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EXECUTIVE SUMMARY

A REVIEW OF CURRENT KNOWLEDGE ON THE EFFECTS OF
HYDROGEN ON THE PRESSURE TUBES OF ONTARIO HYDRO

OPERATING REACTORS

A Report of the Technical Review Subcommittee
of the Hydrogen Ingress-Design and Evaluation

Committee

Since the occurrence of cracking in Zr-2.5 wt% Nb pressure
tubes in Pickering 'A1 units 3 and 4 in 1974/75 a great
deal of information on the behaviour of hydrogen in
pressure tube materials has been generated through research
effort by both AECL and Ontario Hydro. In order to use
this information effectively and to provide direction and
co-ordination for ongoing research, a review of available
information and current concerns on hydrogen in pressure
tubes was undertaken. This report summarizes these findings.

The review was divided into two main areas of interest:
hydrogen ingress and hydride effects, and the uncertainties
in the rates of hydrogen ingress into the pressure tubes
have been found to be very large. (Hydride effects are
concentration dependent). Therefore, on the basis of current
knowledge, predictions of the future behaviour of pressure
tubes due to hydride effects are extremely difficult.

In order to meet the current concerns, we have assigned
priorities to various research projects and have suggested
appropriate funding levels for 1982 which total $1.2 M. We
have also summarized the arguments for reducing the uncert-
ainties already mentioned by selectively removing tubes from
operating reactors for destructive examination.
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A REVIEW OF CURRENT KNOWLEDGE ON THE EFFECTS
OF HYDROGEN ON THE PRESSURE TUBES OF ONTARIO

' HYDRO OPERATING REACTORS

1.0 INTRODUCTION

The use of zirconium alloys for critical reactor components was
always predicated on the belief that the deleterious effects of
excessive hydrogen*/hydride* accumulation in the components could
be avoided by proper manufacturing processes and corrosion control.
Cracking in Pickering 3 and 4 pressure tubes in 1974/75, which was
due to the presence of hydrides and improper rolling procedures
used in installation, emphasized the significance of hydrides in
CANEU-PHWR pressure tubes for Ontario Hydro in terms of the hard
economics of retubing costs. There has since been an extensive
research effort directed towards understanding the hydride cracking
phenomenon and assessing the likelihood of its recurrence later in
the operating life of reactors. Also, unexpectedly high concen-
trations of hydrogen were detected in the tubes removed from
Pickering. This has renewed study of the mechanisms by which
hydrogen absorption occurs so that future preventive action can
be taken if required. Small zones of potentially brittle material
in tubes which were improperly installed were also found and the
possible effects of these zones on tube fracture resistance is
currently being studied.

Research work on these topics continues to be carried out by both
AECL and Ontario Hydro. Since the funding required for research
projects related to hydrogen in zirconium alloys is substantial,
Ontario Hydro established the HIDE (Hydrogen Ingress-Design and
Evaluation) Committee to undertake a~review oF the concerns with
respect to hydrogen in reactor pressure tubes. The technical
review subcommittee was formed to carry out the review and to
assign priorities to research work so that a distribution of
research funds appropriate for the perceived concerns could be
made. This report summarizes the findings, conclusions and
recommendations of the technical review subcommittee.

•hydrogen and hydride will be used throughout unless there
needs to be a distinction between hydrogen and deuterium.

+CANDU-PHWR- CANADA DEUTERIUM URANIUM - Pressurized Heavy Water
~" ~ "Reactor ~ ~
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2.0 SCOPE AND OBJECTIVES OF THE "HIDE" TECHNICAL REVIEW
COMMITTEE

In reviewing the problems of hydrogen in zirconium alloys with
particular reference to pressure tubes, the committee found that
the concerns with which they should deal could be divided logic-
ally into two groups:

1) Hydrogen Ingress
2) Hydride Effects.

This second group was then subdivided into three areas of concern:

a) Hydride Cracking Effects, ie slowly propagating
cracking effects;

b) Fracture Mechanics - or studies of flaw tolerance
of pressure tubes;

c) Rolled Joint Integrity.

Particular concerns within each of these main groups are listed
below:

A. Hydrogen Ingress

1) Models and predictions of ingress at the end
fitting zone;

2) Ingress mechanism studies;

3) Sinks, barriers and alternative materials for
ingress limitation;

4) Ingress along the tube due to:

a) crevice corrosion
b) fretting;

5) Terminal solid solubility, diffusivity and stress
effects;

6) Non-destructive methods for measuring hydrogen
concentration.

B. Hydride Effects

Bl. Hydride Cracking

a) Crack initiation and crack growth rates;

b) Cracking at service-induced surface defects;

c) Stress relaxation and in situ stress relief.
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B2. Fracture Mechanics

a) critical crack length, crack arrest and the use of
small specimen tests.

B3. End Fitting/Pressure Tube Rolled Joint

a) effect of operation on strength.

The committee proceeded with a review of each of these concerns,
first by examining and briefly summarizing the research work that
has been done, and then by identifying the gaps in our current
knowledge where research effort should be directed. Since there
was a considerable time constraint on the committee, a comprehen-
sive document reviewing all relevant work in detail was discarded
in favour of a brief summary. This report identifies the concerns,
reviews significant experimental results and gaps in our knowledge,
and recommends future work and the funding likely to be required.
The review was aided in many areas by the Fuel Channel Seminar
sponsored by AECL at Sheridan Park at the beginning of June 1981,
and there are many references to the documents produced for that
seminar.

One important task of the committee was to identify priorities
for programs because of impending decisions about whether REFAB*
or LSFCRP+ should be implemented for Pickering units 1 and 2, and
because of concerns about effects of high hydrogen levels in
units 3 and 4. The current thinking is that if the REFAB option
is available and remains viable, it would be carried out in mid-
1984. Without REFAB, the LSFCRP would be required in 1985. We
have little information about hydride behaviour in Zircaloy-2
pressure tubes such as those in PI and P2, but for long term
REFAB we must have confidence that hydride problems will not
limit the life of the pressure tubes. The concerns of high
hydrogen levels in P3 and P4 are mainly economic in that renewed
pressure tube cracking could occur with the increasing hydrogen
levels, but there is also a need to reinforce critical safety
arguments based on "leak before break".

The major uncertainties in assessing hydride effects and the
priorities of investigative work are the current levels and
rates of build-up of hydrogen in operating pressure tubes. This
build-up is currently being estimated by extrapolation from lim-
ited data derived from tubes with almost two years service.
Plausible correlations with a diffusion model are inadequately
confirmed by out-reactor tests. Positive resoltuion or reduction
of the currently large level of uncertainty is practical only

*REFAB - Reposition End Fittings And Bearings

LSFCRP - Large Scale Fuel Channel Replacement Program
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through analysis of hydrogen levels in operating pressure
tubes. Pending the provision of such additional information,
the projections and priorities identified in this report are
based on a conservative application of Urbanic's hydrogen in-
gress model/3/.

Since the completion of a first draft of this document, a large
effort has been put into reviewing the possible hydride problems
specific to the Zircaloy-2 tubes of PI and P2 reactors. Another
document has been prepared which addresses these concerns in
more detail than is presented here.

A separate section on the case for tube removal has also been
included in this report because resolution of some of the major
concerns about hydrides depends on such tube removal.
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3.0 REVIEW

The impetus for much of this work was the occurrence of cracks
in Zr-2.5 wt% Nb pressure tubes in Pickering units 3 and 4 in
1974 and 1975. It is worthwhile, therefore, to begin with a
brief review of those occurrences and then discuss the concerns
which have developed over the intervening years.

3.1 The Pickering Cracking Experience

The occurrence of cracking in Pickering pressure tubes has been
the subject of numerous articles/1,2/. The following is simply
a brief description of the relevant points:

Cracks in the radial-axial plane of the pressure tubes were found
in many tubes just inboard of the inboard line of contact of the
pressure tube with the end fitting. Cracks had initiated by
hydride cracking at the ID surface of the tubes and some of them
had propagated through the wall and resulted in leaking of PHT*
coolant into the gas annulus. This cracking mechanism operates
only when hydrides are present, which is a function of temperature
and the hydrogen concentration of the tubes. More hydrogen enab-
les crackinc to occur at higher temperatures. The cracks were
limited to a small zone because there was a narrow zone containing
very high residual hoop stresses from an improper rolling procedure.
These stresses were sufficiently high to initiate cracks at small
imperfections at or near the surface. In this small zone, the
hydrides were in the radial-axial plane of the tube rather than in
the usual circumferential-axial orientation. This reorientation
of hydride was also caused by the high hoop residual stresses.

