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ABSTRACT

One of the main engineering characteristics of the
CANDU nuclear power reactor is the use of pressure
tnubes rather than one large pressure vessel to con-
taln the fuel and coolant. The power reactor basic—
ally conslsts of a calandria, which is a vessel con-
taining the low pressure heavy water moderator, end
shields, and an array of 1identical pressure tube
assemblles which project through the end shields and
calandria. The pressure tube is thus the pressure
vessel in a CANDU reactor. This paper reviews some
of the engineering aspects of the development of the
pressure  tube. Significant advances have been
achieved related to zirconium alloys, tube fahricat-
fon, flux enhanced creep, irradiation growth, delayed
hydride cracking, inspection and retubing.

TNTRODUCTIONM

When development of nuclear reactors for electric
power generation was In its early stages, many poss-—
ible combinations of fuel, coolant, and moderator
were proposed. Only a few reactor types have reached
the commercial stage. The Pressurized Water Reactor
and the Boiling Water Reactor of the pressure vessel
type are the most widely accepted and are the main-
stay of nuclear power programs throughout the United

States, Furope, and the Far East. The United King-
dom, one of the ploneers of nuclear power, concent-
rated on the CGas Cooled reactor. Canada stood alone

in pursuing the pressure—tube type of reactor. The
decision by Canada to proceed on its own certainly
left doubts in the minds of many within Canada and
abroad as to whether Canada with 1ts limited
resources could achfeve its goal of economic electric
power generation. But when you are second, you try
harder; the Canadlan program was well focused and
well executed. Fifteen years after the decision to
follow the heavy water moderated, natural uranium
fuelled, pressure—tube type reactor, the Plckering
Nuclear Generating Statfon went into operation and
soon demonstrated to the world that CANDU was number
one. The Bruce and "CANDU 600" units to follow,
further estahlished that CANDU was indeed a great
sclentific and engineering achievement.

Tt is gratifying to all those who contrihuted to
the CANDU program that the Engineering Centennial
Board recognized the CANDU reactor for production of
electricity as one of the ten most outstanding
Canadlan engineering achievements over the last 100
years.

Within the CANDU program, there were many engin—
eering achievements; the dcvelopment of the pressure
tube is but one. This paper is an attempt to identi-
fy some of the key contributions and key events
related to the pressure tube.
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HISTORY

By the early 1950's, Canada had a good scientific and
development bhase for heavy water moderated and
natural uranium Ffuelled reactors at the Chalk River
Nuclear Laboratorics, and Interest was growing in the
development of nuclear electric power. At the same
time, Ontario Hydro, Canada's largest electric util-
ity, had seen the need for a diversified power gener-
ation program. The basis for a cooperative program
between the federal research and development estahl-
ishment at CRNI. and the provincial electric utility
which conld mect all the challenges from basfc
science through to economic and relfable operation
were set 1ir motion. Contributions from Canadian
industry were of equal importance to this emergling
program and in 1955 NPD-1 (MNuclear Power Demonstrat-
lon) was committed as a Joint venture of Atomic
Fnergy of Canada limited, Ontario Hydro and Canadian
General Electric Company Limited.

NPD-1 was to be a natural uranlum fuelled,
water moderated, pressure vessel type of reactor. In
the late 1950's, after the NPD-1 project had begun,
preliminary work was started on the desfgn concept
for a 200 MWe nuclear plant for base load applicat-
fon. A pressure tube reactor was selected. This
concept had the advantage of circumventing the size
1imitation that steel fabrication technology appeared
to place on the heavy water moderated pressure vessel
type of reactor. NFD was reassessed and was convert-
ed to a pressure tube reactor; it became NPD-2, the
first CANDU-PIIW (Pressurized Heavy Water coolant) to
go into service (in 1961).

heavy

In 1959, the 208 MWe Douglas Point Generating Station
was committed; this prototype power reactor began
operation in 1967. The first full-scale commercial
CANDU-PHW station of 2056 MWe was committed in 1964
at Pickering. The four units of 514 MWe each went
into service between 1971 and 1973. The next major
nuclear electric commitment in the Ontario Hydro sys-
tem was the Bruce Station. Construction started in
1968 and the four 750 MWe units went into service
between 1977 and 1979. Between 1982 and 1985 four
more units went into service at the Pickering Stat-

ion. Between 1984 and 1987, four more were added to
the Bruce Station, and between 1989 and 1992, four
units of 880 service at the Darlington Station.

Although the main thrust of the Canadian program has
been through a cooperative effort with Ontarfo Hydro,
CANDU's have been and are being built in other coun-

tries and 1in other provinces. New Brunswick and
Québhec have 'CANDU 600' units, and CANDUs have bheen
built or are being built 1In India, Pakistan,

Argentina, Korea and Romania.

During the 1960's, design
alternatives to the CANDU-FIW were proceeding.

and development on two
First



wns a CANDU-BLW (Poiling l.ight Water coolant) concept
which had the potential for significant capital cost
savings. The program propressed as far as the proto-
type power reactor of 250 MWe, Gentilly-1 in Québec.
Tt went into operation in 1971. The second alternat-
ive was an organic—cooled reactor concept. Coolant
temperatures over 400°C had the potential for econo-
mic pain through higher steam cycle efficiency. The
program progressed as far as testing of fuel and fuel
channels in the research reactors at Chalk River and
Whiteshell laboratories (CRNL and WNRE).

The pressure tubes in the Pickering, Bruce, Darl-
fngton and '600' reactors are for the most part simi-
lar. The following briefly describes the CANDU
'pressure tuhbe' reactor.

THF. PRESSURE TUBE REACTOR

A CANDU-PIIW power reactor bhasically consists of a
calandria, which is a larpe tank containing the heavy
water moderator, end shields, and an array of {ident-
ical fuel channels which project through the end
shlelds and calandria. Figure 1 1s a simplified
schematic of a CANDU-PI reactor. Flipgure 2 shows the
peneral arrangement of a fuel channel. The principal
components of a fuel channel are the pressure tube,
the calandria tube, the central spacers and the end
fittings .

The pressure tubes of about 6 m (240 in.) length,
4.1 mm (0.162 in.) wall thickness, and 103 mm (4.07
in.) 1inside diameter, contain the fuel and heavy
water coolant at a pressure of 10 MPa (1450 psi) and
a temperature of 300°C. The pressure tubes are hori-
zantal and are rigidly joined to end-fittings which

are flrmly supported by the end shields. The caland-
ria tubes are concentric to the pressure tubes and
separate the cool moderator {about 70°C) in the

calandria from the hot pressure tubes. The central
spacer are springs wrapped around the pressure tube
to maintain clearance between the pressure tube and
calandria tube. The pressure tube reactor 1s of
modular form. PReactors with larpge power output are
obtained by 1Increasing the number of fuel channel
modules.

On—power refuelling 1s facilitated by the pressure
tube concept. CANDU reactors are refuelled on power
by routinely bhreaking into the primary heat transport
system and at full temperature and pressure via the
closure plug in the outboard end of the end-fitting.
The reactor bridpes and carriages transfer the fuell-
ing machines bhetween the new fuel ports and reactor
faces and the spent fuel port. Figure 3 is a view of
the end face of a Plckering reactor, i1its fuelling
machine and the bridge assembly.

