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ABSTRACT: Oxidation and deuterium uptake in Zr-2.5Nb pressure tubes are being monitored
by destructive examination of tubes removed from commercial Canadian Deuterium Uranium
Pressurized Heavy-Water (CANDU-PHW) stations and by analyses of microsamples, obtained
in-situ, from the inside surface of tubes in the reactor. Unlike Zircaloy-2, there is no evidence
for any acceleration in the oxidation rate for exposures up to about 4500 effective full power
days. Changes towards a more equilibrium microstructure during irradiation may be partly
responsible for maintaining the low oxidation rate, since thermal aging treatments, producing
similar microstructural changes in initially cold worked tubes, were found to improve outreactor corrosion resistance in 589 K water.
With one exception, the deuterium uptake in Zr-2.5Nb tubes has been remarkably low and
no greater than 3-mg/kg deuterium per year (0.39 mg/dm' hydrogen per year). The exception
is the most recent surveillance tube removed from Pickering (NGS) Unit 3. which had a
deuterium content near the outlet end about five times higher than that seen in the previous
tube examined. Current investigations suggest that most of the uptake in that tube may have
come from the gas annulus surrounding the tube where deuterium exists as an impurity. and
oxidation has been insufficient to maintain a protective oxide film.
Results from weight gain measurements, chemical analyses. metallography. scanning electron microscopy. and transmission electron microscopy of irradiated pressure tubes and of
small coupons exposed out reactor are presented and discussed with respect to the observed
corrosion and hydriding behavior of CANDU-PHW pressure tubes.
KEY WORDS: corrosion, hydriding, pressure tubes, Zr-2.5Nb. Zircaloy-2, out reactor, irradiation, microstructure. precipitation, percent theoretical uptake

The Canadian Deuterium Uranium Pressurized Heavy-Water (CANDU-PHW) reactor is
a pressure tube reactor that is fueled with natural uranium oxide and is both cooled and
moderated with heavy water. The fuel is contained within short, D.S-m-long, fuel elements
assembled into bundles, which in turn reside inside the zirconium alloy pressure tubes. The
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pressure tubes in commercial reactors are about 6.3 m long and are joined at both ends to
stainless steel end fittings by means of a rolled joint. The pressure tube is separated from
an outer concentric Zircaloy-2 calandria tube by garter springs, with the annulus between
the two tubes filled with gas. The first four commercial units at the Pickering Nuclear
Generating Station (PNGS) used nitrogen in the annulus; all subsequent commercial units
constructed both in Can?da and abroad contain carbon dioxide. The temperature of the
heavy water on the inside ·of the pressure tubes ranges from about 523 K at the inlet to
about 573 K at the outlet. The coolant pH is maintained in the specified range 10.2 to 10.8
with lithium, and the recommended range for dissolved deuterium is 3- to 10-cm' D 2 /kg
deuterium oxide (D 20). Hydr.ogen is added to suppress the production of radiolytic oxygen
in the core, and at these levels the dissolved oxygen concentrations are generally less than
5-/-lg 02/ kg D 20.
Examination of Zircaloy-2 pressure tubes after about ten full power years of service on
PNGS Units 1 and 2 (1,2] substantiated the mounting evidence for accelerating oxidation
and hydrogen uptake rates in Zircaloy-2 after long exposures in reactor. These observations
prompted the retubing of these units with Zr-2.5Nb alloy, the current reference pressure
tube material. All operating CANDU-PHW reactors, with generating capacities greater than
500 MW(e), now have Zr-2.5Nb pressure tubes. Ontario Hydro has initiated a surveillance
program to periodically remove and examine pressure tubes from their lead reactors, namely,
the Pickering and Bruce Nuclear Generating Stations. The examination of these tubes and
tubes removed earlier because of failures by delayed hydride cracking at the rolled joints
have provided oxidation and deuterium uptake data for exposures up to 12 full power years
in reactor. It is the purpose of this paper, to present the results of these examinations and
to discuss the data with respect to the current understanding of Zr-2.5Nb corrosion and
hydriding5 behavior.
Out-Reactor Behavior

