FRO301221
I A0

Suppressing Hydrogen Ingress during Aqueous Corrosion of
CANDU Zr-2.5 Nb Pressure Tube Material
M. B. ELMOSELHP, A. DONNER', A. BRENNENSTUHL', B.D. WARR'
D. W. EVANS2 I P. J. ELLIS2,

ABSTRACT
As a result of their special properties, including low neutron cross-section and

intrinsic corrosion resistance, Zr alloys
are used in the fabrication of nuclear core components, particularly fuel cladding (in most reactor types) and also Zr2.5 Nb pressure tubes in CANDUO (Lanada Deuterium Uranium) reactors. Corrosion and H uptake during service
can limit the life of these components. Therefore, remedial action may be appropriate to slow the H uptake rate and
prolong the working life of these reactor components.
This work has explored the possibility of reducing H uptake in pressure tube material by incorporating an inhibiting
agent into the corrosion environment. Two approaches have been tested, depositing a thin metallic film on the initial
oxide surface and adding an inhibiting agent to the solution. The latter approach appears more practical. Screening
experiments were conducted in short-term 30 day) exposures in high temperature (340'C) aqueous out-reactor
environments, simulating the CANDUO heat transport coolant with various chemistries. Compounds tested included
aluminum acetate, aluminum nitrate, lithium nitrate, rhodiurn nitrate and yttriurn nitrate. Comparison of results from
the aluminum nitrate additives and aluminum acetate additives suggests that the nitrate anion is the effective
ingredient for H ingress inhibition. The nitrate anion appears to reduce the rate of H ingress regardless of the
associated cation. However, each cation appears to affect the rate of corrosion differently. These cations were
found to be incorporated in the oxide film.
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1. INTRODUCTION
Zirconium alloys are used in the fabrication of nuclear core components Particularly fuel cladding (in most reactor
types) and also as the Zr-2.5 wt.% Nb alloy in pressure tubes in CANDU (ganada Deuterium Uranium) reactors.
This is due to their special properties, including low neutron cross-section and intrinsic corrosion resistance. Since
these alloys pick up hydrogen (H) in reactor heat transport coolants, hydride formation and delayed hydride cracking
may occur, as well as changes in fracture toughness, at high H levels. Therefore, the build up of H in a reactor
component could be life limiting. Inhibitors are being developed to reduce rates of H uptake and extend the working
life of these components. The focus of this work is to identify an effective inhibitor which would be introduced into
the reactor coolant, resulting in a reduction of H ingress in these components and particularly in CANDUO pressure
tubes.
Very little work has been done in this area. Cox [1 ] had surveyed the subject briefly and reported that potential Zr
hydriding inhibitors which have a significant effect on H pickup are sodium nitrite and oxygen. In other unpublished
work, several elements were tested as inhibitors including compounds of the following elements: V, Cr, Fe, Ni, Cu,
Zn, As, Mo, Sb and B 2]. The testing procedure consisted of autoclaving Zr-2.5Nb and Zircaloy-2 samples in
aqueous solutions of compounds of these elements in 1.OM UOH for day at 3400C. Although the exposures were
short-term, some elements showed promise in terms of reducing the corrosion rate. However, the effect on H
ingress was undetectable, partly due to inadequate H analysis techniques being available at that time. Other
chemical additions, for example boric acid have been shown to be effective corrosion inhibitors of crystal bar Zr and
Zircaloy-2 in 5000C steam [].
To explore the possibility of suppressing corrosion/ H ingress and to identify suppressants (inhibitors), we begin by
briefly examining the current understanding of the salient mechanisms and reactions leading to the corrosion of Zr
alloys, especially those aspects relevant to H ingress. The interaction of water molecules (H20 or D20) with Zr
surfaces results in the formation of an oxide and the liberation of H or D (deuterium) gas according to the following
overall equation:
Zr + 2H20

0 ZrO2 + 2H2

(1)

The majority of the generated H2 following recombination) dissolves in the corroding solution as H2 gas, except for a
small percentage that is absorbed by the bulk alloy as atomic hydrogen, constituting what is known as the % H
uptake, where,
% H uptake = (H entering alloy/ H from corrosion) x 10

2)

