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1 INTRODUCTION TO THE FUEL CHANNEL AND THE CANDU
SYSTEM
11 Purpose of this Document

The purpose of this document is to provide a comprehensive summary of the technology of fuel
channelsasit isused in CANDU reactor design and operation. As such, this document provides:
the basis for the fuel channel design; the materia properties of the components at the time of
assembly; performance summariesin key areas for all major components as observed in
operating reactors; a description of the leak-before-break analysis method applied to pressure
tubes; summaries of manufacturing processes for key components; a description of fuel channel
inspection methods and tools; and, an assessment of factors influencing life limits for the
components. Throughout the document, references are provided to more detailed, publicly
available, information on many of the subjects covered here. These references are indicative of
the significant Research and Devel opment programs that have accompanied the use of the fuel
channel concept in CANDU reactors. In particular, avery high level of expertisein the use and
analysis of zirconium aloys for pressure boundary components exists within the CANDU
community and is reflected in this document.

1.2 Abbreviations, Acronyms and Ter minology

The following abbreviations, acronyms and terms are used in this document:

ACR™ Advanced CANDU Reactor™”

AE Acoustic emission

AERE Atomic Energy Research Establishment at Harwell, UK

AFCIS AECL Fuel Channel Inspection System

AGS Annulus gas system

AlSI American Iron and Steel Institute

ASME American Society of Mechanical Engineers

ASME Code Boiler and Pressure Vessel Code of ASME

ASTM American Society for Testing and Materials

ATR Advanced Test Reactor

back end end of the pressure tube that exits the extrusion press last during
manufacture

BWR Boiling Water Reactor

*

ACR™ (Advanced CANDU Reactor™) is a trademark of Atomic Energy of Canada
Limited (AECL).
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CAN/CSA National Standard of Canada/ Canadian Standards A ssociation

CANDU Canada Deuterium Uranium

CANDU 6 700 MWe, 380-channel CANDU-PHWR

CANDU-PHWR CANDU Pressurized Heavy Water Reactor

CCTV Closed Circuit Television

CCL Critical Crack Length

CIGAR Channel Inspection and Gauging Apparatus for Reactors

CT Caandriatube

DBE Design Basis Earthquake

DHC Delayed Hydride Cracking

DHCV Delayed Hydride Cracking Ve ocity (crack growth rate)

E Energy (neutron)

EFPY Effective full-power year -operating time equivalent in energy production
to 8760 hours at full power

ET Eddy current testing

FAC Flow accelerated corrosion

FM Fuelling machine

front end End of the pressure tube that exits the extrusion pressfirst during
manufacture

HTS Heat Transport System

inboard Towards the reactor core

ISI In-service inspection

LPL Lower prediction limit

LVDT Linear Variable Differential Transformer

MeV M ega-€el ectron-volt

MHz Megahertz

MPa megapascals

MWe Megawatt (electric)

NPD Nuclear Power Demonstration - first reactor designed to produce power
having CANDU-type features

NRU National Research Universal - areactor used for experiments and isotope

production at Chalk River
OECD Organization for Economic Co-operation and Development

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing

108US-31100-LS-001 Page 1-3

Rev. 0
OPG Ontario Power Generation Inc (formerly Ontario Hydro)
outboard Away from the reactor core
PHT (primary) Heat Transport - also HTS
PIP Periodic Inspection Program
PT Pressure tube
PWR Pressurized Water Reactor
SLAR Spacer Location And Repositioning
Sv Sievert
TEM Transmission Electron Microscope
TEMA Tubular Exchanger Manufacturers' Association
transverse also circumferential direction in a pressure tube
TSS Terminal solid solubility (of hydrogen isotope in zirconium)
TSSD Terminal solid solubility for dissolution of hydride
TSSP Terminal solid solubility for precipitation of hydride
UK United Kingdom
UPL Upper prediction limit
uT Ultrasonic Testing
UTS Ultimate Tensile Strength or Tensile Strength
YS Yield Strength
13 The CANDU Reactor

An important feature of the currently operating CANDU"" reactorsis the use of heavy water asa
moderator and as a heat transport fluid. By using heavy water, acritical chain reaction can be
sustained with natural uranium fuel. The ratio between moderator volume and fuel volumeis
appreciably greater than in an all-light-water system and makes possible the separation of the
fuel from the moderator and the removal of the heat from the fuel in a separate high temperature
circuit. Thisleadsin turn to the pressure tube design, made possible by the devel opment of
zirconium alloys which have alow neutron capture cross-section and do not impose an excessive
neutron penalty when placed between the fuel and the moderator. In the ACR, the use of dightly
enriched uranium (SEU) fuel with light water coolant and a heavy water moderator has resulted
in an evolved fuel channel design with additional desirable characteristics.

*

CANDU" (CANada Deuterium Uranium”) is aregistered trademark of Atomic Energy
of Canada Limited (AECL).
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A CANDU reactor, Figure 1-1, consists of alarge cylindrical tank or calandria (the term
“calandria’ is used to describe a cylindrical vessel whose planar end surfaces (or end shields) are
joined by tubular penetrations called calandria tubes). The pressure tubes are contained within
the calandria tubes and are separated from them by spacersin the annular gap. The combination
of calandria tubes and pressure tubes are called fuel channels’. The fuel bundles reside inside the
pressure tubes.

The heat generation in a CANDU reactor thus takes place within many 103 mm (4") diameter
high-pressure fuel channels rather than in asingle, large pressure vessel. The fuel channel is one
of the major distinguishing features of a CANDU reactor and itsreliability is crucial to the
performance of the reactor.

There are either 380 or 480 fuel channelsin currently operating CANDU reactors. The pressure
tubes are each 6 m long and operate at a maximum pressure of about 11 MPaand at temperatures
ranging from about 260°C at the inlet end to 313°C at the outlet end. The ACR-700 design has
284 channels and operates at higher temperatures (278°C inlet and 325°C outlet) and pressures
(13 MPaat the inlet). Figure 1-2 shows aview of the ACR for comparison with Figure 1-1.

Figure 1-3, a photograph taken during fuel channel installation, shows one end of the reactor and
the hundreds of end fittings that are the outermost components of the fuel channels.

The cool, low-pressure heavy water moderator contained in the calandriaisisolated from the hot
pressurized heat transport water, Figure 1-4. The separation of the coolant from the moderator
has a number of advantages. It permits the chemistries of the two systems to be independently
optimized. It permits operation of the control devicesin alow temperature, low pressure water
environment and also makes possible a separate shutdown mode whereby a soluble neutron
absorber can be injected into the moderator. The low temperature moderator also provides a
large heat sink capable of absorbing energy that might be released during postul ated accidents.

14 On Power Fuelling

The use of natural uranium as fuel and heavy water as moderator necessitated the devel opment
of on-power fuelling in order to maintain sufficient reactivity for continuous operation. Fuelling
machines at each end of the reactor, remove spent bundles and insert new fuel bundles while the
reactor isoperating. To achieve areliable channel closure that will open and close a system
holding high temperature, high pressure water at full reactor power has required a significant
design effort. To facilitate refueling operations, the fuel design chosen is one of short length
(0.5 m) bundles of 28, 37 (Figure 1-5), or 43 elements (used in ACR), which can be inserted into

1 In design documentation, the calandria tube is considered to be part of the calandria
vessdl structure and the fuel channel islimited to the end fittings (with all
internal/attached components), the pressure tube and the annulus spacers. However, for
this summary document, the calandriatube isincluded as part of the “fuel channel” so
that key interactions can be described here.
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the channel from arotating magazine in the fuelling machine. Twelve or thirteen fuel bundles
are contained in asingle fuel channel depending on the specific reactor design. In common with
other water cooled reactors, the fuel elements are clad with Zircaloy-4 and the compatibility of
the fuel and the pressure tube has been the subject of intensive development testing and analysis.

15 Materials

The use of natural uranium fuel and heavy water moderator in the current CANDU reactors,
necessitated a low neutron-capture cross-section in the in-core fuel channel materials. Zirconium
alloys meet the requirements of the service conditions and their development made the natural
uranium-fuelled fuel channel concept practical. A number of Sections of this report outline our
understanding of the behavior of zirconium aloysin in-core service where they are used as a
pressure boundary and construction material.

Operating in the in-core environment, zirconium alloys undergo changes in mechanical
properties, chemistry and dimensions. Although the knowledge available to predict changes was
limited for the early designs, the expectation was that because of known changes the life of
channels was finite and thus the design should alow for relatively easy replacement of the
component seeing the most severe duty, i.e., the pressure tube. This feature has allowed single
fuel channel replacement for surveillance or maintenance purposes to be carried out
expeditiously as well as the complete retubing of unitsto permit life extension of the cores. The
ability to remove the fuel channel components and test them in the laboratory has provided
valuable feedback for development and predictive purposes.

1.6 Evolution of Fuel Channel Design

The CANDU fuel channel design, initially conceived for the Nuclear Power Demonstration
(NPD) Reactor at Rolphton Ontario, was the result of four basic reactor design requirements.
These were:

» theuseof natural uranium fuel

» theuse of heavy water at high temperature and high pressure to remove heat from the fuel
» containment of the fuel and heavy water coolant by pressure tubes

» theuse of low temperature, low pressure heavy water as a moderator

The consequences that arose from these four requirements were:

» thefuel should be replaced relatively frequently, on power, to achieve optimum burn up and
to maintain reactivity.

» the components of the core would need to have alow neutron-capture cross-section. The
timely development of zirconium alloys satisfied that need, and other in-core service
requirements, better than alternative materials.

e pressure tubes carrying the fuel would need to be thermally isolated from the low
temperature moderator.
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» fuel channels were components likely requiring maintenance and thus all designs would
necessarily make provision for replacement.

In channel designs, the need to make and break high temperature, high pressure connections at
power for refueling and the decision to use carbon steel piping in the out-reactor circuit were
satisfied by having an intermediate fitting between the pressure tubes in the core and the carbon
steel piping. Thisend fitting was designed as a suitable component to provide the connection for
on-power fuelling, the connection to the carbon steel feeders and the connection with the
pressure tube. Some design decisions were optimized among available aternatives.

1.7 General Featuresof Fuel Channels

Figure 1-6 is a cut-away drawing showing the key features for one of the hundreds of horizontal
channelsin each CANDU 6 reactor core. The fuel channel consists of four main components:
the pressure tube, the calandria tube, the end fittings and the annulus spacers.

The major component of each fuel channel assembly isa 103 mm (4") diameter zirconium alloy
pressure tube. These tubes must retain high temperature and high pressure heavy water, while
experiencing a high neutron flux. They must be resistant to corrosion and erosion, resist the
wear of fuel bundle movement during fuelling and have sufficient creep strength to limit
deformation from pressure stress, temperature, and neutron flux to acceptable levels. The tubes
also must resist sag caused by the loads from fuel and heavy water. The need for neutron
economy requires the use of zirconium alloys, which have the properties to meet these
demanding conditions.

Each pressure tube is located inside a calandria tube with the gas filled annulus between these
two tubes insulating the high temperature coolant inside the pressure tube from the low
temperature moderator located outside the calandriatubes. The annular space around the fuel
channel, which isfilled with dry CO, gasin current CANDUS, is connected to an annulus gas
system that incorporates moisture-detecting instrumentation to warn of leaks from either the heat
transport system, the moderator or the end shield cooling water.

Four annulus spacers keep each pressure tube separated from the calandria tube which surrounds
it allowing differential movement due to thermal expansion and elongation of the pressure tube
during operation while also allowing the calandria tube to provide adequate sag support for the
pressure tube.

The ends of each pressure tube are rolled into stainless steel fittings. These fittings provide an
out of core flow path for coolant between the fuel channel pressure tube and the rest of the heat
transport system. The outboard ends of the end fittings are sealed by removable channel closures
that provide access for the fuelling machines to remove irradiated fuel from the channel and
insert new fuel into it, while the reactor is operating. There are bellows between the end fittings
and the fuelling machine tubesheet to contain the gas of the gas annulus system and provide for
movement of the end fitting.
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The fuel channel for ACR isshown in Figure 1-7. It isadesign evolved to meet the ACR
requirements of higher temperature and pressure, reduced lattice pitch (channel spacing), and
higher fuel volume to moderator volume ratio. This has resulted in changes to the pressure tube
wall thickness, the calandria tube diameter and wall thickness, the annulus spacer geometry and
the end fitting design (including design of closure plugs and internal components).
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1 CALANDRIA

2 CALANDRIA — SIDE TUBESHEET

3 CALANDRIA TUBES

4 EMBEDMENT RING

5 FUELLING MACHINE — SIDE TUBESHEET
8 END SHIELD LATTICE TURFS

7 END SHIELD COOLING PIPES

8 INLET-OUTLET STRAINER

9 STEEL BALL SHIELDING

10 END FITTINGS

11 FEEDER PIPES

12 MODERATOR QUTLET

13 MODERATOR INLET

14 HORIZONTAL FLUX DETECTOR UNIT
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15 ION CHAMBER
16 EARTHQUAKE RESTRAINT
18 MODERATOR EXPANSION TO HEAD TANK

19 CURTAIN SHIELDING SLABS

20 PRESSURE RELIEF PIPES

21 RUPTURE DISC

22 REACTIVITY CONTROL UNIT NOZZLES
23 VIEWING PORT

24 SHUTOFF UNIT

25 ADJUSTER UNIT

26 CONTROL ABSORBER UNIT

27 ZONE CONTROL UNIT

28 VERTICAL FLUX DETECTOR UNIT

29 LIQUID INJECTION SHUTDOWN NOZZLE

Figure1-1 An Illustration of a CANDU Reactor Showing the Calandria Vessdl, the Fuel
Channels, Feedersand Vertical and Horizontal Reactivity M echanisms
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Figure1-2 The ACR Calandria and Shield Tank Assembly
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Figure 1-3 The Face of a CANDU-6 Reactor as seen during Construction
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Figure 1-4 CANDU Reactor Simplified Flow Diagram. In ACR the coolant islight water
and thefuel is SEU.
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Figure1-5 A CANDU Fuel Bundle
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CANDU 6 Fuel Channel

1 channel closure 10 calandria tube

2 closure seal insert 11 calandria tubesheet
3 feeder coupling 12 inboard bearings
\ 4 liner tube 13 shield plug
5 end fitting body 14 endshield shielding balls
6 outboard bearings 15 endshield lattice tube
7 annulus spacer 16 fuelling tubesheet
8 fuel bundle 17 channel annulus bellows
9 pressure tube 18 positioning assembly

Figure 1-6 Details of the CANDU-6 Fuel Channel
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Figure1-7 The ACR Fuel Channd

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page2-1
Rev.0

2. FUEL CHANNEL DESIGN REQUIREMENTS

2.1 I ntroduction

CANDU fuel channels have generally been designed to provide an operating life of 30 years, at
80 to 90% capacity, during which time they must satisfy various functional, performance, safety,
material, reliability, maintainability, inspection, testing, etc. requirements. This section briefly
summarizes these requirements.

2.2 Functional Requirements

The functional requirements for the current generation of CANDU fuel channels are to:

a) Support and appropriately locate uranium fuel in the reactor core to maximize the heat
generated by nuclear fission of this fuel, including having one end of each fuel channel
attached to a reactor end shield.

b) Be connected to the Heat Transport System and provide the pressure boundary for the
reactor’s coolant while it flows around/through the fuel bundles so the heat generated by
nuclear fission is efficiently transferred to the cool ant.

c) Allow fuelling machines to remove irradiated fuel and insert new fuel while the reactor is
operating at full power.

d) Permit the gas of the Annulus Gas System to flow through a sealed fuel channel annulus so
any leakage of the reactor’s coolant from a pressure tube can be quickly detected (leak-
before-break).

2.3 Perfor mance Requirements

The performance requirements are primarily the quantitative design requirements or design
allowances corresponding to the above functiona requirements. These performance
requirements are generally imposed onto the fuel channel by itsinterfacing systems, e.g., the fuel
channel Class 1 pressure boundary components experience the Heat Transport System operating
conditions since they provide part of the pressure boundary for the reactor’ s coolant. The
performance requirements for the current generation of CANDU fuel channels are summarized
in the following.

231 Requirements from Reactor Physics

Because a CANDU reactor generates heat by the nuclear fission of uranium, the fuel channels
must incorporate radiation shielding where they pass through the reactor end shields, so that
maintenance and inspection can be carried out in low radiation fields during reactor shutdowns.
The target shielding requirement for the current generation of CANDU reactors is a maximum
dose rate at the feeder cabinet face of 1.0 mSv/h, 24 hours after shutdown of the reactor. (To
help achieve this, ashield plug islocked inside each end fitting to add additional material to
attenuate radiation where the channels pass through the reactor end shields.)
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Because the current generation of CANDU reactors use natural uranium fuel, it is required that
the neutron absorption for in-core materials be as low as possible, thus heavy water is used for
both the coolant and the moderator. Also, zirconium materials are used to fabricate almost all in-
core structures and it is ensured that the volume of this material is no more than required to
satisfy their design code. In addition, the required corrosion/wear allowances for in-core
structures are minimized by using optimum chemistries for the reactor’s coolant and the gasin
the fuel channel annulus, by minimizing the pressure tube wear from fuel fretting/diding, by
minimizing the pressure and calandria tube wear from the spacers in the annulus between these
tubes, etc. In ACR, the use of SEU fuel allows both light water coolant and thicker components
that can provide advantages such as reduced in-reactor deformation.

Reactor physics considerations also define the basic geometry of the CANDU reactor and its
horizontal fuel channels, e.g., the lattice pitch (horizontal and vertical distance between the axes
of adjacent fuel channels) for the current generation of CANDU reactorsis 285.75 mm

(11.25 inch) and the internal diameter of the pressure tubesis about 103 mm (4 inch). The
diameter of the calandria tube that surrounds each pressure tube in the current generation of
CANDU reactorsis about 129 mm (5 inch). For ACR the lattice pitch is 220 mm and the
calandria tube outside diameter is 156 mm.

2.3.2 Requirementsfrom the Heat Transport System

The fuel channel Class 1 pressure boundary components, and the fuel channel internal
components, must be designed to withstand the flow, temperature, pressure and transient service
conditions (warmup, startup, cooldown, shutdown, reactor stepback, reactor trip, turbine trip,
etc.) of the reactor’s coolant, including the loads that act on the fuel channel during these
conditions. Thisincludes ensuring (in collaboration with fuel designers) that thereisalow
pressure drop associated with the coolant flowing through the channel and that this coolant flow
produces only minimal vibration of the fuel, which minimizes pressure tube wear from fuel
fretting. For the current generation of CANDU reactors, the peak flow, temperature and pressure
of the coolant are about 28 kg/s, 313°C and 11 M Pa, respectively.

Heat loss from the hot coolant to the relatively cool moderator and end shield cooling water must
be minimized. To achievethis, there is an annular gap between the outside of a pressure tube
and the inside of the calandria tube surrounding it, as well as between the outside of an end
fitting and the inside of the lattice tube surrounding it, to provide athermal barrier during reactor
operating conditions. (Thisannular gap is maintained by having spacers between the pressure
and calandriatube of each fuel channel and having sleeve bearings between each end fitting and
the lattice tube which supportsit.)

2.3.3 Requirements from Fuel Handling

Allowing fuelling machines to remove used fuel and insert new fuel while the reactor is
operating includes permitting fuel bundles to pass freely through the reactor core during
refueling. Thusthe fuel channels must provide a sufficiently large unobstructed diameter (at
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least as large as the 103 mm (4 inch) inside diameter of as-fabricated pressure tubes) and not
have any gaps/steps that might either inhibit fuel sliding or damage the fuel elements.

In order to cater for the required on-power fuel insertion and removal operations, various fuel
channel details must be designed in close collaboration with the fuelling machine/hardware
designersto ensure the fuel channel is compatible with the fuelling machine/hardware design.
This primarily involves ensuring that the outboard end of each end fitting can be sealed by an
appropriate removable channel closure (target leak rate of 0.42 g/h of coolant), aswell as
accommodate having afuelling machine clamp onto it and make a high-pressure seal. It also
must be possible for afuelling machine to lock/unlock aremovable shield plug that isat an
appropriate location inside an end fitting. Thus the fuelling machine/hardware designers specify
various detailed geometric, surface finish, etc. requirements for portions of the end fitting.

234 Requirements from the Annulus Gas System

To ensure that pressure tubes will exhibit a ‘leak-before-break’ behavior as defense-in-depth
assurance that delayed hydride cracking (see Subsection 2.7.2.2) can not cause aloss of coolant
accident, it isrequired that any water leaking into the annulus between a pressure tube and the
calandria tube surrounding it must be quickly detected. Thus this annulus must be sealed
(without producing alarge resistance to pressure tube elongation) and allow the annulus gasto
flow through it so this gas can be monitored® for moisture.

Water |eakage into the Annulus Gas System (AGS) through any mechanical jointsinits
boundary must be consistent with the background moisture limits for the AGS moisture detection
system. Since both the pressure tube to end fitting and the calandria tube to reactor end shield
rolled joints can leak heavy water into the AGS, they must be very leak-tight, as was discussed in
Subsection 2.3.1. (End shield cooling water should not be able to leak into the AGS since the
|attice tubes that pass through a reactor end shield are welded to it.)

Leakage of annulus gas from the mechanical joints of the AGS (like the shrink-fit between an
end fitting and the ring to which the fuel channel annulus bellows is welded) is also required to
be consistent with the ability to provide an appropriate ‘ leak-before-break’ behavior for the
pressure tubes.

24 Safety Requirements

The pressure boundary integrity of the fuel channel assembly must be maintained, and the flow
of the reactor’ s coolant must not be obstructed, not only during all reactor operating conditions
but also during most postulated accident cases (the exceptions are addressed in the following
paragraph). Thisensures that the fuel in the core of areactor will continue to be cooled and that

1 This monitoring must be able to detect the leakage from a pressure tube crack sufficiently
quickly so the reactor can be shutdown before the crack could reach an unstable length.
It isrequired that an analysis involving the Annulus Gas System leak detection capability
and the reactor shutdown procedure be performed to demonstrate an appropriate
‘leak-before-break’ behaviour is achieved, as discussed in Section 12 of this report.
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the functions of the safety systemswill not be impaired. The length of the fuel bundle cavity
shall be greater than the largest predicted fuel string length to accommodate the maximum fuel
string expansion that can occur during a postulated loss of coolant accident with the emergency
core cooling system unavailable. In addition, the largest possible gap between fuel and a shield
plug shall not result in loss of either fuel channel integrity or bundle geometry in a postul ated
reverse flow condition. Aswell, under certain postulated accident conditions, the fuel channel
design for the current generation of CANDU reactors must allow the pressure tube to balloon/sag
into contact with the calandria tube surrounding it to provide sufficient heat transfer from the

fuel channel to the moderator so pressure tube ruptureis avoided. In ACR, such an occurrence is
only expected with a severe accident.

The pressure boundary integrity of afuel channel can be lost only during a postul ated:

» Spontaneous pressure tube rupture,
» Severeflow blockagein asingle fuel channel and
» Singleinlet feeder break resulting in flow stagnation.

During these single-channel events, the ability to shut down the reactor must not be impaired and
all other fuel channels, feeders, etc., must remain intact, even if the Emergency Core Cooling
System were unavailable.

2.5 Seismic Requirements

The fuel channel assembly must be designed to satisfy the Design Basis Earthquake (DBE) as an
emergency (ASME Code level C) loading condition, as specified in the CAN3-N289 series of
Canadian Standards. This ensures that fuel channels retain their pressure boundary integrity and
allow the reactor’ s coolant to continue to flow through them during/after aDBE. A dynamic
analysisis performed for the whole reactor assembly, including its fuel channels, to determine
the seismic loading on the fuel channels. The magnitude of these loads, including the possibility
that one or two fuelling machines may be attached to afuel channel, and the number of seismic
cyclesisthen provided asinput to the fuel channel stress analysis.

During a seismic event, the resulting interaction loads between a fuelling machine and channel
may result in atemporarily increased leakage. Thistemporarily increased |eakage must not
exceed the capability for coolant make-up.

2.6 Codes and Standards

The design, analysis and testing of the fuel channel Class 1 pressure boundary components must
satisfy the requirements of Canadian Standard CAN/CSA-N285.0, which extensively references
the ASME Code, but also specifies additional requirements and materials, as discussed in
Section 4 of thisreport.

The fuel channel components must be manufactured to the CSA-Z299 Quality Assurance
Standards or the equivalent 1SO-9000 requirements.
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2.7 Materials Requirements

The materials from which the fuel channel components that are part of the AGS (like the fuel
channel annulus bellows) are fabricated must exhibit acceptable corrosion behavior in the
presence of the annulus gas. Thisgas nominally is dry CO, with asmall amount of oxygen, but
may contain various amounts of moisture.

The materials from which the fuel channel Class 1 pressure boundary components, and their
internal components, are fabricated must exhibit acceptable corrosion behavior in the presence of
the reactor’s coolant. The pressure tubes must also have good resistance to dliding/fretting wear
from the fuel and have adequate transparency to neutrons.

The material specificationsfor al fuel channel components that are fabricated using material
whose specifications are not included in the ASME Code are given in Canadian Standard
CAN/CSA-N285.6. This defines their requirements for impurities, heat treatment, cleanliness,
testing and mechanical properties as a function of temperature.

271 Corrosion and Wear Allowances

Allowances for corrosion and wear (due to fuel sliding/vibration, relative axial movement
between pressure and calandria tubes, etc.) must be established for the fuel channel components
and must be taken into account when calculating dimensions for stress analysis of these
components.

2.7.2 Allowancefor the Effect of Environment on Material Properties

The effects of any significant environmental factors (stress, temperature, irradiation,
hydrogen/deuterium absorption, etc.) on fuel channel material properties must be addressed
during fuel channel design/analysis. It must be demonstrated that no reduction in the stress
margins governing new construction will occur in-service and that protection against non-ductile
failureis provided in accordance with the ASME Code, Section 11, paragraph NB-3211(d). Two
unique aspects of the in-service behavior of pressure tubes that must be accommodated are
summarized in the following subsections.

2721 Creep and Growth Defor mation

The combination of stress, temperature and fast neutron flux resultsin a significant
irradiation-induced creep and growth of the pressure tube. The fuel channel must be designed to
accommodate the maximum pressure tube elongation, wall thickness reduction, diameter
increase and sag predicted to occur during its design life. Thisincludes providing adequate
bearing lengths, allowing for the feeder/feeder spacing needed to accommodate the maximum
anticipated differential elongation of pressure tubes, ensuring that the fuel channel annulus
provides adequate space for the maximum anticipated expansion of the pressure tube diameter,
ensuring that during reactor operating conditions a pressure tube can not sag into contact with the
calandria tube surrounding it and ensuring that calandria tubes do not sag into contact with the
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reactivity control units located below some of the calandriatubes. (The creep and growth
deformation of pressure tubesis discussed further in Section 8 of thisreport.)

2.7.2.2 Delayed Hydride Cracking

Under certain conditions of temperature, stress and hydrogen/deuterium concentration, pressure
tubes may be susceptible to crack initiation and growth by the Delayed Hydride Cracking (DHC)
mechanism. The fuel channel must be designed to ensure thereisavery low probability that
DHC might occur in any pressure tube.

To minimize the probability that DHC might occur in any pressure tube, both their
hydrogen/deuterium concentration and peak tensile stress are minimized. For example, the
initial hydrogen concentration of as-fabricated pressure tubesis less than 5 ppm for the most
recently fabricated tubes. Also, the coolant and AGS chemistries are closely controlled to
minimize the ingress of hydrogen/deuterium into pressure tubes. In addition, ‘ zero-clearance’
pressure tube to end fitting rolled joints are used in reactor construction to minimize the residual
tensile stresses in pressure tubes (to less than 130 MPa). The probability/size of pressure tube
flaws that may be generated during tube manufacturing, fuel channel fabrication and reactor
operation is also minimized. The design of the fuel channel annulus spacer, and the axial
separation between these spacers, ensures that a hot pressure tube will not sag into contact with
the cooler calandria tube surrounding it and thus avoids the possibility of having a significant
thermal gradient in a pressure tube which may lead to hydride accumulation at the cooled portion
of the tube and the potential for unstable cracking. (The possibility that pressure tubes might
exhibit DHC, and how it is avoided, is discussed further in Section 12 of this report.)

In addition, as was mentioned in Subsection 2.3.4, it is required that pressure tubes exhibit a
‘leak-before-break’ behavior as a defense-in-depth protection that DHC will not result in an
unstable rupture. Thisisdiscussed further in Section 12 of this report.

2.8 Reliability and Maintainability Requirements

Due to the high radiation fields associated with operating fuel channels, their components must
be designed, fabricated and installed to achieve the maximum degree of reliability that is
practical with minimal inspection and maintenance throughout their design life, which has
generally been 30 years at 80 to 90% capacity. In addition, the inspection and maintenance that
isrequired must be able to be completed as quickly as possible to minimize radiation exposure to
personnel, as well as minimizing outage durations and costs.

The only planned maintenance for fuel channels during their design lifeis one mid-life
adjustment (changing the reactor end shield to which fuel channels are attached) so pressure tube
elongation can be accommodated by bearings at both ends of the fuel channels. In addition, fuel
channels have been designed such that, should a fuelling machine break-down while attached to
afuel channel, the fuel within that channel can be removed relatively easily from its other end.

To allow CANDU reactorsto operate longer than the fuel channel life, the channels have been
designed so they can be replaced relatively easily. This ensures that both the outage duration

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 2-7
Rev.0

required for channel replacement and the radiation exposure to personnel during channel
replacement are minimized. The replaceability aspects of the fuel channel are discussed in more
detail in Section 14 of this report.

29 I nspection and Testing Requirements

In addition to devel opment/qualification testing for prototype fuel channel components, the
following tests and inspections must be performed during/after the fabrication of production
components and reactor construction.

29.1 Testing

The fuel channel Class 1 pressure boundary components are hydrostatically tested during
fabrication. They also experience the in-situ hydrostatic pressure test that is performed for the
Heat Transport System.

All rolled joints are dimensionally inspected and helium leak tested.
The fuel channel components that are part of the AGS experience the in-situ leak test that is
performed for the AGS.

2.9.2 I nspection

As required by Canadian Standard CAN/CSA-N285.4 on the Periodic Inspection of CANDU
Nuclear Power Plant Components, in-service inspection is performed for some fuel channels, as
isdiscussed in Section 11 of thisreport.

2.10 Decontamination and Decommissioning Requirements

Fuel channel pressure boundary materials are selected to minimize the formation of long-lived
radioactive nuclides. The fuel channel design avoids regions of stagnant flow where deposits
can accumulate and crevices/pockets that will not drain.

Fuel channel Class 1 pressure boundary components are decontaminated as part of the Heat
Transport System to achieve sufficiently low levels of radiation in the inlet and outlet reactor
vaults so that maintenance can be carried out with minimal radiation exposure to personnel. The
decontamination chemicals must be compatible with the channel components.

211 Interfacing Systems Requirements

The key fuel channdl interfaces are:

a) Heat Transport System
b) Fue
¢) Fuel Handling System
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d) Moderator System

€) Reactor Structure (Calandriaand End Shield Assembly)
f) Reactivity Control Units

g) Annulus Gas System

This subsection defines the key requirements that the fuel channel imposes on these interfacing
systems.

2111 Heat Transport System

The reactor’ s coolant must remove the heat generated in the fuel that resides in the fuel channels.
Thus each fuel channel is connected to the Heat Transport System (HTS) by having an inlet and
outlet feeder pipe attached to the inlet and outlet end fittings, respectively, near their outboard
ends. The HTS, including its feeders and their supports, must be designed to minimize the loads
applied to the fuel channels. In addition, adequate feeder/feeder spacing must be provided to
accommodate the maximum anticipated differential elongation of pressure tubes.

The HTS must be very carefully controlled during construction, commissioning and operation to
minimize the possibility that it might contain debris that could generate flaws in pressure tubes.

The HTS water chemistry must be maintained so corrosion of, and hydrogen/deuterium ingress
into, the pressure tubes are minimized.

Overpressure protection for the fuel channel coolant pressure boundary componentsis provided
by the HTS.

211.2 Fuel

The fuel must be designed to minimize the wear (sliding, fretting, etc.) of fuel channel
components. Thisincludes ensuring (in collaboration with the fuel channel designers) that the
coolant flowing through the channel produces only minimal vibration of the fuel. The pressure
drop associated with this flow must also be as low as practical.

2113 Fuel Handling System

The fuelling machine must always be capable of aligning with each fuel channel, latching onto it
and forming aleak-tight extension to the coolant pressure boundary without imposing excessive
loads on the fuel channel. It shall also be capable of removing/replacing both a channel closure

and shield plug from/into an end fitting, as well as removing used fuel and inserting new fuel.

2114 Moderator System

The moderator system must efficiently remove the heat transmitted to the moderator by the fuel
channels under all normal and accident conditions.
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2.11.5 Reactor Structure

The deadweight load of the channels and their contents is supported by the reactor end shields.
These end shields also appropriately locate the channels in the reactor core. The axia
positioning of each fuel channel is obtained by an attachment to one end shield. Thisalows
essentially unrestricted differential thermal axia expansion between each high temperature
pressure tube and the lower temperature calandria tube surrounding it, as well as pressure tube
elongation due to creep and growth.

2.11.6 Reactivity Control Units

The horizontal reactivity control units (flux detectors and poison injection nozzles) must not be
located so close to the calandria tubes above them that these tubes may sag into contact with the
reactivity control units.

211.7 Annulus Gas System

The AGS must provide insulation between the reactor’ s hot coolant and the cooler moderator and
end shield coolant. It must also provide an oxidizing atmosphere that inhibits
hydrogen/deuterium ingress to a pressure tube from its annulus by maintaining an oxide on the
pressure tube outside surface. In addition, the AGS must be capable of quickly detecting leakage
from a pressure tube (Ieak-before-break) and also be capable of identifying the leaking channel
from other channels and other potential sources of leakage (by remote means) so that this
channel can beisolated for inspection and replacement.

The material from which the components that form the AGS boundary are fabricated must
exhibit acceptable corrosion behavior in the presence of the annulus gas with various amounts of
moisture.

Overpressure protection for the fuel channel annulus bellowsis provided by the AGS.
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3. FUEL CHANNEL DESIGN DESCRIPTION

31 I ntroduction

The fuel channel is one of the major distinguishing features of a CANDU reactor. Figure 3-1isa
schematic illustration showing the main components for one of the few hundred horizontal
channelsin each CANDU reactor core. The key components of the fuel channel are:

» the pressure tube,

» theend fittings that are attached to each end of the pressure tube,

» the calandria tube surrounding the pressure tube and

» the spacers in the annulus between the pressure and calandria tubes.

The following briefly describes each of these key fuel channel components.

3.2 Fuel Channel Components

321 Pressure Tubes

The pressure tubes pass through the reactor core with fuel bundles residing inside them and the
reactor’ s hot pressurized coolant flowing through them. In the current generation of CANDU
reactors, this coolant has a peak temperature of about 313°C (at the outlet) and pressure of about
11 MPa(at theinlet). For ACR, the coolant has a peak temperature of about 325°C (at the
outlet) and maximum pressure of about 13 MPa. These tubes experience corrosion from the
coolant, a high neutron flux and also wear from fuel bundle vibration during reactor operation
and movement during fuelling. They have sufficient strength to accommodate stresses and limit
deformation from the loads, temperature and neutron flux that they experience during their
design life.

A pressure tube acts as a horizontal beam supported at each end by its attachment to an end
fitting and at intermediate points by the surrounding calandria tube, via‘ garter spring’ spacers
located in the annulus between the two tubes.