Zr-2.5Nb pressure tubes for power reactors are extruded at 1090 to 1120 K, cold worked
20 to 30%, and stress relieved in steam at 675 K for 24 h. Details of the complete fabrication
procedure are given elsewhere [3]. Specimens of a cold worked Zr-2.5Nb tube were stress
relieved at different temperatures and times and corrosion tested in pure water at 589 K in
an autoclave for 672 days to compare their behavior with that of material that had only
been cold worked. The results are shown in Fig. 1 and compared with that of Zircaloy-2.
Heat treating Zr-2.5Nb tubes after cold working improves their corrosion resistance in water,
similar to effects seen on material quenched from the beta or alpha plus beta phases and
subsequently heat treated below the monotectoid temperature of 883 K [4-6].
At the extrusion temperature, the tube microstructure consists of about 80% beta zirconium phase and 20% alpha zirconium phase. During air cooling following extrusion, the
beta phase transforms to the alpha phase by growing on the existing elongated alpha grains
produced during the extrusion, while the beta phase becomes progressively enriched in
niobium. Hence, extruded tubes contain alpha grains up to about 10 /-lm long, about 1 /-lm
wide, and about 0.5 /-lm thick and a grain boundary network of metastable beta zirconium
phase that contains 18 to 20 wt% niobium. Cold drawing causes additional elongation of
the alpha grains and introduces a high density of dislocations to the microstructure. The

, Hydriding will be used throughout in the general sense. Reference to deuterium pickup. from
corrosion in heavy water. will only be made in instances where there is a need to distinguish it from
hydrogen pickup.
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FIG. I-Effect of thermal ageing on the corrosion of a cold-worked Zr-2.5Nb pressure tube in 589 K
water.

microstructure typical of the cold-worked tube that was tested is shown in Fig. 2a. Stress
relieving pressure tubes at 673 K reduces the dislocation density without causing any recrystallization to occur. In addition, stress relieving at temperatures less than 883 K will
also cause the metastable beta phase to eventually decompose to an equilibrium structure
consisting of alpha zirconium and beta niobium [7]. Although the beta zirconium network
remained continuous in the cold-worked material after the test, some discrete plate-like
precipitates of the omega phase were present (Fig. 2b) as a consequence of stress relief at
the test temperature. Heating at 673 K for 72 h before testing had accelerated this transformation to the omega phase and the coalescence of thin beta phase networks into more
globular precipitates, resulting in rough alpha-beta boundaries, became evident (Fig. 2c).
The transformation had progressed even further by heating at 773 K for 10 h before testing
with the beta phase network showing decomposition to alpha phase and chains of discrete
niobium rich particles (Fig. 2d). As a consequence of air cooling pressure tube extrusions
from the extrusion temperature, some degree of niobium supersaturation in the alpha zirconium grains is expected. Subsequent heat treatments at temperatures below the monotectoid temperature would reduce this supersaturation by promoting additional beta
niobium precipitation, thus reducing the matrix niobium concentration closer to equilibrium
levels. Corrosion of binary zirconium-niobium alloys is known to be dependent on the
amount of niobium in solid solution with minimum rates observed at concentrations close
to the equilibrium levels [8,9]. Hence the increase in corrosion resistance with increasing
amounts of stress relief may in part be associated with niobium depletion of the alpha
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FIG. 2-Microsrrucrural changes in a cold-worked Zr-2.5Nb pressure rube afrer rhermal ageing rrearmel1ls and corrosion resring in 589 K warer for 672 days: (a) cold-worked srrucrure before resring. (b)
cold-worked srrucrure afrer rwing, (c) rhermally aged ar 673 K for 72 h before rWing, and (d) rhermally
aged ar 773 K for 10 h before rwing.

