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ABSTRACT: In order to evaluate any possible effects of Zn and dissolved hydrogen concentrations on the pre-transition
oxide formation, Zr-Nb-Sn tube samples were exposed to simulating primary water chemistry conditions by varying Zn (30
ppb) or dissolved hydrogen (30 to 50 cc/kg) concentrations. The pre-transition oxide formed on Zr-Nb-Sn tube samples was
microscopically examined by using scanning transmission electron microscopy with sectioned samples prepared by a focused
ion beam technique. Microstructure analysis indicated that there was no noticeable change in the microstructure of the oxide
corresponding to the water chemistry change within the test duration of 100 days (pre-transition stage), and there was no
significant difference in the thickness of the oxide layer. Equiaxed grains with nano-size porosities along the grain
boundaries and micro-cracks were dominant near the water/oxide interface, regardless of water chemistry conditions. As the
metal/oxide interface was approached, the number of pore tended to decrease. In the case of high hydrogen concentration
(50 cc/kg), there was no significant difference in the corrosion of the oxide compared with the 30 cc/kg hydrogen
concentration condition. From the perspective of OH- ion diffusion and porosity formation, the absence of noticeable effects
was discussed further.
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I. Introduction
Corrosion of the zirconium fuel cladding is known to limit the lifetime and cycle of the reloading fuel in the reactor.
Therefore, extensive research has been conducted to better understand the mechanism of corrosion and damages of zirconium
fuel cladding. However, there is still no clear understanding of oxide growth mechanism related to cladding integrity.
Corrosion kinetics of zirconium alloy has been widely known to consist of three stages: pre-transition, transitory, and posttransition (Ref. 1).
Other researchers recently suggested that interconnection of porosity from the water/oxide interface to the metal/oxide
interface is a key mechanism for oxide transition (Ref. 2). Bossis et al. reported a porous outer layer in a pre-transition oxide
analyzed by a secondary ion mass spectrometry (SIMS) and an electrical impedance spectroscopy (EIS) (Ref. 3). Cox et al.
anticipated that porosity provides connected paths between the external oxidizing medium and the underlying metal (Ref. 4).
Gong et al. reported nano-pores in strings formed on Zr-Nb-Y alloy and N18 alloy (Zr – 0.39Nb – 0.93Sn – 0.31Fe – 0.08Cr
– 0.048O, wt.%) at grain boundaries and they suggested that the initiation mechanism of porosity is due to the Kirkendall
effect (Ref. 5).
Earlier studies on Zr alloy corrosion did not pay much attention to the effects of water chemistry. Zn injection and
adjusting the dissolved hydrogen concentration in a pressurized water reactor operating as a primary water chemistry control
have been considered as measures to alleviate the radiation build-up and reduce cracking in a nickel-based alloy (Ref. 6~10).
However, the effect of oxidation on the nuclear fuel cladding, especially in a Pressurized Water Reactor (PWR) has not been
systematically studied yet.
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The main purpose of this study is to investigate the microstructure of the oxide layer as well as the effects of Zn injection
and high hydrogen concentrations on the oxide corrosion. To evaluate the possible influence on the pre-transition oxide form,
Zr-Nb-Sn tube specimens were exposed to simulated primary water chemistry conditions by varying Zn and dissolved
hydrogen concentrations. The comparison results can provide insight on the corrosion mechanism of zirconium fuel cladding
and the effects of zinc injection and high hydrogen concentrations.

II. Experimental Procedure
Zr-Nb-Sn alloy tube has been oxidized in an autoclave connected to a recirculation water loop at 360 ℃ and 20 MPa for
300 hours, 50 days, and 100 days under a simulated primary water chemistry condition (pure H2O with dissolved hydrogen of
30 cc/kg, dissolved oxygen of 0~5 ppb, 2 ppm Li+ as LiOH and 1200 ppm B3+ as H3BO3). Dissolved hydrogen and dissolved
oxygen were measured by dissolved gas meters. The pressure difference between interior and exterior of the cladding sample
was maintained at 11.7 MPa by pressurizing argon gas to 4.56 MPa at room temperature during the exposure in the
recirculation loop in order to simulate the compressive stress condition in the actual fuel cladding. For experiments with high
hydrogen concentrations, the concentrations were increased to 50 cc/kg from 30 cc/kg and 30 ppb of Zn was injected to test
the Zn injection effect on sample oxidation. The dimensions of the test samples were 9.5 mm in outer diameter, 8.3 mm in
inner diameter, and 0.6 mm in thickness with a length of 130 mm. The nominal chemical compositions of the test sample and
the Zr-0.66Sn alloy sample (Ref. 11) are shown in Table 1 for comparison with the thickness results. All tests were
performed without consideration of heat flux and chalk river unidentified deposits (CRUD).
After an immersion corrosion test, a protective coating of platinum was deposited on the oxide surface, and then in-situ
lift-out Focused ion beam (FIB) sectioning was carried out with a FEI Quanta 3D FEG instrument operated at 2-30 kV, with
currents between 1 pA and 65 nA to prepare Transmission electron microscopy (TEM) thin foils for microstructure analysis
in the oxide layer. Cs-corrected scanning transmission electron microscopy (STEM) observations were carried out with a
JEOL JEM-ARM200F operated at 200 kV. The composition of the precipitates was characterized by energy dispersive x-ray
spectroscopy (EDS) elemental mapping. The thickness of the oxide layer was determined by STEM images. In case of the
sample corroded for 100 days having an increased interface roughness, the thickness was determined by scanning electron
microscopy (SEM) images to analyze the large area. SEM image measurement was carried out with a ZEISS SUPRA™ 40.
Corrosion of the zirconium fuel cladding is known to limit the lifetime and cycle of the reloading fuel in the reactor.
Therefore, extensive research has been conducted to better understand the mechanism of corrosion and damages of zirconium
fuel cladding.