The pressure tubes in the current generation of CANDU reactors are approximately 6 m long
zirconium alloy cylinders having a103 mm (4 inch) inside diameter and a 4.2 mm wall
thickness. For ACR, this thickness has been increased to 6.5 mm, allowing the pressure tube to
withstand higher temperatures and pressures. Thus their design consists primarily of
determination of their length, inside diameter and wall thickness. The length of the pressure
tubesis primarily determined from the length of the reactor core, which is obtained from reactor
physics considerations. Theinside diameter of the pressure tubesis derived from fuel passage
and thermohydraulic considerations. The minimum allowable wall thickness of the pressure
tubes is determined by stress analysis of these tubes as pressure-retaining components. This
analysis complies with the Class 1 vessel design-by-analysis rules of Section 111 of the ASME
Boiler and Pressure Vessel Code. The large diameter to wall thickness ratio for the pressure

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 3-2
Rev.0

tubes has allowed this evaluation to be performed using standard classical elasticity equations for
thin-walled cylinders. (A finite element stress analysis is performed for the rolled joint that
connects each end of a pressure tube to an end fitting.)

One of the requirements of the pressure tube design for the existing CANDU reactors has been to
optimize the wall thickness to minimize the neutron absorption penalty. Since pressure and
temperature vary along the length of a pressure tube when areactor is operating, asisillustrated
in Figure 3-2, the pressure tube design condition has been established by evaluating stresses at
20 locations along the length of the tube to determine the design location, which is the location
requiring the largest wall thickness. For atypical channel, which has afew percent quality in the
coolant at its outlet end, this location is about midway between the centre of the tube and its
outlet end.

An allowance for corrosion and wear is added to the calculated minimum allowable wall
thickness to establish the minimum wall thickness for pressure tube fabrication.

In design calculations, the design pressure has been determined by the set-point of the Heat
Transport System relief valves. The design temperature has been that of a central fuel channel
running at 110% of nominal fuel channel power due to recent refueling, plus an additional
margin of about 10% for potential instrument error.

Since zirconium alloys are not included in the ASME Boiler and Pressure Vessel Code as an
alowable Class 1 material, the pressure tube allowable design stress has been established using
the results from an extensive test program performed by AECL and is specified in Canadian
Standard CAN/CSA-N285.6, as discussed in a subsequent section of thisreport. The allowable
design stress has been determined on the same basis asis done for ASME Class 1 materials, i.e.,
it isthe lowest of either one-third of the minimum tensile strength or two-thirds of the minimum
yield strength, both taken at the design temperature. For cold-worked zirconium-2.5% niobium,
one-third of the minimum tensile strength is the governing condition. On this basis, the design
stress of the pressure tubeis 160 MPa (23,000 psi) at 300°C.

The pressure tube stresses are evaluated for both beginning-of-life and end-of-design-life
conditions to account for pressure tube dimensional changes that occur over the life of the fuel
channel. For the end-of-design-life condition, the upper-bound effects of thermal expansion and
creep deformation, plusirradiation-induced creep and growth deformation, are considered and
credit has been taken for part of the strength increase caused by irradiation. To ensure that
pressure tube elongation, diameter increase, wall thickness reduction and sag are appropriately
accommodated, the permanent deformation that occurs due to creep and growth during reactor
operation is calculated from a deformation equation developed by AECL based on measurements
of tube deformations in operating reactors and results from extensive research reactor testing, as
described in Section 8 of this report.
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3.2.2 Pressure Tubeto End Fitting Rolled Joint

Each end of a pressure tube is roll-expanded into the bore at the inboard end of a stainless steel
fitting. This cold-working of aportion of a pressure tube into athick hub produces compressive
residual stressesfor sealing.

The pressure tube to end fitting rolled joint configuration is very simple, involving only three
circumferential groovesin the end fitting hub, asillustrated in Figure 3-3. Therolled joint is
made by inserting one end of a pressure tube into the hub at the inboard end of an end fitting
after it has been heated, which on cooling develops a ‘ zero-clearance’ fit. (The diametral fit at
room temperature is 0.002” clearance to 0.007” interference.) The pressure tube is then rolled
into this hub with a nominal 13.5% reduction in wall thickness, which causes pressure tube
material to be extruded into the groovesin the end fitting hub to produce a very strong and |eak-
tight joint. The pressure tube to end fitting rolled jointsin a CANDU reactor have never come
apart nor allowed excessive leakage of the reactor’ s coolant.

Although no rules are given in the ASME Code for the use of roll-expanded jointsin Class 1
vessels, rules have been developed to ensure that a high-integrity joint satisfying the intent of the
ASME Codeisobtained. Theserules are specified in Canadian Standard CAN/CSA-N285.2, as
discussed in Section 4 of thisreport. This use of rolled joints has been devel oped, optimized and
qualified by extensive full-scale testing and analysis of many hundreds of prototype rolled joints
to demonstrate their acceptability for use in the fuel channels of a CANDU reactor, as described
in Section 7 of thisreport. Therolled joint for ACR is being similarly proven in arolled joint
development program.

A finite element stress analysis of the rolled joint is conducted to confirm that the stressesin the
rolled joint region meet the allowable limits specified in Canadian Standard CAN/CSA-N285.6.
In addition, the three primary performance requirements for a pressure tube to end fitting rolled

joint are:

* Low tensileresidual stressin the pressure tube,
* Highjoint axial strength and
* Low joint leakage.

Residual stressesin the rolled portion of a pressure tube are compressive, which are not a
concern. However, pressure tube to end fitting joints whose assembly clearance is near the high
end of the allowable range can cause tensile residual stressesto exist slightly inboard of the
rolled portion of the pressure tube. Canadian Standard CAN/CSA-N285.2 limits the peak value
for these tensile stresses to avoid the initiation of delayed hydride cracking in pressure tubes.
This requirement has been easily satisfied by the rolled joint design used in the construction of
the current generation of CANDU reactors. (Asresidua stresses relax during reactor operation,
the highest tensile residual stress values exist just after arolled joint has been produced.)

The axial strength of arolled joint design is measured in pull-out testing during which an axial
load pulls a pressure tube out of its end fitting hub. Canadian Standard CAN/CSA-N285.2
specifies the minimum allowable value for the pull-out load, which has been easily satisfied by
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the rolled joint design used during the construction of the current generation of CANDU reactors
asthisjoint has an axial strength that is almost as high as that for a pressure tube. Sincethis
strength is primarily due to the pressure tube material that is extruded into the end fitting
grooves, it is not affected by the stress relaxation that occurs during reactor operation. In fact,
testing has shown that the pull-out strength for pressure tube to end fitting rolled joints increases
with reactor operation, due to material irradiation strengthening.

Pressure tube to end fitting rolled joints need to be very water leak-tight. To ensure this, each
joint produced during reactor construction has its | eak-tightness checked with a highly sensitive
helium leak test. Further assurance that appropriate joints are produced in reactor construction
has been obtained by performing a thorough dimensional inspection of each joint.

The excellent performance of the pressure tube to end fitting rolled joints in the current
generation of CANDU reactors verifies that these joints operate very reliably.

323 End Fittings'

A stainless stedl fitting is attached to each end of a pressure tube as an out-of-core extension of
the pressure tube by rolling an end of a pressure tube into the bore at the inboard end of the
fitting. Each of these end fittings has a side-port near its outboard end for connection of a feeder
pipe, which provides aflow path for the reactor’ s coolant between the pressure tube and the rest
of the Heat Transport System. In the current generation of CANDU reactors, feeders are
attached to end fittings by bolted connections involving ametallic seal ring.

The outboard end of each end fitting is sealed by a removable channel closure and
accommodates having a fuelling machine clamp onto it and make a high-pressure seal to allow
on-power refueling. Allowing periodic access for the fuelling machines to remove irradiated fuel
from each channel and insert new fuel into it, while the reactor is operating, is a significant
characteristic of CANDU reactors.

Asisillustrated in Figure 3-1, each fuel channel end fitting passes through one of the reactor end
shields. The contacting surfaces of the end fitting and the end shield lattice tube, which supports
it, are sleeve bearings that allow axial sliding of the end fittings.

A ring is shrunk onto each end fitting so one end of a bellows, which isdiscussed in
Subsection 3.2.6, can be welded to it.

Two somewhat different end fitting design concepts are used in the existing CANDU
commercia power reactors to accommodate two different fuelling concepts. The reactors
at the Bruce and Darlington sites have relatively large diameter end fittings because of
the use of afuel carrier for fuelling operations. All other CANDU reactors have a
smaller diameter end fitting, with fuel dliding through the end fitting’ s liner tube during
refuelling. Most other aspects of the two end fitting designs are identical. In ACR, dueto
the smaller lattice pitch, the end fitting diameter is reduced to accommodate the feeders.
Theliner tube is also shorter, being located only in the region of the feeder joint.
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End fittings are designed as Class 1 vessels with a finite element stress analysis being performed
to show they satisfy the stress limitsin Canadian Standard CAN/CSA-N285.6 (see Section 4).

The end fittings are made from amodified® AISI type 403 stainless steel. They are forged in one
piece, heat treated and then machined to their finished size. The side-port for connection of a
feeder pipe is machined from athickened region on one side of the end fitting.

Additional information about end fitting properties and performance is described in Section 15 of
this report.

3.24 Calandria Tubes

Each pressure tubeis located inside a calandria tube with the gas-filled annulus between these
two tubes insulating the high temperature/pressure coolant inside the pressure tube from the
lower temperature/pressure moderator located outside the calandriatubes. These calandria tubes
span the calandria vessel between its two end shields. These tubes, which are arranged in a
sguare pitch to form a circular lattice array, provide access through the calandria for the fuel
channel assemblies. Each calandriatube helpsto support the pressure tube contained in it by
means of four spacers in the annulus between the pressure and calandriatube. (These spacers are
discussed in the Subsection 3.2.5.)

The calandria tubes act as axial stays that help the calandria vessel resist the internal pressure of
the moderator. In all CANDU reactors constructed to date, each end of acalandriatubeisrolled
under a stainless steel insert into a circumferential groove in a hub in one of the end shields of
the reactor, forming a high-integrity ‘sandwich’ joint (see Figure 3-4). For ACR, noinsert is
required as the calandria tube is thicker at the ends and can be rolled directly into the tubesheet.

The calandriatubesin al existing CANDU commercial power reactors were manufactured by
brake-forming arolled strip of Zircaloy-2 material into a cylindrical shape whose interna
diameter is about 129 mm (5 inch), welding the axial seam, then annealing the tube. This
material was chosen for its low neutron absorption and corrosion resistance. These tubes are
expanded (flared) at each end so the sandwich rolled joint used to join each end of the tube to an
end shield does not reduce the unobstructed bore of the calandria tube.

3.25 Annulus Spacers

Four annulus spacers keep each pressure tube separated from the calandria tube that surroundsiit.
These spacers allow the calandria tube to provide sag support for the pressure tube while also
allowing essentially unrestrained differential axial movement between the two tubes. The
spacers are positioned about a meter apart in the fuel channel annulus so that pressure tube sag
between spacers will not result in a pressure tube contacting the calandria tube surrounding it
during the fuel channel design life.

2 As specified in Canadian Standard CAN/CSA-N285.6, which is discussed in Section 4 of
this report.
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The annulus spacers are coiled springs whose ends are hooked together to form aring that isa
snug fit on a pressure tube. These ‘garter springs', which have been qualified for this application
by an extensive test program, roll to accommodate the relative axial movement between a
pressure and calandria tube with minimal wear. (These spacers are discussed further in

Section 17 of thisreport.) The ACR, design uses a tight-fitting garter spring, similar to the recent
CANDU 6 designs, with alarger coil diameter due to the larger annulus. It features awelded cail
(for structural integrity) around awelded girdle wire (to allow detection).

3.2.6 Bellows

Three-ply bellows fabricated from Inconel 600 material are connected between each end fitting
and alattice site of an end shield by shrink-fitting then welding one end to the end shield and
welding the other end to aring that is a shrink-fit on the end fitting. These bellows sea the fuel
channel annulus while providing minimal resistance to pressure tube elongation. The annular
space around the fuel channel, which isfilled with dry CO, gas, is connected to an Annulus Gas
System that incorporates moisture-detecting instrumentation to warn of leaks from any of the
Heat Transport System, the moderator or the end shield cooling water.

3.3 Analyses

In addition to addressing the effects of the temperature and pressure of the reactor’ s coolant, the
calculation of stresses and assessment of the fatigue life for fuel channel components includes:

Weight of fuel channel components, fuel and coolant
- Feeder pipe loads and torques
- Fuelling machine loads

- Axid loads due to the bellows that seal the fuel channel annulus, fuel movement and end
fitting bearing friction

- Effectsof initial tube bows, misalignment and end-of-design-life sag
- Loadsimposed during a seismic event

Pressure tube deformations due to creep and growth are calculated using formulae devel oped by
AECL based on measurements of tube deformations in operating reactors and results from
extensive research reactor testing, as described in Section 8 of this report.

Calculation of the increase of pressure tube diameter is used to establish the:

- Allowable diameter of the fuel channel annulus spacer (‘ garter spring’)
- Coolant flow conditions at end-of-design-life

Calculation of the elongation of the pressure tube is used to establish the:
- Bearing lengths
- Beélowsextension
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- Feeders and feeder connection stresses
Calculation of channel sag is used to establish the:

- Number and spacing of the ‘ garter spring’ annulus spacers
- Annulus spacer loads
- Clearance for fuel passage inside the pressure tubes

- Clearance between fuel channels and the reactivity control units that are located below some
fuel channels

Assessments are made of various component clearances and how they are affected by:

- Temperature and pressure

- Manufacturing tolerances

- Installation tolerances

- Hydrostatic loads

- Creep and growth deformation
- Differential deformation

34 Operating Conditionsfor the Fuel Channelsin the Existing CANDU
Commercial Power Reactorsand Changesfor ACR

The operating conditions for the fuel channelsin the existing CANDU commercia power
reactors and the changes for ACR are summarized in the following subsections.

34.1 Pressure Distribution

As shown schematically in Figure 3-2, the typical pressure distribution along the length of a
CANDU fuel channel has anearly linear decrease from inlet to outlet. The peak pressure (at the
inlet end) in the most recently constructed reactorsis about 11 MPa. For ACR the peak pressure
isincreased to about 13 MPato allow for higher temperature coolant.

3.4.2 Temperature Distribution

Thetypical temperature distribution along the length of a pressure tube is also shown
schematically in Figure 3-2. Little temperature change occurs within about 0.5 m from the inlet
end and within about 1.5 m from the outlet end, where the coolant is boiling. Within the wall of
the pressure tube only a small temperature gradient exists, with the outside surface being about
3°C hotter than the inside due to gamma heating. The peak temperature (near the outlet end) is
[B13°C in the most recently constructed reactors. In ACR, this peak temperature isincreased to
about 327°C.
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343 Flux Profile

The maximum fast flux occurs at the centre of a pressure tube and decreases to about zero at its
ends. The maximum flux in the most recently constructed reactors is about 3.7 x 10" n/(m?[S)
(E>1 MeV). Theflux profileis more uniform along the length of the pressure tube for the ACR
with the maximum being slightly higher at about 4.0 x 10" n/(m?S)(E>1 MeV).

34.4 Heat Transport Fluid

Limited boiling occurs near the outlet ends of the channels for all but the earliest reactors, with
the highest quality being about 6%. Evaluation of the effects of boiling in the laboratory and
from surveillance tube examinations has not shown any harmful effects. The maximum heat
transport mass flow in the most recently constructed reactorsis about 28 kg/s.

345 Coolant Chemistry

The heat transport coolant is kept at a pH of 10.2 to 10.8 with lithium additions and the hydrogen
overpressure is controlled within the range 3 to 10 cm®kg (mostly kept in the range

3to 5cm’kg). The oxygen concentration remains below 10 ppb (generally less than 5 ppb) to
limit corrosion.

3.4.6 Cooldown Rate

Because the pressure tubes are relatively thin-walled, they can be cooled rapidly from operating
conditions to room temperature. The maximum allowable reactor shutdown rate is set by other
components in the Heat Transport System.

35 Design Documentation

The fuel channel documentation that must be prepared includes:

- System Classification List (SCL)

- Design Requirements (DR)

- Design Description (DD)

- Design Manua (DM)

- Design Specification (DS) for the pressure boundary components
- Stress Report (SR) for pressure boundary components

- Design Drawings
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4, CODESAND STANDARDS FOR THE DESIGN AND FABRICATION
OF FUEL CHANNELS

41 I ntroduction

The American Society of Mechanical Engineers (ASME), with the support of regulatory bodies,
has devel oped a Boiler and Pressure Vessel Code containing requirements that have resulted in
the economical design and fabrication of safe boilers and pressure vessels. The Canadian
nuclear industry recognizes this Code as the reference authority defining technical standards that
will be applied to the pressure boundary components of CANDU nuclear power plants. Thus,
CANDU pressure boundary components must comply with the ASME Code, Section 111 (Rules
for Construction of Nuclear Power Plant Components), technical requirements. However, as the
ASME Code primarily addresses PWR and BWR pressure vessel reactors, it does not adequately
address some of the unique features of pressure tube reactors with on-power refueling.
Therefore, some additional technical requirements/rules are needed to ensure that the unique
features of CANDU pressure boundary components are consistent with the intent of the ASME
Code.

Efforts were made to expand the ASME Code to cover the unique CANDU features through
applications for Code Cases and through having Canadian members on various ASME Code
committees. However, as progress by this route was very slow and extremely limited, an
initiative was started by the Canadian Nuclear Association (CNA), later taken over by the
Canadian Standards Association (CSA), to produce a series of Canadian Standards which would
provide appropriate requirements/rules for the unique features of a CANDU pressure tube reactor
with on-power refueling. Thiswork produced the CAN/CSA-N285 series of Canadian National
Standards. The documentsin this series that apply to the fuel channel assemblies, which are part
of the CANDU Class 1 Heat Transport System, are:

N285.0 | Genera Requirementsfor Pressure-Retaining Systems and Componentsin
CANDU Nuclear Power Plants

N285.2 | Requirementsfor Class 1C, 2C and 3C Pressure-Retaining Components and
Supportsin CANDU Nuclear Power Plants

N285.4 | Periodic Inspection of CANDU Nuclear Power Plant Components
N285.6 | Materia Standards for Reactor Components for CANDU Nuclear Power
Plants

N285.8 | Technical Requirements for In-Service Evaluation of Zirconium Alloy
(draft) Pressure Tubesin CANDU Reactors

A primary role for the N285.0 Standard is to modify some of the general requirements specified
in the ASME Code, Section 11, in order to comply with the Canadian jurisdictional and
administrative systems for classification, registration, quality assurance, etc. It also indicates
when the other Standards in the N285 series, which specify technical requirements/rules
complementing those of the ASME Code, apply.

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page4-2
Rev.0

The N285.2 Standard specifies that the ASME Code, Section |11, technical requirements/rules for
the design and fabrication of pressure boundary components must be satisfied and, in addition,
that for some CANDU components additional requirements/rules addressing the unique features
of a pressure tube reactor with on-power refueling must also be satisfied. For example, the

ASME Code does not provide rules for fabricating rolled joints. Such joints have been
developed for joining CANDU in-core pressure boundary components fabricated from zirconium
alloys to out-of-core steel components with appropriate requirements/rules for them being
specified in N285.2.

The N285.4 Standard specifies the rules for periodic inspections that assess the integrity of
pressure boundary components for CANDU reactors to ensure the probability of their failure
remainslow. Theseinspection rules are somewhat different than those in the ASME Code,
Section X1, since CANDU reactors do not have a single large pressurized reactor vessel, but
instead have alarge number of much smaller pressurized components. Thistopic is discussed
further in Section 11 of this report.

The N285.6 Standard specifies materials that can be used in addition to those allowed by the
ASME Code. For example, it specifies requirements for the manufacture, inspection, properties,
etc., of various zirconium alloys that have been developed to provide the unique properties
needed by many of the in-core components of CANDU pressure tube reactors. Detailed
fabrication/inspection specifications and detailed design data are provided which are comparable
with the type of material information given in the ASME Code, Section II. (ASTM-B353 now
also specifies similar manufacturing and properties requirements for zirconium alloy pressure
tubes.)

The draft for the N285.8 Standard specifies the assessment procedures, material property data
and acceptance criteriafor any flaws requiring disposition® that may be observed during
inspections of in-service pressure tubes. Asthisdraft has not yet been fully endorsed for formal
issue, details of its contents are not discussed in this report.

The following outlines the contents of the N285.0, N285.2 and N285.6 Standards, with emphasis
on the portions of these documents that apply to the design and material selection for CANDU
fuel channel Class 1 pressure boundary components.

4.2 CAN/CSA-N285.0, General Requirements

The topics covered in the CAN/CSA-N285.0 Standard are:

1. Scope
2. Reference Publications and Definitions
3. Genera Requirements

Assessment to determine if a pressure tube can remain in-service when aflaw indication
observed during periodic inspection is equal to or greater than the indication from the
periodic inspection calibration specimen.
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Responsibilities
Classification

Registration

Design

Materials

Fabrication and Installation
10. Quality Assurance
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11. Inspection, Examination and Testing
12. Records, Identification and Reports
13. In-Service Requirements

14. Supports

Many of the sectionsin this Standard specify requirements that ensure compliance with the
Canadian jurisdictional and administrative systems, e.g., the types of documentation required,
who must produce them, when they must be produced, etc. Other sections define where the
appropriate technical requirements/rules for CANDU pressure boundary components are
specified. For example, Section 7 on ‘design’ states that “Class 1 systems and components shall
be designed to comply with the requirements of Section 111, Division 1, NB-3000.” In addition,
it also states that “components classified as Class 1C, 2C, 3C shall be designed to comply with
the requirements of CSA Standard CAN/CSA-N285.2.” Thus a Class 1C component, like a
pressure tube, must satisfy all ASME-NB-3000 requirements and also the additional
requirements given in CAN/CSA-N285.2.

Section 8 on ‘materials’ states that “material for pressure-retention in Class 1 systems and
components shall comply with the requirements of Section Il1, Division 1, NB-2000 or CSA
Standard CAN/CSA-N285.6." The N285.6 Standard specifies the requirements for material s that
have been developed to provide the unique properties needed by many of the in-core CANDU
components.

4.3 CAN/CSA-N285.2, Requirementsfor Class 1C, 2C and 3C
Pressure-Retaining Components

In addition to satisfying the ASME Code design-by-analysis rules for a pressure vessel, some
CANDU pressure boundary components must also satisfy rules specified in the
CAN/CSA-N285.2 Standard. The topics covered in this Standard are:

1. Scope
2. Definitions, Reference Publications and Abbreviations

2 The term Class 1C designates a Class 1 component for which additional requirements are

specified in CAN/CSA-N285.2.
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Genera Requirements

Specific Requirements

Fuel Channel Assemblies

Calandria Assembly

Reactivity Control Units

Joints Between Tubular Components
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Fuel-Handling Equipment

The design rules, in addition to those of the ASME Code, that are specified for Class 1C fuel
channel components are addressed in Section 5 of N285.2, which references its Section 8 that
specifies generic requirements for mechanical joints. The topics covered in Section 5 are:

1. Generd

2. Pressuretube to end fitting joints
3. Pressure tubes

4. Channel closure

The additional design rules specified for the three unique CANDU fuel channel components
addressed in N285.2 to complement the ASME Code rules are summarized in the following.

431 Pressure Tubeto End Fitting Joints

Zirconium alloys cannot be welded satisfactorily to steels due to the formation of brittle
intermetallic compounds. Proprietary mechanical joint designs have therefore been devel oped
for joining in-core zirconium components to out-of-core steel components. All of thesejoints
between zirconium alloy tubes and steel hubs involve roll-expansion to produce residual
compressive stress for sealing. In addition, the tube material is extruded into one or more
circumferential groovesin the hub to provide alarge pull-out strength. For the pressure tube to
end fitting rolled joint, the tube material is extruded into 3 groovesin the bore at the inboard end
of an end fitting to provide a pull-out strength that is approximately equal to the axial strength of
the pressure tube. (The development programs from which the pressure tube to end fitting joint
design used in the existing CANDU commercia power reactors evolved, and the test results
which demonstrate the integrity of these rolled joint designs, are described in Section 7 of this

report.)

In addition to satisfying the ASME Code Class 1 vessel design-by-analysis rules, the pressure
tube to end fitting rolled joint must also satisfy the rules specified in N285.2, which include:

» “joints shall be designed in accordance with the rules of Section 3, paragraph NB3200
(design by analysis) of the ASME Boiler and Pressure Vessel Code”.

» “prototype joints shall be subjected to performance tests to determine the structural integrity
of the joints under simulated service conditions’.
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* “pullout load shall exceed three times the design condition axial load, including pressure,
when the test is performed at design temperature, or four times if the test is at ambient
conditions’.

» al production rolled joints must be inspected to confirm that the key “ parameters determined
from the prototypes (e.g., the reduction in wall thickness required to produce joints of
adequate strength) have been achieved”

» “production joints shall be produced using the same tooling design and procedures that have
been qualified in the manufacture of prototype joints’. (Several sets of the same design of
tooling have been used.)

432 Pressure Tubes

In addition to satisfying the Class 1 vessel design-by-analysis rules of the ASME Code, Section
[11, Subsection NB3200, pressure tubes must also satisfy the requirements given in N285.2,
which include:

» “Thedesign and stress analyses shall include the effects of creep (and growth) deformation.”
The horizontal pressure tubes increase in length and diameter, their wall thickness decreases
and they also sag from the weight of the fuel and coolant contained in them. This
deformation occurs primarily as aresult of irradiation-induced creep and growth, whichisa
permanent pressure tube deformation due to the combined effects of temperature, stress and
neutron irradiation. (Pressure tube creep and growth deformation is discussed in Section 8 of
thisreport.) Several design considerations are affected by pressure tube creep and growth
deformation and appropriate geometric limits have been specified as design limits.

*  “The minimum wall thickness assumed in the analyses shall include allowances for internal
and external corrosion, thinning (due to pressure tube creep and growth deformation) and
wear from fuel movement.” Stress analysis has been performed for the beginning-of-life
condition when the as-fabricated wall thickness and unirradiated material properties apply.
Analyses have also been performed for the end-of-design-life condition when pressure tube
diameter and length have increased, wall thickness has decreased, material strength has
increased and the fuel channel has its maximum sag.

* “Pressure tubes made from zirconium alloys shall be protected against delayed hydride
cracking by ensuring that the maximum tensile stress, under design level A (normal) and
level B (upset) conditions, plus the maximum initial residual tensile stress, shal at no time
exceed 67% of the tensile stress required to initiate delayed hydride cracking as determined
in the laboratory by tests on unnotched specimens.” (Delayed hydride cracking is discussed
in Section 12 of this report.)

» “Pressure tubes shall be supported such that they will not contact the calandria tube during
the life of the channel.” Contact between a hot pressure tube and the cooler calandriatube

In addition, during reactor construction each pressure tube to end fitting joint has also
been tested for helium leakage.
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surrounding it is not allowed because such contact can produce thermal gradients which may
lead to hydride accumulation at the cooled portion of the pressure tube and the potential for
unstable cracking.

* “Pressure tube material shall be capable of sustaining a subcritical through-wall crack (i.e.,
leak before breaking).”

* “A system capable of detecting |leaks before through-wall cracks grow to unstable lengths
shall be provided.” A very sensitive leak detection capability exists for CANDU pressure
tubes so there is a high confidence they will leak before breaking, i.e., a controlled reactor
shutdown will occur before aleaking pressure tube might rupture. (Thisis discussed further
in Section 12 of this report.)

4.3.3 Channdl Closure

During reactor operation, the outboard end of each end fitting is normally closed and sealed by a
mechanical closure plug. To alow the on-power refueling of a channel, the fuelling machineis
connected, and sealed, to an end fitting before this closure plug is removed. In addition to
satisfying the ASME Code Class 1 design rules, this removable pressure boundary component
must also satisfy the rules specified in N285.2, which include:

* “The closure body shall close off the end-fitting bore so that any failure of the seal disc does
not result in aloss of coolant in excess of the capacity of the make-up system.”

* “Channel closures shall be tested for leakage each time they are installed and prior to
removal of the fuelling machine.”

* Channel closures“shall be locked in place by closure safety locks’.

4.4 CAN/CSA-N285.6, Material Standardsfor Reactor Components

The CAN/CSA-N285.6 Standard specifies materials that have been devel oped to provide the
unigue properties required in a pressure tube reactor, which includes using zirconium alloys for
most of the in-core components. For example, it specifies requirements for the manufacture,
inspection, properties, etc., of a cold-worked Zr-2.5% Nb alloy (R60901) that has been
developed as a practical pressure tube material for CANDU reactors. Since this material is not
presently listed in the ASME Code, Section |11, as an allowable material for Class 1 application,
its requirements are specified in the N285.6 Standard. (ASTM-B353 has recently also
incorporated similar fabrication and properties requirements for zirconium alloy pressure tubes.)

The topics covered in the N285.6 Standard, which provides manufacturing, inspection and
properties requirements for materials that can be used in addition to those allowed by the
ASME Code, are:

1. Pressuretubes
2. Reactivity control rods
3. Liquid injection shutdown system nozzles
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Calandria tubes

Wirefor fuel channel spacers
Inspection criteriafor zirconium aloys
Zirconium alloy design data
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Fuel channel end fittings
9. Supports

Pressure tubes (N285.6.1) and end fittings (N285.6.8) are the two Class 1 fuel channel pressure
boundary components for which materials are specified that currently are not ASME allowable
materials. The two sections of N285.6 that address these two components are briefly discussed
in the following.

44.1 N285.6.1, Seamless Zirconium Alloy Tubing for Fuel Channels (Pressure
Tubes)

This section of N285.6 specifies manufacturing and properties requirements for seamless
zirconium alloy pressure tubes. The topics coveredin it are:

Scope

Definitions

Ingot requirements

Billet requirements

Extrusion requirements

Tube requirements

Tube materia requirements
Inspections, tests and examination

© ©® N o gk~ wDdDPRE

Quality control records
10. Packaging and shipment

N285.6.1 references both N285.6.6 (Inspection Criteriafor Zirconium Alloys) and N285.6.7
(Zirconium Alloy Design Data) for inspection requirements and design data, respectively. For
the inspection and non-destructive examination of zirconium aloy components, the requirements
of the ASME Code, Section V, are supplemented by additional requirements specified in
N285.6.6. The design data for pressure tubes, which are specified as a function of temperaturein
N285.6.7, are derived the same way as ASME design data (e.g., the peak allowable design stress
isthe lowest of two-thirds the minimum yield stress or one-third the minimum tensile strength,
both taken at the design temperature). These data are described in Section 5 of this report.
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442 N285.6.8, Material Requirementsfor End Fittings

End fittings need very good corrosion resistance at their seal faces. In addition, ahigh end fitting
strength is needed in the region of the rolled joint with the pressure tube to withstand the rolling
forces and maintain the compressive residual stress needed to retain leak-tightness. The
necessary corrosion, strength and toughness requirements are met by a modified type 403
martensitic stainless steel. The necessary modifications, which are restrictions in the chemical
composition limits, include restricting the range of the main alloying elements (such as carbon
and chromium) to reduce variability in tensile and impact properties. In addition, the allowable
limits of residual elements (such as phosphorus, sulphur and copper) are reduced to improve
corrosion resistance and to reduce the shift in the room temperature NDT with irradiation.
Cobalt is aso restricted for activity transport reasons. All of the requirements for this material,
including its inspection criteria and design data, are specified in N285.6.8. Further discussion
about end fitting properties and performance is provided in Section 15 of this report.

443 N285.6.4, Thin Walled, Large Diameter Zirconium Alloy Tubing
(Calandria Tubes)

The calandria tubes’, which are part of the Class 3 moderator pressure boundary, are another
important part of the CANDU fuel channel. For al existing CANDU reactors, these tubes have
been made by brake-forming arolled strip of Zircaloy-2 material into acylindrical shape,
welding the axial seam, then annealing the tube. Asoccursfor al of the zirconium aloys
covered in N285.6, the inspection requirements and design data for calandriatubes are given in
N285.6.6 and N285.6.7, respectively.

4.5 Summary

The CAN/CSA-N285 series of Canadian National Standards provide requirements/rules to
ensure that the unique features of a CANDU pressure tube reactor with on-power refueling are
consistent with the intent of the ASME Code. They provide genera requirements which comply
with the Canadian jurisdictional and administrative systems, design requirements/rules that must
be used in addition to those of ASME for the unique componentsin a CANDU pressure tube
reactor and manufacturing/properties requirements for material s that have been devel oped to
provide the unigue properties needed by many of the in-core components of these reactors.

4 The design pressure for calandria tubes has been 10 to 12 psig (69 to 83 kPa(g)) with a

design temperature of 100°C and a normal operating temperature of less than 85°C.
Further discussion about calandriatubesis provided in Section 16 of this report.
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5. MATERIALSFOR THE FUEL CHANNEL ASSEMBLIES

51 I ntroduction

This section of the report contains a summary of the properties of the materials used for the
components in the Fuel Channel Assemblies. The recommended property values, for physical
and mechanical properties, to be used for design and calculations are shown in table form.

The components included in this section are:

a) pressuretubes - cold worked Zr-2.5Nb
b) calandriatubes - annealed Ziracloy-2 or annedled Zircaloy-4
C) spacers - heat treated Inconel X-750 coil with Zircaloy-2 girdle wire

d) end fittings

heat treated A1SI Type 403 martensitic stainless steel

In the following subsections the material microstructures, and the mechanical and physical
properties for the fuel channel components are described, and the recommended values are
shown in tables.

The mechanical properties of interest are:
i) Design Stress Intensity Vaues,

i) 0.2% yield strength (Y S) and,

iii) ultimate tensile strength (UTS).

The physical properties of interest are:

i) Young'smodulus,

i) Shear modulus,

iii) Poisson’'sratio,

iv) thermal conductivity, and

v) thermal expansion coefficient.

5.2 Material Microstructures

The microstructures of the fuel channel components have been examined by the optical and
electron microscopy of polished and etched samples. I1n addition, x-ray techniques have been
used to characterize the textures. The microstructural features found in the components are listed
below.
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521 Pressure Tubes

Pressure tubes have a two-phase microstructure consisting of elongated platel ets of hexagonal
close packed alpha-zirconium surrounded by athin, grain-boundary network of partially-
decomposed, body-centered cubic, beta-zirconium containing about 20% Nb. The apha platelet
dimensions are typically about 20 um long in the axia direction of the tube x 5 um wide
(circumferential direction) x 0.5 um thick (radial direction). The beta phaseis about 0.05 pm
thick. Asaresult of the extrusion process the tubes develop a significant crystallographic texture
that resultsin anisotropic material properties. The hexagonal axes of the alpha grains are
preferentially oriented near the radial-circumferential plane of the tube, with a predominancein
the circumferential (transverse) direction and with very few in the axial direction (See
Subsection 10.2).

The dislocation density in the tubes, measured by x-ray line broadening techniques, is about
5x10"m2,

The microstructure of the Zr-2.5Nb pressure tubes also contains zirconium hydrides. These are
platelets with typical dimensions 0.05 mm diameter x 0.001 mm thick. Their actual dimensions
are affected by hydrogen concentration in the material and cooling rate, being larger for slower
cooling rates. Hydrides generaly lie with the platelet normals close to the radial direction of the
tube.

522 Calandria Tubes

Calandriatubes are fabricated by the seam welding of annealed Zircaloy-2 or Zircaloy-4 strip.
Although tubes made to date have all been Zircaloy-2, Zircaloy-4 is equally acceptable. The
expected performance of Zircaloy-4 for calandria tube conditionsis considered to be
indistinguishable from that of Zircaloy-2. It isanticipated that in future CANDU reactors
seamless calandria tubes may be used. The strip has an equiaxed microstructure with the alpha
grains having a diameter about 0.01 mm. The material contains the usua Fe/Cr/Ni/Zr
inter-metallic particles found in the Zircaloy alloys; there are a'so afew hydrides but their
presence has had no effect on the behavior of the material.

