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The surface chemistry of D2O dosed Zircaloy-4 (Zry-4) surface followed by Ar-ion bombardment and 
annealing was studied by means of X-ray photoelectron spectroscopy (XPS) and Ultraviolet photoelectron 
spectroscopy (UPS). In the XPS study, Ar-ion bombardment caused decrease of the oxygen on the surface 
region of Zry-4 and therefore led to change the oxidation states of the zirconium from oxide to metallic form. 
In addition, oxidation states of zirconium were changed to lower oxidation states of zirconium due to 
depopulation of oxygen on the surface region by annealing. Up to about 787 K, the bulk oxygen diffused out 
to the subsurface region and after this temperature, the oxygen on the surface of Zry-4 was depopulated. UPS 
study showed that the valence band spectrum of the D2O exposed Zry-4 exhibited a dominant peak at around 
13 eV and no clear Fermi edge was detected. After stepwise Ar+ sputtering processes, the decrease of the 
oxygen on the surface of Zry-4 led to suppress the dominant peak around 13 eV, the peak around 9 eV and 
develop a new peak of the metallic Zr 4d state (20.5-21.0 eV) at the Fermi level.
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Introduction

Zry-4 is widely used in the nuclear industry as cladding 
materials for fuel containment in nuclear reactors, those are 
cooled by water/heavy water, because of its corrosion 
resistive property and low thermal neutron scattering cross
section. The corrosion,1-4 oxidation5-8 or hydrogen absorp
tion kinetics9-12 of Zry-4 and its nuclear applications have 
been of great concern and investigated with a variety of 
surface science techniques in the literatures. Zry-4 oxidation 
by water (H2O) and steam environments has been reported 
in numerous studies.13-18 The interaction of H2O with Zry-4 
was investigated using Auger electron spectroscopy (AES) 
and Temperature programmed desorption (TPD) methods by 
R. D. Ramsier et al..13 They reported that following adsorp
tion of H2O at 150 K, the Zr(MNV) and Zr(MNN) Auger 
features shifted by ~6.5 and 4.5 eV, respectively, indicating 
surface oxidation. Heating H2O/Zry-4 resulted in molecular 
desorption of water at both low and high temperatures. The 
effects of adsorbates on the oxidation of Zry-4 in air and 
steam were studied by the measurement of the weight gain 
of specimens.14 They reported that the effect of LiOH was 
dependent on the surface condition, temperature and the type 
of atmosphere. The behavior of water with sulfur dioxide 
pre-exposed Zry-4 surfaces was also studied in R. D. 
Ramsier’s group.15 They reported that adsorption of SO2 

caused shift of the Zr(MNN) Auger electron feature by 3.0 
eV, whereas subsequent water adsorption attenuated the 
sulfur Auger signal and resulted in the development of a 
zirconium oxide, Zr(MNN), feature. However, despite the 
fact that a number of articles deal with the interaction of D2O 
on zirconium,19,20 little is known about the surface chemistry 
of deuterium containing species on Zry-4 surfaces.21,22

In this work, the effects of Ar-ion bombardment and 

annealing on the surface of D2O dosed Zry-4 surface were 
investigated using XPS and UPS.

Experiment지 Section

Zry-4 sample in this work has a surface area of 29.22 mm2 
from a sheet of Zry-4. Its elemental composition is nominal
ly 1.2-1.7 wt% Sn, 0.18-0.24 wt% Fe, 0.07-0.13 wt% Cr, 
0.08-0.015 wt% O and the balance Zr.23 The Zry-4 sample 
was polished with abrasive papers and a mechanical polisher 
(Buehler, gamma alumina, 0.05 micron). After mechanical 
treatment, it was ultrasonically degreased in acetone for 20 
min after dried with nitrogen gas. After ex situ D2O 
(99.999% purity, Aldrich) dosing on Zry-4, the specimen 
was installed in an ultra high vacuum (UHV) chamber. The 
UHV chamber used in this study was pumped by two stages 
of pumping system and the pumping system is the same as 
the previous paper.24

The XPS and UPS experiments were carried out in UHV 
(base pressure 7.5 x 10-11 torr) chamber equipped with a 
concentric hemispherical analyzer (CHA), a twin anode X- 
ray source (Mg and Al Ka 1253.6 and 1486.6 eV, respec
tively) for XPS (VG ESCALAB 2000) and a UV source (He 
I 21.2 eV He II 40.8 eV) for UPS.