The pressure tube concept has many advantages.
The cowmponents of the fuel channel are relatively
small. Fabrlcation processes are vrepetitive and
subject to close control of process parameters. The
pressure tubes are of simple shape, thin section and
homogeneous. DNimensional tolerances and freedom from
defects are obtalned by 100% nondestructive testing
of the finished tube. Chemical composition, corros-
fon resistance and strength are guaranteed by
destructive tests on pleces cut from the ends of the
actual tubes used In a reactor. But there are two
disadvantages; first, the components of the fuel
channel are exposed to the fast neutron flux produced
by the fission of the uranfum within the fuel bundles
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in the pressure tuhe, and second, only neutron
economic materials can he used within the reactor
core.

When the decision was made in 1956 to proceed with
the 'pressure tube reactor concept', very little was
known about the long term effects of fast neutron
flux on structural materials. In the ensuing years
much of the R&D on pressure tubes was related to the
effects of fast neutron flux, but other factors such
as end joints and safety considerations also received

attention. The advancements {n pressure tuhe
technology can be broadly divided into flve
categories:

1) Tube materials and fabrication

2) Rolled joints

3) Flux enhanced creep and irradiation growth

4) Delayed hydride cracking

5) Inspection and retubing

TUBE MATERIALS AND FARRICATION

the natural
The pressure
to

Neutron economy s {mportant {f
uranium fuel cycle is to he successful.
tubes passing through the core of the reactor had
be of neutron econamlc materfal and the amount of
material had to be kept to a minfmum. 0f the
materials with low neutron capture cross—section
which could be used (Al, Mg, Be, Zr, Pb and graphite)
only zirconium alloys had adequate strength and
corrosion resistance for use at 300°C. Zircaloy-2
was selected as the pressure tube material for NPD.
Zircaloy-2, an alloy of Zr-1.5 wt% Sn with small
additions of f{fron, nickel and chromium, had heen
developed by the US Navy and was extensively used for
fuel sheathing and for other core components.

Canada was not alone {n appreciating the potential

of zirconium alloys as a pressure tube material. The
USA, Russifa, France, and later the UK, Japan and
Italy had pressure tube reactors. There was
worldwide interest In the nuclear community 1in the

properties of =zirconium
of zirconium alloys Increases strenpth, Roy Thomas
and FEric Perryman focussed the Canadian effort on
fabrication of cold-worked tubes. The process for
fabricating tubes conslsted of hot forging ingots to

alloys. Since cold-working

billets, extruding at 750 to 850°C to tubes,
cold-drawing about 187 and stress-relieving at
400°c.

Pressure tubes have anisotropic physical and
mechanical propertfes. Zirconium alloys have a
close-packed hexagonal crystal structure. During
fabrication tubes develop strong crystallographic
textures. Considerable effort was expended on
determining and understanding the effects of
fabrication on tube strength and deformat fon
characteristics 1n the loungitudinal and transverse

directions. Since tubes are subject to the internal
pressure of the coolant, burst tests where the tube
Is pressurized until rupture occurs, provided the
best practical indication of tube strength.
Zircaloy-2 tubes proved to be tough. Trradiation
Increases strength and decreases ductility, but the
irradiated tube remains tough.

Damage to pressure tubes hy pgouging, fretting or
cracking is always a concern, burst tests on tubes
with artificial defects machined partially through
the tube wall demonstrated the abilfty of tubes to
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tolerate severe damage. Fallure is possible only 1if
tube is damaged or cracked sufficlently to reduce its
burst strength to the operating stress of the tube.
The tube irradiation program has supplied many highly
irradiated tubes which could be artificfally defected
and burst tested. Burst tests on full-size radio-
active components are only possible when the pressure
vessel 1s of reasonable size such as a pressure tube.

Langford extended the program to evaluate throuph—
wall cracks. Artificial defects consisted of thin
slits cut longitudinally in the tube wall and then
elongated by fatigue cycling to grow cracks at the
ends of the slit. The defect represents a crack per—
pendicular to hoop stress, the maximum tensile stress
in a tube. Failure stress decreases with Increasing
slit length; the slit length which causes unstable
crack propogation at the pressure tube design stress
is the critical crack length for the alloy condition
and test temperature. For current zirconium alloys
at 300°C, the critfcal crack length is ahout 60 mm at
desipgn stress. Hydrogen up to 300 ppm has little
elfect on critical crack length at 300°C,. The hig
difference between tube wall thickness (4 mm) and
critical crack length (60 mm) gives a high degree of
protection from the risk of unexpected tube failure.
A growing crack penetrates the wall of a pressure
vessel when {its length 1s approximately five times
the vessel wall thickness. The pressurized coolant
will then leak through a crack, and be detected in
the gas annulus between pressure and calandria tubes.
Thus, 1if the critical crack length is more than five
times the wall thickness, the pressure vessel will
leak but the crack will not propogate unstably. This
is the “leak-before-hreak” criterion developed from
fracture mechanifcs theory. “Leak—before-break” can-
not guarantee that tube rupture will not occur but it
does add another element of confidence.

Although zirconium alloys have not heen included
in the ASME Bofler and Pressure Vessel Codes, the
pressure tubes for CANDU reactors have been designed
to the 1intent of the Codes. One-third of the ulti-
mate tenslle strength for the unirradiated tube 1s
the design criterion. The NPD design stress, based
on data available at that time was chosen as 93 MPa
(13500 pst) at 280°C, a very conservative value.
Based on data produced at CRNL, the design stress for
tubes in Douglas Point and Pickering was estahlished
as 110 MPa (16000 psi) at 300°C.

The hot coolant inside the pressure tube and molst
gas on the outside cause oxidation. Hydropen release
occurs as a result of the oxidation reaction, which
results 1in some hydrogen pick-up in the zirconium
alloy. Hydrogen in the metal has little or no effect
on the mechanical properties except when concentrat-—
fons exceed the solubility 1limit and zirconium hyd-
ride platelets form. The platelets form in preferred
directfon because of tube anisotropy; platelets tend
to reduce ductility and impact strength when alipgned
perpendicular to the direction of principal stresses.
The studies concluded that hydrogen was unlikely to
be a problem, and a small {increase in tube wall
thickness was needed to compensate for material loss
due to corrosion.

At that time (1960), 1t was thought that creep
strength 1in-reactor was at least as great as out-

reactor. Since out-of-reactor at a stress of one-
third of the UTS, creep tests Indicated that after
100,000 h creep strain would be considerably less
than 17%. (ASMFE. Boiler Code Creep Design Criterion
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for Ferrous Materials is 1% in 100,000 h), creep was
not considered to be either a factor in the design,
or life of pressure tubes.

In adopting the pressure tube reactor, test pro-
grams were directed at understanding the consequences
of a pressure tube rupture. Of particular interest
was whether the rupture of one pressure tube could
lead to rupture of an adjacent tube and thus propo-
pgate through the reactor. Should a pressure tube
rupture, the hot pressurized water explosively decom-
presses discharging coolant ejecting fuel bund-
les. Experiments on simulated NPD and Douglas Point
reactor arrangements pave confidence that propogation
of fallures was unlikely; the quantity of hot coolant
in a channel is small and the calandria tube around
the pressure tube dampens the initial explosive dis—
charge[l].

and

there was
fncentive to reduce the amount of
structural material in the core of the reactor. Two
possibilities existed - first was the 'cold-tube'
design, and second was a zirconium alloy of higher
strength.

