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Résumé

En août 1974, l 'uni té 3 (514 WMe) de Pickering a été arrêtée
pendant 8 mois par suite de fissures dans 17 de ses 390 tubes de force.
Les fissures résultaient d'une mauvaise technique d ' insta l la t ion durant
la construction. Le positionnement erroné de l ' o u t i l de roulage employé
pour joindre les tubes de force en Zr-2.5% poids Nb aux culasses a
produit de très fortes contraintes résiduelles qu i , en combinaison avec
des périodes où les tubes étaient f ro ids , ont provoqué les fissures. La
propagation de cel les-ci a résulté de la rupture des hydrures lesquels
sont fragiles 5 f r o i d . L'enquête subséquente a permis de confirmer que
les joints roulés correctement ne sont pas susceptibles d'avoir de te l les
fissures. Les ressources de l ' indust r ie canadienne, de Ontario Hydro
et de 1'EACL ont été coordonnées pour trouver des solutions technologiques
aux problèmes des f issures. Les tubes défectueux ont été retirés du
réacteur, examinés avec soin afin d ' ident i f ie r la cause des fissures,
puis i l s ont f a i t l ' ob je t d'essais exhaustifs pour assurer leur f i a b i l i t é .
Des techniques non destructives ont été rapidement adoptées pour inspecter
les tubes de Pickering. Des méthodes et des instruments destinés à
remplacer les 17 tubes défectueux ont été mis au point e t l 'uni té 3 de
Pickering a été remise en service à la f i n de mars 1975.
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ABSTRACT

In August 1974, Pickering Unit 3 (514 MWe) was shutdown for a
period of 8 months because of cracks in 17 of the 390 pressure tubes. The
cracks were a result of incorrect installation procedures during construction.
Improper positioning of the rolling tool used to join the Zr-2.5 wt% Nb
pressure tube to the end fitting produced very high residual tensile stresses.
High stresses in combination with periods with the tubes cold caused the
cracking. Crack propagation was by fracture of hydrides which are brittle
when cold. Subsequent investigation confirmed that properly rolled joints
are not susceptible to such cracking. The resources of Canadian industry,
Ontario Hydro and Atomic Energy of Canada were coordinated to find
engineering solutions to the crack program. The defective tubes were
removed from reactor, thoroughly examined to identify the cause of the
cracks, and thoroughly tested to prove safety. Non-destructive techniques
were quickly adopted for inspection of tubes in Pickering. Tools and
procedures for retubing the 17 channels were prepared and Pickering Unit
3 was returned to service at the end of March 1975./-" f• >• * )

*Paper pnue.nto.ci at the knnuat CongtUi oft the EngiMPJiinq
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Introduction

The performance of the CANDU-PHW (Canada Deuterium Uranium-
Pressurized Heavy Water) reactors has been extremely good, particularly
for the 2056 MWe Pickering Generating Station which achieved a Net
Capacity Factor of 83.4% in 1973. The first serious outage, which began
in August 1974 and resulted in eight months of lost power production from
one unit, occurred when 17 of the 390 pressure tubes in Pickering Unit 3
(514 MWe) were replaced because of cracks. The cracks were a result of
incorrect installation procedures during construction. The Net Station
Capacity Factor for 1974 was 74.3%. In May 1975, cracks in the pressure
tubes of Pickering Unit 4 similar to those in Unit 3, were found and
cracked tubes are now being replaced.

This report summarizes the main features of the CANDU pressure
tube reactor, the cracking of the pressure tubes, the corrective actions
taken, the NDT*irethods used to detect leaks and cracks, and the problems
associated with replacing components in a reactor.

*non-destructive testing
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TI.c r-.oi!^aic Tub*

One of the main engineering characteristics of the CANDU
nuclear power reactor is the use of pressure tubes rather than one
large pressure vessel to contain the fuel and coolant. The power
reactor basically consists of a calandria, which is a large tank
containing the heavy water moderator, end shields, and an array of
identical fuel channels which project through the end shields and
calandria. Figure 1 shows a cut-away of a Pickering reactor. Figure 2
is a simplified schematic. The principal components of a fuel channel
are the pressure tube, the calandria tube, the central spacers and the
end fittings.

The pressure tube as a pressure vessel has many advantages.
It is of simple shape, thin section, and homogeneous. The fabrication
process is repetitive and subject to close control by process parameters;
tubes are purchased to stringent specifications. Dimensional tolerances
and freedom fror significant defects are guaranteed by 100%non-destructive
testing of the finished tube. Chemical composition, corrosion resistance
and strength are guaranteed by destructive tests on pieces cut from
the ends of the actual tubes used in the reactor. Because the pressure
tube is small, prototype tubes car be irradiated at full power-reactor
conditions in the test reactors. Their behaviour is monitored
intermittently and finally they are removed for destructive evaluation.
The results from strength, corrosion and other evaluations are appV'f.d
to the design of tubes for pov/er reactors and to an assessment of their
safety. The capability of removing tubes from reactor proved to be
of great value during the investigation into the cracks in the Pickering
pressure tubes.