During survey scans, XP spectra were obtained using Al 
Ka x-ray source. X-ray source was at high voltage of 15 kV, 
beam current of 15 mA, filament current of 4.2 A, pass 
energy of 20 eV, dwell time of 50 ms and energy step size of 
1 eV in constant analyzer energy (CAE) mode at large area 
XPS (LAXPS) for annealing and small area XPS (SAXPS) 
for study of Ar-ion bombardment effect and other factors 
were same as the parameters used in the investigation of 
annealing effect. He I was used as the exciting source for 
UPS measurements. Pass energy of 2 eV, energy step size of 
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0.05 eV and large area UPS mode were applied for UPS 
survey scan and narrow scan. D2O dosed Zry-4 sample was 
pre-pumped in the fast entry air loadlock (FEAL) chamber 
for approximately 2 hrs before loading into the analysis 
chamber which was pumped by a turbo molecular pump 
(TMP, 70 L/s) backed by a roughing pump (RP, 200 L/min). 
Obtained XPS Zr3d and O1s peaks were divided into several 
peaks according to their chemical environments by means of 
deconvolution process. The full width half maximum 
(FWHM) of each peak of Zr3d and O1s were between 1.3 
and 2.5 eV, 1.5 and 2.3 eV, respectively, and G/L ratio of 
27% (Lorentzian-27%, Gaussian-73%). Our XPS data were 
deconvoluted using XPSPEAK software (ver 4.1).

During Ar (99.999% purity, Aldrich) ion bombardment, 
the argon pressure was kept at 7.5 x 10-8 torr, the sample 
current was about 2.02 J1A and the argon fluence was 0.52 x 
1016 Ar+/cm2 per 1 cycle of Ar+ sputtering. In the UPS 
measurements, the sample current was about 1.65 〃A and 
the argon fluence was 0.39 x 1016 Ar+/cm2 per 1 cycle of Ar+ 
sputtering.

Results and Discussion

Figure 1 presents the Zr3d (a) and O1s (b) XP spectra of 
D2O exposed Zry-4 sample after different Ar+ fluences 
(indicated in each spectrum). Prior to Ar+ sputtering (bottom 
line in Figure 1(a)), the XP spectra of Zr3d showed four 
elementary peaks of different Zr3d states. The intensities of

Figure 1. XP spectra of the Zr3d (a) and O1s (b) of D2O exposed to 
Zircaloy-4 surfaces after different Ar+ fluences.

high binding energy peaks of Zr3d5/2 around 183.7 eV and 
182.8 eV were reduced those were assigned for ZrO2 and 
ZrOx (1 < x <2), respectively. Whereas the peaks at low 
binding energy around 179.4 eV and 181 eV were gradually 
dominated as the Ar+ fluence was increasing in the amounts. 
Those peaks were assigned for metallic zirconium and ZrOx 

(0 < x < 1).25,26 The values of the peaks were in good 
agreement with previous work.27 In Figure 1(b), the O1s 
spectra were composed by two components centered at 
about 532.9 and 531.1 eV which were attributed to OD- and 
O2-, respectively.6,27-29 The peak around 532.9 eV was
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Figure 2. Deconvolution of measured Zr3d and O1s spectra of the D2O exposed to Zircaloy-4 after different Ar+ fluences (a) Zr3d; 0.00 x 
1016 Ar+/cm2 (b) Zr3d; 12.4 x 1016 Ar+/cm2, (c) O1s; 0.00 x 1016 Ar+/cm2 (d) O1s; 12.4 x 1016 Ar+/cm2.
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almost disappeared and the peak at 531.1 eV was increased 
at the initial stage of Ar-ion bombardment then decreased 
after further Ar-ion bombardment.

