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a b s t r a c t

Microstructure of oxide formed on ZreNbeSn tube sample was intensively examined by scanning
transmission electron microscopy after exposure to simulated primary water chemistry conditions of
various concentrations of Zn (0 or 30 ppb) and dissolved hydrogen (H2) (30 or 50 cc/kg) for various
durations without applying desirable heat flux. Microstructural analysis indicated that there was no
noticeable change in the microstructure of the oxide corresponding to water chemistry changes within
the test duration of 100 days (pretransition stage) and no significant difference in the overall thickness of
the oxide layer. Equiaxed grains with nano-size pores along the grain boundaries and microcracks were
dominant near the water/oxide interface, regardless of water chemistry conditions. As the metal/oxide
interface was approached, the number of pores tended to decrease. However, there was no significant
effect of H2 concentration between 30 cc/kg and 50 cc/kg on the corrosion of the oxide after free im-
mersion in water at 360�C. The adsorption of Zn on the cladding surface was observed by X-ray
photoelectron spectroscopy and detected as ZnO on the outer oxide surface. From the perspective of OH�

ion diffusion and porosity formation, the absence of noticeable effects was discussed further.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The corrosion of zirconium fuel cladding is known to limit the
lifetime and cycle of reloading of fuel in a reactor. Therefore,
extensive research has been conducted to better understand the
corrosion mechanism and degradation of zirconium fuel cladding
under various high-temperature water chemistry conditions.
However, there is still no clear understanding of the oxide growth
mechanism related to cladding integrity. The corrosion kinetics of
zirconium alloy has been widely known to consist of three stages:
pretransition, transitory, and posttransition [1]. It has been pro-
posed that accumulated stress, which causes the formation of
cracks in the oxide, contributes to the transition in corrosion ki-
netics [2]. In addition, crack initiation has been linked to the metal/
oxide interface roughness [3,4]. Parise et al. showed the stress
distribution of the undulated interface through metaleoxide
by Elsevier Korea LLC. This is an
system modeling during zirconium alloy oxidation [5]. Some re-
searchers have suggested that lateral cracks act as obstacles to the
diffusion of oxidizing species [6], whereas others assume that they
act as easy diffusion paths through surface diffusion [7]. Other re-
searchers have recently suggested that the interconnection of
porosity from the water/oxide interface to the metal/oxide inter-
face is a key mechanism for the transition in corrosion kinetics [8].
Ploc found three kinds of pores, flake, ribbon, and stress cracks, in
Zre2.5Nb samples corroded under heavy water coolant condition
[9]. Bossis et al. reported a porous outer layer in a pretransition
oxide analyzed by secondary ion mass spectrometry and electrical
impedance spectroscopy [3]. Cox anticipated that porosity would
provide connected paths between the external oxidizing medium
and the underlying metal [10]. Gong et al. reported nanopores in
strings formed on ZreNbeY alloy and N18 alloy (Zr e 0.39Nb e

0.93Sn e 0.31Fe e 0.08Cr e 0.048O, wt%) at grain boundaries and
suggested that the initiation mechanism of porosity is due to the
Kirkendall effect [11].

Recent research on the oxidation of Zr alloys appears to focus on
the suboxide [8,12e14] and segregation of minor elements, such as
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Table 1
Experimental conditions.

Experimental condition Reference
condition

High
hydrogen

With Zn
injection

Temperature 360�C 360�C 360�C
Pressure 20 MPa 20 MPa 20 MPa
Pressure difference

between exterior
and interior

11.7 MPa 11.7 MPa 11.7 MPa

Hydrogen 30 cc/kg 50 cc/kg 30 cc/kg
Li (LiOH) 2 ppm 2 ppm 2 ppm
B (H3BO3) 1,200 ppm 1,200 ppm 1,200 ppm
Zn [Zn(CH3COO)2] None None 30 ppb

Table 2
Chemical composition of the specimen used in this study and Wei et al. [23].