zirconium matrix. In addition, decomposition of the beta zirconium filaments may be a
contributing factor.
The data for cold-worked Zr-2.5Nb in Fig. 1 show two stage kinetics somewhat typical
of paralinear kinetics. This is unlike the Zircaloys, which at the same test temperature (589
K) tend to show initial near cubic kinetics up to a weight gain of about 30 mg/dm 1 (pretransition) followed by repeated cyclic behavior (transitional) until a final linear rate (posttransition) is established at about 100-mg/dm1 weight gain [10]. For Zircaloy-2, the generation and development of oxide porosity by recrystallization and grain growth processes
in the oxide are believed to be responsible for the transitional period in its three stage
kinetic behavior [11 ,12]. This transitional period, characteristic of the Zircaloys, is absent
in cold-worked Zr-2.5Nb, at least up to weight gains of about 70 mg/ dm 1 in these tests, and
despite the evidence for some small inflections in the oxidation curve, a linear rate seems
to have been established by the time a weight gain of about 30 mg/dm 1 had been achieved.
The formation of an outer porous layer over an inner barrier layer of relatively constant
thickness is usually associated with the gradual change from parabolic (or cubic) to linear
kinetics [13]. The mounting evidence [6,14] for the existence of a thin barrier layer at the
metal-oxide interface of oxidized Zr-2.5Nb supports these data. For Zircaloy-2 the evidence
indicates that the pore network that develops in post-transition oxides penetrates to the
oxide-metal interface, whereas for Zr-2.5Nb the evidence suggests that an impervious barrier
layer of oxide persists to very high weight gains, although the outer portion of the oxide is
porous. Thus diffusion of oxygen (and conduction of electrons) through this barrier layer
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would become rate controlling processes, and variations in barrier layer thickness would
translate into variations in the oxidation rate.
Factors that control the barrier layer thickness are not understood and require evaluation.
The possible inhibition of growth and recrystallization processes in the oxide caused by a
fine diStribution of beta niobium precipitates generated during heat treatment may partly
be responsible for the improvements seen in quenched and aged material [4-6] and may
also be important for other metallurgical conditions as well. Stress induced transformations
in the oxide may assist in the development of oxide porosity and contribute to differences
in barrier layer thicknesses for different alloys [15]. A relationship between niobium in solid
solution and the formation of barrier layers has not been exploited. Clearly, a better understanding of the kinetic processes are required not only to explain the out-reactor behavior
but also to provide some insight into the factors that control in-reactor behavior as well.
Pressure Tube Examinations

Table 1 shows irradiation histories of pressure tubes removed from Ontario Hydro
CANDU nuclear reactors for detailed inspection. Figure 3 shows the range of measured
maximum uniform oxide thickness versus distance from the pressure tube inlet for Pickering
. pressure tubes F13 and J9 from Unit 3, and KIO and NI6 removed from Unit 4. The oxide
thickness profile for P3L09 is shown separately. The range of oxide thicknesses measured
in Zircaloy-2 pressure tubes removed from the high flux regions of Pickering Units 1 and 2
is also shown. Based on these measurements, oxidation rates for Zr-2.5Nb are considerably
lower than those observed on Zircaloy-2. For both materials the measured oxides have
generally been thicker at the higher temperature outlet regions of the pressure tubes as
shown. Measurements of the outer surface oxides on both Zircaloy-2 and Zr-2.5Nb removed
pressure tubes indicate that oxidation rates have been low in the annulus gas environment.
Oxide thicknesses are generally not substantially greater than those measured immediately
following autoclaving.
Figures 4 and 5 show deuterium concentration versus distance from the pressure tube
inlet for the five Zr-2.5Nb pressure tubes removed from Pickering Units 3 and 4 and the
six Zr-2.5Nb pressure tubes removed from Bruce Units 1 and 2, respectively. The range of
deuterium concentrations for Zircaloy-2 pressure tubes removed from the high flux channels
TABLE I-Operating data for removed pressure tubes.

