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L1ENERGIE ATOMIQUE DU CANADA, LIMITEE

Examen du tube de force en Zircaloy-2 qui s'est rompu

dans 1'unite 2 de la centrale nucleaire de Pickering

(Transcription d'un expose video)

par

B.A. Cheadle, A.D. Smith et C.C. Baskin

Resume

Un tube de force en Zircaloy-2 s 'est rompu le l e r aout 1983 dans
l ' un i te 2 de la centrale nucleaire de Pickering. Tous les composants
du canal de combustible, les grappes de combustible, le tube de force,
les raccords d'extremite, les ressor ts- jarret ieres et le tube de cuve
ont ete envoyes aux Laboratoires nucleaires de Chalk River pour examen
af in que s o i t determine la cause de la rupture.

L'examen a montre que la rupture a commence sur la surface exterieure
du tube de force, la ou se t rouva i t une serie de soufflures
d'hydrure. Les souff lures se sont formees parce que Tun des ressorts-
ja r re t ie res servant d'entretoises entre le tube de force et le tube de
cuve e t a i t deplace d'environ un metre. Ce deplacement a permis au tube
de force horizontal de f l ech i r par fluage et de toucher le tube de
cuve f r o i d . Les gradients thermiques qui en ont resulte dans le tube
de force ont concentre l'hydrogene et le deuterium dans les zones
froides et des souff lures d'hydrure solide se sont formees. Des
fissures ont debute a 1'emplacement de plusieurs souff lures. Ces
f issures se sont re jo intes au point de former une f issure c r i t ique
traversant la paroi du tube, ce qui a provoque la rupture f i na l e .

L'expose video montre comment 1'examen des composants du canal de
combustible a ete effectue dans des baies sous 1 'eau et dans des
cel lu les blindees et i l explique la sui te des evenements ayant cause
la rupture.
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ABSTRACT

On 1983 August 01 a Zirealoy-2 pressure tube in Pickering NGS Unit 2
ruptured. All the fuel channel components, the fuel bundles, pressure
tube, end fittings, garter springs and calandria tube were shipped to Chalk
River Nuclear Laboratories (CRNL) for examination to determine the cause of
the rupture.

The examination showed that the rupture initiated at a series of hydride
blisters on the outside surface of the pressure tube. The blisters formed
because one of the garter spring spacers between the pressure tube and
calandria tube was about one metre out of position. This allowed the
horizontal pressure tube to sag by creep and touch the cool calandria tube.
The resulting thermal gradients in the pressure tube concentrated the
hydrogen and deuterium at the cool zones and blisters of solid hydride
formed. Cracks initiated at several of the blisters and linked together to
form a partial through wall critical crack which initiated the final
rupture.

The video presentation shows how the examination of the fuel channel
components was conducted in underwater bays and shielded cells and explains
the sequence of events that caused the rupture.
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1. INTRODUCTION

This is the Pickering Nuclear Generating Station, situated on the shore of
Lake Ontario, east of Metropolitan Toronto. Since 1971, Pickering's Unit 2
reactor had supplied power to Toronto and Southern Ontario - operating so
reliably that it has become known as one of the best reactors in the world.

On the first of August 1983, a leak was detected in one of the fuel channels
in the Unit 2 reactor. The leak was large, but not large enough to require
the use of automatic safety systems to shut the reactor down.

Fuel channel G16 was identified as the source of the leak. Preliminary
inspection showed that the Gl6 pressure tube had been damaged and it became
clear to Ontario Hydro that a full investigation would be required to
determine how this had happened. Scientists at Atomic Energy of Canada
Limited's Chalk River Nuclear Laboratories were called upon to investigate.
This is the story of that investigation.

Pickering Unit 2 is one of the many Canadian-designed reactors operating
throughout the world. The failure in Pickering Unit 2 was the first of its
kind, in a reactor system that has a world wide reputation for safety and
reliability.

In Pickering Unit 2, the reactor vessel, or calandria, contains three-hundred
and ninety fuel channels, shown in this cut-away view.

A typical channel comprises several components:

* inlet and outlet end fittings,

* fuel bundles,

* a pressure tube (designed to contain the hot, pressurized heavy
water coolant),

* and a calandria tube which is separated from the pressure tube
by two garter spring spacers.



- 2 -

The space between the pressure tube and calandria tube is filled with dry gas
and forms an insulating blanket around the pressure tube, preventing heat
loss from the coolant to the heavy water moderator.

The pressure tube in channel Gl6 failed near the outlet end of the channel.
When the tube cracked, heavy water coolant filled the gas annulus and
ruptured the annulus bellows, allowing coolant to flow into the reactor
vault. Despite the leak, coolant flow was maintained and the reactor was
shut down manually, without need for the automatic safety systems.

Once the fuel channel had been drained, remote television pictures showed
that the crack in the pressure tube was about two meters long and had trapped
two fuel elements, detached from their bundles when the failure occurred.
These were removed from the crack and the pressure tube was cut into two
sections, removed from the reactor and shipped to the Chalk River Nuclear
Laboratories, where a major investigation was initiated to determine what had
caused the G16 pressure tube to fail.