Specimens Nb Sn Fe O C N Hf Zr

This study 0.96 0.76 0.18 0.62 0.1 0.03 0.002 Bal.
Wei et al. [23] 0.91 0.66 0.09 e e e e Bal.

(Unit: wt%)

Fig. 1. Schematic diagram of the zirconium oxide layer.
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Fe, at the interface [12], as well as porosity formation. The oxide
phases that exist near the metal/oxide interface appear rather
complex, suggesting the presence of a suboxide layer [8,12e14]. A
large variation in the width of the ZrO suboxide phase at different
metal/oxide interface locations has been observed, suggesting that
oxidation is an extremely local process [8]. The segregation of mi-
nor elements has been observed using atom probe tomography
[12]. The segregation along the interface, including grain bound-
aries, may affect the corrosion process of the Zr alloy.

Despite these recent research trends, however, studies of the
oxidation of Zr alloy that have considered H2 concentration and Zn
injection are insufficient. Zn injection and adjusting the dissolved
H2 concentration have been considered as measures to alleviate the
radiation buildup and to reduce cracking in nickel-based alloys
[15e19]. However, the effect of these water chemistry modifica-
tions on nuclear fuel cladding oxidation, especially in a pressurized
water reactor (PWR), has not been systematically studied yet. Wells
et al. reported that for zirconium fuel cladding and spacer weld
materials, the oxide growth rate was not affected by the different
dissolved H2 levels they applied [20]. Kass presented the hydrogen
pickup of Zircaloy-4 as a function of hydrogen overpressure [21].
Yoon et al. reported the results of the oxide thickness of the fuel
cladding in the Hanul unit 1 domestic nuclear power plant operated
under Zn injection condition and showed that a 5-ppb Zn injection
had no noticeable effects on the corrosion kinetics of the fuel
cladding [22]. However, earlier studies have not provided detailed
microstructural analyses of oxides. The main purpose of this study
is to investigate the effects of Zn injection and H2 concentration on
the microstructure of the oxide layer formed on ZreNbeSn alloy in
simulated PWR primary water chemistry conditions. Assuming that
the effects of Zn injection, if there are any, will be noticeable at the
initial stage of oxidation, the pretransition oxides formed under the
Zn injection condition from the beginning were analyzed. The re-
sults can provide better insight into the effects of Zn and H2 con-
centrations on the corrosionmechanism of zirconium fuel cladding.

