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PREFACE

The PHWR's in India closely follow the Douglas Point design and use cw. Zircaloy-2
pressure tubes for the first seven reactors. The spacers used in the early RAPS reactors
were of Zr-2.5Nb-0.5Cu alloy to a design which in Pickering reactors was found to be
susceptible to movement away from their design locations under conditions of large
amplitude vibration produced during assembly and commissioning.

In 1994 February the IAEA held a meeting in Bombay on Operating Experience in Heavy
Water Reactors. At this meeting, Canadian participants were made aware of inspection
data developed by India DAE from RAPS-2 reactor, which showed that spacer displacement
had occurred; that a number of channels were in contact; and that relatively high
equivalent hydrogen concentrations were present in the tubes. These are the conditions that
led to a pressure tube failure in Pickering Unit 2 in 1983.

Under the auspices of thfi IAEA, a consultants' meeting was arranged in Vienna, 1994 July
25-29, at which a Canadian delegation, consisting of AECL and Ontario Hydro Technologies
personnel, presented information on our knowledge of the behaviour of hydride blisters in
Zircaloy-2 pressure tubes.

The Indian delegation in turn provided information on their understanding of the
phenomena from investigative and surveillance work. A full report of the material
presented by both delegations and the joint summary will be published by the IAEA.

This document contains the 10 papers presented by the Canadian delegation to the meeting.
It is believed that they represent a good reference document on hydride blister phenomena.
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Préface

Les RELP de l'Inde suivent assez fidèlement le modèle de Douglas Point et utilisent des tubes
de force en Zircaloy-2 écroui à froid dans le cas des sept premiers réacteurs. Les bagues
d'espacement utilisées dans les premiers réacteurs RAPS étaient fabriquées d'un alliage de
Zr-Nb2,5%-CuO,5% suivant un modèle qui, dans les réacteurs de Pickering, a posé des problèmes
quant au maintien de sa position de calcul dans des conditions de vibrations de grande amplitude
comme celles produites au cours du montage et de la mise en service.

En février 1994, l'AIEA a tenu une réunion à Bombay portant sur l'expérience d'exploitation des
réacteurs à eau lourde. Lors de cette réunion, les participants canadiens ont été mis au fait des
données d'inspection recueillies par le DAE indien (ministère de l'Énergie atomique) à partir du
réacteur RAPS-2, données qui montraient que les bagues d'espacement s'étaient déplacées, qu'un
certain nombre de canaux étaient en contact avec d'autres et que des concentrations équivalentes
d'hydrogène relativement élevées étaient présentes dans les tubes. Ce sont ces mêmes conditions
qui ont été à l'origine de l'accident de rupture de tube de force survenu à la tranche 2 de
Pickering, en 1983.

Sous les auspices de l'AIEA, une réunion de spécialistes a été organisée à Vienne, du 25 au
29 juillet 1994, au cours de laquelle une délégation canadienne constituée de membres du
personnel d'EACL et d'Ontario Hydro Technologies ont présenté l'état de nos connaissances sur
l'évolution des soufflures d'hydrure dans les tubes de force en Zircaloy-2.

La délégation indienne a par ailleurs fourni des informations sur sa compréhension du phénomène
résultant d'activités de surveillance et d'analyse. L'AIEA publiera un rapport complet des
informations présentées par les deux délégations ainsi que le résumé conjoint.

Le présent document renferme les dix communications présentées par la délégation canadienne
lors de cette réunion. On estime qu'elles constituent un bon document de référence sur le
phénomène des soufflures d'hydrure.
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RELATION TO PRESSURE TUBE INTEGRITY

by
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OVERVIEW OF BLISTER PHENOMENA
IN RELATION TO PRESSURE TUBE INTEGRITY

E.G. Price

1.0 INTRODUCTION

Unstable pressure tube rupture is an event in a pressure tube type PHWR that has potentially
serious economic and safety consequences, and reactor operation under conditions which entail
the risk of such failure should be avoided. Mostly, failure mechanisms in zirconium alloy
pressure tubes involve hydrogen either in the initiation process or the propagation process. The
slow propagation of such cracks by delayed hydride cracking (dhc) are well characterized
experimentally and by post service observation allowing a reasonable prediction of the time for
a crack to grow to an unstable length after leaking. Action can then be taken to shutdown the
reactor before the crack grows to an unstable length. If there is evidence that the above sequence
can be met, the design is commonly described as meeting a leak-before-break criterion.

For one mode of failure, i.e. a crack originating from a hydride blister (Figure 1) on the Outside
of the pressure tube, leak-before-break cannot be relied upon because the conditions in the
pressure tube that led to the formation of the hydride blister, inhibit crack growth through the
wall, and crack growth in the axial direction to a partial thickness unstable length is possible.
This situation occurred in Pickering unit 2 in August 1983 when a pressure tube in channel G16
ruptured with the reactor at power from exactly that cause. (Figure 2).

Fortunately the consequences of that rupture were limited by the availability of make-up heavy
water and an orderly shutdown of the reactor was possible without invoking emergency systems.
(Figure 3) The subsequent review of the state of the Zircaloy-2 pressure tubes led to a decision
to retube both Pickering 1 and 2 units.

The root cause of the G16 failure was the significantly displaced outlet end spacer in that channel
exacerbated by the high rate of hydriding of the Zircaloy-2 pressure tube. Many other channels
in Pickering units 1 and 2, also has spacers out of position. Subsequent examinations showed
that a number of other reactors had channels in a similar out-of-design condition with spacers
displaced from their intended locations. Since not all these reactors could be retubed, and
because a change in pressure tube alloy to Zr 2.5% Nb, had been made in reactors tubed
subsequent to Pickering 2, it was imperative that the conditions which can cause blister induced
failure be adequately quantified so that operation could continue with no sensible risk of rupture,
until the intended design conditions could be restored by a spacer location and relocation
operation.

The Canadian nuclear industry has thus made a large investment in R&D related to hydrogen in
pressure tubes to determine the criterion for initiation, growth and crack propagation from
blisters, so as to ensure satisfactory and safe performance of the reactors.
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It is the purpose of these presentations and discussions to describe the essential features of
blister behaviour as researchers and analysts in Canada understand them, and how the
phenomenon impacts on pressure tube integrity. We believe that the conditions that led to the
Pickering G16 rupture are present in the RAPs reactors, and that the information presented will
allow the operators of the RAPs plants to make a valid assessment of the risk of pressure tube
rupture in those reactors.

2.0 CHANGES IN PRESSURE TUBE CONDITION OCCURRING DURING SERVICE

Zirconium alloy pressure tubes in CANDU type PHWR reactors are exposed to aqueous
conditions embracing high temperature, fast neutron flux and high pressure. Under this
environment there will be a change in the margins between ample resistance to the operating
conditions at the start of service (effectively to leak-before-break) to progressively tighter margins
as the tubes age. Two properties, dimensions, and hydrogen concentration represent the main
properties where changes are important to the life of a pressure tube. But in the case of a
channel with out-of-position spacers, the changes in these properties can reduce severely the
operating life of the pressure tubes.

The dimensional changes in pressure tubes have to date been at a constant rate and thus
predictable. The hydrogen pick up by corrosion of Zircaloy-2 in Pickering units 1 and 2
however, was not at the predicted rate and an acceleration that occurred beyond 6 effective full
power years of operation in a Pickering unit, contributed significantly to the cause of the G16
rupture

3.0 SPACER DISPLACEMENT

The evidence from laboratory experiments and post irradiation examinations (PIE) of pressure
tubes, indicates spacers were moved out of position during the installation and commissioning
of the channels in early reactors. No evidence has been observed from PIE of pressure tubes of
spacer movement in service. With displaced spacers, large spans of pressure tube exist between
supporting spacers. This increases the local rate of sag of the pressure tube, and contact of the
pressure tube with the calandria tube can occur in an operating time, which is well short of the
design life. In the extreme, with spacers all in the end bells of the calandria tube, contact will
occur almost immediately. This contact could occur over most of the length, although physically
it is not possible for the pressure tube to contact the pressure tube for a short distance from each
end of the pressure tube.

4.0 PRESSURE TUBE TO CALANDRIA TUBE CONTACT

The contact produces in the pressure tube a localized cooling and in the calandria tube a local
hot spot. The consequence of local heating of the calandria tube is some localized precipitation
from moderator solution, of metallic compounds whose solubility decreases with temperature.
On the pressure tube, the cooling produces a thermal gradient through the wall of the tube.
Under certain conditions, hydrogen will migrate down the temperature gradient and accumulate



in the coldest region. The condition for precipitated hydride is that the local hydrogen
concentration of the tube must exceed the TSS for the temperature of the cold spot. Typically,
the temperature of the contact zone of the pressure tube will increase as the temperature increases
from inlet to outlet.

If the temperature of the cold spot can be estimated accurately, then the hydrogen concentration
for hydride precipitation can be determined. Such precipitation, when it occurs under operating
conditions, is considered to be the start of blister formation.

5.0 GROWTH OF A BLISTER

Once initiated, a blister can then grow at a rate determined by the rate at which hydrogen diffuses
towards the cold spot. This rate will be influenced mostly by the ingress rate of deuterium to
the pressure tube. As described in the following papers, a number of other factors will affect
growth. Also it was observed from the examination of the G16 pressure tube that a row of
blisters is formed, likely as a result of surface waviness on the pressure tube, but also from
possible maldistribution of contact pressure.

6.0 THRESHOLDS IN BLISTER BEHAVIOUR

In describing blister behaviour in pressure tubes, we see that there are two major thresholds that
can be reached if contact conditions are not altered.

(a) A threshold at which the hydrogen concentration of the pressure tube reaches a value
where hydride can precipitate at the contact region. This is typically described as the
blister formation threshold (BFT).

(b) The growth of a blister to a threshold size where cracks can grow from the blisters into
the parent metal. The growth of the blister to this size depends on the influence of
various parameters.

The threshold for hydride initiation can be predicted reasonably well from simulation experiments
and modelling. These models have been used to predict blister formation in pressure tubes of
known hydrogen concentration and known to be in contact with their calandria tubes, and the
models have been found to be in good agreement with observations on such tubes after removal.
For Zircaloy-2 tubes, the blister formation threshold concentration is between 20 and 30 ppm
depending on the location of the channel in the reactor and the location along the tube.

The second threshold, i.e. blister cracking threshold, is reached when a blister has grown to a
particular size such that the blister can initiate a crack on the tube body. Cracks can then
propagate by DHC. The onset of this threshold cannot be defined with comparable accuracy to
the BFT, due to variation in hydrogen ingress rates, contact conditions with growth, and the
factors influencing fracture. From the variables involved, there is expected to be a wide
distribution of times to dhc initiation for a population of pressure tubes in the same condition.
The risk of pressure tube rupture increases the longer the time the tube operates beyond BFT.



7.0 SERVICEABILITY

In establishing the serviceability of a pressure tube it is necessary to know the rate of hydrogen
build up in a tube and whether the tube is in contact Inspection for the existence of blisters
requires intrusive inspection of each channel. Monitoring for hydrogen ingress requires either
the removal and destructive sampling of the tubes or scrape sampling. A significant effect of
flux on hydrogen pick-up exists in Zircaloy-2, thus requiring a detailed analysis of channels when
predicting hydrogen levels. It should be pointed out that considerable analytical effort has had
to be expended to ensure the required accuracy of the deuterium and hydrogen analyses were
achieved to establish rates in Zr-2.5% Nb.

8.0 OPERATING PRACTICE

It is the practice in Canada and CANDU 6 units operating outside Canada, to only operate
pressure tubes in contact with a hydrogen concentration below the blister formation level.
Although growth characterization and fracture criterion have been developed for blisters, it is felt
that the comprehensive validation of the inputs and the modelling must be completed to allow
a sensible engineering margin between safe operation and failure to be defined. In addition, the
spacer relocation equipment developed in Canada, which is being employed to restore the
channels to their design condition, would, on removing tubes from contact with a blister present,
allow the blisters to dissolve. However, if a large cracked blister existed, the cracks remain and
an uncertain stress state could exist.

These operational requirements are based on the behaviour of Zr-2.5% Nb. For Zircaloy-2
pressure tubes where the hydriding rate can be much higher, the risk in operating after BFT is
higher.

9.0 ZIRCALOY-2 CHARACTERISTICS OF CONCERN

Not only will the rapid hydriding characteristics of Zircaloy-2 increase the rate of growth of
contact blisters, but the increased hydrogen concentration will lower the fracture toughness of the
tube.

10.0 LIFE OF ZIRCALOY-2 PRESSURE TUBES

In the absence of pressure tube to calandria tube contact, a Zircaloy-2 pressure tube, with an
assumed hydriding rate about halfway between that of Pickering and NPD, could have a life
between 12 and 15 EFPY. At that stage the toughness of the alloy would likely not be adequate
to meet leak-before-break requirements.

With contact occurring, the tubes would appear to be at high risk after about 8 EFPY's of
operation when the hydriding rate will enter an acceleration phase.
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CORROSION AND HYDRIDING OF ZIRCALOY-2* PRESSURE TUBES

E.V. Murphy and V.F. Urbanic

1.0 INTRODUCTION

Zircaloy-2 has seen extensive use as pressure tube material in pressure tube type reactors. It was
the material of choice for the early CANDU demonstration reactor, NPD at Rolphton, Ontario,
for the prototype CANDU reactor at Douglas Point, Ontario and for the first two of the
commercial CANDU reactors at Pickering, Ontario, ie Pickering Units 1, 2. It was also the
pressure tube material of choice for the Hanford N reactor in Washington state, USA and for
the British Steam Generating Heavy Water Reactor (SGHWR) at Winfrith, UK. And finally, it
is the material that has been used in the commercial reactors in the Indian nuclear power
program. Therefore, there is a considerable operating history for Zircaloy-2 in pressure tube type
reactors.

The most relevant information available on the in-reactor corrosion and hydriding performance
of Zircaloy-2 pressure tubes comes from pressure tubes removed from the NPD reactor, the
Pickering Units 1,2 reactors and the Hanford N reactor. The above reactors have either had their
Zircaloy-2 pressure tubes replaced with Z- 2.5Nb pressure tubes as for the Pickering Units 1, 2
reactors, or have been shut down. There is no available information on the corrosion and
hydriding of the Zircaloy-2 pressure tubes in the Douglas Point and SGHWR reactors, both of
which have now been shut down, or from the Indian power reactors.

The replacement of the Zircaloy-2 pressure tubes in Pickering Units 1, 2 was preceded by the
failure of a pressure tube in the G16 fuel channel of Pickering Unit 2 (called P2G16) in August,
1983. The metallurgical investigation of this tube and of several other pressure tubes removed
from the Pickering Units 1,2 reactors indicated the corrosion and hydriding rates of the Zircaloy-
2 tubes were unexpectedly and unacceptably high and they were replaced as indicated above.
The information generated in the investigations of Zircaloy-2 pressure tubes following the P2G16
failure is used extensively in this paper.

2.0 DESIGN

For the purposes of this paper, the design of the fuel channel of most of these reactors can be
considered as similar. Essentially, the design is as in Figure 1. The ends of the pressure tubes
are rolled into steel end fittings ( type 403 stainless steel in CANDU reactors), and which, in
turn, are connected via the feeder couplings to the feeders of the heat transport system (HTS).
The pressure tubes are surrounded by the calandria tubes and kept from contact with them by

The term hydriding is used throughout and is intended to cover any uptake of either
hydrogen or deuterium by the pressure tubes.
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annular spacers. The HTS coolant flows through the pressure tubes while the annular space
between the pressure tubes and the calandria tubes is filled with the annulus gas. With the
exception of SGHWR, the fuel channels of all the above reactors are horizontal.

With the exceptions of the Hanford N reactor and the SGHWR reactor, the HTS coolant in the
above reactors is heavy water. The chemistries of the coolants and of the gas annuli in those
reactors for which information on corrosion and hydriding behaviour is available, along with
several other characteristics of these reactors, are as shown in Table 1.

The annulus gas systems in the several reactors serve several purposes. Initially, the annulus
system was designed to insulate the moderator from the HTS, such as in the open annuli of the
NPD and Douglas Point reactors. In the more recent reactors such as the Pickering reactors, the
annulus gas system is a closed, recirculating system and is designed to be slightly oxidizing so
that it will preserve the integrity of the oxide on the out side of the pressure tubes. This protects
the pressure tubes from deuterium pickup due to any buiJd up of gaseous deuterium in the
annulus system as a result of deuterium diffusion through the steel end fittings. And finally it
is now used as a means of detecting possible leaks from the fuel channels by continuous
monitoring of the dew points in the annulus systems.

3.0 OPERATING PERFORMANCE

Figure 2 shows the relative corrosion behaviour of removed Zircaloy-2 pressure tubes from those
reactors for which such information is available. The data is given in terms of the maximum
uniform oxide thickness seen on these tubes as a function of the effective full power operation
of these reactors. All the data lie on the same curve up to an oxide thickness of approximately
15um after which there is different but accelerating kinetics up to the limit of the available data
for the pressure tubes from Pickering Units 1 ,2 reactors and the Hanford N reactor on the one
hand and for NPD on the other. Figure 3 shows the hydriding of the pressure tubes of Figure
2, ie it shows the hydriding at the locations of the maximum uniform oxide thickness along the
pressure tubes. The hydriding is expressed in units of mg/dm2 to account for the difference in
wall thickness between the tubes from the different reactors.

While Figures 2 and 3 show the extremes of the corrosion and hydriding of the pressure tubes
in the several reactors, Figures 4 and 5 show the corrosion and hydriding behaviour found along
several pressure tubes removed from the Pickering Units 1, 2 reactors. The variation of these
parameters along the channels is quite marked, but the sharp peaks toward the outlet ends mask
the increased hydrogen pickup at rolled joints relative to pickup in the body of the tubes. For
example, Figure 6 shows the hydrogen content at the inlet rolled joint of a Zircaloy-2 pressure
tube removed from Pickering Unit 2. This figure shows there is considerable pickup of hydrogen
at the rolled joint region of the pressure tube relative to pickup inboard of the rolled joint.
Because AECL now uses pressure tubes of Z-2.5Nb, there is little further research on the
hydriding of Zircaloy-2 pressure tubes. However, it has been shown both from laboratory
testing and from the examination of Z-2.5Nb pressure tubes removed from reactors, that this
increased hydriding of pressure tubes at rolled joint locations is now a well established
phenomenon for zirconium alloy pressure tubes.



4.0 DISCUSSION

Most of the available evidence indicated that the corrosion kinetics of Zircaloy type alloys in
high temperature water consisted of three distinct phases. First there was the formation of a thin
film following cubic growth characteristics to a thickness of about 2.0um. Next, the corrosion
rate increased with time in a transition period. And finally, there was the post transition period
when a constant linear corrosion rate was established. This model was based on laboratory and
reactor testing that was relatively short compared with a pressure tube design life. The behaviour
is shown schematically in Figure 7

The results presented in Figure 2 for the in-reactor corrosion of Zircaloy-2 pressure tubes did
not conform to this model as the corrosion rate for some of the pressure tubes showed a
continuously accelerating rate after reaching an oxide thickness in the 15-20um range. These
results prompted a critical reappraisal of the corrosion mechanism, and in particular, as it applied
to in-reactor behaviour.

The corrosion behaviour of Zircaloy-2 in high temperature water depends on the temperature, the
oxygen content of the water and on irradiation flux. As indicated in Table 1, the temperature
change along a fuel channel in one of the Pickering reactors is about 50°C. This temperature
change could account for a of 2-3 fold increase in corrosion rate along a fuel channel but alone
it can not account for the peaking in corrosion rate observed at about the 5.0m location in the
channels as indicated in Figure 4. Similarly, oxide thickness peaks were also observed in the
Hanford N reactor pressure tubes, and while there is a significant temperature increase along the
fuel channels, the oxide peaks occurred close to the centre of the fuel channels, again suggesting
that parameters other than temperature play a significant role in the occurrence of these peaks.

In the absence of irradiation, the oxygen concentration does not affect the corrosion behaviour
of Zircaloy-2 in high temperature water. However in the presence of irradiation, there is a
synergistic effect between irradiation and oxygen content with corrosion rate increasing with
increasing oxygen content. As a result, hydrogen is added to the HTS of CANDU pressurised
heavy water reactors (PHWRs) to control the oxygen content and in this way it was expected to
minimise and control the corrosion of zirconium alloys. Obviously, this was not the experience
with the long term exposure of the Zircaloy-2 pressure tubes in Pickering Units 1, 2.

Figure 4 indicates that the G20 low flux channel of Pickering Unit 1 had the smallest peak in
corrosion rate of the removed pressure tubes, implying that the flux played a critical role in the
long term in-reactor corrosion behaviour of the Pickering Units 1, 2 Zircaloy-2 pressure tubes.
Also it was noted in comparing the curves in Figure 4 with the information available from the
examination of pressure tubes previously removed from the Hanford N reactor that the peaks in
oxide thickness occurred at high flux locations in both reactors (1). This was in spite of the fact
that the high flux location in the Hanford N reactor occurs in the centre of the channels, while
due to the relatively flat flux profile in the Pickering reactors, the flux is still high at the
corrosion peak location towards the outlet of the fuel channels. Similarly, Figure 2 shows that
the data for pressure tubes from the NPD reactor are displaced to longer exposures for equivalent
oxide thicknesses, and this is believed to be more a consequence of the relatively lower flux in



the NPD reactor rather than the lower fuel channel temperature. However, the deviation in
behaviour is not apparent until after reaching an oxide thickness of approximately 15um.

Evidence already available corroborated the fact that there could be a transition in the in-reactor
corrosion behaviour of Zircaloy-2 once the oxide thickness was in the 15-20um range. Some
early tests in the Engineering Test Reactor (ETR) at Idaho Falls showed that Zircaloy-2
specimens with oxide thicknesses > 20um continued to oxidize at the same high corrosion rate
when the water chemistry was changed from oxidizing to reducing conditions (2).| In a second
series of tests in the Advanced Test Reactor (ATR), Zircaloy-2 specimens with oxide thicknesses
<15um were exposed first to oxidizing conditions and then to reducing conditions.. In these tests
the corrosion kinetics reverted from the kinetics typical of oxidizing conditions to those typical
of reducing conditions when the specimens were transferred from the oxidizing to the reducing
conditions (3). These tests confirmed there was a change in the corrosion behaviour of Zircaloy-
2 as the oxide increased in thickness from 15-20um. This change was also accompanied by a
change in the hydrogen pickup rate of the Zircaloy-2 material.

The basic chemical reaction of any zirconium based alloy with high temperature water is

Z + 2H,0 — ZrO2 +2H2

Some of the hydrogen produced is released to the HTS, but a fraction is picked up by the
zirconium alloy. The fraction picked up by a pressure tube material is important because of its
effect on delayed hydrogen cracking (DHC) considerations (4,5,6,7) and on the fracture toughness
of the pressure tubes (8)

In out-reactor tests and under low oxygen conditions in-reactor, Zircaloy-2 is acknowledged to
pick up approximately 50% of the corrosion product hydrogen. Conversely, under high oxygen
conditions in-reactor (and hence where there would be an acceleration in corrosion rate), there
would be a significantly lower uptake of the corrosion product hydrogen. The corrosion and
hydriding behaviour is summarized by the solid lines in the schematic of Figure 8, and where
the H:O ratio is used to express the oxidizing power of the coolant.