On-power refuelling is facilitated by the pressure tube concept.
CANDU reactors are refuelled by routinely breaking into the primary
heat transport system fuel channels on power and at full temperature
and pressure. The fuelling machine heads and suspensions home and
clamp on to opposite ends of a reactor fuel channel; one machine inserts
new fuel into the channel while the other accepts the spent fuel from
the channel. The reactor bridges and carriages transfer the fuelling
machines between the new fuel ports and reactor faces and the spent
fuel port. The fuelling machine heads and bridges were extensive!"
used through the inspection and repair work on the Pickering reactors.

The pressure tubes of about 6 w (240 in.) length, 4.1 mm
(0.162 in.) wall thickness, and 103 mm (4.07 in.) inside diaireter
contain the fuel and heavy water coolant at about 9.0 MPa (1300 psi)
and 566 K (293<>C). Cold-worked Zr-2.5 wt? Nb with a design stress
of 158 MPa (23,000 psi) at 573 K (300OC) is the pressure tube material
for current CANDU reactors. The pressure tubes in a CANDU-PHW reactor
are horizontal and subject to internal pressure and to bending "oads
due to weight of fuel and coolant. The ends of the pressure tubes are
rigidly joined to end-fittings of stainless steel by rolled joirts (see
Figures2 and 3). The end fittings are firmly supported by the end
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shield?. A pressure tube is then a fixed beam subject to a uniformly
distributed load and to point loads provided by the central spacers
which in turn are supported by the calandria tube. The stress system
in the tube can be readily calculated since the tube is of simple
geometry; there are no welds or appendages. The only discontinuity
is where the tube is joined to the end fitting.

Figure 3 shows the cross section of a rolled joint. Three
grooves are machined in the end fitting bore in the rolled joint area.
The pressure tube is inserted into the end fitting covering the grooves.
A tube expander is introduced into the pressure tube through the end
fitting (Figures 4 and 5). The tube is roll expanded into the end
fitting. The tube wall thickness is reduced by 12% to 15$ and the
grooves in the end fitting are partially filled with tube material.
Also, tube material is extruded axially in either direction away from
the rolled area. The material in the grooves tends to lock the tube
to the end fitting producing satisfactory leak tightness and axial
strength. Although the rolled joints themselves have behaved perfectly,
improper rolling procedures during construction resulted in cracks
close to the rolled joint in 17 pressure tubes of Unit 3 at Pickering.
However, before discussing the cracks in the tubes, the events which
lead to the discovery of the cracks should be reviewed.

Leak Vzte.cXlon

On August 10, 1974,when Unit 3 was being returned to service
after a scheduled maintenance outage, routine checks revealed that
heavy water was leaking into the system which circulates dry nitrogen
gas for corrosion resistance through the annulus between the pressure
and calandria tubes. The leaking heavy water was fully recovered
from the gas circulating system; none was lost and at no time was there
any hazard to operator or to the public. Chemical analysis identified
the water as coolant from the primary heat transport system and net
moderator water, thus indicating the leak was in the fuel channel.

At this time, it was realized that the pressure tube and
end fittings from the leaking fuel channel would have to be removed.
Although the general techniques to be employed to remove pressure
tubes from a reactor were known, tube replacement after only two years
of operation was not expected and equipment and procedures had not been
proven for either identifying leaking channels or replacing them.
Good procedures are essential when doing repair work en nuclear
reactors because of high radiation fields;the time personnel can work
at the face of a reactor is very restricted. For example the radiation
fieldsat the face of a Pickering reactor are from 0.5 to 1 R/h (Roentgen/
hour of y radiation) depending on distance away from the end-fittings
and feeders, and time after the reactor is shut down. A Rem is the
radiation absorbed by the body from an exposure of about 1 R (exposure
or dose = R/h x time). The acceptable limit for a man in any one
year is 5 Rem. Shielding to reduce the radiation fields is essential,
otherwise the number of men required to do a job becomes excessively
high.
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The first job was to identify the leaking channel. Although
the high collection rate from the annulus gas system made it clear
that there was a leak, identifying exactly which channel was responsible,
posed an extremely difficult question since the annulus gas system is
connected to each fuel channel via a series of headers and small feeder
pipes called pig-tails. The first technique tried was tracing the
leak path through the headers and pig-tails by removing the inspection
caps and pulling a plug slowly through the headers. When the plug
covered the end of the pig-tail from the leaking channel the collection
rate from that header would fall significantly. Since channels were
connected in pairs, final positive identification could only be achieved
by pressure testing. Any suspect channels had blanks installed
isolating them from the feeders. Pressurization with the fuelling
machine was then used to test for leakage.

