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RESUME

La duree de vie des canaux de combustible CANDU est determinee par le tube de force en Zr-Nb 2,5 %,
le composant devant supporter les conditions les phis rigoureuses. Les canaux de combustible les plus
recents devraient avoir une duree de vie superieure a 30 ans. Les caracteristiques qui determinent la vie
utile sont la rupture et la deformation. En ce qui a trait a la rupture, on emploie une methode de defense
en profondeur empechant 1'amorce de fissures et faisant appel au concept de fuite avant rupture. Le
degre de confiance que Ton peut accorder a la tenue des canaux de combustible est fonde sur nos
connaissances actuelles de l'«etat de sante» des composants evalue par la fonction de surveillance. La
degradation des proprietes pendant Fexploitation se poursuit lenternent, ce qui laisse suffisamment de
temps pour evaluer le moment ou la fin de la vie utile sera atteinte et prendre les mesures qui s'imposent.
On expose les grandes lignes des methodes visant a ameliorer les proprietes des composants.
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ABSTRACT
The service life of CANDU fuel channels is
determined by the component that has to
withstand the most severe conditions, the
Zr-2.5Nb pressure tube. The latest fuel channels
are expected to have a lifetime of over 30 years.
The properties that control service life are
fracture and deformation. For fracture, a
defence-in-depth approach is used - preventing
crack initiation and invoking leak-before-break.
Confidence in the serviceability of fuel channels
is based on current knowledge of the state of
health of the components evaluated by
surveillance. Degradation of properties with
service is slow, allowing sufficient time to judge
and act when end-of-life is reached. Methods
for improving the properties of components are
outlined.

I. INTRODUCTION

The fuel channels in a CANDU* reactor
consist of the pressurised components (pressure
tubes, end fittings and closures), the primary
system internals (shield plugs) and the support
components (spacers, calandria tubes), Figure 1.
The evolution of the CANDU design has been in
conjunction with steady improvement in the
performance of most of these components in
response to design and service demands. The
service life of the current CANDU-6 fuel
channels is expected to be 30 years at 85%
capacity, providing 25.5 effective full-power
years (EFPY) of operation. However, the
designers expect to meet a requirement for

*CANDU: CANada Deuterium Uranium;
registered trademark.

30 years at 90% capacity in the near future, and
the target is eventually to meet 40 years at 90%
capacity (36 EFPY), which represents a 33%
increase in life expectancy over the earlier units.
The pressure tube determines the life of the
channel, because it is the component that has to
withstand the most severe Operating conditions,
Table 1; considerable research and development
effort has been expended to understand and
improve its service behaviour. In the last few
years, significant improvements have been made
to the Zr-2.5Nb pressure tubes, with the result
that the tubes that will be installed in Wolsong
Units 3 and 4, and Qinshan Units 1 and 2,
should have the longest service lives and
greatest safety margins, compared with the tubes
in any CANDU reactor. Further improvements
to the pressure tubes and calandria tubes are
being developed to increase safety margins
under postulated accident conditions.

EL THE SERVICE LIFE OF CANDU
PRESSURE TUBES

Pressure tubes have reached the end of their
service life when they can no longer perform
their design function. The most important
factors are changes in dimensions and the
increase in the probability of fracture. The
combination of temperature, stress and neutron
flux results in axial elongation and diametral
expansion. To a degree, the deformation can be
accommodated by the design of the channel, but
deformation will eventually limit the service
life. Elongation may lead to excessive feeder
connection stressing, whereas diametral
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Figure 1 - Simplified diagram of a CANDU fuel channel. Each fuel channel consists of a Zr-2.5Nb alloy
pressure tube, joined by a rolled joint at each end to end fittings that have side port connections to the
heat-transport system. The gap, or annulus, between the pressure tube and the surrounding Zircaloy-2
calandria tube is filled with CO2, and contains four close-coiled helical spring spacers that provide
separation between the two tubes and partial support for the pressure tube. The annulus is sealed at each
end by bellows that accommodate the relative axial movement between the fuel channel and the reactor
shields. The pressure tube is 6 m long, has an inside diameter of 103 mm, and a wall thickness of 4 mm.