Zr-Nb-Sn alloy
Wei et al.
(Ref. 11)

Nb
0.96

Table 1. Chemical composition of the materials
Sn
Fe
O
C
0.76
0.18
0.62
0.1

0.91

0.66

0.09

-

-

N
0.03

Hf
0.002

Zr
Bal.

-

-

Bal.
(Unit: wt %)

Ⅲ. Results & Discussion
Ⅲ. 1. Thickness measurement
Oxide layer thickness was measured for the reference condition, high hydrogen concentration, and Zn injection over
varying time periods. For 300 hours and 50 days corroded- samples, the oxide thickness was measured by STEM images.
However, in the case of 100 days corroded- samples, when the metal/oxide interface became more irregular, the oxide
thickness was measured by SEM images for a wider range of measurements. Based on the measured oxide thickness data as a
function of time in all water chemistry conditions, Zn injection and high hydrogen concentration are not likely to
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significantly affect the oxide growth kinetics. The results of oxide thickness of tested samples were compared with earlier
data (Ref. 11). The experimental environment of the other researchers is similar to our study (only difference in H3BO3
concentration), but the experiment was performed with a static autoclave. The chemical composition of the samples used in
the experiment is slightly different. As shown in Fig. 1, the difference of oxide thickness between the two experiments was
less than 0.5 µm, and the overall thickness variation tendency is similar to each other. Therefore, the absolute thickness value
difference appears to be caused by the difference between experimental conditions and chemical compositions of samples.