2. Experimental methods

Specimens of ZreNbeSn alloy tubes were oxidized in an auto-
clave connected to a recirculation water loop at 360�C and 20 MPa
for 300 hours, 50 days, and 100 days under simulated primary
water chemistry conditions (pure H2O with dissolved H2 of 30 cc/
kg, dissolved oxygen of 0e5 ppb, 2 ppm of Liþ as LiOH, and
1200 ppm of B3þ as H3BO3). Dissolved H2 was measured using an
Orbisphere 31250 hydrogen sensor (Hach inc., Loveland, CO, USA),
and dissolved oxygen (O2) was measured using a Mettler
Toledo 52-201-067 oxygen sensor (Mettler-Toledo International
Inc., Greifensee, Switzerland) in outlet water at room temperature.
The pressure difference between the interior and exterior of the
cladding sample was maintained at 11.7 MPa by pressurizing argon
(Ar) gas to 4.56 MPa at room temperature during exposure in the
recirculation loop to simulate the compressive stress condition in
the actual fuel cladding. A total of 30 ppb of Zn was injected only
into 30 cc/kg of H2 water. Zinc acetate dehydrate, Zn(CH3COO)2,
was used to adjust the Zn concentration to 30 ppb. The Zn solution
in the solution columnwas purged by Ar gas and thenwas injected
into a one-through type primary water loop system. The compre-
hensive experimental conditions are shown in Table 1. The di-
mensions of the test samples were 9.5 mm in outer diameter,
0.6 mm in wall thickness, and 130 mm in length. The nominal
chemical compositions of the test sample and the Zre0.66Sn alloy
sample [23] are shown in Table 2 for comparisonwith the thickness
results. All tests were performed without applying heat flux or
addition of impurities such as Ni or Fe oxide particulates to form
the crud on the test specimen.
After immersion for a given duration and drying of the test
specimens in air at room temperature, a thin layer of platinumwas
sputtered in vacuum on the outer oxide surface to protect the oxide
layer formed under the given test conditions; then, in situ lift-out
focused ion beam sectioning was carried out with an FEI Quanta
3D FEG instrument (FEI inc., Hillsboro, OR, USA) operated at
2e30 kV, with currents between 1 pA and 65 nA, to prepare thin
foils for microstructural analysis of the oxide layer by transmission
electron microscopy (TEM). Cs-corrected scanning transmission
electron microscopy (STEM) observations were carried out with a
JEOL JEM-ARM200F (JEOL inc., Akishima, Tokyo, Japan) operated at
200 kV. The composition of the precipitates was characterized by
energy dispersive X-ray spectroscopy (EDS) elemental mapping. X-
ray diffraction (XRD) measurements were also conducted with
cross sections of samples using a Bruker D8 ADVANCE instrument
(Bruker inc., Billerica, MA, USA) to characterize crystal structures.
To investigate the interaction between Zn and oxide on the surface
of the samples, X-ray photoelectron spectroscopy (XPS) surface
analysis was conducted (Thermo Fisher Scientific K-Alphaþ). The X-
ray beam was incident on the surface of the samples in a
400 mm � 400 mm field area and was analyzed within 10 nm of
depth. The thickness of the oxide layer was determined through
STEM images. For the sample corroded for 100 days and having an
increased interface roughness, the thickness was determined using



Fig. 2. High angle annular darkfield STEM image of the metal/oxide interface showing the irregular shape and island shape interface (100-day corroded sample in reference
condition, 30 cc/kg H2 concentration without Zn).

Fig. 3. Darkfield STEM image of the oxide layer of 100-day corroded sample at a high
H2 concentration (50 cc/kg) condition showing the large lateral crack and band of large
cracks.
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scanning electron microscopy (SEM, ZEISS SUPRA 40 (ZEISS inc.,
Oberkochen, Germany)) images to analyze the large area.

3. Results

3.1. Microstructure comparison by TEM analysis

A schematic diagram of the overall oxide morphology is shown
in Fig. 1. The major features shown in Fig. 1 were commonly
observed in all the test specimens regardless of thewater chemistry
Fig. 4. (A) Brightfield STEM image of 100-day corroded sample at high hydrogen concentra
TEM images of 50-day corroded sample in the Zn injection (30 ppb Zn and 30 cc/kg H2) co
conditions. Nano-size porosity and cracks along the grain bound-
aries were observed near the water/oxide interface. Large lateral
cracks, precipitates, and columnar grains were observed near the
metal/oxide interface. The metal/oxide interface had a locally
irregular shape. For each region, a more detailed explanation is
presented below.

Morphological variation, such as nonuniform and irregular
shapes, was observed locally at the metal/oxide interface and was
common to all the test samples in all the water chemistry condi-
tions from 300 hours to 100 days. It is interesting to note that an
unoxidized zirconium metal area surrounded by oxide, like an is-
land, aggravated the interface complexity, as shown in Fig. 2. It can
be inferred that the corrosion of the Zr alloy occurred locally at the
metal/oxide interface. There were cracks on the top of the metal/
oxide interface, as shown in Fig. 3. These cracks were commonly
observed in all water chemistry conditions, and the number of
cracks tended to increase with increasing time. The formation of
tensile stress in the direction perpendicular to the interface and
compressive stress in the direction parallel to the interface may
have resulted in lateral cracks [5]. Conversely, at the valley of the
interface, compressive stress was applied in all directions, and
cracks did not occur [5].