However, the ETR and ATR tests indicated that there could be a change in the hydrogen pickup
behaviour of Zircaloy2 when oxide thicknesses exceeded 20um. For example, when the
environment was changed from oxidizing to reducing conditions for material with oxide
thicknesses < 15um, both the corrosion and hydrogen pickup remained consistent with the model
of Figure 8. However, this was not found to be the case for material with >20|im oxide thickness
in the ETR tests. Here it was found that when the environment was changed from reducing to
oxidizing conditions, the corrosion rate reverted to the high rate typical of oxidizing conditions,
but in addition, the hydrogen pickup rate continued at the high pickup rate characteristic of
reducing conditions, and not at the low hydrogen pickup rate characteristic of oxidizing
conditions. This behaviour is reflected in the dotted lines included in Figure 8. This modified
model of the in-reactor corrosion and hydriding behaviour of Zircaloy-2 can be used to explain
the observed corrosion and hydriding behaviour of the Zircaloy-2 reactor pressure tubes.



The data of Figure 2 indicate that the corrosion kinetics were essentially constant up to oxide
thicknesses of about 15um, after which there was a continuous increase in the corrosion rate. To
explain this situation it was proposed that there was a significant change in the corrosion kinetics
once this value of 15um was exceeded. Essentially, it is surmised, that once this thickness is
exceeded, that there is local radiolysis within the oxide, ie that the hydrogen added to the coolant
can not control the oxygen production, so that the pressure tube surface is exposed to an
oxidizing environment and hence there is an increase in the corrosion rate.

As a corollary to this mechanism, the situation would deteriorate with increasing oxide thickness
as seen in Figure 2, where for the high flux tubes, there is increasing kinetics up to the limit of
the existing data. In addition, when the hydrogen pickup of the Pickering Units 1, 2 pressure
tubes of Figure 3 is expressed as a percentage of the corrosion product hydrogen, the percentage
pickup is in the 50% range. This indicates that the decreased hydrogen pickup that is associated
with an oxidizing environment does not occur with thick oxides, and thus confirms the modified
model of Figure 8, ie that with thick oxides under reducing conditions, both the corrosion and
the hydrogen pickup rates are high.

The amount of hydrogen that was picked up by most of the pressure tubes removed from the
Pickering Units 1, 2 reactors could be explained by assuming that approximately 50% of the
corrosion product hydrogen was picked up. However, there were a number of locations along
some pressure tubes where the measured hydrogen content exceeded 100% of the corrosion
product hydrogen and that therefore could not be explained by the above mechanism. Since there
was no evidence of oxide spalling at these locations, the presence of a thicker oxide could not
be used to account for hydrogen pickup exceeding 100%. It was subsequently found that these
locations were usually at the cooler inlet ends of the pressure tubes and were always associated
with very thin outside surface oxides, some of which were less than l.Oum thick. Since the
pressure tubes were autoclaved in 400° C steam to give oxide thicknesses in the l|im range
before insertion in the reactor, it was obvious that there had not been any substantial oxide
growth on the outside surfaces of some of the pressure tubes even after approximately 4000
EFPD of operation. This indicates that the very dry nitrogen annulus gas atmosphere of dew
point < -18°C that prevailed in the units before replacement of the Zircaloy-2 pressure tubes was
probably reducing much of the time, allowing the outside surface oxide to deteriorate. The
deterioration of the oxide permitted hydrogen pickup directly into the pressure tube from the
hydrogen present in the annulus gas. This mechanism had previously been demonstrated for
zirconium alloys where in the absence of sufficient oxidizing species to maintain a normal
oxidation rate, hydrogen was absorbed directly from the gas phase (9). One consequence of these
observations was a recommendation to maintain an oxidizing annulus gas atmosphere, and this
recommendation has been implemented in most of the CANDU plants by adding oxygen in the
range 0.5- 5.0 vol % to the carbon dioxide that is used as the annulus gas in these systems.

It is apparent from Figure 6 that there is also additional pickup of hydrogen associated with the
rolled joints of CANDU reactors over and above the pickup in the body of the tube. This pickup
is now believed to be due to galvanic effects associated with the crevice between the pressure
tube and the type 403 stainless steel end fitting, The hydrogen generated in the corrosion



reaction is cathodically discharged on the end fitting and some of it diffuses into the pressure
tube through the points of intimate contact between the pressure tube and the end fitting. This
topic is discussed at length in reference 10.

Since all the AECL designed domestic and export CANDU reactors are now tubed with Z-2.5Nb
pressure tubes, a brief comparison of the in-reactor performance of both pressure tube materials
is in order. The reactors with the most severe exposure, ie combining length of exposure and
time integrated flux, for Z-2.5Nb pressure tubes are the Bruce Units 1-4 reactors of Ontario
Hydro. These reactors have accumulated exposures of approximately 4600 EFPD and so far
there has not been an apparent acceleration in corrosion rate such as shown by Zircaloy-2 in
Figure 2. Also, the pressure tubes continue to demonstrate one of the more significant
advantages of Z-2.5Nb in that the pickup rate of the corrosion product hydrogen is significantly
lower for Z-2.5Nb than for Zircaloy, ie approximately 5% for Z-2.5Nb compared to about 50%
for Zircaloy-2 . The combination of superior in-reactor corrosion behaviour and much lower
hydrogen pickup rate confirm the advantage of Z-2.5 Nb as pressure tube material for CANDU
PHW reactors

5. CONCLUSIONS

(1) The corrosion and hydriding of Zircaloy-2 pressure tube material under CANDU PHWR
conditions accelerates once the oxide thickness reaches the 15-20um range.

(2) The mechanism is ascribed to radiolysis within these "thick" oxides leading to kinetics
characteristic of oxidizing conditions. However, under these local oxidizing conditions,
the pressure tubes continue to pick up hydrogen at a rate that is characteristic of reducing
conditions rather than oxidizing conditions.

(3) The examination of the pressure tubes removed from Pickering Units 1, 2 indicated that
the annulus gas was not always sufficiently oxidizing to maintain a protective oxide on
the outside surface of the pressure tubes. As a result, there was hydrogen pick up
directly from the annulus system from hydrogen accumulation in the annulus system as
a result of hydrogen diffusion through the end fittings. Subsequently, it was
recommended that oxygen in the 0.5-5.0 vol% range should be added to the carbon
dioxide annulus gas.

(4) The unexpectedly high corrosion and hydriding of the Zircaloy-2 pressure tubes in
Pickering Units 1, 2 contributed to their replacement with pressure tubes of Z-2.5Nb.

(5) The performance of Z-2.5 Nb pressure tubes after approximately 4600 EFPD in the Bruce
Units 1-4 reactors of Ontario Hydro confirms the superior in-reactor corrosion and
hydriding behaviour of Z- 2.5Nb relative to Zircaloy-2.
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TABLE 1

Comparison of Reactors with Zircaloy-2 Pressure Tubes

PROPERTY

Horizontal/vertical

Inlet temperature, °C

Outlet temperature, °C

Wall thickness, mm

Number of pressure tubes

Flux, nin'V1

Chemistry

Annulus

Effective full power years
of operation

REACTOR

NPD

horizontal

246

271

4.2

132

1.28E17-peak

various, but the
longest operation
with 2-
SmlR/kgDA
pH 10-10.5
with LiOH

air, open

12.6

Hanford N

horizontal

202

293

7.0

1004

1.9E17-peak

pH 10-10.5 with NH4OH,
H2 content of 20-40ml
H^gHjO from NH4OH
decomposition

He with up to 0.5% H2O,
0.2% O2, 0.8% N2

9.2

Pickering 1, 2

horizontal

249

297

4.95

390

1.9E17-low
2.4E17-high

pH 10-10.5
withLiOH,
3-10ml
l y k g D ^

originally N2,
now CO2 with
0.5-5.0% O2

10.2
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Fig. 1: Simplified version of a fuel channel. Each fuel channel consists of a zirconium
alloy pressure tube, sealed at each end with steel end fittings that have side port
connections to the heat transport system. The gap, or annulus, between the
pressure tube and the surrounding Zircaloy-2 calandria tube is filled with an
insulating gas and contains coiled helical spring spacers that provide physical
separation between the two tubes.
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CREEP SAG OF ZIRCALOY-2 PRESSURE TUBES
IN CANDU-PHW REACTORS

A.R. Causey and RJ. Klassen

ABSTRACT

In CANDU-Pressurized Heavy Water reactors, the horizontal fuel channels sag as a result of
creep caused by the distributed load of the fuel and coolant, elevated operating temperature,
and fast neutron flux. Creep sag has been monitored in Zircaloy-2 pressure tubes installed in
the NPD, Pickering Units 1 and 2, and Douglas Point reactors using direct measurement of
pressure tube curvature. Using the sag measurements and additional length and diameter
change data, a computational creep analysis was set up to predict the fuel channel sag in a
Douglas Point type reactor. The model predicts the time and length of pressure tube/calandria
tube contact as a function of annular spacer location. The effect of removing the fuel after
contact has occurred was assessed and shown to result in breaking of the contact only if the
fuel is removed very shortly after contact first occurs.

1.0 INTRODUCTION

Horizontal pressure tubes in CANDU reactors operate under hoop stresses from 95 to 125
MPa at temperatures from 520 to 580 K and in fast neutron fluxes up to 3.5 x 1017 n.nïls"1

(E > 1 MeV). In addition to these stresses, the tubes are subject to bending stresses induced
by the weight of the fuel, the coolant and the tube. Creep deflection of the pressure tube
depends on the structural behaviour of the fuel channel, which consists of a pressure tube
supported by a concentric calandria tube through annular spacers and by end-fittings. It also
depends on the irradiation-enhanced creep behaviour of the zirconium alloys from which the
pressure tube and calandria tube are fabricated. With time, the faster creeping pressure tube
could eventually contact the calandria tube. Creep deflection of both tubes could also result
in contact of calandria tubes with reactor control mechanisms which are located horizontally
between the fuel channels. By understanding the effects of irradiation-induced creep the
designer and operator can make the necessary allowances to achieve the optimal reactor
lifetime for the fuel channels.

Direct measurements of pressure tube sag have been carried out in many CANDU reactors
including the initial prototypes NPD and Douglas Point and the first two reactors (Units 1 and
2) from the Pickering Nuclear Generating Station (Table 1). The pressure tubes in these
reactors were cold-worked Zircaloy-2. This report presents the sag measurements of
cold-worked Zircaloy-2 pressure tubes and applies a computational creep analysis to predict
the sag and subsequent time to pressure tube / calandria tube contact as a function of annular
spacer location.



2.0 DEFLECTION MEASUREMENTS

Deflection measurements were made during reactor shutdown periods by inserting a
measuring device (Figure 1) into the pressure tube which had been emptied of fuel and
drained of coolant. The device measured the radius of curvature, R(x), at equally spaced
intervals along the tube. The measurements were made with a displacement probe mounted at
the centre of a reference beam. Two tips attached to the ends of the beam establish a
reference line from which displacement, 5, was measured, such that R(x) = 8Ô7L2, where L is
the length of the beam. The deflection, Y, at distance x from the end of the tube was
computed by double integration of R(x) with respect to x. The accuracy of the deflection
measurement was better than the greater value of either + 1% or + 0.1 mm.

The sag deflections were measured in two pressure tubes in the NPD reactor, four tubes in the
Douglas Point reactor, and four tubes each in the Pickering Units 1 and 2 reactors. Figure 2
shows the curvature and deflection profiles measured from the Zircaloy-2 pressure tube in
channel F-07 of NPD after 5.4, 10.5 and 12.6 years of reactor operation1. Although after the
first measurement the curvature is uneven, primarily because of the initial shape of the tube,
the uniformly distributed load from the fuel and coolant results in a uniform downward sag.
The annular spacer impedes this sag. With time, curvature decreases at the spacer and
increases between the spacer and end-fittings. The location of the minimum in the curvature
profile indicates the approximate location of the annular spacer. The larger measured
deflections at the outlet end of the pressure tube reflect the higher operating temperature in
that region of the tube.

Maximum pressure tube deflections for the measured channels from the NPD, Douglas Point
and Pickering reactors are given in Tables 2 to 4. The maximum pressure tube deflections
are plotted as a function of reactor time in Figure 3. The data from the Pickering fuel
channels indicate that the variability in deflection at a given time is about + 20%. The
pressure tube deflection rates were 0.1 mm/Year, 1.9 mm/Year, and 1.7 mm/Year for the
NPD, Douglas Point, and Pickering reactors respectively. The deflection rate is a function of
the fuel channel geometry and materials and, therefore, is different for the three reactors (see
Section 3).

Removal of several pressure tubes in Pickering Unit 2 made it possible to measure the
deflections of four calandria tubes. Maximum deflections after 12.4 year of reactor operation
for four Pickering Unit 2 calandria tubes are given in Table 4. The lower maximum
deflection in channel V-09 is attributed to the fast neutron flux in this channel being about
70% that in the other channels. For the other channels, which experienced similar fast
neutron flux, the maximum calandria tube deflections vary by less than + 7%.

One year corresponds to 7000 equivalent full power hours, assuming an 80% capacity
factor.



3.0 ANALYSIS

3.1 Model of Creep Sag in Zircaloy-2 Pressure Tubes

The following factors affect the sag deflection of a fuel channel [3]:

the dimensions of the pressure tube, calandria tube and the spacer-supports,
the bending creep rates of the pressure tube and calandria tube,
the number and location of the spacer-supports,
axial loads from interactions with the end-shields and feeder pipes,
as-installed straightness of the tubes, and
slopes of the tubes at the rolled joints where the pressure tubes are attached to the
end-fittings and calandria tubes to the end shields.

In this report only the effects of the first three parameters will be investigated for Zircaloy-2
pressure tubes.

A creep deflection analysis has been applied to account for the behaviour of the pressure tube
and calandria tube deflections. The analysis calculates the contribution of thermal creep,
irradiation creep, and irradiation growth to the deformation of the pressure tube and the
calandria tube via the following creep rate equations

^creep ~ e thermal + e-irradiation +^growth

where

and

In these equations a is the equivalent stress, T is the temperature, and <j) is the fast neutron
flux. The parameters m, n^ .Q^, and A,.5 are material constants which are determined from
direct measurement of the elongation and diametral changes of Zircaloy-2 pressure tubes in
CANDU reactors [1-3]. The dimensional changes are strongly dependent on the
crystallographic texture of the zirconium alloy [4]. Analysis of the axial and diametral strain



rates derived from the measurements together with creep and growth anisotropy factors
derived from texture measurements gives the pressure tube material constants in Eqs. (1-4).
The elongation rates of the pressure tubes in Pickering Units 1 and 2 varied from tube-to-tube
by about + 15%, hence the tube-to-tube variations in the creep rate constant derived from the
length and diametral measurements (which exhibit tube-to-tube variations of + 20%), are at
least + 25%.

A computer code was used to apply these creep equations to calculate the curvature and
deflection profiles as a function of time for a fuel channel in a Douglas Point type reactor. In
the analysis the distributed pressure tube and calandria tube loads, temperatures, and fast
neutron flux profile for fuel channel K-09 were used. Figure 4 shows the measured and the
calculated pressure tube deflection profiles after 3.4 years (23700 h) of reactor operation. In
this figure the predicted maximum pressure tube deflection is about 1.5mm less than the
measured maximum deflection. This may be a result of measuring the tube with the
moderator still in the calandria vessel. The bouyancy forces forces excerted on the calandria
tube when it is surrounded by the moderator during gauging were not included in the
calculated pressure tube deflection. Despite this, a close correspondence between the
predicted and the measured deflection profiles is shown in Figure 4. The computational
creep analysis was also applied to predict the rate of sag deflection of Zircaloy-2 pressure
tubes in the Pickering Units 1 and 2 reactors. The calculated deflection rate was
1.39 mm/year. This is in reasonable agreement with the rates derived from the measurements
of 1.7 mm/year for Zircaloy-2 pressure tubes.

3.2 Effect of Spacer Location and Fuel Removal on Contact

The span between the spacer supports (and between the supports and the end-fittings) controls
the clearance between the pressure tube and the calandria tube and, hence, the time to contact.
A series of computational analyses were performed to determine the effect of spacer location
on the time to pressure tube / calandria tube contact in a fuel channel from a Douglas Point
type reactor. This type of fuel channel has two "loose fitting" annular garter spring spacers.
The design location for the inlet spacer is 2.03 m from the inlet end of the pressure tube
while the design location for the outlet spacer is 3.25 m from the inlet end. In the analysis,
one spacer was maintained at the design location and the time to contact was calculated as a
function of location of the other spacer. Figure 5 shows the predicted contact time as a
function of spacer location for movements of either the inlet side or the outlet side spacer.
The calculations indicate that with the spacers in the design locations the time to contact is
about 21 years (149,000 effective full power hours). The higher temperature, and
subsequently higher creep rates, at the outlet end of the pressure tube result in the time to
contact being sensitive to small changes in position of the outlet spacer.

Computational analyses were also performed to determine the effect of fuel removal on the
extent of pressure tube / calandria tube contact. Parameters used in the calculation for the
uniformly distributed forces on the pressure tube and calandria tube before and after removing
the fuel are given in Table 5. The operating conditions in the defuelled channel were



simulated by reducing the neutron fluxes to about 5%, equivalent to the contribution from
neighbouring channels, and maintaining the temperature along the length of the pressure tube
at the inlet coolant temperature. The results of the calculations are given in Table 6 for four
cases; I) both spacers at the design postions, II) both spacers in the inlet end of the channel,
III) both spacers in the outlet end of the channel, and IV) both spacers outboard of the design
positions. In Case I contact between the pressure tube and calandria tube did not occur
before at least 140,000 h. Spacer positions for Cases II and El were chosen to give contact at
about 35,000 h. For each case analyses were performed for fuel removal at 40,000, 50,000
and 60,000 h. Both Cases II and III show that if the fuel is removed soon after the first
contact the spring back of the pressure tube is greater than the elastic unloading of the
calandria tube and contact is broken. If contact occurs for several thousand hours then
removing the fuel does not break the contact. The contact force remains constant at a lower
value after removal of the fuel. In Cases II, III and IV the length of the contact is reduced
after fuel removal.

4.0 SUMMARY

The measurements and analysis of fuel channel deflections described here support the
following observations:

Analysis of channel deflections arising from interactions between fuel channel
components resulting from irradiation creep of the pressure and calandria tubes gives
good agreement with measurements.

Time to pressure tube / calandria tube contact is controlled by pressure tube creep rate
and the positions of the spacer-supports.

Removal of the fuel after contact between the pressure tube and calandria tube is
effective in restoring an annular gap between the pressure tube and the calandria tube
only if carried out soon after the initial contact is made.
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TABLE 1 Summary of fuel channel designs for CANDU reactors which contained cold-worked
Zircaloy-2 pressure tubes.

Model

Power

Core Length

Pressure Tube

Inner Diameter

Wall Thickness

Calandria Tube

Material

Inner Diameter

Wall Thickness

Garter Spring
Material

Type

Number per
Channel

Coil diameter

NPD

25 MW

4 m

82.6 mm

4.20 mm

Aluminum

101.9 mm

1.27 mm

Inconel X-750

Tight

1

4.75 mm

Douglas Point

218 MW

5 m

82.6 mm

3.94 mm

Zr-2

107.7 mm

1.24 mm

H.T. Zr-Nb-Cu

Loose

2

7.52 mm

RAPP-1,2

220 MW

5 m

82.6 mm

3.94 mm

Zr-2

107.7 mm

1.24 mm

H.T. Zr-Nb-Cu

Loose

2

7.52 mm

Pickering-1,2

542 MW

6 m

103.4

4.95 mm

Zr-2

130.8 mm

1.55 mm

H.T. Zr-Nb-Cu

Loose

2

6.81 mm



TABLE 2 Maximum sag of pressure tubes from Fuel Channels H-07 and F-07 of the NPD
Nuclear Reactor.

Channel
No.

H-07

F-07

Time
(year)

7.0

10.6

14.3

20.0

5.4

10.5

12.6

Maximum
Pressure Tube

Sag
(mm)

2.60

3.00

4.14

4.51

3.10

3.51

4.29

TABLE 3 Maximum sag and diameter of pressure tubes from the Douglas Point Nuclear
Generating Station.

Channel
No.

L l l

N15

K l l

K09

Time
(year)

7.9

7.9

7.9

3.4

7.9

Maximum Sag
(mm)

14.2

14.4

13.5

4.8

11.8

Maximum
Diameter

(mm)

83.34

83.23

83.30

83.24

83.01

Elongation
(mm)

19

14

13

not avail.

15



TABLE 4 Maximum pressure tube amd calandria tube deflections in selected channels in the
Pickering Units 1 and 2 reactors.

Un i t l

Unit 2

Channel
No.

K05

K18

M i l

Q12

J15

G16

K13

V09

Time
(year)

5.4

9.5

5.4

9.5

5.4

9.5

5.4

9.5

12.4

12.4

12.4

12.4

Pressure
Tube

Deflection
(mm)

14.8

21.3

18.6

23.3

18.7

31.2

22.1

26.3

30.0

n/a

31.0

n/a

Calandria
Tube

Deflectiom
(mm)

not avail.

not avail.

not avail.

not avail.

not avail.

not avail.

not avail.

not avail.

23.5

23.0

21.0

11.0



TABLE 5 Parameters used to define the uniformly distributed forces on the pressure tube
and calandria tube before and after removing the fuel.

Parameters

Weight of Fuel

Weight of Pressure Tube

Weight of Coolant in PT

Uniformly Distributed Load on PT

Weight of Calandria tube

Buoyancy force on CT

Uniformly Distributed Load on CT

Force Before
Unloading

N/m

331

68

10

409

27

-96

-69

Force After
Unloading

N/m

0

68

54

122

27

-96

-69



TABLE 6 Calculation of the effect of removing fuel from the channel after contact has
occurred on length of contact and contact force in Douglas Point reactor.

CASE

I

II

III

IV

Spacer
Locations
from Inlet

m

Design
2.03/3.25

Inlet End
2.03/2.40

OutletEnd
3.25/3.38

Both
Outboard
0.65/4.52

Time To
First

Contact
kh

140.0

34.6

35.3

2.7

Unloading
Time

kh

not avail.

40.0
50.0
60.0

40.0
50.0
60.0

40.0

Contact Conditions
Before Unloading

Length of
Contact m

not avail.

0.26
0.26
0.26

0.13
0.39
0.39

1.03

Contact
Force N

not avail.

103
198
215

138
172
197

119

Contact Conditions
After Unloading

Length of
Contact m

not avail.

0
0.13
0.26

0
0.13
0.13

0.78

Contact
Force N

not avail.

0
60
127

0
40
113

94



Figure 1: Fuel channel curvature measuring device.
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Figure 4: Measured and calculated pressure tube deflection versus axial position for fuel channel K-09
of the Douglas Point reactor.
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CONDITIONS IN THE PRESSURE TUBE
AND THE CALANDRIA TUBE AFTER CONTACT

T.P. Byrne and M. Léger

1.0 OBJECTIVE

The objective of this document is to provide a clear understanding of the expected conditions in
a pressure tube following pressure tube-to-calandria tube contact. The conditions include both the
thermal conditions and the range of effects that these thermal conditions have on hydrogen
dissolved in the zirconium alloy. The methods used to make an assessment of these conditions
are presented with reference to information in available publications.

2.0 INTRODUCTION

In order to be able to understand the consequences of pressure tube-to-calandria tube contact, the
effects of the contact on the temperature distribution in the pressure tube need to be clearly
understood. The whole phenomenon of hydrogen migration which results in the formation of
hydride blisters is driven primarily by the temperature field. Determining the steady state
temperature field for a given set of thermal boundary conditions and thermo-physical properties
of the materials involved is simply the result of the solution of the heat equation with suitable
boundary conditions. For the geometry of the pressure tube-to-calandria tube contact, numerical
methods can be used to establish the solutions. Determining the temperature of the pressure tube
at the contact location is required in order to establish the minimum hydrogen concentration in
the tube at which the phenomenon of blister growth begins.

