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1. INTRODUCTION
CANDU® reactors have been operating for 33 years.
The Nuclear Power Demonstration (NPD) Unit start-
ed up in 1962 and the prototype of CANDU, Douglas
Point, started in 1967. The first commercial reactors,
Pickering Units 1 and 2 both went into service in
1971 closely followed by Units 3 and 4 in 1972 and
1973 respectively. Operating commercial reactor
experience represents over 10,000 pressure tubes,
not including the replaced channels in all the
Pickering A Units, and nearly 130,000 pressure tube
operating years. No pressure tube has yet operated
for its 30 year design lifetime of 210 KEFPH at 80%
capacity factor. The longest operating time for pres-
sure tubes to-date is about 120 KEFPH in Pickering
Unit 4.

Many lessons have been learned regarding pressure
tube life limiting factors from the early CANDU units
and these, together with the information obtained
from an extensive pressure tube R & D program,
have resulted in many design changes and improve-
ments in material properties, mainly from manufac-
turing route changes. Reactors built recently are
expected to achieve their 30 year design life. The
development of Periodic and In-service Inspection
programs and equipment, assessment methodolo-
gies and acceptance criteria, and the development of
maintenance tooling and procedures are enabling the
life limiting factors to be addressed in the currently
operating units.

The life limiting factors in currently operating Units
are reviewed in relation to the experience gained
from the early units, the R & D programs and the
inspection and maintenance performed to date.

2. DEGRADATION MECHANISMS
Under normal operating conditions the pressure
tubes are exposed to a very harsh operating environ-
ment in high temperature (250 to 315° C), high inter-
nal pressure (9 to 11 MPa) and high flow rate D2O
coolant. The tubes also experience a high neutron
flux of up to 3.7 *1017 n/m2/s, resulting in a lifetime

fluence of up to 3*1026 n/m2. These conditions result
in the following degradation mechanisms being
experienced by the tubes.

2.1 Creep and Growth

Thermal creep, irradiation creep and irradiation
growth, resulting from the above operating condi-
tions, results in axial elongation, diametral expansion
and wall thinning of the pressure tubes. In addition,
since the fuel channels are horizontally oriented, the
previous factors along with the weight of the fuel
and D2O coolant also results in creep sag of the
channel.

2.2 Corrosion

The internal surfaces of the pressure tube and the
stainless steel end fitting are corroded by the slight-
ly alkaline (pH10) D2O coolant. A fraction of the deu-
terium released by the corrosion process is absorbed
and retained by the pressure tube, while the deuteri-
um absorbed by the end fitting migrates through the
wall to be released either into the Annulus Gas
System or directly into the pressure tube at the rolled
joint.

2.3 In-service Damage and Wear

The initial dry fuel loading and the on-power refu-
elling of the horizontally oriented pressuretubes
results in scratching of the lower quadrant of the
tubes by the fuel bundle bearing pads. The use of
stainless steel shims during initial fuel loading, in
recent years, has eliminated the scratching at this
stage. Examination of many removed tubes has
shown that the scratches are rounded and shallow
and tests have shown that they cannot cause
Delayed Hydride Cracking (DHC) initiation under
reactor operating conditions.

The high flow rate of the coolant through the fuel
bundles causes bundle movement which results in
minor fretting of the tube wall by the bearing pads. In
reactors with a 12 bundle fuel string, experience
from the examination of removed tubes and from the
many periodic and in-service inspections performed
to date, has shown that these fret marks are shallow
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and are not likely to initiate DHC. In reactors with a
13 bundle fuel string, fuel bundle bearing pad fretting
in the inlet rolled joint area, particularly at the burnish
mark, has resulted in deeper fret marks. This is cov-
ered in more detail later.

The concentration of Lithium Hydroxide under some
fuel bundle bearing pads, mainly in the outlet half of
the tubes, has resulted in crevice corrosion in some
tubes. Examination of removed tubes has shown
that the pits are shallow, wide and very rounded.
These are not considered to be sites for the initiation
of DHC.