It is interesting to note that all oxide layers formed in 50 cc/kg
H2 water without Zn were composed of columnar oxide grains
tions (50 cc/kg H2 and no Zn) showing the columnar oxide grains. (B) High resolution
ndition showing the equiaxed oxide grains (black arrows).



Fig. 5. Comparison of XRD spectra of 300-hour, 50-day, and 100-day corroded samples. (A) Reference condition (30 cc/kg H2). (B) Zn injection (30 ppb Zn and 30 cc/kg H2). (C) High
H2 concentration (50 cc/kg H2).

Fig. 6. (A) High angle annular darkfield STEM image of the metal/oxide interface,
exhibiting precipitates in the metal and the oxide layer. (B) EDS mapping showing Nb
in red and Fe in blue. b-Nb precipitates are circled, and ZrFeNb precipitates appear in
mixed colors [100-day corroded sample in high H2 concentration (50 cc/kg H2)].

S. Kim et al. / Nuclear Engineering and Technology 50 (2018) 416e424 419
(80e200 nm) near the metal/oxide interface, as shown in Fig. 4A,
whereas equiaxed fine grains (10e50 nm) were dominant near the
water/oxide interface after immersion in 30 cc/kg H2 water with
an addition of 30 ppb Zn, as shown in Fig. 4B. These columnar
oxide grains are known to be mainly in the monoclinic phase
[24e26]. Fig. 5 shows the XRD spectra of the oxide samples tested
for 300 hours, 50 days, and 100 days in all the water chemistry
conditions (30 cc/kg H2, 30 ppb Zn with 30 cc/kg H2, and 50 cc/kg
H2). The monoclinic oxide phase was predominant, but the
tetragonal phase was barely detectable. Moreover, the spectra
between specimens did not show a noticeable discrepancy. While
a-Zr and monoclinic ZrO2 peaks were predominant, no zirconium
hydride peak was detected. One can therefore postulate that 100-
day immersion in high-temperature water at 360�C may not be
long enough to form zirconium hydride or the volume of zirco-
nium hydride may have been below the detection limit of the XRD
used.

Precipitates were observed near the metal/oxide interface and
were commonly observed after exposure for 300 hours to 100 days
in all water chemistry conditions. The precipitates were of two
types: b-Nb and ZrFeNb. An example of these two precipitates is
shown in Fig. 6. ZrFeNb precipitates (over 100 nm) were larger than
b-Nb precipitates (10e50 nm) and were relatively less abundant. A
few cracks were observed on top of the precipitates. These cracks
are known to relax the stress accumulated in the oxide layer [27]. A
theoretical mechanism of crack initiation on top of the precipitates
was suggested by Tejland et al. [28]. As the oxidation progresses,
the oxidation of the precipitate proceeds relatively slowly
compared with that of the Zr matrix. Therefore, the interface be-
tween the precipitate and the oxidized Zr matrix becomes highly
stressed due to the volume expansion caused by Zr oxidation. This
stress can be relieved as voids or cracks are formed on the top of the
precipitate or further up in the oxide.

Oxide layer thickness was measured for the reference condition
(30 cc/kg H2 and no Zn), high H2 concentration (50 cc/kg H2), and
Zn injection (30 ppb Zn and 30 cc/kg H2) over the different time
periods. For the 300-hour and 50-day corroded samples, the oxide
thickness was measured through STEM images. However, for the
100-day corroded samples with a more irregular metal/oxide
interface, the oxide thickness was measured through SEM images
for a wider range of measurements. Based on the measured oxide
thickness data as a function of time in all water chemistry condi-
tions, Zn injection and high H2 concentration (50 cc/kg H2) were
found to be not likely to affect the oxide growth kinetics. Fig. 7
compares the oxide thickness measured in the reference condi-
tion (30 cc/kg H2) with that measured with Zn injection (30 ppb Zn
and 30 cc/kg H2) and high H2 concentration (50 cc/kg H2). No
significant difference was found in the oxide thickness for the
different water chemistries. It appears that the standard deviation
increased over time as the metal/oxide interface became gradually
more undulating.