3.0 FUNDAMENTAL EQUATIONS

The fundamental equation which must be solved in order to determine the temperature field is
the following:

pCpdT/dt = - V(kVT)+y

in which T is the temperature
t is time
k is the thermal conductivity
Cp is the specific heat at constant pressure

and y is the rate of heat input into the material per unit volume from gamma
heating.

In order to solve this equation, thermal boundary conditions and material properties are required.
Simple solutions can be obtained for the steady state if heat flow in a single dimension is
assumed. The gamma heating must also be known: a value of about 1 W/g is typical per unit
mass for high power operations.



4.0 THERMAL BOUNDARY CONDITIONS

The thermal boundary conditions that must be established include:

1. The temperature of the heat transport coolant and the heat transfer coefficient
between the coolant and the pressure tube.

2. The heat transfer coefficient of the contact between the pressure tube and the
calandria tube.

3. Moderator temperature and saturation temperature and the boiling heat transfer
correlation between the calandria tube and the moderator.

In addition decisions with respect to the heat transfer on the outer surface of the pressure tube
away from the contact location need to be taken.

Each of these will be dealt with in turn.

4.1 Heat Transfer from the PHT to the Pressure Tube

The condition of heat transfer at the inside of the pressure tube is one of forced convection.
Correlations for such heat transfer are available in the literature. The correlation that is used for
blister assessments for CANDU reactors is that of Dittus-Boelter/1./. This correlation is as
follows:

h = 0.023 k/De(GDe/[i)°-8(|iCp/k)a4

in which:
h is the heat transfer coefficient
k is the thermal conductivity of the fluid
De is the equivalent hydraulic diameter = 4A/P with A the flow area and P the total

perimeter
G is the mass flux
|i is the viscosity, and
Cp is the specific heat of the fluid.

The values in parentheses are dimensionless numbers.

In CANDU channels, this correlation results in the calculated values of heat transfer coefficient
being high. This result is, of course, an average value of the heat transfer coefficient and no
attempt is taken to determine the precise distribution of the heat transfer due to the fuel bundle
orientation and position relative to the location of the contact between the pressure tube and the
calandria tube. Typical values of the heat transfer coefficient are in a range from 40,000 to
60,000 W/m2/°C with the precise value being determined by the mass flux of coolant in the
channel and the geometry of the fuel bundle.



The high values of the heat transfer coefficient mean that, in the case of a pressure tube
contacting the calandria tube, the effects of the contact on the temperature distribution within the
pressure tube remain somewhat localized. Even the temperature of the inside surface of the
pressure tube directly opposite the contact does not deviate from the primary heat transport
temperature by more than a few degrees.

However, because of the sensitivity of the correlation to both the hydraulic diameter and to the
mass flux, for a situation in which the fuel bundles are removed and the flow restricted (such as
RAPP quarantining of fuel channels) there will be an effect on this heat transfer coefficient and
the expected temperature field in the tube will be significantly affected. In general, the
temperatures at the contact will be lower in such a case because the inside surface temperature
opposite the contact will also be lower. The zone over which the temperature is reduced will also
be larger. This will likely result in a larger zone of low fracture toughness material if deuterium
levels are high.

4.2 The Contact Thermal Boundary Condition

Determination of a good representation of the contact itself is considerably more difficult and is
one of the main uncertainties associated with heat transfer predictions. In general, heat transfer
coefficients between rough, conforming surfaces depend upon interfacial pressure, surface
roughness characteristics of both contacting surfaces, mechanical and thermophysical
characteristics of the materials involved, the presence of surface films or debris and the gas
present. Some of these factors are now examined.

In a real pressure tube-calandria tube contact situation, the distribution of load over the contact
zone is time dependent following initial contact because the contact is spreading due to creep.
Specific loads ( i.e. loads per unit length) in the contact area tend to increase towards the ends
of the contact as the contact area lengthens. Specific loads can be significantly higher than
would be calculated simply on the basis of elastic responses. A range of specific loads is
possible. Because of creep, removing fuel from the channel is not, in general, sufficient to
eliminate contact except for contacts that occurred shortly before the time of fuel removal.

The observations of tubes removed from reactors show that, in most cases, the contact zone is
made up of a number of discrete contact areas aligned along the bottom of the pressure tube 111.
In some cases, more than one axial line of spots has been apparent. It is believed that the surface
waviness of the pressure tube, a result of the manufacturing process, is primarily responsible for
the discrete nature of these spots. The load in the contact zone must be distributed among these
discrete spots and this produces further uncertainty in the contact pressure at these spots because
both the spacing of the spots and the contact areas of the spots are distributed quantities.

Once the contact pressure is established, the effective heat transfer coefficient in the contact can
be determined if the details of the materials and surface characteristics are known. This is
another significant area of uncertainty. In the initial phase of the contact, the contacting surfaces
have essentially the same surface roughness characteristics as as-manufactured tubes. Thus the



characteristics of the surfaces in initial contact can be determined on the basis of surface
parameter measurements from actual pressure tubes and calandria tubes because operation is
judged to have a minor effect on the surface roughness parameters although the surface hardness
will increase due to irradiation. Contact conductance correlations applicable to these early contact
situations have been reviewed /3/. The best correlation was judged to be that of Yovanovich and
Hegazy IAl. This correlation for as-received properties is shown in Figure 1. It is based upon
a model of a contact that shows a mechanical contact between surfaces being made up of large
numbers of contacting asperities caused by surface roughness together with gas-filled interstices.
The correlation assumes that the total heat transfer coefficient can be represented as the sum of
a contribution from the gas in the interstices of the microcontacts and a contribution from the
microcontacts themselves. At low contact pressures, the contribution of the gas is dominant,
whereas at high pressures the microcontact contribution is the major component. For contact
pressures calculated for the fuel channel situation, the gas contribution is a large fraction of the
total. Surface roughness plays a significant role here: increasing surface roughness can result in
large decreases in the heat transfer coefficient. Experiments conducted using as-received pressure
tube and calandria tube surfaces confirmed the validity of the correlation 131.

The major uncertainty in the heat transfer coefficient at the contact zone for a particular contact
pressure is due to the time dependent development of the surface geometry and the presence of
oxide films and debris in the contact. The development of these films and debris is likely a
result of fretting corrosion between the pressure tube and the calandria tube due to small relative
movements brought about by vibration. In general, increases in surface roughness are observed
and in some cases oxide films up to 40 microns thick have been noted. However, since the
calculated reduction in heat transfer associated with increased surface roughness is primarily due
to the reduction of the gas contribution to the heat transfer, this reduction may not occur to the
same extent if the interstices between the microcontacts are filled with oxide debris.

It is apparent from the information presented above, that a judgement of the contact thermal
boundary condition must be made. First of all, a judgement of the appropriate size of contact is
made. The blister growth model shows that blisters tend to grow following the shape of the
isotherms. Since, for contact situations there is a large change in the heat transfer coefficient at
the edge of the contact, the isotherms tend to bunch up at the edge of the contact. Consequently,
the blister diameter is a good indication of the size of the contact area. Observations of blisters
in Pickering 1 and 2 pressure tubes showed a distribution of diameters with a mean of between
4 and 5 mm. The RAPS pressure tubes are smaller in diameter than Pickering pressure tubes but
this difference is thought unlikely to produce a significantly different contact size. For the
evaluation of blister development in other CANDU pressure tubes, a diameter of the contact of
5 mm has been chosen as a nominal case. For the heat transfer coefficient over this area, a value
of 10,000 W/m2 C was chosen. This is about half the heat transfer coefficient which would be
calculated on the basis of as-received surface characteristics for a high contact load situation with
the distances between contact centres being 25 mm. It is less than twice the very low contact
pressure case with just the gas contribution for as-received surfaces. Use of this nominal value
has not resulted in any obvious discrepancies in comparisons with observations/5/.



In order to complete the details of the heat transfer in the contact region, a description of the gas
contribution adjacent to the actual contact is necessary. Some relatively simple assumptions have
been applied here. Pressure tube surface waviness profiles ( waviness is a measure of the very
long wavelength undulations in the surface profile) have been made and show that waviness of
the order of 20 microns is common. In order to model the beginning of blister growth, an axi-
symmetric model has been used in which the axis of rotation is through the wall of the pressure
tube. This results in growth of blisters with cross sections which are circular on planes
perpendicular to the radial direction of the tube. The actual contact area is assumed to be
surrounded by a gas gap of fixed thickness of 20 microns. The radius of this zone is taken to be
13 mm. As the blister grows, changes to the gap thickness are taken into account by adding the
expected profile height of the blister to the initial gap. Thermal fields are thus recalculated
periodically during blister growth.

4.3 The Calandria Tube to Moderator Heat Transfer

Finally, the heat transfer on the moderator side of the calandria tube must also be input to the
calculation of the temperature field. The heat transfer characteristics here are more difficult to
model accurately and there is no clear choice for the correlation to be used when there is the
likelihood of boiling in the moderator on the outside of the calandria tube. Following the
selection of an appropriate boiling heat transfer relation, the numerical modelling must be done
using an iterative procedure to ensure that the local heat transfer coefficients are consistent with
the calandria tube outside wall temperatures obtained in the analysis. The boiling heat transfer
coefficient can be based on the correlation suggested by Rohsenow for flat plates/6/. This
correlation leads to the following form:

q = A (Twall-Tsat)
n

in which: q is the heat flux
A is a factor that is slightly dependent upon the saturation

temperature of the moderator and includes the surface interaction
effects( a value of about 0.08 is appropriate when q is in kW/m2).

Twall and Tsat are the wall temperature and the saturation temperature
respectively in °C

and
n is a constant (about 3).

It is apparent that with this correlation, the heat transfer is independent of the moderator
temperature in the boiling regime and is only dependent on the moderator saturation temperature
and the calandria tube surface temperature.

As a first approximation for a one-dimensional analysis, moderator boiling can be assumed to
occur at the calandria tube surface. The rapid increase in the boiling heat transfer coefficient
with wall temperature tends to result in a local calandria tube surface temperature that is



relatively insensitive to the heat flux and can be taken to be fixed at about 15°C above the
saturation temperature. This approximation is quite crude and would only apply if the contact
areas were assumed to be quite large.

5.0 THERMOPHYSICAL PROPERTIES

In order to calculate the steady state temperature fields, the thermal conductivities of the
zirconium alloy materials involved must be known. In general these are temperature-dependent
and this dependence can be incorporated into the analysis. Alternatively, a single value can be
used as a good approximation if it is representive of the temperature range exhibited in the
analysis.

For Zircaloy-2 material, the thermal conductivity has been measured/7/ and is reproduced in
Figure 2. Variations in composition and microstructure will produce slight variations in the
thermal conductivity. Irradiation should tend to reduce the conductivity a little but these effects
are likely to be small compared with the effects due to compositional variation.

The thermal conductivity of hydride material is also required in order to correctly recalculate the
temperature field following blister growth. Measurements of hydride thermal conductivities
indicate that they are in the same range as thermal conductivities of the base material. This is not
surprising since both metal and hydride are metallic conductors and the electrical conductivities
are also very close. No large error occurs in using the Zircaloy-2 thermal conductivity for the
hydride.

6.0 EFFECTS OF THE TEMPERATURE DISTRIBUTION ON THE PRESSURE TUBE

The presence of a large temperature gradient has some significant impacts on the pressure tube.
It affects the distribution of hydrogen in solution, the distribution of hydrides following reactor
cooling cycles, the characteristics of crack growth by the delayed hydride cracking mechanism,
the local fracture characteristics, and the stress state.

First and foremost, the temperature distribution provides a driving force for hydrogen migration
because of the positive heat of transport for hydrogen isotopes in zirconium ,Q\ which results
in migration of hydrogen atoms in solution down the temperature gradient. Hydrogen isotopes
in solution in a temperature gradient will equilibrate according to the following:

Cs = A exp(QTRT)

in which Cs is the concentration is solution and A is a constant determined by mass balance.

Secondly, it results in the solubility for hydrogen being dependent on location through the
temperature dependence of the terminal solid solubility (TSS). Reduced solubility at the location
to which hydrogen is driven by the temperature gradient leads to hydride blister formation when
the solubility at the cold spot is exceeded at operating conditions. The appropriate solubility that



is associated with hydride precipitation, is designated TSSP and corresponds to the solubility
obtained through cooling measurements (as contrasted with the terminal solid solubility associated
with dissolution (TSSD) which results from heating measurements). The values of these TSS's
for Zircaloy have been measured by Slattery/8/ among others/9/.

A consequence of the temperature distribution and the hysteresis in the solubility is that each
cooling cycle experienced by the reactor results in a ratchetting of hydrogen into a zone around
the cold spot in the pressure tube. The extent of this zone is roughly defined by the isotherm, at
operating conditions, corresponding to the minimum temperature at which the hydrides present
can completely dissolve. As the concentration in the tube increases with time, the size of this
zone also increases.

The crack growth process by DHC is controlled by the concentration of hydrogen available in
solution and the TSSP at the crack tip. The temperature distribution due to contact is likely to
make cracks, initiated at the outside surface (as at a blister), tend to grow axially rather than
radially. This can result in critical cracks that are not through-wall( as in Pickering Unit 2 G16
pressure tube failure). In other words, in the case of blister initiated cracks, leak-before-break
cannot be assured.

Fracture toughness characteristics of Zircaloy are sensitive to the concentration of radially
oriented hydride and the temperature/10,11/. The temperature field and the ratchetting effects
mentioned above, will tend to produce zones of hydride around the cold spots which exhibit
significantly reduced fracture toughness characteristics.

The stress state of the tube is also modified by the temperature distribution and a tensile thermal
stress results at the pressure tube contact location.

7.0 THE CALANDRIA TUBE

The calandria tube also has a significant temperature gradient through the wall but because the
temperatures are much lower and there are no localized cold spots, the hydrogen migration which
must occur likely has no effect on the integrity of the calandria tube. However, the local ultimate
strength of the tube would be slightly reduced due to the higher temperatures associated with the
heat flux through it.

•*©*

8.0 SUMMARY

The thermal conditions in the fuel channel following pressure tube to calandria tube contact have
been described. The methods and the data which can be used to calculate the expected
temperature distributions were presented. Effects of these temperatures on the behaviour of
hydrogen which affects pressure tube integrity have been included and will be elaborated in other
documentation.
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DELAYED HYDRIDE CRACKING IN ZIRCONIUM ALLOYS

M.P. Puis

1.0 INTRODUCTION

In hydride-forming metals, the presence of hydrides may lead to a process of slow crack
propagation called delayed hydride cracking (DHC) [1-3]. In this process, hydrogen or deuterium
atoms diffuse to a region of high tensile stress (e.g., at a notch or crack tip) and form hydrides.
The hydride formed at the crack tip may fracture under suitable conditions. Once the hydride
has fractured, the main crack advances and the cycle repeats at the extended crack tip. This
intermittent process of crack growth has been confirmed most directly by observations under a
transmission electron microscope (TEM) for niobium [4], titanium [5], vanadium [6] and
zirconium [7], although there are also numerous indirect observations confirming this.

The development of delayed hydride cracks is shown schematically in Figure 1 where crack
velocity, V, is a function of stress intensity factor, Kr The DHC region is characterized by a
threshold value Km, below which cracks do not grow, and a stable crack velocity regime where
crack velocity is almost independent of Kj until close to KIC (instability).

In this paper we review the phenomena of DHC in zirconium alloys and describe the important
parameters for cracking. Emphasis will be placed on the two alloys used in pressure tubes, cold-
worked Zr-2.5 wt%Nb (hereinafter referred to as Zr-2.5Nb) and Zircaloy-2. This latter alloy is
no longer in use for pressure tubes in Canadian designed CANDU reactors, except in RAPS 1
and RAPS 2. The phenomenon of DHC is illustrated by several occurrences in components of
nuclear reactors.

2.0 EXAMPLES OF DELAYED HYDRIDE CRACKING

The first components to fail by DHC were experimental fuel elements made from Zr-2.5Nb [8].
The welds between the end caps and the sheathing failed during storage at room temperature.
Hydride platelets were seen at the sharp notch at the junction of the weld upset and the sheath.
DHC was attributed to the combination of residual stresses from welding and the sharp notch at
the weld upset producing the required stress gradient.

Many of the examples of DHC in the nuclear industry have occurred in pressure tubes of
CANDU-PHW reactors. However, the Russians have also had a number of DHC failures in the
pressure tubes of their RBMK reactors [9]. The pressure tubes in Units 3 and 4 of the Pickering
Nuclear Generating Station (NGS) were made from Zr-2.5Nb and three of them cracked and
leaked in 1974 and 1975 [10-12]. All the cracks initiated at the inside surface of the pressure
tubes where the tubes were attached to the ends of the reactor by rolled joints. At this position
there were high residual tensile hoop stresses which resulted from an incorrect procedure for
making the rolled joint. The crack surfaces were characterized by coloured, concentric bands,



centred about the crack origin, corresponding to portions of the fracture surfaces covered with
different thicknesses of oxide. Cracking only occurred when the pressure tubes were cooling
down and the temperature decreased below about 140°C [13].

When the cause of the cracking in the Pickering NGS Units 3 and 4 was diagnosed, the rolled
joints of Unit 2 at the Bruce NGS had already been made using the same incorrect procedure.
To reduce these stresses in the pressure tubes, which were also fabricated from Zr-2.5Nb, the
rolled joint regions were stress relieved. However, during the two years between rolling-in and
stress relieving, cracks initiated at the inside surfaces of some of the tubes. The tubes picked up
deuterium during service so that cracking occurred during some periods of reactor operation and
three pressure tubes leaked in 1982 [14]. The crack surfaces were somewhat different to those
of the Pickering cracks. During the time between initial leakage and detection of the leak,
pressurized water flashed to steam within the cracks and produced thermal gradients at the crack
tips. This in turn caused the crack to grow at different rates along the crack front and the crack
was much longer at the outside surface than the inside.

The most serious pressure tube failure, occurred in Unit 2 of the Pickering NGS in 1983 August.
The pressure tubes in this reactor were fabricated from cold-worked Zircaloy-2. Failure was in
the form of an approximately 2 m long axial crack extending to the endfitting of one pressure
tube. Because of the design of the CANDU-PHW reactors, quick operator response, the
availability of makeup water from the other units of the four unit station and the fact that the
calandria tube remained intact, even the massive leakage of reactor coolant did not require the
activation of the safety systems [15]. The primary cause of failure was the incorrect position of
one of the spacers which separate the calandria tube from the pressure tube. The hot pressure
tube sagged by creep into contact with the cold calandria tube. The resultant severe thermal
gradient through the wall of the pressure tube, concentrated the hydrogen at the cool zones and
hydride blisters were formed. Zirconium hydride is about 17% less dense than zirconium and
the tensile stresses in the blisters at their surface, combined with the inherent brittleness of the
hydride, resulted in cracking of the blisters. Some of the cracks in adjacent blisters then grew
by DHC and joined to form a critical length, partial thickness (non-leaking, but nearly through-
wall) crack that extended rapidly axially. This type of failure, therefore, did not provide
sufficient warning to the reactor operators of the presence of a growing crack, since the mode
of fracture was such that the leak-before-break condition was not satisfied.

3.0 THE MECHANISM OF DELAYED HYDRIDE CRACKING

3.1 Important Parameters

Several parameters are important in DHC; stress, flaws, time, thermal cycles, direction of
approach to temperature, hydrogen concentration, microstructure, and temperature must all be
considered when evaluating a component for its probability of failing by DHC.



3.1.1 Stress and flaws

Tensile stress is required to fracture hydrides. In the absence of flaws, the most important effect
of tensile stress is to precipitate hydrides with their plate normal parallel with the stress. These
hydrides are often called 'reoriented' hydrides or, if the component is an internally pressurized
tube, 'radial' hydrides. Such hydrides are then prime candidates for crack initiation [16,17]. The
usual requirement for producing these damaging hydrides is that the component is cooled under
stress [18], the volume fraction of reoriented hydrides being proportional to the amount of
hydrogen that was in solution at the highest temperature. Once the hydrogen concentration has
exceeded the solvus for hydride precipitation (or terminal solid solubility for precipitation, TSSP),
radial hydrides could potentially also form during hydrogen ingress, at operating temperature, into
the pressurized tubes. However, this is unlikely under normal circumstances, except at cold
spots, because of the large hysteresis between TSSD (the terminal solid solubility for hydride
dissolution) and TSSP.

When a flaw is present, hydrides collect at the tip of the flaw and are often oriented because of
the high stress. When a threshold stress or stress intensity factor is exceeded, the accumulated
hydrides crack. Depending on the size of local tensile stresses, effective flaws can range from
small surface perturbations if the stress is high, to large defects from welds or manufacturing
flaws. During operation, flaws may be introduced from the interaction with fuel bundles by
fretting wear or from fretting due to debris in the pressurized hot transport (PHT) system being
trapped at fuel bundle bearing pads or endplates. A flaw could also be produced at local cold
spots where the temperature gradient has resulted in hydrogen accumulation, producing hydride
blisters, which could fracture under the applied stresses, if these are sufficiently large [19].

3.1.2 Time

DHC is a time dependent process, but the time to initiate the first crack is often quite variable.
This variability is not well understood. Time is required for the hydrogen to diffuse up the stress
gradient at the stress concentration and for hydrides to nucleate and grow. The time for cracking
to start depends on the accumulation rate of hydrogen and this depends on the diffusivity and
solubility of hydrogen. Consequently, cracking velocity has the approximate temperature
dependence of the product of the diffusion coefficient and the solubility limit [20].

3.1.3 Thermal cycles and direction of approach to temperature

Thermal cycles shorten the time to crack initiation and, under certain circumstances, increase the
amount of crack propagation which would have occurred over the same time period if the
material had not been thermally-cycled. The thermal cycling rate influences the magnitude of
these effects. The direction of approach to temperature determines, as explained in the following,
the amount of hydrogen in solution in the bulk of the material. This matrix hydrogen
concentration has an important effect on DHC initiation and propagation.



3.1.4 Hydrogen concentration

Hydride formation at the crack tip must be possible to provide the brittle phase for crack
extension. Hydride formation is only possible when the hydrogen concentration at the flaw tip
can build up to TSSP. The hydrogen concentration in solution in the bulk of the matrix must be
sufficiently high for this to happen. The presence of hydrides in the bulk does not necessarily
ensure that this is the case and, hence, the bulk hydrides do not always provide the source of
hydrogen which can diffuse to the flaw tip. The amount of hydrogen in solution depends on the
total hydrogen content in the specimen and its immediate thermal history. The reason for the
effect of the immediate thermal history is because there is a strong hysteresis in the TSS in
zirconium alloys. As a result, only below a certain temperature [21], do hydrides in the
zirconium alloy matrix also provide the source of hydrogen for the crack tip hydride. Close to
or somewhat above the terminal solid solubility temperature for hydride dissolution, TTSSD, DHC
is not possible because hydrides cannot form, even at a stress concentrator - regardless of the
direction of approach to temperature [22].

The hysteresis in the TSS is similar for Zr-2.5Nb and Zircaloy-2. TSSP is sensitive to
parameters such as the maximum temperature to which the specimen had been taken prior to
cool-down, the hold-time at that temperature, and the cooling rate. Only Zr-2.5Nb has been
studied in detail to assess the effects of these variables on TSSP. On the other hand, the solvus
for hydride dissolution, TSSD, is not sensitive to the foregoing parameters, nor to the alloy
structure within a range from unalloyed zirconium, to the Zircaloys and Zr-2.5Nb.