As good as cold-worked Zircaloy-2 was,
still an economic

In the 'hot—tube' design, the neutron absorhing
material consists of the pressure tube, the calandria
tube and central spacers. The cold tuhe design con-
sists of a thin inner liner, anm insulant, and a pres-
sure tube in contact with the cool moderator. Cold-
tube designs were examined for both pressurized heavy
water and organic conlants. Many of the metallurg-
ical prohlems encountered 1In the hot-tube design
could be by-passed to some extent by using the cold-
tube design. The Jinternal Insulation protects the
pressure tube from the hot coolant, reducing corros—
ion, hydrogen pick-up and creep of the pressure tuhe.
Neutron economy 1is Improved by virtue of the higher
allowable pressure tuhe design stress at low temper-
atures. However, new problems were created, the
major ones being the choice of a sultable insulant,
the proof of the mechanical and metallurglical stabil-
ity of the liner. Liner stability under thermal
cycling was of particular concern.

K.L. Smith played a key role in developing the
cold-tube. Full size, prototype cold-tube assemblies
were extensively tested and consideration was given
to installing assemblies In the research reactor NRU
at the Chalk River Nuclear Lahoratories (CRNL).
Similar progress was made on a cold-tube for use with
organic coolant. However, concerns about damage to
the liner by fuel movement, liner stability, complex-
ity of the rolled joint and overall assemhbly, and the
consequences of failure, were slowly eroding iInterest
in the 'cold-tuhe' concept. Furthermore development
on new higher strenpth alloys was progressing well,
and the potential for thinner tuhes using the hot-
tube design looked more promising than pursuing the
cold-tube concept. In the mid-1960's, the cold-tube
concept was abandoned.

In 1958, the USSR presented information on their
research {into the properties of zirconium alloys
containing niobium, at the 2nd Geneva Conference on

the Peaceful Uses of Atomic Fnergy. The capture
cross—section to thermal neutrons was low, the
strength was high and the corrosion behaviour at
CANDU coolant temperatures was good. Dr. Lewis

recognized the potential of this alloy as a pressure
tube matertal, and a considerable amount of the
metallurgical R&D at Chalk River was directed at



securing Zr-2.5 wt%Z Nb tubes in a heat-treated form.
The 1incentive was large, heat-treated Zr-2.5 wt’% Nb
tubes could reduce the tube wall thickness by 30 to
40% relative to cold-worked Zircaloy tubes.

A long intensive development program was thus set
into motion. First appropriate material had to be
procurred, and small specimens were fabricated to
simulate possible tube fabrication routes. By the
early 1960's, results indicated that the preferred
route for produclng pressure tubes was heat-treatment
by quenching 1in water from 880°C, cold-drawing and
aging for 24 hours at 550°C in vacuum. W. Evans was
glven the task of procurring the tubes. It was
quickly realized that fabricating hard thin tubes was
no easy task.

From a metallurgical viewpolint, a strong
heat—treated tube was very desirable. Fvansg also
realized from an engineering viewpoint, a Zr-Nb tube
hot-extruded and cold-drawn in a similar manner to
Zircaloy-2 tubes, had a lot in 1its favour, even
though the wall-thickness reduction would only be
ahout 20 to 25% relative to Zircaloy-2. Programs to
secure hoth heat-treated (i.e., water—quenched,
cald-drawn and aged) and cold-worked (1.e.
hot-extruded and cold-drawn) were {initiated, and
tubes were produced[2].

The tube fabrication program was further compli-
cated by the peed for tubes of different wall thick-
nesses. In the early 1960's, Canada was evaluating
three coolants; pressurized heavy water, boiling
light water, and organic. The BLW design pressure
was about 30% lower than for PHW. Tor an organic
cooled reactor with coolant at 400°C and 2.8 MPa (400
psi), the proposed materials were Ozhennite 0.5
(2r-0.2 wtZ%, Sn-0.1 wtZ%, Fe-0.1 wt%, Ni-0.1 wt% Nb)
and at a later date cold-worked Zr Nb. Tubes of
different materials and different wall thickness were
needed for metallurgical and mechanical testing, for
rolled joints and for installation iIn the research
reactors.

Another decision was soon to he made to add to the
tube fabrication and evaluation programs. Pressure
tubes for NPD and Douglas Point were of 83 mm inside
diameter (3.25 in I.D.). Diameter is chosen to meet
fuel bundle requirements. For the proposed Ffull-
scale reactors of 514 MWe at Pickering, power output
could be better achieved by increasing the number of
elements in a fuel bundle, i.e., adding another ring
of elements. There were arguments for and against
the change 1in size of the fuel bundle. The end
result was 1n favour of a larger fuel bundle and
hence a pressure tube with an I.D. of 103 mm (4.07
in.) was specified. The decision on what material
and fabrication route was to be specified for the
pressure tubes in the Pickering Station was still to
he made.

ROLLFD JOINTS

Zirconium ‘alloys are expensive and there was
little need or desire to extend the pressure tube
much beyond the edge of the core of the reactor.
Stainless steels were suftable as end fitting materi-
al and a Zircaloy-to-steel transition was needed.
Welding, brazing or metallurgical bonding of dissim—
{lar metals did not look attractive. Of the various
mechanical Joints possible, roll-forming became the
standard for CANDU pressure tubes. Tubes are rolled
into quenched and tempered 12% Cr stainless steel

(AISI-403) end fittings.

Figure 4 shows the cross-section of a rolled
joint. Three prooves are machined in the end fitting
bore in the rolled joint area. The pressure tuhe 1is
inserted into the end fitting covering the pgrooves.
A tube expander 1s introduced into the pressure tube
through the end Fitting. The tube is roll expanded
into the end fitting. The tube wall thickness 1s
reduced by 127 to 15% and the pgrooves 1in the end
fitting are partially filled with tube material.
The material in the grooves tends to lock the tube to
the end fittinp producing satisfactory leak tightness
and axial strength. The end fitting material must bhe
hard enough to not deform significantly as the tube
1s squeezed into the pgrooves. Simple rolled Jjoints
are preferred when the wall thickness to diameter
ratio for the tube Is from 0.04 to 0.05. When a tube
is thin (thickness to diameter ratio less than 0.03),
a sandwich rolled joint is preferred. The calandria
tube joint as shown in Figure 4 is an example of a
sandwich rolled jolnt. The calandria tuhe is flared,
and a stalnless steel ring {is {inserted. The
calandria tube is thus squeezed between the ring and
the steel tube sheet by roll forming.

END SHIELD

ROUED JOINT

END FITTING

PRESSURE  TUBE
GAS ANNULUS

CALANDRIA TUBE

FIGURE 4: CANDU-PHW ROLLED JOINTS

Canadian General Electric and Westinghouse Canada
Ltd. conducted most of the development work needed to
produce joints for the many variations of pressure
tubes under consideration. Fxperimental and analytic
work established a peneral understanding of haw to
make a joint and why it works. Zircaloy-2, the soft-
est of the candidate materials had a wall to diameter
ratio of 0.05 and as such joints were relatively easy
to make. c.w. 2Zr Nb with a ratio of 0.04 was devel-
oped without too much difficulty. Heat ~treated
Zr-Nb  joints were more difficult to make; the
material was strong and hard, almost as hard as the
end fitting materfal. Consideration was piven to the
use of harder stainless steels and Inconel. For a
PHW cooled reactor, the wall thickness ratio for a
h.t.Zr Nb tube would be about 0.034; too thin for a
simple rolled joint and too thick for a sandwich type
joint. For BLW and Organic coolant applications, the
lower pressure (than for PHW) allowed thinner walls
and sandwich-type rolled joints were developed.