2. FUEL

One of the first tasks was to examine the fuel from the G16 channel. It was
possible that the fuel elements contained some clue as to how the pressure
tube had failed.

Fuel bundles were shipped one at a time, in heavy lead flasks. Here, a flask
is being unloaded at Chalk River's universal cells. The universal cells are
heavily shielded rooms where radioactive materials can be examined safely
using remote manipulators.

Fuel bundles were checked visually then gauged for size. End plates were
then cut off so that fuel elements could be examined one at a time.

Close visual and metallographic examinations showed that the fuel from
channel Gl6 had not contributed to the pressure tube failure. Any clues to
what had happended would have to lie within the Gl6 pressure tube itself.

3. PRESSURE TUBE

3.1 Non-Destructive Examination

For the G16 pressure tube, the journey from Pickering to Chalk River was made
in a lead flask on board a flatbed trailer. Here, the truck is arriving at
Chalk River's NRII reactor where the investigation of the G16 pressure tube
began in underwater examination pools, or bays.

The flask was lifted from the truck and lowered into the examination bays.
Because water provides excellent shielding against radiation, the cover could
then be safely removed and the pressure tube taken out of the flask. During
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this entire sequence, radiation surveyors constantly monitored the work area
to ensure that workers were not exposed to radiation while handling the
flask.

Once on the floor of the bays, the pressure tube was moved to an examination
area. It is here that the investigation really began. Metallurgists carried
out a complete visual examination of the outside surface of the specimen,
using telescopes which magnify even the most minute surface details. Next,
every inch of the tube surface was photographed, so that a permanent record
of its features would be available for future reference. A composite showing
the crack in the Gl6 pressure tube was assembled. Features such as crack
shape, length and orientation had already been recorded by a video camera
passed through the inside of the tube at Pickering Unit 2. These
photographs, however, were the first to show a series of spots straddling the
crack on the tube's outer surface. These spots and their relationship to the
crack, would prove to be an important piece in the puzzle of how the G16 tube
failed.

When photography was completed, the pressure tube was taken from the
examination bay and suspended vertically in a shielded column alongside the
NRU reactor.

Here, a tool was inserted which measured the curvature of the pressure tube.
This technique was designed to provide important information on how much the
tube deformed while in the reactor.

During service, a Pickering pressure tube holds twelve fuel bundles, weighing
about 50 pounds each. The total weight of about 600 pounds, is carried at
the ends of the pressure tube and by two garter spring spacers which prevent
contact between the pressure tube and calandria tube. After several years
in-reactor, this load causes very small changes in the curvature of the
pressure tube at garter spring positions.

Curvature measurements on the G16 pressure tube indicated that one garter
spring had been present, at the design location, in the end of the tube
opposite the crack. Unfortunately, the crack section of tube was severely
deformed by the rupture and curvature measurements could not indicate whether
the second garter spring had been in its proper place.

After completion of the curvature measurements, the pressure tube sections
were returned to the NRU bays for ultrasonic testing. Here, the tube was
held vertically under water while a device was passed down the centre,
pulsing ultra high frequency sound waves into the tube wall. The location
and size of any abnormalities present in the tube were determined by
electronically monitoring the reflection of these sound waves back through
the tube wall.

3-2 Destructive Examination

The completion of ultrasonic testing marked the end of the non-destructive
phase of the examination. At this point, the condition of the G16 pressure



tube had been fully recorded and tests which involved cutting of the tube
could now begin. Cutting of the pressure tube allowed many different tests
to be performed simutaneously, using several pieces of tube to provide
different types of information.

The section of tube containing the crack was examined as a unit, using
metallography to provide information on where the crack had started.

Also of interest was a ring of tube at the innermost end of the crack, known
to contain two marks similar to the ones seen straddling the crack itself.
In addition, small specimens were punched from the remaining sections of tube
and analyzed chemically to measure the amounts of hydrogen and deuterium
dissolved in the tube wall.

Examination of the crack face began with the tube cut in such a way as to
separate the two halves of the crack. After cutting, tube halves were
transferred to shielded cells for thorough visual examination and
metallography. Using remote manipulators, an investigator would place a half
section onto a moving stage, where features on the crack surface could be
examined and photographed using a stereomicroscope. Series of photographs
were then assembled into photo composites to locate the spot at which the
crack had started.

Metallurgists discovered that the marks which had been seen on the outside
surface of the tube were actually blisters of material, and that the crack
had started at two of them.

But what were these blisters and how did they come to form in the tube wall?
The answers to these questions would have to come through more detailed
examination of the blisters themselves.

Small sections of the crack surface were cut from the tube wall and mounted
in plastic. Here, an investigator uses remote manipulators to mount a sample
in an automatic polishing device. When polishing was completed the sample
was photographed using a high-powered microscope.

As before, photographs were meticulously assembled into large composites,
bringing features of the blister to life.