3.1.5 Microstructure

Crystallographic texture, phase distribution and grain size and shape affect cracking. A common
habit plane for hydride precipitates is close to the basal plane [23] and thus cracking planes tend
to be parallel to the basal plane.

Extruded and cold-worked materials tend to have a strong crystallographic texture. In tubes,
when the basal plane normals are concentrated in the circumferential (tangential) direction, cracks
are formed on planes normal to this direction. Cracking on the plane normal to the longitudinal
(or axial) direction is difficult when no basal plane normals lie in this direction [24]. Zr-2.5Nb
pressure tubes have a stronger textural anisotropy than Zircaloy-2 pressure tubes. The majority
of the Zr-2.5Nb tubes have resolved basal pole normal fractions of ~ %, Vz, 0 in the tangential,
radial and axial directions of the tube, respectively, compared to the Zircaloy-2 tubes previously
used in Canadian reactors, which had basal pole normal fractions of ~ Vi, Vz, 0 in these directions.

Alloying has several effects. The yield stress may be increased and thus higher stresses can be
supported at a crack tip. Although a-alloys crack by DHC, the presence of the (3-phase tends
to increase crack velocity, probably through enhanced diffusion [25, 26]. In extruded and cold-
worked Zr-2.5Nb, the P-phase is almost continuous, while after stress relieving at 400°C it is
broken up into discrete grain boundary particles. Consequently, cracking is faster in the cold-
worked compared to the stress relieved material. Irradiation causes changes in the microstructure,



which increase the yield stress of the material and decrease the hydrogen diffusion coefficient
by altering the alloy composition, volume fraction and structure of the P-phase. The net effect,
nevertheless, is an increase in the DHC velocity.

The usual benefit of a small grain size in reducing cracking is obtained [16], although the effects
need clarification. Cracking tends to be isotropic when the grains are equiaxed. If the grains are
elongated, cracks tend to be longer in the direction of the greatest dimension of the grains. This
observation results partially from a grain size effect and, in oc/p alloys, partially from the
distribution of the P-phase in the grain boundaries.

3.1.6 Temperature

Above a certain temperature, which differs with the alloy, DHC initiation and propagation is not
possible, even if all the other conditions are met. In unirradiated Zr-2.5Nb this limit is slightly
above 300°C [27]. In Zircaloy-2, the limit is likely somewhat below 300°C, since there have
been no demonstrated cases of DHC in, for instance, irradiated and unirradiated fuel cladding
welds. The likely reason for the high temperature cut-off to DHC initiation is reductions in the
values of the yield stresses of hydride and zirconium matrix with temperature below a critical
level, making it possible for hydrides to flow with the matrix rather than to fracture. At
sufficiently low temperature, although DHC initiation is possible, the propagation rate becomes
negligibly slow. Thus DHC propagation in Zircaloy-2 at room temperature, being approximately
an order of magnitude lower than in Zr-2.5Nb, has dropped to negligible rates. This is not the
case for Zr-2.5Nb, as witness the initial problem of room temperature DHC initiation and
propagation in the overextended rolled joints of the Pickering 3 and 4 NGS, as well as DHC
cracks formed at stamped numbers and letters in pressure tubes desginated for the Darlington
NGS which were left unautoclaved (and, therefore, not stress relieved) for periods of many years
after manufacture.

3.2 Stages of DHC

The mechanism of DHC can be divided into crack initiation and propagation. Our present
understanding of these two stages is summarized below. Such information can be helpful in
finding ways to prevent initiation and to minimize propagation.

3.2.1 Crack initiation

Up until recently, crack initiation was the least understood aspect of DHC. With respect to
studies on Zr-2.5Nb, significant progress has recently been made, both experimentally and
theoretically. Initiation of DHC is controlled by two main processes: the formation and growth
of a hydride and the imposition of a sufficiently high tensile stress on the hydride to fracture it
[2]. Deformation studies on smooth and notched zirconium alloy specimens containing a uniform
distribution of hydrides have shown that crack initiation at hydrides depends on variables such
as yield stress of the material, microstructure, hydride size and shape, applied stress and stress
state, amount of imposed plastic deformation of the matrix and temperature [28-30]. A hydride



platelet fracture strength ranging from 575 to 520 MPa between ambient and 100°C, respectively,
was estimated for hydride platelets in Zr-2.5Nb from the most recent of these studies [30].

Theoretical models for crack initiation have been developed [31-35]. The models derive
relationships between the locally applied normal stress acting on the hydride and the critical
hydride length (or aspect ratio) for crack initiation. The platelet normal stress inside a hydride
platelet precipitated in a zirconium matrix is compressive because of the misfit strain between
hydride and matrix. As the hydride at the flaw tip lengthens (at approximately constant
thickness), its internal compressive stress decreases. Fracture of the hydride occurs when the sum
of the local applied tensile stress and the hydride's compressive stress equals or exceeds the
fracture stress of the hydride. An essential input parameter is the fracture strength of the hydride
platelet

The potential for crack initiation at a flaw is expressed in terms of a threshold, or critical
parameter which characterizes the stress needed to fracture hydrides at the flaw tip. This
parameter is different for cracks or sharp notches, blunt notches and nominally smooth surfaces
and has led to a different analytical treatment of the experimental crack initiation data, depending
on the initiating site."o

For deep and sharp notches, and for cracks under a sufficiently high applied tensile stress, the
stress state at the flaw tip can be characterized by the elastic stress intensity factor, Kz (even
though, as is generally the case, there is a small region of plastic deformation at the flaw tip).
For initiation, Kj must exceed a threshold value, Kffl.

For blunt notches, an estimate of the notch tip stresses based on Kl5 as if the notch were sharp,
would overestimate the stresses there and would lead to an overly low value for Km. The
currently accepted approach is to use, instead, the maximum normal notch-tip stress, ô yX [34,
35]. Crack initiation will occur when this stress exceeds a threshold value, tf?".

Given a suitable description of the stress state at the flaw, an estimate of whether the notch is
susceptible to crack initiation also requires the solution of a diffusion equation to determine
whether hydride can form at the flaw and whether it can grow to a sufficient length (aspect ratio)
to crack under the stresses prevailing there [36]. Generally at blunt notches, a cluster of hydrides
is observed to grow from the notch. The theoretical treatment makes allowances for this by
providing a criterion for estimating the maximum hydride thickness at the notch (the combined
thickness of the cluster) [34, 35].

For cracks, the solution to the diffusion equation predicts the concentration limit as a function
of temperature at which DHC starts [22]. Experimentally and theoretically, this concentration
limit for DHC initiation at sharp cracks is found to be close to TSSD. The closeness of this limit
to TSSD is somewhat of a coincidence, since DHC initiation is actually controlled by whether
the hydrogen concentration at the flaw can exceed TSSP over a sufficiently long length at the
flaw tip. However, for sharp flaws (cracks), the increase in hydrogen concentration which is
possible at the flaw tip due to the elevated hydrostatic tensile stress, corresponds closely to the



difference in solubility between TSSP and TSSD [22], thus making it appear that the hydrogen
concentration limit for DHC is the same as TSSD. A further experimental and theoretical finding
is that Km depends on the hydrogen concentration in solution (which, in turn, depends on the
direction of approach to temperature of the material) [37]. It is found that K^ increases as the
hydrogen concentration in solution decreases.

A similar analysis at blunt notches, based on the solution to the diffusion equation to determine
the maximum possible hydride length, shows that crack initiation is not only determined by o ^ \
but also by the stress gradient, since a sharper stress gradient may make it impossible for hydride
to grow to its critical size [34, 35].

Extensive experimental studies have been carried out to determine both Kffl and c ^ \ These
results are summarized in the following.

It is expected that Kra depends on such variables as temperature, fast neutron fluence, hydrogen
concentration, material, microstructure and testing method, but only limited work has been done
so far (such as the effect of hydrogen concentration in solution [37]) to systematically establish
the separate effects of these variables. For Zr-2.5Nb, an analysis of the entire data base yields
a mean K™ value of 8.2±3.9 (2s) MPaVm. The irradiated material has a Km value of 7.0±2.1
(2s) MPa-vm and the unirradiated material a value of 8.7±4.0 (2s) MPaVm [38]. A statistical test
shows that the difference in Km between the unirradiated and irradiated material is significant.
Therefore, it can be concluded that the irradiated material has a marginally lower Kffl value.
However, this result should be treated with caution because of the larger scatter in the data for
the unirradiated material, which includes some of the earliest results on Kffl involving less well
controlled experimental conditions. An analysis of a subset of data obtained on material from
two sets of irradiated tubes and their unirradiated offcuts shows that the irradiated material has
a Kffl of 6.15 MPa^m compared to 7.5 MPaVm for the unirradiated material. This shows that
there is still a decrease in Km, but the difference is smaller. In c.w. Zircaloy-2 material taken
from tubes having a texture similar to Zr-2.5Nb (such as Harvey tubes [39]), the Km values are
very similar to Zr-2.5Nb [39], ranging from 5.2 to 8.4 MPaVm. It was noted that Km increased
by 20% with a temperature increase from 204 to 260°C. Ziroaloy-2 tube material having a
texture with a lower fraction of hydride habit planes on the crack plane gives higher Kffl values.
There is a two-fold increase in Km between the Harvey tube material and the plate material [39,
40] correlating with a corresponding decrease in the fraction of hydride habit planes on the crack
plane. Irradiation to 7.7 x 1025 n/m2, decreases Kffl in the Harvey tubes by about 1 or 2 MPaVm,
which is a comparable decrease to that observed in Zr-2.5Nb.

The theoretical model of the lower-bound value for Kffl predicts a small increase in Km with
increasing temperature and a smaller decrease than is experimentally observed, in Kffl with
increase in yield stress [33]. The theory also incorporates the effect of texture on Kffl with good
success.
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Long-term tests on unirradiated Zr-2.5Nb specimens were carried out to determine the probability
of DHC initiation from blunt notches [35]. The results of these tests were analyzed in terms of
the calculated maximum (or peak) notch-tip stress. The experiments consisted of subjecting
cantilever beam specimens, notched on the inside surface and held under dead-weight loading,
to specific outerfibre stresses for periods of as long as 48 months, or until a sufficient number
of the specimens in a set of ten with nominally identical o^* had fractured. Comparison of test
results for specimens subjected to different thermal cycles having different cooling rates, different
maximum temperatures and hold times at test temperature show that all of these variables have
an effect on the failure rate of a given notch. The reason is that these variables influence the rate
at, and the maximum length to which, the notch-tip hydride can grow. A recent theoretical study
[41] shows how, as a result of the hysteresis in the TSS, suitably selected thermal cycles can
cause a "ratcheting" of the hydride collected at the notch tip leading to accelerated hydride
growth compared to testing under isothermal conditions. An analysis of the test results, based
on approximate calculations of the maximum notch-tip normal stress, show that the threshold
stress for crack initiation is between 675 and 750 MPa [35]. Only a limited number of tests have
been carried out on c.w. Zircaloy-2 pressure tube material and these were done prior to the recent
advances in understanding of crack initiation at notches. They were, therefore, not analysed in
terms of the maximum notch-tip normal stress and it is not obvious from the data if there are any
differences in crack initiation susceptibilities between the two materials.

3.2.2 Crack propagation

The rate at which a crack propagates depends primarily upon whether it was heated or cooled
to the hold temperature [3,42]. The relationship between temperature and crack growth rate,
vDHC, is shown schematically in Figure 2. T1 is the temperature to which the component is cooled
before heating and T4 the temperature to which it is heated before cooling.

With reference to Figure 2 and Table l(a), on heating from Tp the crack velocity increases until
the temperature reaches T, above which it decreases. Above T3 the crack velocity is negligible.
On cooling from T4 there is no crack growth until the temperature reaches T5 below which it
increases. Below T6 crack velocity decreases with decrease in temperature.

As can be seen there is considerable hysteresis between heating and cooling. T2 increases with
increase in Tj and the difference between T2 and Tx decreases, as does the difference between
T3 and T2. Also, T5 and T6 both decrease with decrease in T4. Thus, the degree of hysteresis
depends upon T, and upon T4. Typical values of the temperatures are given in Table l(a).

Stress intensity factor, KIt has no significant effect on these parameters. However, between T2

and T3 and between T5 and T6, the crack velocity increases with increase in Kv the effect being
most pronounced just below T3 and T6.



The effect of direction of approach to temperature can be used at temperatures above T2 to
mitigate initiation or to arrest propagation by approaching the operating temperature from below
with negligible overshoot (DHC avoidance manoeuvre). However, for a leaking crack,
experiments show that T3 is significantly increased because the temperature at the crack tip is
reduced by the escaping water flashing to steam and the manoeuvre would not work to arrest the
leaking crack [43]. This result is in agreement with theoretical predictions [44].

In the {^-independent regime, the effect of irradiation on DHC velocity in Zr-2.5Nb and Zircaloy-
2 depends on the fluence, the irradiation temperature and the direction of crack growth for axial-
radial cracks; that is, whether crack growth is in the tube axial or radial (through-wall) direction.
All results described in the following are with the test temperature approached from above to
maximize the crack velocity. The range of parameters obtained for Zr-2.5Nb is summarized in
Table l(b).

The DHC velocity has been determined in irradiated Zr-2.5Nb material taken from tubes removed from
reactor [45] and from small specimens irradiated in a high flux reactor. Irradiation temperatures ranged
from 250 to 290°C, corresponding to the inlet and outlet sections of the pressure tube, respectively. The
increase in velocity with fast neutron fiuence saturates at 1 x 10" n/m2, which is slightly higher than the
fluence of 0.3 x 1025 n/m2 at which the increase in yield stress saturates. At saturation, the velocity
increase is 3 to 5 times the value for unirradiated material. The highest increase is at the lower irradiation
temperature. Earlier work [46] had shown that when irradiation damage is removed by annealing, the
velocity decreases.

Comparison with theory shows that in Zr-2.5Nb the increase in velocity can be explained in terms of the
increase in the yield strength of the material [45], There is also an effect of irradiation temperature on
DHC velocity, which is thought to be connected with its effect on the break-up of the P-phase of the
material. This causes the increase in the DHC velocity with irradiation to be less with increase in
irradiation temperature. In Zircaloy-2, irradiation is expected to produce a greater increase in DHC
velocity, since the increase in velocity due to the yield stress increase is not offset by a decrease in the
hydrogen diffusion coefficient. Studies [39] on Zircaloy-2 tubing material show that this is, indeed, the
case. Irradiation to a fluence of 7.7 x 10î5 n/m2 causes an approximately 40-fold increase in the velocity
compared to similar unirradiated Zircaloy-2 material. This significant increase in velocity in Zircaloy-2
cannot be explained on the basis of the current DHC theory [36,45]. As a result of the large increase in
velocity with irradiation, at 204°C the DHC velocity in irradiated Zircaloy-2 tube material taken from the
Harvey tubes [39], which have similar texture to the Zr-2.5Nb tubes, is only a factor of two smaller than
the velocity in irradiated Zr-2.5Nb. On the other hand, for the respective unirradiated materials, the
velocity in the Harvey, Zircaloy-2 tubes is a factor of 10 slower than in Zr-2.5Nb.

There is also a difference in DHC velocity in the axial and radial crack growth directions. In Zr-2.5Nb,
the temperature dependencies of the two velocities differ, with the result that at temperatures approaching
ambient, the radial velocity is a factor of two slower than the axial velocity, but at reactor operating
temperatures the two velocities are almost equal. Similar data for Zircaloy-2 is not available.



4.0 SUMMARY

The key variables of delayed hydride cracking are: stress and flaw geometry, time, thermal cycles and
direction of approach to temperature, hydrogen concentration, microstructure, and temperature. Criteria
have been developed to assess the potential for DHC initiation at cracks and blunt flaws. Experimental
results for the two stages of DHC - crack initiation and propagation - for the two pressure tube materials
currently used in CANDU and Pressurized Heavy Water reactors, cold-worked Zr-2.5Nb and Zircaloy-2,
respectively, show that, after irradiation, both have similar Km and velocity values, provided the tube
material has a similar texture. In the absence of flaws, DHC iniation in unirradiated Zircaloy-2 is unlikely,
because sufficiently high stresses to fracture hydrides cannot be generated. There is insufficient data to
determine whether this is also true in irradiated Zircaloy-2 material.
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TABLE 1

Parameters of DHC Crack Propagation for Zr-2.5Nb

a) Experimentally determined temperature ranges defining the DHC velocity hysteresis boundaries in
unirradiated material; T, and T4 are typical starting temperatures.

T1 = RT

T, = 250°C

T4 = 300°C

T2 = 150 - 180°C

T2 = 255°C

T5 = 290°C

T3 = 215°C - 230°C

T3 = 270°C

T6 = 260°C

b) Temperature dependence of DHC velocity for irradiated and unirradiated material [45] assuming the
DHC velocity is expressed in the Arrhenius form vDHC = A exp(Q/RT) m/s, where R is the gas
constant in kJ/mol/K and T is in kelvin.

Material

Unirradiated'

tt

n

n

M

II

Irradiated

Direction

Radial1

Radial1

Radial2

Radial1

Axial1

Axial1

Radial3

Axial3

A

6.9X10-1

2.1xlO-2

4.0xl0"2

1.4X10-4

1.5X10'1

5.3xlO"2

8.6x0r2

4.0x0r3

Q (kJ/mol)

72

59

58

42

66

60

58

43

1 Hydrogen was added gaseously at 400°C followed by homogenization at 400°C for 72 h.
2 The material was in the autoclaved condition, that is, it was heated at 400°C for 24 h.
3 Some irradiated specimens had hydrogen added electrolytically at 90°C followed by solution treatment

at 290°C for 14 days.
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Figure 1 Schematic diagram of the dependence of crack velocity on stress intensity factor.
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cooling cycles.

16



6. BLISTER GROWTH IN ZIRCALOY-2
PRESSURE TUBES

T.P. Byrne and M. Léger (OH Technologies)
G.D. Moan (AECL-CANDU)

RECORD: (H:\WFDATA\FRICEI
FCHB-ZR2JT
93-09-09



BLISTER GROWTH IN ZIRCALOY-2 PRESSURE TUBES

T.P. Byrne, M. Léger and G.D. Moan

1.0 OBJECTIVE

The objective of this document is to provide a brief review of the experimental and theoretical
basis for calculations of hydride blister growth in pressure tubes in contact with calandria tubes
in reactor. Such calculations, together with a criterion for blister fracture based on size provide
the basis for a method to critically assess the integrity of pressure tubes subject to contact with
calandria tubes.

2.0 INTRODUCTION

Since the pressure tube rupture in Pickering Unit 2, a large research program has provided a
relatively detailed understanding of the phenomenon of blister growth in pressure tubes due to
contact with calandria tubes. The program included the development of an excellent modelling
capability based upon numerical methods that have been described in detail in several
publications /1-3/. The modelling efforts were supported by a significant experimental program,
the major results of which have also been published /4,5/. The purpose of this document is
simply to review some of these results in order to establish key features of the blister growth
phenomenon which are likely to have an impact on integrity evaluation for pressure tubes in
contact.

From an historical perspective, the key feature of all this effort, which was not recognized at the
outset, was probably the necessity to include details of the hysteresis of the solubility of hydrogen
in zirconium alloys in the modelling. This was realized when some of the initial blister growth
experiments produced results which were qualitatively different from the results of a model based
upon a single-valued solubility-temperature curve. Without the inclusion of the hysteresis,
calculated blister formation thresholds were much reduced and the large two-phase (hydride-alpha
zirconium) zones in thermally cycled specimens could not be modelled. Although the modelling
of the hysteresis is probably greatly simplified compared to the reality of hydrogen solubility, this
model of two TSS relations, depending upon dissolution and precipitaion of hydride, is very
effective in explaining what can be observed experimentally.

Included in this document are some representative results of blister growth calculations for a
Zircaloy-2 pressure tube such as a Douglas Point or RAPS tube. Detailed predictions of blister
growth would have to take account of reactor history and deuterium ingress in a more
comprehensive manner.



3.0 BLISTER GROWTH OVERVIEW

When pressure tube/calandria tube contact occurs, the terminal solid solubility (TSS) decreases
at the cold spot and a thermal driving force is developed which tends to diffuse hydrogen
isotopes to the contact location. This, in itself, is not enough to form a blister because as
hydrogen in solution accumulates at the cold spot, a counterbalancing driving force develops due
to the gradient of hydrogen in solution. When the local bulk concentration is lower than the
Blister Formation Threshold (BFT), an equilibrium distribution is very quickly established and
no further diffusion occurs. Blisters cannot form under these conditions. Precipitation may
occur, however, due to changes in temperature and residual precipitate may result from thermal
cycles due to the hysteresis in the TSS. This precipitation generally develops over a volume and
is not formed due to hydrogen diffusion to the cold spot Hydride precipitates may have a radial-
axial orientation (especially in Zircaloy) in which the formation of radial hydrides has been
observed at stress levels of between 75 and 90 MPa 161. A sufficient density of such precipitates
creates a zone of low fracture toughness even up to operating temperatures.

When the bulk concentration is above BFT (or if the BFT drops below the bulk concentration
due to reduction in operating temperatures) this equilibrium condition cannot be established and
diffusion begins as local precipitation occurs, resulting in hydride accumulation at the cold spot.
This is the start of a process to form a blister. The rate at which the resulting blister grows
depends on many parameters including bulk concentration, ingress rate, local temperature and
temperature distribution, the proportion of hydrogen to deuterium as well as the direction taken
to arrive at the thermal condition under consideration (ie- heating vs cooling) as well as the time
of contact (ie- early or late contact).

Blisters become a structural integrity concern when a crack develops from the blister through to
the parent material creating an initiation site for DHC. This happens when the blister reaches a
critical size 141. Since the blister size is measured in terms of equivalent blister depth, the rate
of blister growth is defined in terms of rate of increase of equivalent blister depth 111.

4.0 MODELLING OF BLISTER INITIATION AND GROWTH

The technical details and the mathematical background for the blister modelling are given
elsewhere /1-3/. Basically, blisters initiate when the local temperature is cold enough (normally
because of pressure tube/calandria tube contact) and the bulk PT equivalent hydrogen
concentration is high enough (blister formation threshold) so that hydride precipitation occurs.
The blister formation threshold (BFT) depends on the temperature distribution and the material
properties governing hydrogen solubility (and heat of transport) through the equation;

BFT = CT exp
RT

c
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BULK
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where BFT is the hydrogen isotope concentration at a point near contact but far enough away
so that the temperature is TBULK. The other parameters are;

CT = constant defining the terminal solid solubility

(pre-exponential in the Arhenius expression)

H = heat of mixing

Q* = heat of transport

R = gas constant

Tc = local temperature (deg K) at the cold spot

This equation can also be used to calculate the limiting blister size, which depends only on the
temperature distribution and the local bulk concentration.
Since BFT depends on the local temperature distribution, it varies with axial position along the
pressure tube and increases towards the outlet end due the higher PHT temperatures. It also
increases from the top of the calandria to the bottom as a result of the increase in moderator
saturation temperature. As well, the local bulk concentration increases in time (from the initial
hydrogen concentration) with the ingress of deuterium, with the greatest increase occurring near
the outlet where the temperatures are highest. The BFT also varies with time due to changes in
local temperature as a result of changes in operating conditions. As the local PHT temperature
is reduced due to a reduction in power level, for example, the BFT is reduced. However, at very
low temperatures (eg- cold shutdowns), although BFT is exceeded, the rate of diffusion is
negligible due to the reduced temperature gradients and the extremely low diffusion coefficient
at these temperatures.