Table 1
The Operating Conditions for Fuel Channel Components

Component
Pressure Tube
Zr-2.5Nb
End Fitting
403 SS
Calandria Tube
Zircaloy-2
Garter Spring
Zr-Nb-Cu
Inconel X-750

Temperature
(°C)

249-313

249-313

70-80

70-313a

Maximum
Neutron Flux

(n-rnV1)

3.7 x 1017

1.0 xlO16

3.0 xlO17

3.0 x 1017

Environment
Outside Inside

CO2

CO2

D2O

CO2

D2Oat
9.6-11.1 MPa

D2Oat
9.6-11.1 MPa

CO2

Maximum
Operating

Tensile Stress

120-149 MPa

85 MPa

~5MPa

"Thermal gradient.

expansion causes coolant flow bypass around
the fuel bundles, which may reduce the margin
between normal operating power and the critical
channel power.

To deal with fracture, a strategy of defence-
in-depth is used; crack initiation is prevented
and leak-before-break (LBB) is assured by
having adequate time available to detect a
through-wall crack by its leakage before the



crack becomes unstable. Should the pressure
tube rupture, the calandria tube will sustain the
pressure of the primary heat-transport system
(PHTS).

The probability of fracture and the need to
invoke LBB depend on flaw development, crack
initiation and propagation, and fracture
toughness. Of the various mechanisms of crack
initiation and propagation, the most likely is
delayed hydride cracking (DHC), a mechanism
of crack initiation and propagation that occurs in
zirconium and titanium alloys. For DHC to
occur, the following factors must be present:

Deep sharp flaws.

Hydrides: The hydrogen concentration must
be greater than the terminal solid solubility
limit (TSS), so that hydrides form.

Tensile Stress: The total applied tensile
stress and its amplification by flaws must be
greater than the critical value to fracture
hydrides.

The fracture toughness of the tubes controls
the size of the crack (critical crack length
(CCL)) that would be unstable at operating
stresses. If DHC does initiate and grow through
the wall of the pressure tube, it is about 16 mm
(four wall-thicknesses) long when it is through
wall, and leaks PHTS heavy water into the gas
annulus between the pressure tube and calandria
tube. This leakage is detected by increase in
humidity and condensation, but the longer the
CCL the greater the time the operators have to
detect the leakage and shut down the reactor.

IE. PREDICTED PROPERTIES OF
PRESSURE TUBES

Table 2 lists the properties of the pressure
tubes described above that control service life,
together with our predictions of each value after
30 years' service for tubes that have already
been in service for many years, our predictions
for the latest improved tubes that will go into
service in the near future and our target for
future improved tubes.1

IV. APPROACH TO END-OF-LIFE

These key properties of the pressure tubes
that control their service life change during
service. Deuterium ingress from corrosion with
the heavy-water coolant and deformation
changes both have very low rates; therefore, the
rate of approach of the pressure tubes to their
end-of-life property value is very slow and can
be monitored by inspection and appropriate
removal of surveillance tubes for examination
and testing. Mechanical properties like tensile
strength and fracture toughness have a
proportionately high change in the first two
years of service, followed by a very gradual
change.

A. Probability of DHC

To evaluate the probability of DHC we need
to know the controlling factors.

1. Production of flaws

In the past, flaws have been produced in
pressure tubes during manufacturing (for
example, from melting defects), and during
operation (for example, from debris fretting.)
Steps have been taken to eliminate those sources
of flaws. Their presence has been discovered by
ultrasonic and eddy current techniques. These
testing techniques are refined enough that any
flaws can be measured and monitored in-reactor.
In most cases, analysis of these flaws shows that
they do not affect the serviceability of the tubes,
which saves unnecessary tube removal. The
analysis depends on knowledge of hydrogen
isotope concentration, stress fields and material
properties.