During the five days required to trace the first leaking
tube, many difficulties were overcome. The technique was expensive
in radiation dose since it required work close to the reactor face.
The small bore pig-tails restricted drainage, making changes in collection
rate sluggish, and the complex design of the annulus gas system allowed
many alterative drainage paths, complicating interpretation of the
results. Leak rates were only about 0.51 (0.1 gal.)/minute.

By Aucust 17, the channel in position J16 (A, B, C - rows
down; columns, 1 , 2 , 3 - across, Figure 1) had been positively confirmed
as leaking and preparations were made for its replacement. The channel
was defuelled and isolated by blanking off the coolant feeders. Repair
procedures were finalized and crews were trained on a mock-up during the
week of August 18-26. J16 fuel channel was then removed in 30 hours
by disconnecting retaining studs and bellows (see Figure 2). A rotary
cutting tool extended through the end fitting and cut the pressure tube
away from the end fitting. The end fitting was then pushed into a
flask with 5 tons of lead shot as shielding at the end of the channel.
The same procedure was also employed to remove the other end fitting.
The remaining pressure tube was cut in half and pushed into a third
flask. A new channel was then installed in 8 hours. The channel
replacement required about 78 man-Rem.

After channel J16 v/as replaced, a special procedure to dry
out the annular gas space was initiated. This consisted of vacuum
drying the system with the heat transport system temperature at 383 K
(110°C), to allow any trapped water to gently boil-off. Removal of
this water was necessary, prior to returning to full operating temperature,
to prevent rapid boiling in the annulus between pressure and calandria
tubes which could result in high pressure damage to the bellows and
calandria tubes.

On September 5, after this procedure had been used for several
days, a continued high collection rate from the annulus gas system led
to the unpleasant conclusion that there must be another leak. At this
time, other methods of leak detection were being investigated.
Alternative methods of tracing flow through theannulus gas system were
tried. These include freezing pig-tails which were full of water to
produce an ice-plug, using jets of cold gas, and temperature and infra-
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red measurements on the piping surfaces. None of these methods
proved viable. A completely different method, listening to the ultrasonic
sound waves emitted by a small high pressure leak, was also being tested
on a mock-up of a Pickering pressure tube. This was immediately
successful and later on, as experience was gained in its use on the
actual reactor, it was to become accepted as the prime method of leak
location. With this "acoustic emission" technique, a probe is manually
placed in turn on the end fitting of each pressure tube. With the
reactor pressurized, leaking channels can be discriminated from non-
leaking by a characteristic increase in the signal amplitude in the
0.4 to 0.6 MHz frequency range.

Acoustic emission monitoring identified channel J4. The
replacement of J4 was commenced on September 18 and was completed in
three days. Additional leaking tubes were suspected when the heat
transport system was repressurized on Septembpr 21. This time, acoustic
emission was used in an extensive reactor search and J8 was identified
as the source of leakage. The J8 removal and replacement was completed
by October 4. Between October 10 and 16, all 390 channels were scanned
and seven suspected leaks were identified.

The Ptiogfum CcohdhvubLcn

During August and early September the cause of the leakage was
still not known, but one of the strong points of the Canadian nuclear
power program was already emerging, i.e. the ability to orqanize
itself and react when troubles occur. Before the first thanne1 (JIG)
was removed, the radiation safety, security, transport, and numerous
other service groups from Atomic Energy of Canada and Ontario Hydro.
who were familiar with the transportation of highly radioactive
components, were being organized. They prepared detailed plans and
obtained clearances to move the components which had radiation fields
cf about 1500 R/h by special transport in heavy shielded flasks to
the Chalk River Nuclear Laboratories (CRNL) where numerous facilities
exist for handling radioactive components.