The axial weld in the calandria tube is made using filler wire and is proud on the surface in the
as-welded condition. The subsequent cold rolling and the annealing operationsin the
manufacturing sequence for the calandria tube lead to the recrystallization of the weld material
and the formation of smaller alpha grains from the original as-welded large grains. The centre of
the weld has an equiaxed alpha grain size about 0.02 mm, with dlightly larger grainsin the heat
affected zone.

The crystallographic texture of the calandria tube is dominated by the texture of the cold rolled
and annealed strip with a preferred orientation of the hexagonal axes of the grains towards the
radial direction of the finished tube

The dislocation density of the annealed material is lower than that in pressure tubes - it has been
measured using x-ray line broadening techniques to be about 3-6 x 10/m?.

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page5-3
Rev.0

523 Spacers

Two materials are used for current fuel channel spacers:

i) heat treated Inconel X-750 coil, and
ii) cold-drawn Zircaloy girdlewire.

The microstructure of the Inconel X-750 consists of equiaxed grains.

524 End Fittings

The end fittings are made from guenched and tempered AISI Type 403 stainless steel. The
microstructure consists of tempered martensite, but some delta ferrite may also be present.

5.3 Mechanical Properties

531 Design Stress Intensity and Mechanical Properties

The Design Stress Intensity values for the pressure tube, calandria tube, spacer coil and the end
fitting materials are shown in Table 5-1(a) [5.1,5.2]. The variation of UTSand Y S versus
temperature for the AISI Type 403 end fitting material is shown in Table 5-1(b).

54 Physical Properties

541 Elastic Modulus, Shear M odulus and Poisson’s Ratio

The elastic moduli data for the pressure tube, calandria tube, spacer coil and end fitting materials
material are shown in Table 5-2 [5.1,5.2]. The elastic moduli for zirconium alloys are listed for
both the longitudinal and transverse directions to account for the anisotropy.

5.4.2 Thermal Conductivity

The thermal conductivity datafor the pressure tube, calandria tube, spacer coil and end fitting
materials are shown in Table 5-3[5.1, 5.2, 5.3]. The thermal conductivity datafor zirconium
alloys arelisted for the radial, axial and circumferential directions relative to the component axis
or the principal working direction. Thisis due to the fact that zirconium aloys also show
anisotropic behavior with respect to their thermal conductivity properties.

54.3 Thermal Expansion

The thermal expansion data for the pressure tube, calandria tube, spacer coil material are shown
in Table 5-4(a) [5.1, 5.3]. Thethermal conductivity datafor zirconium alloys are listed for the
radial, axial and circumferential directions relative to the component axis or the principal
working direction to account for anisotropy. The variation of thermal coefficient of expansion
versus temperature for AISI Type 403 end fitting material is shown in Table 5-4(b)[5.2].
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Table5-1(a)
Design Stress Valuesfor Pressure Tube, Calandria Tube, Spacer and End Fitting M aterials
Min. Min. Allowable stress (MPa) for metal temperature (°C)
Alloy and Product Condition YS, UTs, 20 50 100 150 200 250 300 350 400 500
MPa MPa
R60901 Extruded, cold 330 480 2368 | 2264 | 2079 | 1914 | 1729 | 1679 | 1600 | 1509 | 1348 77.4
Zr-Nb worked (20-30)% | (300°C) (300°C)
Pressure Tubes 2 | +400°C/24h
stressrelief
R60802 Annealed 300 415 1383 | 1292 | 1141 97.5 83.7 72.0 63.0 56.6 52.7 45.8
R60804 (20°C) (20°C)
Calandria Tubes® 320(T) 415(T) 1383 | 1292 | 1141 97.5 83.7 72.0 63.0 56.6 52.7 45.8
320(L) 425(L)
NO07750 No. 1 Temper, 1095 1391 4387 | 4356 | 4304 | 4250 | 4198 | 4148 | 409.6 | 404.1 | 3989 388.7
Inconel X-750 Aged 730°C (20°C) (20°C)
Spacer Coil 16 hours
Type 403 Quenched and 585 725 241 241 241 236 232 229 225 221 217 209
End Fitting Tempered (20°C) (20°C)

1. The CAN/CSA Standard N285.6.1 has three types of cold-worked Zr-2.5Nb aloy. The allowable stress intensities shown here
correspond to the current pressure tube used in CANDU-6.

2. The specified mechanical properties for pressure tube material are measured at 300°C. For other zirconium alloy components the
specified mechanical properties are measured at room temperature (20°C).

3. Thedesign stress intensity and mechanical properties for calandriatube material are listed for the longitudinal (L) and
transverse(T) directions to the principal working direction. Thisis due to the fact that zirconium alloys show anisotropic behavior
with respect to their mechanical properties.
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Table 5-1(b)
Ultimate Tensile Strength (UTS) and Yield Strength (YS) Valuesfor End Fitting Material
Property UTSand Y Svaues (MPa) for metal temperature (°C)
20 50 100 150 200 250 300 350 400 500
UTS 725 725 725 708 697 686 674 662 650 626
YS 585 583 555 538 524 510 498 486 474 450

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page5-7
Rev.0

Table5-2
Elastic Moduli Valuesfor Pressure Tube, Calandria Tube, Spacer and End Fitting Materials
Alloy and Condition Property Direction Temperature (°C)
Product
20 50 100 150 200 250 300 400 500
R60901 Extruded cold- Young's Long. 94.6 925 88.9 854 81.8 78.3 74.7 67.6 60.5
Zr-Nb Pressure  worked (20- modulus (GPa)  Trans. 101.9 100.4 98.0 95.6 93.1 90.7 88.3 83.4 78.6
Tubes 30%) + Shear modulus ~ Long. 34.5 3338 32.6 31.4 30.3 29.1 27.9 25.6 23.2
400°C/24 h (GPa) Trans 35.1 34.5 335 325 315 30.5 29.5 275 25.6
stressrelief Poisson’sratio  Long. 0.389 0.389 0.387 0.384 0.379 0.371 0.361 0.340 0.310
Trans 0.457 0.463 0.472 0.481 0.489 0.498 0.507 0.525 0.542
R60802 Annealed Young's Long. 94.0 921 89.0 86.0 82.8 79.6 76.5 70.1 63.8
R60804 modulus (GPa) Trans. 95.8 93.6 90.6 87.8 84.8 81.9 79.0 731 67.1
Calandria Shear modulus  Long. 345 337 32.6 314 30.2 29.0 27.8 255 231
Tubes (GPa) Trans 35.7 35.1 33.8 32.8 315 30.4 29.2 26.8 245
Poisson’sratio  Long. 0.375 0.375 0.375 0.375 0.377 0.380 0.380 0.385 0.390
Trans. 0.345 0.345 0.345 0.347 0.350 0.355 0.360 0.362 0.367
NO7750 No. 1 Young's Long. 213.6 212.2 209.5 206.7 203.9 201.2 198.4 192.2 186.0
Inconel Temper modulus (GPa)
X-750 Inconel  Aged 730°C  shear modulus  Long. 789 78.4 773 76.3 753 74.3 733 71.0 68.7
Spacer Coil* 16 hours (GPa)
Poisson’sratio  Long. 0294 0295  0.296 0.297 0.299 0.300 0.301 0304  0.306
Type403End Quenchedand Young's - 201 200 198 195 192 189 181 173 157
Fitting Tempered modulus (GPa)
* Inconel X-750 data based on INCO technical documentation, and Aerospace Structural Metals Handbook, Volume 4, Alloy

Inconel X-750, Code 4105.

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 5-8

Rev.0

Table5-3
Thermal Conductivity Data for Pressure Tube, Calandria Tube, Spacer and End Fitting Materials

Alloy and Product  Conition TPbe _ Thermal Conductivity Coefficient, W/(m.K), for metal temp, °C

Direction 20 50 100 150 200 250 300 350 400 500
R60901 Extruded, cold Radial 17.0 17.0 17.2 17.2 17.6 17.8 18.2 185 18.9 19.6
Zr-Nb Pressure worked (20-30)% circumf. 174 17.3 171 17.2 17.6 17.9 18.3 18.7 19.0 19.7
Tubes + 400°C/24h axial 17.7 17.6 17.5 17.7 18.1 185 18.8 19.2 19.5 20.3

stress relief

R60802 Annealed Radia 12.7 12.9 13.2 13.6 13.9 14.4 14.8 15.3 15.8 17.0
R60804 circumf. 13.6 14.1 14.8 15.6 16.3 17.1 17.8 185 19.3 20.8
Calandria Tubes axial 12.9 13.3 14.0 14.7 15.4 16.1 16.8 17.6 18.3 20.6
NO7750 No. 1 - 11.9 12.3 12.9 135 141 14.8 155 16.2 16.9 18.3
Inconel Temper
X-750 Inconel Aged 730°C
Spacer Coil 16 hours
Type 403 Quenched and - 25.32 25.51 25.80 26.10 26.41 26.73 27.05 27.37 27.69 28.33
End Fitting Tempered
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Table 5-4(a)
Thermal Expansion Data for Pressure Tube, Calandria Tube, and Spacer Materials

Alloy and Condition Tube Coefficient of Thermal Expansion (x 10°%/°C)
Product Direction  0-300°C  400°C  450°C  500°C Equation describing expansion
R60901 Extruded, Long. 5.1 3.26 2.89 2.14 AL/L = -0.38x 10+
Zr-Nb Pressure  cold-worked 5.86 x 10° AT +
Tubes (20-30%) + 3.72x 10° AT?

400°C/24 h Trans. 6.9 6.9 6.9 7.6 AL/L = 6.9x 10° AT

stress relief
R60802 Annealed Long. 5.3 5.3 5.3 5.3 AL/L =53x 10° AT
R60804
Calandria Tubes Trans. 6.8 6.8 6.8 6.8 AL/L =6.8x 10° AT
NO7750 No. 1 - 7.5 7.6 7.9 8.4 -
Inconel Temper
X-750 Incone Aged 730°C
Spacer Coil 16 hours
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Table 5-4(b)
Thermal Expansion Data for End Fitting M aterial

Temperature (°C) | Mean Coefficient of Thermal Expansion in Going from
21°C to Indicated Temperature (10°° per °C)
50 10.8
100 111
150 11.3
200 115
250 11.6
300 11.7
350 11.8
400 11.9
500 12.1
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6. MANUFACTURE OF PRESSURE TUBES

6.1 Background

The manufacture of pressure tubes for CANDU reactors commenced over 40 years ago. To date,
more than 17,000 tubes have been produced and installed in reactor units located within Canada
and overseas. Theinitial product of the CANDU pressure tube-manufacturing program was a
seamless Zircaloy-2 tube; however, in the early 1960s, an aternate alloy with improved
performance characteristics (Zr-2.5Nb) was introduced. The Zr-2.5Nb alloy represents the
current production standard and approximately 95% of all CANDU pressure tubes have been
manufactured from this basic material.

The pressure tube is designed to have a uniform wall and a uniform inside diameter. A typical
as-manufactured length is about 6.5m, with an inside diameter of 103 mm and awall thickness of
4.2 mm, although for the ACR reactor the wall thicknessisincreased to about 6.5 mm. The
pressure tubes are seamless and all have been fabricated by processes that include hot extrusion
and cold reduction. Asthe properties of the pressure tube have a complex relationship to the
in-service performance, both the final product specifications and the fabrication processes are
closely controlled. Changes to the manufacturing specifications and processes, resulting from
continued fuel channel design and devel opment or manufacturing process improvements, are
subject to qualification programs. Typically, these qualification programs involve the combined
efforts of researchers, pressure tube designers and the component manufacturers.

The specialized manufacturing requirements have resulted in a small number of manufacturers
being involved and remaining in the field since the initial production. With the exception of the
recent production for the Qinshan reactors, for which the Chepetski Mechanical Plant in Russia
made the Zr-2.5Nb ingots and billets, most ingot and billet production has originated at Wah
Chang in Albany, Oregon, USA. Extrusion and cold reduction have been completed at Nu-Tech
Precision Metals Inc. (formerly Chase Nuclear) in Arnprior, Ontario. Bristol Aerospace Limited
had been responsible for the finishing operations on Zr-2.5Nb pressure tubes until about 1989
when this function was taken over by Nu-Tech Precision Metals. The overall pressure tube
procurement practice is controlled by three main requirements. the design requirements, the
metallurgical and fabrication process requirements, and the quality assurance requirements.
These three aspects are described in detail in Subsections 6.3, 6.4, and 6.5 below.

6.2 Stepsin Pressure Tube Fabrication

The main stepsin the fabrication of Zr-2.5 Nb pressure tubes are described below and illustrated
in Figure 6-1. For current pressure tube procurement, Nu-Tech Precision Metals Inc. is generally
the single primary contractor. Nu-Tech could subcontract the ingot and billet production to one
of the following qualified suppliers:

* Wah Chang, Albany, Oregon, USA
*  Chepetski Mechanical Plant in Glazov, Russia,
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» Cezusin France (qualified to produce Zr-2.5Nb billets, but not yet used for production).

The remaining stages of manufacture (extrusion, cold drawing and finishing) are carried out at
Nu-Tech facilities.

6.2.1 I ngot

Depending on the source, Zr-2.5Nb ingots may be fabricated from zirconium sponge produced
using the Kroll Process (Wah Chang and Cezus) or 55% zirconium powder, produced using an
electrolytic process, together with 45% crystal bar (Chepetski). The sponge, or powder/crystal
bar mix, is compacted into briquettes, which together with alloy additions are el ectron beam
welded to form an electrode that is then melted in a consumable electrode vacuum arc furnace.
The melting process, together with intermediate surface conditioning operations, may be
repeated up to four times and results in a Zr-2.5Nb ingot with low inclusion and volatile impurity
contents. The finished ingot is machined to remove surface imperfections and to allow the
required volumetric ultrasonic inspection, the latter being used to establish the depth of any
solidification piping cavities. Ingot production and forging practice are designed to maximize
the product yield through the reduction of ingot piping effects. However, to ensure that al
piping cavities, and any other material discontinuities, are removed, each ingot is cropped using
the data from the ultrasonic inspection as a reference.

Chemical samples are obtained at several |ocations along the machined ingot length. The
samples are evaluated for conformance to the specification requirements with respect to the two
major alloying elements, niobium and oxygen, and 24 residual elements. However, some
elements such as carbon and iron are now recognized as having an important role on in-reactor
behavior and have target concentration ranges that have to be confirmed at the ingot stage. Thus,
it is appropriate to consider these elements as alloys rather than residual elements. Chemical
homogeneity in the Zr-2.5Nb ingot is the responsibility of the manufacturer and it is achieved by
balancing the electrode composition against the known distribution behavior of the elements
[6.1].

From the impurity elements, whose concentrations are controlled, hafnium is of interest due to its
significant contribution towards the neutron absorption cross-section of the alloy and its
concentration is limited to 0.028 at % (50 ppm(wt)).

Recent research has shown that the control of certain other elementsis desirable to either
enhance in-reactor operation or to improve the properties of the pressure tubes. Thus, the

e |ron concentrations are controlled, as continued research shows a correlation between iron
contents and the creep/growth behavior and deuterium uptake during reactor operation

»  Oxygen concentrations are controlled, as continued research shows a relationship between
the oxygen concentration and the in-reactor creep/growth behavior

» Carbon concentrations are controlled as continued research shows a relationship between the
carbon concentration and the fracture toughness and deuterium uptake during reactor
operation
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»  Phosphorous concentrations are controlled as research shows a relationship between the
phosphorous concentration and the fracture toughness

Hydrogen levelsin theingot are kept aslow as possible (now < 5 ppm(wt)) because hydrogen
concentration may be alife-limiting factor as additional ingress of hydrogen isotope (deuterium
in heavy water coolant) into the tube material occurs during operation [6.1].

The hardness of the dloy is also verified at each sampling station of the ingot.

6.2.2 Billets

Depending on the source of the Zr-2.5Nb ingot, the ingot is converted into beta-quenched hollow
billets ready for extrusion through one of two qualified processing routes.

At Wah Chang, the ingot isinitially converted into small round sections called “logs’ through a
combination of pressforging and rotary forging. For the former operation, the ingot is preheated
to 1015°C and deformed into a polygon using a slow strain rate press forging practice designed
to break down the as cast structure and produce a smaller more homogeneous microstructure.
The polygon, after heating to 815°C, is converted into around “log” using a high strain rate
rotary hammer forge process that further breaks down the ingot microstucture by elongating the
material and torsionally deforming the interior. The next step isto cut the log into billets with a
length specifically designed to produce a finished pressure tube with minimal waste material. To
optimize the yield and further minimize waste, a recent development has been the introduction
and qualification of a press piercing process at <890°C to generate the hole in the centre of the
billet. This process eliminates the wasteful trepanning process previously used.

At the Chepetski Mechanical Plant, the ingot is converted into logs by preheating to about
1050°C and helically rolled in two passesinto alog. The helical rolling process uses barrel
shaped rollers set at an angle to the machine centerline, similar to the Mannesman tube making
process. Thisrolling process breaks down the ingot structure through a combination of
compressive, torsional and elongation forces resulting in areduction in diameter and elongation
of theingot. Aswith Wah Chang, the logs are sectioned into billets optimized to minimize waste
during the remaining processing, but the hole in the centre is produced in the traditional way by
drilling or trepanning.

For both suppliers, the microstructure of the hollow billets is homogenized and optimized by a
solution heat treatment in the beta-phase region followed by water quenching (beta-quenching).
Beta quenching of a hollow billet, as opposed to a solid billet, is another recent innovation to
reduce variability in the final pressure tube microstructure through optimization of the extrusion
feedstock. Each billet is examined with dye penetrant for surface discontinuities. The billets are
also examined ultrasonically, using the immersion technique and a continuous overlapping scan,
with two opposed angle beams in the circumferential direction and with straight (normal) beam
in the radial direction. One billet per ingot is checked for conformance to the specified material
composition requirements.
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6.2.3 Extrusion Hollows

Billets, protected from oxidation at elevated temperatures by copper cladding, are preheated to
815°C in the alpha-beta phase field and then extruded into tube hollows. The extrusion process
forms the elongated dual phase microstructure that is retained through to the final tube product.
(The extruded product has some microstructual variability associated with the temperature
changes occurring during extrusion. This resultsin small but noticeable differencesin in-reactor
performance between the front end (exits the extrusion press first) and the back end of the final
tube.) The tube hollows are surface conditioned to remove the protective cladding and any
surface oxide formed during the extrusion process.

6.2.4 Cold Drawn Tubes

Tube hollows undergo cleaning, sand blasting and a surface treatment that ensures the required
lubricant adherence during drawing. The cold reduction to the final tube sizeistypically carried
out in two passes, each producing a cross-sectional area reduction of 14 to 15%, for atotal of

24 - 30%. The cold drawn tubes are sand blasted and cleaned. The tube finishing includes
honing of the inside surface and grinding and polishing of the outside surface. Honing removes
approximately 0.06 mm of material containing minor surface imperfections. The centerless
grinding operation is combined with wall thickness measurements, and it is selective so that the
largest amount of material is removed at the thickest wall regions (thus minimizing the amount
of materia installed in the reactor core), while maintaining the minimum required wall thickness
along the length of the tube. As part of the manufacturersinternal quality assurance, the honed
and polished tube is ultrasonically examined using a normal beam pul se-echo inspection and a
four-directional shear wave, with two waves traveling in opposite directions around the
circumference and two additional shear wavestraveling in the axial direction of the tube. Other
tests carried out at this manufacturing step include a hydrostatic pressure test, chemical anaysis
of selected tube off-cuts to ensure conformance of the four major alloying and residual elements,
atensiletest of atube specimen at 300°C, a hardness check, and a corrosion test of a small
section of tube to confirm that the required material corrosion properties are met.

6.2.5 Finished Tubes

The final stage of pressure tube production includes a stress relief operation, dimensional checks,
and non-destructive examinations. Following cleaning, the tubes are stress relieved in a steam
autoclave for 24 hours at 400°C. The pure steam atmosphere produces a uniform dark oxide
layer, approximately 1 micron thick, which acts as a barrier to deuterium ingress, controls
friction during installation and provides added wear resistance during operation. The stress
relieved tubes are visually examined and checked for conformance to dimensional requirements
on straightness, ovality, bore size, outside diameter and wall thickness; deviations from
specifications are corrected as necessary. The tube end dimensions, in particular, are required to
have closer tolerances than the body of the tube, since the wall thickness and outside diameter
variations in these regions affect the quality of the pressure tube to end fitting rolled joints. The
final ultrasonic inspection of full tube lengths includes a four-directional shear wave and two
normal beam scans, one of which isin the high frequency range of 50-100 MHz. The high
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frequency normal beam examination is arecent addition to the final tube inspection. It has been
shown to be effective in detecting and characterizing low angle lap flaws, and thusit provides
additional assurances against the occurrence of such flawsin the finished tube. The eddy current
technique is employed in the examination of the inside and outside tube surface layers to provide
additional sensitivity to near surface flaws and will detect metallurgically-bonded laminations.
The finished tubes are weighed and packaged for shipment.

6.3 Design Responsibility

In pressure vessel manufacture, the manufacturer is normally responsible for the stress analysis
of the component. The pressure tubes are considered an element of the total fuel channel design,
the design of which is carried out by the designer (AECL) and not by the manufacturer. The
interface is governed by minimum property requirements imposed on the manufacturer.

The design properties of cold worked Zr-2.5Nb alloy are covered by the Canadian Standards
Association (CSA) specification N285.6.7. The basic requirements of the CSA Code correspond
to the intent of the ASME Code Section |11 for Class 1 components. CSA N285.6.7 lists the
derived allowable stress intensity values at design temperatures. In the fuel channel analysis, the
design stress intensity allowables used are equal to one third of the specified minimum tensile
strength at the design temperature, determined in a manner which isin agreement with ASME
code practice.

The tensile properties measured in the tubes are arranged to provide additional margins over
normal code limits. Thus the properties are measured in the longitudinal direction at the front
end of thetube. The front end is weaker than the back end by a small amount and the
longitudinal direction is also weaker than the hoop direction by about 12%. The properties of the
tubes are generally well in excess of the specified minima and thus provide a suitable margin
over the minimum design requirements.

6.4 Fabrication Process and Metallurgical Requirements

Most metallurgical requirements relate to controlling three main phenomena seen in operating
tubes; namely deformation, corrosion and deuterium pick up and sensitivity to delayed hydride
cracking, although recently in-reactor property variability has been added to the list.

For the metallurgical structure, the three main microstructure parameters that control the
performance in-reactor from a creep and growth deformation aspect are:

e texture
» dislocation density
e grain size and shape

The most important step in producing the metallurgical structure and subsequent variability of
the finished pressure tubes is the extrusion process [6.2]. The extrusion process effectively
determines texture, grain shape and homogeneity in the finished tubes although the extrusion
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feedstock plays arole by providing a homogeneous microstructure that is optimized by the beta
quench.

The subsequent cold working increases the dislocation density developed by the extrusion
operation, thus increasing the mechanical strength, and has a small effect on texture. The
dislocation density is then reduced somewhat by the final stress relief heat treatment that is
designed to put a protective oxide on the surface of the finished pressure tube

The chemical concentration at the ingot stage and its homogeneity are the main material factors
controlling corrosion and deuterium pick up. The heat treatment at the billet stage and at the
final stage appearsto have minor beneficial effects and the small differencesin cold working
associated with normal manufacturing variation has no statistically identifiable effect.

Zr-2.5Nb is sensitive to delayed hydride cracking. To minimize the possibility of crack
initiation, tensile stresses and the hydrogen concentration must be kept as low as possible and the
manufacturing process designed to prevent and eliminate flaws. Through ajoint devel opment
program between the suppliers and AECL, it has been possible to reduce hydrogen contentsin
manufactured tubes and to specify a hydrogen concentration maximum of 5 ppm(wt) with actual
maximum values being about 3 ppm(wt) for recent production.

6.5 Quality Assurance

The pressure tubes are manufactured to the minimum quality requirements of Canadian
Standards Association (CSA) Z299.2. This requirement is equivaent to ISO 9001

(2000 Edition) quality requirements with the stipulation that the design is not the responsibility
of the manufacturer. This quality program is specified, taking into consideration the evaluating
factors, such asthe design process complexity, design maturity, service characteristics,
manufacturing complexity, safety and economics, in accordance with CSA Z299.0, “ Guide for
Selecting and Implementing the CAN3-2299.85 Quality Assurance Program Standards.”

Based on CSA Standard Z2299.2 as a minimum, the tube manufacturer has established and
implemented a program, which has proven to be very effective in controlling and administering
the work associated with the delivery of quality pressure tubes. The program, including all
applicable functions, is formalized in the quality assurance manual of the supplier. The quality
assurance manual is supplemented by detailed, manufacturing and process procedures, work
instructions and special process procedures. The summary of the Quality Program is shown in
Table 6-1.

Practical application of the Quality Assurance program at the manufacturer starts with quality
planning, when the technical, manufacturing and quality assurance personnel establish and
define all aspects and methods to be used for successful completion of the contract. The
methods so established are documented in a quality plan or a manufacturing, inspection, and test
plan that shows the process flow outline with the inspection and test stations in sequential order.
The quality plan also shows the controls to be exercised, references procedures/work instructions
to be used, shows records that will be maintained and identifies customer witness and hold
points. This document is accepted by AECL and based on the approved quality plan; the
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travelers or route cards are made for each pressure tube. The route card accompanies the
pressure tube through the entire manufacturing and inspection process, thereby enabling the
manufacturer to exercise close control over each pressure tube at each of the manufacturing and
inspection steps and to identify and correct problems at any manufacturing/inspection step
expeditioudly.

The manufacturing and inspection aspects are closely controlled, based on the above described
quality plan. Most of the tests and all of the inspections are performed on each pressure tube
thereby ensuring the quality of every pressure tube to be put into operation. The manufacturing
history of each pressure tube is compiled by the supplier in a History Docket, a document whose
format and contents are determined through technical specifications and which is retained by the
purchaser as the fina component manufacturing record.

The tests required during the manufacture of the pressure tubes consist of the tests specified in
the controlling specifications and the drawings.

6.6 Audit Procedures

AECL conducts a quality assurance audit to establish that the manufacturers program meets the
requirements of CSA Standard Z299.2. The audit procedureis detailed in an AECL procedure
covering external audits of suppliers. The frequency of the audit is specified as every three years
or less.

The contractor (in this case of pressure tubes - Nu-Tech Precision Metals) is responsible for
auditing subcontractors although AECL participates in those audits.

6.7 Procurement Engineering

A continuing effort has been made by the manufacturing personnel and the procurement
engineering staff at AECL to seek improved pressure tubes as aresult of manufacturing
improvements, feedback from operating experience and research and development efforts. The
engineering effort associated with pressure tube procurement can be considered to have three
broad objectives:

» toimprove the quality, product attributes and reduce variability through process
improvements;

» toimprove the quality through inspection techniques improvements; and,
» toimprove the service performance and variability through changes in tube properties.

Some of the recent improvements in the pressure tube manufacturing process, such as the
improved fracture toughness and the reduction in initial hydrogen concentration for finished
tubes[6.3], were already referenced in Subsection 6.2.
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6.8 Qualification of Production Changes

Potential for changes in pressure tube processing can be expected for four reasons.

1. Progressin materials and manufacturing technology could enable tubes to be made cheaper,
faster, better or with reduced variability.

2. Manufacturing organizations change because of corporate or marketplace changes.

3. Feedback from development programs can show changed properties will be beneficial to
performance.

4. Maintain feedstock supply options

A significant number of qualification exercises have been carried out over the past 30 years and
these have been of two main types:

» Thosethat established the adequacy of a modification to the process to achieve the desired
improvements.

» Those that established the fabrication steps that could be done successfully using other
manufacturing techniques or facilities.

The extent of qualification testing, including in reactor testing, needed to qualify a change has
been a matter of combined judgment. If a proposed change causes the fabrication route to differ
over one or more of the major fabrication steps from the standard route, then practice would
likely require in-reactor qualifications either in aresearch or a power reactor. Changesthat are
relatively cosmetic, for example, changes in surface conditioning, normally rely on standard
metallurgical examinationsto qualify the process.

6.9 Long Term Developments

In parallel with the engineering support provided for the current pressure tube supply route,
research programs are being carried out that address the main factors affecting the existing

Zr-2.5Nb pressure tube properties and lifetime performance. These are primarily related to
in-reactor deformation, corrosion and deuterium pick up and sensitivity to delayed hydride
cracking.

6.10 References

6.1 E.G. Priceand S. Venkatapathi, “Pressure Tube Procurement for CANDU Reactors”’,
Canadian Nuclear Society, 8th Annual Conference, Saint John, New Brunswick,
June 14-17, 1987.

6.2 R. Choubey, S.A. Aldridge, J.R. Theaker, C.D. Cann and C.E. Coleman, Effects of
Extrusion-Billet Preheating on the Microstructure and Properties of Zr-2.5Nb Pressure
Tube Materials, Zirconium in the Nuclear Industry, Eleventh International Symposium,
ASTM STP 1245, E.R. Bradley and G.P. Sabol, Eds, American Society for Testing and
Materials, Philadelphia, 1994, pp 657-675

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 6-9

6.3

108US-31100-L. S-001 2003/08/12

Rev.0

James R. Theaker, Ram Choubey, Gerry D. Moan, Syd A. Aldridge, Lynn Davis,
Ronald A. Graham and Christopher E. Coleman “Fabrication of Zr-2.5Nb Pressure
Tubes to Minimize the Harmful Effects of Trace Elements. Zirconium in the Nuclear
Industry, Tenth International Symposium, ASTM STP 1245, A.M. Garde and

E.R. Bradley, Eds, American Society for Testing and Materials, Philadelphia, 1994,
pp 221-242



CONTROLLED - Licensing 108US-31100-LS-001 Page 6-10
Rev.0

Table6-1
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Manufacture and Processing of Pressure Tubes
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Zirconium Feedstock
(Sponge or Electrolytic Powder + Crystal Bar)

Sponge 3 Electrolytic Powder + Crystal Bar

A 2 v

Vacuum Arc Melt Four Times Vacuum Arc Melt Two Times
Y Y

Hot Press Forge at 1015°C Helically Forge at 1015°C

Y A\ 4

Rotary Hammer Forge 815°C Trepan Core
A

Press Pierce 890°C

Y

Betal Solution Anneal at 1015°C and
Water Quench Hollow billets

'

Extrude at 815°C

A 4

Cold Draw Twice for a total of about
27% cold work

A

Autoclave at 400°C for 24 hours

Figure6-1 Simplified Flow Chart for CANDU Pressure Tube Manufacture
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7. DEVELOPMENTAL BASISFOR PRESSURE TUBE ROLLED JOINT
DESIGN
7.1 I ntroduction

The pressure tube and end fittingsin a CANDU reactor fuel channel are joined together by
roll-expanded joints. The pressure tubeisrolled into the end fitting to a specified reduction in
the pressure tube wall thickness, and the tube material is forced into three circumferential
grooves to provide a strong leak-tight joint. The ability of the rolled joint to provide the design
axial strength, leak tightness and thermal cycling resistance has been confirmed by analysis and
component testing. A typical pressure tube to end fitting rolled joint is shown in Figure 7-1.

711 Available Joint Techniques

During the early stages of pressure tube reactor development in Canada and the UK [7.1],
various methods of joining the pressure tube and the end fittings were considered. The following
options were evaluated at various stages of the CANDU program:

roll expanded joints

- tandem extruded zirconium alloy-stainless steel joints
- cold pressure bonded joints

- diffusion bonded joints

- mechanical joints.

The development of a sound and reliable metallurgical bond between a zirconium aloy and
stainless steel for operation in a near-reactor core environment, along with considerations based
on cost and the ease of replaceability of the fuel channel, favored the use of roll expanded joints
in CANDU fuel channels.

7.1.2 Rolled Joints - Background

Roll-expanded joints have been used to safely and economically attach tubes to tubesheets and
headers for many years. This fabrication technique is so fundamental to boiler, heat exchanger
and condenser designs that the developmentsin the power generation industry using fossil fuels
during the 19th century and earlier decades of the 20th century would have been much more
difficult without it. Rolled joints can be considered deformation seals with varying levels of
separation strength.

From its earliest application, an expanded joint has always consisted of a hole either in aboiler
drum plate, tubesheet or header wall into which atubeisinserted and expanded. Tube rolling or
expansion isthus a process of cold-working the ends of the tubes into intimate contact with the
metal of the containing tubesheet or seat. When the tube is expanded, the outside diameter
increases, the inside diameter increases, the wall thickness decreases, and the length of the tube
increases. Theincrease in the tube outside diameter deforms the metal around the tube hole with
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resultant elastic reaction and residual radial pressure against the tube, holding the tube in place
with great strength and resistance to leakage.

Often the hole in the tubesheet is provided with two or more circumferential grooves that not
only enhance the axial strength of the joints but also seal off any continuous irregularities on the
tube surface. In spite of its wide use, the expanding operation is not covered by design and
construction codes, but is |eft to the manufacturer. Although each fabricator has individualized
techniques and criteria, it is generally considered that an expansion that will thin the tube wall by
3% to 7% would produce a sound heat exchanger joint. Under-expansion produces ajoint that
would leak on test and the only remedy isto re-expand it lightly (often manually without using
an air motor) until it holds the pressure [ 7.2 through 7.7]. Over-expansion is avoided to prevent
cold working of the tube excessively or the distortion of the tubesheet bore and ligament.

Theroll expansion of the tube to tubesheet joint is an accepted and approved practice per
Standards of Tubular Exchanger Manufacturer’s Association (TEMA) for tubular heat
exchangers[7.8]. Theroll expanded joints are also approved for use in power boilers per ASME
Boiler and Pressure Vessel Code, Section |, Power Boilers[7.9].

The performance of arolled joint is affected by the geometry and the material properties of the
pressure tube and the hub, fabrication parameters and the operating environment. Any proposed
change to any of the above parametersis reviewed for adequacy of rolled joint performance
using the existing database. If the change is beyond the existing qualification envelopeitis
qualified by a development test program as shown in Figure 7-2.

Ongoing developmentsin CANDU fuel channel materials and design have resulted in an
exhaustive qualification envelope, supported by a database on more than 800 rolled joint tests.
The performance of about 34,000 fuel channel rolled joints that have been installed in CANDU
units proves the adequacy of the qualification process.

7.2 Rolled Joint Technology (Pressure Tubeto End Fitting Rolled Joints)

721 Rolling Tool (Tube Expander)

The basic working parts of an expander are the rollers and the mandrel. All other parts of the
expander hold the mandrel and rollersin position within the rolled joint region. The expander
design for pressure tube joints is of the “refinery type”. In contrast to commercial boiler or heat
exchanger expanders, the “refinery type” expanders are designed to result in agreater wall
reduction. In order to obtain a uniform rolled joint bore, and reduce stress on therollers, the
refinery expanders have split rollers. The nose of each roller is rounded.

The expander is self feeding: the mandrel is drawn into the roller bundle without the need to
driveit in, by holding the tapered rollersin the cage at a slight angle relative to the mandrel
center line. When the mandrel is turned, the rollers tend to move in a spiral and draw the tapered
mandrel into the roller bundle at the same time. This mandrel feed resultsin a steadily
increasing swept outside diameter of the roller bundle. The axial restraint is provided by the
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thrust collar, installed on the cage extension. The thrust collar bears on the end fitting, providing
axial restraint.

Therolling process occursin three distinct phases consisting of propulsive rolling, tube
expansion and ironing out.