2. Increase in concentration of
hydrogen isotopes

The total concentration of hydrogen
isotopes is the sum of the initial hydrogen
concentration after manufacture and the pick-up
of deuterium which is a product of the corrosion
of the Zr-2.5Nb by the heavy water. Hydrogen
isotope concentration is measured by
differential scanning calorimetry and hot



Table 2
Predicted Properties of Zr-2.5Nb Pressure Tubes After 30 Years' Service at 90% Capacity Factor

Property
Hydrides present?
- outlet end
- inlet end
- rolled joint

Km (MPaVm)
DHCV at 250°C (m/s)
CCLat25O°CandlO
MPa (mm)
Diameter Change (%)
Elongation (mm)

Tubes made before
1993

Yes
Yes
Yes
4.5

2 x 10"7

42
4 ± 1
230

Current Tubes

No
Yes
Yes
6.0

2 x 10"7

>80
4 ± 1
230

Target for
Future Tubes

No
No
No
>10

<7 x 10"8

>80
<3

<100

vacuum extraction/mass spectroscopy from
coupons punched out of removed tubes, or from
small samples scraped from the inside surface of
operating tubes.2 The deuterium pick-up
gradually increases from the inlet end of the fuel
channel towards the outlet end; this result
shows that the controlling operating variable for
deuterium pick-up is temperature rather than
neutron flux. The maximum rate of pick-up is
very low - about O.Olat.% (2 ppm)/EFPY in
reactors with the highest outlet temperatures of
310°C, Figure 2.2 There are some indications
that the corrosion rate may be increasing before
10 years,3 implying that deuterium pick-up may
also be increasing, but the rate of increase
appears to be so slow that we will have plenty of
warning of unsatisfactory conditions.

3. Tensile stress

The main sources of tensile stress in a
pressure tube are pressure-induced stresses,
residual stresses from fabrication, and residual
stress at the rolled joints, where the pressure
tube is attached to the end fittings. The residual
stresses are measured non-destructively by
neutron diffraction, and destructively by strain
gauging. In modern reactors, these stresses are
carefully minimised and controlled by
appropriate heat treatment and attention to the
rolling procedure. With time at operating
temperatures, the remnants of the residual
stresses relax to very small values, while the

pressure-induced stresses slowly increase as the
tube diameter increases, Figure 3,4 and thickness
diminishes due to creep. Thus the value of the
stresses that must be withstood are well known.

4. Flaw tolerance

The threshold conditions for DHC include
exceeding a critical stress condition usually
characterised as Km. The value of Km is
measured from the depth of a crack stopped
during gradual load reduction. The evidence
from tests done on specimens machined from
pressure tubes removed from power reactors is
that Km is reduced by about 10% by irradiation
early in life, and changes very little for
irradiation up to well over half the expected
lifetime of the fuel channels.5 Complicating
factors such as temperature and pressure cycling
affect the kinetics of crack growth, rather than
the threshold for crack initiation.

For current reactors we now have, or can readily
obtain, enough information to protect the
pressure tube from crack initiation. The
material degradation is slow enough that action
can be taken in a planned manner over the
lifetime of the fuel channel. Regular inspection
warns of generic formation of flaws and
increasing deuterium pick-up. For reactors
about to go into service, the time at which
hydrides form at operating temperatures has
been increased by a marked reduction in the
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Figure 2 - The maximum deuterium pick-up in Zr-2.5Nb pressure tubes indicating the margin to hydride
formation after 30 years' operation.

initial hydrogen concentration. For future
reactors, the rate of deuterium pick-up will also
be reduced by surface treatments.1

B. Leak-Before-Break (LBB)

If a through-wall crack develops in a
pressure tube and water leaks into the gas
annulus between the pressure and calandria
tube, the reactor operators require time, T, to
confirm the leak and shut down the reactor in a
controlled fashion. The time available to the
operators, t, depends on how long the crack is at
first leakage, L, how far it has to travel before it
becomes unstable, C, and how fast it extends, V.
For a simple two-ended crack, t=(C-L)/2V.
When t>T, LBB is satisfied, and the confidence
in LBB is high when t/T is large. From the data
in Table 2, in the older reactors t/T is about 2.0,
and with current tubes and reactor designs t/T
increases to about 4.5.

