
AECL-9733

ATOMIC ENERGY ( , / U | L'ENERGIEATOMIQUE

OF CANADA LIMITED V i ^ A / DU CANADA LIMITEE

EVALUATION OF A LEAKING CRACK IN AN
IRRADIATED CANDU PRESSURE TUBE

EVALUATION DUNE FISSURE A FUITE DE TUBE
DE FORCE IRRADIE DE REACTEUR CANDU

C.E. COLEMAN and L.A. SIMPSON

Presented at IAEA Specialists' Meeting on Fracture Mechanics Verification by Large Scale Testing
Stuttgart, West Germany, 1988 May 25-27

Chalk River Nuclear Laboratories Laboratoires nucleaires de Chalk River

Chalk River, Ontario

June 1988 juin



ATOMIC ENERGY OF CANADA LIMITED

EVALUATION OF A LEAKING CRACK IN AN
IRRADIATED CANDU PRESSURE TUBE

by

C.E. Coleman and L.A. Simpson*

Presented at IAEA Specialists' Meeting on
"Fracture Mechanics Verification by Large Scale Testing"

Stuttgart, West Germany, 1988 MAY 25-27

Materials and Mechanics Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

1988 June

* Whiteshell Nuclear Research Establishment

AECL-9733



L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

ÉVALUATION D'UNE FISSURE À FUITE DE TUBE DE FORCE

IRRADIÉ DE RÉACTEUR CANDU

par

CE. Coleman et L.A. Simpson*

RESUME

On se sert de la technique de détection de la fuite avant rupture
dans le cadre de la protection contre la rupture des tubes de force. Les
deux caractéristiques importantes de cette technique sont le temps d'action
disponible pour la détection d'une fissure à fuite et la taille de la fuite
permettant la détection de la fissure. Des essais sur tubes de force de
zirconium à 2,5 Nb raccordés à leurs raccords d'extrémité, lesquels simulent
le comportement d'une fissure à fuite dans un réacteur, permettent de
maintenir la confiance continue en la technique de détection de la fuite
avant rupture. Aux températures de service du réacteur, les fissures à
fuite se propagent plus lentement que les fissures à sec de laboratoire car
elles sont refroidies lorsque l'eau pressurisée passe rapidement à l'état de
vapeur sur leur surface. Ces fissures restent stables jusqu'à ce qu'elles
aient une longueur d'au moins 70 mm. D'après les résultats des essais, le
temps d'action est d'au moins 100 h. Le débit de fuite augmente rapidement
lorsqu'une fissure tranversale de paroi s'étend quelque peu et aide ainsi
beaucoup à détecter la fissure.
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ABSTRACT

Leak-before-break is used in CANDU reactors as part of the defence against
rupture of the pressure tubes. Two important features of this technique
are the action time available for detection of a leaking crack and the size
of the leak allowing crack location. Support for continued reliance on
leak-before-break is being obtained from experiments, on irradiated
Zr-2.5 Nb pressure tubes attached to their end fittings, that simulate the
behaviour of a leaking crack in a reactor. At reactor operating
temperatures leaking cracks grow more slowly than dry cracks in the
laboratory because they are cooled when pressurised water flashes to steam
on their surface. These cracks remain stable till they are at least 70 mm
long. From the results of these experiments the action time is at least
100 h. The leak rate increases rapidly when a through-wall crack extends a
small amount, thus greatly assisting with crack location.
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EVALUATION OF A LEAKING CRACK IN AN IRRADIATED CANDU PRESSURE TUBE

by

C.E. Coleman and L.A. Simpson

INTRODUCTION

The CANDU reactor consists of a large tank (calandria), containing heavy
water moderator at 70°C, that is penetrated by about 400 horizontal fuel
channels arranged in a regular lattice, Fig. 1. Each channel consists of a
pressure tube, containing natural uranium fuel and heat transport heavy
water at a pressure of about 10 MPa and temperature ranging from 250 to
300°C, surrounded, and insulated from the cold moderator, by a calandria
tube. The space between the pressure and calandria tubes contains dry
nitrogen or carbon dioxide and is called the gas annulus. The gas annulus
system is sensitive to the presence of moisture and can be used to detect
any breach of the primary pressure boundary. The pressure tubes are made
from cold-worked Zr-2.5 Nb; each tube is 6 m long, has an internal diameter
of 100 mm and wall thickness of 4 mm. Each end of the pressure tubes is
attached to stainless-steel end fittings by a rolled joint.