Measurement of the hydrogen isotope concentrations in some of the
tubes removed from Pickering revealed that there was a very large
deuterium accumulation in the rolled joint zone of the tubes (20 -
50 ppm), but the hydrogen equivalent level at the high stress
zone was not much higher than the as-received level. Deuterium
pick-up along the tube was near the limit of detectability
(<2 ppm D) which indicated a deuteriding rate of ̂ 1 mg D/(kg Zr-y).

A. Hydrogen Ingress Concerns

3.2 Models and Predictions of Hydrogen Ingress at the End
Fitting Zone

3.2.1 Concern: All of the deleterious hydride effects which will
be discussed depend upon the hydrogen concentration. A mathemat-
ical model, which was developed to explain the high hydrogen levels
observed in the tubes removed from Pickering, has not been proven
as a precise predictive tool. Nevertheless, the predictions of
this model are the only method available for estimating hydrogen
concentrations in the end fitting zone of the pressure tube and
they depend critically upon a few parameters (eg corrosion deut-
eriding rate) for which there is considerable uncertainty for
pressure tubes in CANDU-PHW reactors.

* Primary Heat Transport
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3.2.2 Review: It is believed that the principal source of the
increased deuteriding at the rolled joint is the hydrogen addition
that is made to the heat transport system to control the oxygen
level. Isotope exchange with the heavy water leads to deuterium
pick-up in the channel components.

It has been postulated on the basis of experiments/3/, both irrreactor
and out-reactor, and from the Pickering pressure tube cracking
experience/2/, that the principal route for deuterium ingress into
the pressure tube at the rolled joint is migration through the
stainless steel end fitting. Deuterium also enters from the corr-
osion reaction occurring on the internal bore of the pressure tube.
Ingress routes which have been considered are shown in Figure 1.
A mathematical model/4,5/ has been developed to predict this deu-
terium pickup at rolled joints and it has been shown to be in
reasonable agreement with the measured accumulations found in
tubes removed from Pickering NGS, unit 4 after about 700 days of
operation. The models shows that the main contribution to deuter-
ium pickup at the high stress zone, produced by over-extended
rolling, is from corrosion on the inside of the pressure tube
with an additional contribution from deuterium diffusing from the
tube end. Predictions of total equivalent hydrogen* at tube ends
after thirty calendar years from start-up, and the time to precip-
itate zirconium hydride at operating conditions at high stress
zones near rolled joints are summarized below for Zr-2.5 wt% Nb
and Zircaloy-2 pressure tubes/3,4/:

TABLE 1 - MODEL PREDICTIONS FOR PNGS-A USING AVERAGE
VALUES O? INDEPENDENT VARIABLES

H at Tube Ends Tine to Reach
after (30) TSS at High

Pressure Tube Material calendar years Stress Zones# TSS

Zr-2.5 Nb(Inlet End) 1 367 mg H/kg Zr 24 (30) 36 mg H A g Zr

Zr-2.5 Nb(Outlet End) 1 590 mg H/kg Zr 30 (37) 60 mg H A g Zr

Zircaloy-2 (Inlet End) 1 158 mg H/kg Zr 9 (11) 36 mg H A g Zr

Zircaloy-2 (Outlet End) 1 360 mg HAg Zr 15 (19) 60 rag H A g Zr

TSS = Terminal Solid Solubility at operating temperatures .
•Predictions based upon years at nominal inlet and outlet

temperatures of 523 K(250°C) and 563 K(290°C) respectively.
() Approximate calendar years based upon typical capacity

factor of 80%.

*
equivalent hydrogen concentrations are found by adding the mass
fraction of hydrogen and one-half the mass fraction of deuterium.
This accounts for the fact that the effects are dependent upon
atomic fraction but deuterium has twice the mass of hydrogen.
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Extensive experiments have not been able to establish conclusively
all potential routes, mechanisms, and physical properties contri-
buting to deuterium ingress/3/. Data from operating reactors are
required if the model is to be used for accurate predictions of
deuteriding at rolled joints over the life-time of CANDU-PHW power
reactors. The predictions are sensitive to variations in the
assumed values of TSS, initial hydrogen concentration of the tubes
and the rate of deuterium pickup from pressure tube corrosion
(Figure 2) . Hydride cracking susceptibility has been shown to be
sensitive to hydrogen content (see section 3.9) and the following
points highlight specifically the most serious concerns with the
predictions:

a) The corrosion deuteriding rate measurements of 1 mg
D/(kg Zr.y) for Zr-2.5 wt% Nb material (after 700
days operation at Pickering NGS) are near the detect-
ion limit of deuterium in Zr. Current indications
are that doubling the rate reduces the time it takes
to exceed TSS from about 30 years to 16 years (ie to
about 198 8 for Pickering units 3 and 4) . For
Zircaloy-2, the rate is derived from measurements
from an NPD tube removed after four years operation.

b) Table 2 shows the averages and ranges of equivalent
hydrogen concentration in tubes analysed after 700
days exposure in Pickering NGS. Compared with-a
possible lower bound TSS of 20 mg equivalent H/kg
Zr for inlet ends at operating temperatures/7/, the
average tube had 19 mg equivalent H/kg Zr at the
crack zone and the worst 33 mg equivalent H/kg Zr.

c) Tests relevant to pickup near the relied joint, in-
reactor, indicate that there is an effect of irrad-
iation on the hydrogen pickup rate when Zr-2.5 wt%
Nb is coupled to 410 SS with the pickup rate being
highest in the coupled and irradiated condition/3/.
It appears that there is no substitute for long-term
in-reactor tests to determine hydrogen pickup rates.

3.2.3 Recommendations

The uncertainty in currently predicted and measured hydrogen/
deuterium pickup rates for pressure tubes in-reactor, results
in a very large range in the time at which TSS is reached at any
point in the pressure tube/3/. Zircaloy-2 tubes are more likely
to have hydrides present at operating temperatures now than are
Zr-2.5 wt% Nb tubes but the relative susceptibilities to hydride
cracking are not well established for irradiated material. There
seems to be no reliable way of verifying our current predictions
of accumulation of deuterium in pressure tubes without measuring
that pickup rate in our reactors. This is the basic argument for
the removal of selected tubes for measurements of hydrogen accum-
ulation.
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10
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11

17
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H/kg
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H/kg

Zr

Zr

Zr

Zr

TABLE 2

ANALYSIS OF HYDROGEN AND DEUTERIUM IN
Zr-2.5 WT % Nb TUBES REMOVED FROM FICKERING

NGS REACTORS AFTER ABOUT 700 DAYS

Average Initial H

Average Accumulated D

Average Equivalent H

Maximum Equivalent H

( ) range of measured hydrogen/deuterium concentration

3.3 Ingress Mechanism Studies

3.3.1 Concern: Urbanic's model may inadequately represent all
operating iniress and diffusion mechanisms. For example, dis-
crepancies between observed and predicted hydriding rates in
experimental joints exposed to hydrogenated coolant may be attri-
buted to galvanic effects which could accelerate corrosion and
diffusion.

3.3.2 Review: Urbanic/8/ has shown that intimate coupling of
410 SS and zirconium alloys, under high temperature reactor
coolant conditions, does increase the hydrogen uptake of the
zirconium alloy relative to the hydrogen uptake of an uncoupled
zirconium sample. This occurs despite the fact that there is no
difference in the corrosion rates of coupled and uncoupled zir-
conium samples. In out-reactor tests, the increase in hydrogen
uptake is a factor of ̂ 2 for a coupled sample, while in-reactor,
the increase is a factor of ̂  5. The increases are ascribed to a
galvanic effect, with the cathodically produced hydrogen being
absorbed by the 410 SS, arid because of the intimate contact
between the 410 SS and the zirconium alloy (ie no intervening
oxides), the hydrogen diffuses into, and is absorbed by, the
zirconium alloy. A similar increase in hydrogen uptake of the
zirconium alloy does not occur if the other material in the couple
is either 304 SS or Inconel 718. Urbanic is currently attempting
to determine the effect of the galvanic couple on hydrogen migrat-
ion through 403 SS.

Another possible contributor to the increase in hydrogen uptake
at rolled joints could be concentration of lithium hydroxide in
the crevice between the pressure tube and E/F*. The concentration
could in turn modify the oxide on the 403 SS or inhibit hydrogen
recombination in the crevice, and therefore increase the hydrogen

•End Fitting
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available for migration through the E/F and into the pressure
tube. Urbanic has a proposed program in this area for AECL fis-
cal year 1982--83.

Either of these mechanisms would have an effect on the hydrogen
uptake in the rolled joint area but would only have a negligible
influence on the hydrogen uptake for the body of the tube (inclu-
ding high stress zones in over-extended rolled joints).

3.3.3 Recommendations: It is important to ascertain the signi-
ficance of the galvanic couple. The work Urbanic has in hand for
the AECL fiscal year 19 81-82 should show whether the galvanic
couple is contributing to the increased hydrogen uptake at rolled
joints.