Propulsiverolling is amethod of preventing large axial forces building up in the expander and
the components of therolled joint. The propulsive rolling phase prevents the inside surface of
the tube from being pulled and stretched by the axial skidding of the rollers until the tube to end
fitting clearances are eliminated. During propulsive rolling the entire expander is alowed to
float and draw itself into the pressure tube end fitting assembly until tube to hub clearances are
eliminated. Once the pressure tube is seated in the end fitting rolled joint bore no stretching of
the tube occurs.

The tube expansion phase deforms the pressure tube plastically between the rollers and the end
fitting. Theresulting wall thickness reduction resultsin large circumferential compressive
stresses in the pressure tube. The pressure tube is extruded into the end fitting groovesin the
radial direction and flows axialy in both directionsin the rolled joint resulting in a slight
increase in length of the pressure tube.

During the tube expansion phase, the hub is subjected to high bending stresses. The hub must be
designed to withstand these bending stresses. The tube expansion phase also resultsin a small
angular movement of the pressure tube relative to the end fitting.

The ironing out phase occurs after the completion of tube expansion. During this phase the
inside diameter of the pressure tube is cold worked to smooth out any lobes developed as aresult
of the tube expansion phase.

7.2.2 Development of the Stress Field Between the Pressure Tube and End
Fitting During Roll Expansion

Prior to roll expansion, the pressure tube and end fitting are in a stress free state. When the
rollersin the expander first contact the pressure tube, stresses and strains are introduced into both
the pressure tube and the end fitting hub. The second phase begins with the formation of a zone
of plastic deformation in the pressure tube and the inside surface of the end fitting hub. The tube
isdeformed in theradia and circumferential directions, with material flowing into the end fitting
grooves. Thereisnegligible axia extrusion of the pressure tube because the material under the
rollersis restrained by the adjacent pressure tube material. The third stage begins when the
compressive hoop stress reaches a point at which the tube material near the pressure tube edge is
subjected to some axial extrusion. Thisis followed by the fourth stage when the material under
theroller and away from the roller isforced to undergo plastic deformation in radial and
circumferential directions, producing plastic compressive strain in the rest of the pressure tube
material. The tube subsequently undergoes axial extrusion. Finally, when therollersare
reversed out of the pressure tube the rolling forces are gradually reduced to zero. The hub,
which has been supporting the radia thrust of the roller system springs back and compresses the
pressure tube. With the presence of grooves, and the friction between the tube and the hub
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providing axial resistance to tube extrusion, the pressure tube is expected to end up with a stress
field with a hoop stress slightly in excess of the compressive yield stress.

The analytical modeling of the rolled joints in the early stages was performed using classical
methods that inadequately addressed the asymmetric nature of the stress field and the anisotropy
and work hardening of the tube material. A rolled joint model using the finite element method
has been developed and can be used for studies of effects of variability in joint parameters[7.10,
7.11].

7.2.3 Characteristics of the CANDU Pressure Tube to End Fitting Rolled Joints

i) Effect of Wall Reduction

The current CANDU pressure tube to end fitting rolled joints are rolled to a nomina wall
reduction of 13.5% + 1.5%. The effect of wall reduction on the residual stressesin the
pressure tube in the specified range of wall reduction isinsignificant. The wall reduction
resultsin the radial extrusion of the pressure tube materia into the end fitting grooves that is
the primary contributor to the pullout strength of the rolled joint. However, excessive wall
reduction would result in filling of the end fitting grooves to an extent that the rolled joints
would tend to loosen. It would also result in excessive deformation of the inboard edge of
the inboard groove and the outboard edge of the outboard groove, which are the primary
sealing surfaces. Based on these considerations the wall reduction range is specified to be
13.5% + 1.5%.

i) Effect of Diametral Fit

The diametra fit between the pressure tube outside diameter and end fitting inside diameter
affects the maximum tensile residual hoop stress remaining in the pressure tube at the end of
the rolling process. Theincrease in maximum residual stressis proportional to the clearance
between the two components. Consequently, during reactor construction, the CANDU
pressure tube to end fitting rolled joints are fabricated to an average diametral fit of 0.05 mm
(0.002") clearance to 0.18 mm (0.007") interference.

The maximum tensile residual stresses with this diametral fit are between 55 MPa
compressive to about 130 MPatensile and are acceptable from delayed hydride cracking
considerations.

In order to assemble the pressure tube and end fitting with an interference fit, the end fitting
is heated to a maximum temperature of 427°C using induction heating. The pressure tubeis
inserted and the components are cooled to ambient temperature before rolling.

iii) Material Properties

Pressure tube materia is anisotropic. The change in temperature of the billet during
extrusion of the pressure tube resultsin the trailing end of the pressure tube being stronger
than the leading end.

Ideally the transverse room temperature yield strength of the end fitting hub should be about
80% higher than that of the pressure tube. But the pressure tube and end fitting material
combination in a CANDU fuel channel is such that the end fitting is marginally stronger than

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 7-5
Rev.0

the pressure tube. Any effect of this less than optimum combination on the fabrication and
performance of the rolled joint is minimized by fabricating the components to close
tolerances to achieve a stringent diametral fit and ensuring the wall reduction stays within the
specified tolerance band.

iv) The Effect of the Grooves

The grooves in the end fitting hub are the primary contributors to the pullout strength of the
rolled joint. When arolled joint assembly is subjected to an axial load, the failure modeis
the shearing of the pressure tube ridges in the grooves preceded by the necking of the
pressure tube near the inboard edge of the inboard groove.

Also, the sealing action of rolled joints containing grooves results from the deformation
bonding at the shoulders of the inboard edge of the inboard groove and the outboard edge of
the outboard groove.

v) Tube Rotation

The tube rotation or tube twist during rolling must be quantified and controlled in the
pressure tube to end fitting rolled jointsin CANDU fuel channels. The final angular
orientation of the end fitting must be within £ 30 minutes of the specified position to be
compatible with the feeder connection assembly requirements.

The pressure tube twist during rolling is a manifestation of an elastic creeping mechanism.
The pressure tube material directly under the circumferential rollersis elastically
compressed. The material just ahead of therollersis pushed forward. Then, astheroller
advances this material islocked against the end fitting hub. With additional circumferential
roller movement the material partially contracts behind it with the result that the tube
continuously rotates in the direction of the rotation of the mandrel and cage.

The tube twist is afunction of pressure tube strength, diametral fit and wall reduction.
During fuel channel installation the angular orientation of the end fitting feeder port is preset
to account for tube twist and the joint isrolled.

7.3 Design Philosophy

Performance of a pressure tube to end fitting rolled joint is affected by the mechanical properties
of the materials, the geometry of the interfacing components, and the fabrication procedures.
Analytical modeling of the rolling process is further complicated by the anisotropic nature of the
pressure tube material, the dynamic aspects of the rolling process, and the existence of athree
dimensional elastic-plastic state in therolled joint assembly. Therefore, the design of rolled
jointsrelies heavily on full-scale component tests.

The stress analysis of the rolled joint region forms a part of the stress analysis of the fuel
channel, which isajurisdictional requirement as outlined in Section 4.
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731 Design Assurance by Component Testing

Therolled joint design developed and/or optimized by devel opment tests must be qualified, as
required by applicable codes and standards (Section 4), to demonstrate its structural integrity
under simulated service conditions.

7.3.2 Applicable Codes and Standards

The codes and standards applicable to the rolled joint design and qualification testing are
specified in Section 4. The fabrication of the rolled joints and the development tests meet the
QA standards applicable at the time of the tests. Present rolled joint development tests are done
in accordance with Canadian QA Standard CAN3-Z299.3, which is equivalent to the
requirements in SO 9001-2000 Edition with the stipulation that the design is not the
responsibility of the supplier for the components used in the devel opment program.

Theroll expanded joints are not covered by ASME Boiler and Pressure Vessel Code, Section 111,
Divison 1. However, therolled joint is subjected to a stress analysis as a part of the fuel channel
stress report using finite element techniques, to meet the requirements of ASME Boiler and
Pressure Vessel Code, Section |. Asexplained in Section 4, the rules, which the rolled joint must
meet, are covered in Canadian Standard CAN/CSA-N285.2. The expanding operation is not
covered by the ASME Boiler and Pressure Vessel Code, Section |, or TEMA standards. The
qualification of personnel and process or procedures employed in the fabrication of rolled
expanded jointsin CANDU fuel channel assembliesis performed in the same manner applicable
to personnel and procedure qualification for welding and brazing fabrications as detailed in
Section IX of the ASME Boiler and Pressure Vessel Code.

The fabrication requirements of the pressure tube to end fitting rolled joints are specified in the
fuel channel installation requirements. The procedure for the fabrication of rolled joints
describing all essential, non-essential and supplementary essential variables form part of the fuel
channel installation procedures. Performance qualification requirements for personnel are al'so
specified in the fuel channel installation requirements. Each person assigned must roll three
consecutive acceptable rolled joints and must demonstrate their proficiency in rolling joints,
which conform to the installation requirements. The qualification documentation forms a part of
the history docket for fuel channel installation.

74 Rolled Joint Test Programs

The objective of arolled joint test program is to ascertain that the joint fabricated and operated
within the constraints of the boundary conditions specified by the designers, will meet the
specified performance characteristics. The requirements and procedures for the test program are
defined in accordance with these boundary conditions as shown in Figure 7-3.
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74.1 Material Constraints

Materials for the interfacing components, namely, pressure tube and end fitting, are those
described in Section 5. Since 1970 cold worked Zr-2.5Nb seamless tubes have been installed in
all AECL-designed CANDU reactors. Rolled joint qualification forms an integral part of
programs to qualify modifications to the pressure tube manufacturing process described in
Section 6. The design and fabrication techniques and tooling are optimized during the test
program to maximize the performance characteristics.

7.4.2 Dimensional Limits

7421 Pressure Tubes

The following dimensions of the pressure tubes in the rolled joint region affect the fabrication
process and performance characteristics of the rolled joint:

- Inside diameter

- Wall thickness

- Wall thickness variation in the circumferential direction
- Outside diameter ovality.

74.2.2 End Fitting Assemblies

The following dimensions of the end fitting affect the fabrication and the performance of the
rolled joint:

- Hub outside diameter

- Rolled joint bore geometry, defining joint length groove geometry, number of grooves etc.
- Condition of the surface of the end fitting bore at the rolled joint region

- Ovedl length of the end fitting assembly

- Minimum inside diameter of the end fitting assembly

- Thesurfacesin the end fitting assembly that must be protected during joint fabrication.

The above requirements are specified by the designer before atest program is started.

74.3 Load Conditions

The designer specifies the mechanical 1oads on the rolled joint assembly resulting from the
internal pressure, axial loads, bearing friction and bearing reaction and the thermal loads. The
internal pressures at the inlet and outlet rolled joints are also specified.
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744 Temperature Conditions

The designer specifies the operating temperatures for the rolled joints at the inlet and outlet ends
and the start-up and shutdown temperature profiles.

745 Fabrication Constraints

The following constraints applicable to rolled joint fabrication are specified by the designer.
These constraints dictate the design of fabrication tooling and formulation of fabrication
procedures:

- Maximum permissible time/temperature condition for pressure tube and endfitting during
joint assembly (and their maximum time limit).

- Constraints on the material of construction for the fabrication tools and measuring
instruments.

- Constraints imposed by interfacing systems present during the fabrication of the rolled joints
in the reactor (e.g., presence of feeders, bellows, calandria tube geometry, etc.).

75 Component Development Testing by Stages

If the defined requirements of the rolled joint are not covered by the existing database, the
experimental design and verification are performed in distinct stages, namely, feasibility tests,
development tests, and qualification tests (Figure 7-4).

75.1 Feasibility Tests

Thefirst stepintherolled joint design by testing is to review the existing experimental database
to ascertain if the requirements and constraints specified by the designer are within the envelope
of the existing database. If the existing envelope does not cover the requirements or fabrication
variables, then the technique and the fabrication parameters are derived from an extrapolation of
the database using engineering judgment. The technique and the variables are then evaluated
during feasibility testing.

Thus, the feasibility tests primarily address the proof-of-principle. A minimum of threerolled
joints are made using a nominal set of fabrication variables using full-size components and the
performance characteristics are measured. |If they meet all specified performance requirements,
the program proceeds to devel opment and optimization stages. Nominal values of the fabrication
variables become the starting point for the development stage. If any of the performance
reguirements are not met, the design concept is reviewed, fabrication variables are revised, and
the feasibility tests are repeated.

75.2 Development Tests

During the development stage of the test program, fabrication parameters are varied around
nominal values to explore effects on the performance of the rolled joint. The ranges of variables
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are selected so as to envelope the normal tolerance range expected in production conditions as a
minimum, with additional widening of the range to cover possible deviations in production
conditions. A test matrix is developed to cover various combinations of the fabrication variables
and joints are fabricated and tested to measure the performance characteristics.

The results are reviewed to optimize the fabrication range and to define the working range under
production conditions. The optimized range of variablesisincluded in fabrication requirements
for production rolled joints.

7.5.3 Qualification Tests

Qualification tests are required per jurisdictional requirements as a part of the design verification
process. During qualification tests, joints are fabricated using fabrication variables from the
extremes of the preferred ranges defined during the development program. The joints are tested
to confirm that acceptable rolled joint performance is achieved under specified production
conditions. The tooling and procedures (and, ideally, the personnel) to be used during
production fabrication are used to fabricate these joints.

754 Primary Constituents of a Rolled Joint Program

A typical rolled joint program consists of the following activities:

- Procurement of components

- Receiving inspection and component matching

- Rolledjoint fabrication

- Dimensional measurements

- Helium leak tests

- Residual stress measurements

- Hot pressurized pull tests

- Metallographic evaluation of hydride distribution in the pressure tube
- Long-term thermal fatigue tests.

Figure 7-5 shows the constituents and the sequence in atypical rolled joint test.

7.6 Test Details

7.6.1 Procurement of Components

After the material and geometry requirements of the interfacing components are specified by the
designer, the procurement of the componentsisinitiated. The supply of material and fabrication,
inspection and testing of the components are performed by sources qualified for supply of the
respective components for installation in a commercial power reactor. The components are
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procured to the technical specifications of the reactor-grade components. Material traceability is
strictly maintained.

7.6.2 Receiving I nspection and Component Matching

The components are subjected to a receiving inspection to ensure their quality meets
specifications and to obtain dimensions required for rolled joint fabrication. The dimensional
measurements used during the rolled joint program are done under the same environment by the
same qualified personnel. The following is a summary of the dimensions measured during the
receiving inspection:

END FITTING PRESSURE TUBE
Outside diameter Outside diameter

Inside diameter Wall thickness

Groove geometry Wall thickness variation
Overal geometry of the hub Outside surface ovality
bore

In addition to the above dimensions, the hardness of the pressure tube and the end fitting hub are
measured. The condition of the inside surface of the end fitting hub and the outside surface of
the pressure tube are examined visually to ensure that there are no unacceptable surface
conditions.

Materia traceability is checked and verified. Manufacturing Quality Control Documents are
reviewed. Pressure tubes are matched with hubs to achieve required diametral fits and hardness
ratios.

7.6.3 Rolled Joint Fabrication

Tube expanding is the process of working the ends of tubes into intimate contact with the hub
bore. Therolling processis described in Subsection 7.2.1.

The required reduction in pressure tube wall thicknessis achieved by setting the expander to a
diameter calculated by taking into account the wall thickness of the pressure tube, the required
reduction in pressure tube wall thickness, the inside diameter of the end fitting, and the elastic
behavior of the joint after rolling is completed.

The expander is accurately positioned so that the nose of the rollers are located in such a position
asto ensure

a) that the expanded area of the pressure tube is well-supported by the end fitting hub during the
rolling operation, and

b) that the entire pressure tube length in therolled joint is roll-expanded.
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76.3.1 Definition of Fabrication Variables

The variables controlled during the fabrication stage are the alignment between the pressure tube
and the end fitting hub, the wall thickness reduction, and the location of the burnish mark
(Figure 7-1) in the pressure tube with respect to the start of the taper in the end fitting, as shown
in Figure 7-1.

7.6.3.2 Observations and Output Data

During the fabrication of the test rolled joints, the following measurements are normally made:

- Maximum rolling torque

- Elastic behavior of the expander during rolling
- Kinematic behavior of the expander

- Elastic behavior of therolled joint.

7.6.3.3 Fabrication

The end fitting hub is mounted on the end of a stub end fitting so that the overall length of the
stub end fitting-hub assembly is the same as that of the production end fitting. Thisassembly is
clamped to afixture and the rolled joint bore of the hub is cleaned.

The pressure tube spool piece is mounted on an alignment fixture and the pressure tube and end
fitting hub are aligned per specification. The hub isthen expanded by induction heating. The
heating cycleis controlled so as to achieve the hub diametral expansion necessary for tube
insertion without overheating the hub. The heating unit is removed and the pressure tube is
inserted into the end fitting. The assembly is cooled to the ambient temperature. Dimensions of
the assembly before rolling are measured.

The expander, set to the required wall reduction and burnish mark location, is lubricated to
prevent galling between the pressure tube and the expander rollers and installed into the end
fitting hub assembly. The air motor is connected to the expander and the pressure tube is
expanded into the hub. The expander is removed and cleaned and the rollers are inspected for
damage. Therolled joint inside diameter is measured to confirm that the required wall reduction
was achieved.

Therolled joint boreis cleaned and the rolled joint assembly is subjected to a dimensional
inspection.

7.6.4 Dimensional M easur ements

During receiving inspection, joint fabrication, and after destructive tests to measure residual
stresses, the dimensions of the components and the joint are measured to characterize their
behavior.
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The dimensional changes due to rolling are evaluated for any variance from the existing
database. They are also used to specify the dimensional requirements for the production fuel
channel installation.

The profile of the inside surface of the pressure tube is used in an empirical assessment of the
maximum tensile residual hoop stress at the inside surface of the pressure tube in the as-
fabricated condition.

During the development and feasibility stages, the pressure tubes in some rolled joints have aso
been subjected to non-destructive defect detection examinations to ensure that the roll expansion
does not result in any discontinuities that may affect the integrity of the fuel channel.

The following are some of the dimensional measurements done during arolled joint testing
program:

- Axial extrusions of the pressure tube during rolling

- Increase in the outside diameter of the hub

- Final inside diameter of the pressure tube after rolling

- Axial location of the burnish mark

- Reative angular movement between the pressure tube and the end fitting hub due to rolling
- Profile of theinside surface of the pressure tube in the rolled region

- Profile of theinside surface of the end fitting rolled joint region after destructive
examinations to evaluate groove deformation

- Profile of the outside surface of the pressure tube to evaluate radial extrusion into the grooves
after destructive examinations

- Actua wall thickness of the pressure tube, after rolling, in the rolled region after destructive
examinations.

7.6.5 Helium Leak Tests

Therolled joints are subjected to helium leak tests after fabrication and after the temperature
soak prior to the hot pressurized pull test. The helium leak test results are used as indicators of
variance between different test programs. They aso serve as a benchmark for evaluation of the
quality control helium leak test results from the production tests done during fuel channel
installation.

During the helium leak test of the test rolled joints, a helium atmosphere is maintained around
therolled joint region. A vacuum is drawn inside the pressure tube at the outboard pressure
tube-end fitting hub interface. Helium leak rate is measured using a mass spectrometer-type
helium leak detector. The helium leak rate is measured at specific time intervals.

In addition to helium leak tests, hydrostatic pressure tests of the rolled joint assemblies are often
done using pressurized water.
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7.6.6 Residual Stress M easurements- End Fitting

After rolling, the residual stress distribution in the end fitting is required to evaluate the
resistance of the end fitting to fracture. The residual stressesin the end fitting hub are measured
by Sach’s “turning and boring” method and by non-destructive techniques using neutron
diffraction.

7.6.7 Residual Stress M easurements - Pressure Tube

Theresidua stresses in the pressure tube in the rolled joint region are predominantly measured
using strain gauging techniques. However, neutron diffraction, and hole drilling have also been
used to measure residual stresses in the pressure tube.

In the strain gauging techniques, strain gauges are installed in a specified pattern on the inside
and outside surfaces of the pressure tube. The residual stresses are relieved by separating the
tube and the hub, and by dlitting the pressure tube in a specified pattern. The installation of
gauges, the machining operations, and the strain measurements are strictly controlled to
minimize variation between tests.

The following results are normally obtained by strain gauging technique:

- Hoop stress distribution in the axial direction on the inside and outside surfaces of the
pressure tube

- Axid stressdistribution in the axial direction on the inside and outside surfaces of the
pressure tube

- Hoop stress distribution in the circumferential direction on the inside and outside surfaces of
the pressure tube

- Axidl stressdistribution in the circumferential direction on the inside and outside surfaces of
the pressure tube.

The dlitting process, due to the finite residual-residual stress after dlitting, is expected to provide
the residual stresses with a maximum possible error in residual stress measurement of about

16%.

Reference 7.12 describes the use of neutron diffraction techniques to measure residual strainsin
arolled joint.

7.6.8 Hot Pressurized Pullout Test

The load required to pull the pressure tube out of the hub after the rolled joint has been fabricated
is measured during the hot pressurized pullout test.

Therolled joint assembly is subjected to a soak at the operating temperature for 100 hours along
with five temperature cycles to simulate start-up and shutdown. This operation will relax the
residual stressin the rolled joint to alevel comparable to that of arolled joint in service at the
start-up. Rolled joints are sometimes subjected to accelerated high temperature stress relaxation
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processes to simulate end-of-life conditions, prior to hot pullout tests. The joints are then
subjected to helium leak tests.

During the hot pressurized pullout test, the rolled joint assembly, instrumented to measure
temperature and axial displacement, is heated to the operating temperature and internally
pressurized to the operating pressure as specified by the designer. Thejoint is pulled apart and a
load displacement relationship is obtai ned.

Figure 7-6 shows a histogram of hot pressurized pullout test results.

7.6.9 Metallographic Evaluation of Hydride Distribution

To evaluate hydride distribution in arolled joint, rolled joints are fabricated, internally
pressurized, and subjected to an operational temperature soak. The joints are then sectioned and
the hydride distribution in the pressure tube is analyzed using metallography.

7.6.10 Long-Term Thermal Fatigue Tests

Long-term thermal fatigue tests of rolled joints are performed to ensure their adequacy under
thermal fatigue conditions resulting from start-ups and shutdowns during normal reactor
operation.

Thejoints areinstaled in awater loop and are subjected to a number of temperature and pressure
cycles, specified by the designer, to simulate reactor operating conditions. Thejoints are
subjected to a helium leak test and a hot pullout test after their residence in the loop.

77 Documentation

Procedures, inspection results, deviations, and fabrication data are all documented and form a
part of Quality Assurance Records. Process documents such as route sheets are mandatory. The
Quality Assurance level presently applicable is 1SO9001-2000.

7.8 Creep and Stress Relaxation

The pressure tube material within therolled joint is subjected to constant strain creep that relaxes
thejoint stresses. It has been shown that the creep relaxation occurs rapidly in the early years of
reactor operation and slower after five years. There has been no occurrence of loss of sealing
due to relaxation in the rolled joint in any of the operating CANDU reactors.

The pullout strength of rolled jointsis primarily due to pressure tube material extruded into end
fitting grooves by rolling and, therefore, is not affected by stress relaxation.

7.9 Post-Service Examination and Testing of the Rolled Joints

Rolled joints removed from the reactor (either as part of the in-service inspection program
(Section 11) or due to pressure tube failure (Section 13) are subjected to detailed examination.
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The extent of examination and testing of these rolled joints is based on the specific needs of the
channel or the phenomenon being addressed.

7.10 Testing of Other Roll Expanded Jointsin the Fuel Channel

The calandria tube to lattice tube rolled joints, the fuel channel annulus bellows to lattice tube
rolled joints, and the end fitting to liner tube rolled joints are developed, tested and evaluated
using the same design philosophy, namely, comprehensive testing during design and
qualification stages.

7.11 Conclusion

Comprehensive and structured component test programs are the primary and basic constituents
of the design evolution, proof-of-principle, development, optimization, qualification and
in-service surveillance of the rolled joints used in the CANDU fuel channel. The comprehensive
and extensive experimental database is the basis for assurance of the integrity of the rolled joints.

The experimental approach used in rolled joint design and qualification is fully supported by the
performance of the rolled joints in operating commercial power reactors.
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Figure 7-1 Typical Pressure Tubeto End Fitting Rolled Joint
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8. FUEL CHANNEL DEFORMATION UNDER IRRADIATION

8.1 I ntroduction

Deformation of the pressure boundary and other structural components of the reactor corein a
CANDU reactor is a consequence of the use of the pressure tube concept. Operation of afuel
channel under the conditions of stress, temperature and fast neutron flux in the core of the reactor
resultsin elongation, wall thickness and diameter change and vertical deflection (sag) of the
pressure tube and, mainly, in diametral change and sag of the calandriatube. Neutron irradiation
of the stressed material is the primary cause of this deformation. The amount of deformation
during the reactor lifetime is significant, compared to that in pressure boundaries in most other
reactor types, with deformations over the lifetime of the fuel channels of several percent strain.
Predictions of the deformation of CANDU core components for the design-lives of the
components are required in order to demonstrate that components meet design requirements
including compatibility with all interfacing structures and systems.

The significance of the deformation of pressure tubes under irradiation was not apparent until
several reactors had been constructed and for which the allowances for channel elongation, in
particular, were inadequate for the design lifetime. The Canadian nuclear industry responded
with programs designed to measure channel deformations accurately so that maintenance
activities could keep operating reactors within design limits. For pressure tubes thereis now a
substantially large database from frequent in-service measurements to accurately record the
length, diametral and wall thickness changes as well as pressure tube sag. Moreover, adequate
information also exists for calandria tube ovality and sag and on operating conditions of all types
of CANDU units.

The industry also funded research and development programs to provide understanding of the
mechanisms of the irradiation deformation process through both experimental and theoretical
work with aview to the development of robust constitutive relations (i.e., relationship between
strain rates and applied stress, neutron flux and temperature) that could be used in reactor design.
These programs continue today and both the understanding and the “deformation equations’
used to model reactor pressure tube deformation for both operation and design continue to
evolve. Changes to the equations used for design are carried out with rigorous validation and
verification processes.

Stress analyses for some of the interfacing components and structures, e.g. feeders, end shields

and the calandria vessel, use the predicted irradiation deformations of the fuel channels as input
information. Models of the reactor structure have been developed primarily to interpret the

el ongation measurements obtained from the power reactors[8.1] and to analyze and predict the
sag of fuel channel assemblies[8.2]. Currently, these interfacing structures are analyzed using

industry standard commercial codes, e.g. ANSYS.

The purpose of this section isto provide an overview of the deformation behavior of zirconium
alloy componentsin core. The structural materials of primary interest are cold worked and stress
relieved (autoclaved) Zr-2.5Nb for pressure tubes and dlightly cold-worked (with or without
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stressrelief) Zircaloy-2 or Zircaloy-4 for calandriatubes. In addition, areview of the current
constitutive equations used for design is provided.

8.2 Defor mation M echanisms

The fundamental process of irradiation-induced deformation response begins with a collision
between a sufficiently energetic neutron and an atom in the metal structure. This collision can
impart enough energy to the atom that the atom, in turn, creates a cascade of atomic collisionsin
the structures. Such collisions displace atoms from their normal sites on a crystallographic
|attice creating what are termed | attice point defects of several types — predominately vacancies
(lattice sites missing an atom) and interstitials (extra atoms at points between normal |attice
sites). The number of atomic displacements that occur due to a single neutron collision depends
upon the neutron energy. However, all neutrons having energies above arelatively low energy
threshold contribute to the displacements. In atypical pressure tube, each atom in the material is
displaced, on average, of the order of once per year by neutron collision effects.

The point defects are mobile within the lattice and migrate until they are either eliminated by
recombination (vacancies and interstitials combine to form an atom on aregular lattice site) or
they combine with each other or with linear and surface defects such as dislocations, grain
boundaries or phase boundaries. The point defects migrate at different rates and the different
types of point defects precipitate or combine in different proportions with line and surface
defects within the material microstructure.

The result of the combination of these point defects with other defect types, that are neither
homogeneously distributed nor randomly oriented, isastrain in the material that is directional.
The anisotropic, hexagonal closed packed (hcp) crystal structure of zirconium produces elastic,
plastic, thermal and diffusional anisotropy at the single crystal grain level and crystallographic
texture and intergranular interactions at the polycrystalinelevel. Thus, under irradiation alone, a
volume-conserved dimensional shape change of the material can take place without applied
stress. Thisistermed irradiation growth. If the material is under stress, the migration and
precipitation of point defects can result in significant increases in the deformation rates relative
to those that would be observed under conditions without irradiation. Thisincreased rate of
deformation istermed irradiation creep [8.3] [8.4] [8.5].

8.3 Irradiation Creep

The interaction among the effects of temperature, stress and fast neutron flux on the deformation
of zirconium alloys[8.6] [8.7] has led to the development of analyses that assume that long-term,
steady-state deformation consists of separable, additive components from thermal creep,
irradiation creep and irradiation growth [8.8]. The thermal creep isthat of an irradiated material
and differs from the creep behavior of unirradiated material tested out of flux. Pureirradiation
creep, i.e., without any contribution from thermal creep or irradiation growth, cannot readily be
determined. Measurements of in-reactor creep are based on tests of pressurized creep capsules
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that have been irradiated in low flux (e.g., NRU) or high flux (e.g., Osiris’) experimental
reactors. In these experiments the irradiation creep component is determined by subtracting the
irradiation growth component measured from un-pressurized capsules that are irradiated in the
same facilities. In the past, results have aso been obtained from shear tests with helical springs
or stress-relaxation-in-bending tests where the thermal creep is negligibly small.

831 Effect of Operating Variables

The in-reactor creep rate € isusually taken to be proportional to flux, ¢, raised to some power, p,
i.e. ¢0¢@. Many of the uniaxial tests[8.6] [8.9] and results obtained with pressure tubes [8.10]
[8.11] in the temperature range 260 to 300°C can best be correlated by assuming a linear

dependence on flux intensity for fluxes between 1 and 3 x 10" n/(m?.s)(E > 1 MeV). Others
[8.12] [8.13] give better correlations with flux exponent values ranging between 0.25 and 0.85.

Within the temperature range investigated (25 to 600°C) the flux exponent decreases with
increasing temperature [8.6] becoming negligible at temperatures above 530°C, where the
thermal creep is of sufficient magnitude that it overrides the irradiation-creep component,

Figure 8-1. The effects on creep of different neutron flux energy spectra have been investigated.
Reactors with different neutron flux energy spectra produce different numbers of displaced
atoms per unit of flux of neutrons. If the flux is stated solely in terms of the flux of neutrons
with energies above 1 MeV, the strains accumulated per unit of flux are different in reactors with
different flux spectra because the threshold neutron energy for collisions resulting in
displacementsis much lower than 1 MeV. For instance, for the same accumulated fluence and at
~280°C theirradiation growth strain in Zircaloy-2 samples is about 10% higher in specimens
irradiated in the Osiris reactor than the strain observed in the same materia irradiated in the
NRU reactor. Also, the strain measured in the NRU samples is higher by about 36% than the
strain obtained from samples irradiated in the ATR? reactor. These results correlate directly with
the neutron flux spectrum of these facilities. With increasing fluence, irradiation-induced
hardening reduces the thermal -creep component, but the effect is not very noticeable in
cold-worked materials at temperatures below 330°C. The hardening effect appears to saturate at
fluences of about 4 x 10** n/m?, and is followed in most cases by a steady-state creep rate. The
temperature dependence of the in-reactor creep rate has been investigated in a number of
zirconium alloys [8.6] [8.10] [8.12] [8.14] over arange from 50 to 530°C with most of the
testing carried out between 200 and 400°C. Figure 8-2 shows the temperature dependence of the
total deformation rate for cold-worked Zr-2.5Nb pressure tube materials in the temperature range
of 250 to 400°C.

Steady-state creep rates are reached at high fluencesin nearly all cases, which, for agiven
material, appear to depend on temperature, fast flux and applied stress. The in-reactor

Osdirisis atest reactor owned by the Commissariat al’ Energie Atomique at Saclay,
France

2 ATR isthe Advanced Test Reactor at the Idaho National Engineering and Environmental
Laboratory (INEEL) of the US Department of Energy
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temperature dependence of creep of zirconium alloys fallsinto two distinct regions. Below
about 300°C the temperature dependence is weak and the activation temperature, Q, in an
Arrhenius plot has a value between 2000 and 5000 K. At higher temperatures the dependence
increases rapidly towards Q values of 25000 to 30000 K. The temperature of transition from a
weak to strong dependence varies with aloying content, metallurgical condition and stress
(Figure 8-2), being higher for alloys than for pure zirconium and decreasing with increasing
stress and dislocation density [8.6].

The effect of stress on in-reactor creep of zirconium aloys has been investigated in detail at a
temperature of about 300°C [8.6] [8.9] [8.14] and is schematically represented by Figure 8-3.
The stress exponent, n, (slope of log¢ vs. log o curve) at stresses below about 6,/3, where oy is
the yield strength, has avalue of n = 1 asis shown in Figure 84. With increasing stress, n
gradually increases [8.9] so that for cold-worked Zr-2.5Nb n= 2 to 3 at stresses between 200 and
400 M Pa and then increases more rapidly, reaching avalue of n= 100 at 600 MPa. Thisis
shown in Figure 8-5. The stress dependence changes with temperatures above 300°C [8.10].
Between 300 and 400°C and stresses below 150 M Pa, the stress exponent of the creep rate
increases from 1 to 2, Figure 8-6. Values of nin thisrange are not expected to introduce any
flow localization or creep ductility problems as they are still low enough and well within the
superplastic regime as discussed in Subsection 8.7.

8.3.2 Effect of Metallurgical Variables

In general the creep strength isincreased by solid solution strengthening with oxygen, iron, tin
and niobium and by heat treatments which lead to the homogeneous nucleation of matrix
precipitates [8.15] [8.16], the effect being more pronounced at the higher temperatures

(Figure 8-1). In-reactor, the creep of Zircaloy-2 below 450°C increases with increasing amounts
of cold-work. Thefirst attempt [8.17] to correlate the in-reactor creep rate at 260 to 280°C with
dislocation density, based on the analysis of dimensional changes in cold-worked Zircaloy
pressure tubes, yielded a weak dependence of steady-state creep rate, ¢, on dislocation density p,
i.e, &€ [p %%). Subsequent analyses of stress relaxation data[8.18] [8.19] confirmed the weak
dislocation-density dependence and showed the exponent to increase from about 0.2 at 300°C to
0.4 at 50°C (Figure 8-7). Based on the available information the dislocation-density dependence
appears to be similar for both Zircaloy-2 and Zr-2.5Nb over the range of test parameters
investigated.

The results on the effect of grain size on creep are shown in Figure 8-8 [8.3] [8.20]. Within the
limited range of grain sizes formed in recrystallized Zircaloy-2 (6 to 20 um) there was very little
variation in the creep rate. In-reactor stress relaxation results on Zircaloy-2 and Zr-2.5Nb
obtained at 295°C in aflux of 2 x 10" n/(m?.s) also showed very little effect of grain size on
creep rate over therange 1 to 70 um [8.20].

Correlations of the anisotropic deformation with crystallographic texture have occupied
considerable space in the zirconium literature and now form a part of most mechanistically based
design equations [8.21]-[8.26]. For constant stress, temperature and flux the irradiation-creep
rates of zirconium alloys are usually higher in the direction of working. Creep anisotropy factors
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can be calculated from the crystallographic texture for any given creep model. In the early
models[8.22] [8.17], it was assumed that creep occurs predominantly by slip of <a>-type
dislocations on prism planes with a contribution from slip on basal planes. Later [8.23] [8.27] it
was assumed that the dominant creep mechanism is dip of <a>-type dislocations on prism planes
with secondary dlip of <c+a>-type dislocations on pyramidal planes. In recent models[8.24]
[8.25] it was assumed that creep is due to a climb-assisted glide mechanism in which the creep
strain is accommodated mainly by prismatic slip with smaller contributions from basal and
pyramidal dip systems. Inthe latter analyses the crystallographic texture and the grain
interaction strains are explicitly taken into account in a polycrystalline code that is based on a
self-consistent model. The method of cold-working has alarge effect on irradiation creep and
growth and can override the effects due to texture [8.23] [8.28].