Debris can possibly come from material left in the
Primary Heat Transport System during construction/
installation, from in-service degradation of compo-
nents, or from use of unfiltered make-up water to the
PHTS. Debris which becomes entrained in the
coolant and becomes trapped in the fuel bundles or
between the bundles and the tubes can result in
debris fretting damage of both the fuel sheaths and
the pressure tubes. The fret marks in the pressure
tubes can be deep and may necessitate tube
removal, but the occurrence is random and is not
seen as a generic degradation mechanism.

2.4 Hydride Blister Formation

Vibration of the pressure tubes caused by installation
activities, such as rolling the joints.and commission-
ing and early operation, before sag of the channel
loads all the spacers, has been found to cause migra-
tion of the loose fitting spacers away from their
design locations allowing the pressure tubes to sag
into contact with their calandria tubes. If the hydro-
gen equivalent concentration at the point of contact
is above the Blister Formation Threshold (BFT) then
hydride blisters can start to form.

2.5 Material Property Degradation

Irradiation of the Zr-2.5 Nb pressure tube material
causes an increase in the yield and tensile properties
and a decrease in ductility and fracture toughness.

3 . POTENTIAL LIFE LIMITING CONCERNS
FOR CANDU PRESSURE TUBES
The following sections give a brief overview of the
potential (known) life limiting concerns resulting from
the above degradation mechanisms for CANDU pres-
sure tubes. Where appropriate the experience gained
from current and previous operating units is given.

3.1 Dimensional Changes

During reactor operation, the conditions of tempera-
ture, stress and neutron flux change the dimensions

of the pressure tubes. Irradiation and thermally
induced deformation of fuel channel components will
eventually limit fuel channel life. The following inter-
related dimensional changes occur in pressure tubes
during normal reactor operation:

• axial elongation
• diametral expansion
• wall thinning
• sag

3.1.1 Axial Elongation

Pressure tube axial elongation due to irradiation can
become a life limiting factor if the bearing length pro-
vided by the design is not sufficient to accommodate
the projected axial elongation for the design life.
Also, life is limited if theelongation rates between
neighbouring channels are sufficiently different that
interference between feeders occurs or fuelling
machine access is no longer possible.

In the early units the extent of pressure tube axial
elongation experienced was not fully anticipated in
the design and therefore the Pickering A Units and
Bruce A Units 1 to 3 were designed with insufficient
bearing travel to accommodate the currently project-
ed axial elongation for the 30 year design life. The
Pickering A Units have already been retubed (insuffi-
cient bearing travel being one of the reasons for
Units 3 and 4). For Bruce A Units 1 to 3, remedial
actions to allow operation after the bearing travel is
used up include west shift, REFAB (operation with
channels repositioned beyond the supporting bearing
sleeves), limited defuelling and/or retubing of select-
ed channels. Maintenance strategies currently
involve measurement and calculation of the elonga-
tion rate of each channel to determine when remedi-
al action is required.

All units since Bruce 3 were designed with at least
153 mm of bearing travel which, based on the extrap-
olation of current data, should allow the channels to
reach the end of their design life ( 210 KEFPH) with-
out exceeding their design bearing travel. These units
will be required to perform a reconfiguration at about
half life to free the fixed end and lock the free end in
order to allow the full bearing travel at each end of
the fuel channel to be used. Maintenance strategies
for these units involve pressure tube elongation mon-
itoring of all channels to provide the required data to
plan the correct timing for reconfiguration.