When the bulk concentration is above BFT, hydrogen migrates down the temperature gradient
resulting in precipitation and blister growth at the local cold spot. The governing equation for
the diffusion of hydrogen in solid solution is;
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where; C = total hydrogen isotope concentration

Cs = concentration in solid solution

T = temperature (deg K)

t = time

vs = volume fraction of isotope in solid solution

D = diffusion coefficient

q = hydrogen ingress from operating environment



Since the governing equation depends on temperature, the problem is one of coupled thermal and
hydrogen diffusion, and the concentration in solution is determined from the total concentration
at each time step through logic that describes the local TSS (terminal solid solubility). The
partitioning of the total concentration between the amount in solution and the amount of
precipitate at each spatial location (at each instant of time) is not trivial and is currently an active
area of research. Details of the TSS logic are given elsewhere /8/, and will not be given here
in the interest of brevity. However, as shown in Figure 1, the hysteresis in TSS is modelled by
having a different TSS for precipitation than for dissolution. Therefore, the prediction of blister
growth rates is much more difficult than the prediction of blister initiation. The growth rates
depend on the rates of diffusion (of both hydrogen and deuterium) as well as the thermal and
ingress histories.

The analysis is further complicated by the fact that the temperature field changes as the blister
grows. This, combined with the uncertainties in the nonlinear thermal boundary conditions,
makes the modelling extremely difficult. As well, since this is a time dependent phenomenon,
the full thermal history of the fuel channel must be considered when making a blister assessment.
Therefore station records, combined with the changing thermal boundary conditions, due to blister
bulging, fretting, oxidation and moderator boiling, etc., must be taken into account.

Surface hydrogen equivalent flux, due to the ingress of deuterium, must be specified on the
pressure tube outer and inner surfaces. Unfortunately, the bulk concentration is generally only
known at the- beginning and the end of the pressure tube life, and the ingress rate history must
be estimated.

Existing hydride accumulations and/or blisters can be dissolved, although the hysteresis in TSS
leads to some difficulties. For pressure tubes that remain in contact, the contact temperature
would have to be raised approximately 50 degrees C higher than the contact temperature at which
the blisters initiated, before the blisters will begin to dissolve. On the other hand, in the case of
tubes that are removed from contact, blisters will dissolve if the bulk concentration is less than
TSSD.

4.1 Modelling Parameters

Blister growth rates vary over a wide range and depend on many parameters. A single blister is
modelled in order to eliminate the competition with neighbouring blisters for hydrogen. The
temperature field is updated as the boundary conditions change due to blister growth. Mesh sizes,
at the surface in the contact region, must be chosen to ensure accuracy for the thermal and the
hydrogen diffusion analyses. The material properties, thermal boundary conditions and other
modelling assumptions used for the analyses are defined in reference /1-3,9/. "Best values" rather
than "conservative values" are used, so as to most accurately predict blister initiation and growth
(both for comparisons with reactor data and for applications during reactor assessments).
Conservatism is ensured during the application of the model, for reactor assessments, through the
choice of the values for the governing parameters and operating conditions.



4.1.1 Pressure Tube Temperatures

Details of the pressure tube temperature calculations, that are required for both the TSS logic and
the solution of equation (2), are described in another associated paper in this meeting 191. The
temperature distributions change both spatially and with time due to changing of both operating
conditions and boundary conditions. In addition to the current temperature distribution, the
thermal history must be considered when carrying out a blister growth analysis.

4.1.2 Initial Hydrogen Concentration

Both hydrogen and deuterium are present in the pressure tubes and since the diffusion coefficient
for hydrogen is higher than that for deuterium, the amount of initial hydrogen affects the rate of
blister growth. The blister growth model considers both species simultaneously and the initial
hydrogen concentration must be specified unless a conservative value is used in the analysis.

4.1.3 Bulk Concentration and Ingress Rate

If the bulk concentration is lower than the BFT, an equilibrium distribution of concentration in
solution will be quickly set up and there will not be any blister growth. On the other hand when
BFT is exceeded, the rate of growth of blisters will depend on both the amount that the bulk
concentration exceeds BFT and the ingress rate. If the BFT is only marginally exceeded, the
growth rate is slower and the limiting blister size is small.

4.1.4 Blister Diameter

Reference 191 describes the technical basis for the choice of a "contact size" of 5 mm and a
contact conductance of 10,000 Wlm2C. These are based on observations of blisters in Pickering
1 and 2 and the contact conductance correlation of Yovanovich and Hegazy /10/ combined with
an estimate of the contact load. For a given contact load, the change in pressure, as a result of
a variation in contact area, affects the contact conductance so that the local surface temperature
is not very sensitive to the contact area and therefore BFT is not sensitive to the size of hard
contact. However, the rate of blister growth does depend on the contact geometry, and the
capability to accurately predict BFT does not ensure the accurate prediction of blister growth rate.
Blisters with a smaller diameter (assuming the same contact temperature) grow faster because of
the geometry (less hydride required for the same depth) and also because of the higher local
temperature gradients. The use of a 5 mm diameter is consistent with reactor evidence. Another
interesting observation is that the limiting blister size is smaller for blisters with smaller
diameters. Therefore, although they grow faster, they do not grow as deep.



4.2 Verification and Validation of the Model

Evidence that the model adequately simulates the physics of the phenomena and that there is
adequate accuracy in the prediction of the various phenomena has been shown on the basis of
various documents /1-3/ and the comparison of model predictions with controlled laboratory
results /4,5/. It has been shown that the model predicts the initiation and growth of blisters under
conditions where the temperature field is controlled. As well, the various phenomena associated
with the hysteresis in the terminal solid solubility (TSS) are adequately simulated.

Comparisons have also been made between the results predicted by both the finite difference and
the finite element method. The excellent comparison confirms that the controlling differential
equations and the TSS logic are being correctly modelled.

Pressure tube temperatures and blister growth cannot currently be monitored in reactor. Therefore,
comparisons of model predictions with reactor blister data from removed tubes have been carried
out for the purpose of validating the model. Recent comparisons (eg- 111) have resulted in
increased confidence in the modelling. However, due to the fact that only the very early stage
of blister growth (ie- hydride accumulation) has been observed in the Zr-2.5% Nb pressure tubes
removed from reactor and because of the uncertainty of the blister initiation and growth time,
there is insufficient reactor data to validate the blister growth rates. The best validation that can
be done at this time is a combination of comparison of growth rates under controlled
temperatures in the laboratory and a verification of the reactor temperature predictions with
current reactor data on early blister growth.

4.3 Blister Growth Predictions

Figures 2 and 3 show sample blister growth predictions for the inlet and outlet locations
respectively of a Zr-2 pressure tube with nitrogen as the annulus gas. The thermal conductivity
/ l l / , diffusion coefficients /12/ and TSS values /13/ for Zr-2 are used along with the pressure
tube and calandria tube geometry of the RAPS fuel channels. All other assumptions are the same
as those that are used for analyses of Zr-2.5% Nb tubes. Comparison of these examples show
that;

- BFT is lower at the inlet than the outlet.
- Blister growth rate is lower at the inlet than the outlet.
- Expected blister depths, for a particular bulk concentration,

are higher for lower ingress rates.
These sample cases assume that the pressure tube has been in contact with the calandria tube
since early in the life of the fuel channel. As well, the ingress rates are assumed constant with
time. These blister depths and growth rates should be used only for the purpose of qualitative
analyses, since actual reactor conditions are changing with time and the expected blisters, in
reactor, will depend on the full history of the thermal conditions and the pressure tube ingress
rates. The various phenomena, along with worked examples, will be covered in more detail later
in this meeting /8/.



5.0 EXPERIMENTAL BLISTER GROWTH

A good description of the blister growth experiments is provided in reference IAl. This reference
includes results both from experiments designed to test the blister growth model and from
experiments on a set of pressure tube-calandria tube contacts.

The experiments designed to test the blister growth model (discussed in Section 3) were
accelerated relative to the expected pressure tube cases by having tubes hydrided in some cases
to 100 ppm and by carrying out the tests with a bulk tube temperature of 350 °C. This was
achieved through the use of a circulating metal bath as the heat transfer medium on the inner
surface of a short length of pressure tube. Confined air jets were used to produce the cold spots
on the outer surface. The increased temperature (relative to reactor) increases both the amount
of hydrogen in solution available for transport and the hydrogen diffusion coefficient. Blisters
with profile heights of 60-80 Jim were regularly grown in about a month. The good
reproducibility of the thermal boundary condition in the air-jets allowed similar blisters to be
grown. By starting blister growth at different times, the end of the test resulted in having blisters
which could show the whole sequence of the process. Blisters were found to grow initially as an
accumulation of hydride plates adjacent to the surface. As more hydrogen was driven to the cold
spot, the density of hydrides increased and the hydrided zone expanded. With time the part of
the blister adjacent to the surface became almost solid hydride although electron metallography,
neutron diffraction and nuclear reaction analysis suggested that some alpha phase zirconium
remained. Only blisters grown to very large profile heights (greater than about 120 \im) by this
method were cracked during growth.

Some tests were carried out on tube sections which had been deuterided. This allowed subsequent
detailed analysis of the distribution of deuterium through the depth of the blister using nuclear
reaction analysis techniques using the D(3He,p)a reaction /14/. Some results of the comparison
of the modelled deuterium distributions with the observations 151 are reproduced in Figures 4 and
5. The most striking feature of these comparisons was that excellent agreement was achieved by
simply using the TSS data available in the literature /13/, the diffusion coefficients established
through other experiments 1151 and a mean value of reported heats of transport 116,111 (20,900
J/mole K). There were no adjustable parameters in the model once the temperature distribution
in the pressure tube under the air jets were established.

Sensitivity studies were carried out using the model. The agreement between the model and the
observations was found to be most sensitive to the deuterium diffusion coefficient. Variations in
the heat of transport had little effect, nor did variations of the TSSP except in conditions in which
the BFT was only slightly exceeded.



Comparisons were also made with the distributions of hydride within blisters grown under
conditions in which the bath temperature was thermally cycled from 350°C to 100°C several
hundred times. In this case the comparison was less good. This cycling produced a very large
two-phase zone beneath the blister due to the hysteresis in the solubility mentioned above. The
multiple thermal cycles result in a ratchetting of the hydrogen into the two phase zone but the
exact distribution is very sensitive to small errors in the estimates of the solubility limits.

The other major growth experiments were designed to reproduce reactor conditions and are also
described in reference IAI. Pre-bent sections of hydrided pressure tubes were loaded into contact
with calandria tubes surrounded by cold (65°C) water in a simulated calandria vesvl with nine-
channels. High pressure, high temperature (295°C) water was pumped through the tubes which
were internally baffled to increase heat transfer from the water to the pressure tube. The
maximum growth period was 250 days.

Blisters were observed to grow over the contact area as an array of several tens of blisters, with
some distributed randomly and others distributed in different linear arrays. The largest blisters
had profile heights of about 50 urn. This distribution of blisters over the contact area was quite
different from those observed in the tubes removed from Pickering Units 1 and 2 following the
pressure tube rupture. In those tubes, blisters were seen to be more or less in a linear array. In
the experiments, it was felt that because the contact had not "developed" in the same way (i.e.
through creep and fretting of intimate contact points) there may have been different preferred
sites for the start of blister growth when the tubes were brought into contact initially and after
having been removed and replaced after visual examinations at different times.

Blisters were seen to grow on tubes with concentrations as low as 13 ppm. This was subsequently
explained when the heat transfer from the water to the pressure tube was reviewed and found to
be significantly less than anticipated. This resulted in pressure tube temperatures at the contact
that were estimated to be 20°C less than would be the case in a fuelled, central core channel in
reactor. The resulting BFTs were estimated to be about 10 ppm rather than the expected 26 ppm.

Many of the blisters grown on these tubes were cracked, although blisters with metallographic
depths less than 0.3 mm were generally not cracked. Profile heights for these blisters indicated
that they had higher densities of hydride, through the depth of the blister, than did blisters grown
by the air-jet method.

6.0 SUMMARY

Blister growth experiments and modelling have been reviewed. The model has been shown to
be verified through comparison with experimentally-grown blisters and appears to predict reactor
situations (including P2-G16) very well. The temperature distributions and temperature history
have been shown to be important in being able to model growth well. Proper application of this
model to reactors requires good estimates of the deuterium ingress rate.
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Figure 1: Terminal Solid Solubility for Zircaloy-2
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12



£
S

•S
CU
<u
Û

0.5

0.4

0.3

£ 0.2
5

0.1

0

500 1000 1500 2000

Time (days)

2500 3000

v 1

PUR = 1 ppm/hot year
PUR = 3 ppm/hot year
PUR = 6 ppm/hot year
PUR = 10 ppm/hot year
PUR = 20 ppm/hot year
PUR = 40 ppm/hot year

0 10 20 30 40 50 60 70 80 90 100 110 120

Bulk Concentration (ppm)

Figure 3: Blister Growth at Fuel Channel Outlet (PHT = 290 C)

13



35

0 100 200 300 400 500 600 700 800 900 1000 1100
Depth (micron)

Figure 4 Comparison of measured (A) and predicted (E) deuterium distributions through
the depth of a blister grown with the air-jet technique.

-2 - 1 0 1
Distance (mm)

Figure 5 Comparison of measured (A) and predicted (D) deuterium distributions in a
blister along the circumferential direction of the tube.

14



7. HYDRIDE BLISTER FEATURES IN
ZIRCALOY-2 PRESSURE TUBES
REMOVED FROM PICKERING UNITS 1&2

G.D. Moan (AECL-CANDU) and
D.K. Rodgers (AECL-RC-CRL)

RECORD: CH:\WFDATA\PMŒ3
FCHB-ZR2JT
93-09O9



HYDRIDE BLISTER FEATURES IN
ZIRCALOY-2 PRESSURE TUBES

REMOVED FROM PICKERING UNITS 1 & 2

A SELECTION OF MICROGRAPHS

G.D. Moan and D.K. Rodgers

1.0 INTRODUCTION

Following the failure of the pressure tubes in channel G16 in Pickering Unit 2 (P2G16) sections
of it and other pressure tubes removed from Pickering Units 1 and 2 were examined to study the
blisters that led to the failure. Several tubes were removed for examination before the decision
was made to replace all of the Zircaloy-2 tubes with Zr-2.5Nb tubes. Additional work on the
Zircaloy-2 tubes was stopped at that time.

The examination carried out on the tubes at AECL CRL included a visual inspection of the
outside surface looking for blisters, followed by optical metallography of the transverse and axial
sections that contained the blisters.

The micrographs in the following pages are the results of many hours of metallography carried
out on the blisters found in the pressure tubes found in the pressure tubes removed from
Pickering Units 1 and 2. It can be seen that most of the micrographs are made up from several
individual micrographs that were mounted together and later re-photographed and printed.

All of the blisters in this report were grown in the Zircaloy-2 pressure tubes during their service
in Pickering. None of the blisters included here were grown in the laboratory and none of the
micrographs show Zr-2.5Nb.

In addition to the microstructures, some of the photographs show the outside surface of the
pressure tubes and illustrate the surface features commonly found associated with blisters.

The photographs are arranged in different sections in this report according to the features of
interest.

2.0 SURFACE FEATURES

The surfaces of the pressure tube and calandria tube removed from P2G16 were examined and
the features found are shown in Figure 2.1. The outside surface of the pressure tube (PT) is
shown in the top section, the inside surface of the calandria tube (CT) in the second section and
the outside surface of the CT in the third section.



Of special interest in the top section are:

1. The axial crack in the pressure tube can be seen; it ends in a fish tail at 429 cm
from the inlet, and extending to the outlet rolled joint

2. The locations of the blisters in a linear array on the tube surface can be seen, with
some of them inboard of the fish tail end of the crack.

3. The crack did not go through the centres of the blisters but was slightly to one
side of their centres.

4. The crack initiation is considered to have occurred at the blisters marked with "x";
it then travelled in the inboard and outboard directions before stopping at the
rolled joint and in the fish tail (after some transverse propagation).

The middle section shows the marks on the inside surface of the CT (the regular transverse spiral
marks caused by the inspection tooling can be ignored). The black marks are not hydrides, but
are scuff marks introduced into the CT surface by the contact with the PT. No hydrides were
seen in the calandria tube beyond those normally expected. No hydrogen seems to have been
transferred from the PT, but if any were transferred, the temperature gradient would have
dispersed it and no blister would be expected in the CT. The locations of the marks on the inside
surface match the blister locations on the PT, when allowance is made for axial motion of the
PT.

The bottom section shows the marks of the outside of the CT at the contact location. The CT
was hot in this area and copper compounds (leached from the steam generator piping) dissolved
in the moderator were decomposed by the higher temperatures. The black marks in the
photograph are regions where a Cu rich deposit was formed.

Figure 2.2 shows the blister locations on the outside of the PT in channels P1K05 and P1K18.
The wavy axial pattern on the tube surfaces are the witness marks left by the Zr-2.5Nb-0.5Cu
spacers when the PT was dragged over them during tube removal.

Figure 2.3 shows the blister locations and a white oxide deposit on the outside of the PT in
P1G14. The white deposit is a Zr compound that forms when there is vibration induced wear
on the PT surface.

3.0 FEATURES IN BLISTER MICROGRAPHS

Several features common to blisters are shown in Figure 3.1, a composite micrograph of a
transverse section through a blister that had been polished and etched. The frequently used etch
was (45% nitric acid, 45% glycerol, 2 to 10% hydrofluoric acid). At the edge of the photograph,
remote from the blister, regular matrix hydrides can be seen, with their concentration slightly
increased by the diffusion down the temperature gradient. The individual hydrides are visible,



and their concentration is seen to increase towards the region that has etched almost uniformly
black. In later micrographs it is shown that this black region is made up from closely spaced
hydrides with alpha Zr separating them, so that after etching the local surface is not smooth and
reflective.

The large white region at the centre of the blister is a region that is made up mostly of zirconium
hydride containing little alpha Zr, and is often called "solid hydride". The concentration of
hydrogen increases up to about 16,000 ppm in this white region. The volume expansion (about
17%) associated with the transformation from alpha Zr to ZrHj 6 has caused the material to be
proud on the tube surface, with a change in curvature that starts on the outside surface at the
areas that etched black.

The features in the surface are small cracks. Their size in this micrograph is small, when
compared with later micrographs. A possible driving force for the formation of the cracks could
be the volume expansion that is occurring at increasing depths below the surface.

The micrographs in Figures 3.2 to 3.10 all show features found in small blisters, or at the edge
of larger blisters. The increase in hydride concentration remote from the blister can be seen, with
the concentration increasing towards the contact region. The orientation of many of the hydrides
is mostly radial, even though the hydrides elsewhere in the tube are circumferential. The
presence of radial hydrides close to blisters is commonly observed in blistered Zircaloy-2 PT
material.

The blistered region in many of the blisters in Figures 3.2 to 3.10 have etched mostly black,
indicating that they are not quite solid hydride and that their H concentrations are less than
16,000 ppm.

At some of the blisters there is a region close to the black etched area that has predominantly
radial hydrides and a hint of hydride depleted zones between them (see Figures 3.4 to 3.9). This
suggests that the radial hydrides were present immediately before the unit was shut down (or that
they formed very soon after the start of the cooldown) and that they absorbed the adjacent
hydrogen atoms during the cooldown to create the apparent depleted zones.

In some cases (as in Figures 3.5 to 3.9) it is clear that two or more blisters were growing
adjacent to each other and the implication is that one would eventually absorb the other.

The micrographs in Figure 3.11 show the hydride concentrations near the blisters, their radial
orientation, and the two phase region closer to the blister centres. Note that the radial hydrides
close to the blister appear to be in streams, with the suggestion of hydride depleted zones
between them, as mentioned above. These again suggest that there were radial hydrides in the
material when the unit was operating (or very soon after the start of the cooldown).



4.0 CRACKS IN BLISTERS

The blisters shown in Figures 4.1 to 4.9 all contain cracks that are confined within the blisters,
ie., none of the cracks have extended into the region outside the blisters. In some cases the same
blister with cracks was examined after polishing to different amounts and etching.

The shape of the blister in Figure 4.1 suggests that there were two or more different blisters
initiated and that one of them seems to have become dominant It has two radial cracks close
to the edge of the white region. There are also many hydrides with a predominantly radial
orientation all along the blister boundary.

The micrograph in Figure 4.2 is from the same blister as that in Figure 4.1, but at a different
location. The blister depth and the crack depths are greater; the radial hydrides and the smaller
blister at one side are still present, but the smaller blister on the left side has effectively
disappeared.

The micrograph in Figure 4.3 is an axial section through a blister. The hydrides outside the
blister are not as well defined and appear more smeared, so that it is difficult to point to any that
are radially oriented. The black region marks the edge of the blister, as also indicated by the
start of the proud region on the tube surface. The cracks are more extensive in this blister and
have opened up, especially close to the tube surface. Their depths are all less than the depth of
the white etched region. The crack shapes are mostly radial, but there are sections that have
orientations different from radial.

The blister in Figure 4.4 has grown from two blisters, each of which has its own cracks that have
extended down through the white etched area to the black etched region. There is a large region
of radial hydrides adjacent to the blister.

The crack in the blister in Figure 4.5 is located close to the centre of the blister, and extends
almost to the black region. The blister is surrounded by radial hydrides but they are more
circumferential at greater distances.

Figure 4.6 shows a blister that contains an extensive array of cracks, and is unusual in that some
of them have a large component that is not radial. There are two sets of cracks, small ones and
large ones. The small ones are generally shallow, and extend a short distance into the blister.
The large cracks are much deeper and in some cases extend down to the black etched region
where they undergo an orientation change from radial to circumferential. The other large cracks
are also unusual in that they show some bifurcation. The radial hydride region is larger than
usual at this blister.

The blister in Figure 4.7 shows the more usual crack features in that the crack depths are about
50% of the blister depth. The cracks have opened up more than can be accounted for by etching
effects. The radial hydride region outside the blister is also extensive.



The cracks in Figure 4.8 are again more usual in that their depths are about 50% of the blister
depth. They do, however, show more bifurcation than is usual. The radial hydrides outside the
blister can also be seen, but it is also clear that at the interface between the blister and the tube
surface the hydrides are transverse.

Figure 4.9 shows an extensive crack array in a blister. Again the cracks are about 50% of the
blister depth, but they have opened up in such a way as to suggest that the outer surface of the
blister in the crack region could be almost porous.

5.0 DETAILS AT HIGH MAGNIFICATION

The micrographs in this section were collected together to show important details in theblis' îrs
and in the cracks found in them.

Figure 5.1 contains a micrograph at high mangification that shows the details of a blister. The
blister has been formed by the accumulation of individual hydrides in the cooled region. With
increased migration of hydrogen atoms down the temperature gradient, the individual hydrides
have grown larger and thicker, and the space between them (alpha Zr) has decreased. Eventually
the space betwen the hydrides decreases to zero as the local H concentration increases towards
16,000 ppm.

This blister also shows that the hydrides outside the blister are mostly radial in their orientation.
Closer to the tube surface their orientation changes from radial to transverse. The orientation
change on crossing the blister matrix interface suggests that the stress state is different inside and
outside the blister. Calculations and modelling have indicated that the blister induced stresses
arising from the volume expansion outside are tensile outside the blister, whilst inside the blister
thay are compressive.

The fraction of alpha Zr also decreases closer to the tube surface. At about half blister depth
there is a clear indication that some of the hydrides are losing their individuality and have small
areas that are almost flat after being polished and etched. These small flat areas are reflective
(and appear white) in the micrograph. No cracks were found in this section of the blister.

Figures 5.2 to 5.11 consist of pairs of micrographs that show the same cracks in unetched blisters
and after etching. The micrographs indicate that, in many of the blisters, the white centre of the
blister is not completely uniform, but contains hints of individual hydride platelets and remnants
of alpha. In most cases the crack has not extended beyond the white region.