8.4 Irradiation Growth

Irradiation growth is the shape change at constant volume that occurs during irradiation of an
unstressed material. Thereisalarge quantity of information on the growth of polycrystalline
materials obtained from pressure tube and calandria tube specimens that were tested in various
experimental reactors. These tubes were either part of the surveillance programs on reactor-core
components or materials that were prepared for testing different manufacturing variables. The
specimens prepared from these materials are measured periodically after varying increments of
neutron irradiation fluence.

84.1 Effect of Operating Variables

Judging by results on similar materials after irradiation in different reactors with fluxes ranging
from 1 to 20 x 10" n/(m?.s) (E > 1 MeV) [8.29], the growth strain of a given material beyond the
initial transients appears to be determined only by the test temperature and neutron fluence and is
independent of the time to reach that fluence. During early tests[8.30] to fluences below

3 x 10® n/m? (E>1 MeV) it appeared that the growth of recrystallized materials decreased
exponentially with fluence and saturated at a strain level not exceeding 0.1%. When higher
fluence results became available [8.31], it became apparent that the growth after an initial
transient attains alow, steady rate, which, at temperatures near 60°C, persists to fluences of at
least 1.4 x 10% n/m* (Figure 8-9 and Figure 8-10). At irradiation temperatures of 280°C and
above, the long-term growth does not stay constant, but starts to increase towards levels normally
observed only in cold-worked materials (Figure 8-11) [8.32]. This phenomenon has been
described as “ growth breakaway” to emphasize the deviation at high fluences from the saturating
and low steady-state growth behavior implied by the early growth results.

At 280 to 310°C the onset of accelerated growth in recrystallized Zircaloy-2 occurred at fluences
around 3t0 4 x 10%° n/m? (E>1 MeV) and has been found [8.33] to coincide with the appearance
of microstructural features present neither prior to irradiation nor after irradiation to lower
fluences. The breakaway growth occurs sooner at higher test temperatures and the post-
breakaway growth rates exhibit high-temperature sensitivity. The growth strains measured in
some of the tests were high (>2 %) and approximately the same as in cold-worked materials.
Early test results [8.30] show the growth of recrystallized Zircaloy to reach a peak at around

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 8-6
Rev.0

300°C. Based on these results and post-irradiation annealing studies it was expected that growth
of recrystallized material would decrease rapidly with increasing temperature above about
350°C. Later results, however, show [8.31] that at high fluences the growth of both
recrystallized and cold-worked Zircaloy increases rapidly with temperature above 360°C. At
low fluences, one observes a different temperature dependence for cold-worked and
recrystallized material. In cold-worked material the growth increases rapidly with temperature
above 360°C, while the growth of recrystallized material decreases with increasing temperature.
After the onset of accelerating growth, the high temperature dependence of growth in
recrystallized material becomes the same asin cold-worked material.

Temperature cycling during irradiation results in growth transients. For Zircaloy-2 Murgatroyd
and Rogerson reported [8.34] that adrop in test temperature from 280 to 80°C is accompanied by
arapid positive growth-strain transient followed by a gradual decrease in growth rate towards a
level exhibited by a specimen irradiated at a constant temperature. The reverse effect takes place
after an increase in test temperature. The strain transients have been attributed to the relief of
intergranular stresses generated by the temperature cycle together with some changesin
microstructure such as generation or dissolution of clusters of point defects.

There are severa publications describing the growth of Zr-2.5Nb [8.6] [8.29] [8.31]
[8.35]-[8.37]. The material isusually extruded in the (a+ [3) phase region and is used at
temperatures ~ 300°C in the cold-worked and stress-relieved condition. It usually contains small
elongated grains. Before there were any growth measurements on Zr-2.5Nb material, Ibrahim
and Holt [8.38] found it necessary to introduce a grain-shape anisotropy factor (see Equation 2)
into the texture dependence of irradiation growth in order to explain the observed pressure-tube
elongation and diametral creep behavior. Subsequent growth measurements, however, did not
support the grain-shape model of growth and implied a much more complicated growth behavior
for some metallurgical conditions of thisalloy. Figure 8-12b compares the growth behavior of
annealed material at 80°C [8.35] with that of cold-worked and stress-relieved material at 280°C
[8.29] of similar crystallographic texture. Anneaed Zr-2.5Nb appears to have growth strains and
texture dependence similar to that of the recrystallized Zircaloy-2. The cold-worked and stress-
relieved material, on the other hand, exhibits prolonged transients or even reversalsin the
direction of growth with temperature (Figure 8-12a) implying the existence of large
intergranular stresses and/or some microstructural effects that cause the growth to deviate from
the usual (1-3f) texture dependence, where f is atexture factor defined further on. An account of
the growth behavior of Zr-2.5Nb pressure-tube materialsirradiated in the DIDO reactor at AERE
Harwell is presented in Reference [8.39]; however, the accumulated fast fluence in these
materials was rather low (i.e., less than 7 x 10% n/m?). Holt et al. [8.37] have presented growth
results from experiments conducted in the Osiris reactor in France where fluences in excess of
20 x 10 n/m? were reached. In the latter work it was shown that longitudinal and transverse
specimens exhibit positive and negative growth strains respectively, Figure 8-13 and

Figure 8-14. The growth rate appears to increase approximately linearly with fluence [8.5] in
both types of specimens. Pre-irradiated specimens showed some evidence of continued
curvature to a fluence of 23 x 10®° n/m? (Figure 8-14), however thereisno sign of further
transition in the long-term behavior. These authors also noted that the growth strain of the
longitudinal specimens decreases with increasing temperature even at higher fluences and
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increasing Fe concentrations decrease irradiation growth. The effects of temperature and Fe are
approximately the reverse in the transverse direction. The examination of TEM and X-ray
diffraction specimensirradiated to 1 x 10%° n/m?, E > 1 MeV, at 250 and 300°C shows that the
curvature in the growth curves can be attributed to the multiplication of the <c>-component
dislocations with increasing fast fluence, while the <a>-type dislocation density remains constant
after about 1 x 10% n/m?.

8.4.2 Effect of Metallurgical Variables

In recrystallized polycrystalline zirconium alloys irradiation growth is considered to consist of
three components: atexture-dependent steady growth component, a texture-dependent long-term
transient caused by localized creep to accommodate intergranular and macro-stresses introduced
during thermo-mechanical treatment, and a texture-independent short-term transient due to
irradiation-induced microstructural changes such as the formation of point defect clusters and
dislocation loops some of which may cause a change in volume.

The magnitude of the growth strain in any given direction, d, of a polycrystalline material, can be
related approximately [8.40] to its crystallographic texture and is proportional to the growth
anisotropy factor, Gy, given by

Gg =1-3fq (D)

Here f4 isthe resolved fraction of basal polesin the direction d. Equation 1 has been modified by
Holt and Ibrahim [8.22] to reflect the failure to observe vacancy loops on basal planes, implicit
in Buckley’smodel. By assuming the vacancies to diffuse to the grain boundaries, they
expressed the anisotropy factor by

Gdzl-fd-ZAd (2)

where A4 isagrain boundary anisotropy factor for the’d’ direction. For a material with
equiaxed grains equation 2 reduces to equation 1.

At low temperaturesin Zircaloy material, the growth is proportional to (1-3f), but the magnitude
and direction of growth is determined not only by the crystallographic texture but also by the
intergranular stresses which are introduced during cooling from the annealing temperature and
the relief of these stresses by the neutron flux. The magnitude and direction of the thermal stress
effect will depend on heat-treatment conditions and the distribution of grainsin directions other
than the given growth direction. Under certain circumstances thermal stress may be the
dominant component of growth to very high fluences [8.23] [8.28].

Murgatroyd and Rogerson [8.34] have concluded that at 80°C polycrystalline zirconium is only
weakly sensitive to grain-size in the range 5 to 40 um. At 280°C they observed significant grain
size dependence, with the 5 um specimens exhibiting a higher strain than the 40 um specimens.

Holt [8.17] [8.36] analyzed the elongation and diametral creep results from various power
reactors and deduced that the steady-state growth of Zircaloy-2 pressure-tube materials was
proportional to p®# (p = dislocation density). Figure 8-15 shows the variation of growth rate
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with dislocation density for Zircaloy-2 sheet materia that had been cold-worked by rolling in
stages from 0.25 to 26%. An approximately linear dependence of the growth rate on dislocation
density was obtained for stress-relieved material and also for cold-worked material tested at

60°C [8.6].
8.5 Congtitutive Equations
851 Form of the Equations

The basic concept used in the devel opment of equations describing in-reactor deformation of
zirconium alloysisthat the total deformation comprises separable, additive components of strain
that are the result of in-reactor thermal creep, irradiation creep and irradiation growth
respectively. This approximation was first suggested by Nichols[8.8]. Each component hasits
own functional dependencies on stress, temperature, flux and microstructure. The dependence of
strain on microstructure parameters, such as crystallographic texture, dislocation type and
density, grain size and shape, alloy content and phase structure, and residual stresses, vary with
direction of straining and are unique to each strain component. From atheoretical point of view
creep and growth may be interdependent [8.24] [8.25] [8.28] [8.41]. From an engineering point
of view, having the various components linearly additive is useful in accounting for fuel channel
sag, which isdriven solely by applied stress, having no contribution from the stress-independent
phenomenon of irradiation growth [8.42]. Thus the general form of the equations to describe the
anisotropic deformations, i.e. the direction dependent strain rateis

éd - s-_:;hermal + Sidrr'ncreep + g;jrr'ngrowth (3)
where

¢, isthetotal strain ratein direction d,
g™ = f(uS o, T)

& "= 1 (S 0, @)

g "= (S, @ )

Here: f() ssimply indicates afunctional dependence (different in each case), uSisthe
microstructure (including crystallographic texture, dislocation structure, grain morphology, aloy
content etc.), o isthe effective stress, @isthe fast neutron flux (E > 1 MeV) and T is the absolute
temperature.

Pressure tube deformations are usually expressed as steady-state strain rates, neglecting initial
transients, which are usually small compared with total strain, and changesin strain rate with
time or fluence. While calandriatube deformations are also expressed as strain rates, the growth
strains vary significantly with fluence and may have an initia intercept. The range of operating
conditions of interest for pressure tubes and calandria tubes in current reactorsis; stresses from
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0 to 150 M Pa, temperatures from 240 to 310°C, and fluxes from 0 to 4 x 10" n/(m2.s) E
>1MeV. In-reactor thermal creep rates are taken as steady-state, in contrast to the time varying

behavior out-reactor. The stress exponent n in the power law expression £ 0 ¢" is about

one at temperatures below 300°C and gradually increases, starting at temperatures above 300°C,
attaining a value of about 2 at 400°C, Figure 8-6. Thethermal creep rate depends exponentially
on temperature. For pressure tube conditions, irradiation creep depends approximately linearly
on stress and flux and exponentially on temperature. The irradiation growth rate is independent
of stressand is taken to depend linearly on flux and exponentially on temperature [8.10] [8.19].

The anisotropy of the creep rates are defined using Hill’ s analysis, as described in [8.5]. The
multi-axial stress state is defined using the Von Mises criterion in which the effective stress o is
given as

0i = [Fi (0a- 0)° + Gi (Ot - 67)* + Hi (0; - 0a)°
+2L; 02 +2M; o2 +2N; 6% ] .. (4)

Here: 0, 0 and o; are stresses along the three mutually perpendicular axes of anisotropy. Ina
tube they are the axial, transverse (circumferential) and radia directions, and 04, 0y and Oy, are
the shear stresses. F, G, H, L, M, and N are Hill’ s anisotropy parameters characterizing the state
of creep anisotropy of the material. If the axes of anisotropy of the pressure tube coincide with
the axes of principal stress the shear terms are zero and the creep anisotropy factors are given by

Ci =[Hi(0r- 02 —Gi(01-0p) ]
C =[Gi(oi-0)—F (0a- 0y ]
C' =[Fi (0a-0y) —Hi (0:- 03) ] ... (5)

Here the subscript i stands for the stress exponent, n. The creep anisotropy parameters are
calculated from the crystallographic texture of the tubes by assuming creep mechanisms related
to the prism, pyramidal and basal slip systemsin the zirconium crystal [8.4] [8.25].

The anisotropy of the growth can aso be related to the crystall ographic texture using models that
account for the annihilation of the irradiation-induced point defects at various sinksin the
crystal, such as dislocations and grain boundaries [8.5] [8.25] [8.26]. When interstitial atoms are
assumed to precipitate preferentially at <a> dislocations, while the vacancies precipitate
preferentially at grain boundaries, the growth anisotropy is given by Equation 2. When
vacancies precipitate preferentially at <c>-type dislocations or in equiaxed grains, the growth
anisotropy is given by Equation 1. The effect of dislocation density, p, on the creep and growth
rate has been described by therelation, ¢ 0 0® where p varies from 0.2 to 0.4 for creep and 0.8 to
1.0 for growth [8.18] [8.19] [8.6]. Didlocation densities are normally measured by X-ray line
broadening techniques.
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8.5.2 Pressure Tube Equation

The form of the current pressure tube equation was presented in 1996 [8.5] and differs from
previous equations in the models proposed to account for the anisotropy of the creep and growth
strains, in the thermal creep terms, and in the calculation of polycrystalline behavior by
accounting for the effects of interactions between grains of different orientations [8.23]-[8.25].

This equation has the following features:

* It uses aself-consistent deformation model to relate the deformation of the individual grains
and the deformation of the polycrystalline aggregate[8.24] [8.25] [8.41] [8.43]. Asaresult,
there are no strain or stress discontinuities at the grain boundaries.

» Itisbased on adata set that includes measurements from both power reactor pressure tubes
and small specimens of Zr-2.5Nb pressure tube material exposed in test reactorsto high
fluences. This has resulted in two significant changes from earlier equations:

* Thetemperature dependence of the growth term in the present equation was derived
from specimens in test reactors and is negative.

» Theamount of thermal creep isnow lessthan it had previously been.
» Theend-to-end variation of the microstructure was determined independently.

In this work, strain-producing mechanisms are assumed to operate in each individual crystal, and
the sum of strains from all crystalsis equal to the observed total deformation measured in the
polycrystal. Thus, to predict the total deformation of the polycrystal, a deformation law
describing the behavior of single crystalsis needed. Three single crystal deformation laws are
used: acreep law with a stress exponent larger than one, a creep law that islinear in stress, and a
deformation term due to growth. The self-consistent deformation model was employed in two
steps: (i) the thermal creep component of the polycrystal was determined by using a power law
describing the single crystal deformation, and (ii) the irradiation creep and growth terms were
calculated by using alinear creep law and growth law for the single crystal as described in

[8.25].

The equation has the form
€™ =[K Clo, +K,Clof] @ +K Clo, &%
£ = K., (K ,(X) [TH(x) [B(x) [T +K,] +(6)
sijrr'ngrowth — Kg [H(G(X,([I) [G:g(X) mp@—QG/T

where:

¢,isthe strain ratein adirection d (i.e., radial, transverse, axial), h™*,

K1, K, are material constants for high temperature in-reactor thermal creep,

K3 isamateria constant for low temperature in-reactor thermal creep,
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K4(x) isafunction describing the variation of irradiation creep due to variations of
microstructure along the length of the tube as a function of fluence and where x is ameasure
of position along the tube,

C{,C3 are anisotropy factors due to texture for in-reactor thermal creep in agiven direction d
for stress exponents 1 and 2, respectively,

CJ(x),Cl(x) are anisotropy factors due to texture for irradiation creep and growth,
respectively, in agiven direction d at a point x along the tube,

Ke, Kg are material constants for irradiation creep and growth, respectively,
Q1, Qs, Q4, Qs, K5 are activation temperatures and a constant, respectively,

01, 0, are the effective stresses for thermal creep and stress exponents of 1 and 2,
respectively, MPa,

o(x) isthe effective stress for irradiation creep at a point x along the tube, respectively, MPa,
T isthe temperature in degrees K,

@isthefast flux, n/(m?.s) (E > 1 MeV), and

tistheirradiation timein seconds.

The in-reactor thermal creep component has two terms [8.10] [8.27] that dominate at
temperatures above and below 300°C, respectively. The last two terms describe flux-dependent
creep and irradiation growth respectively. The stress exponent for thermal creep varies with
stress: for stresses below 120 MPa, the stress exponent is 1, while for stresses between 120 and
200 M Pa, the stress exponent increases to 2 [8.10].

The equivalent stresses a1, 0, and o(x) are related to the radial, axial and transverse stress oy, 0,
and o, respectively by means of Equation 4. The subscript i standsfor 1 (i.e, n=1), 2 (i.e,,
n=2), or in the case of irradiation creep o; = a(x). The Hill’s anisotropy constants for
irradiation creep depend on the distance in meters, x, from the back end of the tube, namely the
end that exits the extrusion press last, and for a 6-m tube this dependence is given by

F(x)=PF+(F-F)x/6

G(x) =G+ (G -G") x/6

HX)=15-F(X)-G(X)

L(x)=LP+ (L' =L x/6 ..(7)
M(x) = M® + (M"=M") x/6

N(x) = N° + (N" = N®) x/6
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Here F°, F, G°, G', L®, L, MP, M", NP and N' are the values of Hill’s anisotropy constants at the
back and front ends of the tube. The dependence on x of Hill’s constants F, G;, L, M; and N;
(i = 1,2), which are used to define the thermal anisotropy factors C{,C5, was neglected because

of the relatively small magnitude of the thermal component. The coefficient describing the
end-to-end effect of irradiation creep along the length of the tubeis given by

K4(X):K41+K42'X (8)
The growth coefficient describing the end-to-end effect and the dependence of growth on fluence
isgiven by

Ke (X, @) = (Ke1 + Kez - x) - (1 +[C/ B] - @) .-(9)

Here K41, K42, Kg1, Ke2, C and B are constants and the derivation of their valuesis described in
[8.2]. The growth anisotropy factors are given by

Ci(x)= G2+ (G -G>)x/6
Ci(X)= G+ (G|-G?)x/6 ...(10)
Ce=— C3(x) —C(x)

Here (G2,G!) and (G}, G;) are the growth anisotropy constants in the back and front end, and

in the axial and transverse direction of the tube, respectively. It should be noted here that thereis
asystematic variation of crystallographic texture, dislocation density and grain size along the

length of pressure tubes. The dependence of the creep and growth anisotropy factors C5(x) and

C2(x) on x is due only to measured texture variations. The axial dependence of K4(x) and Kg(x)

represents the effects of microstructural variations, e.g., disocation density and grain size. Ky4(x)
was determined from experimental data and Kg(x) from a growth model [8.4].

8.5.3 Calandria Tube Equation

The current calandria tube deformation equation was issued in 1988 in the form

£y = £5%F +gIo ..(11)
where

£ =K [T, [0 ...(12)

K. =K/ [&°®"+K, ..(13)

9" =[G, @ %% +G,] @ ...(14)

The parametersin Equations 11 — 14 are defined as follows
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K; and K, are material constants for transient and steady-state creep
[n/(m?.s) x MPax h] ™,

C, isthe creep anisotropy factor in direction d given in terms of Hill’ s anisotropy
parameters (Equation 5),

o isthe effective stress (Equation 4),

@isthefast neutron flux n/(m?.s), E > 1 MeV,

tistimeinh,

B' isatransient decay constant [n/(m?. s)xh] ™, and

G, and G|, are material constants for transient and steady-state growth [n/(m?. s)xh] ™.

This equation is based on measurements from power and test reactors and understanding of the
factors that influence anisotropic, irradiation-induced creep and growth at calandria tube
operating temperatures. The creep behavior as a function of fluence has been related to the
crystallographic texture and residual stresses and calculated using the POLY
intergranular-constraint model [8.23] in which the plastic and creep strains are assumed to arise
from the dlip of <a> and <c+a> didocations on prism and pyramidal slip systems. The vaues of
the critical resolved shear stresses, derived from the bent-beam stress rel axation tests, are 20 and
50 MPafor prism and pyramidal dlip, respectively. Residual stresses created during prestraining
and thermal treatments are atered by the irradiation-induced creep due to the interaction between
grains resulting from the anisotropic creep.

The material creep constants have been normalized to the creep rate derived from power reactor
sag measurements based on the fact that the steady-state sag rate of the fuel channel islargely
controlled by the creep rate of the calandriatube. It was assumed that the deformation of the
Zr-2.5Nb pressure tubes is described by the pressure tube design equation given above and the
calculated sag of the pressure tube was matched to the measured sag by adjusting the calandria
tube creep rate constant K’ . Transient creep behavior arising from grain interactions has been

calculated using the POLY model. Theirradiation growth behavior is based on high-fluence test
results from ATR, which have been correlated with residual stresses and texture using the POLY
model. Both creep and growth are significantly affected by the residual stresses, which arise
from anisotropic straining of the individual grains, be it thermal, mechanical or
irradiation-induced. The new equation is applicable to calandria tubes produced by different
fabrication procedures for CANDU reactors.
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8.6 Comparison of Equationswith Databases

8.6.1 Pressure Tube Equation

The database of measurements of axial and diametral strainsin Zr-2.5Nb pressure tube materials
in the power reactors and test reactors has increased significantly in the last 25 years. A useful
source of data has been the repeated diameter and sag gaugings of four pressure tubesin
Pickering Unit 3 subject to periodic inspection during operation prior to retube and extensive
series of elongation measurements obtained from all tubes in several reactors carried out as part
of monitoring programs. Data on diameter changes have been obtained from selected channels
during the periodic inspections of nuclear stations as well as from post-irradiation gaugings at
CRL of pressure tubes removed from the power reactors as part of surveillance programs. One
of the main purposes of devel oping deformation equationsisto be able to predict the future
deformation of pressure tubes aswell as to predict the behavior of the tubesin new units where
the operating conditions may differ from those used to derive the values of the constantsin the
eguation. The present equation was derived by using data from the Pickering 3 and 4, the Bruce
B and the CANDU 6 units. The equation must be used as originally intended, with appropriate
end-loads and compensation for predicted end-shield movement, and it describes the
deformations reasonably well.

Elongation and diametral change in individual pressure tubes and calandria tubes can be
calculated by segmenting the tubes into equal length sections and entering the appropriate axial
profiles of temperature, fast flux, stress and materials properties for the axial position along the
tubes, along with (time-varying) end-loads, and averaging the axial and transverse strains over
the time period of interest.

Two typical transverse strain rate profile patterns derived from diameter changes of tubesin
Pickering 3 and a CANDU 6 unit are shown in Figure 8-16; tubes oriented in the reactor with
their back-ends at the outlet end of the channel have strain rate peaks towards the outlet end,
while those with their back-ends at the inlet have profiles which correspond to the flux profile.
The deformation equation appears to predict the rate in both types of tubes well. Note the higher
deformation rates observed in the CANDU 6 tube compared to that of the Pickering tubes. The
reason for the difference is due to the higher flux, temperature and stress values in the former
unit compared to those in the latter. Peak transverse strain ratesin CANDU 6 units are about
18.5 x 10 m*n and do appear to depend linearly on flux and stress. Figure 8-17 showsa
comparison of the measured and calculated diametral strain rates in a number of tubes from a
CANDU 6 unit, Bruce B and Pickering 3 units, whereas Figure 8-18 shows the elongation of all
channelsin a CANDU 6 unit in comparison with the predicted values using the pressure tube
equation described in Subsection 8.5.2. Over the 30-year design life of a pressure tube,
elongations of 150 to 200 mm are expected for CANDU 6 reactors. Diameter changes may be as
great as 5.0%. For ACR pressure tubes, the target requirement for elongation is 190 mm and the
maximum diametral creep is 4.5%.

From Figure 8-17 and Figure 8-18 it is evident that there is considerabl e scatter in the
deformations of different tubes, with the spread from the mean increasing with increasing
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fluence or strain (i.e., time of service). The deformation of an individual tube is expected to be
within £ 15% of the mean for elongation and + 25% for diametral expansion. The fuel channel
is designed to accommodate a specified amount of pressure tube axial elongation and transverse
strain and account is taken in the design-life predictions of the spread in strain values from the
predicted mean. The sources of the observed material variability have been under investigation
and research has been focused on the variables that are responsible for the production of tubes
exhibiting the lowest strains. Thisinformation is being exploited to produce tubes with greater
margin at design life (or, alternatively, with an increased design life). Better control of the
homogeneity of the microstructure will reduce the difference between the predicted minimum
and maximum design-life elongation. Studies have been carried in recent years to look for
statistically significant correlations rel ating the observed in-reactor strains in the tubes with
variables such asimpurity and aloying content and differences in the manufacturing procedures
used to produceit.

Causey et al. [8.44] have discussed the relationship between the processing of the pressure tubes,
impurity/alloying content and their performance in CANDU reactors. In their work these authors
presented evidence that showed that increasing the Fe concentration will result in a significant
reduction in the elongation rate of pressure tubes. Some of these relationships have been

factored into the pressure tube specification for recent reactors while others will beincluded in
the near future.

8.6.2 Calandria Tube Equation

In general, the calandria tube equation cannot be compared directly against power reactor
measurements because there are no displacements in which only the calandria tube contributes.
In-service, calandriatubes are not normally accessible for dimensioning, with the exception
being during large-scale fuel channel replacement when the pressure tubes are removed as
occurred for the Pickering A unitsin the late 80's and early 90's. Diameter gauging of the
Pickering 1 and 2 calandria tubes indicated increases in diameter of the order of 0.01%
independent of the flux profile along the tube and significant increases in ovality at the spacers.
The calandria tube equation isin qualitative agreement with the measurements. Axia elongation
and sag of the calandriatubesis usually inferred from analysis of movement of the end shield
and from sag of the pressure tubes. End shield displacements measured after 50000 h of
operation, however, have been very small, of the order of 1-2 mm and, in some cases negative.

8.7 Creep Ductility

The creep ductility of aZr-2.5Nb pressure tube due to irradiation creep under operating
conditions is expected to be very high. Padmanabhan and Davies stated that irradiation induced
deformation may be superplastic, and it is an example of environmental superplasticity [8.45].
For superplasticity to occur, the stress exponent (slope of logé¢ vs. log o curve), n, must be less
than about 3. This condition is satisfied by the irradiation creep of the pressure tube under
operating conditions (Figure 8-6). Gittus [8.46] reviewed the irradiation-enhanced ductility and
concluded that for amaterial under irradiation, its ductility increases as n decreases. He
estimated that the fracture strain can reach 500% at n = 2, and 1 000% at n= 1. Theselarge
elongations have not been produced in in-reactor tests because of the low rates of deformation.
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Ellset d.

[8.47] reviewed datafor Zircaloy and Zr-2.5Nb, and showed that they are consistent with the
assumption of high ductility when the stress exponent n < 3 (Figure 8-19).

Ells [847] dso reviewed the limited irradiation creep ductility datafor tests of Zircaloy and
Zr-2.5NDb, that were conducted in flux at much higher stresses than the operating stresses (and
are thus conservative). Most of the specimens had not failed when the tests were stopped. The
maximum strain reached 17.6% for biaxially-stressed tubular Zr-2.5Nb specimens without
failure. (Thetwo failures of specimens were attributed to corrosion and high n). He concluded
that CANDU pressure tubes operate in a stress regime for which n~1 and hence high ductility
can be expected. 6% diametral expansion istaken to be a conservative limit for CANDU 6

reactors.
8.8 Defor mation Codes
8.8.1 Modeling of the Sag of Fuel Channels

The horizontal fuel channelsin CANDU reactors consist of a pressure tube rolled into end
fittings and supported by a concentric calandria tube through garter spring spacers at several
intermediate points, Figure 8-20. In addition to the stresses due to internal pressure, the pressure
tubes are subject to bending stresses induced by the weight of the fuel, coolant and tube itself and
to axial forces from interactions between the pressure tube/cal andria tube/end fitting assembly
and the end shields arising from axial elongation of the pressure tube [8.48]. Creep deflection
(sag) of the pressure tube depends on the structural behavior of the fuel channel and on the
in-reactor creep behavior of the zirconium alloys used to make the tubes. Reactor design must
accommodate the sag behaviors of both the pressure tube and the calandriatube. Contact
between pressure tube and calandria tube must be prevented as it can lead to hydride blister
formation in the pressure tube as described in Section 13. Contact between the sagging channel
and horizontal mechanisms within the calandria vessel must also be avoided. The techniques
used for sag measurements of fuel channels in operating reactors are described in Section 11.

Due to the design of the garter spring spacersinstaled in anumber of early CANDU reactors, all
spacers did not remain in the design locations. A fraction of them moved either during
construction or during operation due to channel vibration. A maintenance program termed
SLAR for “Spacer Location and Repositioning” was developed for those reactors. SLAR has
been implemented in a number of reactors and continues to be implemented in others. The
objective of the SLAR program is to move the spacersin a sagged channel to locations that will
prevent pressure tube to calandria tube contact for the operating life of the reactor. In addition to
the development of the necessary hardware to carry out this operation from inside the pressure
tube, robust analysis techniques were required to be developed to model the sag deformation of
the pressure tube and cal andria tube so that spacers could be located where they would prevent
future contact between the tubes and where they would not be subject to further movement. This
section describes the codes devel oped to model fuel channel sag.
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Creep sag deflection analysis for fuel channelsis carried out with the finite element computer
code CDEPTH [8.49] [8.50]. The pressure tube and calandria tube are modeled as beams with a
tubular cross-section, using fully integrated cubic beam elements. The code also uses spring
elements to model the interaction of the fuel channel assembly with the reactor structure, and
contact elements to model the garter spring spacers as well as contact between the pressure tube
and the calandriatube. CDEPTH uses an explicit temporal integration scheme for integrating the
creep deformation equation. The nonlinear equations resulting from the spatial discretization of
the continuum are solved using an implicit solution method with equilibrium iterations at each
time step.

The solution method in CDEPTH can be summarized in the following incremental equations of
equilibrium:
'EKT ut+At - AR’[+A'[
...(16)

DI+AI = Dt +ut+At

where D',D"* are the system displacement vectors at timet and t+ At respectively, 'K isthe

tangent stiffness at timet, and u'™* isthe incremental displacement vector from timet to t + At .
The current load increment vector at time t + At is AR,

During the equilibrium iterations at each time step, the strains and stresses are updated using the
following relations:

AEI+A1 = A£;+At +A€t+AI = Bl ute+bl

C

t+At _ t+At t+At
Ae, ™ =Ae™™ - g,

Aa.t+At — EI:Agt+At _Ag(t;+m:|

t+A

e =gl + Ag]

C
AL = U8 At ..(17)

where Ac'™ istheincremental stressat time t +At, Ag™, Ae."™ andAe,"™ represent the

total, elastic and creep strain increments, respectively, B" isthe matrix of strain-displacement
relations and éc“m isobtained at each element sampling point using the deformation equations

described in Subsection 8.5.

CDEPTH can simulate the response of fuel channel components under normal operation, as well
asthe effect of various inspection and maintenance procedures on the response of the fuel
channel assembly. These procedures include in-situ inspection, fuel channel reconfiguration
(axially constraining the previously free end of the pressure tube, and freeing the previously
constrained end to allow the bearing travel allowance on both ends of the fuel channel to be used
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to accommodate pressure tube elongation), SLAR, aswell as fuel channel replacement (the
replacement of either or both of the pressure tube and the calandriatube in afuel channel).

These analyses consider the following factors: anisotropy of zirconium alloys, non-uniform creep
rates due to neutron flux and temperature distribution, time hardening creep laws, asymmetry
due to temperature gradients along the tube, combined effects of bending and axial loading and
specified initial displacements and end slopes. In addition, CDEPTH accounts for material,
geometric and contact-induced non-linearity in the response of the fuel channel and is used to
model the axial spreading of contact between the pressure and the calandriatube if it occurs. A
typical CDEPTH model of afuel channel is shown in Figure 8-21.

CDEPTH is considered to provide a solution with good accuracy for usein predicting all
phenomena associated with the vertical deflection of fuel channels. Furthermore, being based on
beam elements, it provides accurate calculations, within afew seconds on engineering
workstations, of the fuel channel response to the end-of-life thus making it very suitable for
analysis of alarge number of channels, or parametric studies of the effects of various inputs or a
particular maintenance operation. Thisistrue, in particular, for usein SLAR, in which case a
user-friendly version of CDEPTH, equipped with customized reactor databases and a graphical
interface, is used by the operators during the maintenance procedure in order to determine
acceptable locations for spacers [8.50].

CDEPTH calculations have been benchmarked against measurements of pressure tube and
calandria tube sag deflection and of the extent of pressure tube to calandria tube contact and
found to be in good agreement with the measurements. In addition, the predictions of CDEPTH
have been compared with calculations of fuel channel creep response with the three-dimensional
non-linear finite element code H3ADMAP [8.51] [8.52] in which the pressure tube and calandria
tube have been modeled as concentric tubes using shell elements, and three-dimensional contact
elements have been used to model spacers or tube-to-tube contact. A typical H3DMAP model of
the fuel channel is shown in Figure 8-21. In general, the comparisons show good agreement
between the two methods. Where a difference existed between the predictions of the two codes,
namely in the prediction of the local deformation of the calandriatube under the garter spring
spacers, amodification has been made in the CDEPTH contact element formulation to capture
the local ovalization and its effect on fuel channel deformation [8.53].

The factors that affect the deflection of the fuel channel and the time of first contact between the
pressure tube and the calandria tube have been studied in detail in the past two decades. The
most significant of these are [8.42] [8.53]:

- the bending creep rates of the pressure tube and calandria tube,
- the number and location of the spacer-supports,
- axia loads from interactions with the end-shields and feeder pipes,

- asinsalled straightness, cross-sectional dimensions and deviations from a perfectly circular
cross-section in the pressure tube and calandria tube,

- dopesat therolled joints,
- ovalization of the calandria tube due to loading transmitted by the spacers.
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M easurements of the curvature and sag of the calandriatubesin Pickering 1 and 2 were found to
be consistent with calculations using the creep rate in the current calandria tube deformation
equation, as are the measured diameter changes. The sag profiles calculated with CDEPTH
using the current pressure tube and calandria tube deformation equations for two Pickering
NGS-A Unit 3 tubes after 73,000 h are shown in Figure 8-22 and Figure 8-23 together with the
measured values. The predicted sag and curvature profiles for atube in Bruce NGS-A Unit 2
after 54,000 h of operation are shown in Figure 8-24 and Figure 8-25, respectively, together
with the measured quantities in each figure. The profile of the gap between the pressure tube and
the calandria tube at the bottom obtained by the gauging equipment AFCIS is compared with
calculationsin Figure 8-26. These measurements were obtained from a CANDU 6 tube after
124,800 hours of operation. It isevident that the pressure tube and calandria tube deformation
equations together with CDEPTH provide estimates of sag, curvature and gap that agree well
with measurements.

8.9 Summary

Models and equations have been developed that describe well the effect of irradiation,
temperature and stress on the in-reactor deformation of the pressure tubes and calandria tubes in
CANDU reactors. The deformation equations have been based on the best understanding of the
in-reactor deformation behavior of zirconium alloys available at this time and are normalized to
the most recent data from the operating power reactors. For design purposes, both equations are
considered to describe the deformation of an individual tube to within + 15% for elongation and
+ 25% for diametral expansion.