The fabrication of the rolled joint results in residual stresses in that
portion of the pressure tube because of wall thinning and tube expansion.
In early power reactors an incorrect rolling procedure produced excessive
tensile residual stresses over a length of 10 mm in the pressure tube at
the limit of rolling where the tube was no longer supported by the end
fitting, Fig. 2. High tensile hoop stresses caused crack initiation and
subsequent perforation of the tube wall. (A modified installation
procedure has eliminated the high stresses in current reactors.)

Most cracks have initiated in the rolled joint region because of the
incorrect rolling. As part of the defence against rupture of a pressure
tube we use the leak-before-break criterion: if a crack develops and
penetrates the tube wall, its presence is detected by coolant leakage into
the gas annulus before the crack becomes unstable. The validity of this
approach has been demonstrated 24 times in three reactors by the detection
of leaking cracks [1]. (The cracked tubes were simply replaced.) Leak-
before -break requires that the time necessary for the crack to extend from
initial penetration to instability is more than the combined time to detect
leakage and shutdown the reactor. The action time, t, depends on the crack
length at leakage, L, the critical crack length (CCL), C, and the rate of
stable crack propagation, V, through:

t - (C - L)/2V (1).

CCL and V are estimated from measurements of fracture toughness and crack
growth rates on small fracture mechanics specimens machined from
surveillance tubes. The mechanism of stable cracking responsible for the
tube failures, which has been extensively characterised in the laboratory,
is delayed hydride cracking (DHC).



Components made from zirconium alloys may fail by DHC if sufficient
hydrogen for hydrides to form accumulates by diffusion to a region of
stress concentration, and if the stress is large enough for the hydrides to
crack. This process is repeated and the crack progresses in a series of
steps. Hydrides must be present for cracking, that is, the solubility
limit for hydrogen must be exceeded. The crack velocity, V, is essentially
independent of stress intensity factor, Kj, above a threshold value but has
a temperature dependence described by:

V - A exp (-B/T) (2)

where A and B are constants and T is absolute temperature.

Final instability is by ductile rupture; the toughness increases with test
temperature but may decrease with increase in hydrogen (hydride)
concentration and neutron irradiation.

In our leak-before-break assessments, the action time in Equation 1 is
estimated from a large body of data collected from small, fracture-
mechanics specimens. For instance, the critical crack length, C, must be
determined for Uie particular operating conditions of the channel under
assessment (temperature, pressure, etc.) and for the material properties of
that particular channel taking into account irradiation damage and hydrogen
pick-up. Only small specimen methods allow us to establish the necessary
large data base and also gives a distribution of values for any
particular condition. We have developed a special version of the compact
toughness specimen, Fig. 3a [2], to obtain our fracture toughness
data base. This specimen can be spark machined directly from the wall of
an irradiated tube and allows us to do surveillance testing on actual
pressure tubes. Using J-integral resistance curves determined from these
specimens, and crack driving force relationships for an axial crack in a
pressurized tube, the instability condition (critical crack length) is
determined [3]. As with any fracture toughness determination, there is the
concern about the effect on these estimations of geometry differences
between the small specimens and the axial through-wall crack in the tube,
which is the target of the analysis.