The steady state % H uptake ranges from -5 to 40% depending on the alloy. For example, for Zr-2.5Nb it is
generally found to be in the range between -5-1 0%.
Although, the mechanism of H evolution and ingress is not yet precisely understood, it is well established that it
follows the overall equation (1) which may be the sum of the following reactions:
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The first reaction (3) is the dissolution of Zr which represents the anodic oxidation or de-electronation reaction. It is
well established that this reaction occurs at the metal-oxide interface, since the oxide in these alloys is known to
proceed by inward growth with negligible migration of Zr cations to the oxide surface. Equations (4) and (5) show
the dissociation of water molecules to produce H+ and OH-. The cathodic reaction, equation (6), is represented here
by the reduction or electronation of H+ to produce H atoms followed by recombination (to produce H2 gas) and
2

desorption into the solution (equation 7 Clearly this step in the overall reaction is critical in terms of H uptake by
the bulk alloy. The locations where this reaction takes place within the alloy-oxide-solution system are still uncertain
and may be critical in terms of controlling the uptake. It has been suggested that although most of the cathodic
reaction may occur at the oxide-solution interface, electronation of protons may also take place at the alloy-oxide
interface 4].
The cathodic electronation of protons results in adsorbed H atoms followed by recombination and desorption of H
molecules into the solution. However, as mentioned, some H atoms may migrate across the oxide-metal interface
and become absorbed by the bulk alloy. It has been reported that oxidized Nb absorbed tritium from the gas phase
at room temperature in contrast to similar experiments with H or D [5]. This effect was ascribed to the dissociation
of physisorbed tritium molecules by decay-produced electrons and X-rays. If dissociation of H molecules appears
to accelerate the uptake by the bulk alloy, recombination and desorption are likely to result in a reduction in H
ingress.
Therefore, an agent which increases the recombination and desorption (H evolution) reaction may result in a
reduction of H uptake by the bulk alloy. Following this rationale, elements may be ranked in terms of their ability to
catalyze the H evolution reaction according to the magnitude of their equilibrium exchange-current density for the
reaction. From this point of view, elements as electrodes in - M H2SO4, are ranked in decreasing order of their
ability to catalyze H evolution as follows: Pd, Pt, Rh, Ir, Ni, Au, W, Ti, Cd, Mn, TI, Pb and Hg [5]. Work on the
catalyzed recombination of H atoms by chemical means resulted in the establishment of the following decreasing
order of catalytic activity: Pt, Pd, W, Fe, Cr, Ag, Cu, Pb and Hg 7]. This closely follows the results in reference 6],
which may be an indication of a parallelism between catalysis and electrocatalysis.
Another possible inhibiting mechanism includes the co-adsorption of the inhibiting species along with H on the solid
surface. For example, the adsorption of H on Pt 1110] is totally inhibited when the surface is saturated by sulphur
with a coverage of at least 0.8 (80% of a monolayer). The presence of sulphur was found to weaken the Pt-H bond
[8]. Furthermore, metals such as Al, Au Li, Na, K, Mg, Ag, Zn, Cd, In, Si, Ge, Sn, Pb, As, Sb and Bi, that do not
appear to dissociate H, and may act as catalysts for recombination, could be potential ingress inhibitors 9].
Oxidation resistance and H uptake for Zr have been altered substantially by alloying it with other metals including
Nb, Fe and Pd. The latter element (Pd) results in improved oxidation resistance when present as a thin layer in the
case of Zircaloy-4 [1 0]. A deleterious effect of surface carbides has been found as a result of facilitating the transfer
of electrons, thus promoting rapid oxidation 11 1]. Finally, the effect of various impurity elements in Zr-2.5Nb on
corrosion and D pickup have been reported 12]. A favorable effect of Fe (in the range of 400-1300 mg/kg) has
been deduced from results of long term out-reactor aqueous corrosion tests.
In view of all the above-mentioned possibilities, procedures for introducing the potentially inhibiting element into the
corrosion environment, as well as (accelerated) testing procedures to examine their effects on corrosion and H
ingress have been identified. Also, analytical methods to monitor the changes in oxide thickness, oxide
microchemistry and H content of the samples were identified. The developed testing procedures and results from a
limited number of elements tested are described in the following sections.