Analysis of periodic measurements of pressure tube elongation indicates that the axial strain rate
of Zr-2.5Nb pressure tubesis not alinear function of fast fluence. Peak transverse strain ratesin
CANDU 6 units are about 18.5 x 10 m?/n and do appear to depend linearly on flux and stress.
They are also strongly dependent on the orientation of the pressure tube with respect to the
direction of the coolant flow. This end-to-end variation has been known since gauging of the
pressure tubes in Pickering first began and it would seem obvious that the back ends should
aways be installed in the reactor at the coolant inlet. However, other factors, such as fracture
toughness, which was believed to be lower at the back end of the tube than at the front, were
considered more important and resulted in the decision to install all pressure tubes with their
back ends of the coolant outlet in CANDU reactors built after Bruce Unit 4. Pressure tubes
oriented in the coolant flow with their “back ends’, i.e., the end of the tube which exits the
extrusion press last, at the outlet end of the channel has a peak transverse strain that is up to 25%
greater than in tubes which have their “front ends” at the channel outlet end. The rate of sag of
the pressure tubes in a Pickering reactor is of the order of 2 — 3 mm/year. These results have
been used to normalize the deformation equations for both pressure tube and calandria tubes.

The irradiation-induced deformations are accommodated in the fuel channel design. Over the
30-year design life of a pressure tube, elongations of 150 to 200 mm are expected. Diameter
changes may be as great as 5%. The variability observed in the measurements of transverse and
axial strains has been studied and was found to be related both to the chemical composition and
to the manufacturing process conditions. The conclusions from these studies have allowed for
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the manufacturing of tubes with better deformation properties and therefore an extension of the
design life.

Creep ductility is expected to be very high as the material behaves as a superplastic material as
the stress exponent islow. Diametral deformation limits of about 6% are seen to be

conservative.
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Figure 8-2 Temperature Dependence of Irradiation Creep of Cold-worked Zr-2.5Nb
Pressure Tube Material (from [8.10])

Figure 8-3 Stress Dependence of In-reactor Creep of Zirconium Alloys at ~300°C
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Figure8-12 Irradiation Growth of Annealed and Cold-worked/Stress Relieved Zr-2.5Nb
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Figure 8-14 Irradiation Growth of Longitudinal Specimens of a Bruce B Tube
Pre-irradiated in Dido and a Bruce A Tube Pre-irradiated in Bruce Unit 2 before
Irradiation in Trillium 2in Osiris
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derived using the pressure tube equation described in Subsection 8.4.2.
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9. CORROSION AND HYDROGEN" INGRESS

91 I ntroduction

In currently operating CANDU reactors, the surfaces of the Zr-2.5Nb pressure tubes are in
contact with high-temperature heavy-water coolant on the inside and with carbon dioxide in the
annulus gas system on the outside. Design considerations require that corrosion at both surfaces
be addressed. The temperature of the heavy water inside the pressure tube ranges from about
250°C at the inlet end in early generation reactors up to about 313°C at the outlet end of today’s
CANDU 6 reactors. Addition of LiOD is used to maintain a coolant pHa? in the range
10.2<pH.<10.8 (0.35 to 1.4 mg(Li")/kg(D,0) while between 3 to 10 ml/kg of deuterium (0.5 to
1.6 mg(D2)/kg(D-20)) is maintained to suppress radiolytic production of oxygen in the core.
With these deuterium levels, dissolved oxygen concentrations are generally less than

5 pg(0,)/kg(D20) (<0.003 ml(O,)/kg(D-0)).

In the ACR reactor, while the coolant will be light water and the coolant outlet temperatures will
be about 325°C, the coolant will still be maintained alkaline with LiOH, and hydrogen will be
added to suppress formation of oxidizing speciesin the core. The annulus gas will be carbon
dioxide with 0.5 to 5.0 vol% oxygen.

A portion (<10%) of the deuterium generated from agueous corrosion processes on the inside
surface of the pressure tube is absorbed by the metal. Thereisa potential for absorption from the
annulus gas side if the gas isinsufficiently oxidizing and when deuterium or water is present as
an impurity in the carbon dioxide gas.

Each end of the pressure tube is connected to a Type 403 stainless-steel end fitting by a
mechanical rolled joint (Figure 9-1). Additional accumulation of deuterium, in the metal at the
ends of the tube, occurs under the rolled joints as a consequence of galvanic and crevice effects
between the Zr-2.5Nb pressure tube and stainless-steel end fitting. A typical deuterium profile
measured along a Zr-2.5Nb pressure tube after 14 Effective Full Power Y ears (EFPY) of service
isshown in Figure 9-2. The contribution of deuterium uptake from the rolled jointsis quite
evident compared to uptake from corrosion processes along the body of the tube.

Deuterium is the principal hydrogen isotope that is absorbed during operation of
CANDU-PHW reactors because heavy water is used as the heat transport coolant.
However, much of the zirconium alloy research has been performed using light water. It
is assumed that the isotopic differences in the behaviour of *H and ?H (i.e.,, D) in
zirconium metal are insignificant compared to other effects such as trace impuritiesin the
metal, etc. Generically, in this report, when expressions “hydrogen ingress” and
“hydriding” are used, they can be referring to either hydrogen isotope.

For heavy water solutions, acidity is often quoted in terms of the pH(apparent), written
pH.. Thisisthe pH reading for a heavy water solution at 25°C on a pH meter calibrated
with light water buffers.
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Since excessive deuterium uptake can have del eterious effects on the pressure tube, one of the
objectives of chemistry control in the heat transport coolant and annulus gas is to minimize the
ingress of hydrogen isotopes into the pressure tube.

Corrosion and deuterium ingress in in-service CANDU pressure tubes are being monitored with
time through surveillance programs. Periodic removal of single tubes from service for
comprehensive examination provides data on both corrosion and deuterium ingress. In-situ
pressure tube micro-sampling (also known as ‘ scrapes’ — this involves cutting thin samples of
metal from the inside surface of the tube) is carried out to provide a survey of deuterium ingress
that can be used for core assessments. These data are aso supplemented with results from
laboratory tests and in-reactor loop experiments. Through both sources, a better understanding is
evolving and the capability for predicting corrosion and hydrogen® ingress is being improved.

9.2 Pressure Tube Corrosion and Hydrogen Ingress

9.2.1 Waterside Corrosion and Hydrogen I ngress
Zirconium alloys react with water to form a zirconium oxide surface film and hydrogen.

Zr + 2H,0 - ZrO, + 4H

This oxidation process leads to metal loss (i.e., wall thinning), and hydrogen uptake by the metal.
The amount of wall thinning is structurally insignificant and is well within the corrosion
alowance. The fraction of corrosion-freed hydrogen® absorbed by the alloy is dependent on both
the chemistry of the coolant and the microstructure and composition of the alloy. When the
absorbed hydrogen in the zirconium aloy exceeds the hydrogen solubility limit at operating
temperature, delayed hydride cracking becomes a potential crack growth mechanism at operating
temperature.

The original pressure tubes used in early CANDU reactors were manufactured from Zircal oy-2
and have since been replaced by Zr-2.5Nb pressure tubes. In the more recent reactors, the
pressure tubes are manufactured from Zr-2.5Nb, which possesses greater resistance to corrosion
in high temperature water. More importantly, less than 10% of the corrosion-freed hydrogen is
incorporated into Zr-2.5Nb compared to 30%, or more, for Zircaloy-2 [9.1]. The hydrogen
uptake process in Zircaloy-type aloys is thought to involve the discharge of protons and
subsequent absorption of hydrogen atoms at second-phase intermetallic particle sites[9.2]. The
particlesin Zr-2.5Nb are of a different composition and their volume fraction is much lower than
in Zircaloy.

The data presented in Figure 9-3 and Figure 9-4 were acquired from removed pressure tubes, and
illustrate the benefit of Zr-2.5Nb over Zircaloy-2 in the corrosion and deuterium uptake

The amount of hydrogen incorporated is often expressed as a percentage of the
theoretical amount of corrosion-freed hydrogen.
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performance of pressure tubes. For pressure tubes made from Zircaloy-2, an accelerated
corrosion rate was observed once the oxide grew beyond 10 to 13 um thick. A radiolytically
generated oxidizing water chemistry inside the thick porous oxide has been postulated to account
for the accelerated corrosion rate [9.3]. Cold-worked Zr-2.5Nb pressure tubes show a different
oxidation behavior approximating paralinear kinetics that has been interpreted as indicative of a
mechanism controlled by diffusion through athin barrier oxide layer of constant thickness close
to the metal-oxide interface®. With up to 14 EFPY of operational experience with Zr-2.5Nb
pressure tubes in CANDU reactors, there islittle indication of a sudden acceleration in corrosion
rate. There are, however, indications of a dlight upward trending in the deuterium uptake rate in
some of the data from repeat micro-sampling campaigns. Thisis consistent with recent analyses
of Zr-2.5Nb pressure tubes removed from CANDU reactors after approximately 9 EFPY of
service that show aslight increase in the oxide growth rate® [9.4]. In the past, most of the short-
term projections of deuterium ingress behavior have been made using ingress rates that are
constant with time and based upon the lifetime average rate of ingress.

The maximum linear corrosion rate (expressed as oxide growth rate) obtained from the data
presented in Figure 9-4 is approximately 1.4 um of oxide per year for Zr-2.5Nb pressure tubes.
Assuming no acceleration in oxidation over a 25 EFPY in-service operating lifetime of the
pressure tube, the maximum amount of metal lossis 0.026 mm (taking into account the oxide
volume created per unit volume of metal).

As evident from the deuterium profile for the body of the tube (not impacted by ingress from the
rolled joint region), the deuterium uptake (Figure 9-2) and thickness of the surface oxide varies
along the length of each pressure tube. In CANDU reactors, maximum oxidation on the inside
surface occurs near the outlet end of the tube, a consequence of both the magnitude of the fast
neutron flux and an increasing temperature of the coolant as it passes through the channel.

Based on scrape data taken at the 2, 4 and 5 m axia positions (as measured from the inlet end)
along many CANDU 6 pressure tubes®, the deuterium uptake appears to follow an Arrhenius-
type temperature dependence (Figure 9-5), with an apparent activation energy near 1.2x10°
Joule/mole. However, it should be recognized that this apparent Arrhenius dependence reflects
the complex interaction of a number of factors, some of which are:

1. Theinfluence of temperature on corrosion (which, for Zr-2.5Nb in short-term loop tests [9.5]
[9.6], appears to have an activation energy near (0.3 to 0.4)x10° Joule/mole) and hydrogen
ingress.

In zirconium corrosion, the oxide layer grows inwards from the oxide—-metal interface
rather than from the oxide-coolant interface.

Zr-2.5Nb oxides tend to spall significantly more than those on Zircaloy-2. In
examination of surveillance tubes, oxide thickness determinations for Zr-2.5Nb tubes are
made on areas where the oxide appears to be intact.

Thisregion is not influenced by the deuterium that has been incorporated through the
rolled joint.
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2. Theinfluence of the thickness of surface oxide [9.6] (which varies aong the tube) on
corrosion and hydrogen ingress.

3. Theinfluence of flux and fluence on the oxide and microstructure of the tube and the
corresponding influence on corrosion [9.7] and hydrogen ingress.

9.2.2 In-Reactor Loop Teststo Study Corrosion and Hydrogen Ingressinto
Zr-2.5Nb

Research into the corrosion and hydrogen ingress characteristics of zirconium alloys used as
pressure tube materials has been carried out at the Chalk River Laboratories of AECL and within
the CANDU community for more than 40 years. A great dea of the information obtained
through this research has been published in the open literature.

Currently, high-temperature corrosion tests of zirconium alloys are being conducted using the
light-water cooled, fuelled U-2 loop in the NRU reactor at AECL-CRL, and the AECL owned
heavy-water loop in the OECD Halden Boiling Water Reactor in Halden, Norway. The
objectives of these test programs are:

1. To optimize the coolant chemistry for current reactors to maximize the operating life of Heat
Transport System materials.

2. Todetermine origins of tube-to-tube variability in corrosion and hydrogen ingress
characteristics of Zr-2.5Nb with the aim of generating improved material specifications for
future pressure tube production.

3. To provide information for the empirical, mathematical model being devel oped to predict
deuterium ingressinto Zr-2.5Nb pressure tubesin CANDU reactors (Subsection 9.2.2.1).
The model is employed in fitness-for-service assessments for in-service pressure tubes as
well asin the development of specifications for pressure tubes for new reactor designs
including ACR. The current tests at Halden span the range of ACR coolant operating
conditions.

9.221 The Pressure Tube Hydrogen Ingress M odel

The mechanisms of in-reactor corrosion and hydrogen ingressin Zr-2.5Nb are complex, and
depend on anumber of variables such as. temperature; neutron flux; water chemistry; surface
oxide thickness; microstructure and microchemistry of both the oxide and alloy substrate.

Information on these different mechanismsis being incorporated into the empirical mathematical
model being developed to model/predict the corrosion and hydrogen/deuterium uptake in
Zr-2.5Nb pressure tubes. The approach used to assess the oxidation and hydrogen/deuterium
ingress behavior of pressure tubesto design lifeisto simulate the behavior by measuring the
response of pre-oxidized (pre-filmed) coupons, prepared from pressure tubes, exposed to high
temperature water under irradiation in short-term in-reactor tests.

This predictive model is based on afunctional relationship between the oxidation rate in high
temperature water and the oxide thickness [9.6], using data obtained from the in-flux and out-of-
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flux experimentsin NRU (see Figure 9-6). It isimportant that the tests be carried out in-flux, as
the behavior is different to the out-of-flux behavior as can be seen in Figure 9-6. The out-of-flux
oxidation rate follows the paralinear kinetics shown with an initial parabolic rate decreasing to a
constant value. In contrast, the in-flux oxidation rate increases beyond an oxide thickness of

~5 um and the data are fitted to a modified paralinear form. The reasons for the increase in
oxide growth rate for the coupons exposed in-core relative to their out-of-core counterpartsis
unclear but may involve establishment of unique water chemistry within the porous oxide,
potentially supporting the onset of the radiolytic production of oxidizing species at or near the
oxide-metal interface [9.3].

The above data and data from other NRU tests on the dependence of the oxidation rate on
neutron fluence and dissolved oxygen in the water were used to derive the following expression
dX - k L + C

for the oxidation rate:
X ’ o
= - 2] X e|1-pl1- -+
(k] (x” yl"“"“]
—| L X o o]
kP

dt

Thefirst factor on the right hand side is derived from the NRU data (see Figure 9-6) where X is
the oxide thickness, t isthe time, kp and k. are the parabolic and linear rate constants,
respectively, and C, X, and n are fit parameters. The temperature and flux dependence of the
corrosion rate is captured in the rate constants, ke and k..

1-exp

1-exp

The second factor captures the influence of neutron fluence @ (=g, where @istheflux andtis
the time), which has been observed to cause microstructural changesin the Zr-2.5Nb alloy [9.7].
(y and ®, are fitted parameters).

The third factor represents the increase in the oxidation rate with dissolved oxygen concentration
[O,] inthe coolant ([O,]cis afit parameter) [9.5]. No explicit dissolved hydrogen dependenceis
included in the model as there was no significant dependence on the corrosion and hydrogen
uptake rates for Zr-2.5Nb observed in tests conducted in U-2 loop, NRU reactor, where the
dissolved hydrogen concentration in the coolant was varied between 5 and 50 mi/kg.

The apparent activation energies for Zr-2.5Nb corrosion and hydrogen ingress measured
in short term research tests tend to be lower ((0.3-0.4) x10° Joule/mole [9.5, 9.6]) than the
1.2x10° Joules/mole observed for in-service pressure tubes (Figure 9-5). This occurs
because of the enhancement in corrosion rate that occurs at the outlet end of the tube asa
consequence of the thicker oxide that grows in this region over time (see Figure 9-6).
This enhanced corrosion rate skews the data from which the in-service apparent

activation energy isderived. The mathematical model captures both these effects.
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The oxidation rate (Equation (1)) isintegrated to give the oxidation kinetics. Hydrogen ingress
ismodeled by assuming that the metal absorbs a fraction of the hydrogen produced during
oxidation, i.e., the hydrogen uptake (H in mg/kg) is proportional to oxidation (X in um of oxide):

H = aFX ®)

where a is the percent theoretical uptake®, and F is a constant capturing sample thickness,
chemical stoichiometry and unit conversions. Thereis evidence from in- and out-reactor tests
that a increases with temperature and flux. For simplicity, it is assumed that o varies along the
pressure tube and the temperature and flux dependence of a is determined through afit to
pressure tube deuterium data from surveillance and monitoring programs.

Model predictions of the deuterium concentration profile along a CANDU PHW pressure tube
are compared to measured datain Figure 9-7; the overall agreement is satisfactory and the
predicted variation with time is consistent with measurement. In Figure 9-8, model predictions
of deuterium concentration as afunction of time near the outlet end (where the maximum uptake
occurs) are compared to pressure tube data. The model predicts a gradual increase in the
deuterium pickup rate that is consistent with reactor data. In addition to the mean deuterium
concentration, the plot shows the 95% upper and lower prediction limits (UPL and LPL).

In summary, a hydrogen ingress model exists to predict the deuterium buildup in the body of
pressure tubes for fitness-for-service assessments and for assessments of design changes aimed at
reducing deuterium buildup (or hydrogen buildup in the ACR case). The model predicts
gradually increasing deuterium ingress with time, consistent with data from operating reactors.

It aso predicts, through its temperature and flux dependence, the formation of deuterium peaks
observed at the outlet ends of some pressure tubes. The model and its database are continually
improved and updated as information and data from Research and Development programs and
from operating reactors become available.

9222 Development of Improved Pressure Tubes

The objective of the more fundamental corrosion studies on Zr-2.5Nb in high temperature water
isto develop a mechanistic understanding of how various factors impact on the corrosion and
hydrogen ingress processes. Understanding these processes can lead to refinements to the
current Zr-2.5Nb material that will improve the performance of new pressure tubesin current
and future CANDU reactors.

The corrosion and deuterium ingress experiments conducted in the AECL heavy-water loop at
the OECD Halden reactor have focused on the effects of material variables on corrosion and
deuterium uptake in Zr-2.5Nb. The experiments were conducted using test channels at
temperatures of 250°C and 325°C® [9.6] in low-flux, high-flux and out-of-flux sites.

These temperatures span the temperature range for the Heat Transport System in ACR.
In ongoing tests, the upper temperature has been raised to 335°C.
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One factor that is beginning to emerge from these tests is the difference between B-quenched®
and non-B-quenched Zr-2.5Nb [9.8]. Over the testing period evaluated to date (~550 days),
coupons prepared from [3-quenched material have shown much lower oxide growth rates, in and
out-of-flux, than coupons prepared from non-f3-quenched material [9.8]. Deuterium uptake was
also lower for B-quenched material tested at 325°C, in-flux and out-of-flux. The effect of
B-quenching on deuterium uptake is less clear at 250°C as coupons exposed out-of-flux at 250°C
show a significant increase in deuterium uptake over a 320-day test period. This observation will
continue to be assessed as the tests progress.

It has been recognized that minor alloying additions such as carbon (C) and iron (Fe) have a
significant influence on the corrosion and deuterium uptake of Zr-2.5Nb [9.9] [9.10] [9.11]. To
determine the optimum Fe/C concentrations, corrosion experimentsinvolving Zr-2.5Nb (Fe, C)
drop castings were conducted in-flux in the OECD Halden reactor. The corrosion and deuterium
uptake response of the drop castings was determined over the concentration range 150 to

3000 mg/kg Fe and 30 to 300 mg/kg C for up to 450 days exposure in 325°C coolant.

A statistical evaluation of the results using the Response Surface Analysis (RSA) technique has
shown that the corrosion and the deuterium uptake followed a quadratic dependency on the Fe
and C concentrations. Thisis demonstrated in Figure 9-9 where a series of sections through the
response surface are projected onto atwo dimensional plane to show the influence of the Fe and
C concentration on deuterium uptake in Zr-2.5Nb. Figure 9-9 also indicates that by lowering the
C and increasing the Fe concentration from current CANDU 6 concentrations, significant
reductions in the deuterium uptake should be achieved. Although the microstructure of the drop
castings is not representative of pressure tubes, out-reactor experiments on micro-pressure tubes
(with similar microstructure to pressure tubes) have also shown similar results when the data
have been evaluated by RSA (i.e., quadratic dependence on Fe and C concentration). Corrosion
testing of micro-pressure tubesin the AECL owned loop in the Halden reactor will further define
the Fe and C content for pressure tubes in future CANDU reactors such as ACR.

An example of how detailed research into corrosion mechanisms has lead to important insightsis
the effect of the oxide microstructure on deuterium ingress and how modifications to the surface
structure of a pressure tube may be used to reduce deuterium ingress. Transmission electron
microscopy examination of oxide cross-sections on corroded Zr-2.5Nb surfaces has shown that
there are two main types of porosity: ‘flake and ‘ribbon’ [9.12] [9.13]. Flake porosity develops
at the boundaries of columnar oxide crystallites formed from the a-Zr grains while ribbon
porosity develops along the corroded a/3 grain boundaries (Figure 9-10). This ribbon porosity
forms a continuous path, or conduit, for the coolant to diffuse from the cool ant-oxide interface
down to the oxide-metal interface. It is postulated that this type of porosity isthe primary
pathway culminating in deuterium ingress. The nature of the ribbon porosity is controlled by the

The current fabrication route for CANDU pressure tubes involves [3-quenching.
B-Quenching refers to heating the Zr-2.5Nb logs (or sometimes hollow billets) into the
B-phase region (~1020°C), then quenching in water. This serves to homogenise the billet
and refine the structure of the a-Zr grains.
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shape and distribution of the 3-Zr filamentsin the alloy. Modifications to the structure of the 3-
Zr phase in Zr-2.5Nb pressure tubes (such as heat treating or shot peening) during the final
stages of fabrication result in less inter-connected ribbon porosity being formed during in-service
corrosion. Tests on shot-peened coupons are ongoing in the Halden reactor to evaluate if the
corrosion and deuterium uptake is lower.

As discussed in Section 6, the Fe and C content of pressure tubes for advanced reactor designs
will be specified to take advantage of the research and development results.

9.2.3 Annulus Gas Side Corrosion and Hydrogen Ingress

The objective of the chemistry control of the annulus gas system isto maintain:

1. The protective oxide on the outside surface of the pressure tube to minimize the ingress of
deuterium or hydrogen (from impurities in the annulus gas) into the Zr-2.5Nb aloy.

2. A dew point lessthan -10°C to facilitate the detection of any water leaks.

Nitrogen was the gas initially chosen to fill the annulus between the calandria and pressure tubes,
but it has since been replaced with carbon dioxide in all CANDU reactors. A number of
drawbacks with nitrogen as the annulus gas were encountered:

1. Theresistance of the oxide, on the outside of the pressure tube, towards hydrogen ingress,
could not be maintained, and hydrogen or deuterium was able to enter the pressure tube body
(D2/H, concentrations in the nitrogen annulus gas were up to 1 vol%)™°.

2. Inthe presence of water, nitric acid was radiolytically produced and this lead to degradation
of some structural components.

3. Nitrogen-12 became activated to form a carbon-14 dust that complicated the pressure tube
replacements in some of the Pickering A units.

The initial experience with a carbon-dioxide-filled annulus lead to deposits of organic material in
the cooler regions of the annulus gas system. This deposition of organic material in the “pig
tails’ could block the gas flow, thereby leaving the annulus gas stagnant. A stagnant annulus gas
system not only compromised leak detection, but also potentially provided a reducing
environment that could not maintain the resistance of the surface oxide towards hydrogen uptake.

Two possible sources of the organic material were identified: radiolytic synthesisinvolving
carbon dioxide, and oils and greases | eft behind from construction. The addition of oxygen to
the re-circulating carbon dioxide was recommended to remove any existing organic material and
prevent formation and deposition of further material. Most CANDU reactors now maintain
0.5-5.0 vol% oxygen in the annulus gas system. The addition of this oxygen ensures that any
hydrogen or deuterium gas that enters the annulus gas system is recombined to form water. The

10 The high deuterium concentration found in pressure tube P3L09 (See Figure 9-3) is

thought to have arisen by ingress of deuterium through the degraded outside surface
oxide.
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added advantage of oxygen additionsisthat it provides further insurance that the protective
surface oxide on the outside of the pressure tube is maintained.

Adherence to the current annulus gas practice ensures that the deuterium/hydrogen uptake from
the annulus gas side of the pressure tube is insignificant compared to that from the waterside
COrrosion Processes.

9.24 Summary of Pressure Tube Corrosion and Hydrogen Ingress

The waterside corrosion behavior of a Zr-2.5Nb pressure tube is a function of temperature,
coolant chemistry and fast neutron irradiation. The waterside corrosion rate increases along the
length of a CANDU pressure tube as the temperature rises from inlet to outlet. Dissolved
deuterium is maintained in the CANDU heat transport coolant to ensure that oxygen is not
produced by radiolysis as oxidizing conditions in the core must be avoided to minimize
waterside corrosion. Deuterium uptake from waterside corrosion is exceptionally low in
Zr-2.5Nb compared to Zircaloy-2. After 16 years at operating temperaturesin a CANDU 6
reactor, the maximum observed deuterium concentration due to uptake is below 50 mg/kg
(Figure 9-8).

In the annulus gas, the oxidation rates on the outside of the pressure tube are low. However, care
must be taken to avoid hydrogen ingress by keeping the annulus gas sufficiently oxidizing in
order to maintain a protective oxide film as a barrier to hydrogen ingress. The current carbon
dioxide annulus gas to which 0.5-5.0 vol% oxygen is added ensures a slow, but continuous
oxidation of the outside surface such that hydrogen uptake from the annulus gasis insignificant
compared to the waterside corrosion processes.

9.3 Hydrogen Ingress at Rolled Joints

931 Background

Enhanced deuterium pickup in the pressure tube in the area of the rolled joints was first noted in
tubes removed from CANDU reactors at the Pickering site following some pressure tube leaks in
1974. An example of the enhanced uptake near therolled joint is shown in Figure 9-2. The
deuterium concentration profiles at the ends of the pressure tube result from deuterium diffusion
inboard from points of ingress at the rolled joint. Understanding the factors causing this
enhanced deuterium ingress in order to predict the likelihood of crack initiation and growth from
potential flaws in this zone by DHC (see Section 12) was seen to be important. Thiswas
particularly true for those reactors built prior to the development of the low-stress zero-clearance
rolled joint™* and for those CANDU reactors that have 13 fuel bundlesin the fuel channel. In the
latter case, the bearing pads of the inlet and outlet bundle rest in the roll joint region and the
potential exists to generate flaws in the pressure tube by a fretting mechanism.

1 Low-stress zero-clearance rolled joints are standard in CANDU 6 reactors and will be

used in future reactors.
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The desire to reduce susceptibility of any part of the pressure tube to DHC while at operating
temperature by maintaining hydrogen isotope concentrations below the solubility limit has led to
aneed for apredictive model for this enhanced ingress at the rolled joint regions. The following
sections describe the current predictive capability.

9.3.2 M echanisms of Hydrogen Ingressat Rolled Joints

Laboratory experiments as well as out-reactor loops involving small diameter or full-sized rolled
joints are continuing to provide information on the mechanisms of deuterium ingressinto the
pressure tubes at the rolled joint. In addition, examination of pressure tubes removed from
reactors has also contributed useful information on deuterium ingress at the rolled joint. The
results have shown that rolled-joint ingress depends on a number of factors including:

1. Characteristics of the crevice between the pressure tube and end fitting,
2. Water chemistry in the crevice, and
3. Galvanic effects between the pressure tube and end fitting.

9321 Sour ces and Routes of Hydrogen Ingress

Under CANDU operating conditions, the primary source for deuterium ingress is the enhanced
corrosion in the crevices between the galvanically coupled pressure tube and end fitting. The
galvanic couple leads to the cathodic reduction of the heavy-water coolant on the end fitting steel
surface and some of the deuterium enters the end fitting. When arolled joint is made, the thin
oxide on both the inside and outside of the pressure tube does not remain intact. Regions of
metal-to-metal contact with the end fitting are devel oped, particularly at the regions of the
grooves in the end fitting. In-service, most of the oxide is regenerated, with the exception of the
regions of intimate contact. Early in life, deuterium can enter the pressure tube directly through
un-repaired areas in the oxide. When only areas of intimate contact remain un-oxidized,
deuterium ingress occurs predominantly by diffusion through the end fitting to these contact
areas. The possible routes for deuterium ingress, depicted in Figure 9-11, are: direct pickup as a
result of general corrosion (Route 1), deuterium produced by enhanced corrosion along the
crevice between the pressure tube and end fitting and direct entry into the pressure tube (Route
2), and deuterium migrating through the end fitting hub and into the pressure tube (Route 3).
Although direct pickup of deuterium along the pressure tube inside surface due to corrosion
(Route 1) is always operative, the observed peaks in the deuterium profiles suggest that Routes 2
and 3 are the principal routes of ingress. For clarity, Figure 9-11 shows ingress by Routes 2 and
3 at one location only; however, ingress could occur via these two routes at all locations where
there are crevices and regions of metal-to-metal contact.
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9.3.3 Modeling Hydrogen Build-up at Rolled Joints

9331 Model Development

The model [9.14] uses a database that has been compiled from pressure tubes removed from
CANDU reactors. From the measured deuterium concentration profile in the rolled joint region
of each pressure tube, the total amount of deuterium picked up, the contributions from ingress at
therolled joint and corrosion along the pressure tube [9.14], and the corresponding pickup rates
can all be estimated. Using these ingress rates, the model solves the diffusion equation taking
into account hydride precipitation. The model also incorporates super-saturation effects through
the use of aterminal solid solubility (TSS) for hydrogen in Zr-2.5Nb that has different values
depending whether hydrides are being dissolved or formed (corresponding to whether the alloy is
increasing or decreasing in temperature).

Figure 9-12 illustrates the quality of the fit. Here the measured hydrogen equivalent'
concentration profiles are compared to model calculations for the inlet and outlet rolled joints of
apressure tube after approximately 17 years.

While therolled joint ingress rates are not known apriori, model predictions are based on rates
determined from removed CANDU pressure tubes. Results of out-reactor loop tests and pressure
tube data [9.14] indicate that the rate of ingressin the rolled joints may be declining with time.
This decline may be due to the repair of the oxide layer on the pressure tube that was damaged
during rolling (allowing enhanced ingress). The deuterium ingressrate, R, is assumed to be
inversely proportional to the oxide thickness which in turn is considered to follow a parabolic
law in time, t, asfollows:

_ 1
R = ——

The constants aand b are determined from a least-squares fit to the measured mass of deuterium
picked up and the results are shown in Figure 9-13 for both the inlet and outlet ends.

9332 Model Predictions

Therolled joint ingress model is used to predict lifetime deuterium build-up in CANDU pressure
tubes. For conservatism, upper bound values are used for: rolled joint ingress rates
(Figure 9-13), deuterium pickup rates due to corrosion, and initial hydrogen concentration.

It should be noted that, whereas ingress rates have a major effect on the deuterium build-up
under the rolled joint, the effect in the region of the rolled joint with the highest residual stress
(at the end of rolling, 70 to 80 mm from the pressure tube end) is considerably less pronounced.

12 As engineering units of weight are normally used for concentration of hydrogen isotopes

in zirconium alloys (as opposed to atomic units), hydrogen equivalent is defined as
{[H] + ¥2[D]}where the concentration units are in ppm (i.e., mg/kg).
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The main objective of the model isto predict when TSS will be exceeded and hydrides are
present inboard of the rolled joint at the burnish mark (end of rolled region) at operating
temperature. The model is also used to examine ways to extend pressure tube life in future
reactors. Thisincludes evaluating:

1. Increasing the pressure tube wall thickness at the tube ends;
2. Moving the burnish mark further inboard; and,

3. Reducing deuterium uptake due to corrosion by optimizing the pressure tube materia
properties.

To present model predictions concisely, it isinstructive to represent deuterium build-up along the
pressure tube in terms of the propagation of the *hydride front’. Figure 9-14 depicts the rolled
joint and the hydrogen equivalent concentration profile along the end of the pressure tube. The
TSS line divides the tube into two regions:

1. A two-phase region where TSSis exceeded and hydrides are present; and,
2. A region with no hydrides.

The boundary between these two regionsis referred to as the hydride front. With time, the
hydroge1r31 equivalent concentration profile shifts upward causing the hydride front to move
inboard™.

Model predictions of the hydride front propagation at the outlet end of a CANDU 6 pressure tube
are shown in Figure 9-15. After about 10 hot years, hydrides begin to be present at operating
temperatures in the compressive-stress zone of the joint. Thereisaninitial rapid inboard
propagation of the hydride front (25 to 50 mm from the pressure tube end) that is principally
governed by rolled joint ingress. Further propagation inboard is subsequently determined by
diffusion of the deuterium from the rolled joint region and by deuterium ingress from corrosion.
The model is used to evaluate the potential effects of any proposed changes to the rolled-joint
design on hydrogen concentrations near the ends of the pressure tubes for the channel design life.

The results of on-going work, including the analysis of more rolled joints and TSS studies, are
incorporated into the model to update the predictions which can then be used in quantitative
assessments of deuterium concentrations in the ends of pressure tubes.

9.34 Summary of Hydrogen Ingress at Rolled Joints

Additional deuterium ingress occurs at the pressure tube ends as a result of the galvanic/crevice
contact between the zirconium alloy pressure tube and the stainless steel end fitting. A
mathematical model exists for predicting deuterium build up in the rolled joint region of pressure
tubes for fitness-for-service assessments. Measured deuterium concentration profiles in pressure
tubes removed from operating reactors are used to determine ingress rates. The reactor data, and

13 Note that the time required for the hydride front to reach a given location along the

pressure tube isthe time it takes to reach TSS at that location.
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data from out-reactor loop tests, show that the rolled joint ingress rate is declining with time.
The model and its database are continually updated as information becomes available from
Research and Development programs and from pressure tube surveillance programs. At present,
zero-clearance rolled joints are used to ensure low residual stresses after rolling and deuterium
build up at rolled joints is monitored by surveillance.
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The CANDU Fuel Channel
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Figure9-1 A Schematic Diagram of a CANDU Fuel Channel Showing Details of the
Pressure Tube, End Fitting and Rolled Joint, and the Annulus Gas Space
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Figure9-2 A Typical Deuterium Concentration Profile along a Pressure Tubein a CANDU
Reactor (after 14 EFPY of Operation). Theflux and temperature profilesalong the

pressuretube are also shown.
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Figure 9-3 The Measured Deuterium Concentration in Zr-2.5Nb Surveillance Pressure
Tubesnear the Outlet of the Fuel Channel asa Function of Time'
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Figure 9-4 The Measured Oxide Thickness on the Inside of Zr-2.5Nb Surveillance Pressure
Tubesnear the Outlet of the Fuel Channel asa Function of Time"
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In each of these figuresthe Zircaloy-2 data line is based on surveillance information from

Zircaloy-2 pressure tubes from the Hanford N Reactor and CANDU Zircaloy-2 pressure
tubes removed after about 9.5 EFPY .
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Figure 9-5 An Arrhenius Plot of the Deuterium Uptake for Pressure Tubes
in a CANDU 6 Reactor
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Figure 9-6 The Rate of Oxide Growth on Zr-2.5Nb Coupons as a Function of Surface
Oxide Thickness. Coupons exposed at ~300°C in light water U-2 Loop, NRU Reactor, at a
pH ~10.2. Thedissolved hydrogen concentration was either 5, 25 or 50 ml/kg. Oxide
growth ratesnear or below zero areindicative of the spalling of the surface oxide from the
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Figure 9-7 Predicted and Measured Deuterium Concentration along a Pressure Tube asa
Function of Time. Modé predictions are normalized to the 13 Hot Year data (the 9 Hot
Year dataat > 5 m are considered erroneous).
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Grain Boundary and Ribbon Porosity along a Corroded a/f3 Zr-Grain Boundary
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Figure 9-12 Hydrogen Equivalent Concentration at the Inlet End and Outlet End of a
Pressure Tube after 17 Hot Yearsof Operation. The model incor por ates a postulated
transient temperatureincrease at theinlet end during reactor startup.
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Figure 9-13 Amount of Deuterium Picked Up at the Rolled asa Function of Timefor
Removed Pressure Tubes (Solid Squares). The solid curveisthe best fit assuming a
declining ingressrate and the dashed curves are the upper and lower bounds.
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Figure 9-14 Schematic of the Rolled Joint Showing the Hydrogen Equivalent
Concentration along the Pressure Tube

The TSSlinedividesthe pressuretubeinto two regions:

1. Atwo-phaseregion where TSSis exceeded and hydrides are precipitated and
2. Aregion with no hydrides.

The boundary between the two regionsis called the hydride front.
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Figure9-15 Hydride Front Propagation along the Outlet End of a
CANDU 6 Pressure Tube
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10. MECHANICAL PROPERTY CHANGES OF PRESSURE TUBES
DURING SERVICE

10.1 I ntroduction

Current CANDU pressure tubes are 6 m long, have an internal diameter of 103 mm and awall
thickness of 4.2 mm. The fabrication of these extruded and cold-drawn Zr-2.5 Nb tubesis
described in Section 6. A CANDU 6 pressure tube operates in a fast neutron flux of up to

3.7 x 10" n/(m?s)(E > 1 MeV), with temperatures up to 313°C. These conditions cause changes
in the mechanical properties of pressure tubes. Extensive studies of this material before and after
irradiation have been published [10.1] [10.2] [10.3] [10.4]. This section presents data on how the
tensile and fracture properties of the Zr-2.5Nb pressure tube material change during service
under these conditions.