Figures 5.6 and 5.7 compare the same crack in a blister before and after etching. The crack
wanders from its initial radial direction as its depth increases, and shows extensive growth in the
transverse direction at different depths. It has bifurcated in several places and later has
recombined to leave islands of hydride. This crack has propagated beyond the white region of
the blister and has arrested just outside the black etched region where the hydrides are generaly
radial. Some of the details close to the crack tip suggest that, locally, the plane of the crack has
changed from the radial-axial plane to the radial transverse-plane.



Figures 5.8 and 5.9 show another crack that has bifurcated extensively, has lost some small
sections (perhaps when the crack plane changed from radial-transverse to radial-axial). The crack
depth is very much less than the blister depth, and is about 50% of the blister depth. The white
hydride appears uniform to a depth just greater than the crack depth, and at greater depths the
blister microstructure is clearly non uniform. At the bottom of the micrograph there are
individual hydrides (predominantly radial) and between them and the crack tip the microstructure,
showing the gradual changes indicated in several other micrographs, has an increasing number
of larger and thicker hydrides until it appears uniform.

The two micrographs in Figure 5.10 are of interest because they show a wide crack close to the
tube surface but at greater depths the crack width is very narrow. The crack in this blister has
managed to extend beyond the black etched region of the blister. At the bottom of the
micrograph the crack appears to have jumped from one individual radial hydride to another.
These jumps suggest that the crack growth beyond the blister is occurring mainly by the fracture
of the radial hydrides. Crack growth between the radial hydrides could occur later by DHC, or
as a result of the increase in the length of the radial hydrides. Again the hydrides just outside
the blister are radial, whilst inside the blister they are mostly transverse.

Figure 5.11 is a composite micrograph that contains many of the features listed in the other
Figures. The crack is wide open at the tube surface and it has extended to a depth well beyond
the blister depth. Outside the blister it has jumped from large radial hydride to large radial
hydride and has left short ligaments between them. In the blister the individual hydrides appear
to be mostly transverse, and outside they are mostly radial. The change in the uniformity of the
microstructure can also be seen from the tube surface to the crack tip.

The micrograph in Figure 5.12 shows one of the blisters in the pressure tube in P2G16. It
contains several details of interest including:

(a) The blister contained several cracks, one of which propagated completely through
the wall of the tube by following the large radial hydrides (and by DHC) over
most of the distance outside the blister and by overload to give the 45° shear plane
at the inside surface.

(b) The second large radial crack that has extended almost 90% through the wall of
the tube appears to have followed the radial hydrides for part of its growth. At
the crack tip the hydride reorientation, close to and adjacent to the tip, suggests
that crack growth at that depth was occurring by DHC.

(c) The cracks at the left edge of the blister appear to have turned to follow the blister
shape, rather than remaining radial.



(d) The effect of the temperature gradient on the hydrogen concentration across the
tube wall can be seen, with very high concentrations at the white part of the
blister (16,000 ppm) to very small values close to the inside surface of the tube.
There probably was not sufficient hydrogen close to the inside surface to allow
DHC to occur.

(e) The hydrides just outside the blister are mostly radial, except close to the tube
surface where they are transverse.

(f) The massive reorientation of the hydrides onto the radial-axial plane has occurred
to about the mid wall position. Closer to the tube inside surface they are of mixed
orientation, and at the crack tip they are greatly affected by the local stress state.

6.0 SUMMARY

The macrographs and micrographs contained in the Figures in this report are intended to
document the principal features found associated with the blisters in the pressure tubes removed
from Pickering Units 1 and 2. It was not intended to cover all of the details of blister growth,
and of crack initiation and growth, but to give an appreciation of the different stages that happen
after the pressure tubes came into contact with the calandria tubes.

The principal steps include:

1. the accumulation of hydrides in the cooled area on the outside surface of the
pressure tube

2. in PT to CT contact most of the early contact is linear and the cooled region and
blisters are aligned

3. hydrides accumulate before a blister is formed

4. the collected hydrides increase in number, in length and in thickness with
increasing hydrogen accumulation, but they remain individual hydrides until the
local H concentration has increased towards several thousand ppm

5. there is a volume expansion associated with the formation of the hydrides that
leads to the blister surface being proud

6. it also leads to the presence of tensile stresses in the matrix just outside the blister
and to compressive stresses inside the blister

7. the hydrides outside the blister tend to have transverse orientations close to the
tube surface and radial orientations at other locations



8. cracks develop in the solid hydride part of the blister

9. in some cases the cracks have penetrated beyond the blister and are associated
with the long radial hydrides.



1 \ l

Figure 3.1
Composite micrograph showing a transverse section through one of the blisters on the pressure
tube removed from P1P14. Reduced from original micrographs taken at 100X magnification.
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Figure 3.2 . . .,
Composite micrograph showing the transverse section through the edge of a blister in the
pressure tube removed from P1K05. Reduced from original micrographs taken at 100X
magnigication.
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Figure 3.3
Same blister as shown in Figure 3.2, but showing a transverse section closer to the centre of the
blister. Reduced from original micrographs taken at 100X magnification.
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Figure 3.4
Composite micrograph showing a transverse section through the edge of the 10th blister from the
east end on the outside surface of the pressure tube removed from P1P14. Reduced from original
micrographs taken at 100X magnification.
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Figure 3.5
Same blister as in Figure 3.4, but showing a section slightly closer to its centre. Reduced from
original micrographs taken at 100X magnification.
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Figure 3.6
Same blister as in Figure 3.5, slightly closer to the centre. Reduced from original micrographs
taken at 100X magnification.



Figure 3.7
Composite micrograph showing a transverse section through two small blisters in the pressure
tube removed from P1K05. Reduced from original micrographs taken at 100X magnification.



Figure 3.8
Composite micrograph showing a transverse section through a hydride layer found on the outside
surface of the pressure tube removed from P2G16. Reduced from original micrographs taken at
100X magnification.
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Figure 3.9
Composite micrograph showing a transverse section through the edge of blister 6 on the pressure
tube removed from P1G14. Reduced from original micrographs taken at 100X magnification.
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Figure 3.10
Composite micrograph showing a transverse section through the edge of one of the blisters on
the pressure tube removed from P1P14. Reduced from original micrographs taken at 100X
magnification.



Figure 3.11
Composite micrographs showing transverse sections through one of the blisters on the pressure
tube removed from P1K05. Reduced from original micrographs taken at 100X magnification.
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Figure 4.1
Composite micrograph showing a transverse section tlirough the cracks in blister 6 found on the
outside surface of the pressure tube removed from P1G14. The section was close to the edge of
the blister. Reduced from original micrographs taken at 100X magnification.



Figure 4.2
Composite micrograph showing a transverse section through the cracks in blister 6 found on the
outside surface of the pressure tube removed from P1G14. The section was close to the centre
of the blister. Reduced from original micrographs taken at 100X magnification.
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Figure 4.3
Composite micrograph showing an axial section through the cracks in one of the blisters found
on the outside surface of the pressure tube removed from P1K05. The section was close to the
centre of the blister. Reduced from original micrographs taken at 100X magnification.
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Figure 4.4
Composite micrograph showing a transverse section through the cracks in blister M found on the
outside surface of the pressure tube removed from P2G16. The section was close to the centre
of the blister. Reduced from original micrographs taken at 100X magnification.



Figure 4.5
Composite micrograph showing a transverse section through the cracks in one of the blisters
found on the outside surface of the pressure tube removed from P1K05. The section was close
to the centre of the blister. Reduced from original micrographs taken at 100X magnification.
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Figure 4.6
Composite micrograph showing a transverse section through the cracks in blister N found on the
outside surface of the pressure tube removed from P2G16. The section was close to the centre
of the blister. Reduced from original micrographs taken at 100X magnification.



Figure 4.7
Composite micrograph showing a transverse section through the cracks in one of the blisters
found on the outside surface of the pressure tube removed from P1P14. The section was close
to the centre of the blister. Reduced from original micrographs taken at 100X magnification.
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Figure 4.8
Composite micrograph showing a transverse section through the cracks in blister 5 found on the
outside surface of the pressure tube removed from P1K05. The section was close to the centre
of the blister. Reduced from original micrographs taken at 100X magnification.



1 '

Figure 4.9
Composite micrograph showing a transverse section through the cracks in one of the blisters
found on the outside surface of the pressure tube removed from P1P14. The section was close
to the centre of the blister, displaced slightly from that in Figure 4.7. Reduced from original
micrographs taken at 100X magnification.
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Figure 5.1
Micrograph showing a detail in the transverse section through one of the blisters in the pressure
tube removed from P1K05. Enlarged from the original micrograph taken at 500X magnification.



Figure 5.2
Composite micrographs showing a transverse section through the tip of crack 1 in blister E in
the pressure tube removed from P2G16, as-polished and after etching. Based on original
micrographs taken at 500X magnification.
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Figure 5.3
Composite micrographs showing a transverse section through crack 3 in blister M in the pressure
tube removed from P2G16, as-polished and after etching. Based on original micrographs taken
at 500X magnification.
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Figure 5.4
Composite micrographs showing a transverse section through crack 1 in blister M in the pressure
tube removed from P2G16, as-polished and after etching. Based on original micrographs taken
at 500X magnification.
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Figure 5.5
Composite micrographs showing a transverse section through a crack tip in blister E in the
pressure tube removed from P2G16, as-polished and after etching. Based on original
micrographs taken at 500X magnification.



Figure 5.6
Composite micrograph showing a
transverse section through a
crack in blister M in the
pressure tube removed from
P2G16, in the as-polished
condition. Based on original
micrographs taken at 500X
magnification.

A
V

•i - A /



V •' • AT*

Figure 5.7
Composite micrograph showing a
transverse section through a
crack in blister M in the
pressure tube removed from P2G16,
in the as-etched condition. The
section is the same as that in
Figure 5.6. Based on original
micrographs taken at 500X
magnification.



0/im

Figure 5.8
Composite micrograph showing a
transverse section through the
deepest crack in blister 5 in
the pressure tube removed from
P1K05, in the as-polished
condition. Based on original
micrographs taken at 500X
magnification.



Figure 5.9
Composite micrograph showing a
transverse section through the
deepest crack in blister 5 in
the pressure tube removed from
P1K05, in the as-etched condition.
The section is the same as that
in Figure 5.8, but shows more of
the blister. Based on original
micrographs taken at 500X
magnification.
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Figure 5.10
Composite micrographs showing a transverse section through a crack in blister M in the pressure
tube removed from P2G16, as-polished and after etching. Based on original micrographs taken
at 500X magnification.



Figure 5.11
Composite micrograph showing a
transverse section through crack
2 in blister M in the pressure tube
removed from P2G16. Based on
original micrographs taken at 500X
magnification.



Figure 5.12
Composite micrograph showing a transverse section through cracks in blister E in the pressure
tube removed from P2G16. The predominantly planar fracture face can be seen together with
the shear at the inside surface. Based on original micrographs taken at 500X magnification.
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THE MECHANISM AND CRITERION FOR FAILURE
BY HYDRIDE BLISTER-INITIATED CRACKING

M. Léger

1.0 OBJECTIVE

The objective of this document is to provide a brief summary of hydride blister fracture
characteristics by reference to both reactor experience and fracture testing of experimentally-
produced blisters. The use of this information in making an integrity assessment of a reactor
which has pressure tubes in contact with calandria tubes is described.

2.0 INTRODUCTION

Hydride blisters in pressure tubes created as a result of contact between the pressure tube and the
surrounding calandria tube can initiate cracking that leads to pressure tube rupture at operating
conditions. This was the experience in the Pickering Unit 2 reactor in 1983/1/. Failure analysis
of the G-16 pressure tube, together with examinations of many other tubes and a large
experimental program have led to the development of criteria for the evaluation of the reactors
containing pressure tubes in contact with calandria tubes. In this document, the key results of this
work are reviewed for application to pressure tube integrity assessments.

3.0 EVIDENCE FROM THE PICKERING G-16 EXPERIENCE

3.1 The Event and Recovery

The Zircaloy-2 pressure tube of channel G-16 of Pickering Unit 2 ruptured without warning in
August of 1983 while the reactor was at full power. The calandria tube remained intact and one
annulus bellows (Pickering has a closed gas annulus system) ruptured. The initial leak rate was
estimated to be about 16 kg/sec i.e. 1 Mg per minute. ( Subsequent analysis indicated a
significant choking effect on the flow due to the geometry of the bearings). The quick action of
the operators and the availability of heavy water supply from the other units at the four-unit
station enabled the reactor to be shut down safely without the operation of safety systems. The
leakage continued at a high rate following the shutdown and supply of heavy water to the reactor
was maintained by pumping water out of the sump drains below the reactor into the PHT system
until the channel could be isolated and defuelled. Inspection of the channel with TV equipment
revealed a fracture approximately 2 m long extending from the outlet rolled joint. Replacement
of the channel was complicated by the presence of two fuel pencils trapped in the crack. These
were removed using a specially developed tool.

When the failure analysis indicated that there could be a generic problem, a large inspection
campaign was carried out and a number of channels were removed for examination. Many
channels were judged to be in a state approaching that of the failed channel and a decision was
taken by Ontario Hydro to replace the pressure tubes in both Pickering Unit 2 and Unit 1.
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3.2 Failure Analysis

The removed pressure tube from channel G-16 was examined at Chalk River and the initiation
sites for the rupture were quickly identified. Visual examination of the outside surface of the
pressure tube revealed a linear array of small, elliptical, whitish markings ("blisters") at the
fracture which was close to the bottom of the pressure tube. Examination of the fracture surface
established that the origin of the fracture (determined by distinct "chevron" markings pointing
towards this area from the other zones of the fracture) was in an area containing four closely-
spaced spots. It was also apparent that the metal immediately under these spots had fractured in
a very brittle manner. The entire fracture surface appeared to be a uniform gold colour except
for a very small blue region adjacent to one of the spots near the fracture origin.

Metallographic sections through the fracture origin were examined and revealed that the spots
seen on the fracture surface were associated with massive hydride accumulations in the metal.
On an axial-normal section, these blisters appeared to be roughly semi-elliptical in cross-section.
Adjacent to the outer surface, the hydride etched white, indicating that these parts of the blisters
were almost pure hydride. A black-etching band (the result of the joint presence of a high
density of hydrides in alpha zirconium) created the blister boundaries beyond which there were
large quantities of hydride in the form of distinguishable hydride plates, some of them in a radial
orientation (Figure 1 shows similar blisters from another tube). At the inside surface of the tube
adjacent to the blister there was considerably less hydride. The massive hydriding of the blister
resulted in a protrusion of the surface of the tube due to the large transformation strain associated
with hydride formation (about 17%).

A significant range of blister depths ( as measured to the deepest part of the black etching band)
was observed in the G-16 tube with one of the deepest blisters at 1.1 mm being one of the four
associated with the initiation site. Blisters in many other removed tubes were also examined and
no deeper blisters were found.

Another feature of many of the blisters revealed by the metallography was the presence of many
small cracks within the massive hydride itself. The orientations of these fractures appeared to be
quite random and few were perfectly axial-radial (Figure 2.). Only in the G-16 tube did these
cracks extend beyond the blister boundary. Some smaller blisters did not have any observable
cracks.

Fractography of the zone surrounding the four blisters at the origin of the failure suggested that
the crack which was initiated at the blisters grew by DHC to a part through-wall flaw with a
length of about 110 mm. Progression of the crack through the wall to the inner surface by DHC
was not possible because of the absence of sufficient hydrogen near the inner surface. This flaw
was a critical size for the tube and the fast fracture proceeded from it. The uniformity of the
oxidation on the fracture surface indicated that the total process from crack initiation to failure
was quite short and there was no leakage prior to the rupture.



4.0 BLISTER FRACTURE TESTING

In order to develop an understanding of the processes which led to the pressure tube rupture and
to assess the consequences of pressure tube to calandria tube contact for fuel channels with Zr
2.5wt%Nb pressure tubes, a large, coordinated research program was undertaken. Fracture testing
formed a major component of the overall program. However, only a small portion of the work
was concerned with testing of blisters on Zircaloy tubes. Most of the results have been reported
in two publications /2,3/.

Several different types of fracture test were involved. These included: 1). Four-point bend tests
of curved pressure tube sections containing laboratory-grown blisters made under a.number of
different conditions (These were the only tests for Zircaloy blisters); 2). Tensile tests of
laboratory-grown blisters (including blisters grown on irradiated material); 3). Delayed hydride
cracking tests of laboratory-grown blisters. 4). Cantilever-beam tests of blisters grown under load.

The four point bend tests were designed to measure the blister fracture stress for crack-free
blisters. These blisters were grown using an air-jet technique. Tests and results are described in
111. A major result of this work was that the fracture stress was found to correlate with the
measured profile height of the blister (i.e. the amount by which the surface of the blister
protruded beyond the nominal tube surface) with larger blisters exhibiting lower fracture stresses.
The results are shown in Figure 3 ( These are slightly different than those in Reference 111
because some errors in profile height measurement were corrected.) The upper and lower bound
lines were determined on the basis of the OHT tests only. The results for Zr-2 blisters are
included on this plot and are statistically indistinguisable from the Zr 2.5wt%Nb results. The
correlation exhibited by Figure 3 has been used to develop criteria for blister fracture.

The tensile fracture tests were carried out on blisters grown using a cold-contact method/3/. Many
of these blisters contained small cracks in the as-grown state. The results are designated WRL-
Tens. in Figure3 and include the tests of irradiated material. The correlation of fracture stress
with size (characterized by profile height) was not as apparent as in the four-point bend tests but
results generally lie within the scatter band.

Delayed hydride cracking tests were also carried out in order to determine the parameters which
influenced the initiation of DHC from a blister into the pressure tube. The results for the DHC
tests are also included in Figure 3. The correlation with blister size is less evident if only the
DHC results are used.

Another way of analysing the blister DHC initiation is to calculate the apparent stress intensity
factor required to initiate cracking by assuming that the initiation is from a semi-elliptical crack
with a depth determined by the metallographic extent of the blister in the crack plane._The value
of this factor, termed K1B, was found to be in a range from about 10.7 to 15.4 MPaV m 131. This
is towards the upper end of the range of Km for DHC cracking in Zr2.5wt%Nb. There is
considerable uncertainty in the significance of this result because the size of the crack at the point
of initiation of DHC is unknown. If the same calculation is made for the largest blister observed



at the initiation site of the crack in G16, the resulting K1B is at the lower end of the range of K1H

for Zircaloy pressure tube material. It may well be that the lower limit of the calculated K1B's
is determined primarily by the stresses required to generate a crack from which DHC can initiate
near the blister boundary.

Blisters were grown under bending load on unirradiated Zr 2.5wt%Nb using a cold contact
technique. Only specimens under high bending stresses of 500 MPa initiated DHC during blister
growth.

5.0 BLISTER STRESS FIELDS

Several attempts have been made to calculate the stress fields around blisters /4,5/. A problem
with these analyses has been the inability to accurately represent blister growth in a way which
reflects laboratory observation and understanding of the growth process. However, the results
show the extent of the tensile stress field in the matrix just outside the blister boundary which
balances the compressive stress within the blister. ( The existence of this tensile stress is apparent
in blister examination since blisters grown under small applied stresses exhibit hydrides at the
blister boundary that tend to extend radially from the blister). A second key observation, resulting
from modelling which attempted to include blister growth through incremental increases in the
fraction of hydride within the blister, was the apparent increase in tensile stress at the surface of
the blister as the blister grew (Figure 4). This result tended to support the idea that blister size
could be a determining factor in the fracture.

6.0 FRACTURE CRITERIA

6.1 Characterizing Blister Size

In general, there can be large gradients in the hydrogen concentration within the blister. The
black etching region that defines the blister boundary corresponds to a hydrogen concentration
of up to a few thousand ppm Heq1. In some blisters, the highest hydrogen concentration regions
( at the tube surface) approach 16,000 ppm which corresponds to Zr H1.5 (delta phase hydride).
The distribution of hydride within the blister depends upon the thermal boundary conditions and
their time dependencies as well as the hydrogen content in the tube and the hydrogen pickup
rate/6/. It should be clear that there can be no single characteristic blister.

In order to characterize blisters, a method consistent with the blister growth modelling has been
adopted. The problem of describing the blister size, when there is a variability in the hydrogen
concentration within the blister, disappears with the choice of "equivalent depth" as a key blister
characteristic. The "equivalent depth" of a blister is the depth of a blister of pure delta phase
hydride which has the same average weight fraction of hydrogen through the tube wall as the
actual blister at the deepest point. This concept is illustrated schematically in Figure 5.

1 Heq stands for "hydrogen equivalent" and is the weight fraction of hydrogen isotopes that would be obtained
if the total atomic fraction of hydrogen isotopes were converted to protium.



There is a close correlation between the profile height and the blister equivalent depth. This was
demonstrated for a series of blisters which were grown using the air-jet technique on a tube
which had been previously deuterided. The profiles of the blisters were measured and the
deuterium distributions through the wall of the tube were independently measured on
metallographically prepared cross-sections. The technique used for the deuterium measurements
has been described in detail elsewhere 111. Equivalent depths were determined from the measured
deuterium concentrations. The correlation between the profile height and the blister equivalent
depth for these blisters is shown in Figure 6.

6.2 Blister Critical Size

The gradual nature of the development of a blister in a pressure tube, from a small hydride
accumulation through to a solid hydride core surrounded by a heavy two-phase hydrided region
implies that there is a change in the possibility of crack initiation accompanying the development.
Although the understanding of the initiation of cracks from blisters is not yet fully developed,
the evidence, both from Pickering 1 and 2 and from the blister fracture experimental program,
suggests that small blisters exhibit low probabilities of initiating DHC cracks at operating
stresses.

The blister fracture results suggest that there may be a critical size blister that would crack under
operating stress. The largest blister at the initiation site of the failure of G-16 (Blister "E" ) was
a size consistent with the blister fracture results as is shown in Figure 3. The equivalent depth
for Blister "E" was determined using the same deuterium measurement technique used on
laboratory grown blisters /6/.

DHC initiation from blisters has proven to be quite difficult in laboratory testing although most
of the initiation results also lie within the scatter of the rising load tests. The test conditions for
initiation by DHC have not adequately reproduced the reactor conditions, particularly in terms
of the temperature distribution and imposed stress state. The calculation of the K1B for blister
"E" of G-16 is near the lower bound of the range of K1H for Zircaloy although the K1B's
calculated for Zr2.5wt%Nb tests seem to be well above the K1H lower bound. This tends to
support the idea that in-reactor, conditions for DHC initiation are more severe than have been
reproduced in testing. For this reason, the rising load tests are used to determine the lower bound
critical size for reactor evaluation.

There is a good basis, from the above evidence, for the concept of a critical size required for
crack initiation. The lower bound line in Figure 3, showing the blister fracture test results , has
been chosen to represent the critical blister size as a function of applied stress. It can be redrawn
in terms of equivalent depth based on Figure 6 and this is shown in Figure 7. This lower bound
line was determined on the assumption that the relationship between equivalent depth and stress
to fracture is linear. When this linear assumption is made, there is bias in the fit: at low stresses
the linear assumption underpredicts the observations of equivalent depth. It is important to
realize that the metallographic depth is usually considerably bigger than the equivalent depth due
to the fact that the actual blister is not solid hydride.



