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RÉSUME

Dans cette étude, la réaction nucléaire du 'H^N.ceyJ^C a servi à mesurer les profils de
distribution de l'hydrogène dans des échantillons de Zr-Nb anodisés contenant différentes
concentrations de niobium. Les profils de distribution de l'hydrogène ont été mis en
corrélation avec ceux de l'oxygène obtenus avec un microspectromètre Auger à balayage et à
partir de patrons de diffraction de rayons-X. En outre, des échantillons non anodisés de
Zr-Nb 2.5% (Zr contenant 2,5% en poids de Nb) furent implantés avec de l'oxygène et de
l'hydrogène afin d'étudier l'interaction entre ces deux éléments, une fois dissous dans l'alliage.
Tous les échantillons anodisés, à l'exception du Zr pur et des échantillons monophasés de
Zr-P (Zr-Nb 20%), affichaient des concentrations maximales d'hydrogène sous la couche
d'oxyde. Ces résultats, conjugués à ceux provenant des échantillons implantés, indiquent que,
soumis à des contraintes, l'hydrogène migre vers la zone située sous la couche d'oxyde, là où
le réseau métallique a subi une expansion due à la croissance superficielle d'oxyde. Ces
résultats démontrent que l'hydrogène ne se trouve pas piégé dans les sites d'oxygène dissous
dans l'alliage Zr-Nb 2,5%.
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ABSTRACT

In this study the 1H(I5N,ay)l2C nuclear reaction has been used to measure hydrogen profiles
of anodically oxidized Zr-Nb specimens containing various amounts of niobium. The profiles
have been correlated with oxygen profiles, obtained using a Scanning Auger Microprobe
(SAM), and with X-ray diffraction patterns. In addition, unoxidized Zr-2.5Nb (Zr-2.5 wt%
Nb) samples were implanted with oxygen and hydrogen to study the interaction between these
two species when dissolved in the alloy. All the anodically oxidized specimens, except the
pure Zr and the single-phase p-Zr (Zr-20Nb) samples, displayed hydrogen peaks beneath the
oxide layer. These results, in conjunction with the results from the implanted specimens,
indicate that the hydrogen moves under the influence of a stress gradient to the sub-oxide
region, where the metal lattice has been expanded due to superficial oxide growth. The
results show that dissolved oxygen sites in Zr-2.5Nb alloy do not trap hydrogen.
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1. INTRODUCTION

Pressure tubes in present CANDU* power reactors are made of Zr-2.5Nb alloy. The
microstructure of the tubes consists of elongated a-Zr grains surrounded by a network of P-Zr
with a composition of approximately Zr-20Nb. During operation, the inside surface of the
pressure tube is exposed to the coolant D2O at ~ 570 K and an oxide layer is formed.
Hydrogen uptake from the coolant may degrade the fracture properties of the pressure tubes
[1], A simple diffusional model for hydrogen ingress into the pressure tubes requires the
hydrogen diffusion constants in the oxide layer as well as the hydrogen concentrations at the
coolant/oxide interface and at the oxide/metal interface. Such models, in the past, have
assumed that the alloy is a perfect sink and thus the hydrogen concentration at the
oxide/metal interface is zero. Early studies of the hydrogen concentration of the oxide/alloy
interface region of oxidized Zr-2.5Nb specimens showed a hydrogen peak in the region
beneath the oxide [2]. The source of the hydrogen peak was identified as the hydrogen in the
bulk of the sample, rather than that from the oxidizing environment. It was speculated that
the hydrogen migrated into that region because of the presence of dissolved oxygen beneath
the oxide.

This report describes results obtained from anodically oxidized Zr-Nb specimens and
specimens implanted with oxygen and hydrogen. Based on the results, the nature of traps in
the oxide/metal interface region of the Zr-Nb alloys is examined.