Material
Zircaloy-2
Zircaloy-2
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb
Zr-2.5Nb

Unit
Pickering
Pickering
Pickering
Pickering
Pickering
Pickering
Pickering
Bruce 1
Bruce 1
Bruce 2
Bruce 2
Bruce 2
Bruce 2

Channel
1
2
3
3
3
4
4

4 tubes
4 tubes
109
F13
L09
N16
KIO
P13
L08
X14
111
P12
N06

Effective
Full Power,
Days
3708
3616
3488
3796
4354
3433
3854
1650
2792
1300
1488
2283
2420

Total Peak
Fluence,
10'; n/m'
7.0
7.0
6.9
7.7
8.6
6.8
7.6
2.5
7.6
2.3
3.3
6.8
7.0
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of Pickering Units 1 and 2 is also shown in Fig. 4. All tubes showed an increase in deuterium
concentration from the inlet to the outlet end. To date only one removed Zr-2.5Nb pressure
tube (P3L09) shows a deuterium concentration profile with a peak near the outlet end.
Generally deuterium uptake has been much less than 20% of theoretical for Zr-2.5Nb
pressure tubes. Compared to earlier Zr-2.5Nb pressure tubes, P3L09 shows higher than
expected values for percent theoretical deuterium uptake (Fig. 6) if ingress from the inside
only is assumed. Also included in this figure is the range of calculated values for percent
theoretical deuterium uptake for Zircaloy-2 pressure tubes removed from Pickering Units
1 and 2 again assuming ingress only from the waterside. For Zircaloy-2, percent deuterium
uptake remains between approximately 20 to 50% between 400 to 600 cm, and is quite flat
since the deuterium concentration profile follows the measured oxide thickness on the inside
surface in this region. Near the inlet end, the high percentage uptakes in some tubes were
attributed to additional deuterium ingress from outside the tube [I].
Optical microscopy and scanning electron microscopy (SEM) have been used to characterize the morphology of oxides on the internal surface of pressure tubes removed from
CANDU reactors. Figure 7a is typical of the topography of the oxide on the inside surface
of pressure tubes. The surface appeared rough, typical of the initial grit-blasted and autoclaved surface, and showed a large number of voids and randomly oriented cracks partially
covered with loosely adherent material. At certain locations (Areas 1 and 2 on micrograph)
regions from which the oxide had spalled were identified; at these areas the underlying
oxide exhibits a fine granular structure.
A typical oxide cross section is illustrated in Fig. 7b. Most of the inside surface of the
tubes is covered with a single layer of homogeneous oxide that adheres tightly to the pressure
tubes. No gaps or cracks were observed at the metal-oxide interface to indicate physical
separation on examined samples. At certain locations on most tubes, the outer surface of
the oxide, at the oxide-coolant interface, was irregular and rough because of a nonuniform
oxide loss. It appears that the oxide loss took place at locations where extensive cracking
of the oxide was observed. Cracks, both parallel and perpendicular to the metal-oxide
interface were identified. Most ofthe perpendicular cracks penetrated about halfway through
the oxide; a few penetrated deeper but did not reach the metal-oxide interface.
Although the oxide on most of the pressure tubes examined appeared similar under the
optical microscope, detailed SEM examinations were also carried out to reveal their morphological characteristics. Figures 7c and d show features typical of fractured oxide from
the inside surface of pressure tubes. These micrographs show that on most of the tubes the
oxide was compact and granular consisting of clusters of fine, sub-micron-sized grains. This
type of structure provides interconnected porosity mainly at triple points, where the individual grains meet. The grain size appeared to decrease towards the metal-oxide interface,
to the point where their crystalline nature became difficult to resolve. The oxide on P3L09
was less compact and consisted of larger grains than the others. At certain locations the
oxide exhibited a layered structure varying in grain size and porosity.
Figure 7e is typical of the thin oxide commonly seen on the outside surface of pressure
tubes from the Pickering units.
Etching the metallographically prepared cross sections revealed the hydride distribution
in the pressure tube material. Figure 7[ shows the typical hydride structure in the P3L09
pressure tube at the location where the deuterium concentration was the highest. Hydrides
in P3L09 were strongly oriented in the circumferential direction of the pressure tube.
Previous transmission electron microscopy (TEM) examinations have shown that small
iron rich intermetallic particles exist in Zr-2.5Nb pressure tubes [16,17], a result of iron
present in the material as an impurity. The significance of these intermetallics on the oxidation and hydrogen uptake processes for Zr-2.5Nb is unclear. However, any additional
precipitation from decomposition of the iron-containing beta zirconium phase could poten-
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tially increase deuterium ingress (18)9]. More recent TEM examinations of irradiated tubes
and unirradiated archived specimens showed that microstructural changes had occurred
during exposure in reactor (Fig. 8) [20]. The beta zirconium phase remained mostly continuous after irradiation although some decomposition to omega phase had occurred. The
alpha phase however contained many small precipitates, about 5 to 10 nm in diameter. Their
lattice parameter and orientation relationship with the alpha phase is consistent with the
particles being beta niobium and similar to the beta-niobium precipitates identified in the
alpha phase of Zr-2.5Nb material following irradiation in the Oak Ridge Research Reactor
[21]. The consequence of such precipitation would be to reduce the niobium concentration
in the supersaturated alpha phase matrix closer to its equilibrium levels at the operating
temperatures of the reactor.
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FIG. 8-Typical microstructures of Zr-2.5Nb pressure tubes: (a) before irradiation and (b) after
irradiarion (P4KIO) showing parrial decomposition of rhe beta zirconium filamenrs and small precipirares
wilhin lhe alpha zirconium grains.