Since the ACR pressure tubes are thicker (6.5 mm) and operate at higher temperatures,
development and testing programs are being carried out at AECL to demonstrate that the
mechanical properties before and after irradiation are acceptable.

10.2 Material

At the reactor operating temperatures, Zr-2.5Nb has two phases. ahexagonal close packed
o—phase and a body centered cubic B—phase. The a-phase grains are platel ets having
dimensions of about 0.5, 5 and 20 um in the radial, transverse and longitudinal directions of the
pressure tube, respectively [10.3]. The a-phaseis over-saturated with Nb in the as-fabricated
condition, containing about 1% Nb. The [3-phase, a metastable phase that contains about 20 wt%
Nb, encapsulates the elongated a—phase grains (Figure 10-1). The width of the 3-phase in the
radial direction is about 0.05 um. The 3-phase will decompose into the stable 3-Nb and a-Zr
phases during service. The supersaturated Nb in the a-Zr will also precipitate as small Nb
particles due to irradiation enhanced precipitation [10.3]. The decomposition of the 3-phase has
insignificant influence on the tensile and fracture properties of the aloy. However, the
precipitations of the Nb particles in the a-grains contribute to irradiation hardening.

Typica pole figures for both the a— and f—phases are shown in Figure 10-2. It shows that most
of the basal plane normals of the a-grains are in the radial-transverse plane, with the peak
intensity within 20° of the transverse direction. The texture of the a—grains has a significant
effect on the mechanical properties of Zr-2.5Nb pressure tube material while the —phase has
much less influence on the mechanical properties of the alloy.

10.3 Tensile Properties

The microstructure of the material and its crystallographic texture render this material
anisotropic. The tensile properties of this material in the transverse and axial directions are
discussed in the following subsections.
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10.3.1 Transverse Direction

10.3.1.1 Unirradiated Tensile Properties

Most of the unirradiated tensile specimens were obtained from strips straightened by
cold-bending and tested in air. Figure 10-3 shows the 0.2% yield stress (Y S) as a function of
temperature for unirradiated material. Thereisan athermal plateau at ~230 to 330°C due to
dynamic strain ageing caused by oxygen [10.5] [10.6]. The total elongation in thisdirection is
about 20%.

10.3.1.2 Irradiated Tensile Properties

After irradiation, straightening by bending may destroy the unique irradiation structure.
Therefore, a different tensile specimen design was used for testing irradiated material than had
been used to test unirradiated material. A blank was removed from the pressure tube, and then
ground flat. A ‘dog-bone’ specimen machined from the flat blank allows both the Y S and
Ultimate Tensile Strength (UTYS) to be obtained (Figure 10-4).

Transverse specimens exhibit strain localization due to cooperative twinning at temperatures
greater than 100°C [10.8]. Typical stress-strain curves for the irradiated material s tested at
250°C are shown in Figure 10-5. The behavior among the transverse specimens follows roughly
one of three curves; that is, either a steeply rising curve with an abrupt load drop and subsequent
strain softening (curve A), or acurve asin curve A but with a smoother transition (curve B), or a
curve with a sharp elastic-plastic transition followed by alonger period of low strain hardening
before strain softening starts (curve C). Curve B occurred most frequently. At T <100°C, all
transverse specimens show a behavior similar to curve B [10.8].

10.3.1.2.1 Effect of Fluence

Thetensile strengths increase sharply with irradiation, but the rate of increase slows down
significantly after afluence of ~2 x 10** n/m? (Figure 10-6). Correspondingly, the ductility in
terms of total elongation drops sharply from ~20% to 10% at 2 x 10°* n/m? and then only
decreases slowly with fluence. The temperature indicated in Figure 10-7 is the operating
temperature of the material from which the specimens were obtained. The effect of irradiation
temperature is discussed in the next subsection.

10.3.1.2.2 Effect of Irradiation Temperature

The irradiation temperature has an effect on the mechanical and fracture properties because there
is atemperature dependence to the mobility and agglomeration of irradiation induced point
defects. Figure 10-8 shows that the UTS are higher and the ductility lower for samples that had
lower irradiation temperatures. Jy is afracture toughness parameter that will be discussed later
in Section 10.4.
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10.3.1.2.3 Effect of Test Temperature

For unirradiated materials, there is an athermal plateau at ~230 to 330°C due to dynamic strain
ageing caused by oxygen [10.5] [10.6]. Irradiation may suppress dynamic strain ageing [10.10]
and thus the athermal plateau isless obviousin irradiated materials (Figure 10-9).

10.3.2 Axial Direction

10.3.2.1 Unirradiated Tensile Properties

The tube manufacturers are required to conduct tensile testsin the axial direction at 300°C for
every tube. The material, taken from the front end of each of the finished tubes, shall have the
following minimum longitudinal tensile properties when tested at 300°C.

Ultimate Tensile Strength: 480 MPa
0.2% Yield Strength: 330 MPa
Elongation: 12%

The axial yield stress as a function of temperature is shown in Figure 10-3. Note that the values
plotted in Figure 10-3 are typical values and not the specified minimum values in the foregoing.

10.3.2.2 Irradiated Tensile Properties

Similar to the transverse direction, the axial 0.2% Y S increases significantly after irradiation.
Figure 10-10 shows the yield stresses of an irradiated pressure tube in both the transverse and
axia directions. Ductilitiesin terms of uniform and total elongations are also given.

All the stress-strain curves for axial specimens have the same shape as the dotted line showed in
Figure 10-5, which indicates that there is some work hardening. Figure 10-10 shows that the
uniform elongation in the axial direction is about 3%, independent of the test temperature

10.3.3 Summary

The increase in strength during service means that pressure tubes will operate with a safety factor
for plastic collapse of greater than three (i.e. UTS greater than 3 times the design stress of the
ASME Boiler and Pressure Vessel Code, see Section 4) throughout their life, even though there
will be asmall increase in operating stress due to wall thinning caused by irradiation
deformation, corrosion and wear.

104 Fracture Toughness

Delayed hydride cracking (DHC) is the only cracking mechanism ever observed in CANDU
pressure tubesin service. In the unlikely event that an axial crack is developed in a pressure
tube, it may grow by DHC and cause the tube to leak. If the crack growth were not stopped
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before the crack reached its critical size, the tube could burst (Section 13). Because of that, the
fracture toughness applicable to axial cracks for irradiated Zr-2.5Nb pressure tubes has been
studied extensively to demonstrate that |eak-before-break is expected if a crack develops during
service (Section 12).

CANDU pressure tubes are thin-walled and the material is ductile enough, even after irradiation,
that the J-integral approach is appropriate to study the fracture toughness of this material. Three
parameters derived from Jresistance (J-R) curves are used to characterize the fracture toughness
[10.12]:

- Jo2, the crack initiation toughness, is the Jintegral at 0.2 mm of crack extension,

- dJda, the crack growth toughness, is the slope of the J-R curve between the 0.15 mm and
1.5 mm off-set lines

- Jm, the maximum load toughness, is the J-integral at maximum load.

104.1 Test Methods

Two different techniques are used to assess the crack growth resistance or fracture toughness of
irradiated pressure tube material. Thefirst isasmall-scale specimen method using 17 mm wide
curved compact specimens machined directly from the tube material [10.12]. The second isa
large-scal e specimen method (rising-pressure burst tests) using 500-mm long sections with a

55 mm long, axial, through-wall, starter crack [10.13]. In each case the axial toughnessis
measured using specimens oriented for crack growth in the axial direction on the radial-axial
plane. After fatigue pre-cracking of the starter notch, specimens are loaded at arate
corresponding to an initial rate of increase of the stress intensity factor of about 1 M Pa/m/s.
Stable crack growth is monitored using the direct-current potential drop method.

The small specimens are loaded in displacement-control to stabilize the crack growth and obtain
results over arange of crack extension from 3 to 4 mm. Burst tests are conducted under
pressure-control, to provide a closer simulation of in-reactor conditions. The crack lengthis
machined such that failure occurs at, or just beyond, the maximum operating pressure. The
range of crack extension observed in burst tests varies according to the toughness level. Itis
from 3 to 4 mm (for tubes of low and high toughness) up to 12 mm (for tubes of intermediate
toughness).

The main distinction between the two test methods lies in the geometry [10.14] [10.15]. The
small bend-type specimen is highly constrained and is most effective in the determination of the
crack-opening mode toughness. On the other hand, the rising-pressure burst test, which has a
lower crack-tip constraint, is more effective in determining the tendency for slant fracture. The
results of these two methods are reviewed in the following subsections.
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10.4.2 Results

104.2.1 Small Specimens

Over 1000 tests have been performed on curved compact toughness specimens, either cut from
pressure tubes removed from CANDU power reactors or irradiated in test reactors, with fast
neutron fluences up to about 3 x 10?° /m? (approximately 30 years of operation at 90% capacity
factor for ahigh power CANDU 6 fuel channel). Figure 10-11 showstypical J-R curves
obtained at different test temperatures for a CANDU pressure tube. Crack jumping in the 30°C
test is evident.

10.4.2.2 Effect of Impurities

It is now well known that the toughness of Zr-2.5Nb pressure tube material is mainly controlled
by the presence of void-nucleating species such as Zr-Cl-C, zirconium phosphides and carbides
[10.16] [10.17]. Thus, tubes fabricated from 100% recycled material (equivalent to quadruple-
vacuum-arc-remelting) exhibit the highest toughness because they have alow concentration of
volatile trace elements such as Cl [10.18]. Figure 10-12 shows the sharp reduction in the
maximum |load toughness, Jy, with increasing Cl concentration obtained from small specimens.
Manufacturing procedures now result in low concentrations for these harmful impuritiesto
ensure high fracture toughness for future pressure tubes.

Deuterium is absorbed by the pressure tubes during operation and, under certain conditions, this
can have a del eterious effect on fracture toughness. When the solubility for hydrogen isotopesis
exceeded, hydrogen precipitates as platelets of zirconium hydride. Normally, the morphology is
such that the plane of the platelet isin the radial-normal plane of the tube and the effect of the
hydride on the fracture toughness is marginal [10.19]. However, in regions of high stress,
precipitation in the radial direction, i.e. on the plane with atransverse normal, can occur. Radial
hydrides, in sufficient concentration, can reduce fracture toughness of the material considerably
[10.20]. Figure 10-13 shows that the hoop stress for formation of radial hydride is about

200 MPa[10.21]. Asthe hoop stress dueto the internal pressure in an operating CANDU
pressure tube does not exceed 150 M Pa, hydrides are not expected to be radial unlessthey are
precipitated in an area with significant hoop residual stresses combined with full system stress.
To date, no significant accumulations of radial hydrides have been observed.

The effect of hydride morphology on Zr-2.5Nb fracture toughness has been investigated [10.19].
Figure 10-14 shows that for samples with mainly circumferential hydrides (low HCC), the
fracture toughness remains on the upper shelf for temperatures higher than 100°C. For
specimens with mainly radial hydrides (high HCC), it remains on the lower shelf up to about
250°C, and then rises sharply to the upper shelf. The effect of irradiation on this behavior is
under study.

10.4.2.3 Effect of Test Temperature
Crack growth toughness data, dJ/da, for two high-toughness and one low-toughness pressure

tube are shown in Figure 10-15. The differences are mainly due to impurities, as reported in the
previous subsection. Thisfigure showsthat there is a sharp increase in the fracture toughness at
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~100°C and a peak of toughness at about 250°C, consistent with the J-R curves shown in
Figure 10-11 for another high-toughness pressure tube.

10.4.2.4 Effect of Fluence

Asdiscussed in the foregoing, irradiation hardening saturates at low fluence. The main effect of
irradiation on toughnessis also expected to occur early in the life of areactor pressure tube. This
is demonstrated in Figure 10-16, which shows the maximum load toughness, Jn, versus fluence
for three materials with two Cl contents[10.9]. The sharp decrease in toughness at low fluence
(< 3x 10** nh™) is associated with an increased susceptibility of the material to void nucleation
resulting from initial irradiation hardening. At higher fluences thereis little evidence of further
degradation. This behavior is consistent with the toughness being governed mainly by the
presence of pre-existing particles, in addition to saturation of the hardening response.

10.4.3 Rising-Pressure Burst Tests

Burst tests closely simulate the loading conditions in areactor. Asthe constraint at the crack tip
isdifferent for a curved compact specimen and a tube section with an axial crack [10.14] [10.15],
the critical crack length of apressure tubeis best estimated using burst test results. However,
small specimens require much less material and their tests are easier to perform. Testing of large
number of small specimen tests has made parametric studies possible, as reported in the last
subsection.

Detailed studies of the size and geometry effects on the fracture toughness testing of irradiated
Zr-2.5Nb pressure tube material have been reported [10.14] [10.15]. Small specimens usually
provide conservative results compared with those from burst tests (Figure 10-17).

104.3.1 Factors Affecting Burst Fracture Toughness

Burst tests have been performed to study the effect of Cl concentration, irradiation temperature,
and test temperature [10.9]. These results agree qualitatively with the data from curved compact
specimens. Particularly important is confirmation of the effect of low Cl concentration on the
increase of fracture toughness, Figure 10-18. The CI concentration of future pressure tubes will
be kept at alow level to ensure they have high fracture toughness.

10.4.3.2 Summary

Leak-before-break is an important requirement for CANDU pressure tubes (See Section 12).
Although fracture toughness degrades significantly during service, extensive studies have shown
that irradiated pressure tubes still exhibiting sufficient toughness to ensure leak-before-break. As
the pressure tubes in the most recently constructed reactors have improved irradiated toughness
levels due to low concentrations of impurities, such as Cl, they provide an increased
|eak-before-break margin.
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Figure10-1 Typical Grain Structurein Zr-2.5Nb Pressure Tube. Thelight colored
a-phase platelets are inter sper sed with dark-colored B-phase filaments.
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Figure 10-2 Typical Pole Figures of the a— and B—Grainsin Zr-2.5Nb
Pressure Tube Material
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Figure 10-3 Dependenceof the Yield Stresson Temperaturefor Zr-2.5Nb Pressure Tube
Material Tested in the Transverse and Axial Directions[10.7]

TN

L Dim.Inmm ]

Figure 10-4 Transverse Tensile Specimens Removed from Irradiated Pressure Tubes
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Figure 10-5 Typical Flow Curvesfor Irradiated Tensile Specimensfor the Transver se and
Longitudinal Directionsat 250°C [10.8]
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11. INSPECTION AND MONITORING OF CANDU FUEL CHANNELS

111 I nspection Programs

Inspection and monitoring of CANDU reactor fuel channelsis performed to satisfy regulatory
requirements (Periodic Inspection Program), or to provide information about known or suspected
problems necessary to assist in maintenance and future component design (In-service Inspection
Programs).

The Periodic Inspection Program (PIP) involves inspecting arelatively small sample of tubesin
each reactor on arecurring basis, to ensure identification of any generic problems. The
requirements for PIP are described in Canadian Standard CAN/CSA-N285.4 [11.1]; these are
mandatory in Canada and have generally been adopted by all CANDU operators and regulators
outside Canada. A summary of these requirementsisgivenin Table 11-1. A revision of these
requirementsis expected to occur in the next issue of the standard, likely in 2004.

The second type of program, In-service Inspection (1SI), tends to be reactor-specific and is
generally directed by reactor operators with concurrence of the regulatory authority. It aimsto
provide specific information about known or suspected problems. The objectives of IS
programs change as requirements for information evolve.

In order to satisfy these requirements, and also to minimize both outage time and radiation
exposure to personnel, many techniques and inspection systems, some of them highly-automated
and multifunctional, have been developed. Subsection 11.2 reviews the measurement techniques
that are now available for the inspection and monitoring of fuel channel components; it also
provides background information on events that prompted the need for these inspections.
Subsection 11.3 briefly describes some of the multifunctional systems that have been devel oped
to implement these methods.

11.2 Fuel Channel Inspection and Monitoring Methods

1121 Summary

Fuel channel inspection and monitoring capabilities have developed progressively as needs were
recognized. AECL instituted monitoring programs for the prototype NPD (Nuclear Power
Demonstration) and Douglas Point reactors involving in-channel dimensional gauging and also
tube removals. When Ontario Hydro's" first CANDU reactors at Pickering were commissioned,
the periodic inspection program only required that the inside diameter, sag profile, length and
surface profilometry of a small number of tubes be measured about every 5 years. The diameter,
sag and length were required to confirm that the irradiation creep and growth of the pressure tube
were in agreement with the equations used to define the design basis. Surface profilometry was
used to ensure that the fuel bundle bearing pads were not unduly wearing or damaging the

Ontario Hydro is now known as Ontario Power Generation Inc or OPG
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internal pressure tube surface. The equipment used for this inspection, known as the Dry
Channel Inspection Equipment, is described in Subsection 11.3.1. Operating experience at
Pickering and later reactors subsequently broadened the scope of inspection methods that were
required. A summary of current inspection methods and systems that have been developed to
meet these needs is presented in the following subsections.

11.2.2 Pressure Tube Flaw Detection and Char acterization

11.2.2.1 Volumetric Inspection M ethods

Prior to 1974, in-service volumetric inspection of pressure tubes (inspection of the full volume of
the metal for flaws rather than just its surface) had not been anticipated. The tubes were
volumetrically inspected during manufacture [11.2]; operating conditions were not expected to
be conducive to flaw development; and there was no experience base for flaw initiation and
growth. However, in 1974, leaks developed in some Pickering Unit 3 and 4 fuel channels. The
cause was found to be cracks that had developed in the pressure tubes at the rolled joints due to
improper installation procedures (Subsection 13.1.2). Leaking channels were located using
acoustic emission techniques described in Subsection 11.2.6. However, a number of other
channels had partial through-wall cracks that had to be located to prevent future problems.
Rudimentary ultrasonic rolled joint inspection equipment was developed by AECL and Ontario
Hydro to locate such flaws.

Bruce NGS A was also under construction at this time and pressure tubes had already been
installed in Units 1 and 2 using similar procedures as those used for Pickering 3 and 4. Remedial
measures (stress relieving of the rolled joints) were undertaken and a reinspection of the full
length of the pressure tubes was performed using eddy current inspection techniques with Dry
Channel Inspection Equipment developed by AECL. This equipment and its capabilities are
discussed in Subsection 11.3.1. During the pre-service eddy current inspection of Bruce 1 and 2
tubes, a defect was discovered in one tube. Further investigation reveaed that it was introduced
during manufacture of the tube and had not been detected during manufacturing inspection.
Changes were subsequently made to the tube manufacturing and inspection procedures to reduce
the possibility of thistype of flaw re-occurring (Subsection 6.2.1).

The development of rolled joint cracks and the discovery of a manufacturing flaw in atube in-
reactor, highlighted the need for an inspection system capable of performing volumetric flaw
detection in addition to satisfying other periodic inspection requirements. The system had to
operate quickly and minimize radiation exposure to operating personnel. To meet these needs,
the CIGAR system (Channel Inspection and Gauging Apparatus for Reactors) was developed by
Ontario Hydro. CIGAR wasthefirst “wet” fuel channel inspection system; its inspection head
was capable of operating submerged in heat transport coolant. Previous inspection systems were
“dry”; they required freeze plugs on channel feeders — atime consuming and radiation intensive
operation. CIGAR equipment and its capabilities [11.3] are discussed in Subsection 11.3.2. It
came into service in 1985 and was the primary CANDU fuel channel inspection and gauging
system in use for about 15 years. The CIGAR delivery machine, a complex automated system,
was just entering its commissioning phase when the rupture of pressure tube G16 occurred at
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Pickering Unit 2 in August 1983 (Subsection 13.1.1). CIGAR’s capabilities were required but
attempting to use such a complex system untested in a radioactive environment was out of the
guestion. A small manually installed delivery system was quickly developed by AECL that
operated with the CIGAR inspection heads, drive rods and inspection instrumentation. The
system, christened CIGARette [11.4], satisfied the immediate inspection need by using ultrasonic
methods to determine that the conditions that had caused the failure of G16 were present in other
fuel channelsin both Pickering Units 1 and 2.

Another significant event precipitated further devel opments in volumetric inspection technology.
In 1986, the pressure tube in Bruce Unit 2, Channel NO6 started to leak, the unit was shutdown,
but the tube later failed during low temperature pressurization. (Subsection 13.1.2).

Investigation showed that the leak was caused by a crack that grew from a manufacturing defect
(piping flaw) of similar origin to that mentioned earlier. Concern was raised about the possibility
of other manufacturing defects being present in Bruce 1 and 2 and Pickering 3 and 4 pressure
tubes. (Pickering 1 and 2 were being retubed and the tubes in later reactors had been subjected
to improved manufacturing inspection).

From knowledge of the manufacturing process, these type of flaws are expected to occur only in
certain tubes derived from the top of an ingot with a deeper than usua piping cavity, and likely
only at one end of thetube, i.e., a arolled joint region. Three separate programs were
undertaken to address this manufacturing defect concern for older reactors:

* Anin-service inspection program was established in Ontario Hydro reactors to perform full
length volumetric inspection of all installed “top-of-ingot” pressure tubes using CIGAR
ultrasonics.

» Specia equipment was developed and a program established to inspect the offcuts (rings of
pressure tube material cut off each end of every pressure tube when it isinstalled and kept in
archives). This reinspection includes the use of a high frequency (100 MHz) ultrasonic
method demonstrated to have better detection sensitivity to some manufacturing flaws than
standard manufacturing inspection methods. Suspect tubes identified by this process became
part of subsequent in-service inspection programs.

* It wasdecided that a specialized system was required to rapidly inspect only the rolled joint
region of pressure tubesin Ontario Hydro’s older reactors. The CIGAR system can inspect
only 1 or 2 channels/day. The new system, PIPE (Packaged Inspection Probe), was designed
to inspect up to 24 rolled joints/day. PIPE was first used in Bruce Unit 2 in 1987; a brief
description of the equipment and its capabilitiesis given in Subsection 11.3.5.

In 1998 AECL embarked on the development of a second generation, multi-functional, “wet”

fuel channel inspection system primarily to service the increasing numbers of CANDU 6 reactors
worldwide. This system includes full-scope volumetric inspection capabilities: two eddy current
and six ultrasonic transducers. It isdesignated AFCIS (AECL Fuel Channel Inspection System)
and is described in more detail in Subsection 11.3.3. Figure 11-1 shows typical ultrasonic
response from calibration artifacts in a section of pressure tube.
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11.2.2.2 Surface Flaw Characterization

By far the most prevalent flaws encountered in in-service CANDU pressure tubes are various
types of mechanical damage to internal pressure tube surfaces. In addition to the ultrasonic and
eddy current capabilities described in the previous subsection, a number of other inspection
techniques have been developed to detect and characterize surface flaws.

The Dry Channel Inspection Equipment initially used for periodic inspection of pressure tubes,
prior to the introduction of the CIGAR system, had a strain gauge stylus type surface
profilometer. Its primary function was monitoring the extent and depth of any fuel bundle
damage on the bottom of pressure tubes. By the time CIGAR was being developed, it had been
concluded that fuel damage was not a generic problem and that monitoring of any surface
damage could be carried out by eddy current methods if required. Later, concern arose about
possible fretting of some pressure tubesin two Pickering B units and all Ontario Hydro's
“thirteen-bundle reactors’ (Bruce A&B and Darlington). A number of prototype surface
profiling approaches were initially developed to address these concerns. However, the following
methods have evolved as most suitable for detecting and characterizing damage to pressure tube
internal surfaces:

» Tightly-focused, high-frequency ultrasonic (UT) normal beam probes provide accurate depth
information. Figure 11-2 shows an example.

e Eddy current testing (ET) provides valuable information to complement ultrasonic results.
* Visual examination using radiation resistant CCTV (Closed Circuit Television).

» Significant flaws are normally examined by flaw replication using a dental molding
compound. Replicas are recovered and detailed flaw geometry is obtained using laser
profilometry on thereplica. Figure 11-3 shows areplica of a debris flaw and typical laser
profilometry results.

All of these techniques can be implemented in “wet” (flooded) channels. They are normally
employed progressively. Flaws that are reportable but clearly not requiring disposition are
generaly only examined using UT and ET (if available). Since thereis both aradiation dose and
time penalty associated with visual examination and replication of flaws, these techniques are
usually only implemented on flaws that are, or may be, difficult to disposition. Replication isthe
most “expensive” test method; however, it can provide detailed flaw geometry information such
as root-tip-radius.

11.2.3 Monitoring Pressure Tube Geometry

Changesin fuel channel geometry are monitored to verify that the results of processes discussed
in Section 8 remain within predicted limits.
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11.2.31 Diameter and Wall Thickness M easur ement

The periodic monitoring of pressure tube diameter isimportant to assure that diametral creep and
growth remain within the limits defined in the design. From the early 1970s, pressure tube
diameter gauging was performed using a Linear Variable Differentia Transformer (LVDT)
measurement device on the Dry Channel Inspection Equipment. The CIGAR inspection system,
commissioned in 1985, uses an ultrasonic gauging system that measures wall thickness aswell as
diameter at 60 positions around the tube at 3 mm axial intervals along its length. More recently,
AFCIS relies on waterproof LVDT technology to monitor diameter and uses ultrasonics to
measure wall thickness; both measurements involve 360 readings around the tube at about 1 mm
axial intervals.

11.2.3.2 Sag M easur ement

Measurement of the pressure tube displacement profile and the maximum vertical deflection
(sag) are a code periodic inspection requirement. The original Dry Channel Inspection
Equipment measured the local curvature at many positions along the tube using an LVDT device
to measure deviation from a defined straight line. Displacement and maximum sag were
calculated by double integration of thisdata. CIGAR uses a servo-inclinometer to measure the
slope at many positions along the tube and cal culates the displacement profile from asingle
integration. AFCIS has returned to the use of an LVDT device to determine channel sag.

11.2.3.3 Pressure Tube Elongation

It is not pressure tube length but a related quantity — position on end-fitting bearings — that is the
primary reason for measuring tube elongation. Secondary factorsinclude: possible interference
between feeders for channels elongating at different rates and scheduling of “channel shift”
operations (for Bruce-type reactors) to ensure channels will remain on-bearing.

Multifunctional inspection systems typically can provide pressure tube length measurements
from their delivery machine axia travel sensors. The Dry Channel Inspection Equipment and
AFCIS provide the length between rolled joint burnish marks to atypical measurement accuracy
of afew mm. A number of methods have been developed over the years for situations where
length, or position-on-bearing, is required for large numbers of channels. They range from
basically manual surveying type methods to remotely operated methods that can be implemented
off or on-power. Two of the latter approaches are in general use today:

» For reactors with dedicated fuelling machines (FM) like CANDU-6, total channel lengthis
generaly derived from FM “Z-travel”, perpendicular to the reactor face. It provides length
information each time a channel isrefueled. Over time, it produces a detailed data base for
channel elongation. Figure 11-4 shows an example of thistype of elongation data.

Ontario Hydro developed an end-fitting displacement measurement device that is attached to the
front of afuelling machine. It measures the distance from the end fittings to the FM snout as the
machine travels along arow of end fittings. By this means an entire reactor face can be scanned
rapidly and remotely.

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 11-6
Rev.0

11.2.4 Structural and Material Changes

11.24.1 Spacers

Shortly after the failure of Pickering Unit 2 pressure tube G16, the cause was determined
(Subsection 13.1.1). “Garter spring” spacers that separate the hot pressure tube from the cooler
calandria tube were not in their design locations allowing the two tubes to come into contact.
High hydrogen in the Zircaloy-2 tube had led to the formation of hydride blisters at the contact
location. Cracks formed in the growing blisters and these eventually led to the failure.

Prior to the failure of G16, the need to determine spacer |ocation had not been considered
essential. AECL designed atransmit-receive eddy current probe that became the standard on all
inspection systems for detection/location of “loose” spacersin in-service reactors. It has also
been used on reactors with “snug” spacersfor final installation checks.

Unfortunately, eddy current methods are not effective on current snug-design spacers after
reactor start up; surface oxidation of the spacer girdle wire eliminates the continuous electrical
path around the spacer and makes eddy current methods ineffective. However, aternate ways
have been found to locate snug spacersin-service. Ultrasonic response, bottom-of-channel
curvature, and diameter data have all provided evidence for snug spacers. The single most
successful method currently available involves processing the detailed internal diameter data
(Subsection 11.2.3.1) to amplify the small, localized geometry variations in the pressure tube
where it rests on a spacer; Figure 11-5 shows an example.

11.2.4.2 Pressure Tubeto Calandria Tube Contact

The spacer location coils and CIGAR ultrasonic flaw detection system were the primary
inspection tools used during the inspection of Pickering 1 and 2 after the G16 failure. When a
spacer was found to be significantly out of position, ultrasonic inspection usually detected a
response from the bottom of the tube midway between the spacers. Cracksinindividual hydride
blisters produced fairly high amplitude response. Patches of lower amplitude response around
and between blisters were shown to coincide with surface roughness and white oxide in the
contact zone.

Inspections performed in other reactors with “loose” design spacers (all of which have pressure
tubes made of anewer aloy, Zirconium-2.5% Niobium (Zr-2.5Nb) have located some fuel
channels with spacers significantly displaced from their design location. In these cases, only low
amplitude ultrasonic indications, interpreted as roughness and oxide, have been observed on the
outside surface at the expected contact location. Some of these tubes were removed and
metallography confirmed that no hydride blisters were present.

CANDU reactors with loose spacers have been, or are being, reconfigured to remove al cases of
pressure tube to calandria tube contact prior to the pressure tubes reaching their blister formation
threshold. For such channels ultrasonic evidence of contact may merely mean that the channel
was in contact at sometime in the past — it is not firm evidence of present contact.
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11.2.4.3 Pressure Tubeto Calandria Tube Gap

Determination of pressure tube to calandriatube gap is now a code requirement. CAN/CSA-
N285.4 permits gap determination by two different methods: (a) direct measurement of gap
variations along the channel or (b) calculation of gap based on measured spacer locations and

sag.

CIGAR does not include a direct gap measurement capability; it relies on method (b). AFCIS
includes atransmit-receive eddy current method for direct gap measurement; results need to be
compensated for local variations in pressure tube wall thickness — this is accomplished using the
ultrasonic wall thickness values obtained during dimensional gauging (Subsection 11.2.3.1).
Figure 11-6 shows atypical bottom-of-channel gap profile after about 30,000 hours of reactor
operation.

11.2.4.4 Hydrogen M easurement

The formation of hydride blisters at the contact region between a pressure tube and calandria
tube requires a high level of hydrogen (or itsisotopes) in the tube. At present, the only available
and proven “non-destructive’” method of determining the amount of hydrogen in a pressure tube
isto remove a sample of tube material and analyze it. Sampling tools were developed by AECL
that first remove the surface oxide layer and then machine a0.1 mm thick sliver of clean material
from asmall area of the pressure tube. The original sampling tools were “dry”. They required
the fuel channel to be inspected to be defueled, isolated by freeze plugs in the feeders, drained
and swabbed before the samples were taken. Thiswas afairly lengthy processinvolving
radiation exposure to personnel.

Sampling tool design has evolved to overcome these shortcomings. “Wet” tools now exist that
are delivered and operated by fuelling machines[11.5]. The most recent advance in sampling
tool design includes four sets of cuttersin asingle multi-sampling tool. It can obtain samples
from four different axial locationsin a pressure tube during a single channel entry. Previoudly it
required insertion of four separate tools to recover the required number of samples. Thistool,
delivered by the AFCIS delivery machine can provide four samples from a channel in afew
hours. Figure 11-7 shows a photograph of the tool.

11.2.45 Material Surveillance

Although it cannot be achieved non-destructively, there is a code requirement for monitoring the
key pressure tube physical properties of fracture roughness and delayed hydride cracking
velocity. These involve pressure tube removal and hence this requirement only appliesto the
CANDU lead unit with a particular type of pressure tube alloy. (Most CANDU reactors
presently operating contain cold-worked Zr-2.5Nb pressure tubes.)
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11.25 Calandria Tube Geometry

11.251 Calandria Tube Dimensional Gauging and I nspection

Calandriatubes are largely inaccessible except when a pressure tube is being removed. There
are no mandatory requirements to inspect or gauge calandriatubes. However, it is desirable to
perform measurements when opportunities arise to ensure that unexpected changes are not
occurring. To alow this, calandria tube gauging, profilometry and curvature measurement heads
have been developed to operate with the Dry Channel Inspection Equipment described in
Subsection 11.3.1. Theinspection head designs are based on those for pressure tubes but
modified to accommodate the larger calandriatube diameter. This allows measurements of the
tube’ s overall length, diameter and ovality; sag profile and maximum displacement; and surface
condition at garter spring, contact and other locations. Tooling also existsfor CCTV visua
examination of the internal calandriatube surface.

11.25.2 Calandria Tube Elongation

Measurement of increased pressure tube elongation led to some early concerns that calandria
tubes might also increase in length. The ends of the calandria tubes are rolled into the
end-shields of the calandriavessel; it is not possible to routinely measure the elongation of
individual calandriatubesin the reactor.

Collectively, the elongation of all calandria tubes could cause the reactor end-shieldsto be
pushed apart. Although reactor design allows for some change due to factors like thermal
expansion, pressure and radiation induced growth, unexpected amounts due to elongation might
cause future problems. Hence, several methods were developed for monitoring the separation of
end-shields with time. The first method used custom built tools, optical tooling and laser
distance measuring equipment to survey atraverse around the reactor and measure the absolute
separation of the end-shields. Measurements were made on Pickering Unit 1 in 1975 and again
in 1977. The results were somewhat inconclusive; if calandria tube elongation were occurring,
the rate would be less than could be reliably measured by this method.

Another method was devel oped to measure end-shield separation that used a calibrated Invar
tape to determine the overall length of adrained defueled channel through its bore and spotface
tools to measure the distance from the ends of the end fittings back to the end-shields. This
method had limited use because of the high economic and radiation exposure costs associ ated
with freezing and draining channels.