2. EXPERIMENTAL
In the first set of experiments, Zr-2.5 Nb coupons 10 x 20 x I mm) were machined from pressure tube material,
autoclaved 4000C steam for 24 hours) and covered with thin (- 20 nm) metallic films of Al & Pd. Impurity
concentrations in the pressure tube material are shown in Table 1. The deposition was performed with a net mask to
create squares of the film on the oxide so that portions of the oxide surface interact directly with the solution. Two
sets of coated specimens and one uncoated (as a control set) were corroded in an autoclave with oxygenated 100
mglkg) de-ionized H20 at 3500C for 7days.
In the second set of experiments, Zr-2.5 Nb coupons (8 x 8 x 0.5 mm) were machined from the same pressure tube
material and in this case the inside (ID) surfaces were preserved. One set of (three) coupons were in the asreceived (bare) condition; these are expected to be very reactive and sensitive to different solution chemistries. The
second set of (three) coupons was pre-filmed as above to produce an oxide film 0.5 to 1.5 Om thick. Coupons were
exposed in Inconel-600 static autoclaves and each solution was prepared by adding the selected compound of the
element (cation) under consideration to H20 t maintain a calculated 100 mg/kg concentration of the cation,
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assuming that the compound is totally soluble. The room temperature pH was adjusted to - 984 (equivalent to an
apparent pH (pHa) in the heavy water coolant of - 03) using UH. The solutions were purged with Ar+5% H to
remove 02, while controlling the dissolved H2 to within 12 mg/kg at 3400C. The exposures were conducted at 3400C
for 30 days.
Differential Scanning Calorimetry (DSC) was selected for H analysis. DSC is a virtually non-destructive technique so
that multiple measurements can be made for the same sample. It determines the temperature of hydride dissolution
completion. This temperature corresponds to a concentration that is equal to the terminal solid solubility (TSS at
that temperature. The measured temperature is converted into concentration using an established Arrhenius
relation JSS vs 11T) with an accuracy of 5%. Another significant advantage of this technique is that [H is
measured in the alloy since the technique is insensitive to the H or moisture in the oxide covering the sample.
Fourier transform infrared (FTIR) spectrometry was used to measure oxide thickness by measuring the spacing
between the interference peaks [1 3].
The changes in microchemistry of the oxide exposed to the inhibiting agent were examined by through-oxidethickness depth profiling using a Cameca IMS-3f Secondary Ion Mass Spectrometer (SIMS). The technique uses a
beam of energetic (- 10 KeV) Cs+ primary ions rastered over an area 250 Om x 250 Om to sputter several atomic
layers of the sample surface. The secondary ions from a region 60 Om in diameter are extracted by electric fields
and the energy and mass of these secondary ions analyzed using a mass spectrometer. The intensities of several
ions, depending on the particular solution chemistry being tested, were measured through the oxide and into the
base alloy.
Table I
Ingot Chemical Analysis for Pressure Tube H365M
Element
Nb
0
Al
C
Fe
H
MO
Cu
N
Sn
U

Concentration glkg)
(except Nb)
2.5 weight %
1100
47
130
457
5
< 25
< 25
32
35
1.5

balance Zr

3. RESULTS
The change in oxide thickness and [H] following the corrosion of pre-filmed samples with a thin Al and a thin Pd film
are summarized in Table 2. Table 2 indicates that although the presence of the Al film appears to increase the
corrosion rate (oxide thickness) compared to the reference samples, it decreases the net H uptake. On the other
hand, the Pd film results in a slightly lower increase in oxide thickness compared to the reference coupons, but gave
a higher value of H uptake.
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Table 2 - Average Change in Oxide Thickness and [H] for Zr-2.5 Nb Samples
(autoclaved in oxygenated (-1 00 mg/kg) de-Ionized H20 At 350 C for 7 days)
Type of sample

Change in [H] (mg/kg)
+ 20

Change in oxide
thickness (Eirn) + 2o

Calculated % uptake

As-received samples
(reference)