Long-Term Behavior
The long-term behavior of Zr-2.5Nb pressure tubes is being evaluated by monitoring the
peak oxide thickness and deuterium concentration in tubes removed from operating reactors.
The maximum oxide thickness, normally seen at 5.0 to 5.8 m from the inlet ends of CANDU
fuel channels in the Pickering and Bruce reactors, is shown as a function of time in Fig. 9.
For Zr-2.5Nb, the oxidation remains low up to about 4500 full power days of operation with
oxides no greater than 25 fLm thick observed along the main body of the tube. The oxidation
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rate is close to linear with no clear evidence for any acceleration in the rate over this period.
Data for Zircaloy-2 pressure tubes removed from Pickering Units 1 and 2 (1,2) and from
the Hanford N-Reactor (22) are shown for comparison. The N-Reactor data show clear
evidence for an acceleration in the oxidation rate, that has been ascribed to a thick film
effect [22], a hypothesis based on a changing water chemistry caused by radiolysis within
the cracks and pores of thick post-transition oxide films [23,24). Zircaloy-2 tubes from the
Pickering reactors also had thick oxides, about two to three times that of Zr-2.5Nb for
equivalent exposure times. The thick film effect has been argued as being largely responsible
for the development of oxide peaks along these tubes (1,2), but sub-channel boiling near
the outlet end or the possible concentration of lithium in the oxides, or both, are now being
given some consideration as potential contributors. It may only be coincidental that the
oxide thickness on Zircaloy-2 tubes from Pickering are similar to those seen on N-Reactor
tubes since the water chemistries of both reactors are quite different [2).
For Zr-2.5Nb, the absence of any large peak in oxide thickness along the main body of
the tube is one of the major differences between its behavior and that of Zircaloy-2. Its
superior in-reactor corrosion resistance compared to Zircaloy-2 may be partly related to its
changing microstructure during irradiation. If the precipitates that form within the alpha
grains during irradiation are truly niobium-rich precipitates as suspected, then one could
argue that irradiation would also reduce the niobium concentration in solution in the alpha
phase closer to its equilibrium level. The consequences of this "in-reactor ageing" with
respect to corrosion processes might then be similar to the effects seen from thermal ageing
as described earlier. The net result would be a low oxidation rate that would persist as long
as the impervious barrier layer at the metal-oxide interface was maintained. If porosity in
the oxide develops in such a way that the effective thickness of the barrier layer were
reduced, only then would some acceleration in the oxidation rate be observed. The possibility
of this still exists as the oxides become thicker with longer exposures in reactor; however,
the time involved may exceed reactor lifetime.
The deuterium pickup measured in these tubes is shown in Fig. 10 and compared in terms
of equivalent hydrogen. Hydrogen pickup is expressed as mgl dm' to account for differences
in the wall thickness of different tubes. Also included in Fig. 10 are results obtained from
analyses of microsamples taken in-situ from the inside surface of seven tubes from Pickering
Unit 4.
Microsamples at the 5.8-m location were obtained remotely by first removing the surface
oxide layer and then taking a shallow scraping within that area to obtain a metallic sample
approximately 100 to 150 mg in weight. The tooling and procedure for remote sampling of
pressure tubes in a power reactor and the reliability of the data obtained from such samples
are described in more detail elsewhere [25,26). The N-Reactor data show that the hydrogen
uptake curve for Zircaloy-2 displays accelerating kinetics that closely follows the oxidation
kinetics over the long term. Zircaloy-2 tubes from the Pickering Units 1 and 2 also showed
high hydrogen pickup which coincided with the thick oxides measured near the outlet ends
of those pressure tubes; however, like their oxidation behavior, their hydriding behavior
up to that point in time is not known, and may be somewhat different from the curve based
on N-reactor data. For Zircaloy-2, the lower hydrogen pickup in the Pickering tubes compared to the Hanford tubes might be explained by the water chemistry in CANDU-PHW
reactors being less reducing. With the exception of P3L09, the results from Zr-2.5Nb tubes
removed from the Pickering and Bruce stations show a remarkably high resistance to hydrogen pickup from waterside corrosion compared to Zircaloy-2 over a similar operating
period. Thus, a major issue is whether P3L09 is an exception or not.
Certainly, the absence of any corresponding thick oxide on the inside of P3L09 is significant. If the hydrogen uptake in P3L09 is a true indication of accelerating kinetics between
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FIG. IO-Long-term hydrogen pickup of cold-worked Zr-2.5Nb and Zircaloy-2 pressure tubes.