The cost of the experimental program proposed by Urbanic for AECL
fiscal year 1982-83 is $35,000. Urbanic has already submitted a
proposal for this work to CANDE^ (DS 602). He would also like a
further $10,000 for fiscal year 1982-83 to enable him to feed the
results on the galvanic couple and the LiOH concentration in
crevices into his mathematical model.

These proposals should be accepted.

3 4 Barriers, Sinks and Alternative Materials for Ingress
Limitation

3.4.1 Concern: If the hydrogen accumulations in the end fitting
regions of pressure tubes are found to threaten the operational
life of fuel channels, the introduction of features to minimize
hydrogen build-up will be attractive in the interests of life
extension.

3.4.2 Review: In the past few years several design features
that were intended to reduce this hydrogen ingress into the rolled
joint area of the pressure tube during operation have been tested:

a) Hydrogen barriers at the end fitting to pressure
tube interface and in the end fitting next to the
pressure tube to reduce the transfer of hydrogen
from the end fitting to the tube.

b) Hydrogen sinks in the end fitting next to the
pressure tube to preferentially absorb the hydrogen.

c) Alternative materials for the end fitting hub.

Barriers

Metallic Barriers - WNRE Tests: A number of full-sized double-
ended rolled joints are currently being tested at WNRE. These
tests are to determine if rolled joints can be protected by barring
the hydrogen permeation path in the end fitting using oxidized
Zircaloy. This is a retrofit device. Results obtained show that
the barriers are acting more like sinks by absorbing hydrogen
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through their surfaces in contact with the end fitting hub.
The pressure tubes do not show any significantly lower levels
of hydrogen than found in unprotected joints. Long-term tests
are continuing but this work is not expected to provide a solu-
tion to hydrogen ingress.

OHRD Tests: Tests at OHRD have identified gold as the most
suitable material for a barrier against hydrogen diffusion. A
series of coatings on the outside of the pressure tube in the
rolled joint area before rolling into the hub will be evaluated.
Final results are still approximately one year away.

Oxids Barriers: This depends on producing an impermeable oxide
barrier on the outside of the tube by incorporating an oxidant,
ferrous oxalate, in the end fitting grooves. After extensive
testing, it was concluded that the concept was not feasible as
the hydrogen concentration in all samples was found to be signi-
ficantly higher than that in an as-received pressure tube/9/.

Sinks: Hydrogen sinks were incorporated in test rolled joints to
check whether the pressure tube may be protected by absorbing
hydrogen into Zircaloy encased in Type SS321. This offers prot-
ection against routes 2 and 3 in Figure 1. Sinks encased in Type
SS410 are also being tested at WNRE. Though these are more diffi-
cult to fabricate, Type SS410 has higher hydrogen permeability.
A number of double-ended rolled joints are currently being tested
at WNRE. The results obtained are not very encouraging as the
hydrogen levels in the pressure tubes protected by sinks are not
found to be significantly different than the standard joints.

Alternative Materials: Inconel 718 may be a suitable replacement
for the existing SS403 as the end fitting material/8/. However,
further experimental evidence is required.

3.4-3 Recommendation: Although none of the above methods, as
currently tested, have shown much promise of reducing hydrogen
ingress, it is recommended that these projects be funded to their
logical conclusion. Since it is likely that some design changes
will be required to limit ingress, additional projects should be
solicited on a low priority basis since the likelihood of their
use in current reactor rehabilitation schemes is probably small.

3.5 Ingress due to Crevice Corrosion

3.5.1 Concern: Due to crevice corrosion beneath fuel bearing
pads, there could be an increase in hydrogen content of the
pressure tubes over and above that expected from the hydrogen
pickup due to the general corrosion of the tubes.

3.5.2 Review: Metallographic examination of crevice corrosion
marks from cracked P3, P4 Zr-2.5 wt% Nb pressure tubes did not
reveal any increase in local hydrogen content at the marks over
and above that in the body of the tubes/10/. Also, laboratory
tests by Ontario Hydro in concentrated LiOH solutions showed that
the percentage of corrosion-generated-hydrogen that was picked up
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by the Zr-2.5% Nb corrosion specimens was very low and varied
from about 1-1O%/11/. Analyses based on the level of hydrogen
pickup and on the number of marks expected in Pickering units 3
and 4 in a 15-year period show that the increased hydrogen pick-
up by the downstream half of the pressure tubes will be 0.10 ppm.
The localized increase in hydrogen content at a mark after one
fuel dwell could vary between 0.22 and 2.3 ppm.

Similar analyses for Zircaloy-2 pressure tubes give figures of
0.26 ppm for added hydrogen pickup by the downstream half of the
pressure tube due to crevice corrosion after 15 years, and a
possibility of a locaJ.ized increase in hydrogen content at a mark
after one fuel dwell of "v4.5 ppm.

The analyses leading to these conclusions are shown in Appendix 1.
It is not known if the corrosion rate at a crevice corrosion mark
returns to that of the remainder of the tube once the crevice is
removed.

3.5.3 Recommendation: There is a crevice corrosion program cn-
going at OHRD, part of which deals with hydrogen pickup. This
work should be continued. The removal of tubes from operating
reactors would clarify the concerns.

3.6 Hydrogen Ingress from the OP of the Pressure Tube Due to
Oxidation and Fretting

3.6.1 Concern; The scope for decreasing the hydrogen pickup from
the reaction of the tube with the coolant is limited, but it should
be possible to eliminate, or at least minimize, piclcup due to
reaction of the tube with the channel annulus gas.

Three mechanisms for hydrogen ingress from the outside of the
pressure tube have been suggested; garter spring - pressure tube
fretting/12/; ingress from the corrosion/oxidation of the pressure
tube by the annulus gas; and ingress as a result of pressure tube -
calandria tube fretting/13/.

3.6.2 Review: The analyses that were performed on these three
topics are attached as Appendix 2. The conclusion is that there
should not be a significant contribution to hydrogen pickup due
to reaction with the channel annulus gas provided the gas meets
the design specifications on water content.

3.6.3 Recommendation: Ensure that the annulus gas zuctts the design
specifications. The possible effects of known excursions from
specifications for the Bruce 'A' reactors should be reviewed.

3.7 Non-Destructive Methods for measuring Hydrogen Concentration

3.7.1 Concern: There is no currently available technique for
non-destructive detection of hydrides in pressure tubes and esti-
mation of their concentration. Such a technique could eliminate
the need to remove tubes from operating reactors in order to deter-
mine the susceptibility of the tubes to hydrogen induced problems.
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3.7.2 Review: Until recently, standard eddy-current and ultra-
sonic techniques were largely unsuccessful in detecting hydrides
in pressure tube materials. However, a brief feasibility study
carried out at CRNL, indicates that detectable changes in resist-
ivity and ultrasonic attenuation accompany the presence of
hydride in concentrations up to 1000 ppm. The eddy-current
technique appears most promising. These tests were carried out
on material which was hydrided at high temperature. This hydrid-
ing technique changed the microstructure and therefore additional
tests on specimens hydrided by another method which does not result
in microstructural changes are necessary in order to confirm the
possible usefulness of the technique.

At OHRD, eddy-current techniques have not been successful in
detecting up to 220 ppm of hydrogen in pressure tube material.
New, through-wall eddy-current equipment has not been applied to
the problem.

3.7.3 Recommendations: Confirmation that the eddy-current technique
is applicable to samples with the pressure tube microstructure is
required before development of techniques directly applicable to
pressure tubes in situ can be carried out. Completion of this
initial stage of the work at CRNL should be supported.

It is unlikely that development of a non-destructive technique
for use in-reactor could be completed in time to help decide
whether REFAB or LSFCRP should be implemented for Pickering units
1 and 2 but a sensitive technique would be very useful for evaluat-
ion of the hydride problems in the other reactors.

A WMP.E survey of possible techniques which will cost $6 K in 1982
should also be supported. OHRD will also spend about $10 K in the
coming year to examine various possible evaluation methods. Other
proposals designed to develop techniques not limited to eddy-
current or ultrasonic methods should be solicited and subsequently
supported with high priority.

3.8 TSS, Diffusivity and Effects of Stress

3.8.1 Concern: The temperature dependence of the terminal solid
solubility (TSS) of hydrogen in zirconium is needed to predict the
temperature at which hydrides would be present at a given position
in the pressure tube for a known hydrogen concentration. The
presence of hydrides is necessary for hydride cracking and, if
those hydrides are radial-axial, they could reduce the flaw toler-
ance of the tubes. The diffusivity of hydrogen influences the
time at which certain critical regions of the tube reach the TSS
level, eg the "crack zone" due to overrolling of P3 and P4 tubes/3/.
It also enters into rates of crack growth for hydride cracking.
Finally, the state of stress of the material can influence both
the TSS and tYz diffusivity.