By September 10, pressure tests in the 'bays' (water-filled
trenches) had confirmed the leak to be in the pressure tube near the
end fitting at the coolant inlet end of the channel. At this point
Canadian industry became deeply involved; a team from Canadian General
Electric,who had extensive experience in the design and development of
rolled joints for CANDU reactors, was called in to help with the
investigation. At first, it was suspected that the rolled joint had
loosened and begun to leak. However, after extensive ultrasonic testing
and dimensioning of the joint had been completed, the stainless steel
end fitting was cut away from the pressure tube and three cracls in
the tube were revealed. The cracks had been hidden from view by the
overhanging portion of the end fitting (see Figure 6). These cracks
were all located just beyond an unexpected ridge on the outside of
the pressure tube. The origin of the ridge appeared to be associated
with the rolling procedure used. The dimensional checks on the roller.
joint had revealed that the rollers used during fabrication rust hav^
extended beyond the parallel part of the end fitting producing an
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'•over-extended" joint. By late September the first major clue as to
the cause of failure had been found. With the number of leaking channels
increasing alarmingly during September and the discovery of cracks, it
was realized that the investigation into the cause of the cracks, and
the actions required to correct the situation was a job of major
proportions. Although cooperation between various groups had been
extremely good a coordinating committee was set up early in October
to direct the investigation and repair work, set priorities, insure
that all resources which could be of value to the investigation were
enlisted and avoid duplication of effort. Of prime importance was to
understand the cause of cracking. This investigation focused on two
main aspects, the metallurgical examination of the cracked tubes, and
the experimental stress analysis of 'poor' (i.e. over-extended rolled)
joints and 'good' (properly rolled) joints.

The Cftack i

As soon as the cracks were found, the tube was cut up in
the shielded 'caves' (Figure 7) and numerous metallurgical evaluations
began. Figure 6 shows some of the important features of the crack and
joint and Figure 8 is a view of a typical crack. During October the
examination of the fuel channels removed from Pickering Unit 3 revealed
the following:

a) All cracks were at the 'West' end of the reactor.

b) All cracks were at the coolant inlet end (at each end of the reactor
one half of the channels are coolant inlet 522 K, the other half are
coolant outlet 566 K).

c) Dimensional measurements in the tube and rolled joint showed that
the rolling tool had been inserted about 13 mm (0.5 in.) too far
into the tube at the 'West' end during the rolling operation. This
condition is termed 'over-extended1 rolling. The rolling tool had
thus been expanding the tube for about 10 to 15 mm (0.4 to 0.6 in.)
beyond the hub i.e. the parallel bore of the end fitting, and in
a region where the tube has little support. (See position of taper
and roll in a poor joint, Figure 6.) The joints at the 'East1

end of the reactor were not as over-extended as those at the 'West'
end.

d) The cracks were about 15 to 20 mm (0.6 to 0.8 in.) long and were
just inboard of the rolled joints, where the tube is flared out
during the roll forming process. The crack initiation point was
close to the innermost point of contact of the rollers (see
Figure 6). The cracks had either propagated through the tube
wall or had propagated almost through the wall with only a thin
web on the outside remaining.

e) The surfaces of the cracks showed that propagation was from the
inner wall of the tube and was in three distinct bands (see Figure
8). Each band was oxidized a different amount. The first band
was heavily oxidized suggesting the crack had been exposed to
coolant at temperature for a long time. The second band showed
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some oxidation, and the last band showed only very light oxidation
suggesting very little exposure to coolant at temperature.

f) Electron fractography of the least oxidized crack surface showed
characteristics found in zirconium alloys that had failed by
delayed hydrogen embrittlement.

g) The heavy oxidation of the crack surfaces at the crack initiation
point obliterated any features which might have helped identify
the initial defect or discontinuity.

h) In the same circumferential plane as the crac!'. initiation point,
a series of small 'incipient' cracks about 0.05 nun (0.002 in.)
deep and up to 0.25 mm (0.01 in.) long \.'~re found. Some had
zirconium hydride platelets at their tips while others were filled
with white oxide.

i) Radial hydrides (i.e. zirconium hydride platelets in the radial-
longitudinal plane) existed in the same circumferential plane as
the cracks (see Figure 6). The orientation of zirconium hydrides
within the pressure tube is normally circumferential. Circumferential
hydrides will reorient when cooled under high tensile stress.

j) The hydrogen (plus deuterium) concentration (about 15-20 ppm), the
oxide layer on the inner and outer walls of the tubp, and the
tensile strength and ductility of the tubes were as expected from
previous experience.

k) There was little radiation damage in the region of the cracks.

Rolled Joint

As soon as the 'over-extended' rolling was identified as a
probable factor in the cracking of the tubes, experimental stress
analysis was initiated. By the end of October, initial results indicated
that very high residual tensile stresses existed on the inner wall at
the same point as the initiation of the cracks. It was then confirmed
that over-extended rolling was the major contributor to the cracking
problem, and the condition of joints in all reactors was questioned.
The only source of this type of information was the pre-service pressure
tube gauging data made on fourteen reference pressure tubes in each of
the Pickering and Bruce reactors. (Bruce, 4 units of 750 KWe each,is
now in various stages of construction.) When the data wereanaiyzed,
it was discovered that all the joints measured were to some degree
over-extended the condition of those on the Bruce Units 1 and 2
being somewhat worse than those at Pickering.