This photograph shows a blister in cross-section. It extends into the tube
wall and is curved at its innermost edge. All blisters had this "sunburst"
appearance and it was found that the core of each blister was solid zirconium
hydride - a very dense, brittle material. Radiating from the core of each
blister were smaller hydrides, resembling rays of the sun as they extended
outward into the tube wall.

Zirconium hydride is extremely brittle, so it was no surprise to find that
most blisters contained cracks. Scientists concluded that small cracks in
two adjacent blisters had linked to form a larger crack, which eventually led
to failure of the pressure tube.
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The major question that remained was "how had the blisters formed?"

Back in the underwater bays where the investigation had started, a ring was
cut from the pressure tube near the end of the crack. This ring was
transported to shielded cells where it was cut into quarters, so that small
pieces of the metal could be removed using a hydraulic punch. These small
pellets were sorted, catalogued and shipped to Chalk diver's General
Chemistry Branch for hydrogen and deuterium analysis.

Over the course or the study, hundreds of pellets were analyzed from many
locations along the pressure tube.

Soon, scientists confirmed that there indeed had been enough hydrogen and
deuterium dissolved in the tube wall, near the outlet end of the pressure
tube, to form hydride blisters.

Although this was a vitally important piece of information, it was still not
known what had caused the blisters to form.

Contact between the pressure tube and the relatively cool calandria tube was
a possible explanation. At this point in ohe investigation, however, there
was no conlusive evidence to prove that this had been the case.

Efforts began to focus on determining where the Gl6 garter springs had been
prior to the pressure tube failure.

4. MECHANICAL TESTING OF CHANNEL COMPONENTS

As part of the overall examination of the Gl6 fuel channel, a great deal of
mechanical testing was carried out to assess the strength of channel
components.

At the Whiteshell Nuclear Research Establishment, near Pinawa, Manitoba,
pieces of pressure tube were machined into small tensile and fracture
toughness specimens.

At Chalk River, garter springs were tested in tension and were shown to be
both strong and ductile. Rings of pressure tube were tested for tensile
strength and sections of pressure tube were tested to determine the pressure
at whicn they would burst.

All of these tests proved that after more than ten years In-reactor,
components from channel G16 were as strong as, and in some cases stronger,
than had been predicted. This was further confirmation that weak points in
the pressure tube existed only at blisters.

5. CALANDRIA TUBE

After several weeks spent studying the pressure tube, end fittings and garter
springs from channel G16, scientists were anxious to examine the G16
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calandria tube. Perhaps it contained the one vital piece of information
needed to explain how the blisters had formed.

The Gl6 calandria tube was shipped to Chalk River and received in the NRU
examination bays.

The segment of calandria tube which corresponded to the blistered section of
pressure tube, was then cut open and examined.

A series of marks, exactly matching the size, shape and location of the
presure tube blisters, were seen decorating the bottom surface of the
calandria tube.

This proved that the pressure tube had indeed contacted the cooler calandria
tube, and that blisters had formed at points of contact.

6. CONCLUSIONS

Evidence from the calandria tube proved to be the final piece in the puzzle
of how the Gl6 pressure tube had failed.

In the Pickering Unit 2 reactor, there are two garter springs in every
channel. Early in the life of channel Gl6, one of the garter springs moved
approximately one metre from its design location. This allowed one end of
the pressure tube to deflect under the weight of the fuel bundles inside.
Deflection, or sagging, occurred over several years by a process known as
creep. Eventually, the hot pressure tube touched the cooler calandria tube
and blisters formed at points of contact.

This cross section diagram shows what happens when contact occurs.

A cool spot forms in the pressure tube wall, causing any hydrogen dissolved
there to combine with zirconium to form a hydride blister. There were
several points of contact in the G16 pressure tube, so several blisters
formed.

Solid hydride is a brittle material so most of these blisters contained
microscopic cracks. Cracks from two blisters, which were quite close to one
another, linked and formed a larger crack about ten centimetres long. This
crack eventually led to failure of the G16 pressure tube on the first of
August 1983.

7. SUMMARY

By Christmas, 1983, the mystery of the G16 pressure tube failure had been
solved.

Studies continued at Chalk River and Whiteshell through the months that
followed, as pressure tubes from other CANDU reactors were examined.
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At the Pickering site, retubing of Units 1 and 2 began during the spring of
1984. This complex operation involves replacing all of the Zircaloy pressure
tubes in these reactors with tubes made from a newer zirconium-niobium alloy.
The rest of Ontario Hydro's commercial reactors, at both Pickering and Bruce
Nuclear Generating Stations, use pressure tubes made from the newer alloy.

By studying zirconium-niobium tubes removed from other reactors, scientists
have found that after many years of service, hydrogen and deuterium levels
are too low for blisters to form.

These results proved that the CANDU reactor system remains one of the world's
best, and is an engineering feat of which all Canadians can be proud.

In the meantime, research continues at Chalk River and Whiteshell Nuclear
Laboratories where scientists work to improve the CANDU system - one of the
world's cleanest and safest sources of energy.
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