3.8.2 Review:

a) TSS: There is a great deal of experimental and
theoretical work on the terminal solid solubility
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and the effect of temperature on this quantity.
The experimental work has been recently summarized
by Coleman and Ambler/7/ who conclude that the
results from almost all the experiments are basically
in agreement and that there are only small effects of
alloy content, microstructure and phase distribution
on TSS. Unfortunately, at reactor operating temper-
atures, the scatter in the various measurements is
significant, eg at 250°C the average TSS is 35 ppm
whereas the lowest observed value is 20 ppm. This
discrepancy makes a very large difference in calcul-
ations of the time at which hydrides would be present
at the crack zone in overrolled pressure tubes at
reactor operating temperatures. The theoretical work
of Puls/14/ indicates that the TSS levels observed
experimentally can be explained on the basis of differ-
ent local stresses at the hydride precipitates produced
by different means and these stress effects can be very
large. Although theoretically, tensile stresses in the
plastic zone of a crack could lower the "TSS by 20 ppm
at reactor inlet temperatures (ie to 15 ppm), this
phenomenon has not been observed experimentally.

b) Diffusivity: The diffusion coefficient of hydrogen
an pressure tube alloys is now well established exper-
imentally/15,16/. Since the influence of changes in
diffusion coefficient on the time to reach TSS at the
high stress zone i;.i over-extended rolled joints is
small (Figure 2 ) , the scatter in experimental results
is not significant. The possible effects of stress on
the diffusion coefficient should be small.

c) Stress Effects: There is some indication that the rate
at which hydrides dissolve in Zr-2.5 wt% Nb pressure
tubes with increase in temperature can be considerably
reduced by the presence of a tensile stress/17/. This
means that there is the possibility of having hydrides
present at temperatures which would not be expected
according to the concentration - temperature relation-
ship for equilibrium unstressed conditions. This could
have implications for hydride cracking and critical
crack length evaluations, and these aspects have not
yet been addressed.

3.8.3 Recommendations: It is unlikely that further work on TSS
and diffusivity will result in more precise values of these para-
meters. The present scatter in TSS levels can probably not be
improved given the present state of hydrogen analysis accuracy/IB/
and may be real in that it can be explained theoretically using a
stress-effect model. It is worthwhile clearing up the possible
non-equilibrium stress-effects mentioned above, and therefore the
proposed spending of $30 K at CRNL to carry out these tests
should be supported.
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B. Concerns of Hydride Effects

3.9 Crack Initiation and Crack Growth Rates

3.9.1 Concern: In order to evaluate the likelihood of hydride
cracking in pressure tubes in operating reactors, the factors
which control crack initiation and growth rate by the hydride
cracking mechanism must be known.

3.9.2 Review

Crack Initiation: Since the occurrence of cracking in Pickering
Units 3 and 4, a great deal of experimental and theoretical work
has been carried out at CRNL, WNRE and OHRD to establish the
factors which control the hydride cracking mechanism. Only the
work dealing with Zr-2.5 wt% Nb material is discussed here.

The results of crack initiation tests under constant temperature
conditions indicate that the criteria for crack initiation depend
upon the size of the flaw acting as the initiation point. For
large enough flaws (flaws deeper than 0.2 mm), there is a critical
stress intensity factor, K̂ jf, necessary for crack initiation.
Tests at all three laboratories on many different types of speci-
mens indicate that K. lies in the range 4.5 to 6 MPai/m~and is
apparently independent of temperature for all relevant temperat-
ures. There has been no observation of hydrogen concentration
effects upon K, , For defects smaller than 0.2 mm, the concept
of a critical stress intensity factor is not valid. Tests of
cantilever beam samples at CRNL have indicated that critical
surface stresses, dependent upon defect size, must be exceeded
before hydride cracking initiates. A recent review/19/ of all
the cantilever beam tests indicated that there was also an effect
of hydrogen concentration on crack initiation: crack initiation
was easier (lower stress or smaller defects for the same stress)
in hydrided material (>35 ppm) than in as-received material (10-
15 ppm). In hydrided material, flaws as small as 0.1 mm init-
iated cracks with applied stresses of about 250 MPa. Accumulat-
ion of deuterium in the high stress zone of over-extended rolled
joints is likely to reduce the critical stress required for
hydride crack initiation at very small defects and could result
in cracking at operating temperature or during long cool-downs.

This conclusion applies to any rolled joints containing suffic-
iently high residual stress levels and small, sharp defects.
Certainly the Pickering 'A' units 3 and 4 contain such joints,
but some Bruce 'A' joints could also have high enough stress
levels to result in hydride crack initiation.

The depth of sharp notches that could initiate cracks by
hydride cracking/21/ are:
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Depth of Notch (nan)

After

After

commissioning

5 years operation

After 25 to 30 years
operation

Temperature
K

350

350

350

425^

(77°C)

(VT'C)

(77°C)

(152°C)

Pickering
3 and

0.00

0.05

0.10

0.05

Units
4

Bruce
'A1

1

0

0

0

.00 *

.25

.25

.8

*with stress intensity factors >4.5 MPa/m~

+at inlet ends

The effects of thermal cycling on hydride crack initiation have
not yet been studied closely. Some of the cantilever beam tests
already mentioned underwent thermal cycles but the effect of these
was not obvious. A few tests at OHRD which involved thermal cycl-
ing of samples containing cracks with stress intensity factors
marginally above the critical value indicated that thermal cycling
temporarily stopped the crack. More work is required to clarify
the effects.

The effect of irradiation en crack initiation remains unknown
since no tests of irradiated material have yet been carried out.
Since the critical highly stressed regions of the over-extended
rolled joints will be subject to irradiation damage, possible
effects due to irradiation should be examined in order to confirm
the present cracking scenarios which are based upon tests of
unirradiated material.

Crack Growth: Crack growth rates have also been measured at
relevant temperatures and, again, there is good agreement among
the various laboratories for tests carried out under similar con-
ditions. For temperatures greater than 370 K(97°C), the grewth rates
are high enough that cracks can grow through the thickness of the
pressure tube in a few days. There does not appear to be a hyd-
rogen concentration dependence for hydrided materials but as-
received material has exhibited significantly higher crack growth
rates at the temperatures at which cracking can occur [<425 K <<152°C)].
The effects of temperature changes on crack propagation at high
stress intensity factors has recently been reviewed/22/ and the
work should be extended to lower stress intensity factors.

3.9.3 Recommendations:

1) Tests of the effect of intermediate hydrogen con-
centrations on the critical stress/flaw size relat-
ionship should be carried out in order to be able
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to assess the likelihood of crack initiation
during reactor cool-downs.

2) Tests of crack initiation in irradiated material
are necessary for confirmation of the current
predictions of cracking which are based upon un-
irradiated material.

3.10 Cracking from Service-induced Surface Defects

3.10.1 Concern; Some fret marks and crevice corrosion marks
could lead to hydride crack initiation in pressure tubes.

3.10.2 Review: In the Bruce 'A' reactors, over-extended rolling
was used during installation but the very high stresses were
reduced to 300 MPa by a stress-relieving heat treatment. How-
ever, the fuel channels contain 13 bundles and the bearing pad of
the enr fuel bundle can sit on the burnish mark from the rolling
operation. In this position the bundle is abnormally supported
and fretting will occur. Cracks could initiate at these fret
marks during long cool-downs or at operating temperature after
25 to 30 years service if the stress concentration factor at the
mark is >2.0.

Current tests at CFNL have determined the stress for crack init-
iation at sharp notches and a program funded by the CEDP has been
started to determine if cracks will initiate at marks similar to
to fret ;narks. A crevice corrosion mark is considered to be
less severe than a fret mark and therefore this program would
yield conservative results for hydride cracking susceptibility
at crevice corrosion marks.

3.10.3 These tests should be continued.

3.11 Stress Relaxation and Stress Relief at Over-extended
Rolled Joints

3.11.1 Concern: The amount of stress relaxation which has occurr-
ed in over-extended rolled joints is critical to any assessment
of the likelihood of hydride cracking. In situ stress relief
could reduce the possibility of such cracking.

3.11.2 Review: Initial residual stresses in over-extended rolled
joints in Pickering Units 3 and 4 were extremely high and probab-
ly exceeded the uniaxial room temperature yield strength.
Subsequent hot conditioning and reactor operation has resulted
in stress relaxation. Calculations of the stress relaxation
which has occurred have been carried out at CRNL and indicate
that large residual stresses could remain at the inlet over-
extended rolled joints throughout the operating life of the
reactor. Although the calculations probably overestimate the
remaining residual stresses, a total stress (residual + applied)
of only about 200 MPa would probably lead to cracking problems
at Pickering. More confidence in the validity of the calcul-
ations could be obtained by extending the data base of stress
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relaxation in Zr-2.5 wt% Nb material for relevant temperatures
and stress levels. It is unlikely that sufficient stress relax-
ation has occurred during operation to eliminate the possibility
of hydride cracking at small surface defects.