The joint program thus was directed at three major aspects:

1) establishing how the Pickering Unit 3 joints were made, and
reproducing the Unit 3 joints for stress analysis and metallurgical
examinations,
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2) establishing procedures for good joints and the residual stresses
in good joints, and

3) establishing a method of stress-relieving the over-extended region
in the tubes in the Bruce 1 and 2 reactors.

Possible reasons to explain the consistent overextension of
joints were explored. Examination of tools and procedures used for
roll forming showed that wear of the tool, cumulative tolerances and
stretch of the tool during rolling couli account for some of the
incorrect or over-extended rolling of the joints in the Pickering
reactor. However, the major problem appeared to be that the danger
or uver-extension had never been foreseen and the rolling tool positioning
procedures used on each reactor did not specifically prevent it
happening. Another weakness appeared to be the lack of any dimensional
check on rolling tool position as a quality assurance control after
fabrication. Quality control and records on all other aspects of the
joint were excellent.

Experimental stress analysis on 190 joints made in support
of the investigation into the cracking of the tubes showed that:

a) over-extended rolling produces high residual tensile stresses which
are generally dependent on clearances between pressure tube and hub,
tube wall thickness variation, and rolling tool position. Residual
tensile stresses in the transverse direction greater than 600 MPa
(87,000 psi) can be produced on the inner wall. There are
longitudinal and transverse (hoop) stresses due to bending loads
during flaring and rolling, and transverse stresses due to an
increase in tube diameter. There are compressive (hoop) stresses
on the outer wall opposite the crack initiation point. After one
pressure-temperature cycle (at coolant conditions) the stress
level drops by about 20%. During the first 1000 hours of operation
the stresses drop by another 15 to 20%; after 1000 hours the stresses
continue to decrease but very slowly.

b) the position of the cracks, radial hydrides, and residual transverse
tensile stresses, all coincided (see Figure 6).

c) properly rolled joints have residual transverse tensile stresses
on the inner wall of about 145 to 170 MPa (20,000 to 25,000 psi),
and the zone of residual stress is closer to the end fitting (see
Figure 6).

d) The badly worn tube expander, which was used to roll the joints on
Unit 3 at Pickering, advanced twice as fast as the normal tools
and required considerably more driving torque. This tool produced
significantly higher residual stresses in the pressure tube.

e) Tests on new and improved rolling tools showed that they rolled
joints with lower stresses than the worn rolling tools

f) A redesign of the end fitting hub to move the conical area 13 mm
(0.50 in.) farther from the joint gave the lowest residual stresses.
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A strain gauging technique was selected for determining the
residual stress distribution because it was a technique which was
known and could be applied on a mass production basis. The technique
could also be used in the shielded caves at CRNL on the joints removed
from the Pickering reactor.

The residual stress measurements at CRNL on joints with
cracks showed a transverse (hoop) tensile stress on the inner wall of
about 345 MPa (50,000 psi) and a transverse compressive stress on the
outer wall of about 140 MPa (20,000 psi). There were also residual
stresses in the axial directions. The rolled joints at the coolant
inlet end of the channel had operated for 14,000 hours at 522 K
(249°C). Results from stress-relaxation tests on specimens from cold-
worked Zr-2.5 wt% Nb tube could explain the difference in stress level
measured in rolled joints simulating Unit 3 joints as installed, and the
irradiated joints removed from Unit 3.

CondhUji-OYib ^nom the. Quick and 3oi.rvt liweAtA.gati.oni>

From the above investigations it was concluded that the basic
cause of the cracks was the high residual tensile stresses in combination
with long periods with the coolant and tubes cold. It appears that
the hydrogen normally found in pressure tubes (about 10 ppm) migrated
to areas of high residual stress on the inner wall where the stress
intensity factor at some discontinuity or small defect was high enough
to initiate cracking. Crack propagation was by fracture of hydrides
which are brittle when cold. The cracks progressed outward as far
as the compressive zone under the hub of the rolled joint, and inward
as far as the zone of zero residual stress in the pressure tube
(Figure 6). Once initiated and of a size greater than the size of the
incipient cracks found on the inner wall, the cracks proceeded through
the tube well by the repeated formation and fracture of the hydrides at
the tip of the crack when the heat transport system was cold. When
the system was hot, the hydrogen was in solution and crack growth did
not proceed. Pickering Unit 3 had three long periods of operation and
three major outages during its operating history from May 1972 to
August 1974. The three bands (see Figure 8) are believed to be directly
related to the corrosion which occurred during the three operating
periods. It was also concluded that all cracks had originated early
in tha life of the reactor before significant stress relaxation had
occurred. Cracking may have initiated during commissioning when the
residual stresses were highest and the tubes were subject to additional
stresses during pressure and thermal cycles.