The oxide thickness results of the tested samples were
compared with the previous data [25]. The experimental environ-
ment used by the other researchers is similar to that in this study
(the only difference was in H3BO3 concentration), but the experi-
ment was performed with a static autoclave. As can be seen in
Table 2, the chemical composition of the samples used in the
experiment was slightly different. As shown in Fig. 8, the difference



Fig. 7. Comparison of average oxide thickness and standard deviation of reference
conditions (30 cc/kg H2) and conditions involving high H2 concentration (50 cc/kg H2)
and Zn injection (30 ppb Zn and 30 cc/kg H2).

Fig. 9. (A) Darkfield STEM image of an area in the outer part of oxide showing the
interlinked porosity of 50-day corroded sample in high hydrogen concentration (50 cc/
kg). (B) Brightfield STEM image of (A). (C) High resolution darkfield STEM image of (A).
(D) Brightfield STEM image of (C).
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of oxide thickness between the two experiments was less than
0.5 mm, and the overall thickness variation tendencies were similar.
Therefore, the difference in the absolute thickness value appears to
be caused by the difference between the experimental conditions
and the chemical compositions of the samples.

3.2. Porous region

Equiaxed grains were commonly observed near the water/oxide
interface after exposure for 300 hours to 100 days in all conditions,
as shown in Fig. 4B. Fig. 9 shows the interlinked porosity formed in
the outer part of the oxide around the grains. This interlinked
porosity existed not only at the equiaxed grain boundaries but also
in the columnar grain boundaries that existed at the center of the
oxide layer. Triangular microcracks were formed at the triple
junctions of grains. The pore density was the highest at the top of
Fig. 8. Comparison of the average oxide thickness under each condition with another
study [23]. The values of the oxide thickness of 100-day corroded samples were
measured by SEM, and the 300-hour and 50-day corroded samples’ oxide thickness
were measured by STEM.
the oxide where corrosion began and decreased toward the metal/
oxide interface. As the immersion time increased from 300 hours to
100 days, the porous region, in which porosity was observed,
increased gradually, as shown in Fig. 10. It should be noted that the
area indicated by a dotted square is not the exact boundary of the
porous region, rather a visual guideline. The spatial and temporal
variations of the porous regionwere not significantly dependent on
the water chemistry conditions. Therefore, it can be concluded that
the porosity that formed near the water/oxide interface existed in
an interconnected form and that the porous regionwidened toward
the metal/oxide interface direction as the corrosion time increased.
The disconnected porosity at the metal/oxide interface changed
into a continuous form (interlinked porosity) [8]. External elements
could diffuse easily along the passage formed by the interlinked
porosity, which affected the corrosion kinetics.

Bae et al. [29] insisted that nano-size porosity is not likely to
be an artifact of focused ion beam sectioning. To prove that the
observed porosity in STEM was indeed a vacant area, additional
analysis was conducted. The TEM underfocusing technique was
used for further analysis of the porous region. In the case of
general TEM, the object was analyzed using the interference effect
of the wave by employing a beam with a size of 1 mm. At this
time, there was a large phase shift in this place depending on
whether the object to be analyzed existed; this phase shift is
called a Fresnel fringe [30]. We used the underfocusing technique
to maximize the Fresnel fringe effect and clearly showed the pores
observed in the STEM darkfield to be actual vacant areas. A
comparison of the STEM darkfield image and the TEM under-
focusing image at the same location is shown in Fig. 11. The
porosity and microcracks observed in the STEM darkfield image
were also observed in the TEM underfocusing image at the same
location, and the pores near the water/oxide interface formed as
interlinked porosity around the equiaxed grains. The density of
porosity tended to decrease from the water/oxide interface to-
ward the metal/oxide interface, as was observed in the TEM



Fig. 10. Comparison of the porous regions observed in oxides of 300-hour, 50-day, and 100-day corroded samples. (A) Reference condition. (B) Zn injection condition (30 ppb Zn and
30 cc/kg H2). (C) High H2 concentration (50 cc/kg).