2. EXPERIMENTAL

Coupons -10 mm diameter x 0.5 mm thick were sliced from Zr, Nb and Zr-Nb rods of
various Nb content. This set of coupons had -10 |ng/g hydrogen. Another set of coupons
were sliced from a Zr-2.5Nb rod, charged to "150 |ig/g of hydrogen from the gas phase and
homogenized for 72 hours at 673 K. The coupons were abraded with 600 grit paper and
electropolished. Electropolishing was carried out in a mixture of 5% perchloric acid and 95%
methanol cooled to -200 K. The optimum voltage was found to be -20 V. The specimens
were anodized in 0.18 M KOH galvanostatically. The anodizing was continued for 15
minutes after the anodizing potential reached the preset value.

The oxygen profiles of the anodized specimens were obtained using a $-670" Scanning
Auger Microprobe (SAM). To calibrate the SAM profiles, the depth of the crater created by
Ar+ ion sputtering on a number of specimens was measured using a Rodenstock RM-600
Laser Profilameter.

A third set of coupons (about 10 x 15 x 0.5 mm) were cut from a Zr-2.5Nb sheet. These
coupons were abraded and electropolished. They were then implanted with oxygen at an
energy of 270 KeV and a fluence of -1017 0/cm2. This energy was chosen to place the
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oxygen peak at a depth of - 0.3 |im in the specimen and was based on TRIM [3]
calculations. The concentration profiles of Zr, Nb and 0 were measured using a small section
of the coupons by the SAM, and the coupons were subsequently implanted with hydrogen at
energies of 45 and 50 KeV, to put a wide hydrogen peak on top of the oxygen peak. These
energies were chosen based on previous measurements. One of the coupons was also profiled
using NRA (Nuclear Reaction Analysis) techniques, using the 3He(160,15O)a nuclear reaction
[4]. The NRA profile was in good agreement with the SAM profiles.

The samples were profiled for hydrogen concentration using the 15N hydrogen profiling
technique. The experimental set-up and procedure has been described elsewhere [5]. In this
experiment the absolute hydrogen concentration of the samples was determined using a set of
Zr-2.5Nb samples implanted with hydrogen at low temperatures. These standards were also
checked against a number of Zr-20Nb oxide specimens implanted with hydrogen [6].

3. RESULTS

Generally, the hydrogen profiles of the samples may show high levels of hydrogen near the
surface of the samples (for depths less than -50 nm). These high levels have been previously
shown [5] to result from contamination of the sample surface during polishing, or subsequent
exposure to hydrocarbons or other hydrogen bearing species. Our experience shows that dry
machining and/or electropolishing leaves the surface of the specimens with the lowest
hydrogen contamination.

3.1 Anodized Specimens

Two sets of Zr-2.5 Nb samples, obtained from the same batch, were anodized under identical
conditions. The first set (low-H) had ~10 ug/g of hydrogen and the second set (high-H) was
charged to -150 u.g/g of hydrogen. As Figure 1 shows, both sets display hydrogen peaks in
the oxide/alloy interface region; the peak position always follows the oxide/alloy interface and
is located just beneath the oxide layer. Figure 2 plots the hydrogen peak positions for all the
low- and high-H samples against the anodization potential. This figure shows that the peak
position correlates very well with the anodization potential, and that it does not have any
dependence on the hydrogen content of the samples. The straight line is the best fit to the
data. It seems that, in general, the peak area increases as the anodization potential increases.
Also, the high-H samples show higher hydrogen levels accumulated in the region than the
low-H samples. However, the trend does not show any simple relationship with the
anodization potential or with the hydrogen concentration of the samples.

Samples anodized in LiOD also gave profiles with hydrogen peaks, but they produced
somewhat greater background counts than the samples anodized in deuterium-free electrolyte,
KOH. This is expected, because the surface region of the sample becomes contaminated by
LiOD and the interaction of D with 1SN produces the background y-rays. The H and D
profile of one of these specimens was measured using Secondary Ion Mass Spectroscopy
(SIMS). The profile (Figure 3) showed only a hydrogen peak, confirming the above results.