3.1.2 Diametral Expansion and Wall Thinning

The design of fuel channels has taken into consider-
ation the following factors related to pressure tube
diametral increase and wall thinning:
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• Stress rupture
• Creep ductility
• Flow by-pass
• Spacer nip-up

Operating pressure tubes have been analysed for up
to 5.4% diametral increase and 0.368 mm wall thin-
ning. Based on in-reactor measurements the project-
ed diametral increase and wall thinning are not
expected to exceed the design values and are not,
therefore, expected to be life limiting. However,
between 2 to 4% diametral expansion, coolant flow
bypass needs to be addressed. Possible remedial
actions include improvements in modelling, redesign
of the fuel to increase turbulent flow around the bun-
dles, and limited derating.

3.1.3 Sag

The consequences of pressure tube sag during reac-
tor operation have been assessed to address; pres-
sure tube to calandria tube contact, calandria tube to
LISS nozzle contact and fuel bundle passage and
pressure tube replacement.

Pressure tube to calandria tube contact is addressed
under the Tolerance to Hydride Blisters section
below.

Calandria tube to LISS nozzle contact is not an imme-
diate concern. Recent measurements on one of the
lead units indicates that contact will occur much later
in life than previously predicted. Additional measure-
ments will be carried out in a few years to determine
when or whether LISS nozzle replacement/ reposi-
tioning could be required.

Fuel bundle passage limitations due to curvature are
not predicted to be of any concern during the design
lifetime.

Pressure tube replacement in a sagged calandria
tube is currently limited. Improved tooling is required
for single channel replacements late in life, unless
the calandria tube is also replaced at that time.

3.2 Deuterium Ingress
Deuterium ingress occurs primarily as a result of the
corrosion of the Zr alloy pressure tube material by
the D2O coolant;

Zr + 2D2O = ZrO2 + 2D2

with some of the deuterium released being absorbed
by the Zr alloy. Corrosion in Zr alloys follows the clas-
sical three stages shown by many materials of a
rapid primary stage until a protective oxide is formed
followed by a stable secondary stage during which
the oxide growth, and deuterium ingress.is almost
constant. Eventually the oxide reaches a thickness
where, due to a number of factors, it cracks or spalls

and becomes unprotective. This is the tertiary stage.
Zircaloy 2, which was used for the pressure tubes in
NPD, Douglas Point and Pickering Units 1 and 2,
exhibited tertiary corrosion at about 100 KEFPH. NPD
and Douglas Point were shut down and Pickering 1
and 2 were retubed in 1985. The Zr-2.5 Nb alloy
selected to replace Zr-2 in Pickering Units 1 and 2,
and for all pressure tubes since, has a much lower
corrosion rate than Zr-2 and an even lower deuterium
ingress rate.

A scraping tool was developed as a means of taking
small samples from the inside surface of in-service
pressure tubes to monitor deuterium ingress.
Scraping, together with the analysis of punched sam-
ples from removed surveillance tubes, has been
used to gather a database on the deuterium ingress
rate in reactor. An extensive R & D program, includ-
ing specimens in carrier bundles in power reactors
and in fast flux research reactors, has been in
progress for many years to develop an understanding
of the mechanisms involved and reasons for variability.

The CAN/CSA Standard N285.4-94 requires deuteri-
um ingress monitoring on lead power plant units and
this is presently done using scraping.

Deuterium ingress mechanisms and rates are differ-
ent for the body-of-tube and rolled-joint regions.
These will be discussed separately below.

3.2.1 Deuterium Ingress in Rolled Joints

The rolled joints experience a much higher ingress
rate than the body of the tube because of the addi-
tional ingress routes provided by the end fitting. This
results in rolled joints reaching a hydrogen equivalent
(Heq) concentration ( = initial hydrogen + deuteri-
um/2) above the Terminal Solid Solubility
(Dissolution) (TSSD) at operating temperature during
the design lifetime. As a result, rolled joint flaws
capable of having flaw tip stresses exceeding the
threshold for Delayed Hydride Cracking (DHC) initia-
tion could accumulate hydrides, during cooldown
cycles, and eventually initiate DHC. Rolled joint deu-
terium ingress data is currently based on the analy-
ses of removed tubes. A method for scrape sampling
in the rolled joint area is in the process of being
developed.