2.1

03

1.2

02

2.2

Samples coated with Pd
M
Samples coated with Al
film

3.3

07

1.0 + 0.1

4.2

1.3

03

1.5 + 03

1.1

Changes in [H] and oxide thickness of bare and prefilmed coupons following exposure in autoclaves with the
different inhibiting agents are summarized in Table 3 The Table shows average values and standard deviations
(0) for each set of three samples. H uptake by the bulk alloy is indicated by the measured change in [H] (O[H]) of
the samples, given that the samples are macroscopically identical. Also, the calculated % H uptake, based on
measured 0[H] and calculated H production using equation 2), is shown.
The values from each experiment should be compared with the results shown in the first column of Table 3 which
represent samples exposed to a reference solution with no added inhibiting agent. Results from Table 3 are
depicted graphically in Figures and 2. The change of [H] for bare and prefilmed samples is shown in Figure 1, and
the change in oxide thickness for both sample types is shown in Figure 2.
Secondary ion intensities versus depth for the Al in bare and pre-filmed samples are compared to profiles in
reference samples in Figures 3. In Figure 4i H profiles are compared for bare samples exposed to a solution with
aluminum nitrate and a reference solution.
Table 3 - Average Change in Oxide Thickness and [H] for Zr-2.5 Nb Samples
(autoclaved in solutions of different chemistries at 3400C for 30 days)
Element
(cation)
Potential
Inhibiting
Agent

Reference

Al

Al

Li

None

Aluminum
acetate

Aluminum
nitrate

Lithium
nitrate

Rh
Rhodiurn (111)
nitrate

Y
Yttrium (111)
nitrate

BareCoupont
Increase in
Oxide (Dom)
(m)
Increase in [H]
(mgikg)
00 (mg/kg)
% H Uptake
0 (%Uptake)

Increase in
Oxide (El Fim)
0 (Orn)
Increase in [H]
(mg/kg)
00 (mg/ g)
% H Uptake
0 (%Uptake)

1.9

1.8

2.0

3.6

2.2

2.6

0.00

0.03

0.02

0.10

0.05

0.02

90

100.3

11.2

11.9

12.4

11.5

1.85
35.3
1.38

3.62
46.1
2.69

0.39
4.6
0.20
Prefilmed Coupons

0.45
2.6
0.05

1.08
4.8
0.78

0.98
3.2
0.17

0.7

0.7

0.8

2.3

1.1

1.3

0.00

0.04

0.06

0.21

0.03

0.05

4.4

4.1

3.3

3.2

3.0

2.9

0.12
5.1
0.07

0.20
5.6
0.39

0.13
3.8
0.55

0.35
1.2
0.11

0.1
2.5
0.01

0.06
1.9
0.20

1
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DISCUSSION

Results from samples with a thin film of Al deposited on the oxide indicate that the presence of such a film reduces
the H pickup by 38%, although the corrosion rate was found to increase somewhat, as indicated in Table 2 For
thin films of Pd, however, this trend was reversed, with a 57% increase in H pickup associated with a small reduction
in corrosion rate. The effect may be aributed to the H dissociating capability of Pd over Al as previously discussed
in Section .
Based on the above results it might be expected that compounds containing Al would be effective inhibitors when
added to aqueous environments. However, the results from exposures to aqueous environments containing
aluminum acetate shown in Table 3 and Figure 1, indicate otherwise. For both bare and prefilmed samples, the
change in [H] is practically the same with or without the addition of this compound. Therefore, although Al was
found to be an effective inhibitor as a coating, it is ineffective when added as an acetate compound to a solution.
Aluminum nitrate was also tested, since, as discussed in Section 1, sodium nitrite was found to be an effective
inhibitor of H ingress in Zr alloys [1]. Nitrates were presumed more soluble than nitrites. Results from the
aluminum nitrate tests, particularly for bare samples, shown in Table 3 and Figure 1, show that it is indeed an
effective inhibitor for H ingress with an -88% reduction in H ingress compared to the reference. Also, the rate of
corrosion is practically unchanged, as shown in Figure 2 Since the nitrate anion appears to be the critical inhibiting
species with respect to H uptake, other nitrate-containing compounds were tested.
As shown in Figure 1, these other nitrate compounds, i.e. lithium, rhodium and yttrium nitrate, also showed similar H
uptake inhibition with reductions of -90% in H uptake in the case of the bare samples. For prefilmed samples, all
nitrate-containing compounds showed an inhibiting effect, although the effect is less pronounced, with reductions of
-26%.
The beneficial effect of the nitrate anion on H uptake in these exposures may be related to its role in the production
of ammonia from H liberated by the corrosion reaction, equation 1. Such a mechanism has been proposed for the
beneficial effect of calcium nitrate on the highest yield of cubic zirconia obtained during hydrothermal oxidation of Zr
in the presence of nitrate 14]. The generalized form of the equation we propose for aluminum nitrate is as follows:
0 ElZr + 0