Fig. 1. Comparison of the average oxide thickness under each condition and with another study (Ref. 11). The values of the
oxide thickness of 100 days corroded- samples were measured by SEM, and the 300 hours and 50 days corroded sample’s
oxide thickness were measured by STEM image.
Ⅲ. 2. Porosity analysis
Figure 2 shows that the porosity formed in the outer part of the oxide in the form of being connected around the grains.
These interlinked porosities existed not only at the equiaxed grain boundaries, but also in the columnar grain boundaries that
existed at the center of the oxide layer. Where the grains are facing each other, a triangular micro-crack is formed. The
density of porosity is the highest at the top of the oxide where corrosion begins, and decreases as it goes down to the
metal/oxide interface. As the corrosion time increases from 300 hours to 100 days, the porous region, in which porosity is
observed, increases gradually. This tendency is observed not only in the reference condition but also during Zn injection and
at high hydrogen concentrations. It could be concluded that the interlinked porosity formed at the water/oxide, interface
becomes wider when the porous region expands in the metal/oxide interface direction as the oxide layer is corroded. The
disconnected porosity at the metal/oxide interface changes into a continuous form (interlinked porosity). External elements
could diffuse easily along the passage formed by the interlinked porosity, which affects the corrosion kinetics.
To prove that the observed porosity in STEM is indeed the vacant area, additional analysis was conducted. The TEM
under-focusing technique was used for further analysis of the porosity observed in the porous region. In the case of a general
TEM, the object is analyzed using the interference effect of the wave using a beam having a size of 1 mm. At this time, there
is a large phase shift in the place depending on whether the object to be analyzed exists or not, which is called a Fresnel
Fringe (Ref. 12). We used the under focusing technique to maximize the Fresnel Fringe effect and show that the porosities
observed in the STEM dark field are actually vacant areas. A comparison of the STEM dark field image and the TEM underfocusing image at the same location is shown in Fig. 3. The porosity and micro-cracks observed in the STEM dark field
image were also observed in the TEM under-focusing image at the same location, and the pores near the oxide/water
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interface were formed as interlinked porosity around the equiaxed grain. The density of porosity tended to decrease from the
water/oxide interface toward the metal/oxide interface, which was also observed in the TEM under-focus image as in the
STEM dark field image. From these comparisons, it was confirmed that the pores observed on the STEM image from the
water/oxide interface to the middle of oxide layer (porous region) are vacant areas indeed.
By analysis conducting STEM and TEM under-focusing techniques, we found that Zn injection and high hydrogen
concentrations did not significantly affect the microstructure of oxide layers, while comparing the oxide thickness showed
that neither condition affected the corrosion of the oxide layer. Analysis for the porous region suggests that the path formed
by interlinked porosity along the grain boundary may allow oxygen to penetrate easily and ultimately trigger the transition.
From the perspective of the interlinked porosity, there were no noticeable effects of Zn injection and high dissolved hydrogen
concentration conditions suggest that Zn adsorbs only on the Zr oxide surface and is not involved in the porosity formation
process. Similarly, it is unlikely that the increase in the dissolved hydrogen concentration can affect the porosity formation
mechanism at least within the range of experimental conditions we tested.
Ⅳ. Porosity formation mechanism & Post-transition
The answer to why the transition in corrosion kinetic occurs is still being actively discussed. Corrosion of the oxide layer
is may closely related to the formation mechanism of porosity observed in this study. However, the cause of the formation of
these nano-scale porosities at the grain boundaries is not yet clear. Several porosity formation mechanisms are available. It
has been claimed that nano porosity can be formed by the Kirkendall effect (Ref. 12), which has been criticized by other
researchers (Ref. 13). Another possible mechanism stems from the hydrothermal degradation of tetragonal zirconia
polycrystals. When partially stabilized tetragonal zirconia polycrystals (3Y-TZP) are exposed to hydrothermal conditions for
relatively long periods, tetragonal to monoclinic phase transformation can occur (Ref. 14). Through this phase transformation,
the strain associated with the transformation in the depth direction will be accommodated by grain boundary microcracking.
This microcracking along the grain boundary is known to be responsible for porosity formation. Additional research,
however, should be conducted to show if this grain boundary microcracking mechanism assisted by the stress-induced
transformation in the hydrothermal degradation of 3Y-TZP can be applied to the case of zirconium alloy cladding oxidation.
The hydrothermal degradation of 3Y-TZP 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 material during
the hydrothermal degradation of 3Y-TZP (Ref. 15~18). Guo conducted a good review of this process (Ref. 19).
Studies on Zr alloy corrosion have also suggested the presence and role of hydroxyl ion in oxide. Sundell showed that
significant fractions of the boundaries were decorated with hydroxide (Ref. 20). Local reduction occurs and gaseous H2
evolves on these hydroxide grain boundaries (Ref. 21). In this regard, a more detailed porosity formation and hydrogen pickup mechanism has been proposed (Ref. 22, 23). 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 interface between the defectfree 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 (Ref.
22, 23). Finally, it is proposed that such pore formation allows the catastrophic unwanted permeation of hydrogen into the
alloys prior to the breakdown of the barrier oxide (Ref. 22, 23). Therefore, the avalanche in the hydrogen pick-up fraction
was taken to reflect pore formation (Ref. 22).
Thus, the various formation processes of porosity resulting from OH- ion diffusion have some significant implications
for the effects of the high hydrogen condition (50 cc/kg). If the OH- ion was a diffusion element causing corrosion, the H2
concentration of the water did not affect the OH- ion concentration. Therefore, the water chemistry condition that simply
increased the hydrogen concentration from 30 to 50 cc/kg may not have contributed to the formation of interlinked porosity
through OH- ion diffusion. Therefore it is expected that there will be no significant change in the high hydrogen
concentration (50 cc/kg) condition even after the transition. In the case of Zn injection condition (30 ppb), it is also expected
that there will be no significant difference because Zn does not contribute to porosity formation either.

Ⅴ. Irradiation effect
If water molecules are dissociated by radiolysis, OH concentration will be increased. It may contribute to the formation
of porosity and possibly affect the corrosion of the oxide layer. However, it is unclear whether this behavior occurs under 30
ppb Zn injection or 50 cc/kg high hydrogen conditions.
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Fig. 2 (a) (c) Dark field STEM image of an area in the outer part of oxide showing the interlinked porosity. (b) (d) is
Bright field STEM image of (a) (c).

Fig. 3 Comparison of the STEM image (Dark field) and the TEM under-focusing image (Bright field) at the same
locations for the 100 days corroded- sample in Zn injection condition (Orange circles indicate the same location).
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Ⅳ. Conclusions
Microscopic examinations by CS-corrected STEM, TEM, SEM were conducted to characterize the oxide formed on
samples oxidized in various water chemistry conditions. The main conclusions are as follows:
•

There was no noticeable microstructural change in oxide formed Zr-Nb-Sn alloy samples with respect to the change
in Zn or dissolved hydrogen concentration within the test duration of 100 days (pre-transition stage).

•

Based on the comparison results of the oxide thicknesses of the samples corroded for 300 hours, 50 days, and 100
days in all water chemistry conditions, the 30-ppb Zn injection or increase of hydrogen 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 under-focusing technique indicating actual
porous characterization. The porosity observed in the STEM dark-field image was also observed in the TEM underfocusing image, and the density of porosity decreased towards the metal/oxide interface.

•

The interlinked porosity formed at the water/oxide interface widened when the porous region expanded in the
metal/oxide interface direction as the oxide layer was corroded.

•

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 hydrogen concentration can affect the porosity formation at least within the range of the experimental
conditions we tested.
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