3.2.2 Deuterium Ingress in the Body of the Tube

Deuterium ingress in the body of the tube is depen-
dant on the operating temperature and therefore
increases along the tube from inlet to outlet. Ingress
is monitored by scraping and by analysis of punched
coupons from removed tubes. The ingress rate is
currently modelled as an Arrhenius relationship with
temperature.
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Repeat scrapes are planned to be taken from lead
units to confirm that ingress rates remain low and
constant. Assuming constant rates to the end of
design life, the Heq will not exceed TSSD in the body
of the tube at operating temperature.

3.2.3 Tolerance to Hydride Blisters
Spacer movement in older units, which results in
pressure tube to calandria tube contact, can lead to
hydride blister formation and growth if the Heq at the
contact location exceeds the blister formation
threshold (BFT). The current operational approach
with respect to blisters is that tubes will not know-
ingly be operated in contact if they are predicted to
be at or above the BFT at sustained operating condi-
tions. Maintenance, using the SLAR tool to locate the
spacers and relocate them, if necessary, is carried
out before the Heq is predicted to reach BFT. Core
assessments are carried out to establish the priority
of channels to be SLARed during maintenance out-
ages. Tubes for which spacer locations are not
known are assumed to be in contact at the worst
location. The upper bound of the deuterium ingress
model, which is based on scrape data, is used along
with a realistic value for the initial hydrogen.
During some short duration thermal conditions
below normal operating power levels it is possible for
the BFT to be exceeded from very early in the reac-
tor life. This occurs at zero power hot (ZPH) and
reduced power hot hold conditions. Operation under
such conditions in contact regions will lead to hydride
accumulations in contact regions and hence blister
growth. These hydride accumulations do not dis-
solve when the unit is returned to power since the
bulk Heq concentration is above TSSD. Pressure
boundary integrity is demonstrated by ensuring that
the accumulated equivalent blister depth does not
exceed an allowable depth. Operating guidelines are
defined to ensure that the accumulated operating
time spent at conditions where blister growth could
occur is less than that required to grow an allowable
sized blister.

Details on the SLAR tool and delivery systems are
being presented in other papers at this conference.
Most units installed with loose-fit spacers have
either recently performed spacer repositioning or
have outages scheduled for the near future.

The SLARON model used during the repositioning
process ensures that with 3 or 4 spacers located in
close to design positions no contact will occur before
the end of design life.

From Bruce Unit 8 on, all units have tight-fitting
Inconel X750 spacers that do not move in service.

3.3 In-service Wear

As has been indicated earlier, fuel bundle bearing pad
scratches, crevice corrosion under bearing pads, and
fuel bundle bearing pad fretting in units having 12
fuel bundle strings, have been shown by experience
gained from examination of removed tubes and from
periodic and in-service inspection programs to be
blunt and shallow and therefore not susceptible to
DHC. These are therefore not life limiting concerns.

3.3.1 Debris Fretting

Debris fretting has been shown to occur, primarily,
early in operating life and to be random in occur-
rence. Occasional pressure tube replacement may
be required but debris fretting is not a generic life
limiting concern.

3.32 Rolled Joint Bearing Pad Fretting

In reactors with 13 bundle fuel strings the thirteenth
bundle in a new fuel channel is positioned half out of
core with the outboard bearing pads located in the
rolled joint region. With axial elongation of the pres-
sure tube the relative position of the bearing pads
moves inboard until eventually they are located on
the rolled joint burnish mark. In this position the fuel
bundle is not fully supported and vibration and rock-
ing due to the turbulent flow at the inlet can result in
much more severe fretting in the rolled joint region
than occurs with other bundles. The fretting at the
burnish mark is also of more concern because;

• residual stresses from rolling the joint are highest
close to the burnish mark

• the Heq concentration at the burnish mark can
reach TSSD after a limited number of years opera-
tion, making the flaws susceptible to DHC.