By the middle of November, the cause of cracking was generally
understood, and actions to rectify the situation were being consolidated.
Work was proceeding in four main areas:

1) Inspections by NDT (non-destructive testing) to establish the number
of tubes to be replaced,

2) Preparing equipment and procedures for replacement of up to 40 channels,
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3) Confirming that the reactor was safe to operate, and

4) Establishing corrective procedures to insure that high residual
stresses did not exist in future reactors.

R cartel Inspections

The original searches carried out on Pickering Unit 3 were
aimed at detecting tubes with through-v/all cracks, allowing leakage.
It was believed that many other tubes may have contained small cracks
which were not through-wall cracks, which would eventually propagate
and leak. The inspection for such cracks required the development of
an ultrasonic technique. Initially, this technique could only be
applied to a channel which had already been drained and defuelled by
the fuelling machines, a requirement that greatly limited the number of
tubes that could be inspected. A later development allowed the
installation of the equipment into any channel without draining or
defuelling. The equipment was loaded into the fuelling machine away
from the reactor and then moved to the face of the reactor. The channel
closure and shield plugs were removed and the special equipment and seal
plug inserted into the selected channel by the fuelling machine. Lead
wires and a drive system were manually attached and the zone of suspected
cracking was scanned. After the inspection, the reverse procedure was
used to retrieve the ultrasonic equipment. These procedures allowed
3 fairly extensive inspection program to be implemented. Seventy
joints were examined. Surprisingly, no cracks were found. This result
greatly increased confidence that the cracking problem was limited
to only a few tubes. It also gave credibility to the theory that tubes
that cracked did so very early in reactor 1'fe when residual stresses
were high. Uncracked tubes were likely to retain their integrity
because of stress relaxation.

While those involved with ultrasonic techniques were fully
occupied with the Pickering problems, a group of eddy-current
specialists were enlisted to help on the Bruce 2 reactor which was
under construction. During November, techniques were being studied in
the laboratories at CRPIL for the detection of small cracks using
eddy currents. Or December 1st, a decision was made to inspect all
the tubes in the Bruce Unit 2 reactor. These tubes had been over-
extended rolled. Eddy-current probes were designed, fabricated and
proof tested, and a mobile home was equipped as a data recording
centre. The equipment and a nine man team were sent to the Bruce
reactor, and with help from station personnel, all 480 channels were
inspected. The program v/as completed on December 19th. No cracks v/ere
found. The results indicated that the rolling operation itself had
not initiated cracking.

The ultrasonic and eddy current results gave further confirmation
that retubing of a limited number of tubes in Pickering Unit 3 and not of
the whole reactor wou'ld be required.
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Fuex Channzt Replacement

It is possible to completely retube a Pickering reactor.
Based on the exnerience gained during the retubing of the first 3
channels, improvements in techniques were considered and plans were
made to carry out such a program with minimum radiation exposure,
cost and outage time. One technique involves firstly removing one end
fitting and the pressure tube. The rolled joint area of the second end
fitting would then be refurbished in-situ. The first end fitting would
be refurbished in a shielded area outside the reactor. The exoerimentai
rolled joint program at CGE had shown refurbishing of end fittings is
feasible. A new pressure tube would be installed with the old end
fittings. A significant reduction in radiation exposure could be
realized by a massive decontamination of the primary heat transport
system. Radiation -Fields could also be reduced significantly by
defuelling the complete reactor, and removing all feeder oipes.

However, the inspection results indicated that there was a
limited number of tubes with cracks. A number of alternatives was
possible for returning the reactor to service, eg.

1) Empty the oressure tube, blank off the feeders, remove the end
closures, and allow heat dissipation by air convection.

2) Blank off the feeders and install new piping to feed cool, low
pressure water from the moderator system through the pressure tube.

3) Remove the pressure tube and end fittings, and not replace them.

4) Remove the pressure tube and end fittings and install new components.

Alternatives 1, 2 and 3 would be considered only i." *here
were insufficient replacement Darts to proceed on alternative 4.
Alternative 4 was most desireable, since the major oart of the repair
work was related to setting up platforms and shielding and preparing
the working area. The e^tra work related to the installation of the
new end fittings and pressure tube was relatively small compared to the
total work on each channel. Also, alternatives 1, 2 and 3 would leave
channel positions throughout the reactor which would have no fuel, thus
creating neutron flux distortions. Flux distortions can result in
derating of the reactor to avoid overpowering of adjacent channels.
In November, work proceeded on the basis that up to 40 tube; would have
to be replaced.