The peak deconvolution of Zr3d and O1s spectra of D2O 
++exposedZiy-아 before andafteiAi sputtering (Ar fluence, 

12.4 X、1016 Ar+/cm2) are depicted in Figure 2(a)-(d). The 
Zr3d peaks (spin orbit splitting is 2.4 eV) at 183.7, 182.8, 
181 and 179.4 eV were attributed to ZrO2, ZrOx (1 < x < 2), 
ZrOx (0 < x < 1) and metallic zirconium, respectively.5,25,26 
The oxygen as OD- form was almost removed and the 
oxygen of O2- form was considerably reduced after Ar+ 

bombardment. The effect of the Ar+ bombardment was 

clearly observed as shown in Figure 1 and 2. Ar+ bombard
ment caused a decrease of oxygen on the surface of Zry-4 
and therefore led to change the oxidation state of the 
zirconium from ZrO2 to metallic zirconium.

The peak intensities of the different oxidation states of 
zirconium as a function of the Ar+ fluence have been 
depicted in Figure 3. At the initial stage of Ar+ bombard
ment, the O1s intensity of surface oxygen form was increas
ed then gradually decreased with further Ar+ bombardment 
(Figure 3(a)). This phenomenon caused sudden increase of 
ZrOx (0 < x < 2) then decrease as shown in Figure 3(a). Up

Figure 3. The relative ratios of the Zr3d (a) and O1s (b) peaks of 
the surface of D2O exposed to Zircaloy-4 as a function of the Ar+ 
fluence.

Figure 4. XP spectra of the Zr3d (a) and O1s (b) of D2O exposed to 
Zircaloy-4 after stepwise annealing process.

Figure 5. Deconvolution of measured Zr3d and O1s spectra of D2O exposed to Zircaloy-4 after thermal treatment (a) Zr3d; 300 K (b) Zr3d; 
787 K (c) Zr3d; 913 K, (d) O1s; 300 K (e) O1s; 787 K (f) O1s; 913 K.
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Figure 6. The relative ratios of the Zr3d (a) and O1s (b) peaks of 
the surface of D2O exposed to Zircaloy-4 as a function of annealing 
temperature.

to around 5 X、1016 Ar+/cm2, surface oxygen was depopulated 
at a certain level then the ratios of the peaks were stayed 
constant level. This study showed that Ar+ bombardment 
was limited to recover metallic zirconium from D2O dosed 
Zry-4.

Figure 4(a) and (b) represent the evolution of the XP 
spectra in the Zr3d and O1s region of D2O dosed Zry-4 after 
stepwise thermal treatment. The Zr3d and O1s XP spectra 
were composed of several peaks which were assigned ZrO2 

(183.7 eV), ZrOx (1 < x < 2, 182.6 eV), ZrOx (0 < x < 1, 
180.9 eV) and metallic zirconium (179.3 eV) as shown in 
Figure 2 and 5. Zr3d XP spectra are stacked up by the 
annealing temperature in Figure 4(a). Decrease of the Zr3d 
peak intensities at 183.7 and 182.6 eV, which was intense at 
room temperature, was observed with increasing the 
annealing temperature and almost vanished at 913 K. While 
the peak around 179.3 eV was increased at higher temper
ature and dominated at 913 K. In Figure 4(b), the peak shape 
was changed by annealing temperature. At the highest 
temperature, the O1s peak was almost disappeared. We 
analyzed the peak shape change by deconvolution process.