Similarly, the DHC velocity, V, is determined from a data base [4,5]
created from tests on small specimens, Fig. 3b,c, also machined from
irradiated pressure tubes. The cracks in these specimens have a different
geometry from that of a crack growing through a pressure tube wall. For
instance, the laboratory specimens measure cracks growing either purely in
the axial direction or purely in the radial (through-wall) direction while
the actual crack will initiate either at a point source or elongated flaw
at the tube surface and grow on the radial-axial plane as it assumes a
semi-elliptical geometry, Fig. 4. The dependence of velocity on direction
determines the actual shape of the crack and also the penetration size, L.
This too must be inferred from the small specimen measurements and is
complicated by the tendency of the crack to tunnel, that is, some internal
growth in the axial direction without the equivalent surface propagation.



(Tunneling is a highly geometry-dependent type of behaviour.) To ensure
confidence in the use of Equation 1, based on small specimen results, an
experiment on an actual full size structure is desirable.

Leaking cracks may behave differently from non-leaking cracks because the
metal near the crack is cooled to supply the latent heat needed as the
water flashes to steam on the crack face [6]. We have developed a theory
for the effect of temperature gradients on DHC velocity and verified it by
experiments on small specimens. However, this too would benefit from a
confirmation on a full-scale component, especially since the temperature
gradients in the tube are evaluated from models confirmed only by
laboratory experiments in idealized situations. To achieve confirmation,
we have developed an experiment to grow leaking DHC cracks in actual
components removed from operating reactors and thereby test the predictions
from the small specimens and study the behaviour of leaking cracks. The
apparatus is called the Chalk River Active Crack Leak Evaluation (CRACLE).
In this paper we describe the design of the apparatus, report some typical
results, compare them with results from small specimens and discuss their
significance for leak-before-break.

DESIGN AND OPERATION OF THE APPARATUS

The requirements for the apparatus were for a good simulation of the
reactor environment, the ability to measure the crack shape and leakage,
and provision of protection for personnel against irradiation and blast if
CCL was exceeded.

The main features of the apparatus are depicted schematically in Fig. 5. A
450-mm-long section of pressure tube and its rolled joint were attached to
a source of flowing hot water and sealed at the other end. The water was
pressurized to between 5.8 and 10.3 MPa and maintained at CANDU chemistry.
If a natural flaw was absent, a deliberate flaw, 1 to 2 mm deep and 3 to
6 mm long, was spark-machined on the inside surface of the pressure tube at
the high-stress zone of the rolled joint. The pressure tube was surrounded
by a water-cooled jacket to simulate the temperature conditions imposed by
the calandria tube. For protection the test section was contained in a
water-cooled test chamber that was a registered pressure vessel which in
turn was surrounded by a layer of lead to absorb gamma radiation. The
crack length was measured semi-continuously by eddy current probes in-situ
and at intervals during shut downs by ultrasonics. The test chamber was
filled with dry nitrogen at 100 kPa and a dew point of -308C. Initial
leakage was detected as an increase in dew point using the change in
conductivity of an aluminum-aluminum oxide cell. Larger leakage was
collected in tanks below the test chamber and the weight of water was
continuously measured. One tank had a capacity of 13 kg (0.013 m^) and
leak rates (actually collection rates) as low as 0.05 kg/h could be
discerned and leak rates up to 10 kg/h could be measured. The larger tank
could contain 140 kg (0.14 m^) and accommodate a leak rate up to 200 kg/h.
In practice, with low leak rates at the start of an experiment the snail



tank was used and automatically pumped out at intervals. When the leak
rate exceeded 8 kg/h the collection was switched to the larger tank but
again this tank required emptying at intervals. The temperature of the
effluent from the crack was estimated by a thermocouple wedged between the
pressure tube and the end fitting at the location of the crack.