6.3 Crack Growth to Rupture

When a DHC crack is initiated at a blister, it can then grow through the tube wall. The hydrogen
distribution due to the cold contact will influence the way in which the crack grows. The inside
surface of the tube can have a hydrogen concentration in solution that is too low to result in
propagation through the wall of the tube by DHC. In this situation, the crack can continue to
grow axially and result in a non-penetrated critical crack i.e. there will not be leak before break.
In general, this situation is quite likely to be the case for blistered tubes because the hydrogen
levels in the tube at the time when critical blister sizes are achieved are likely to be less than
TSSD at operating temperatures unless the contact and blister growth occurs when the hydrogen
content has already exceeded TSSD. The evidence from the G-16 failure tends to confirm this
thinking/8/. Therefore, no credit should be taken for the possibility of leak detection prior to
rupture and initiation is basically rupture because the time to achieve a critical sized crack is
extremely small compared to any reasonable inspection interval.

7.0 REACTOR APPLICATION

In order to apply the concept of a critical size to the integrity evaluation of a reactor in which
there are pressure tubes in contact with calandria tubes, blister equivalent depths must be
calculated. Blister growth calculations are described in an accompanying document. These depths
are then compared to the lower bound critical depth for level A and B loading conditions and
when the critical depth is exceeded, rupture is assumed to occur. In order to be confident that the
risk of pressure tube rupture is low, an adequate account must be taken of the uncertainties
associated with the calculations i.e. there must be adequate margins of safety.

The Canadian regulators (AECB and MCCR) have taken a position with respect to operation of
reactors containing tubes known to be in contact that such reactors should not knowingly be
operated with blisters growing actively at power. This is a much more stringent constraint than
that which would be derived simply by applying the concept of a critcal size based upon a lower
bound of the fracture results.

The uncertainties that must be addressed in making an assessment fall into several groups. First
of all, the variability in all the physical parameters used to calculate blister growth rates must be
considered. These parameters include thermal conductivity of the materials, diffusion coefficients,
heat of transport for hydrogen and terminal solid solubilities. Then, there is the variability within
the contact itself - a range of surface conditions and contact pressures are possible. Finally, and
probably most significantly, there can be a large uncertainty with respect to the deuterium pick
up rate in the tube.

An adequate safety margin should include a margin on operating time because of the uncertainty
in blister growth rate. If the state of the tube at a particular time can be well defined, the time
to develop a blister that could rupture under the highest conceivable deuterium pickup rate should
form a limit to the operating time for that tube before reinspection. The inability to adequately,
individually characterize the hundreds of tubes in a CANDU means that for a whole reactor the



margins in time before re-evaluation must take the uncertainty in the present state of many tubes
into account as well.

An approach to dealing with some of these uncertainties using probabilistic methods was
developed for application to CANDU reactors/9/. Such methods are very useful for examining
the consequences of different assumptions about the state of the reactor core ( in terms of
contacting tubes, deuterium pick up rates etc).

8.0 SUMMARY

Blister fracture test results together with evidence from the Pickering Unit 1 and 2 reactors have
been used to show that a reasonable criterion for blister fracture is a blister of critical size. In
order to apply this concept to the evaluation of the safety margins against pressure tube rupture,
uncertainties in the size of blisters must be determined. These uncertainties for actual reactor
evaluation will be made up primarily of uncertainties in the current states of all contacting tubes
and uncertainties in deuterium pickup rates over the proposed operating period.
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Figure 1: A blister from a Pickering Unit 1 Zircaloy pressure tube showing extensive radial-

hydrides beneath the blister.

Figure 2: A radial-normal section of a blister showing cracks within the blister in a variety

of orientations. The axial direction of the tube is horizontal.
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INSPECTION PROCEDURES FOR ASSESSMENT
OF BLISTER FORMATION /CRACKING

M.P. Dolbey

1.0 INTRODUCTION

There are various types of inspection that can provide information about a pressure tube's
condition with respect to blister formation and cracking. These include spacer location, pressure
tube / calandria tube (PT/CT) gap measurement, detection of PT/CT contact, detection of cracked
blisters, detection of uncracked blisters, measurement of hydrogen by taking scrape samples and
measurement of hydrogen using non-destructive methods.

Spacer location and PT/CT gap measurement give an indication (not always conclusive ) of
whether contact, a necessary condition for blister formation, is present India has already
developed these methods and have reported that they give good results III. They will not be
discussed further here.

Detection of PT/CT contact and the detection of cracked and uncracked blisters are performed
using ultrasonic methods. India has developed an ultrasonic inspection capability, III, but it has
been operated at what we believe is too low a sensitivity, 111. This paper describes our ultrasonic
methods and experience related to contact and blister detection.

The measurement of hydrogen by taking scrape samples is addressed elsewhere at this meeting.
The measurement of hydrogen using non-destructive methods is still under development.
Information about one such method, which is also expected to provide improvement in blister
detection, was provided at the Bombay meeting in February 1994, /3/. No further details of these
methods are available at this time.

2.0 ULTRASONIC INSPECTION SENSITIVITY

The CIGAR (Channel Inspection and Gauging Apparatus for Reactors) ultrasonic flaw detection
system is used to detect PT/CT contact and cracked blisters. A brief description of the system
is given. The key to the success of this system is its sensitivity or "calibration" and this is
discussed with reference to functional and regulatory standard requirements. Spot focussed or
line focussed probes can be used for flaw detection. The advantages and disadvantages of each
are discussed.

2.1 CIGAR Ultrasonic Flaw Detection System

The CIGAR ultrasonic flaw detection system utilizes one normal beam (NB) probe and four 45°
shearwave (SW) probes. The probes and their relative positioning have been described earlier IAl.

All probes are operated in pulse-echo mode for flaw detection; ie a short pulse of ultrasound is
generated by the probe, and the probe then "listens for" or receives any of the ultrasound that is



reflected back (echoed) from suitably oriented surfaces or flaws. Because of their orientation, the
NB and SW probes operate quite differently.

The NB probes generate a sound beam that is perpendicular to the tube surface. This produces
large responses from the entry surface (interface response) and multiples of echoes from the far
surface (backwall echo response). The presence of a flaw will disturb the beam and cause a
reduction in the amplitude of the surface responses and, if the flaw is suitably oriented, it may
produce additional echoes between the surface responses. The primary function of the NB probe
is to detect volumetric flaws such as debris damage pits, fuel bearing pad wear marks and flaws
not suitably oriented for the SW probes. PT/CT contact usually attenuates NB backwall echo
response but it is mixed with other effects (eg fuelling scratches etc) making interpretation
difficult.

The SW probes send sound into the tube at an angle. The tube surfaces, if perfectly smooth, do
not reflect any ultrasound back to the probes. Hence, in the absence of suitably oriented flaws
no response is produced. Suitably oriented flaws for these probes are ones that either have a facet
that is perpendicular to the beam of ultrasound or that intersects a tube surface to form a corner
that is perpendicular to the beam of ultrasound (a corner reflector). The CIGAR SW probes
produce narrow focussed beams directed only in the axial and circumferential directions. Flaws
oriented more than a few degrees off the beam axis will produce little or no response at the
probe.The primary function of the SW probes is to detect radial axial and radial circumferential
cracks. They are also sensitive to surface scratches and a variety of other flaws. PT/CT contact
and cracked blisters both produce response primarily on the SW flaw detection probes. Hence
further discussion will be confined to the SW probes only.

In addition to its orientation, the size and reflectivity of a flaw influence its response. The spot
focussed SW probes used by the CIGAR system have a 6 dB beam diameter between 0.5 and
1 mm. Hence for suitably oriented reflective flaws longer than ~1 mm the probe response will
increase with flaw depth levelling off to a maximum for flaws > 1 mm deep.

All other things being equal, the reflectivity of a flaw increases with increasing relative acoustic
impedance of the tube and flaw materials, and thickness of the flaw relative to the wavelength
of the ultrasound perpendicular to the beam, 151. Thus wide flaws or calibration notches on the
tube surfaces that are filled with water or gas are highly reflective. However flaws such as
delayed hydrogen cracks (DHCs), which are narrow and tightly filled with oxide (the acoustic
impedance of which is closer to that of the tube material), or blister cracks, which are very
irregular, are relatively less reflective.

2.2 Inspection Sensitivity and Calibration.

The inspection sensitivity that is required to reliably detect flaws of concern usually has to be
established experimentally using real or realistically simulated flaws. Calibration is a process of
setting the required inspection system sensitivity and demonstrating that all parts of the system
are functioning correctly. Calibration is carried out by inspecting a calibration specimen that
contains reference reflectors. These reflectors are usually not actual flaws of the type that are of



concern but artifacts such as EDM notches oriented as the real flaws and of sufficient dimensions
that they can be accurately reproduced. The difference in sensitivity required to obtain equal
response from the smallest real flaw of concern and the calibration notch must be established and
subsequently used in setting the inspection system sensitivity during the calibration process. This
difference in sensitivity will be profoundly affected by the type of probe that is used.

The Canadian regulatory standard governing pressure tube inspection, CAN/CSA-N285.4-xx
relates reporting and accept/reject criteria to the level of response from EDM notches. The first
version of the Canadian standard issued in 1983, -M83, required a reference specimen with a
single axial ID notch 0.5 inch (12.5 mm) long x 0.006 inch (0.15 mm) deep, (2 x the length and
depth of that used for manufacturing inspection). A new version of the standard, -94, is in the
process of final approval. It calls for four notch reflectors, axial and circumferential on both ED
and OD, that are now 6.0 mm long x 0.15 mm deep. The standard requires that any flaw that is
interpreted to be a crack or that has a response equal to or greater than the response from the
notch minus 6 dB be sized and reported (ie 50% of the 0.15 mm notch response which is
equivalent to response from a 0.075 mm notch). Flaws that are interpreted to be cracks or that
are found to have a depth greater than 0.15 mm must be assessed to determine acceptability for
continued operation and be dispositioned if required.

The standard does not specify the type of probes to be used and accept/reject sensitivity to small
flaws is greatly affected by the choice. For example the response of a small flaw relative to the
notch response will be much smaller for a large probe with a beam that intercepts the whole area
of the notch than for a spot focussed probe that intercepts only a short length of the notch.

It may be asked how it is that the latest version of the standard has not clarified this issue. The
standard is a compromise born of many years of negotiation between the regulators and the
operators trying to balance public safety vs economics and idealism vs practicality. With respect
to flaw acceptability, the standard does say that no crack-like flaw is acceptable. The implication
is that the inspection system must be able to detect the smallest cracks within the limits of
currently available technology. Ontario Hydro has done its best to design and operate its
inspection systems to fulfil the intent of the standard.

The development of the CIGAR flaw detection system began in 1975 shortly after DHC had been
discovered in the rolled joints of Pickering 3 & 4 pressure tubes. These defects were tight, oxide
filled, ID radial-axial thumbnail shaped cracks with a length/depth ratio of -4/1. A primary
requirement of the system was to be able to reliably detect small (< 0.3 mm deep) DH cracks.
The spot focussed probes that are now used were selected as giving the best combination of good
signal to noise ratio and good sizing capability (originally by using dB drop techniques for length
profiling).

The CIGAR data acquisition system collects, evaluates and displays the information from the
ultrasonic system. To ensure the evaluation of all flaws having SW probe response equal to or
greater than the standard reference reflector in CAN/CSA-N285.4-94, the SW inspection
sensitivity is set 4 dB above that required to produce a 100% Full Screen Height (FSH) response
from the 0.15 mm deep notch. Thus, the reporting level (equivalent to the response from a 0.075



mm deep notch) is at 80% FSH. The SW responses are plotted as isometric C-scans as illustrated
in Figure 1. At this sensitivity, the response from fuel bundle scratches on the bottom inside
surface is typically 10 to 20 % FSH. In general the signal to noise ratio is excellent allowing the
definition of indications at least 20 dB below the reporting level.

Experimentally it was determined that the response from the smallest rolled joint DH cracks of
concern could be less than the mandatory reporting criteria for volumetric flaws. Consequently,
CIGAR inspection procedures require the evaluation of any indication in the rolled joint region
with a response 8 dB below the reporting level, (ie 14 dB below the 0.15 mm notch response).

The subsequent discovery of cracked blisters confirmed the need for equally high detection
sensitivity because cracks in blisters are irregularly shaped and oriented, and tight when they are
small, making them poor reflectors.

Experience has shown that debris damage and other open flaws have a high probability of
detection when the reporting criteria of the CAN/CSA standard for both SW and NB probes are
applied.

2.3 Spot Focussed Versus Line Focussed Probes

Although spot focussed probes were selected for the original CIGAR SW flaw detection system,
the above discussion does not exclude the use of line focussed probes, as long as the difference
in sensitivity required to obtain equal response from the smallest real flaw of concern and the
calibration reflector is established, and subsequently used in setting the inspection system
sensitivity during the calibration process. In fact, line focussed probes are used in the SLAR
(Spacer Location And Repositioning) blister detection system. Experience with this system has
shown that shallow flat bottomed holes (FBHs), used as corner reflectors, make better calibration
reflectors than notches, for line focussed probes, for two reasons. First, small misalignment
between a notch and the line focussed beam can cause substantial variations in response,
rendering calibration unreliable. Second, if dimensions of the FBH are appropriately chosen, the
FBH response is more comparable with that of real flaws of concern, allowing a more realistic
overall system check.

Line focussed and spot focussed probes each have their advantages and disadvantages. The main
advantage of using line focussed probes is that a larger tube volume is covered per unit probe
movement resulting in a reduction in inspection time and volume of inspection data. However,
the signal to noise ratio of line focussed probes decreases as the length of the line focussed beam
increases. Signal is the response from real flaws of concern whereas noise is the integrated
ultrasonic response from the surrounding material (grain noise and surfaces scattering). For
example, with a line focussed probe, the response from a long shallow scratch might equal the
response from a short flaw of sufficient depth to be of concern. This may increase the number
of reportable indications that have to be characterized and sized, resulting in longer inspection
time. Also, additional spot focussed probes may be required to perform adequate characterization
and sizing.



3.0 CONTACT DETECTION

The CIGAR ultrasonic SW flaw detection system, with inspection sensitivity set as described
above, is used to detect PT/CT contact. Our experience is summarised below.

Soon after the problem of blister formation was recognized, the inspection of Zr 2.5% Nb
pressure tubes was undertaken to locate spacers and to detect cracked blisters. In the tubes with
spacers sufficiently displaced to produce contact, low level outside surface response was observed
in the predicted contact zone, primarily with the circumferential looking SW probes, Figure 2.
The response was similar in amplitude to fuel bundle scratches on the inside surface and
generally less than the response from cracked blisters detected in Pickering 1 & 2 tubes (although
this is hard to quantify as discussed below).

Visual and metallographic examinations of removed Zr 2.5% Nb contacting tubes showed white
oxide formation in the contact zone but no blister formation. Laboratory tests showed that clean
high pressure PT/CT contact alone was insufficient to produce the observed ultrasonic SW
response. It is believed that the response is produced by reflection from small scratches or surface
damage produced during relative motion of the tubes such as that which occurs due to thermal
expansion/contraction during heat-up/cool-down.

The ultrasonically detected contact length is usually found to be slightly less (50 to 150 mm)
than that measured visually on removed tubes. It is postulated that this results from insufficient
time and load for contact damage to form at the ends of the contact zone. Similarly, recently
formed, lightly loaded contacts might not be detected. Although there is insufficient data to
confirm these speculations, they should be considered when interpreting results.

4.0 CRACKED BLISTER DETECTION

4.1 CIGAR Method

Shortly after the 1983 rupture of Pickering Unit 2 pressure tube G16 was attributed to cracked
blisters, the CIGAR inspection system, combined with a temporary drive (a system known as
CIGARette 161), was used to inspect other Zircaloy-2 tubes in Pickering Units 1 & 2. Many tubes
were found to have PT/CT contact and large indications were detected at the contact zone,
Figure 3.*£>••

This was the first in-reactor use of the CIGAR ultrasonic flaw detection system. Because there
was no previous experience with cracked blisters, "Grass Level Plus" inspection sensitivity was
employed 111. The CIGAR SW probe sensitivity was increased until the inside surface response
from fuelling scratches was -40% FSH to ensure that any abnormal response above this "Grass"
level (or noise as defined above) was observed. Later analysis demonstrated that "Grass Level
Plus" inspection sensitivity was quite variable, but on average not dissimilar to that currently
used, ie 0.075 mm deep EDM notch response at 80% FSH. (Information published earlier, 111,
stated that "Grass Level Plus" sensitivity was ~ 20 dB higher but later work showed that this was
probably incorrect).



The large indications were typically above 100% FSH at scanning sensitivity and were interpreted
to be cracked blisters. This was confirmed by metallography of removed tubes in many cases.
Because of the very high hydrogen levels in the Pickering 1 & 2 tubes, blisters had formed at
virtually all contact points and it is not possible to say what level of the detected response was
due to blister cracks and what was due to contact damage.

As mentioned in Section 3, low level indications have been observed at contact zones in
operating Zr 2.5% Nb pressure tubes that have been interpreted as contact damage. This has
been supported by hydrogen measurements from scrape samples indicating insufficient hydrogen
for blister formation and by metallography of removed tubes which showed no blister formation.
In studying the mechanism of blister formation and growth, methods have been developed to
produce both cracked and uncracked blisters in specimens of Zr 2.5% Nb pressure tube /8/.
Ultrasonic inspection of many of these blisters shows that blister crack responses generally
increase with blister size but can be very variable. Because of the difficulty in defining a
response level that clearly distinguishes between contact damage and blister cracks and the
potentially serious consequences of not identifying cracked blisters, other assessments such as
hydrogen scrape analysis are used to ensure the safe operating condition of Ontario Hydro's
reactors.

Experience with both Pickering 1 & 2 blisters and laboratory blisters shows that they are detected
equally well with both circumferentially and axially oriented probes. Because the contact damage
response is primarily detected by the circumferential probes, signal to noise ratio for cracked
blister detection is better in the axial SW direction. This fact is exploited in the SLAR blister
detection system.

4.2 SLAR Method

The SLAR system requires a rapid method of detecting the presence of cracked blisters during
a single axial pass through the pressure tube. An inspection is made before and after SLARing
a channel. The pre-SLAR inspection objective is to avoid SLARing the channel if there is a high
probability that it contains cracked blisters. The post-SLAR inspection objective is to determine
if previously undetected blisters have been cracked during the SLARing process.

A system was developed using three pairs of 45° SW curved line focussed probes. Each probe
beam is refracted in the radial-axial direction and inspects > 20° of the tube's circumference. The
three pairs are positioned to investigate the bottom 60° of the pressure tube, Figure 4, /10/.

Originally the intention was to use the single skip pairs in pitch-catch mode in addition to pulse-
echo mode. However, the signal to noise ratio in pitch-catch mode was found to be too low for
this to be a useful method. Hence, only the pulse-echo mode is evaluated and the two probes
covering the same area provide redundancy.

Originally, calibration was performed using a 6.35 mm long x 0.075 mm deep circumferential
EDM notch. It was found that a scanning sensitivity of notch + 20 dB was the highest practical
consistent with an integrated background response of <10% FHS. With this sensitivity the



response of small blister like reflectors is approximately equal to that of a CIGAR probe
calibrated at 0.075 mm notch sensitivity, (ie the line focussed SLAR probe requires 10 x the gain
of a spot focussed CIGAR probe to get the same response from small reflectors). Later a 0.75
mm diameter x 0.25 mm deep FBH, used as a corner reflector, was found to be a better reference
reflector for the reasons stated above, Section 2.3. Because this reflector is omnidirectional,
misalignment between probe and reflector is eliminated. Also, the gain required to achieve 80%
FSH response from the FBH is equal to that of the notch + 20 dB. Response in a predicted
contact area that exceeds 50% FSH requires further investigation.

Probability of detection studies were carried out using tubes with a limited number of laboratory
grown blisters, /11/. As with CIGAR probes, the results showed considerable response variation
with depth and some small cracked blisters were not detected. However, because it is probable
that post-SLAR cracks, if they exist, will be more reflective and will occur in linear arrays, and
because of the ability to compare before and after inspection results, the system is believed to
be effective in achieving its design objectives.

The SLAR system has been used in hundreds of channels in Bruce A, Gentilly 2, Pt LePreau
and Pickering Unit 4 (as part of BLIP /121). Generally, signal to noise ratio has been good,
Figure 5. Occasionally response is obtained at a garter spring spacer location. Sometimes, in
channels with contact, some increase in background response is observed in the contact zone, but
it is usually less than a 10% FSH increase. In a number of Pickering Unit 4 tubes, very large
responses were observed, usually at non-contact locations. They were determined to be large
areas of deposit that produced low level scattering that was integrated by the wide probe to
produce a very high response. The deposit is believed to have been left by water in the annulus
during the rolled joint leaks of 1974-75.

Very few "reportable blister indications" have been detected with this system. When they are
detected or if other factors warrant, additional inspection with the CIGAR system or other
assessments such as scraping for hydrogen measurement are required.

5.0 UNCRACKED BLISTER DETECTION

Blisters crack because the larger volume hydride develops tensile stress at the free surface where
it is free to bulge out. The blisters must reach some critical size before the stress is sufficient to
cause a crack. Blisters below this size may be uncracked. A method for detecting uncracked
blisters was required to ensure that tubes known to be in contact did not contain blisters that
could crack before the next inspection opportunity.

The system that was developed was based on two observed phenomena. First, the amplitude of
a shearwave is attenuated when it passes through an uncracked blister. Second, the time of flight
(TOF) of the through transmission SW increases when it passes through a blister (cracked or
uncracked).



A CIGAR probe module was developed with axial and circumferential pairs of single skip high
refracted angle (60°) SW probes, Figure 6. The probes were operated in pitch-catch mode as
described elsewhere /13/.

Blisters are composed of varying amounts of Zirconium hydride and Zirconium. The shearwave
velocity in Zirconium hydride is approximately 20% lower than that in pressure tube material.
When the sound beam passes through a blister, the different material properties distort the beam
causing a reduction in amplitude at the receive probe. With small blisters, a single signal drop
occurs as the probe pair crosses the blister, Figure 7. With large blisters, a large amplitude drop
occurs at the edge of the blister and the amplitude rises in its centre, Figure 8.

As the beam passes through a blister, the lower shearwave velocity of the hydride causes an
increase in the TOF of the pitch-catch response. This can be most easily observed and measured
by performing a B-Scan through the centre of the blister as shown in Figure 9. The increase in
TOF has been measured in many blisters of different sizes and it has been found to be linearly
related to the profile height of the blister above the tube surface, Figure 10. The sample contains
both large cracked blisters (Tube 29 data points) and smaller uncracked blisters (Tube 35 data
points). The same type of response and relationship is found for both. These results show that
blister cracks are sufficiently tight and transparent to ultrasound that they do not significantly
affect detection or TOF change with this method. Léger et al 191 have shown that the blister depth
determined metallographically is -10 x the blister profile height, Figure 11.