FLUX. ENHANCED CREFP AND IRRADIATION GROWTH

NRX and NRU are superh reactors for  conducting .

research and development. Tts hard to believe that
these reactors, which were designed well bhefore
Canada made the commitment to develop the pressure
tube reactor, would be so valuable to the development
of CANDU fuel and pressure tubes. Two types of
irradiation faclilities are availahle. TFirst Is the
in=pile loop which can accommodate a .full-length
experimental or prototype power reactor pressure
tube. Within the tube are fuel bundles and coolant
operating at power reactor conditions. Second, there
are holes through the reactor into which experimental
assemblies can be 1inserted. . The first conclusive
evidence on flux enhanced creep were a direct result
of two advances In test equipment for use in these
irradiation facilities, <creep machines and -an
inspection system.

Interest was growlng internationally in the devel-
opment of creep machines to. operate in a reactor
environment. In 1958 Orenda Fngines Ltd. (later
Hawker Siddely Canada) was commissioned to design and
butld a machine for Insertion in an experlmental hole
in NRX. The first machinpes were unreliable,.  and
results from NRX and elsewhere were conflicting. It
wasn't untfl 1963 that the first conclusive evidence
of flux enhanced creep was secured. A creep test on
a specimen cut from an NPD pressure tube was conduct-—
ed by V. Fidleris. For a period of many months, NRX
essentially operated at conditions dictated by the
creep experiment. When the reactor was operating,
the creep rate was high; when the reactor shutdown,
the creep rate was low.

At the same time as the creep machines were being
developed, Orenda was - asked to build a system for
inspecting pressure tubes. Battelle Northwest Labor-
atories had developed a system for the pressure tubes
fn the Plutonfum PRecycle Test Reactor at Hanford.
With cooperation Ffrom BNWL and building on thelr
experience; Ross-Ross worked with Orenda to produce
pouping equipment to measure tube diameter, surface
defects and. wall thickness[3]. The. focus was on
establishing the extent of any surface damage which
might arise as a result. of wear, fretting or gauging
of the tube wall by vibration: or movement of fuel
bundles. The 1D measurments were simply to inspect
for any unusual deformation resulting from reactor
operation. Inspections were done with the reactor
shutdown and the pressure tube -drained and empty.
First in-reactor gaugings were done 1in an NRU loop
tuhv and two NPD tubes to establish
ments: in 1963.

The second measurement in the NRU loop tube was
done in July 1964. The results of the measurements
showed a clear .relatioaship between strain and fast
neutron flux.
the fuel power of the bundle 1n the tube. The straln
profile was almost a direct match of the cosine-shap-
ed power (flux) profile from end to end of the sect-—
fon of .tube extending through the core of NRU. The
maximum-strain was only D0.1% (i.e., 0.08 mm or 0.003
in.). As 1f to add icinp to the cake, the strain
profile- also showed dips of about 0.01% which coin-
cided exactly with the fast neutron flux depressions
at the ends of each fuel bundle. The pgauging head
designed to detect any unusual deformation . suddenly

became a precision Instrument for {investigating creep.

Creep was now a potential design problem and the
reactor designers were fully informed of the import-

base measure—

The fast flux was linearly related to .
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ance of in-reactor creep. The creep program at CRNL
was rapidly .expanded with the ohbjective of studying
mechanisms as well as for securing engineering data
for predicting tube behaviour. :

The first loop tube was not- fabricated to power

reactor tuhe specifications and had bheen removed to
allow installation of one from the production run of
c.w. Zircaloy-2 pressure tubes for Douglas Polnt.

Gaugling results were of direct Interest and conflrmed
that the circumferential. (or transverse) creep rate
was almost linearly proportional. to the fast neutron
flux. Results also showed a small temperature scns-—
itivity. Whereas out-of-reactor tests on c.w. Zlr-
caloy-2 showed a decreasing creep rate with time, the
in-reactor results .showed no decrease In creep rate
over the 11000 hours of operation in NRU. This was
very disturbing 'as very high creep strains were
indicated In Douglas Point which was desipned for a
30 year lifetime.  Although there was great interest
in extending -test time, the need to get on with
development of larger fuel bundles for Pickering, was
much greater and the 83 mm Douglas Point tubes were
removed and a 103 mm c¢.w. Zircaloy-2 (Pickering
prototype) was installed.

Cold-worked Zr-2.5 wt? Nb tubes hecame available
in 1963 and the first experimental tuhe (of 83 mm ID)
was Installed in 1965. Results indicated the creep
rate to be about one half that of cold-worked
Zircaloy-2 (at comparable conditions) but test time
was short (7000 h).and the tube was removed -ta make
way for 103 mm TD tubes of c.w. Zr-Nb. The feasibll-
ity of fabricating heat-trated tubes was estahlished
in 1965 and 1966. Out-of-reactor corroslon tests
showed that 1increasing -cold-work between quenching
and aging improved corroslon resistance of Zr-2.5% Nb

while out-of-reactor and {n-reactor creep tests
indicated that creep properties deteriorated. As a
compromise between desired corrosfon and <creep
properties, the cold-work between quenching and aging

was specified at 10 to 15% for pressure tubes.

Based on uniaxial creep test results in-reactor (no
tube results were yet avallahle) heat-treated 7Zr-2.5%
Nb was specified in 1966 for Centilly-1 (BIW) and
KANUPP  (PHW .in Pakistan). Later h.t.Zr-Nh was
adopted. by Japan for FUGEN. H.t.Zr-Nb has performed
well in these reactors. R

The specification of pressure tubes for Pickering
was more conservative than for Gentilly and KANUPP
and {t was decided that tubes for Units 1 and 2
should be cold-drawn Zlrcaloy 2 with a 1% strain
1imit, which was expected to he reached in 8 to 15
years. The decision for Pickering Units 3 and 4 was
to be made later.

Results were being accumulated on c.w. Zircaloy-2
from NPD and loop tuhes, and analysis of data {Indic-
ated that the sensitivity of creep rate to stress was
a linear relation. This was unexpected and in con-
flict with results from unfaxial stressed specimens
from in-reactor creep machines which indicated a much
higher stress sensitivity. In 1967, Ross-Ross pro-
duced the first design equation for transverse creep
of c.w. Zircaloy-2 pressure tubes[4]. It was very
simple, -

creep rate = 4 x 10727 x 0 x ¢ x (T - 160) no!
where ¢ was the hoop stress in psi, ¢ was the fast

neutron flux {in neutrons/cm®s and: T was temperature
°C (but appliable only from 250 to 290°C).