S. Kim et al. / Nuclear Engineering and Technology 50 (2018) 416e424 421
underfocusing image and in the STEM darkfield image. A short
video clip showing the TEM image change with varying of the
focal distance is available in the supplementary information. A
comparison of two montages is shown in Fig. 12. From these
Fig. 11. Comparison of the STEM image (darkfield) and the TEM underfocusing image
(brightfield) at the same locations for the 100-day corroded sample in 30 ppb Zn in-
jection condition (Orange circles indicate the same location).
comparisons, it can be confirmed that the pores observed in the
STEM image from the water/oxide interface to the middle of the
oxide layer (porous region) were indeed vacant areas.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.net.2017.11.009.

However, it was difficult to observe porosity near the metal/
oxide interface. Similar to this study, other researchers using the
TEM underfocusing technique have observed small isolated
pores at the metal/oxide interface even at the pretransition stage
[31]. STEM analysis of the ZreTieNbeFe alloy (0.98% Nb, 0.21%
Ti, and 0.05% Fe) with ~79 mm oxide thickness shows interlinked
porosity around the grain boundary at the metal/oxide interface
and at the water/oxide interface [31]. In addition, Ni et al. [31]
inferred that small isolated pores of 1e3 nm initially formed
near the water/oxide interface and developed into connected
pores in the lateral and vertical directions. This is an important
step toward the acceleration of oxide growth through the for-
mation of an interconnected diffusion path from the water/oxide
interface to the metal/oxide interface through the grain
boundary.

3.3. XPS analysis

The microstructural analysis results show that the presence of
30 ppb Zn at the pretransition stage did not affect the oxide
thickness. XPS surface analysis was performed to determine how
Zn was incorporated on the oxide layer near the water/oxide
interface. The X-ray beam was incident on the oxide surface of
the test specimen after immersion for 300 hours in 30 ppb Zn
and 30 cc/kg H2 water. An approximately 400 mm � 400 mm field
area was analyzed within a 10-nm depth. Fig. 13 shows the peaks
of Zr3d and O1s analyzed at an approximately 10-nm depth on
the surface of the sample as a ZrO2 oxide layer. A Zn peak was
also detected as ZnO (see Fig. 13B), indicating the adsorption of
Zn on the oxide surface. One may postulate that Zn can penetrate
into the Zr oxide through the path formed by the interlinked
porosity. An XPS depth profile analysis was also performed to
determine if Zn can penetrate into the oxide, but results gave no
clear evidence of Zn penetration. Therefore, it can be concluded
that Zn does not significantly affect the microstructure or
thickness of the oxide layer in the initial oxidation process at the
pretransition stage but exists only on the outermost surface layer
in the form of ZnO.

https://doi.org/10.1016/j.net.2017.11.009


Fig. 12. Comparison of the STEM darkfield image and TEM underfocusing image. (A) STEM darkfield panorama image from water/oxide interface to metal/oxide interface in the
direction of oxide growth.(B) TEM underfocusing panorama image from water/oxide interface to metal/oxide interface in the direction of oxide growth. The orange circle indicates
the same location. (100-day corroded sample in 30 ppb Zn injection condition.)
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4. Discussion

Unlike Zn2þ, H2 can freely penetrate into the oxide. The effect of
H2 concentration (30e50 cc/kg) can be evaluated starting from the
relationship between the H2 and the porosity formation
mechanisms.