about 3850- and 4350-days exposure, and if measured oxides are the true maximum thicknesses, then one would have to accept and explain a calculated hydrogen uptake from
waterside corrosion well in excess of 100% of the theoretical. Even assuming linear oxidation
and hydriding rates from reactor startup, an uptake of 70% theoretical is calculated, a value
which is higher than that generally measured for Zr-2.5Nb alloys, even in more reducing
water chemistries [23]. Only in situations where the dissolved hydrogen content of the water
has been extremely high can percentage uptakes greater than 70% be calculated for Zr2.5Nb in 573 K water [27].
In the analyses of deuterium uptake in Zircaloy-2 tubes from Pickering Units 1 and 2,
instances of uptake percentages in excess of 100% in some tubes were ascribed to the pickup
of deuterium, present as an impurity, from the nitrogen annulus gas around the outside of
the tubes [1]. In those instances, thin oxide on the outside of the tubes was indicative of
insufficient oxidant present in the gas annulus to maintain a protective oxide through the
normal oxidation process. It has been shown that under such conditions, hydrogen can be
absorbed directly from gaseous environments [28,29]. Pickering Units 3 and 4 also use
nitrogen in the gas annulus. The oxide thickness along the outside of P3L09 was not measurably greater than the thickness of the oxide film present on the as-installed tube. Thus,
it is suspected that a major source of the deuterium in P3L09 could be a consequence of
the degradation of the oxide on the outside of the pressure tube leading to deuterium
absorption from the gas annulus rather than an increase in deuterium uptake from corrosion
processes on the inside. However, some increase in uptake from the waterside cannot be
totally discounted, and investigations are still in progress to quantify the contributions from
each source.
The results of microsamples taken from tubes in Pickering Unit 4 generally substantiate
the low uptake rates for waterside corrosion of Zr-2.5Nb. Six of the seven tubes had equiv-
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alent hydrogen concentrations ranging from 2.1 to 3.0 mg/dm 2 • The seventh tube had 6.8mg/dm 1 equivalent hydrogen which statistically is significantly different from the others.
and implies that an additional process, such as pickup from the gas annulus, may also be
operative on this tube. For these in-situ measurements, the uncertainty is even larger, not
knowing the nature of the oxides on both the inside and outside surfaces of this tube. It
should be pointed out that all commercial CANDU-PHW reactors constructed after the
first four units at Pickering have carbon dioxide as the annulus gas, which is more oxidizing
and should promote the formation of more protective oxides on the outside of the tubes in
those reactor systems.
Low hydrogen uptake corrosion has generally been a characteristic of dilute zirconiumniobium alloys [30]. Hydrogen uptake in Zircaloy-type alloys is generally considered to
result from the discharge of protons and subsequent absorption of hydrogen atoms at secondphase intermetallic sites. The lower hydrogen uptake for Zircaloy-4 compared to Zircaloy2 has generally been ascribed to the absence of nickel in Zircaloy-4. Nickel bearing intermetallics, particularly Zrl(Fe/Ni) types, appear to playa dominant role in the uptake process