Starting In 1965, experimental tubes for the NRU
loops were machined to reduce the wall thickness over
short lenpths to create zones of different stress.
Results confirmed that in the expression: creep rate
varies as ¢, the stress exponent n was 1 to
stress levels well above the range of {interest to
designers. That n = 1 was of great significance. IF
'n' is low, a materfal is safd to behave in a highly
plastic manner where the tendency to necking {is
reduced and exceedingly high ductibility is obtained.
The localized irrepularfties in the strain profile at
bundle junctions, and sharp well-defined steps in the
strain profile coinciding with stress steps 1in the
machined tubes were indicative of highly plastic
deformation.

The strains in pressure tubes as a result of oper—
ation in loops are very small relative to the design
life of a reactor of 30 years. 1In 1967 E.F. Ibrahim
hepan a serles of tests on small tubular specimens
in-reactor at conditions designed to accelerate creep
deformation. Specimens have been strafned uniformly
to over 10%. The desfgn 1imit was progressively
increased as more and more results from Canada and
abroad confirmed the Mhighly plastic deformation
hehaviour. In the early 1970's, the recommended
limit for increase in tube diameter was set at S5%.
Avoiding high strains by selecting materials more
resfstant to creep than Zircaloy-2 was now of equal
importance as reducing tube wall thickness for neut-
ron economy.

Interest fn the metallurgical community in heat-
treated Zr-2.5 wt% Nb was high and when reactor grade
heat~treated tubes became available, they were {mmed-
fately fabricated into loop tube assemblfes and in-—
stalled 1in NRU. In mid-1967, the two cold-worked
Zr-Nb tubes In NRU were removed and replaced by heat-
treated tubes.

In early 1968, the available information on the
three candidate materials (c.w. Zircaloy-2, c.w.
Zr-Nb and h.t. 7Zr-Nh) were analyzed. Of all factors
considered, design strength, tube fabrication, rolled
joints, and creep were of most importance. Cold-
worked Zr-Nb tubes were avallahle well before heat-
treated tubes, there was little concern about tube
fahrication, and rolled joints had been developed.
Concern remained about the fabrication route For
heat~treated tuhbes, and there had not bheen adequate
tube or time to fully prove the joints. Test time for
bath cold-worked and heat-treated Zr-Nb tubes was
very short but the data available indfcated that
cold-worked 7Zr-Nb was more crecp resistant than heat-
treated Zr-Nb and had a transverse creep rate less
than half that of c.w. Zircaloy-2. Mostly on the
hasis of creep behaviour, cold-worked Zr-2.5 wt% Nb
was selected for Pickering Units 3 and 4 (and all
reactors after Pickering). Design stress was 145 MPa.

Two further aspects of pressure tube performance
were being evaluated in the mid to late 1960's, -~
creep sag and length change.

The ends of the pressure tube are rigidly joined
to the end-fittings which are firmly held by the
hearings between the end-fitting and end shield. The
hearings accomodate thermal expansion. A pressure
tube i{s then a fixed beam subject to a uniformly dis-
tributed load from the fuel and coolant and to point
loads provided by the central spacers which in turn
are supported by the calandria tube. The tuhe 1is
suhject to internal pressure and bending. The prob-
lem was one of multi-axfal stressing. The problem
was complicated by the anlsotropic behaviour of zir-
confum alloys.

Creep results from unfaxially stressed specimens
could not be correlnted to tube results. Creep rates
from material worked in the lonpitudinal direction
were typically prearer than rates from specimens cut
from sheet or tubes and stressed In the transverse
direction. From the meager {nformation available,
the Indications were that creep hehaviour was highly
anisotropic.

Stress relaxatfan its the time-dependent change In
stress at constant straln. Creep is the time-depend-
ent change 1in strain under constant stress. Creep
information can be derived from stress-relaxation
results. In a heam—type test where the specimen is
bent, the stress annlysis rcemains simple as long as
the stress distributfon remains linear. With the
stress exponent 'n' equal to 1, this condition is
maintained. A stress-—relaxation program was initiat-
ed In 1968 to compare and correlate rates from specf-
mens cut from the longltudinal and clrcumferential
directions to tube creep rates, and to serve as a
relatively simple test to compare different materials
and metallurgical structures.

From stress—relaxation, uniaxial creep machine and
tuhe results, anisotropic factors were derived using
the Von Mises yleld criterion generalized for aniso-
tropic materials to describe the multiaxial stress
state[5]. Once apaln, a stress exponent 'n' equal to
1, greatly simplified the analysis of test data.
Pettigrew and Ross—-Ross applied creep Information to
a computer analysis to determine tube sag character-
istics(b6].

The sag analysis showed that the pressure tube
quickly sagged to transfer the fuel load through the
spacers to the calandria, and the pressure tube would
slowly continue to sag down hetween the spacers and
in some cases contart the calandria tube. Stress—
relaxation results from Bettis showed that creep also
occurred at low temperatures. A creep rate was esti-
mated for the calandria tube and indicated that the
calandria tube would sap at a rate of ahout 1.4 mm
per year. For Pickerinp lUnits 1 and 2 with cold-
worked Zircaloy-2, contact hetween the pressure tube
and calandria tube could occur as soon as 17 years.
For the more creep-resistant materials (Zr-Nb) con-
tact would be much later. Sag of the pressure tube
between spacers could be easily reduced by increasing
the number of spacers.

The anisotropic factors derived to determine
deformation under multiaxial stressing indicated that
the pressurized tube should also experience lenpth
chanpe. A closed ended tube with 1isotroplc creep
behaviour should exhihit no creep strain in the long-
itudinal direction when pressurized. With resistance
to creep lowest In the longltudinal direction, the
pressure tube should 1lengthen. Another mechansim
which could result 1in 1lenpth change was becoming
evident, — irradiation growth.

Creep Is slow deformation as a result of applied
stress. Irradfation growth {s deformation due to
fast neutron flux with no applied stress. During the
Jate 1960's, interest 1In {rradiation growth was
increasing and a number of experimenters in the UK
and USA were studying the subject. Farly results {in-
dicated length fincreases were usually in the direct-
ion of working in cold-worked materials, hut results
were scattered and the mechanisms were certainly not
understood. Tubes in the NRU loops were carefully
measured before installation but measurements on 30 m
assemblies of active materfal were for the most part
inconclusive. One loop tube and measurements 1in NPD
indicated small length changes.



The Chalk River Laboratories were producing a lot
of informattan on in-reactor creep, and V. Fidleris
was In contact with pearly all the contributnrs to
the pool of {informatifon accumulating internationally
on creep and prowth in a reactor environment[7]. Iis
efforts were well rewarded when personnel working on
the Hanford N-reactor (with cold-worked Zircaloy-2
tuhes) contacted him to report elongations of 25 mm
(1 inch) at the centre of a dish—-shaped distribution
over the face of the reactor. It was conclusive
evidence that anisotroplic creep and/or growth In the
tonpitudinal direction was significant and was now a
design consideration.

The N-reactor has
of 83 mm ID.