Figure 4-a shows the hydrogen profiles of the samples with different niobium content. As the
profiles show, pure Zr does not display any hydrogen peak in the sub-oxide region. The
profiles also show that the hydrogen levels in the region increase progressively from Zr-lNb
to Zr-10Nb, and then decrease for the Zr-20Nb sample. In other words, the hydrogen peak
reaches a maximum at -10% niobium content. To further investigate this effect, a similar set
of samples were annealed at 1123 K for one hour prior to anodization. Figure 4-b shows the
profiles obtained from these samples. The profiles show that while the annealed Zr-20Nb
sample does not display any hydrogen peak, the area under the hydrogen peaks of all the
other samples has increased compared to the as-received samples (Figure 4-a). In the case of
the Zr-lNb sample, the increase is very small and certainly is within the limits of the
experimental errors. The samples were analyzed by X-ray diffraction and they all showed
more P-Zr in the annealed samples. The annealed Zr-20Nb sample was almost pure p-Zr,
with only a trace of a-Zr. These data suggest that the amount of hydrogen accumulated in
the sub-oxide region depends on the amount of mixed phase (a-Zr + (3-Zr) present in the
underlying alloy. They also show that the single-phase samples, such as pure Zr (a-phase) or
annealed Zr-20Nb (fJ-phase), do not display any sub-oxide hydrogen peaks.

To obtain more evidence, a number of Zr-2.5Nb and Zr-5Nb samples were annealed at
specific temperatures to produce specimens of different a- and p-Zr components. They were
then anodized under identical conditions. The hydrogen profiles obtained from these samples
showed again that the amount of hydrogen accumulated in the interface region increases with
an increase in the p-Zr component of the samples.

The hydrogen profiles of the anodized specimens were very stable at room temperature.
Consecutive examination of a number of anodized samples stored at room temperature for
long periods (more than a year) showed no changes in their hydrogen profiles. Even
annealing the samples at temperatures as high as -380 K for periods of hours did not affect
the hydrogen peaks. However, annealing the specimens at moderately higher temperatures
caused the hydrogen peak heights to increase. The profiles obtained from an anodized Zr-
2.5Nb specimen, charged to -150 ug/g of hydrogen, are shown in Figure 5 after a number of
consecutive anneals. The profiles show that annealing at 417 K for 14 minutes increased the
hydrogen peak height and the peak width. Subsequent annealing at 423 K for 30 minutes
further increased the hydrogen concentration in the region. The profiles also show that as the
annealing process continued, the peak height, after saturation, started decreasing. Annealing
the specimens at higher temperatures (e.g., 673 K) for short periods (~ 5 min) caused the
peak to disappear (not shown here).

3.2 Specimens Implanted with Oxygen and Hydrogen

A set of Zr-2.5Nb samples were implanted with oxygen at an energy of 270 KeV, to place
the oxygen peak at a depth of - 0.3 um. The intent was to implant hydrogen on top of the
oxygen peak and study the interaction between dissolved oxygen and hydrogen within the
alloy. The samples were profiled for oxygen concentration using SAM. Figure 6 shows the
profile of one of the samples. The profile shows a very thin oxide layer on the surface



and a wide (FWHM of - 0.2 um) oxygen peak centred at 0.32 u.m. The oxygen concentration
at the peak height was - 6 at.%.

The samples implanted with oxygen were subsequently implanted with hydrogen at room
temperature. The implantation was carried out at two neighbouring energies of 45 and 50
KeV, to create a wide hydrogen peak centred at the oxygen peak position. The expected
hydrogen profile from such an exercise is indicated by the dashed line in Figure 6. The H
profiles were then measured. As the figure shows, there was an observed peak ~ 0.06 u.m
deep (just beneath the surface oxide layer) and the hydrogen concentration at the oxygen peak
position was at its minimum (~ 0.8 at.%). These results clearly demonstrate that the
dissolved oxygen does not trap hydrogen. One of the samples was annealed at 473 K for
one hour. Diffusion calculations show that while such an annealing process should leave the
oxygen profile almost unchanged, it should allow the hydrogen to diffuse and redistribute
itself over hundreds of micrometers. The annealed sample showed that the hydrogen had
diffused away from the surface region, into the bulk of the sample, but had not accumulated
in the oxygen peak position.