Soare components for only 10 channels existed at the
Pickering Station, when the leaks were discovered. Wore spares were
needed, and another advantage of the CANDl* reactor becans evident; the
fuel channels in the Pickering (4 of 514 WWe), Bruce (4 of 750 MWe) and
Gentilly-2 (600 MWe) reactors are quite similar. Forcings for end-
littings and oressure tubes from the reactors under construction were
diverted to supply the components needed for Pickering. Canadian
industry was quick to respond to the demands for machinino of spare
coiisoonents.
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By January, inspections established that 14 pressure tubes
were leaking and had to be replaced- Modified tools for removal of the
cracked pressure tubes and their end fittings, and for installation of
new components had been prepared. The shielding used to protect
personnel during the replacement of the first three channels was relatively
simple but improved techniques were needed since the positioning of
shielding (see Figure 9) also consumed man-Rem. Two shielded cabinets
were fabricated (Figure 10) and mounted on the fuelling machine bridge
assemblies. The cabinets could be moved remotely to the desired channel-
The personnel inside the cabinetsworked through ports and doors and were
subject to radiation levels of about 25-40 mR/h. Except for the improvements
in shielding and tools, the procedures for tube removal and replacement
were the same as for the first three channels. During January and
February 1975, the 14 pressure tubes were replaced, and by the end of
March the reactor was returned to service. The whole program of retubirsg
17 channels resulted in personnel radiation doses of 450 Rem. For
comparison, the doses for all work in the Pickering Station in 1973
were about 900 Hem.

Pickering Unit 3 was not returned to service without extensive
testing to confirm that the reactor could be operated safely. The
ultrasonic inspection of 70 tubes showed no cracks in those tubes.
These results were very encouraging but undetected cracks could still
exist in some pressure tubes. One of the safety criteria is that
'pressure tubes will leak before they break1. This was proven by the
Pickering cracks; the leakage v/as detected before the cracks grew to a
critical length,i.e. the length of a crack which would propagate rapidly
in an unstable manner at normal operating temperatures and pressure.
Some of the cracked tubes from Pickering were tested in the shielded
cells at CRNL and at the Whitesheil laboratories. Thermal, pressure
and fatigue cycles were able to grow the cracks beyond the zone of high
residua] stress, but only at rates comparable to crack growth rates
produced in standard tube tests (about 0.5 um (2 x 10"6 in.) per cycle).
Sections of Pickering tubes were given artificial defects and burst to
determine the critical crack length. The length was greater than
70 mm (2.7 in.) and the same as the length established by earlier
experimental work on irradiated pressure tubes. For an undetected crack
to propagate in-reactor outside the residual stress zone (of about
20 mm (0.8 in.) length) to critical crack length, a great many thermal
and fatigue cycles would be required.

Burst tests on three joints with cracks showed the strength
to be greater than 620 HPa (90,000 psi) at 247°C (520 K), i.e. the sameas
or greater than the joint strength as installed. The existence of cracks
in the vicinity of the rolled joints does not affect the capability of
the pressure tubes to withstand failures due to other causes. The"crack
is protected by the hub of the end fitting and is located within the end
shield tube sheet (see Figure 2). Should undetected cracks exist in
some pressure tubes they would not constitute a hazard to the safe
operation of the reactor.
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The pressure tube cracking was a direct result of the expander
being positioned too far into the joint causing over-extended rolling and
high residual tensile stress on the inner surface of the pressure tube
immediately beyond the hub. Three basic changes in addition to a number
of procedural changes to emphasize the importance of a correctly rolled
joint should result in all joints in future being made with low residual
stress.

1) The joint design has been modified to give a 13 mm (0.50 in.) longer
section between the rolled joint grooves and the conical section. This
modification gave the lowest residual stress and the largest tolerance
for minor positioning errors.

2) The rolling tool specifications have been tightened and a special tool
has been provided to check the roller location. In addition a limit
has been put on the wear of the expander and on the number of joints
that can be rolled with a set of rollers.

3) An inspection tool has been designed and supplied which is used to
check that each joint has been rolled in the specified location.

The rolled joints in the Bruce Units 3 and 4 will use these
new procedures. The joints in Bruce Units 1 and 2 had already been
installed to the old (incorrect) procedures. Stress relieving of the
over-ext&nded rolled area in the tubes of Bruce Units 1 and 2 was adopted
after the experimental rolled joint program showed that a heat treatment
of about 773 K (500°C) for 30 minutes was sufficient to reduce the
residual stress to low values (< 170 MPa (25,000 psi)). The proximity
of the stress-relieved area to the rolled joint (i.e. the area of contact
between pressure tube and end fitting) required the development of a
resistance heating device with chill blocks. The stress-relieving job
was undertaken by Canadian Westinghouse Limited, and Ontario Hydro.
Experimental and analytical work was done by Canadian General Electric,
Hawker Siddeley Canada Limited, Ontario Hydro and AECL to show that
the strength of the tube was unaffected by the heat treatment, and that
the joint pullout strength and leak tightness were unaffected. This
program was completed during the summer of 1975.