1004 Zircaloy-2 pressure tuhes
The tubes had elongated during 12 years
of operation {n proportion to accumulated channel
power output. Tubes of different fabrication methods
had elonpgated different amounts. A cooperative prog-
ram emerged where Canadian experience and equipment

combined with Hanford experience and measurements
from a reactor full of hiphly irradlated specimens
resulted in the first pood understanding on the

relation of creep and growth to fabrication variables
(8]

larlier work at CRNI. had already shown in-reactor
creep increased with increased cold work. Stress
relaxation tests on hent beams, which showed a linear
relation between loadinp stress and deformation, and
uniaxial creep test results, which showed an almost
Tinear relation through the tensfon-compression
regime had provided the evidence that for engineering
purposes, in-reactor creep and irradiation growth are

additive.
The 1970's was a period of consolidation and
application. Of most importance, new design equat-—

fons were formulated for the various materials used
in the fuel channel. The equations were becoming more
complex. Information from low temperature tests
(mostly on calandria tube materials) and from pres—
sure tubes with organic coolant in WR1 at Whiteshell,
helped 1in establishing temperature dependency from
room tempeeature to 400°C. Once the extent of
deformation was estimated, allowances for deformation
could be made. As the reactor construction program
progressed, design changes were Incorporated in new
units such that a creep lifetime of 30 to 40 years
would be achieved.

In the early 1970's,
alloys with
examined.

there were {interests f{n
higher strength. Various alloys were
Efforts eventually focused on an alloy
fdentiffed at CRNL as FEXCFL (Zr-3.57 Sn, 0.87% Mo,
0.8Z Nbh). FXCFELL offers higher design stress hence
thinner tube wall, and hetter creep resistance than
c.w. Zr-Nh. With pood creep resistance design
complication assoclated with large allowances for
deformation are avoided. Experimental tubes have
heen produced and loop tuhe assemblies are currently
operating in NRU,

new

The early reactors, however, were designed and
built without knowing there was such a thing as flux
enhanced creep and {rradiation growth. Douglas
Point, Pickering A and the first Bruce A units could
not accommodate all of the deformation predicted by
the high creep rates. Increase in diameter would
mean that the pressure tuhe would expand and squeeze
the central spacer spring between the pressure and
calandria tubes. The creep sag analysis indicated

99

that the channels with only two central spacers would
sap between spacers. and touch the calandria tuhes.
The operators were forewarned, inspection equipment

whlich could measure: changes existed, and -reactor
hehaviour could he assessed.
With significant. elonpations 1likely to occur,

Causey and Ross—Ross developed simple computer analy-~
ses to estahlish the probahble loads on the end. stops
if and when clearances decreased to zero:. Causey and
MacFEwen later developed a model to simulate the whole
reactor{9]. The central high flux channels would
take up clearances first and push on the end-shicld
which would in turn Joad the calandria tubes which
tie the end- shields topether. This type of analysls
was valuabhle in predicting the consequences of high
creep strain and then identifying how best to handle
it. There was gnod coordination and cooperation and
such information wns frecly exchanged between
experimenter, desipner and operator.

The experimental . programs at CRNL and UNRE had
produced a great deal of valuable information, but
there were aspects that could not be casily obtalned

from the research reactors. Only the power reactors
could provide the long-term information needed to
determine the validity of the design equations and

analyses of reactor behaviour.
DELAYED HYDRIDE CRACKING

In August 1974, routine checks In Pickering Unft 3
revealed that heavy water was leaking into the system
that circulated dry nitrogen gas for corrosion resis-
tance through the annulus between the pressure and
calandria tubes. Chemical analysis 1dentified the
water as coolant from the primary heat transport sys-—
tem and not moderator water; thus Indicating the leak
was from the fuel channel. With difficulty, the leak
was located and the fuel channel was replaced ({.e.,
pressure tube, end-fittings and central spacers).
Procedures to dry out the gas annulus system were
unsuccessful. A continued high collection rate led
to the unpleasant conclusion that there must bhe more
leaking tubes.

During August and early September the cause of the
leakage was still not known bhut one of the strong
points of the Canadian nuclear power program was al-
ready emerging, 1.e. the ahility to organize f{tself
and react when troubhles occur. Before the first
channel 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 transportaion of highly radiocactive
components, were being orpganized. The components
were moved by special transport In heavy shielded
flasks to the Chalk River Nuclear Laboratories where
numerous facilities exist Ffor handling radiocactive
companents.

By mid-September, pressure tests had confirmed the
leak to he in the pressure tube near the end fitting
at the coolant iInlet end of the channel. At this
point Canadian industry hecame deeply involved; a
team from Canadian General Flectric, who had extens-
ive experience In the desipgn and development of roll-
ed joints for CANDU reactors, was called in to help
with the investigatlon. At first, {t was suspected
that the rolled joint had looscned and begun to leak.
Nlowever, after extensive wultrasonic testing and
dimensioning of the joint had heen completed, the



the stainless steel end fittinp was cut away from the
tube. Three cracks, about 18 mm 1long, in the tube
were revealed. Dimensfonal checks on the rolled
joint revealed that the rollers used during fabricat-
fon must have extended heyond the paralled part of
the end fitting producing an “over—extended” joint.
The rolling tools used during tube installation were
located and tested. The badly worn tool produced ex-
tremely high residual tensile stresses. The stresses
approached yleld strength. By late September the
first major clue as to the cause of failure had been
found. With the numbher of leaking channels increas-—
ing alarmingly during September and the discovery of
cracks, 1t was realized that the Jnvestigation into
the cause of the cracks, and the actions required to
correct the sttuation was a job of major proportions.
Although cooperatfon between various groups had been
extremely good, a coordinating committee (headed by
J. Inpolfsrud of AECL and A. Jackman of Ontario
Hydro) was set up early in October to direct the
fnvestipation and repair work, set priorities, {insure
that all resources which could be of value to the
investigation were enlfisted and avoid duplicatlon of
effort. Coordination was through Dunn at AFCL
Sherfdan Park, Ross-Ross at CRNL, Mitchell at Ontario
Hydro, Towgood at Pickering and Hunter at CGE. Many
contributions were made. Fxamination of the oxidized
crack surface led Dutton, Ambler and Flls to the
conclusfon that the material had failed as a result
of 'delayed hydride cracking', a cracking mechanism
that was almost unknown and barely understood.

Metals that Fform brittle
'delayed hydride cracking'. Hydrogen dissolved from
hydrides miprate (or diffuse) up a stress gradient
and precipitate at a stress concentration (the crack
tip) as hydride. If the stress is high enough, the
hydride cracks, the crack length is extended, and the
sequences 1Is then repeated.

hydrides can fail by

Time 1s required for hydrogen to migrate to a
stress concentration and for the hydride to nucleate,
srow and crack. This is the Incubation time for the
{nitiation of cracking. The time hetween the grow-
inp steps 1s usually shorter than the {ncubation
perind. The f{incubation time and the rate of crack
prowth are dependant on the rate of accumulation of
hydrogen whifch fn turn {s dependent on diffusion and
solubility of hydrogen. The velocity of a pgrowing
crack is almost Independent of stress distribution at
the crack tip (usually defined as the stress intens-~
1ty factor).

From the above investigations[10], 1t was conclud-

ed that the basic cause of the cracks was the high
residual tensile stresses in combination with long
periods with the coolant and tubes cold. The hydro-

gen normally found in pressure tubes (about 10 ppm)
migrated to areas of high residual stress on the inn-
er 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 restdual stress in the pressure
tube. Once Initiated and of a size greater than the
s{ze of the Incipient cracks found on the fnner wall,
the cracks proceeded through the tube wall 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 solutton and crack growth did not proceed. The

growth of the crack prowth was directly related to
the reactor operating history. Tt was was concluded
that all cracks had orfpinated ecarly in the life of
the reactor bhcefore significant stress relaxation had
occurred. Cracking may have initlated during commis-
sfoning when the resfdual stresses were highest and
the tubes were suhject to additional stresses during
pressure and thermal cycles.