[31]. The absence of any significant transition metal intermetallics in Zr-2.5Nb is probably
one of the primary reasons for the low uptakes that are generally measured in this alloy.
Without the short-circuiting influence of these intermetallics, both electron transport and
hydrogen absorption become much more difficult since both must migrate through the bulk
oxide or at least through an impervious barrier layer at the metal-oxide interface. Mechanistically, such differences in uptake between processes could account for the large differences
in deuterium uptake between Zircaloy-2 and Zr-2.5Nb alloy pressure tubes.
On the basis of the data in Fig. 9, the average corrosion rate of Zr-2.5Nb pressure tubes
is low, about 2 J.lm of oxide per year. Accepting the scenario that deuterium uptake processes
from waterside corrosion on the inside of the pressure tubes are not accelerating with time,
data from Fig. 10 indicate that the average deuterium pickup rate in CANDU-PHW tubes
is only about 3-mg/kg deuterium per year (0.39-mg/dm 1 hydrogen per year). A more pessimistic rate of about ll-mg/kg deuterium per year (1.44-mg/ dm 1 hydrogen per year) is
calculated assuming that all the deuterium in P3L09 was picked up at a constant linear rate
during its entire exposure. However, the possibility of a generic increase in both the aqueous
oxidation and deuterium pickup rates for Zr-2.5Nb, similar to that seen on Zircaloy-2, after
longer exposures in reactor cannot be discounted. Removal of surveillance tubes for destructive examination and remote sampling for deuterium analyses will continue to be the
principal methods for monitoring pressure tube behavior in CANDU reactors. The results
from such examinations, coupled with information from ongoing research programs, will
undoubtedly lead to a better understanding of the mechanistic processes involved.
Conclusions

1. Thermally ageing cold-worked Zr-2.5Nb pressure tubes in the temperature range, 673
to 773 K, improves their out-reactor oxidation resistance in water.
2. Both the oxidation and deuterium pickup of cold-worked Zr-2.5Nb pressure tubes in
CANDU-PHW reactors are substantially less than that for cold-worked Zircaloy-2 pressure
tubes after similar operating histories.
3. Both thermal ageing and fast neutron irradiation of cold-worked Zr-2.5Nb tubes produce microstructural changes towards a more equilibrium structure.
4. The oxides on Zr-2.5Nb pressure tubes were compact and granular, consisting of
clusters of small, sub-micron sized grains, which become difficult to resolve near the metal
oxide interface.
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5. The origin of the higher than expected deuterium concentration in the last tube removed
from Pickering NGS is not completely understood; however, it is currently suspected that
there may have been a considerable contribution from the annulus gas surrounding the tube
where deuterium exists as an impurity.
6. At present, there is no clear evidence for any obvious acceleration in deuterium pickup
caused by waterside corrosion of Zr-2.5Nb pressure tubes in CANDU reactors after about
4500 effective full power days (EFPD).
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