4. DISCUSSION

Previous results have clearly shown that the hydrogen peak observed in the sub-oxide region
of the Zr-2.5Nb samples, oxidized thermally [2], form as a result of the hydrogen moving to
the region from the bulk of the sample and not from the oxidizing environment. The results
from anodized specimens show that the hydrogen peak position correlates very well with the
oxide layer thickness and that it has a linear relationship with the anodizing potential. This
relationship, in conjunction with the observation that the onset of the hydrogen peak coincides
with the depth at which the oxygen signal starts to decrease from its plateau level in the oxide
(in the SAM oxygen profiles not shown here), clearly demonstrates that the hydrogen peak is
located just beneath the oxide layer.

The width of the peak seems to depend on the width of the oxide/alloy "interface region",
here defined as the region where the oxygen signal decreases from a plateau level in the
oxide to the background level in the alloy. In general, the total amount of hydrogen
accumulated within the "interface region" increases with increasing anodizing potential.
(Although the potential increases due to a proportional increase in the thickness of the oxide,
the strength of the electric fields across the oxide remains unchanged.) This trend seems
plausible, because, as the anodizing potential increases, it takes longer for the oxide to grow,
which allows more time for hydrogen to diffuse to the interface region. The high-H samples
display somewhat higher peaks than the low-H ones. However, the increase in the hydrogen
peak is rather small and in no way is proportional to the hydrogen content of the samples.
This result demonstrates that the accumulation of hydrogen in the region is not the result of
the hydrogen in the alloy retreating during oxidation. If this was the case, the amount would
have been proportional to the hydrogen concentration of the alloy and the thickness of the
oxide layer.



While pure Zr (single-phase a), the p-annealed Zr-20Nb (single-phase (3) and pure Nb
samples did not display any sub-oxide hydrogen peaks, the p-annealed Zr-10Nb samples had
the largest peak. (The results for pure Nb are not shown here.) Results from Zr-2.5 Nb
samples with different levels of P-Zr phase showed that the amount of hydrogen accumulated
in the sub-oxide region increases with an increase in the P-Zr component of the samples. All
these results with respect to the phase composition of the alloy indicate that the single-phase
oc-Zr or p-Zr alloys do not exhibit any hydrogen peak in the sub-oxide region, and that an
optimum mixture of a- and P-phase is needed to produce the largest hydrogen peak. One
possible explanation for these findings is that the Zr-Nb alloy has a larger yield stress than
pure zirconium, and therefore sustains a highly stressed region beneath the oxide, which we
believe is a cause for the formation of traps for hydrogen. In addition, due to the much
higher diffusivity [7,8] and solubility of hydrogen [7] in the P-phase than in the a-phase, the
P-Zr regions may act as channels to feed the "interface region" with hydrogen. This
conjecture is in good agreement with the DHC (delayed hydride cracking) crack velocity
measurements [9], which showed that the velocity increases with an increase in the P-phase
component of the alloy. There is no concrete explanation as to why the single-phase P-Zr
(Zr-20Nb) samples do not show any sub-oxide peak. One may speculate that the oxide
formed on this alloy is a stabilized oxide with a tetragonal or cubic crystal structure, and that
as a result the oxide/metal interface may have a different nature. Preliminary studies of the
oxide on this alloy have confirmed that its crystal structure may be cubic and very different
from the structure of a-Zr oxide [10].