Reduction of residual stresses by in situ stress relief could
eliminates the likelihood of hydride crack initiation if the
stresses could be sufficiently reduced. Such stress relief was
carried out at Bruce 'A' before reactor operation began. In
order to determine the procedure which would be most effective
in reducing stress while maintaining tube strength, tests of
such procedures on irradiated material would be required.

3.11.3 Recommendations

1) Improvements in stress relaxation calculations
could be made by increasing the available data
base for stress relaxation in Zr-2.5 wt% Nb
material.

2) Tests of the stress relieving characteristics
of irradiated Zr-2.5 wt% Nb material should be
carried out to determine whether sufficient
stress reductions could occur by in situ stress
relief in order to eliminate the possibility of
hydride cracking.

3.12 Fracture Mechanics

3.12.1 Concern; A pressure tube which develops a sufficiently
severe flaw could fail at reactor operating pressure. The safe-
ty of the pressure tubes in CANDU-PHW reactors is based upon the
"leak-before-break" criterion, ie a small flaw would extend
until it penetrated the wall and coolant leakage would be
detected before the flaw reached the critical crack length and
propagated unstably. However, in the Pickering 'A' and Bruce
'B' reactors, the high stresses from the overrolling will re-
orient the hydrides in a narrow zone and this could affect
crack propagation when the hydrogen concentration is high.

3.12.2 Review; Pressure tube burst tests have demonstrated that
as-received Zr-2.5 wt% Nb tubes are very tolerant to flaws,
exhibiting minimum critical crack lengths for operating pressure
of about 80 mm at operating temperatures 513 K(240°C) - 573 Ki300°C) and
45 mm at rocm tanperature. However, irradiation changes the fracture
behaviour and increasing hydrogen concentration in the form of
precipitated platelets can reduce the critical crack length at
temperatures below 573 K (300°C).

There are several factors which determine the effect of hydride
platelets on the flaw tolerance of pressure tubes. These include
platelet orientation, distribution and temperature. The hydride
phase itself has very little fracture resistance even at reactor
operating temperature. When hydride platelets are oriented per-
pendicular to a tensile stress they reduce the ductility of
zirconium alloys. Although in new pressure tubes hydrides lie
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on the circumferential-axial plane and are therefore not per-
pendicular to the principal tube stresses, a sufficiently high
circumferential stress (>175 MPa) can cause them to precipitate
in the radial-axial plane which results in a large reduction in
the flaw tolerance of the pressure tube. Room temperature burst
tests of tubes containing 100 ppm of hydrides with a large
proportion precipitated in radial-axial orientations showed that
the critical crack length for reactor operating pressure was
reduced to 15 mm from the 45 mm observed in unhydrided tubes.
15 nun is less than the length of some of the cracks found in
Pickering units 3 and 4 tubes. Such cracks would not be expect-
ed to extend unstably because the hydrogen content was low. At
573 K no reduction in critical crack length due to radial-axial
hydride was observed.

Since the stresses required to produce radial-axial hydrides in
as-received pressure tubes are higher than circumferential
stresses of 130 MPa due to coolant pressure, only small zones of
high residual stress (about 25 mm long) in the rolled joint
regions of some tubes in reactors are expected to contain radial-
axial hydrides. These include tubes in Pickering 'A1 and Bruce
'A1 reactors. Tubes with zero clearance joints should have only
partially reoriented hydrides. Therefore, in most cases, only a
small zone of a pressure tube should exhibit greatly reduced
fracture toughness. Cracks propagating unstably in this zone
may arrest in adjacent material which should contain hydrides in
the normal circumferential-axial plane.

Since the effect of radial-axial hydrides on the critical crack
length depends on the temperature, we need to determine if the
change is linear with temperature or if there is a "transition
temperature" from brittle to ductile behaviour. It is likely
that both hydrogen content and the proportion of radial-axial
hydride will influence this temperature dependence and the size
of the effect.

Tests of crack arrest 'or cracks propagating in the small zone
of radial-axial hydride have not yet been conclusive because of
the difficulties involved in producing specimens with sharp
changes in hydride orientation. The crack arrest characteristics
are also likely to be temperature-dependent and require evaluation.

The size of the zone of the radial-axial hydride has been esti-
mated from residual stress measurements and the stress required
to produce radial-axial hydride measured experimentally in uni-
axial tests. The influence of irradiation on hydride orientation
has been examined at CRNL. No change in preferred orientation
due to irradiation damage was observed. Some very significant
additional information should be obtained from the examination of
a Zr-2.5 Nb tube which will be removed from NR in 1982 and which
should have picked up relatively large amounts of corrosion
produced hydrogen under stress and irradiation.

3.12.3 Proposed Program for 1982

CRNL: Burst testing of Zr-2.5 wt% Nb material will continue with
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object of showing crack arrest of unstable cracks propagating
from the short zone of material containing radial-axial hydride
into normal tube material. The influence of temperature and
hydride distribution will be examined. This program will cost
about $80 K in 1982 and will be funded by AECL but would benefit
from some external funding in order that it be carried out on a
high priority basis.

OHRD: A burst test program will be initiated in 1982 following
the refurbishment of a facility to carry out the tests at Orenda
Ltd in Malton which will be completed early in 1982 with both
OHRD and NGD (Chemistry + Metallurgy) funds. This program will
examine the flaw tolerance of both Zircaloy-2 and Zr-2.5 wt% Nb
pressure tubes to both ID and OD defects at various temperatures
(initially 150°C) and hydrogen contents. A simulation of the
overrolled joints of Pickering will also be carried out. The
costs-at Orenda for approximately twenty burst tests will be
$180 K although this may be reduced somewhat depending upon the
instrumentation and gauging required for each test. OHRD costs
will be about $45 K which will include sample preparation and
analysis.

In addition to the burst test program, a small specimen test
program has been started in order to establish the correlation
between small specimen tests and burst tests so that in the
future, many different material parameters can be varied and
tested much more easily than can now be done by burst testing.
Crack growth both through-wall and axially are being studied.
This program will cost about $150 K in 1982.

WNRE: The small specimen test technique is also being used to
study both the effect of radial-axial hydride and the crack
arrest problem. Irradiation effects are now being studied.
Approximately $48 K will be spent at WNRE.

The highest priority has been given to the burst test programs
because until the case for using small specimens is solid, only
burst test results are likely to be used to make critical decis-
ions about reactor operations. However, the cost of burst tests
gives good reason to proceed with developing small specimen test
techniques and this is also given high priority.

3.13 Effects of Operation on Rolled Joint Strength

3.13.1 Concern: Predicted deuterium pickup within the rolled
joints of Pickering NGS pressure tube/end fitting assemblies
could affect their mechanical integrity towards end-of-life.

3.13.2 Review: A CANDEV-funded program, described in Appendix 3,
is testing rolled joint assemblies containing predicted end-of-life
(30-year) hydrogen concentrations and one double-ended hydrided
joint has been tested for pull-out strength/22/. The hydriding,
which normally occurs in-reactor, is being simulated by gaseous
hydriding from the inside of the tube. This has resulted in
solid hydride layers forming on the ID surface. The joints in-
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reactor are expected to hydride from the end fitting, which
is the outside surface of the tube. The effects of these differ-
ences should be considered when the results of these tests are
utilized.

The current program is aimed at testing only Zr-2.5 wt% Nb
material. Zircaloy-2 tubes are expected to accumulate similar
hydrogen concentrations over a thirty-year lifetime in the end
fitting region. If Zircaloy tubes are expected to perform well
with high hydrogen concentrations, their strength should also be
subjected to similar testing. This testing should, therefore, be
a requirement for long-term RE FAB.

3.13.3 Recommendations: It is recommended that the program
receive continued funding through 1982. Future work should
attempt to develop a more representative hydride distribution
through the wall of the tube. Inclusion of a small number of
tests using Zircaloy-2 material is also recommended. Estimated
required funding: $100 K/year for Zr-2.5 wt% Nb;

$ 50 K for Zircaloy-2 in 1982.
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4.0 PRESSURE TUBE REMOVAL FOR DESTRUCTIVE TESTING

4 * 1 Introduction

Discussions about pressure tube removal for destructive testing
have intensified over the past several years. Some of the con-
cerns regarding hydrogen behaviour in pressure tubes can only be
resolved by getting information from tubes removed from operating
reactors. This section of the report reviews the arguments for
tube removal. At this point tnere are no costs available for
such procedures but an estimate will be prepared by the Nuclear
Systems Department of Design and Development within the next few
months. Also included in this section are critical dates for
tube removal based on the current suggested time-tables for
various reactor rehabilitation programs. Any tube-pulling program
must have consequences; a discussion of possible consequences is
included here as well as possible consequences of not pulling
tubes.