H20

OAI(NO3)3 4 0 0 0 DZrc] Alc] 00 +

ONH3

+ 0

FIH

(9)

where the Greek symbols represent coefficients which require experimental determination. As is evident from this
equation, and comparison to the usual Zr/water reaction, equation (1), the formation of ammonia is associated with a
significant reduction in the H available for pickup by the alloy. Also, the cation species, in this case Al, is
incorporated in the growing oxide. In order to confirm the above hypothesis, a calorimetric analysis method was
used to determine the concentration of the ammonium ion (NH4+) in water. The reduction of nitrate to ammonia was
confirmed by the detection of 6.90 and 565 mg/kg of ammonia in the post-exposure solutions containing aluminum
nitrate and yttrium nitrate respectively. No ammonia was found in the post-exposure reference solution or the other
non-nitrate solution containing aluminum acetate.
With reference to Table 3 and Figure 2, for both bare and prefilmed samples, in all cases higher (effective) corrosion
rates were found in the case of nitrate additions than for the reference solution. Also, the type of cation appears to
play a role on corrosion performance where corrosion rate increased from Al to Rh to Yt and finally the presence of
Li resulted in the highest corrosion rate.
Through-oxide-thickness elemental concentration profiles obtained using SIMS show clear evidence of the
incorporation of cations in the oxide. Depth profiles of 9OZr were obtained for selected samples in order to provide a
reference against which the profiles for other species could be compared. Note that in SIMS, the relative intensities
of a given element provide a qualitative indication of its relative concentration. The 9 Zr intensity profile is also used
to identify the oxide-metal interface, i.e. where the 90Zr intensity drops off. This may be slightly different from the
measured value of oxide thickness using FTIR shown in Table 3, which can be attributed to the assumptions used to
convert the sputtering time to depth.
The incorporation of Al into the oxides grown on a bare sample and a pre-filmed sample is illustrated in Figure 3a
and 3b respectively. The Al depth profiles of the two reference samples are omitted in Figure 3a for clarity. In
general, Al appears to be enhanced within the oxide and particularly near the oxide surface and especially in the
case of the bare sample. Also, it is noted that the outer surface of the oxide accommodates more Al than the bulk
6

oxide, possibly through an ion exchange sorption process. The incorporation of Al is almost two orders of
magnitude higher following exposures to solutions containing aluminum acetate, as shown in Figure 3 Therefore,
the chemistry of the compound seems to have a significant influence on the extent of the incorporation into the
oxide. No obvious correlation was found between the extent of the cation incorporation and the corrosion rate.
The significant reduction in H uptake observed for the bare samples when corroded with nitrate additives may be
confirmed by through-thickness depth profiling of H. Figure 4 shows H depth profiles for two macroscopically
identical bare samples; one was autoclaved in a reference solution while the second was autoclaved with the
aluminum nitrate additive. It is clear that qualitatively the sample exposed in the reference solution contains a
significantly higher [H] in the bulk alloy than that exposed to aluminum nitrate. This is consistent with the analytical
results. The sample exposed to aluminum nitrate, however, appears to contain higher [H] within the oxide than that
exposed to the reference solution; this may be caused by the expected production of ammonia due to the presence
of the nitrate anion as shown in Equation 9.
The practicality and acceptability of adding inhibitors of nitrate containing compounds to the CANDU primary heat
transport system is being explored.

5

CONCLUSIONS

5.1

Depositing a thin Al film on prefilmed Zr alloys is found to result in both a reduction in H ingress and increase
in corrosion. However, this approach is less practical than adding a chemical compound to the solution. An
aluminum acetate compound, however, was not found to have an inhibiting effect when added to high
temperature aqueous environments.

5.2

Nitrate-containing compounds are found to have an inhibiting effect on H pickup by Zr-2.5 Nb when added to
the high temperature aqueous environments, probably as a result of a reduction in available H via the
production of ammonia.

5.3

The effect of these nitrate-containing compounds on corrosion rate appears to depend on the cation present.
This may be the result of these cations being incorporated in the oxide film.
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Increase in [H] for various inhibiting additions compared with the reference solution (none) for (a)
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Figure 3
Through-oxide-thickness depth profiles using SIMS for oxidized pre-filmed samples showing the
incorporation of aluminum into the oxide.
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