Annealing the anodized specimens at moderate temperatures such as 400-500 K, including the
specimens with large initial hydrogen peaks as well as the ones with almost no peak (not
shown here), caused the hydrogen peak height and width to increase. As the annealing
process continued, the peak height after saturation started to decrease. The process was very
slow at temperatures lower than 400 K, and almost no change was observed in the hydrogen
peak. We believe that during annealing the hydrogen in the bulk of the alloy becomes more
mobile and starts filling the trap sites in the stressed sub-oxide region, and proceeds until all
the sites are filled. As the process continues, the stressed lattice beneath the oxide layer
gradually anneals and the hydrogen in the region begins to move back into the alloy.
Annealing the specimens at elevated temperatures relieves the stress in the region much faster
and causes the peak to recede.

Based on preconceptions that dissolved oxygen in metals provides a strong trap site for
hydrogen, our initial expectation was that a sample implanted with oxygen will trap most of
the hydrogen in the oxygen peak position, and will provide a good medium to investigate the
interaction between hydrogen and oxygen within the Zr-Nb alloys. Contrary to this
expectation, as Figure 6 shows, the hydrogen was not trapped with the implanted oxygen.
Furthermore, the hydrogen concentration at the oxygen peak position seemed to be at its
minimum, and most of it had gathered beneath the very thin oxide layer formed on the
surface of the sample during implantation. The concentration of oxygen at the peak position
was at ~ 6 at.%, which is well below its solubility limit in Zr at room temperature (-30 at.%)
[11]. These results show that dissolved oxygen in Zr (up to 6 at.%) does not trap hydrogen.



In addition, it seems that the interaction between hydrogen and dissolved oxygen in Zr is
repulsive.

Similar studies carried out on Cu, Pd, Al and steels [12,13] indicate that the strongest trap
sites for hydrogen in these materials are oxide inclusions, or most likely oxide/metal interface
associated with these inclusions. In comparison to Zr, these metals have very low solubility
limits for oxygen (~0.01 at.%) [14] and the implanted oxygen forms oxide particles within the
metal. The word oxide has been intentionally underlined in the previous sentences to
emphasize the difference between these materials and zirconium, which forms oxides at much
higher oxygen concentrations. Therefore, we believe that there is good agreement between
the results reported here and the observations made in the literature, which show that
hydrogen trapping is associated with oxide/metal interfaces. In addition, Cu and Pd oxides
are thermodynamically unstable and are easily reduced by hydrogen, and the formation of
water or hydroxide within the metal may play a large role in trapping hydrogen [15].
Furthermore, Al, which possesses stable oxide and is unlikely to be reduced by hydrogen, has
very little affinity to absorb hydrogen [16]. Consequently, in such metals the trapping effects
of oxide inclusions may be much more pronounced than in Zr.

5. CONCLUSIONS

The results reported here confirm the previous findings that the sub-oxide hydrogen peak,
observed in the oxidized Zr-Nb specimens, results from hydrogen in the bulk of the alloy
migrating to that region. In addition, the results show that, in the case of anodized
specimens, a two-phase alloy is needed for the formation of the sub-oxide hydrogen peaks,
and that the amount of hydrogen accumulated in the region increases with an increase in the
(3-Zr component of the alloy. The results also show that dissolved oxygen in Zr-2.5Nb
samples, up to ~6 at.%, does not trap hydrogen. Thus, we believe that the hydrogen traps in
the sub-oxide region form due to the expansion of the Zr-Nb lattice beneath the oxide layer,
rather than the dissolution of oxygen in this region. Further experiments are underway to
extend the measurements to higher oxygen concentrations.
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Figure 1. Hydrogen profiles of a set of a) low-H and b) high-H Zr-2.5Nb samples anodized
in KOH at different applied potentials and 1 mA/cm2 current density. The vertical
lines mark the depth at which the oxygen signal starts decreasing from a plateau
level in the oxide measured by SAM.
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Figure 2. Plot of the sub-oxide hydrogen peak positions for both low-H and high-H Zr-2.5Nb
samples (from Figure 1) against applied anodic potential. The straight line
represents the best fit to the data.
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