The procedures for pressurizing, heating and cooling of the
primary heat transport system have also been modified to avoid conditions
which produce high combinations of thermal, pressure and residual stresses
during startup and shutdown of a reactor.

Pickering Units 1 and 2, Douglas Point (200 MWe) and NPD
(25 MWe) have Zircaloy-2 pressure tubes. Cold-worked Zircaloy-2 has a
lower strength and is very much less susceptible to delayed hydrogen
embrittlement than cold-worked Zr-2.5 vit% Nb. The different properties
of Zircaloy-2, different rolling procedures, and no leakage to date,
all indicate that cracking is not likely to occur in these reactors.
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On May 10, 1975 during startup of Pickering Unit 4 after a
planned outage, water was found in the annul us gas system. The water
was identified as primary heat transport water. On May 12 an acoustic
emission scan identified 2 leaking channels. The channels were removed
and shipped to CRNL where examinations revealed cracks identical to those
found in Unit 3. An extensive ultrasonic inspection program was initiated;
during June and July over 300 joints were inspected. Cracks were found
in 55 tubes; most cracks were identified as small and not through-wall
cracks. The existance of many cracks ranging from 2 mm (0.1 in.) to
about 15 mm (0.6 in.) length in Unit 4 is quite different from the
situation in Unit 3 where only large cracks of 13 to 20 mm (0.5 to 0.8 in.)
length were found. Another important difference is that in Unit 3 no
metallurgical factors in conjunction with in'yh residual tensile stress
could be established to explain why only a few tubes cracked. Preliminary
examinations of information from the pressure tubes in Unit 4 indicate
that there may be a significant factor related to some inconsistency in
the fabrication process of certain batches of pressure tubes. However,
the metallurgical investigation is not complete; evaluation of the tubes
now being removed from Unit 4 is expected to add considerably to the
understanding of the susceptibility of certain tubes to cracking and
the cracking sequence. It should be noted that the cracking of cold-
worked Zr-2.5 wtft Nb tubes docs not occur easily. Although cracking
by delayed hydrogen embritclement has be^n reproduced in small test
specimens, numerous attempts to reproduce the cracking and leaking of
over-extended joints in the laboratory have failed. The right combination
of stress, metallurgical factors and operating conditions has not yet
been found. The investigation into the cracking of pressure tubes is
continuing, and retubing of Unit 4 is in progress. Unit 4 is expected
to be returned to service by the end of 1975.

Suntma/LLj

The cracks in the cold-worked Zr-2.5 wt% Mb pressure tubes
of Pickering Units 3 and 4 were a consequence of improper positioning
of the rolling tool used to join the pressure tubes to the end fittings
during construction. The 'over-extended' rolling produced high residual
tensile stresses. The basic cause of the cracks in a relatively small
number of tubes was the high residual tensile stresses in combination
with periods with the coolant and tubes cold. Crack propagation was
by fracture of hydrides which are brittle when cold. When the heat
transport system was hot, the hydrogen was in solution and the crack
growth did not proceed.

The crack problem did demonstrate one advantage of the
pressure tube as a pressure vessel. The defective tubes were small
enough to be removed from reactor, thoroughly examined to identify
the cause of the cracking and thoroughly tested to prove safety. Non-
destructive techniques were quickly adapted for inspections of tubes
in Pickering. The resources of Canadian industry along with those of
Ontario Hydro and Atomic Enerpy of Canada were coordinated to define the
stress state of correctly rolled and over-extended rolled joints,
the corrective procedures required for existing joints, and new procedures



to be applied to all future rolled joint operations. The investigation
also pointed out where improvements could be made in the fuel channel
design, the tube removal and installation tooling and procedures,
and the leak detection system. The lessons learned will benefit other
reactors.

Unexpected problems will occur in any program as extensive
as CANDU nuclear power; the capability to identify and solve problems
quickly is essential to the program. The coordinated program conducted
by experts representing operator, fabricator, designer and developer,
effectively found engineering solutions to the crack problem and
Pickering unit 3 was returned to service in less than 8 months.
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FIGURE 4: Cross section of a Pickering rolled joint during ro l l expanding.

FIGURE 5: General arrangement of the tool for roll expanding

test joints.
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FIGURE 6: Pickering rolled joint showing a) relative position

of rolling tool during installation b) position of

radial hydrides and cracks in a poor joint and c)

residual hoop stress distribution on the inner wall

of a good and poor joint.



FIGURE 7: Section of pressure tube containing crack being

examined in a shielded cave.

FIGURE 8: View of cracked surface showing 3 distinct bands of

zirconium oxide.



FIGURE 9: View of equipment used for removal of the first cracked

tubes in Pickering Unit 3 before being lifted into

position.

FIGURE 10: Shielded cabinet used for most pressure tube inspections,

channel removal and channel replacement operations.
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