1. Velocity of DHC (V)

The rate of crack growth by DHC is
determined on small specimens and full-size
tubes by measuring the extent of crack growth
with time. V is controlled by the diffusivity and
TSS of hydrogen in zirconium and by the yield
stress. During reactor operation the
microstructure of the Zr-2.5Nb changes, and
these changes affect each factor controlling
DHC. The microstructural changes reduce the
diffusivity and therefore V. Irradiation damage
increases the yield stress, which increases V
directly and indirectly by slightly increasing
TSS. The sum effect of these changes in
microstructure is to increase V, but the largest
part of the increase occurs in the first few years
of reactor operation; up to 18 years in Pickering
the subsequent increases appear to be very
small.5
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Figure 3 - The maximum transverse strain derived from change in diameter of Zr-2.5Nb pressure tubes
for two power reactors, showing the operating time to reach 3.5% strain.

2. Critical crack length (C)

The value of C is determined directly
from tests on pressurised tube sections, or by
calculation from measurements of fracture
toughness. As with V, toughness deteriorates
rapidly in the first period of reactor operation
with little further long-term degradation, Figure
4. In early tubes that contained high
concentrations of some impurity elements, the
initui fracture toughness was moderate and the
reduction with irradiation was large. With
improved manufacturing cleanliness, the initial
toughness is high and the materials exhibit much
resistance to irradiation-induced loss of
toughness.6

LBB has been demonstrated in practice in
early CANDU reactors.7 With some existing
reactors the margin on t/T is maintained by
judicious operating procedures that avoid
damaging temperature cycles and reduce the
pressure during cooldowns. With the
improvements in the pressure-tube materials, the
margin on t/T is much increased, further raising
the confidence in LBB.

V. CONSEQUENCE OF PRESSURE-TUBE
CRACKING

If a crack in a pressure tube grows beyond
C, the tube will rupture. On the single occasion
when a pressure tube ruptured during reactor
operation, the calandria tube contained the full
system pressure. With irradiation hardening the
confidence increases that the calandria tube will
sustain the system pressure. To improve the
margin to rupture of the calandria tube, we are
developing stronger tubes while maintaining
their excellent deformation resistance.
Calandria tubes are made by break-forming a
sheet of Zircaloy-2 into a tube and welding the
longitudinal edges. In sections of tubes
pressurised to failure, the fracture occurs in the
weld. Thus development has focused on
strengthening the weld or eliminating it. The
most successful method for strengthening the
weld is to thicken it. The thickening is
accomplished by starting with a thick sheet and
thinning the wall, except at the weld, to the
required dimension after welding. This process
produces a tube with an increased strength of
about 25%.8 Seamless tubes have been made by
the roll-extrusion process, and these tubes are
about 45% stronger than current tubes.
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VI. SUMMARY

A quantitative evaluation of the fuel
channels in CANDU reactors indicates that the
Zr-2.5Nb pressure tubes are the critical
components, and that deformation and fracture
control their lifetime. The values of these
properties are continuously monitored as they
change with reactor service; after initial
transients all the degradation is slow, affording
much time to take action before the components
reach their end-of-life. The properties of the
components have been improved considerably,
and the latest fuel channels should have service
lifetimes greater than 30 years at 90% capacity
factor. Further improvements are being
developed and the target is for future fuel
channels to have service lives of 40 years.
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