO
02 Nonoclinie 502 03 specimen after 150 h oxidation
538 Monoclinic 538 539

aoyre
554 Monoclinic 558 558 i
638 Monoclinic 637 638 v e o B
; "m”"“ 101) Tet.

751 Monoclinic 756 757 o

w--;.TSJ ."Ou..o-.o .
i T 1
ZIRLO Specimen g |
m: Zirconlum oxide '__.--u.-. .
QDO 0‘5 10 15 2‘0 25
Epp— Distance (um) §
Figure 8. SEM image and EDS profile of the oxide film -

on ZIRLO specimen after 150 h oxidation.

e v Equiaxed % (111) Mono. (210) Mono.
I Carbon layer : i
' - - 1 @10) M

Zirconium alloy

0

(a) TEM image of oxide film on ZIRLO specimen after Sa S - .
150 h oxidation, (b) Hand-drawn sketch of oxide film (b) HRTEM and FFT image of position B

on ZIRLO specimen after 150 h oxidation Figure 11. HRTEM and FFT images of oxidized
Figure 9. TEM micrograph and sketch of oxide film on ZIRLO specimen at specific position A and B indicated

ZIRLO specimen. in Fig. 9.
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Table 6. d-spacing of oxidized ZIRLO at two different
positions (A and B) indicated in Fig. 9

d-spacing of A Zirconium oxide

d-spacing of B Zirconium oxide

(nm) phase (nm) phase
0.3016 Unidentified 0.2481 (201) Monoclinic
0.2567 (110) Tetragonal 0.2820 (111) Monoclinic
0.3047 (101) Tetragonal 0.2383 (210) Monoclinic
0.2889 (101) Tetragonal 0.2350 (210) Monoclinic
0.2556 (110) Tetragonal 0.2847 (111) Monoclinic
0.3117 (111) Monoclinie 0.2490 (201) Monoclinic

1. Results from in situ Raman spectroscopy under
different DH concentration environment, 30 cc/kg and
50 cc/kg show that the monoclinic phase zirconium
oxide is dominant when the DH is 30 cc/kg. Especially,
a new and broad range monoclinic zirconium oxide
peaks appear at 530 — 561 cm™ in 30 cc/kg Raman
spectrum. Also, peaks at 380 and 765 cm™ can be
attributed to monoclinic zirconium oxide phase are
slightly stronger than 50 cc/kg Raman spectrum.

2. In ex situ Raman spectrum, the peaks attributed to
tetragonal zirconium oxide phase disappear, and the
peak intensity of monoclinic zirconium oxide phase is
highly increased, due to the temperature and
environment change of Raman measurement.

3. In SEM image, the oxide thickness is around 1.2
um and the EDS image supports it. In TEM image, the
more detail oxide structure of zirconium oxide is
shown, the 200 nm size cracks are positioned above the
oxide/metal interface.

4. FFT images show that the zirconium oxide is not
a single crystal, amorphous oxide. The equiaxed grain
is mainly consisted of tetragonal phase zirconium oxide
and the columnar grain is monoclinic phase.
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