Experiments have been done on three rolled joints. Table 1. The
unirradiated prototype specimen was used to check the experimental methods
while the irradiated rolled joints were used to evaluate the effect of
reactor environment on crack behaviour. To start an experiment the flaw
was stimulated to grow by temperature cycling, known to be effective for
promoting DHC. Usually the loop was heated to 290°C for 1 h then cooled to
between 200 and 240°C and held for several days; if the flaw did not
extend, the cycle was repeated until leakage was detected. Measurements
were then made to evaluate the behaviour of the leaking crack by measuring
the factors that affect crack growth and leak rate in a series of separate
tests. The crack velocity was estimated from the change in crack length,
measured by ultrasonics before and after a test, divided by the time at
which the loop was at the test pressure. Leakage was measured continuously
as a function of time and leak rate was estimated by differentiation. When
the leakage exceeded the capacity of the system to maintain stable
conditions, a loose-fitting shim of annealed Zircaloy, 0.2 mm thick, was
placed over the crack and the experiment was continued with a much reduced
leak rate until the capacity of the system was again exceeded and the
experiment was stopped.

DISCUSSION OF RESULTS

The slope of the temperature dependence of the velocity of a leaking crack
in P3-F13 appears lower than that of a dry crack, although the values of
crack velocity are similar at 150°C, Fig. 6. In this graph the solid line
represents data obtained from small specimens cut from the same tube but
about 0.5 m further into the reactor than the rolled joint specimen. The
reason for the single low value at high temperature is not known while the
arrow indicates the range of the last test where the crack appeared to be
growing faster near the outside surface than at the inside surface.
Although cracks grow when the loop is operating at temperatures relevant to
the reactors - 240 to 300°C - the velocities are lower with leaking cracks
than with dry cracks. To attain these results the loop conditions were
held constant for times between 45 ar>d 190 h while the changes in crack
length were in the range 1 to 10 mm.

The actual temperature of the leaking cracks may be lower than the
temperature of the loop water because of the pressure drop across the crack
face, from 5.8 to 10.3 MPa on the inside surface down to 100 kPa at the
outside surface, which allows the water to flash to steam. This behaviour
is implied from the temperature indicated from the thermocouple at the exit
of the crack in the unirradiated prototype, Fig. 7. In these measurements
the loop water was between 200 and 240°C, the pressure was in the range 5.8
to 9.3 MPa and the crack was between 16 and 25 mm long. The thermocouple



indicates close to the boiling point of water at atmospheric pressure at
low leak rates up to about 10 kg/h. At greater leak rates, the temperature
gradually rises suggesting that either not all the water has been converted
to steam or the temperature of the end fitting is rising because of the
increased leak rate. The results were insensitive to loop pressure and
temperature in the range tested.

The cracks were grown up to 70 mm long and these cracks sustained full
system pressure of 10.3 MPa at room temperature without rupture. The
critical crack length implied from measurements of crack growth resistance
at 240 to 300°C on small specimens machined from B2-J11 and P3-F13 has a
range of values between 40 and 70 mm while at room temperature this range
is reduced to 30 to 50 mm. It has been well established [7] that the
highly constrained deformation field in the crack tip plastic zone of the
compact specimen yields a conservative estimate of the critical crack
length for the axial crack in a tube where the mode of loading is primarily
tension (as opposed to the strong bending component in the compact
specimen). CRACLE therefore gives us a means of estimating the degree of
conservatism in these estimates. Another distinguishing feature is that in
CRACLE the critical state is approached under constant load conditions as
opposed to the monotonically rising load conditions in the small specimen
tests. Thus the stress state may be less severe because time is available
for strain redistribution and crack blunting. The high toughness at room
temperature may be attributable to the operation at high temperatures
causing toughening through the phenomenon of warm-prestressing.