The deconvoluted peaks at the different annealing temper
atures are shown in Figure 5. Up to 787 K, the O1s peak of 
O2- around 530.9 eV was dominated because the bulk 
oxygen diffused out to the subsurface region. After that, 
surface oxygen was depopulated as D2O desorption. After 
787 K, the O1s intensity was decreased dramatically. This 
caused the decrease of all of the zirconium oxide species 
(ZrO2, ZrOx (0 < x < 1 and 1 < x < 2)) and increase of 
metallic zirconium.

Figure 6 shows the integrated areas of detailed Zr3d and 
O1s in different chemical environments by the annealing 
temperature. Annealing of D2O dosed Zry-4 surface results 
in depopulation of oxygen at the surface. This caused 
conversion of zirconium oxides (ZrOx, 0 < x < 2) to metallic 
zirconium.

Due to the lower kinetic energy of the electrons excited 
from the valence band, UPS has a higher surface sensitivity 
than XPS.30 The changes of the valence band structures of 
D2O exposed Zry-4 after stepwise Ar-ion sputtering pro
cesses were studied by means of UPS. The UP spectra were
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Figure 7. UP spectra of D2O exposed Zircaloy-4 after Ar-ion
sputtering (a) survey scan and (b) high resolution UP spectra near 
Fermi level.

obtained by using He I as the exiting source, those are shown 
in Figure 7. The substrate valence band was dominated 
mainly by the O2p and Zr4d orbitals extending from 
approximately 5 to 16 eV of kinetic energy as shown in 
Figure 7(a). The window of valence band spectra observed 
in this study is little bit wider than the result of valence band 
experiment by Sanz et al..31 The valence spectrum of the 
D2O exposed Zry-4 exhibited a dominant peak at around 13 
eV which could be assigned to surface ZrO2 and was 
attributed to emission from O2p states interacting with the d- 
bands of zirconium (bottom line in Figure 7(a)).30,32 The 
shoulder centered at about 9 eV could be correlated with 
surface OH which is commonly present on untreated metal 
surfaces.30 No Fermi edge was observed in the initial state of 
Ar+ sputtering as shown in Figure 7(a). After stepwise Ar+
sputtering process, however, there were significant changes 
of the valence band spectrum, such as the dominant peak 
around 13 eV and the shoulder peak about 9 eV were 
decreased and the Fermi edge was emerged as shown in 
Figure 7(b). The decrease of the oxygen on the surface of 
Zry-4 by Ar+ sputtering led to suppress the dominant peak 
(ZrO2, ~13 eV), the peak around 9 eV as surface hydroxide, 
and develop a new peak of the metallic Zr4d state (20.5-21.0 
eV) at the Fermi level.

Conclusions

The surface chemistry of D2O exposed Zry-4 system was 
investigated about Ar-ion bombardment and annealing 
effects using XPS and UPS. In XPS study, the effects of the 
Ar+ bombardment and annealing were clearly observed. The 
gradual depletion of oxygen on the surface region was 
occurred upto 5.0 X 1016 of Ar fluence. After this Ar fluence, 
the amount of oxygen on the surface region was stayed at a 
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certain constant level. The decrease of oxygen on the surface 
region caused the change of oxidation states of zirconium 
from zirconium oxides to metallic zirconium. This implies 
that Ar+ bombardment was limited to regain the metallic 
zirconium from zirconium oxides (ZrOx, 0 < x < 2). Anneal
ing of the D2O dosed Zry-4 system also caused removal of 
the oxygen on the surface region. After 787 K, the oxygen 
peak was dramatically decreased and almost pure metallic 
zirconium was obtained at 913 K. UPS study showed the 
dominant peak around 13 eV (emission from O2p state), the 
peak around 9 eV (surface hydroxide peak) decreased and 
the new peak of the metallic Zr4d state at the Fermi level 
(20.5-21.0 eV) developed as the oxygen vanished after 
stepwise Ar+ sputtering. This result supports well the XPS 
data.
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