The cause of the formation of these nanoscale pores at the grain
boundaries is not yet clear. Several porosity formation mechanisms
are available. It has been claimed that a nano pore can be formed by
the Kirkendall effect [11], but this idea has been criticized by other
researchers [31]. Another possible mechanism is the hydrothermal
degradation of tetragonal zirconia polycrystals (3Y-TZPs). When
partially stabilized 3Y-TZPs are exposed to hydrothermal conditions
for relatively long periods, tetragonal to monoclinic phase trans-
formation can occur [32]. Through this phase transformation, the
strain associated with the transformation in the depth direction
will be accommodated by grain boundary microcracking. The
microcracking is not caused by a tetragonal to monoclinic volume
change of ~4% (dilatational strain) but is the result of the shear
strain accommodation produced by the formation of the first
martensite plate in partially transformed grains [32]. This micro-
cracking along the grain boundary is known to be responsible for
porosity formation. The tetragonal oxide phase initially forms on
zirconium alloy and then transforms to the monoclinic phase. The
existence of triangular-shaped vacant areas along the grain
boundary (see Fig. 9C and D) appears to support this porosity for-
mation mechanism. Additional research, however, should be con-
ducted to show if this grain boundary microcracking mechanism
assisted by the stress-induced transformation in the hydrothermal
degradation of 3Y-TZPs can be applied to zirconium alloy cladding
oxidation.

The hydrothermal degradation of 3Y-TZPs gives another insight
into Zr alloy oxidation from the perspective of the diffusion
element in the oxide. It is generally accepted that water species in
the form of OH� ions diffuse into the material during the hydro-
thermal degradation of 3Y-TZPs [33e36]. Guo conducted a good
review of this process [37]. When the chemical adsorption of H2O
on the ZrO2 surface occurs, the hydroxyl ion OH� is formed by the
reaction of H2O with O2� on the ZrO2 surface. The diffusion along
the grain boundaries causes the hydroxyl ions to penetrate inside,
and the hydroxyl ions fill the oxygen vacancies to form proton
defects. This can trigger tetragonal to monoclinic phase trans-
formation. In addition to OH� ion penetration, another researcher
suggested that O2� and Hþ are separated and get diffused into the
oxide [38,39].

Studies on Zr alloy corrosion have also suggested the presence
and role of hydroxyl ion in oxide. Sundell et al. showed that sig-
nificant fractions of the boundaries were decorated with hydroxide
[40]. Local reduction occurs, and gaseous H2 evolves on these hy-
droxide grain boundaries [41]. In this regard, a more detailed
porosity formation and hydrogen pickup mechanism has been
proposed [42,43]. Water species penetrate through the grain
boundary of monoclinic ZrO2 in the form of hydroxide. At the same
time, hydrogen is generated by the cathodic reaction at the inter-
face between the defect-free monoclinic ZrO2 and the inner defect-
rich tetragonal ZrO2. The generated hydrogen, then, assists the
aggregation of neutral oxygen vacancies. It is concluded that the
porosity formed due to the aggregation of neutral oxygen vacancies
[42,43]. Finally, it is proposed that such pore formation allows the
catastrophic unwanted permeation of hydrogen into the alloys
before the breakdown of the barrier oxide [42,43]. Therefore, the
avalanche in the hydrogen pickup fractionwas taken to reflect pore
formation [42].