4.2 Arguments on Tube-Removal

a) Measurement of Hydrogen Content: The main argument for
tube-removal must be the concern over hydrogen ingress. So far,
there is no method to determine hydrogen contents of the pressure
tubes other than tube-removal followed by hydrogen analysis. With
the best modelling and data available, we anticipate there may be
problems due to hydrogen in the pressure tubes and we must know
how severe these problems are and when they are likely to lead to
significant outages. Removal of tubes followed by hydrogen analy-
sis and metallography would provide hydrogen distribution along
the length of the tube as well as hydride distribution and orient-
ation. Both of these are necessary in order to evaluate the
effects on hydride cracking susceptibility, rolled join_ integrity
and flaw tolerance of the pressure tube. Deuterium analysis would
provide a much better indication of the corrosion deuteriding rate
than was obtained from the tubes removed from Pickering because
the quantity of deuterium now present should be well above the
detection limit. This rate is an important factor in determining
the time at which TSS will be reached at operating temperatures
both for the centre of the tube and the crack zone.

b) Measurement of Residual Stress: Tube-removal will also
produce measurements of residual stresses at rolled joints. These
residual stresses in the rolled joints have been identified as a
major factor both in susceptibility to hydride cracking and in
producing radial-axial hydride which in turn locally reduces the
flaw tolerance of the pressure tube. There is a sizeable uncert-
ainty in the calculated values of the residual stresses because
of uncertainties in the initial residual stresses and the stress
relaxation rate in-reactor. However, because of the initial var-
iation in residual stresses to obtain distribution of the residual
stresses now remaining by tube pulling will require removing
sufficient tubes to give a statistical distribution. (Obviously,
with this statistical variation, there will also be variation in
the distribution of radial-axial hydride and removing one or two
tubes will not establish this variation unless the most likely
tubes with high and low residual stresses can be selected).
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c) Measurement of Mechanical Properties: Irradiation effects
could also be evaluated by pulling tubes. There are no mechanical
property data on pressure tube material with the levels of stress
and irradiation dose of the tubes in our reactors. We have no
on-going materials evaluation program which is subjecting
pressure tube materials to the reactor conditions with the intent
of testing properties at certain points in the reactor life.
Consequently, the only method D£ gaining such information is to
remove actual pressure tubes from reactors after operation. Even
without a recognized hydrogen problem such a program of materials
•evaluation would be desirable. With a hydrogen problem, it
appears to be imperative.

d) Assessment of Effects of Corrosion: Tube-removal would
also allow corrosion and oxidation study of both the ID and OD.
Fretting and crevice corrosion marks could be examined and
hydrogen accumulation at crevice corrosion marks could be measured.

4.3 Which Tubes should be pulled?

The Hydride Technical Review Committee has not considered this
question in any detail. Information is required both for Zircaloy-
2 tubes and for Zr-2.5 wt% Nb tubes, and some statistical sampling
will be required to establish the range of a) the hydrogen pickup
at the rolled joint; b) zone size of radial-axial hydride;
c) remaining residual stresses. Since hydride problems are only
one argument for removing tubes, input from other groups regarding
which tubes would provide significant information for their pur-
poses must also be taken into account. A working group should be
formed to consider this question in detail. It must be emphasized
that statistical analysis input to this group is important if the
results of tube-pulling are to be of real value.

Although Zircaloy tubes were used in smaller reactors than
Pickering 1 and 2 which could be shut down at lower cost, it is
probably necessary to get Zircaloy tubes from Pickering because of
the overrolling which occurred in the rolled joints and which re-
sulted in larger residual stresses in Pickering tubes than in
other tubes.

4.4 When should Tubes be removed for evaluation?

There are at least four factors which need to be considered in
order to decide when tubes should be removed:

1. the time at which hydride problems are predicted;

2. decision dates requiring decisive input on hydride
problems;

3. time required to remove tubes and evaluate them
for the particular properties in question;

4. the time when supporting experimental evidence
will be available for input to the decision process.

These factors are different for the Zircaloy-2 tubes of Pickering
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Units 1 and 2 and the Zr-2.5 wt% Nb tubes of Units 3 and 4 or
any other units. These factors are now reviewed for Zircaloy-2
and then for Zr-2.5 wt% Nb tubes.

In the case of Zircaloy-2 tubes, there is a lack of experimental
data upon which to base an evaluation of the first factor.
Except for the end fitting/rolled joint zone, the equivalent
hydrogen concentrations are expected to be higher than in Zr-2.5
wt% Nb and at the inlet end, and hydrides could now be present
at operating temperatures. Radial-axial hydride is more likely
for a given stress level in Zircaloy-2 tubes than in Zr-2.5 wt%
Nb and therefore the zone of radial-axial hydride associated with
the overrolled joints is likely to be longer. There are no burst
test data on Pickering type Zircaloy pressure tubes with radial-
axial hydride, but results for other Zircaloy tubes show the
same sort of effects of temperature on CCL as is observed in
Zr-2.5 wt% Nb/23/. An evaluation of the likelihood of hydride
cracking in Pickering Units 1 and 2 (such as was done for Zr-2.5
wt% Nb in CRNL-2170) is included in the report on Zircaloy-2.

The decision dates for rehabilitation of Pickering Units 1 and
2 have not been fixed but the feasibility of REFAB is to be
established by early 1982.

The time required for removal and evaluation of Pickering tubes
is likely to be at least one year and perhaps more. This is a
rough estimate that needs to be verified. Obviously, handling
of the tubes will be a major problem and if machining is required
for particular tests, the time could be much greater.

Supporting evidence in the form of pull-out strength tests,
hydride cracking results for irradiated material and burst tests
will become available by the end of 1982 if the research programs
outlined in the review are implemented with the budgets requested.

It therefore appears to be desirable to remove tubes from Units 1
and 2 as soon as possible if decisions based on the results of
evaluation are to be available in 1983.

The time factors for the decision of tube removal for Pickering
Units 3 and 4 appear to be less severe. Hydride related problems
are more likely to occur closer to end-of-life according to
current predictions. However, the critical hydrogen concentrations
which would result in problems have not been established and there
is a general lack of confidence in predicted hydrogen equivalent
concentrations. A Changs by a factor 2 in the corrosion deuter-
iding rate, which is not outside the realm of possibility, would
bring hydride related problems by 1988. In particular, hydride
cracking at operating temperature might occur.

Decision dates for rehabilitation of Units 3 and 4 are further
off (probably 1984-85) .

Tube-removal and evaluation could be expected to take at least
one year.

The supporting experimental evidence for evaluation of hydride
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related problems in Zr-2.5 wt% Nb should be available by the
end of 1983, with the currently-outlined programs.

A reasonable date for starting tube-removal for Pickering Units
3 and 4 would therefore be towards the end of 1982 following
upon the evaluation of Zircaloy-2 tubes from Units 1 and 2.

4.6 Consequences of Tube-Removal

The establishment of the hydrogen/hydride concentration distrib-
ution along the tube is the main result of tube-removal. If these
results show that predictions were very pessimistic, then hydride
concerns may be effectively laid to rest for reactors operating
with Pickering conditions. On the other hand, if the opposite is
true, then an intense program to establish the severity anc impli-
cations of the hydride problem would be required. Material from
tubes removed from the reactors would be very important for this
work but a radioactive material machine shop would be required.
The evidence gathered from the initial tube evaluation and the
subsequent experimental program would be vital to making proper
decisions about reactor operation and rehabilitation.

4.7 Consequences of not removing Tubes

There are many possible scenarios for these consequences. A
continuing concern about hydride related problems would be inev-
itable and perhaps there are some unrecognized problems which have
not y-.it been addressed which would be evident by tube examination.

There is also the possibility that hydrides are not a substantial
problem and continued normal operation would result. This is
considered to be unlikely in the long term.

Unplanned outages can be expected if hydride related problems
develop over the next few years.

Operation of tubes with low flaw tolerance under certain condit-
ions could also result. The consequences of this could be tube
rupture and obviously substantial damage to the reactor core.

Another consequence might be a decision on the rehabilitation
scheme for Pickering reactors, which wuld lead to inevitable
future outages because of failure to establish the magnitude of
the hydride concern.

4.8 CONCLUSIONS

The arguments for pressure tube-removal have been presented and
discussed. Tube-removal appears to be necessary and a suggested
time frame has been established. A proper evaluation of the
hydride problem will require a good, statistically valid tube
selection process which should be established by a suitably
organized working group.
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5.0 PROPOSED SPENDING IN 1982 on HYDRIDE PROBLEMS

Table 3 outlines the proposed 1982 spending and probable future
spending on hydride problems both at OHRD and AEC-RC. Sources
of funds for these projects are also identified. Highest prior-
ity (A) was assigned to those projects which are deemed
necessary for REFAB, LSFCRP decisions or for safety arguments.
These projects are essential. Secondary priority (B) implies
that there is substantial concern but that there is more time
available before any problems related to these concerns are
likely to develop. C priority was assigned for those areas
where concern is minimal now but which should be kept in mind.