The leak rate depends on crack length and pressure. Once the crack has
penetrated the tube wall, the leak rate increases with increase in crack
length. The leak rate seems to depend not so much on the absolute crack
length but on the change of crack length after leakage, Fig. 8. Here the
natural crack in B2-J11 was about 25 mm long at leakage while the spark
machined flaw in F3-F13 grew to 8 mm at leakage, yet their leak rates
changed similarly with subsequent crack growth. These data were obtained
at the end of each test, so that the crack lengths correspond with the
leakage. The temperatures were in the range 220 and 290°C and the
pressures were about 10 MPa. When the temperature was kept constant,
changes in pressure had a dramatic effect on leak rate, Fig. 9. In the
unirradiated prototype specimen, when the pressure was low, 5.8 MPa, the
leak rate gradually decreased with time and became negligible after 12 h,
probably because of clogging from small particles in the water. At 7.2 MPa
the leak rate was almost constant while at the two higher pressures the
leak rate slowly increased with time. Now the rate of crack extension is
sufficient to compensate for any flow restrictions.

IMPLICATIONS

These experiments demonstrate that the mechanism of delayed hydride
cracking in zirconium alloys is sufficiently understood for cracks to be
stimulated and grown in a manner predicted from laboratory tests on small
specimens.



The results of crack velocities are not in agreement with laboratory data
at high temperatures because of the cooling effects from the leakage. The
important result is that the leaking cracks grow slower than would be
expected if the loop temperature is taken as the cracking temperature and
leakage is not taken into account. In these experiments, cracks up to
70 mm have remained stable. The combination of slow cracking and long
critical crack length, as well as the long test times, gives a clear
demonstration that the action time available to detect a crack in a
pressure tube is over 100 h, thus providing enough time for a reactor
operator to detect the leaking tube and depressurise the system.

Although a crack that is clean and has simple geometry should allow leakage
to increase in proportion to the crack length, features of the crack
surface, such as roughness from the fracture process, oxidation and crack
tunnelling, will complicate the picture. However, the results given here
suggest that only a small increase in crack length is required for a large
increase on leak rate and will thus allow easy location of the crack.

CONCLUSIONS

An apparatus has been developed in which the behaviour of a leaking crack
in an irradiated zirconium-alloy pressure tube can be evaluated. Leaking
cracks grow at an apparent slower rate than dry cracks because they are
cooled when pressurised water flashes to steam on their surface. These
cracks remain stable up to at least 70 mm in length. The action time for
leak detection is over 100 h for these rolled joints. The leak rate
increases rapidly once a through-wall crack starts to grow. These results
support continued reliance on leak-before-break for any postulated crack at
the rolled joints of CANDU fuel channels.
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TABLE 1

Specimen Identity and Crack Initiation Conditions

Specimen Identity Tj-me in
Reactor
(years)

Initial Flaw LOOP Operation to

Leakage

Unirradiated prototype.
1.0 at% deuterium added
to Zr-2.5 Nb pressure
tube, then attached to
end fitting stub.

Spark-machined flaw
on inside surface,
2 mm deep, 6 mm
long.

Pressure at 10.3 MPa.
Cycled between 290°C
& 240°C four times,
held at 200°C and
leaked after 100 h.

Rolled joint from Bruce
Unit 2, outlet end of
fuel channel Jll.

Through-wall crack,
25 mm long, formed
during reactor
operation.

Leaked immediately.

Rolled joint from
Pickering Unit 3,
outlet end of fuel
channel F13.

10 Spark-machined flaw
on inside surface,
1 mm deep, 3 mm long.

Pressure at 10.3 MPa.
Cycled between 290°C
& 220°C twice, held
at 220°C and leaked
after 36 h.
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Figure 1. Schematic diagram of &ANDU reactor and i t s fuel channels.
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Figure 2. Location of high residual tensile stresses at rolled joints
between the pressure tube and the end fitting.
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Figure 3. Small specimens machined from irradiated pressure tubes used for
fracture tests: (a) compact specimen

(b) constant Kj specimen
(c) cantilever beam.

Note that the curvature of the pressure tube is retained.

Figure 4. Axial-radial crack initiated at A on the inside surface of a
Zr-2.5 Nb pressure tube at a rolled joint.
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Figure 5. Schematic diagram of ORACLE apparatus.
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