The rolled joints in Pickering Unit 4 had been
made using the same tools and procedures as Unit 3,
In May 1975, water was found In the pas annulus sys-
tem {indicating Unft 4 also had cracks. Pressure

tubes, end-fittings and central spacers were removed
and new components Installed in 17 fuel channels In
Unit 3 and 52 in llnit 4. Only a few channels had

through-wall cracks, most tubes removed had cracks
partially through the wall. These cracks were locat-
ed by NDT technique. Most of the components removed
from Units 3 and 4 were shipped to CRNL for examinat-—

ion, testing and disposal.

During the rolling operations in Pickering Units |
to 4 and Bruce 1 and 2, the danger of over-extension
had never heen forcsecen and the rolling procedure did
not specifically prevent it happening. Current pro-
cedures exercise careful contrnls on the rolling taol

and 1ts location. Units 1 and 2 have Zircaloy-2
tubes. Zircaloy-2 is also susceptible to delayed hy-
dride cracking but Zircaloy-2 has a lower yleld
strength and hence lower residval stresses after
rolling. No trouble was experienced in Units 1 and
2. 1In 1985, one more c.w. Zr=Nb tube had a through-
wall crack (probably Initiated at the same time as

the crack investligated in 1974) which leaked, and the
tube was replaced.

in Bruce Units 1 and 2
1972 and 73 with over-
joints had not yet been

7Zr=2.5% Nh tubes
had also been f{installed in
extended joints, bhut the
taken up to temperature. Inspection for cracks using
an eddy-current type of probe {n 1974 1indicated no
cracks had initiated. The residual stresses were
reduced by stress-relleving the over—extended region
of the rolled joint by insertion of a special heating
coil in early 1975. In 1982 and B3, three tubes in
Bruce 2 were removed after leaks were detected.
Tests on small specimens had demonstrated very long
Incubation periods at room temperature before crack-
ing 1s {nitiated. It i{s believed a few {nciplent
cracks may have existed but had gone undetected at
the time of the eddy-current inspection or originated
after the 1inspection, but before the stress-relfev-
ing(ll].

The c.w.

The tuhes in Pickering and Rruce with through-wall
cracks had leaked, been detected and then removed,
thus supporting the 'leak—hefore-break' concept.

Although the cracking as experienced {n Pickering
Units 3 and 4 could easily be avoided by proper roll-
ing, the experience had much more important implicat-
tons. A mechanism had emerged which could cause zfr-
confum alloy components to fail. Delayed hydride
cracking recefved considerable attention at Ontario
Hydro, CRNL and WNRE and results of many studies were
published, e.g., [12][13].

Tn August 1983, a cold-worked Zircaloy-2 pressure
tube in Pickering Unit 2 ruptured. Coolant was being
lost (subsequently estimated at a rate of 17 litres
per second) from the primary heat transport system.
The reactor was shutdown usinpg normal procedures.
No safety systems were activated.



Once agaln a coordinated effort hy Ontario [llydro
and AFCL was initiated to Investigate the cause of
rupture. The conclusions of the Iinvestigation fdent-—
1fied two significant factors - first, the hydrogen
content in the tube was higher than expected and sec-
ond, one central spacer was well ont of position[l4].
As a result of corrosion, the Zircaloy-2 pressure
tube had ahsorhed much more hydropen (as deuterium)
than predicted. With a central spacer out of posit-
fon, the pressure tube sagged (by creep) and had con-
tacted the calandria tube over a long length. Upon
contact a steep temperature gradient was created.
Nydrogen 1in the tube migrated down the temperature
eradient. Hydride ‘'blisters’' formed at the cool
points of the pressure tube. Cracks originated In
the 'blisters of hard hrittle hydride, and grew hy
the delayed hydride cracking mechanism. A series of
cracks formed Intermittently along the contact Iline
hut not through the wall. The series of growing
cracks produced a fault greater than critical crack
length and at some point the remaining web falled and
the crack ran to produce a 2 m long split. The dis—
charging coolant did not rupture the calandria tube
but leaked through the bearing at the end-fittings.

The defect did not 'leak (and be detected) bhefore
hreak'. Cheadle, Field, Dunn and DPrice 1led the
investigations and an excellent series of papers

dealing with all aspects of the failure and delayed
hydride cracking were presented at a CIMM Conference
In Québec City in 1985(15].

The pressure tube rupture created new iImplicat-
fons. Another form of delayed hydride cracking had
been found; high hydrogen content along with a high
temperature gradient {s a bad combination. Although
the central spacer heinp out of position allowed pre-
mature contact, channels with only two spacers (Pick-
ering 1, 2, 3 and 4 and Bruce 1 and 2) will eventual-
ly experience contact. Contact should not occur Iin

the later CANDU's with four correctly located spacers.

A cold-worked Zr-2.5% Nb tube which had sagped and
had been in contact with Its calandria tube showed no
ecvidence of hydrogen accumulation(l4]. Hydrogen con-
centration was low indicating Zr-Nb may not be as
susceptible to 'blister' formation as Zircaloy-2.
Cold-worked 7Zr-2.5% Nb has performed well, and a gond
understanding of the delayed hydride cracking mechan-
{sm has been galned. Continuing R&D along with
periodic tubhe Inspections and removal of pressure
tubes for testing and destructive examinations should
{nsure that good performance will be maintalned.

TUBE, INSPECTION AND RETUBING

The first inspection system for 83 mm tubes was
developed by Koehler and Ross-Ross and was used in
NRU and NPD 1in 1963, The basic techniques for in-
specting tuhes had heen established|3]. Surface
defects, diameter and stralghtness were measured and

viewlng was done uslng boroscopes. The system was
portable and used In pressure tuhes in WR1l, Douglas
Point, KANUPP, RAPP, PRTR and N-reactor. With the

advent of the Pickering Units,
cquipment.
was

Ontario Hydro needed
The first Ontarfo Hydro Inspection system
an improved version of the CRNL system. These
inspection systems were only used during periods with
the reactor shutdown and the tube drained and empty.
Farly concern ahout damape to tuhes by the fuel prov-
ed unfounded, and inspectlon programs redirected with
emphasis on securing creep Information.

In 1974 an ultrasonic technique was introduced
to look for cracks in the rolled joints in Pickering

Unit 3. A later development allowed installation of
an ultrasonic device Into a channel without draining
or defuelling, bty loadinp the equipment into a fuell-

ing machine. The fuelling machine removed the clos-
ure and shield plugs in the selected channel and
inserted the inspection device and a specfal seal
plug.

With the wultrasonic specialists {invelved with
Pickerfng cracks, the eddy-current speclalists at
CRNL developed devices for inspecting the rolled
joints 1in Bruce. Fddy-current devices were later
developed to measure the pap between pressure and
calandria tubes and to locate the central spacers

[16]. TV viewing replaced the cumbersome bhoroscopes.
Ontario Hydro developed a new system in the early
1980's for {in-charnel 1inspection; equipment was
mounted on the fuelling machine hridge[17]. After
Installation and set-up, the system was controlled
(mostly by computer) from outside the reactor vault.