Some of these projects have been identified by the HIDE
technical review committee and await formal proposals. In
these cases the funding required is a preliminary estimate.
Other projects are continuations of current areas of invest-
igation.

Approved: Submitted:

O.A. Kupcis M. Leger
Manager Engineer - Metallurgical
Metallurgical Research Dept Metallurgy Section
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TABLE 3 - SUMMARY OF PROPOSED SPENDING ON HYDRIDE RESEARCH
(In Thousands of $)

Subject

A. INGRESS

1. Models & Predictions

2. Mechanisms

3. Sinks, Barriers &
Alternative Materials

4. Ingress due to crevice
corrosion

5. TSS, diffusivity and
stress effects

6. NDE of hydrides

B. HYDRIDE EFFECTS
Hydride Cracking:

1. Crack Initiation and
Growth

2. Cracking from service-
induced surface defects

3. Stress relaxation and
stress relief

Priority

B

B

C

B

B

A

A

A

A

Recomnended
1982 Funding
s Sources

10 A E C L
1 U D&D

35 AECL
D&D

90 A E C L

D&D

20 OHRD

180 AECL

30 A E C L
J U OHRD

lfln N G D
1 8 0 OHRD

AECL

20 D&D

20 NGD

Estimated
Future Funding
Required('83-'85)

30 )

100 )

-

-

265

10

50

Comments

Continuing effott for
modelling ingress

Future spending to depend
on new directions from reseai:

Significant expenditure liket
if hopeful technique found

Zircaloy-2 and Zr-2.5 wt%
Nb tests required



TABLE 3 (contd)

Subject

Fracture

4. Burst tests

5. Irradiated Material
burst tests

6. Crack arrest tests

7. Small specimen test
development

Rolled Joint

8. Pull out strength
test

TOTAL:

Priority

A

A

A

A

A

Recontnended
1982 Funding
S Sources

225 OHRD

80 AECL

200 OHRD
AECL

100

1,190

Estimated
Future Funding
Required('83-'85)

250

100

160

200

200

1,365

Comments

Z i r c a l o y - 2 and Zr -2 .5 wt% Nb
included

00
to
I
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FIG. 1 - Potential routes for deuterium ingress at rolled

joints.
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APPENDIX 1

ANALYSIS OF HYDROGEN PICKUP DUE TO CREVICE CORROSION

There will be an increased hydrogen pickup because of localized
crevice corrosion of the P/T's. An estimate of the hydrogen
contribution from this localized attack follows for both Zr-2
and Zr-2.5 %Nb.

Zr-2.5% Nb

This problem can be discussed by considering the total increase
in hydrogen uptake (over and above the uptake due to general
corrosion of the P/T's) due to crevice corrosion in 15 years
operation. 15 years is chosen as the time span since, 1) the
PGS "A" and BGS "A" reactors could be retubed after 15 years
operation, and 2) a modified fuel bearing pad which would elimin-
ate crevice corrosion could be the norm at this stage. Since
crevice corosion is mainly confined to the downstream half of the
P/T, where six fuel bundles reside, the analysis will consider
only this half of the P/T.

The average surface area of the crevice corrosion marks found on
the cracked tubes removed from P3 and P4 was ^6.9 mm2 (1). Mean-
while, the average depth of these marks was 59 ym '2). If we
consider that each bearing pad in the downstream half of the fuel
string produces such a mark, the metal loss after 15 years oper-
ation (or after 10.5 refuelling operations in Pickering reactors)
is

59 x 10~6m x 6.9 x 10~6 m2 x 6 (fuel bundles x 48
(bearing pads on OD of each bundle) x 10.5 (refuellings)

= 1.21 cm3

= 7.9 gm of P/T.

If this amount of material is lost through corrosion, this corr-
esponds to the generation of 0.34 g of hydrogen. The mass of P/T
material in the inboard half of the P3, P4 P/T's is approximately
26,000 g. If all the hydrogen released from the crevice corrosion
reaction is absorbed by this amount of material, this corresponds
to a hydrogen absorption of 13 ppm.

This is an extremely pessimistic figure as 1) the calculation
assumes that each bearing pad produces a mark 59 ym deep and
2) that 100% of the corrosion product hydrogen is absorbed.

Neither one of these assumptions is true. In fact, in the case
of the cracked tubes from PGS 3, 4, it was found that each of the
four downstream fuel bundles produced an average of 3.25 crevice
corrosion marks - all of which were confined to the lower half of
the P/T (1). Also, for Zr-2.5 % Nb it was found in tests in con-
centrated LiOH solutions that <10% of the corrosion product hyd-
rogen is absorbed (3). If these facts are taken into account in
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calculating the hydrogen uptake, the value of the hydrogen uptake
in 15 years becomes

13 (original value, x *tf> (fraction^pads^roducing

1 (fraction of hydrogen absorbed) . n , n

Therefore, the contribution to the total hydrogen pickup of a
P/T by crevice corrosion for Zr-2.5 % Nb in 15 yeajs is negligible.

There is also some experimental evidence to substantiate tiiis
calculation. When cross sections through typical areas of crevice
corrosion on the PGS 3, 4 P/T's were examined, there was no evid-
ence of any increase in hydride content at these marks relative
to the rest of the tube (4) .

Zircaloy-2

Although out-reactor tests on Zircaloy-2 at WECAN have shown that
Zircaloy-2 is equally as susceptible to crevice corrosion as Zr-
2.5 % Nb (5)(under the conditions of the WECAN tests), examination
of Zircaloy-2 P/T's in PGS A 2 has shown that, in-reactor,
Zircaloy-2 appears to be more resistant to crevice corrosion than
Zr-2.5 % Nb. For example, eddy current examinations of PGS A 2
P/T's in May 1980 showed that the maximum depth of the crevice
corrosion marks found was ^100 urn, and this was after ̂  10 years
of operation (6).

Besides the difference in the depth of the marks found in
Zircaloy-2 (PGS A 1,2) and Zr-2.5 % Nb (PGS A 3, 4 and succeeding
stations), there are a number of other differences between the
pressure tubes of both materials. The Zircaloy pressure tubes
are thicker (5.1 mm) than the Zr-2.5 % Nb tubes (4.1 mm). Also,
Zircaloy picks up ̂ 35% of the corrosion product hydrogen as com-
pared with <10% for Zr-2.5 % Nb. If these differences are
factored into the earlier calculation for hydrogen uptake due to
crevice corrosion in Zr-2.5 % Nb, and assuming all other parameters
are equal (depth, refuelling, frequency of marks etc), then the
increased hydrogen content of Zircaloy-2 pressure tubes due to
crevice corrosion after 15 years operation will be 0.25 ppm.
Once again this is a negligible amount of hydrogen.

Localized Hydriding at Crevice Corrosion Marks

This situation is of more concern than the total increased
hydrogen pickup of the tube (due to crevice corrosion) because of
the subsequent possibility of delayed hydrogen cracking. In this
case, the largest mark that could be found on a Zr-2.5 % Nb
pressure tube can be considered. The deepest mark found on the
cracked PGS A 3,4 pressure tubes was 0.25 mm deep (4), some marks
were up to 5 mm wide (7) and the maximum length of a mark was
found to be 25.4 mm (7) . If these are the dimensions of the
largest mark produced in one fuel dwell (11,000 h), the local
hydrogen pickup can be calculated.

The metal loss from a mark of the above dimensions is about 0.2 g.
This amount of metal loss corresponds to a hydrogen release of
0.009 g. If 10% is absorbed by the pressure tube (3), this
corresponds to an uptake of 9 x 10"* g.
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The volume of pressure tube material available to this amount of
hydrogen can be approximated by calculating the "diffusion volume".
At 280°C, the diffusion rate of hydrogen in Zr-2.5 % Nb is 7 x
10~7 cm2 s"1 (8). Therefore, the diffusion distance in 11,000 h
is:

^ (Dt)]/2 where D is the diffusion coefficient

t is the time in seconds

= 5.3 cm.

Therefore, the available volume, considering the original dimen-
sions of the crevice corrosion mark, is ^59 cm3 and this corresponds
to about 383 g of pressure tube material. If the 9 x 10-1* g of
hydrogen is absorbed by this amount of material, this gives a
hydrogen uptake of ^2.3 ppm.

This figure is a maximum value since Mayer et al (3) did find
hydrogen uptakes for Zr-2.5 % Nb ss low as <1.0% of the total
hydrogen generated. This latter figure suggests that the range of
hydrogen uptake at a large crevice corrosion mark after one fuel
dwell could be between 0.23 and 2.3 ppm.