Therefore, the various processes of porosity formation resulting
from OH� ion diffusion have some significant implications for the
effects of the high H2 condition (50 cc/kg). If the OH� ion was a
diffusion element causing corrosion, the H2 concentration of water
did not affect the OH� ion concentration. Therefore, the water
chemistry condition that simply increased the H2 concentration
from 30 to 50 cc/kg may not have contributed to the formation of
interlinked porosity through OH� ion diffusion. Through analysis
using STEM and the TEM underfocusing technique, Zn injection and
high H2 concentration were found not to significantly affect the
microstructure of the oxide layer; there was no noticeable differ-
ence in the oxide thickness. Analysis of the porous region suggests
that the path formed by the interlinked porosity along the grain
boundary may have allowed a diffusion element to penetrate easily
and ultimately trigger the transition. From the perspective of the
interlinked porosity, therewere no noticeable effects of Zn injection
and high dissolved H2 concentration (50 cc/kg) conditions,



Fig. 13. XPS surface analysis on the surface of 300-hour corroded sample with 30 ppb
Zn injection condition. The result showing that Zr and O peaks indicate the ZrO2 oxide
form and Zn exists in the form of ZnO on the sample surface.
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suggesting that Zn gets adsorbed only on the outermost layer of Zr
oxide at the water/oxide interface and is not involved in the
porosity formation process. Similarly, it is unlikely that the increase
in the dissolved H2 concentration can affect the porosity formation
mechanism, at least within the range of the experimental condi-
tions we tested.

To further clarify the effect of H2, the H2 content in the speci-
mens was analyzed using an ELTRA GmbH ONH-2000 element
analyzer (ELTRA inc., Haan, Germany) for different cases: as-
received condition, reference condition (30 cc/kg H2), high H2
concentration (50 cc/kg H2), and Zn injection (30 ppb Zn and 30 cc/
kg H2). For the as-received sample, the average H2 content was
3.8 ppm, and the standard deviationwas 0.2 ppm. For the reference
condition (30 cc/kg H2), the average H2 content and standard de-
viation were both 23.3 ± 1.7 ppm. The sample with high dissolved
H2 concentration (20.1 ± 0.4 ppm) or Zn injection (22.3 ± 1.2 ppm)
showed H2 content similar to that of the reference condition
sample. The H2 contents in the samples corroded for 100 days in
different water chemistry conditions were not significantly
different, which is consistent with the oxide thickness measure-
ment and microstructural analysis results. However, an additional,
similar corrosion test using a heated test tube with the desirable
heat flux in simulated water chemistries containing various im-
purities (e.g., Fe/Ni oxide particulates) is necessary for a better
understanding of and insight into the characteristics of oxide
chemistry and microstructure in high-temperature and high-
pressure water. The need for such a study is mainly due to the
formation of tenacious crud on the oxide surface, which controls
the growth kinetics of Zr oxide and interactionwith other chemical
species.

5. Conclusions

Microstructural analysis of oxide formed on ZreNbeSn tube
samples was performed by CS-corrected STEM, TEM, SEM, XRD, and
XPS to characterize the oxide formed after immersion for various
durations under simulated primary PWR water chemistry condi-
tions with and without Zn addition and 30e50 cc/kg H2. The main
observations are as follows:

� There was no significant effect of Zn and H2 concentrations on
the microstructure of oxide formed on ZreNbeSn alloy samples
after exposure for 100 days (pretransition stage), although Zn
was detected as ZnO on the oxide surface.

� Furthermore, based on the results of the oxide thicknesses of the
samples immersed for 300 hours, 50 days, and 100 days, the
presence of 30-ppb Zn or increase of H2 from 30 to 50 cc/kg
conditions did not significantly affect the oxide growth kinetics.

� Porosity along the oxide grain boundaries was analyzed using
the TEM underfocusing technique, which indicates actual
porous characterization. The porosity observed in the STEM
darkfield image was also observed in the TEM underfocusing
image, and the density of porosity decreased toward the metal/
oxide interface.

� The interlinked porosity formed at the water/oxide interface
widened when the porous region expanded into the metal/ox-
ide interface direction as the oxide became thicker.

� From the perspective of OH� ion diffusion and pore formation,
the absence of any noticeable effects of Zn injection suggests
that Zn was not involved in the porosity formation process.
Similarly, it is unlikely that the increase in dissolved H2 con-
centration can affect the porosity formation, at least within the
range of the experimental conditions we tested.
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