This method has been used in only one inspection campaign at Pickering Unit 4 in 1991.
Eighteen channels were inspected. Small reductions in amplitude were observed at most contact
locations. In one tube, the reduction was greater than 50% drop over an area -10° wide x 30 mm
long. An increased TOF was measured equivalent to a metallographic blister depth of 0.35 mm.
Scrape sampling indicated the hydrogen content at the contact location was close to the blister
formation threshold. Subsequent metallography of the removed tube showed that a thin surface
layer of hydride had formed but much less than the 0.35 mm predicted by the ultrasonic method.
We speculate that the TOF increase was produced by the outside surface deposit at the contact
location. However, the effect has not been explained or reproduced in the laboratory.
Consequently, this method has not been used for further inspections.
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FIGURE 1. CIGAR shearwave flaw detection isometric C-Scan displays
showing excellent signal to noise ratio at scanning sensitivity.
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FIGURE 2. Typical contact response using CIGAR shearwave probes.
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Schematic of an individual SLAR probe

FIGURE 4. SLAR ultrasonic blister detection module showing the three
pairs of Une focussed probes covering the bottom 60° of the tube
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FIGURE 5. Typical SLAR blister detection scan output showing generally
good signal to noise ratio. A higher response is observed in the
contact zone.
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FIGURE 6. CIGAR uncracked blister detection module
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FIGURE 7. Circumferential probe UCBD C-Scan over a small blister
showing typical circular amplitude drop pattern
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FIGURE 8. Circumferential probe UCBD C-Scan over a large blister showing
raised centre in circular amplitude drop pattern
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FIGURE 9. Circumferential probe UCBD B-Scan across the centre of the
blister shown in Figure 8. The increased time of flight through
the blister is clearly seen.
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Figure 10. Blister profile height vs increased time of flight with
circumferential UCBD measurements.
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OPERATING ENVELOPE TO MINIMIZE PROBABILITY OF FRACTURE IN

ZIRCALOY-2 PRESSURE TUBES

N. Azer and H. Wong

1.0 INTRODUCTION
The failure mode of primary concern with CANDU pressure tubes is fast fracture of a through-
wall axial crack, resulting from delayed hydride crack growth. This paper demonstrates the
application of operating envelopes to minimize the probability of fracture in Zircaloy-2 pressure
tubes based on Zr-2.5%Nb pressure tube experience. The technical basis for the development of
the operating envelopes is also summarized.

The operating envelope represents an area on the pressure versus temperature diagram within
which the reactor may be operated without undue concern for pressure tube fracture. The
envelopes presented address both normal operating conditions and the condition where a pressure
tube leak has been detected. The examples in this paper are prepared to illustrate the
methodology, and are not intended to be directly applicable to the operation of any specific
reactor.

Typically, other limits are also imposed on the operating envelope related to: calandria tube
integrity considerations; heat transport system related equipment and component; and safety
shutdown systems. These are not considered in the present analysis.

2.0 TECHNICAL BASIS

2.1 Background

Deuterium is absorbed by the pressure tube during operation and, under certain conditions, can
have a deleterious effect on fracture toughness. When the solubility for hydrogen isotopes is
exceeded, hydrogen precipitates as platelets of low-toughness zirconium hydride. The fracture
toughness of zirconium alloy pressure tube material is known to be reduced by the presence of
precipitated hydride if present in sufficient concentration. Radial hydrides are oriented normal
to the applied circumferential stress and have a more significant effect than circumferential
hydrides.

If Delayed Hydride Cracking (DHC) occurs, it could lead to wall penetration and leakage. Further
axial growth of the crack by DHC may lead to rupture. Fast fracture would occur when the crack
length exceeded the critical crack length (CCL). It is judicious therefore, to operate the heat
transport system (HTS) within limits which will ensure the stability of postulated or detected
DHC flaws in the pressure tubes.

For normal operating conditions, the limits imposed by the operating envelope are intended to
accommodate any generic reduction in pressure tube fracture properties brought about by service.
This is done by demonstrating the stability of a postulated flaw.



For the case of a growing DHC flaw in which a pressure tube leak is detected, the operating
envelope must be applied to ensure that the reactor is shutdown and depressurized without
pressure tube rupture, thus ensuring Leak Before Break (LBB).

2.2 Flaw Stability

The stability of a through-wall flaw is determined by its axial length, the coolant pressure and
temperature at the flaw, and the material properties and dimensions of the pressure tube. The
critical crack length (CCL) at which a flaw becomes unstable is given by:

c = K^% [eqn.l]

8af
2ln[ sec (7cMah/2af)]

where: c is half of the CCL in [m]

Kc is the critical stress intensity factor in [MPaVm]

cf is the flow stress in [MPa]

oh is the applied hoop stress including pressure on the crack face in [MPa] defined
by: ah=P(w+ri)/w, where r; is the inside radius of the pressure tube in [m]

M is the bulging factor defined by: M = [l+1.255c2/(rmw)-0.0135c4/(rmw)2)]1/2

rm is the mean radius of the pressure tube in [m]

w is the wall thickness of the pressure tube in [m]

2.3 Operating Envelope Calculations

For an operating pressure, Po, a postulated flaw must be demonstrated to be stable at a higher
pressure, Ps, such that:

Po = P/N.

N is the margin on pressure for a given operating condition and is specified as follows:

N = 1.5 For Service Levels A and B, excluding shutdown states, e.g. for full power
operation.

N = 1.3 For Service Level A and B shutdown states, e.g. for warmup and
cooldown conditions.

N = 1.0 For Service Levels C and D, e.g. for leaking pressure tube conditions.



For Service Level A and B shutdown states, the maximum system pressure (accumulation
pressure) is limited by the over-pressure protection system to approximately 1.2 times the
nominal inlet operating pressure. Use of a value of N = 1.3 for operating pressures which are less
than the nominal operating pressure exceeds the implicit margin of 1.2 on the nominal operating
pressure. The relatively low margin is based on the reactor being at zero power in the shutdown
state.

For Service Levels A and B, excluding shutdown states, the higher margin of N = 1.5 is used
in view of the fact that the reactor is at power and that this condition exists over extended
periods of time. The margin of 1.5 is also consistent with the requirements of ASME Section
m, NB-3228, which allows a margin of 1.5 on load provided that the full plastic limit behaviour
of the structure is included in the stress analysis.

For Service Levels C and D, the lower margin of N = 1.0 is used in view of the low probability
of a Service Level C or D event occurring. The margin of 1.0 is also consistent with the ASME
Section XI criteria for reactor vessels with low upper shelf fracture toughness.

Equation 1 can be used to calculate a locus of HTS pressure versus temperature points at which
a postulated flaw would be considered stable, for a particular value of N. The locus of points
forms a curve known as the flaw line, which represents an upper bound for the operating
envelope. As long as the HTS condition of pressure and temperature remains at or below the flaw
line, the postulated flaw will remain stable.

Equation 1 defines the allowable operating pressure, P o , as:

Po = (l/N){w/(w+r,)} 2Of ArccostexpfrK^/Scaf2)}"1 [eqn 2]
JCM

2.3.1 Normal Operation

Under normal operating conditions where no pressure tube leakage is occurring, a flaw is
postulated to exist. To minimize the probability of instability, a conservative value for the
postulated flaw length is used corresponding to the penetration length associated with the onset
of leakage.

2.3.2 Leaking Pressure Tube

Under conditions of a leaking pressure tube, the operating envelope may be established such that
LBB is assured. Assuring LBB involves demonstration that the leak detection mechanisms in
conjunction with station operating procedures will provide the operator with sufficient warning
time to shutdown, cooldown and depressurize the reactor such that the CCL is never reached at
any point in the shutdown sequence. The growth of a through-wall DHC crack is modeled
throughout the sequence of events, starting with the onset of leakage and ending with the reactor
being placed in the cold, depressurized state. The basic analytical parameters are: the initial crack
length at penetration; the Delayed Hydride Cracking Velocity (DHCV); the leak rate versus crack



size relationship; and the CCL. It must be demonstrated that the calculated crack length is less
than the CCL at each point in the pressure/temperature shutdown path.

The events of the shutdown sequence and their timing are dictated by specific station moisture
response characteristics, operating conditions and operating/shutdown procedures.

In the absence of specific station information, general operating envelopes may be developed
which will ensure LBB for a potential pressure versus temperature shutdown path. The envelopes
are based on an assumed time from crack penetration to reactor shutdown which is taken to
govern the final crack length at shutdown, L:

L = Lp + 2*DHCV*t (Assuming double-ended crack growth)

where:

Lp = the penetration crack length
DHCV = the DHC velocity
t = the total time from crack penetration to reactor shutdown.

LBB will be assured if the reactor is shutdown using the pressure versus temperature envelope
defined by the flaw line corresponding to the assumed time, t.

3.0 OPERATING ENVELOPES FOR ZIRCALOY-2 PRESSURE TUBES

The operating envelopes developed are based on 80 mm diameter Zircaloy-2 pressure tubes.

3.1 Pressure Tube Dimensions

Assumed pressure tube dimensions include corrosion and wear allowances specified for Douglas
Point. Diametral creep has not been accounted for. The dimensions used are as follows:

Specified Minimum Wall Thickness = 0.155 in
Corrosion Allowance = 0.001 in
Wear Allowance = 0.002 in
Minimum Wall Thickness for analysis, w = 0.152 in

= 3.86 mm

Maximum Inside Radius for analysis
(Including Corrosion and Wear), r; = 1.635 in

= 41.53 mm



3.2 Penetration Crack Length

A bounding value for the crack length at penetration of a DHC crack initiated from a single point
source in Zr-2.5%Nb pressure tubes is Lp = 20 mm. This value is assumed to also apply to
Zircaloy-2 pressure tubes in the present analysis.

The penetration length of 20 mm would not be valid for a flaw resulting from other initiation
mechanisms. For example, a flaw initiated from multiple adjacent points, such as a row of
blisters, would be expected to have a significantly longer penetration length, as encountered with
the Pickering G16 experience.

3.3 Material Properties

Mechanical property and fracture toughness data for irradiated Zircaloy-2 pressure tubes are
established from [1] which reports on two tubes removed from NPD. Pressure tubes G07 and F08
had been irradiated to fast neutron fluences (E > 1 MeV) of 4.5 x 1025 n/m2 and 6.6 x 1025 n/m2

respectively. Measurements indicated maximum deuterium concentrations of 0.8 at% deuterium
(178 ppm D) and 1.9 at% deuterium (427 ppm D) respectively.

Tube F08 showed a consistently lower toughness than tube G07, primarily due to its higher
deuterium concentration. Lower bound lines were applied to each of the data sets and used for
analysis purposes.

The flow stress was taken to be the reported transverse ultimate tensile strength.

DHCV is influenced by several factors including fluence and temperature. Axial DHCV results
are available for unirradiated Zircaloy-2 material. Studies have demonstrated that neutron
irradiation increases DHCV in Zr-2.5%Nb pressure tube material. At temperatures above 240°C
the difference between the upper bounds for irradiated and unirradiated material is a factor of 2
to 4. In the absence of results for irradiated Zircaloy-2, a factor of 3 was used to estimate DHCV
for irradiated material from the upper bound for unirradiated material:

Estimate for Irradiated Zircalov-2 Pressure Tubes:
@ Inlet (T = 250°C) DHCV = 0.117 mm/hr
@ Outlet (T = 300°C) DHCV = 0.360 mm/hr

3.4 Operating Envelope for Normal Operation

The operating envelopes for normal operating conditions are calculated assuming the existence
of a 20 mm long crack, that is treated as through-wall.



Two operating envelopes are calculated based on equation 2 and are shown in Figures 1 and 2.
The envelope shown in Figure 1 assumes a fracture toughness associated with the lower bound
line for pressure tube G07 and the envelope shown in Figure 2 assumes a fracture toughness
associated with the lower bound line for pressure tube F08. In each case, the envelope is shown
for values of N of 1.3, and 1.5.

3.5 Operating Envelope for Leaking Pressure Tube

The operating envelopes to assure LBB during shutdown for a leaking pressure tube condition
are calculated assuming the existence of through-wall crack with a penetration crack length of
20 mm.

Two sets of envelopes are calculated based on equation 2 and are shown in Figures 3 and 4. The
envelopes in Figure 3 are based on inlet end conditions (250 °C, 10.5 MPa) and the envelopes
in Figure 4 are based on outlet end conditions (300°C, 9.71 MPa). Each figure consists of flaw
lines corresponding to different times, t, for the interval between crack penetration and shutdown
and depressurization. In each case the fracture toughness of pressure tube G07 is assumed and
the envelope is based on a value of N of 1.0.

4.0 DISCUSSION

The analysis-presented assumes the penetration crack length of 20 mm associated with a DHC
flaw initiated from single point. The analysis would not be valid for a flaw resulting from other
initiation mechanisms, such as a row of blisters, which would result in a longer penetration
length. This is apparent from Figure 3 in which a crack having a penetration length greater than
approximately 46 mm would not be stable at inlet conditions (250°C, 10.5 MPa).

The envelopes in the figures are based on the conditions of pressure and temperature at the
location of the postulated flaw in the pressure tube. The differences in pressure and temperature
between the postulated flaw location and the reactor outlet header must be applied to the curves
in the figures to establish the operating limits in terms of the reactor outlet header conditions
because these are the ones on which reactor control is based.

Normal Operation
An assumption that the flaw is located at the inlet end of the pressure tube would be bounding
for all other possible pressure tube locations since the pressure is highest and the temperature is
lowest at this location resulting in the minimum CCL values.

The fracture toughness of Zircaloy-2 pressure tube material is known to be reduced by fluence
and the presence of sufficient amounts of precipitated hydrides. A sharp brittle-ductile fracture
transition can occur at temperatures above 200°C, the transition temperature increasing with
increasing hydrogen concentration [2] [3]. This effect is apparent when comparing the envelopes
developed based on toughness data from pressure tube G07 with 0.8 at% D (Figure 1) and
pressure tube F08 with 1.9 at% D (Figure 2). Based on Figure 1, an inlet temperature of at least



160°C should be reached prior to achieving a full inlet operating pressure of 10.48 MPa. If the
pressure tube properties associated with Figure 2 are assumed, an inlet temperature of about
250 °C must first be reached.

Leaking Pressure Tube Conditions
The envelopes may be applied as illustrated in the following example. For a pressure tube flaw
at the outlet end, and an assumed time from crack penetration to shutdown and depressurization
of 16 hours, the maximum flaw length associated with outlet temperature flaw growth over this
period is about 55 mm (see Figure 4). If the shutdown is carried out along a path which
maintains the outlet end conditions below the 16 hour flaw line in Figure 4, the CCL will not be
exceeded and LBB is assured.

Despite the fact that CCLs are longer for outlet end conditions, this end is more limiting than the
inlet end in terms of the time available to detect a leak and depressurize the reactor. This is
apparent by comparing inlet and outlet flaw lines in Figures 3 and 4 prepared for the same time,
t = 10 hours. The outlet flaw line corresponds to a significantly longer crack length than the inlet
flaw line (42 mm versus 27 mm) which more than offsets the lower operating pressure and
higher toughness associated with outlet conditions. The greater outlet crack growth for a given
time is in turn due to the fact that the outlet DHCV is taken to be about three times the inlet
DHCV in this analysis.

These envelopes are based on the final crack length at the time of depressurization which is
assumed to be achieved at either the steady inlet or outlet temperature. In actual practice, as the
reactor is cooled during shutdown, the DHCV will be reduced resulting in a shorter crack for
times after the first cooldown step. Similarly, the full initial inlet or outlet pressure is applied to
this final crack length where as the reduction in pressure during an actual shutdown process
would increase the CCL. These factors are normally accounted for in conventional, deterministic
LBB analysis, which examines crack length and CCL as a function of prevailing conditions at
incremental time steps.

5.0 SUMMARY

The application of operating envelopes to minimize the probability of fracture in 80 mm diameter
Zircaloy-2 pressure tubes has been discussed. Both normal operating and leaking pressure tube
conditions have been considered. The envelopes presented are for demonstrative purposes only,
and are not intended to be directly applicable to the operation of any specific reactor.

As long as the HTS condition of pressure and temperature remains at or below the flaw line and
the assumed crack length at penetration is not exceeded, the postulated flaw will remain stable.
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Fig. 2: Pressure Temperature Envelope for Normal Operation
(Kc based on lower bound for PT F08 data: 6.6 X 10E25 n/nT2; 1.9 at% D)
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Fig. 3: Pressure Temperature Envelope for Leakinq Pressure Tube
(inlet End Flaws)
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Fig. 4: Pressure Temperature Envelope for Leaking Pressure Tube
(Outlet End Flaws)
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WORKED EXAMPLES - BLISTER GROWTH METHODOLOGIES

T.P. Byrne & H.Wong

Worked examples, regarding blister growth methodologies, were prepared and presented. These
examples were intended to explain and demonstrate the various concepts that are required to
understand the phenomena associated with blister growth in CANDU Zr-2 pressure tubes. The
presentation at the meeting in Vienna consisted of a large number of overheads (64) that were
addressed through accompanying discussion. This paper is simply a summary of some of the
concepts that were discussed together with a selection of overheads used to support the
discussion. Some consolidation of overheads has been made in order to reduce the length of this
summary.

The concepts of equilibrium concentration distribution and the hysteresis in the terminal solid
solubility are used to demonstrate blister formation threshold, limiting blister size, the ratchetting
of hydrogen to the cold spot due to thermal cycles, the shape of the two phase zone and the
dissolution of blisters under changes in power level and SLAR.

The results of computer runs, showing worked parametric examples, are then presented. These
examples show the application of the previously-presented concepts to better understand the
various phenomena that are observed during reactor blister assessments.
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Figure 1: This figure illustrates the concepts of Blister Formation Threshold (BFT) and
Maximum Blister Size. The TSSP and TSSD curves are dependent upon the
temperature distribution through the wall and hydrogen solubility in Zircaloy /I/ .
Curves A,B and C show the equilibrium distributions of hydrogen in solution in
the temperature field for increasing bulk concentrations of hydrogen. Curve A
illustrates a case in which no blister will grow because at the coldest location
(0 mm) the concentration in solution does not exceed TSSP. Curve B shows a
case in which the concentration at the cold spot equals the TSSP. This condition
defines the BFT, which is the concentration in the bulk of the tube ( in this case
at the 4mm point) that produces this condition. Curve C shows a case in which
BFT is exceeded. In this case, the equilibrium can be achieved only when a
blister has grown to a depth of point D which is the intersection of the equilibrium
concentration distribution with the TSSP curve. This point defines the Maximum
Blister Size. Since the TSS curves are defined by the temperature distributions,
it is easy to see that reduced temperatures, such as those produced by hot shut
down conditions or reduced power operation, will shift the TSS curves downward
and can produce situations in which the BFT is exceeded for the period during
which these temperature reductions occur.
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Figure 2: These figures show the effect of cooldown thermal cycles on the development
of a two phase zone about the cold contact location. For a bulk concentration at
BFT ( as in Figure 1), a cooldown cycle precipitates virtually all of the hydrogen.
Immediately after returning to operation, the total hydrogen concentration at any
point is the same as it was before cooldown, but the amount in solution cannot
exceed TSSD, the dissolution solubility limit. This results in the situation shown
in (a) above, in which the shaded area indicates the amount of hydrogen as
hydride following the thermal cycle. After some additional period of time,
diffusion returns the concentration in solution to equilibrium as in (b) without
significantly dissolving the precipitated hydride. Each additional cycle produces
a similar increase in the amount of precipitated hydride. The extent of this two
phase region is determined by the point of intersection of the equilibrium
concentration curve with the TSSD curve.
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Figure 3: Blister dissolution can occur if the TSSD at the blister boundary exceeds the
local concentration in equilibrium with the bulk concentration at the nominal tube
temperature. This is illustrated simply in the above schematic figure. In this
figure, an existing blister (shown by the shaded region) in a temperature gradient
(reflected in the TSS curves) grows when the concentration in the bulk exceeds
the curve labelled growth. The blister dissolves when the concentration in the
bulk is less than the lower curve labelled dissolution. The large gap between these
concentrations means that once blisters have grown in reactor under any
conditions (e.g. hot shutdown), they do not dissolve on returning to power because
TSSD cannot be sufficiently increased. However, if the contact is removed, then,
the TSSD curve increases to the far field level as indicated by the dashed
horizontal line, and as long as the bulk concentration is below TSSD, then
dissolution will occur.
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Figure 4: A discussion on the effects of thermal cycling on blister growth is summarized
in this figure which compares expected blister growth behaviour with and without
thermal cycles. Since the blister depth is the equivalent depth nd includes the two
phase zone caused by the ratchetting effect described in Figui , the depth for the
thermally cycled case lies above that for the constant temperature field case at the
low concentrations. However, when the bulk concentration in the tube reaches
TSSD for the nominal pressure tube temperature, then the thermal cycles have the
effect of reducing the blister growth rate relative to the steady case. This occurs
because each thermal cycle resets the bulk concentration in solution to TSSD
whereas without thermal cycles the bulk concentration in solution is free to
increase until TSSP is reached. Since one driving force for blister growth is the
concentration in solution, cycling has the effect of decreasing the average driving
force and hence the blister growth rate. Another minor effect which also reduces
the growth rate is the fact that the precipitated hydride, produced under thermal
cycling, reduces the volume fraction of material available for diffusion.
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Figure 5: This figure shows the effects of late contact on blister growth. ( This was
presented following a discussion of the blister growth curves for the early contact
situation shown in /I/ . Late contact implies that the BFT has been exceeded
before the pressure tube to calandria tube contact occurs. The figure above
presents the results for a single pickup rate ( 6 ppm Heq per year) and compares
results for two late contact cases with the early contact case. These curves show
that in late contact cases, the blister rapidly grows to the size that it would have
reached if contact had existed all along. This is shown in both time and
concentration space. Therefore, the early contact assumption provides a
conservative prediction of blister size. Results were presented for different pickup
rates and showed that the effect of pick up rate on growth was reduced as the
concentration at the time of contact increased.
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Figure 6: This figure illustrates the expected blister growth for different pickup rates in
a thermal field similar to the case of a RAPPS channel under quarantine. This
does not represent a likely case but is useful for comparison with the blister
growth shown in / I / for the inlet and outlet ends.
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Figure 7: This figure compares blister growth behaviour for a pick up rate of 1 ppm per
hot year for a channel which is quarantined when the bulk concentration is 22
ppm. This concentration corresponds to BFT at the inlet of a RAPPS channel.
Blister growth under quarantine is compared with the growth expected at the inlet
outlet in a contacting channel that is not quarantined. Note that time in the upper
figure is measured from the time of blister initiation and this occurs later in actual
time for an outlet contact starting with 22 ppm. It is clear that quarantining results
in larger blisters than no quarantining.
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Figure 8: This figure is similar to Figure 7 except that the pickup rate is assumed to be
6 ppm per hot year. Again quarantining is initially worse and then the results are
quite close.
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Figure 9: Several cases were examined to show the expected blister growth rate in a
RAPPS channel if it were to exhibit the same pickup rate as that of Pickering 2
Channel G-16 at the location of the rupture initiation. Two pickup rate scenarios
are chosen - the Pickering case and a case of higher pickup which would result
from a surface ilux of hydrogen the same as G-16 but in the thinner-walled
RAPPS tube!
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Figure 10: This shows blister growth for the two different pickup rate scenarios of Figure
9 applied to an outlet contact in a RAPPS channel. Blister growth occurs sooner
with the higher pick up rate. The differences in blister growth in concentration
space are small because the pick up rates are so high.
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Figure 11: This figure compares the blister growth rates at the inlet and outlet of RAPPS
channels for the case of the high pickup rate from Figure 9. It is useful to recall
that some channel inlet end contacts in Pickering exhibited levels of deuterium as
high as those at the rupture initiation point of G-16.
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Figure 12: Blister growth is shown for the variable pickup case for an outlet contact. The
three cases compare quarantining occurring at two different bulk concentrations
(19.9 and 24.9 ppm) with a tube which is not quarantined. Pickup is assumed to
continue at the unquarantined rate. Quarantining is seen to be initially worse
although the final blister sizes at 3500 days are smaller in both quarantined case.
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Figure 13: These blister growth cases are similar to those of Figure 12 except that the
pickup rate during quarantining is assumed to be 2.5 ppm per year. Quarantining
is again initially worse but final blister sizes are smaller in the quarantined case.
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SUMMARY:

Detailed discussions of blister growth phenomena were supported by computer modelling runs
which illustrated many of the effects that were discussed. In particular, the effects of
quarantining channels were thoroughly presented and Shown to be worse, in the short term, than
not quarantining channels. Although quarantining is used in India as a short term fix, there is
clearly no benefit in the short term.
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