Zircaloy-2:

The situation for Zircaloy-2 is slightly different. The diffusion
coefficient of hydrogen in Zircaloy-2 at 280°C is M x 10~7 cm2

s""1 (8) . Also, ̂ 35% of the corrosion product hydrogen can be
absorbed and the wall thickness of the pressure tube is 0.51 cm.
Also, the maximum depth of the marks found in the examination of
the tubes in PGS A 2 was ̂ 100 vim. If it is assumed that the width
and length of marks in PGS A 1, 2 are the same as those in PGS A
3, 4, then a similar calculation to that for Zr-2.5 % Nb, but
using the input data for Zircaloy-2, gives a local hydrogen content
of the pressure tube at a crevice corrosion mark of ̂ 4.5 ppm.

CONCLUSION

The total increase in hydrogen uptake of a pressure tube due to
crevice corrosion is very low. However, the preliminary estimates,
summarized above, indicate a possible variation of 0.2 - 2 ppm
for Zr-Nb to >4 for Zircaloy-2, assuming that the corrosion rate
at a crevice corrosion mark returns to the corrosion rate of the
rest of the tube after fuel bundles are removed by refuelling.
This may not always be the case.
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APPENDIX 2

HYDROGEN INGRESS FOR P/T - ANNULUS GAS
REACTION

In PGS 'A' the annulus gas is N2. Post PGS 'A1 stations will use
CO2 and which for Darlington will conform to the following speci-
fication (3) :

C02 > 99.9%

02 < 200 pg/g

N2 < 800 yg/g

Ar < 20 pg/g

Hydrocarbons < 2 yg/g

H20 < 10 yg/g (-60°C dew point)

The corrosion rate of zirconium alloys in CO2 is controlled by
impurity content, ie H2O and O2. The same should be true for N2
at the temperatures of interest. If the impurity content of the
annulus gas conforms to the above specification, there are suffic-
ient concentrations of 02 and H2O in the gas to repair any local-
ized loss of the autoclaved oxide film on the OD of the P/T.

For example, if it is assumed that the corrosion/oxidation rate
on the OD of the P/T is 0.12 mgO2/dm

2/day, which is a figure gen-
erated for corrosion of zirconium alloys under irradiation in a
mixture of CO2/Air/2 Volume % H2O (4), this corresponds to an
oxygen requirement of 0.12 x 2.08 x 102 mgO2/day for a single
pressure tube (if surface area on OD of P/T is ̂ -2.08 x 102 dm2)

= 2.89 x 10"11 mgO2/sec

The volume of the channel annular space around this P/T is
^2.06 x 101* cm3 and if this space is filled with CO2 at reactor
temperature (573°K) and at 760 mm Hg, the weight of C02 in this
volume by the ideal gas law (PV = nRT where n = number of Moles
of CO2 = wt of CO2/M Wt of CO2) is

760 x 2.06 x 10" x 44 ,„ ,
6.23 x 10" x 573 9

The design flow rate of CO2 in the channel annulus is 32 cm
3/sec.

This corresponds to a ~O2 supply of

19.3 g x 32 cm3 . „,_ ,
2.06 x 10" cmVsec = °-030 ^sec

Since the 02 requirement to oxidize the tubes is 2.89 x lO"
1* mgO2/

sec, this corresponds to an 02 impurity requirement in the gas of
-vlO yg/g, which is a lower figure for O2 than is required by the
gas impurity specifications and is a level of O2 that should
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always be present. In fact, analysis of the 02 level in the
annuli of Pickering Units 1, 3 and 4 has given figures for 0
of 0.13, 0.24 and 0.25 volume % respectively (5).

The fact that there are sufficient impurities in the channel
annulus gas to retain the OD oxide and still oxidize the OD of
the P/T at a very low rate, was shown by the examination of the
cracked P/T's removed from PGS 3, 4. The OD of the P/T's was
covered with an oxide but any growth of this oxide could not be
distinguished from the original autoclaved oxide layer (6).
Since O2 is the dominant oxidizing impurity in the channel annulus
gas, in the absence of air or moisture inleakage, hydrogen release
will be minimal in the oxidation reaction and hydrogen pickup by
the tube negligible.

Calandria Tube - Pressure Tube Fretting

P.L. Ko has shown that fretting between the C/T and P/T (due to
P/T sag) should not be a continuous problem since the contact
forces between the two tubes will eventually exceed the inertia
forces due to P/T vibration. Until this situation is reached,
some fretting will occur (7). Depending on the assumptions made
in the above and succeeding analyses and on laboratory data (7,
8,9), a penetration of 0.010" was felt to be a very conservative
upper limit to what could be expected in-reactor. From the point
cfview of H-pickup the P/T is the only concern.

The previous analysis of the oxidation of the P/T by the channel
annulus gas showed that there are sufficient impurities in the
gas to oxidize the fretted area. Once again, since O2 is the
major impurity, hydrogen uptake will be minimal. Even if there
were some small contribution by water vapour to the oxidation
with an associated generation of hydrogen, the small amount of
hydrogen absorbed will not be a problem. Since eventually, any
fretting will cease, any hydrogen accumulated at this fret mark
will diffuse away from the fret zone (similar to the case for
crevice corrosion on the ID of the tube).

Garter Spring - Pressure Tube Fretting

The garter springs provide rolling contact between the P/T's and
C/T's during the relative movements of these components during
thermal cycles, axial creep of P/T's etc. A considerable number
of tests have been done in SPEL which have simulated the situation
where there is considerable movement of the P/T relative to the
C/T (10,11). These tests simulated the relative movement and the
bearing loads expected in a 30-year channel life.

There was invariably some wear damage to the components. The
typical appearance of the wear pattern found on the P/T specimens
is shown in Figure A. The extent of the wear damage was reported
in terms of the maximum peak to va?ley depth of the "knurling"
marks as recorded by Tallysurf measurements. The maximum value
recorded in the latest series of tests (10) was 0.09 mm. Usually
the value was <0.025 mm.

The possibility of hydriding at these marks is similar to that
for P/T - C/T fretting. There will be oxidation but mainly from
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the Cfe impurity in the annulus gas, so there will be a minimal
uptake of hydrogen.

Conclusion

The assumption has been made in all these discussions that the
major oxidizing impurity in the annulus gas is 02. If this is
the case during reactor operation, hydrogen ingress to the P/T's,
from any one of the above mechanisms, should be negligible.

If moisture was to become the dominant oxidizing species, there
would be an additional hydrogen pickup. Therefore, it is
important that the moisture content of the gas in both circul-
ating and static channel annulus gas systems, should meet the
design specifications.
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FIGURE A: PRESSURE TUBE IMPRESSIONS
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APPENDIX 3

PROPOSAL TO CONTINUE WORK PACKAGE 663

Overall Objective; To show that the deuterium buildup in the
pressure tubes at the rolled joint will not have a serious
effect on integrity of the joint.

Background: Wnen the cracked pressure tubes were removed from
Pickering-3 in 19 74, an unexpectedly high deuterium concentration
was found in the tubes at the rolled joint. This observation was
subsequently confirmed in tubes removed from Pickering-4. A
large effort has subsequently been expended on identifying the
ingress route taken by the deuterium. Also, assuming contri-
butions from the possible routes, predictions of deuterium build-
up have been attempted. The best (most recent) estimate is that
at the tube ends after 30 years the total hydrogen isotope con-
centration will be in the range 1700-2000 ppm wt protium equiv-
alent. There is as yet no experimental evidence on the effect
of this concentration of hydrogen on mechanical integrity of the
rolled joint. Ontario Hydro Work Package 663 was invoked to
assist in starting a program to study the pullout strength of
rolled joints when the pressure tube uses hydride to concentrat-
ions up to and including those listed above.

Program Proposal, Fiscal 1982/83; Continuation of hydriding,
testing and examination of rolled joints, to establish a plot
of strength against hydrogen concentration. Details of the tests
will be fixed after results obtained during fiscal 19 81/82 have
been analyzed.

Program Outlook: Work in fiscal 80/81 was concentrated on
devising a hydriding technique at New Brunswick Research and
Productivity Council (NBRPC). The first pullout test on a
heavily hydrided rolled joint was done at Canadian General
Electric (CGE) in May 1981. Although a high hydrogen concen-
tration was attained at the grooved region of the joint, the tube
failed inboard of the end fitting. Failure is attributed to form-
ing a layer of solid hydride at the tube inner surface. It is
thought the three additional joints will be hydrided and tested
in fiscal 1981/82.

Funding, Fiscal 1981/82: The preliminary estimates for this
prog

1)

2)

3)

rram for one year are:

Hydriding at NBRPC

Joint procurement and
testing at CGE

Destructive examination,
program co-ordination and
reporting at CRNL

TOTAL

$20,

40,

40,

$100,

000

000

000

000
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