The original Ontario Hydro program for gauping
power reactor pressure tubes was primarily afmed at
predicting when tubes had to be replaced. Thus only
infrequent (ahout ecvery 5 years) were proposed to
satisfy operating and licenslng requirements; much to
the chagrin of those at CRNL and Sheridan Park who
looked forward to long term creep data. Durinp the
70's, creep and growth prediction and the cracking of
Pickering tubes accelerated Ontario Hydro's interest
in gathering data. Pickering and Bruce inspections

are now producing some of the hest long term data
avatlable on diameter, length change and sag.
Results generally confirm the early predictions and

analyses.
ations to
channels.

Operators are now able to taflor the oper-—
secure maximum creep life from the fuel

In most instances, advancements in the relfability
and usefulness of inspection devices has pone hand in
hand with post-removal examinations of pressure
tubes. Tn the early days, inspection data was check-
ed by post-removal dimensfoning and replicas of sur-
face damage. More recently, interpretations of crack
characteristics by NDT have heen judged apainst
destructive examinatfons of real cracks and blisters
removed from reactor tubes.

Whereas end of life of a pressure tube due to
dimensional change 1{s relatively straight forward,
future developments in NDT, aimed at detecting any

changes in metallurgical characteristics such as cor-
roslon, hydrogen content, effects of neutron bombard-
ment, will definftely bencfit from the tube surveill-
ance program which provides for perfodic removal of
tubes for examination.

The 1i1fe of a pressure tube 1s uncertain but Iis
consldered to be 1limited by creep deformation and
could range from 20 to 40 years depending on detalls
of each reactor design. Current reactors were
designed for 30 year lifetime.

Over 70 tubes have been In-
stalled, 1irradfated and removed from the Canadian
test reactors NRU, NRX, WRl and from NPD. [In 1948,
one pressure tube and one calandrta tube were replac-
ed In the Douglas Point reactor because of damage to
the calandria tube caused by faulty installation of a
booster rod. In 1974 and 75, 17 and 52 tubes were
removed from Pickering Units 3 and 4 hecause of
cracks. Dunn and Murdoch plaved a lead role 1in
design and development of Improved systems for chang-

Retubing can be done.



ing fuel channel components. Shielding cabinets were
placed on the fuelling machine platforms to reduce
the radfation filelds in the work area. The bridge
system moved workers and tools to the desired locat-
fon. The operations at Pickering under Towgood went
extremely well. Unit 3 was returned to service in 8
months and Unit 4 in 10 months; it was an amazing
enplneering achievement when 1t 1s realized that the
basic cause, delayed hydride cracking, was virtually
unknown in the beginning. The whole program was a
fine example of the effectivencss of good teamwork.

During the early days of the Pickering investigat-
fon, when the number of cracked tuhes was increasing

alarmingly, preliminary plans were formulated for
completely retubing a reactor. Fortunately, such
steps were not needed. Procedures for single tube

removal were well estahlished and pressure tubes have
been removed from NID, Pickering and Bruce elther
because of damage or cracks or as part of a survefll-
ance program.

In the late 1970's, it was hecoming evident that
retubing of the early reactors, 1.e., Pickering Units
1 to 4 and Bruce Units 1 to 3, which were designed
and constructed before the consequences of creep and

srowth were fully understood, would eventually be
required. Ontario Hydro with assistance from SPAR
Aerospace, AECL, CGE and other Canadian 1industries

develaped plans for Large Scale Fuel Channel Replace-
ment[18]). The basic system assumed reasonahly high
radlation fields would exist in the reactor vault. A
large shielding cabinet mounted on the fuelling mach-
Ine bridpe assemhly would house turrets of tool pack-
ages that could be operated remotely from a control
centre outside the vault.

With the rupture of a Zircaloy~2 tube in Pickering
Unit 2 and knowing that there was the potential for
other tubes to rupture in a similar manner, and know-
ing that tube life was limited by creep and growth,
the future of these units was carefully assessed.
Unfts 1 and 2 had been down for some time and radlat—
fon fields were low. Fxtended 1life related to tube
elongation could be achieved by jacking the fuel
channel assembly to an outboard position which would
allow maximum use of the bhearings on the end
fittings, but this operation involved a falir amount
of shutdown time. In March 1984, the decision was
made to proceed with retubing of Pickering Units 1
and 2 using tools and schemes that were simpler than
those hased on the orlginal large scale concept using
mostly remotely operated equipment.

SUMMARY

The decision 1in 1956 to base the CANDU power
reactor program on the pressure tuhe type was a bold
one for little was known at that time about the per-
formance of zirconium alloys as a structural mater-
fal. Tt was a wise one hecause small is heautiful,
and the R&D facilities at CRNL and WNRE were well
equipped to handle the relatively small pressure
vessel - the pressure tube. With world class facil-
ities, 1t did not take long to develop world class
expertise, and Canada was soon a leader 1in zirconium
technology. Canada contributed to and bhenefitted
from the pool of information belng developed inter—
nationally.

Unexpected problems occur in any program as exten-—
sive as CANDU nuclear power; the capability to ident-
ffy and solve problems quickly was essential to the
program. The coordinated program conducted by

represent inpg operator, fabricator, desipner

and developer, ecffectively found engineering solut-

ifons to the crack and creep problems. Such prohlems

can be avoided hy desipgn and installation procedures.

The experience from one reactor or incident is bene-

ficial to the pext and the fuel channel design and

safety criteria were periodically reviewed and

improved. Future rcactors will be designed with

careful attention to fuel channel removal and replace-
ment .

experts

The fuel channel wmodule and the fuelling machine
bridge concept helped to make the horizontal pressure
tube type of reactor easy to {nspect and maintain.
Development of {inspection and maintenance devices
also benefitted from the small size and simple shape
of the pressure tube.

Cold-worked 7r-2.5 wt% Nb has performed well; the
faults experienced by tubes were not due to material

deficiencies. Much  has been  learned about the
detrimental effects of Thydrogen, and although
hydrogen pick-up has been low, continued efforts arc

heing expended fn an attempt to foresce any
deficiency that might arise as a result of long
exposure of tubes te a reactor envivonment. Periodic
ifnspection and periodic removal of pressure tubes
from the Pickering and Bruce reactors should he of
great value 1In detecting any change that could
indicate a metallurglcal limit to the life of a tube.

Although cold- worked Zr-2.5 wtZ Nh has performed
well, there 1s ({interest in new alloys. Tubes of
zirconlum with additifons of ¢tin, wmolybdenum and

niobium which have higher strength and better creep
resistance, are now operating 1In the resecarch
reactors.

CANDU has done much to demonstrate Canadlan

scientific and engineerinp capability. The coordin-
ated effort of a government funded R&D establishment,
Canadian Industry and the ultimate user of the tech-
nology has proven to he extremely effective; CANDU is
also an economic success. The proving of the pres-
sure tube {s but an example of how the varfous R&D
teams were effective in developing their own programs
and drawing on the resources of the world to achieve
thelr goals. The CANDU propram was mission oriented,
well focused and very productive. One can only hope
that the povernment apencies responsible for R&D in

Canada, and Canadlan findustry who stand to enjoy the
benefits arising from good R&D, will in the years to
come, learn from the CANDU experience. Perhaps
Canada with {ts limited resources can continue to
produce winners.
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