The following design changes and maintenance pro-
grams are in progress to mitigate or prevent further
fretting;

• installation of flow straightening shield plugs to
reduce fuel element vibration and bundle rocking
due to turbulent flow.

• phased use of longer fuel bundles through a fuel
bundle management program to ensure that bear-
ing pads are not located on the rolled joint burnish
mark.

• fuelling with the flow (FWF) which results in hav-
ing new (unirradiated) fuel at the inlet end burnish
mark.

The existing flaws are evaluated using both NDE
and replication techniques to establish depth and
root radii. Extensive research and test programs are
providing information for use in these assessments.
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A procedure for blending out the flaws by scraping
or grinding is also in the process of qualification.

3.4 Material Properties

Neutron irradiation of the Zr-2.5Nb pressure tube
material causes hardening of the matrix by the cre-
ation of vacancies which block dislocation move-
ment. This results in an increase in yield and tensile
strengths and DHC velocity and a decrease in ductil-
ity and fracture toughness. The extent of these
changes varies along the length of the tube, from
inlet to outlet, because, at higher operating tempera-
tures, both some recovery of the irradiation damage
occurs and changes in the microstructure occur.

The irradiation damage saturates relatively early in
reactor operating life, at between 1 and 3*1025 n/m2,
which represents between about 0.5 to 2 years oper-
ation, depending on the location of the tube in the
core and on the reactor. After saturation the rate of
change is negligible. On-going testing in fast flux
research reactors will, in a few years time, provide
information on the effect of end-of-life fluence on
material properties. Tests, as required by CSA
N285.4-94, on tubes removed from the lead CANDU
unit, will demonstrate whether the research data is
applicable to the operating reactors and whether any
further changes in material properties are to be
expected before the end of design life.

3.5 Delayed Hydride Cracking (DHC)

Zirconium alloys are susceptible to the DHC mecha-
nism of flaw growth if the Heq concentration at the
flaw is high enough, either at operating conditions or
during a series of cooldown cycles, to accumulate
hydrides large enough to crack, and if the stresses at
the flaw tip are large enough to crack the hydride.

DHC was experienced in some of the Pickering Units
3 and 4 rolled joints in 1974/75 and in Bruce Units 1
and 2 rolled joints in 1982/83. The rolled joints in
these units were a clearance fit before rolling and
had been incorrectly rolled. The combination resulted
in very high residualtensile stresses in the burnish
mark region. As a result of the investigation of the

cracking incident low clearance and zero clearance
rolled joints were developed. Since the introduction
of this design change and the use of a more stringent
rolling procedure no further DHC has been experi-
enced in CANDU units.

Assessments of any flaws exceeding the CSA accep-
tance standards detected in a pressure tube during
periodic or in-service inspections are required to
show that DHC initiation will not occur. In addition, if
the Heq is predicted to be close to TSSD, it is postu-
lated that DHC initiation can occur and a leak-before-
break assessment is also performed. These assess-
ments use currently available saturated material
property values. Based on current understanding of
the mechanisms involved further changes in materi-
al properties are not expected.

4. CONCLUSIONS
Operation of the early CANDUs identified most of
the life limiting factors for pressure tubes and result-
ed in many design changes;

• Zr-2.5Nb tubes
• low and zero clearance rolled joints
• 4 spacers
• tight fitting spacers
• increased bearing length

The development of a successful SLAR maintenance
procedure is allowing the hydride blister concern to
be addressed in units with loose fitting spacers and
the design change to tight fitting spacers has elimi-
nated this factor in the newer units.

The continuing potential life limiting concerns of
dimensional changes, deuterium ingress and DHC
can be carefully monitored through the periodic and
in-service inspections of the operating units and the
on-going research programs.

For CANDU units currently under construction, or
planned, the above design changes and the improve-
ments made in pressure tube material properties are
expected to ensure that the tubes will achieve their
design lifetimes.

309 NEXT PAQE(S)
left BLANK