The last method employed radiation resistant measuring devices that were permanently mounted
between the reactor vault floor and end-shield cooling pipes attached to the bottom of the end-
shields. These deviceswereinstalled in Pickering Units 1 and 3in 1982. Measurements could
be made from outside the reactor vault both during shutdown and full power operation. Periodic
monitoring of these devices over a 4-year period did not identify changes that could be attributed
to calandria tube elongation.
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In the intervening period, AECL carried out accelerated specimen tests that indicate that
calandria tube elongation rates will not be higher than assumed during original reactor design
(Section 8).

11.2.6 Leak Location

A CANDU reactor’s heat transport system consists of alarge number of separate pressure
boundary components; up to 480 fuel channels each with inlet and outlet feeder pipe connections
and closure plugs for on power refueling. Also, there are heavy water moderator and various
light water cooling systems within the reactor that could possibly develop leaks. Despite the
apparent potential, careful design, construction, operation and maintenance of these reactors has
resulted in very few leaks occurring. However, it isimportant to be able to detect aleak if it
occurs and to quickly identify the location of aleak.

Leak detection systems are designed into the reactor. The annulus gas (carbon dioxide) flows
through each fuel channel between the pressure tube and the calandria tube. The dew point of
this gasis constantly monitored during reactor operation. Also, air from the reactor vaultsis
circulated through driers and the collection rate is carefully monitored. An increasein annulus
gas system dew point or dryer collection rate indicates that aleak exists. Analysisof the isotopic
content of the collected water identifies which system is leaking.

To date, all fuel channel |eaks have been associated with the high pressure heat transport system
and have been due to either feeder pipe connection leaks, closure plug leaks or through-wall
cracks that have occurred at pressure tube rolled joints due to improper installation or

mai ntenance procedures.

The annulus gas leak detection system, in current reactors, typically includes “strings” of
11 channels. A leak in any one of these channels provides an alarm but no indication which of
the eleven channelsis leaking.

To locate the specific fuel channel component that is leaking, an acoustic emission (AE) system
was developed by Ontario Hydro [11.6]. It consists of instrumentation located outside
containment connected via cables and preamplifiers to a sensor head mounted on the front of a
fuelling machine. The sensor head consists of around metal plate to which is attached a low
frequency ultrasonic leak detection horn and one or more piezoelectric AE transducers sensitive
to different frequency ranges. Theround plate is acoustically isolated from the fuelling machine.

Location of the instrumentation outside containment allows the equipment to be used either
during shutdown or on-power operation. During use, the device can be moved about in front of
the fuel channels by traversing the fuelling machine. In this mode, the low frequency ultrasonic
leak detector senses airborne noise from closure plug leaks or local areas of higher than average
airborne noise from feeder pipe leaks. A second mode of operation requires the fuelling machine
to press the sensing plate hard against the end of afuel channel end fitting. This allows higher
frequency acoustic activity from leaks remote from the sensors, for example at the feeder
connection or at the pressure tube rolled joint to be detected. The acoustic frequency spectraof a
leak usualy distinguishes it from other sources within the reactor. Experience has shown that
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feeder connection leaks > 1.0 kg/h and pressure tube leaks > 0.5 kg/h can be located with this
system.

For leak rates less than 0.5 kg/h a number of other methods have been used to narrow down the
number of potential leak sites or channels. They include ultrasonic monitoring for water in the
“pig-tails’ connecting channelsin an annulus gas “string” and careful monitoring of channel
outlet temperature. These methods help narrow down leak locations but may not always be
sufficient by themselves to isolate aleak to asingle channel. Volumetric inspection of afew
remaining suspect channels may eventually be the only source of conclusive proof.

11.3 Multifunctional Fuel Channel Inspection Systems

11.3.1 Dry Channél Inspection Equipment

Dry Channel Inspection Equipment was originally developed at AECL’s Chalk River
Laboratories (AECL-CRL) and Orenda Ltd., to monitor behavior of experimental pressure tubes
and tubes in prototype reactors. A system was purchased by Ontario Hydro for periodic pressure
tube monitoring at Pickering NGS A in the early 1970s. It was capable of measuring:

i) Theloca curvature along the tube from which the sag profile of the tube can be calcul ated.
In some cases, the location of garter spring spacers can also be deduced from curvature
information.

i) The tube minimum and maximum inside diameter at 12.7 mm intervals along the tube length.

iii) Profilometry of the tube inside surface from which the depth and extent of surface damage
can be determined.

The use of this equipment requires time consuming reactor face procedures during which
operating personnel can be exposed to radiation.

In the early 1980s the Ontario Hydro and AECL dry inspection systems started to diverge in
terms of the delivery machine although the basic inspection technology remained the same.
About thistime an eddy current flaw detection capability was added to both systems to satisfy
new code requirements introduced at that time. The Ontario Hydro dry system was replaced by
CIGAR n 1985. The AECL system continued to be used on: thousands of pre-service pressure
tubes[11.7], experimental pressure tubes, tubes removed from reactors, and a few offshore
inspection campaigns. The current AECL dry system includes capabilities for ultrasonic and
eddy current volumetric inspection, wall thickness, pressure/calandria tube gap measurement,
loose spacers, and video examination in addition to the original tests for curvature (gap),
diameter, and surface profilometry. The AECL dry system has recently been upgraded to replace
obsolete control and data acquisition equipment/software.

11.3.2 CIGAR

CIGAR (Channel Inspection and Gauging Apparatus for Reactors) was devel oped by Ontario
Hydro in recognition of the need for a system capable of performing arange of measurements on
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any of itsreactors quickly and with minimum radiation exposure to its operators [11.3]. CIGAR
was the first “wet” inspection system; its inspection head is designed to operate while submerged
in heat transport coolant —in fact it relies for this water to couple UT beams into the pressure
tube. The system has been operational since 1985 and has inspected hundreds of channelsin
Ontario Hydro' s reactors aswell as CANDU 6 reactors at Gentilly-2, Pt. Lepreau and Korea's

Wolsong-1.
CIGAR is capable of the following with its primary inspection head:

i) Flaw Detection - Ultrasonic volumetric inspection of the pressure tube using four
45° shearwave transducers, arranged as circumferential and axial pairs, and one normal beam
transducer.

i) Diameter Measurement - Ultrasonic gauging of the pressure tube inside diameter is
performed at 18 degree intervals around the circumference at approximately 2000 axial
positions along the tube. Tables and graphs of minimum and maximum diameter, their
orientations and tube ovality can be obtained.

iii) Wall Thickness — Ultrasonic gauging of pressure tube wall thicknessis performed at the
same time as diameter gauging and similar outputs are available.

iv) Sag Measurement — The sag profile of the pressure tube is calculated from servo-
inclinometer average slope measurements made at 30 mm intervals along the tube.

V) Spacer Location — The axial position of the “garter spring” spacers are located using
transmit-differential-receive eddy current coils.

In addition, there are specia purpose CIGAR inspection heads that can be used for specific
applications:

a) Inside Surface Profilometry - A stylus profilometer for measuring the depth of inside surface
imperfections such as fuelling scratches, fuel bundle fret marks or fretting due to debris
exists. It requires a dedicated inspection head configuration and is used only to satisfy
special inspection requirements.

b) Flaw replication can be performed.

c¢) CCTV Video Inspection Head - A dedicated inspection head containing an underwater
television camera and associated lighting has been devel oped to interface with the CIGAR
drive unit to provide visual inspection capability.

CIGAR is capable of inspecting about one fuel channel per day at almost 100% volumetric
inspection coverage. Installation of the drive mechanism on the fuelling machine bridge and
maintenance of equipment require minimal radiation exposure of personnel.

11.3.3 AFCIS

The AECL Fuel Channel Inspection System (AFCIS) was developed by AECL in 1998. It was
commissioned in 1999 and has been used in eight inspection campaigns at six different offshore
CANDU 6 reactors over the past four years; two more inspections are scheduled for 2004.
AFCISisthe first second-generation “wet” inspection system [11.8]. One of itskey featuresis
an independently rotating inspection modul e that enables 100% coverage of afull length
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pressure tube in about 2 hours at 0.9 mm pitch. This feature represents an improvement in spiral
scan inspection speed of at least afactor of five over earlier inspection systems. AFCISis
capable of the following:

i) Ultrasonic volumetric inspection using: four 45° shear wave transducers arranged in
circumferential and axial pairs, aradially aimed 10 MHz normal beam transducer, and a
high-frequency, 20 MHz, normal beam transducer for profiling internal tube surfaces.
Figure 11-1 shows the response from one of the 45° transducers.

i) Eddy current volumetric inspection to complement [11.9] the ultrasonic inspection results for
flaws on or near internal surfaces.

iii) Measurement of pressure tube diameter using an LVDT based probe (Figure 11-8).

iv) Measuring pressure tube wall thickness using ultrasonics (Figure 11-9).

v) Determination of local pressure tube curvature using LVDT transducers; channel deflection
(sag) can be calculated from curvature (Figure 11-10).

vi) Direct measurement of pressure-to-cal andria tube gap using a transmit-receive eddy current
method combined with ultrasonic pressure tube wall thickness compensation (Figure 11-6).

vii) Location of “loose” garter spring spacers using an improved dual channel transmit-receive
eddy current probe [11.10].

The above capabilities are included on the primary AFCIS inspection head. In addition there are
two specia purpose inspection heads that are used on an as-required basis. One provides video
examination and flaw replication. The second isa multi-sampling tool for collecting samples
from the internal pressure tube surface for hydrogen anaysis; this head can collect samples from
four different axial locations during a single channel entry (Subsection 11.2.4.4).

AFCIS s capable of inspecting two channels per day at 100% volumetric inspection coverage.

11.34 ANDE

An Advanced Non-Destructive Evaluation system is currently under development by OPG. Itis
intended to replace CIGAR. It will have an integral rotating inspection module permitting
considerably faster (100%) channel coverage than is possible with CIGAR. ANDE isalso
believed to have considerably more sensors on its inspection head although full details have not
yet been released. ANDE is designed to be delivered by a Universal Delivery Machine (UDM).
Each OPG station will require a dedicated UDM.

11.35 Special Purpose I nspection Systems

Unique situations at some reactors have occasionally produced inspection requirements beyond
the capabilities of existing equipment. Faster inspection speed is often the key requirement.
These situations produced a number of rapid-response capabilities that were used to provide the
essential information as quickly as possible. The equipment was rarely maintained in useable
condition after its primary function had been satisfied because in most cases enhanced speed was
achieved through significant specialization. The equipment was generally not capable of
satisfying all the requirements of the more routine, full-scope inspections necessary to satisfy
code, operational, and regulatory concerns. Also, some can only be implemented at the cost of
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extended reactor outages. However, the basic design and operational experience for these
specialized systems exist and could be called on to address urgent needs. For completeness, a
brief description of these systems follows.

* CIGARette was developed by Ontario Hydro [11.4] and AECL in 1983. It combined a
CIGAR inspection head with a manually mounted friction drive attached to end fittings. It
was hot capable of continuous head rotation but provided essentia pressure tube condition
information following the rupture of a Zircaloy-2 pressure tube in Pickering-2
(Subsection 13.1.1).

* PIPE (Packaged Inspection Probe) was designed by Ontario Hydro in 1987 for rapid
ultrasonic inspection of many rolled joints. It used a modified fuelling machine to deliver
four 45° shear wave transducers. It was used at Bruce-2 and achieved inspection of 20 rolled
joints per day.

» BLIP (Blister and Spacer Location Inspection with PIPE) was developed by Ontario Hydro
in 1988. It performed spacer location and rapid ultrasonic inspection of the bottom of a
pressure tube for hydride blisters. BLIP was delivered by a modified fuelling machine —
similar to PIPE. It was used in 1990 to inspect 300 channels in Pickering-4.

* SLAR (Spacer Location and Repositioning) systems are used to relocate “loose” spacersin
older CANDU reactors[11.11]. They are not actually inspection systems but include severa
inspection functions [11.12, 11.13] that are critical to successful SLAR operations. These
include eddy current spacer location probes, fast-scan ultrasonics for hydride blister
detection, and combined eddy current/ultrasonics for pressure-to-calandria tube gap
determination. SLAR tools have been used in several thousand CANDU fuel channels using
avariety of delivery machines.

114 Fuel Channel Inspectionin ACR

The geometry and materials for ACR fuel channelswill not differ significantly from thosein
current CANDU reactors. Also, similar periodic inspection requirements are expected for ACR
as already exist for currently operating reactors. The basic inspection technology now in place
for CANDU fuel channelsis expected to be capable of satisfying all ACR requirements.
Relatively minor modifications will have to be implemented to cope with the increased pressure
tube wall thickness and changes in end-fitting geometry.

11.5 Summary

A wide variety of techniques and equipment have been developed and successfully used over the
past 25 years to address periodic and in-service inspection requirements for fuel channelsin
CANDU reactors. This experience base was drawn on extensively in the recent development of
two, second generation, multi-functional inspection systems, AFCIS and ANDE. Existing
knowledge and techniques are expected to be sufficient to cope with anticipated and any
unanticipated ACR fuel channel inspection requirements.
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Table11-1
Summary of Minimum Code* I nspection Requirementsfor CANDU Fuel Channels

CAN/CSA-N285.4, Clause 12,
"Fuel Channel Pressure Tubes - Supplementary Inspection”

OBJECTIVE
To ensure that no unacceptable degradation in component integrity is occurring
and that the probability of failure remains acceptably low for the life of the plant.

INSPECTION SAMPLE SIZE
Baseline (Inaugural) Inspection
- 10 High-Power and 2 Low-Power Channels
Periodic Inspection
- 4 High-Power and 1 Low-Power Channel

INSPECTION INTERVAL
Baseline (Inaugural) Inspection
- In first 2 years of service
Periodic Inspection (ASME In-service Inspection)
- First periodic inspection between 4 and 7 years after start-up
- Subsequent inspections no more than 6 years apart.

INSPECTION SCOPE

Measurement: Integrity Concern:
- Volumetric Inspection - Service-Induced Flaws
- Pressure Tube Diameter - Flow Bypass
- Pressure Tube Wall Thickness - Corrosion, Wear, and Deformation Thinning
- Pressure Tube Length - Remaining Bearing Travel
- Channel Deflection (Sag) - Fuel Passage
- Reactivity Mechanism Interference
- Pressure/Calandria Tube Gap - Hydride Blister Formation
- Garter Spring Spacer Location - Hydride Blister Formation
- Hydrogen Isotope Concentration - Hydride Blister Formation

ACCEPT/REJECT CRITERIA

Volumetric Inspection:

- No crack-like flaw indications

- No flaws deeper in radial extent than 0.15 mm
Dimensional/Structural Inspection:

- Diameter and wall thickness remain within design limits

- Fuel Channel remains on bearings

- No pressure/calandria tube contact
Hydrogen Isotope Concentration:

- Acceptance criteria to be approved by regulator

*  Based on the 1994 revision of the standard. Significant changes are expected for the next
revision (2004) in areas like sample size.
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Figure 11-1 Ultrasonic C-Scan Display Showing Response from Calibration Artifacts with
a Circumferentially-Directed, 45° Shear Wave. Notches A and B are 6 mm long by
0.15 mm and 0.075 mm deep respectively. Notch A isareference calibration for ultrasonic
testing.
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Figure 11-2 Ultrasonic B-Scan (top) and the Corresponding A-Scans (Bottom) of a
0.15 mm Deep by 3 mm Wide Notch in a Pressure Tube
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Figure 11-3 (a) Macrophoto of areplica of a debrisflaw. The horizontal marksare
fuelling tracks—they are dightly curved duetoreplicadistortion. Theflaw isabout 6 mm
long. Thesmall circular objects are artifacts from debrisor bubblesin thereplicating
compound. (b) Laser profile across (top to bottom) wide portion of flaw in (a). (c) Laser
profile across narrow portion of flaw in (a).
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Figure 11-4 Elongation Measurementsfor a Few Channels Derived from Fuelling Machine
“Z-Travel” asa Function of Effective Full Power Hours
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Figure 11-5 Plot of Processed Diameter Data Versus Distance from Channel E-Face Used
to L ocate Snug Garter Spring Spacers
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Figure 11-6 Pressure-To-Calandria Tube Gap Profile over the Length of a Fuel Channel.
Vertical linesindicate confirmed spacer locations.
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Figure 11-7 The AECL Multi-Head Sampling Tool Showing the Four Sampling Heads in
the Main Module at the End of the Tool. The moduleto theleft housesthe actuator,
control mechanisms and connectors.

108US-31100-L. S-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 11-21
Rev.0

107.5

107.0 +

Max. avg. diameter = 106.0 @ 4080 mm

106.5 +

106.0 +

105.5 +

105.0 +

Inside Diameter (mm) .

1045 +

104.0 +

103.5 t t t t t +
2000 3000 4000 5000 6000 7000 8000 9000

Distance from E Face (mm)

Figure 11-8 Diameter Profilesalong a Pressure Tube that has Operated for about

100,000 Hours
5.0
Max.
Avg.
Min.
4.5
£
E
123
1%}
[}
[=
X
O
2
=
K]
=
4.0 +
Min. wall = 4.10 @ 4590 mm
35 t t t t t t
2000 3000 4000 5000 6000 7000 8000 9000

Distance from E Face (mm)

Figure 11-9 Typical Pressure Tube Wall Thickness Profile along a Channel after about
100,000 Hour s of Operation
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Figure 11-10 Average Curvature and the Derived Sag Profile of a Fuel Channel after
about 100,000 Hour s of Reactor Operation
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12. APPLICATION OF LEAK BEFORE-BREAK PRINCIPLESTO THE
PRESSURE TUBES OF CANDU REACTORS

12.1 I ntroduction

Although pressure tube rupture is an assumed accident for the purposes of licensing and the
design of safety systems, avoidance of ruptureis a key objective of fuel channel and interfacing
system design. For CANDU, such rupture avoidance is based upon a number of factors related
to design, pressure tube manufacturing standards, assembly requirements, operating and

mai ntenance standards and inspections and Fitness-for-Service Assessments. Many of these
factors are now covered by CAN/CSA Standards in the N285 series.

Identification of potential mechanisms of pressure boundary rupture is an essential requirement
in the establishment of means to reduce the potential for such ruptures. For CANDU pressure
tubes, a number of rupture mechanisms that could potentially occur during normal operation
have been identified. These include:

* Manufacturing defects extending by a crack growth mechanism in service to asize that
resultsin crack instability.

» Contact between pressure tubes and calandria tubes leading to hydride blister formation in
the pressure tube, subsequent crack initiation and growth to a size at which the crack is
unstable.

» Crack initiation at regions of high stress or from small flaws introduced in service, followed
by crack growth, leakage and rupture.

For all these cases, the primary mechanism of crack growth is generally most likely to be
delayed hydride cracking (DHC) asthe fatigue loading of fuel channels does not generally lead
to predictions of significant amounts of crack growth by itself. If crack extension by DHC were
to be possible at operating temperatures, i.e., if the concentration of hydrogen isotopesin the
material were sufficient to exceed the solubility limit, the crack growth rates are generally too
high to be able to apply inspection programs to the management of such cracking. The
characteristics of DHC, including both the necessary conditions for DHC and the crack growth
rates are reviewed in Subsection 12.2.

For CANDU pressure tubes, the potential failure mechanisms are addressed through a number of
different methods. The potential for significant manufacturing flaws in pressure tubes has been
reduced to a very low level by implementation of very high standards of manufacturing
processing and inspection. These are described in Section 6. Potential contact between pressure
tubes and calandriatubes is addressed by design, inspection and maintenance. Although contact
has occurred in the past in some operating CANDU reactors due to displacement of the annulus
spacers from design locations, a redesign of the annulus spacer for other units and for future
CANDU units prevents such movement and consequent contact of the tubes. Without contact
there can be neither hydride blister formation nor consequent crack initiation. For units with
displaced spacers, maintenance programs have been devel oped and implemented
(SLAR-Section 8). Finally, prevention of crack initiation at regions of high stressin pressure
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tubes has been addressed by the design of low stress rolled joints and through operating
procedures that reduce the likelihood of crack initiation. Crack initiation at flaws produced in-
service is addressed by: reduction in potential flaw generation sites by design changes; good
maintenance practices that reduce the potential for introduction of foreign material into the heat
transport system thus reducing the incidence of flaw formation; and, ensuring that the conditions
required for crack initiation and growth by the delayed hydride cracking mechanism are unlikely
to be achieved during operation. These latter conditions can be attained through keeping the
hydrogen isotope content of the pressure tube at concentrations below those required for DHC at
operating temperature for most of the length of the pressure tube for the design lifetime. In turn,
thisis determined by the control of hydrogen concentrations in the starting material, the
specification of pressure tube material that limits ingress of hydrogen during corrosion in service
and the operation within defined water chemistry limitsto limit corrosion and hydrogen ingress.
If hydrogen concentrations are maintained below those required for DHC at operating
temperatures, crack growth will not occur during normal operation.

In addition to the methods of reducing the potential for tube ruptures described above, afurther
defense-in-depth is applied. Thisisthe use of the leak detection capability of the annulus gas
system and the application of operating procedures that will result in the shutdown and
depressurization of the reactor before aleaking crack can develop into atube rupture. The
demonstration by analysis that this system and the associated operating procedures for the leak
event will be effective in preventing pressure tube rupture is termed leak-before-break (LBB).
The analysisis summarized in Subsection 12.3. In general, the demonstration of leak-before-
break can be made with a high confidence for the case of cracksinitiating from relatively short
flaws arising during operation. It isnot applied to address the cases of manufacturing flaws nor
to the contact/blister formation scenario. In these latter cases, the cracks could potentially
become unstable prior to leakage. However, most in-service flaws observed to date have been
sufficiently short that LBB could be demonstrated. The potential for manufacturing flaws or
pressure tube to calandria tube contact to contribute to the rupture frequency has been reduced
through the other means described in the foregoing.

12.2 Delayed Hydride Cracking

During service, pressure tubes absorb hydrogen isotopes from the environment. In zirconium
aloys, hydrogen dissolves in the metal up to its solubility limit and this limit increases with
increasing temperature. Hydrogen in excess of the solubility limit produces precipitation of a
second phase, zirconium hydride. If a sufficient amount of hydrogen isotope were to be
absorbed, the Zr-2.5Nb alloy could become susceptible to a cracking mechanism known as
Delayed Hydride Cracking® at operating conditions. DHC is the only sub-critical cracking
mechanism observed in CANDU pressure tubes. Since the discovery in 1974 of the leaking
pressure tubes in the Pickering reactors due to this mechanism, a large amount of work has been

! The mechanical properties of hydrides and deuterides are identical. Therefore, some of the

commonly used terms, e.g., delayed hydride cracking (DHC), will be used, although
deuterides, instead of hydrides, isthe predominant phase formed in irradiated pressure tubes
operating with heavy water coolant.
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devoted to understanding this phenomenon, both theoretically [12.1] and experimentally [12.2].
At itsmost basic level, delayed hydride cracking progresses by the repeated formation and
fracture of hydrides at a crack tip under stress. The rate of crack growth is determined by both
the rate at which hydrogen diffuses to the crack tip from within the surrounding material and the
amount of hydride required to be formed before fracture of the hydride occurs.

12.2.1 Conditionsfor DHC Initiation

DHC can only occur if the following two conditions are satisfied: the hydrogen concentration
exceeds the Terminal Solid Solubility (TSS)% and, either atensile stress or aflaw-tip stress
intensity factor higher than threshold levels exists.

12211 TSS

A necessary condition for DHC to occur is the presence of hydrides at a flaw tip, which means
that the hydrogen concentration must exceed TSS there. However, the solubility of hydrogen in
pressure tube material exhibits hysteresisin its temperature dependence that has an impact on
initiation and propagation of cracks by the delayed hydride cracking mechanism. In material
with afixed total concentration of hydrogen, the temperature (Tp) at which hydrides start to
precipitate on cooling from a condition in which all hydrides are dissolved and the temperature
(Tp) a which all hydrides are dissolved on heating are not the same. Experimentally and
theoretically it has been shown that Te < Tp [12.3]. Conversely, the TSS concentration®
determined by increasing temperature (Dissolving, and thus TSSD) and the TSS concentration
determined by decreasing temperature (Precipitating, and thus TSSP) are shown in Figure 12,
which shows that at the same temperature, the concentration for TSSP is higher than that for
TSSD. This hysteresis means that the concentration of hydrogen dissolved in the metal at a
particular temperature is dependent upon the direction of approach to that temperature. Since
only hydrogen dissolved in the metal is mobile and able to diffuse to flaw tips, these differences
in the amount of dissolved hydrogen influence the rate of hydrogen accumulation at flaw tips and
hence the crack growth rate or DHC velocity (DHCV).

2 The concentration of the hydrogen isotopes in a pressure tube is best expressed in atomic

percent (at%) as then there is no need to distinguish the difference in the atomic weights of
hydrogen and deuterium atoms. However, weight fraction in ppm is the customary unit used
in the CANDU industry. Since deuterium istwice as heavy as hydrogen, the hydrogen
equivalent in ppmisgiven by [H] + ¥4 D]. Unless stated otherwise, hydrogen equivalent in
ppm by weight will be used in this section.

®  The TSSisthe concentration of hydrogen in solution in the material in equilibrium with

hydrogen in the hydride phase. Hydrogen is a mobile species and there is a continuous
interchange of hydrogen atoms between solution and hydride phase at al temperatures of
interest.
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It has been demonstrated experimentally that the hydrogen concentration required for DHC
initiation is higher than TSSD, Figure 12-1. Thus, TSSD shown in Figure 12-1 is a conservative
lower bound to indicate if DHC is possible in a specimen.

12.2.1.2 Threshold Stress on Smooth Surface

High tensile stress is another necessary condition for DHC initiation. Based on experimental
results on essentially smooth, irradiated specimens, the lower-bound threshold stress for DHC
initiation is450 MPa[12.5].

In the body of the tube, any residual stressislow and the stress due to the coolant pressurein
current CANDU 6 reactors (~150 MPa) is much lower than the stress required for DHC
initiation. In ACR, the hoop stress due to pressure is reduced relative to that in the CANDU 6
design.

Residual stress near the rolled joints can be tensile and improper rolling procedures applied in
some of the earliest reactors left very high residual stresses in tubes near the joint location and
resulted in DHC in a number of tubes[12.6]. However, the development of zero-clearance rolled
joints (Section 7), resulted in low-residual-stress joints that have been used in subsequent
designs. The applicable CSA Standard N285.2 requires that the total stress (residual plus
operating) in all parts of the pressure tube be less than two thirds of the threshold stress for DHC
initiation.

12.2.1.3 Kin

For cracks, the stressintensity factor, K, is an appropriate parameter to describe the stress field.
The minimum stress intensity factor for DHC initiation is caled K .

The measured K, depends on the direction of approach to the test temperature [12.7]. If the test
temperature were approached from above, alower Ky would be measured than the one
measured with the test temperature approached from below. Thisisdueto the hysteresisin TSS
described above. At agiven temperature, K,y decreases with increasing dissolved hydrogen in
the specimen. To be conservative, Ky values measured by cooling are used in flaw analysis.

Below 250°C, K is approximately independent of test temperature [12.7], Figure 12-3. Ky at
higher temperature is currently being investigated, and initial indications are that it increases
with temperature, making DHC initiation more difficult at higher temperatures.

Ky decreases somewhat with initial fluence, and remains reasonably constant after
1 x 10 n/m?, with very little change up to the end of the design life of the pressure tube [12.8].
Figure 12-4 shows part of a database showing that for irradiated materials, the mean K,y value

for cracks growing in the axial direction is6.6 M Pa+/m and the lower 95% confidence limit is
4.6 MPaJm. ltis conservatively assumed that the lower bound for K1 is4.5M Pav/m [12.5].
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12.2.2 DHC Vélocity

12.2.2.1 Effect of Irradiation

Figure 12-5 shows the DHC Velocity (DHCV) at different locations of an irradiated pressure
tube[12.2]. DHCV islower at theinlet and outlet ends, where fluxes are lower.

Figure 12-5 aso showsthat DHCV decreases with higher irradiation temperature. It isbelieved
that towards the outlet end, the higher temperature there enhances [3-phase decomposition and
lowers the dislocation density, both of which are responsible for the reduced DHCV.

12.2.2.2 Effect of Test Temperature

Measurements of DHCV are sensitive to the thermal and loading history of the specimen [12.6]
[12.7] due to the hysteresisin TSS described in the foregoing. At test temperatures higher than
177°C, DHCV is higher when the test temperature is approached by cooling (Figure 12-6). In
this section, to be conservative, al DHCV values reported are measured by approaching the test
temperature from above.

Figure 12-7 is a database of DHCV of irradiated material as afunction of temperature. It shows
that DHCV follows the Arrhenius relationship with temperature.

Figure 12-7 aso includes recent data at test temperatures higher than the maximum ACR
operating temperature and it shows that DHCV drops rapidly at high temperature, even though
the temperature is approached from above. The cessation of DHC for the irradiated specimen
with 105 ppm [H] equivalent was due to insufficient hydrogen. However, the cessation of DHC
for the unirradiated specimen with 170 ppm [H] equivalent was not due to lack of hydrogen
[12.4]. It was argued, based on the DHC theory developed by Shi and Puls[12.9], that the
“limit” temperature for DHC was reached, primarily due to crack-tip stress relaxation caused by
a combination of increased temperature and creep, resulting in a stress on the crack tip hydrides
insufficient to fracture them [12.4]. More work is ongoing to determine the temperature limit for
DHC inirradiated material without hydrogen concentration control.

12.2.3 Proceduresto Avoid DHC

Asindicated in the previous subsections, both DHC initiation and propagation are sensitive to
the temperature and loading history of the specimen. Reactor operating procedures have been
devel oped to take advantage of these properties to avoid DHC initiation and propagation [12.8].
For example, Reference [12.8] proposed that:

1. All operating temperatures above 450 K (177°C) should be attained by heating from at |east
30 K from below the desired temperature, and

2. Cooldown to room temperature should be accompanied by reduction in tensile stress
compatible with and appropriate for plant operation.
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12.2.4 Summary of Delayed Hydride Cracking

The two necessary conditions for DHC initiation and propagation are: the hydrogen
concentration exceeds TSSD and atensile stress higher than athreshold exists. It is predicted
that with properly produced rolled joints, DHC initiation would not occur at the rolled joints.
Should acrack exist in apressure tube, the lower bound stress intensity factor for DHC initiation,

K, is4.5 MPa/m. New dataindicate that DHC has an upper limiting temperature, above
which no DHC will occur, even when TSSis exceeded.

DHC initiation and propagation are sensitive to the thermal and loading history of the specimen
[12.6] [12.7]. Reactor operating procedures have been devel oped to take advantage of these
properties to reduce the potential for DHC initiation and propagation in an operating reactor
[12.8].

12.3 L eak-before Break Analysis

The analysis of |eak-before-break involves the demonstration of crack stability for all the
conditions of a growing crack during the complete time period from the time at which the crack
first leaks to the time at which the reactor is cold and depressurized. Thisis carried out using a
sequence-of-events analysis. The sequence-of-events analysis calculates, for each time period,
an upper bound of the crack size (length) and compares that crack size with the crack size that
could potentially be unstable for the channel conditions of temperature and pressure if the
material toughness were at the lower bound of observed material toughness. This section
describes the inputs required, the calculations carried out and the results obtained from such
analyses. The sequence-of-events analysisis conducted using conservative values for al
requisite parameters.

1231 Sequence-of-Events Analysis I nputs

The inputs for the sequence-of-events analysis include the following:

* Flaw initiation location in the channel (either postulated or observed flaw location from
inspection results), fuel channel dimensional information, operating conditions and location
of the channel in the annulus gas system. For current CANDU 6 reactors, the crack length at
the time of penetration istaken to be 20 mm. Thisis considered to be a conservative upper
bound value for point-initiated DHC cracksin CANDU pressure tubes.

* Upper bound DHC crack growth rates as a function of temperature.

* Minimum material fracture toughness as a function of temperature as well as other material
parameters required for calculation of critical flaw sizes (e.g. flow stress).

* Lower bound leak rate correlations as a function of crack size and operating conditions

* Annulus gas system performance and response behavior as afunction of leak rate and
location of the leak in the system

» Operating procedures in the event of aleak indication from the annulus gas system.
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For this assessment, the flaw is assumed to grow as an idealized rectangular through-wall crack
and the critical flaw sizeisacritical crack length or CCL which is calculated using the Dugdale
strip-yield model. The crack is also assumed to grow by DHC at both ends.

There are asignificant number of conservative assumptions within these inputs. For a generic
anaysis, suitable for demonstration that LBB will be maintained to the end of fuel channel
design life, the flaw location would be postul ated to be in the outlet end of a pressure tube that
was the most remote channel in the annulus gas system (e.g. for CANDU 6 analysis, the eleventh
channel upstream from the moisture detectors; in ACR there are only 4 channelsin any path to
the moisture detectors). These assumptions, together, lead to the highest DHC velocities and the
longest leak detection times.

The material parameter inputs are based upon a large database of material test results for
strength, fracture toughness (from burst tests) and DHC crack growth rates that has been
developed from tests on Zr-2.5Nb tubes removed from reactors as part of both material
surveillance programs and during large scale fuel channel replacementsin the Pickering A
reactors. Those results are described in more detail in Section 10.

Leak rates have been measured in laboratory tests on irradiated pressure tubes removed from
reactors. The data have been used to develop alower bound correlation of leak rate with crack
length.

The annulus gas system is assumed to be operating with the flow that would trigger alow flow
alarm for the system. The response of the moisture detection system (dew-point measurements
and “beetles’ in CANDU 6) is based upon tests of reactor annulus gas systems using moisture
injection into the annulus gas system. The annulus gas normally operatesin avery dry condition
with the dew point generally less than —10°C. During normal operation the dew point increases
gradually with time and then the system is purged to restore alow dew point. The dew point
leak detection alarm is based upon the rate of change of the dew point with time. Thetime at
which the alarms are calculated to be activated in the LBB analysis are taken as the time between
the crack penetrating the wall of the tube and the first indication of leakage for the reactor
operator.

The procedures followed by the operator in the event of leak indications are then used to
establish the timing of the operator actions and the system responses to operator actions. For
example, it is assumed that the confirmation of the alarm by the operator requires 15 minutes
from the time of the alarm. Reactor shutdown to the Zero Power Hot (ZPH) condition requires
an additional 20 minutes. The heat transport system is then partially depressurized and cooled.
The exact sequence used for these actions are dependent upon the station-specific procedures.

12.3.2 Sequence-of-Events Analysis Results

The output of a sequence-of-events analysis can be represented graphically as shownin
Figure 12-8. The temperatures and pressures at the reactor outlet header are shown in the top

4 A beetleis amoisture collecting and detecting instrument.
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figure and the calculated crack size and the calculated critical crack size are shown as afunction
of the time and sequence of eventsin the lower portion of thisfigure. Time zero istaken asthe
time of initial leakage at the crack. Thisanalysis shows, in this case, that the postulated crack
would not become unstabl e throughout the sequence of events leading to the state of cold
depressurization and, therefore, leak-before-break has been demonstrated. The particular
operating procedure used in this case included a period of two hours of leak searching at the ZPH
condition at reduced pressure. If the sequence-of-events anaysis were to show an unfavorable
result using this operating procedure, the operating procedure could be changed to reduce the
leak search period until some margin on critical crack size was re-established.

12.3.3 Conservatism and Uncertainty in the Analysis

Overadl, the predictions in the sequence-of -events anal yses are deliberately conservative. A
major source of conservatism in this assessment is the use of DHCV values at reactor operating
temperature and ZPH. The data represent the maximum possible DHC velocity, which can only
be obtained with the temperature being achieved by cooling from about 60°C above the
temperature in question and the material containing sufficient hydrogen to achieve maximum
hydrogen supersaturation conditions at that temperature.

Another source of conservatism in this assessment relates to the calculation of CCL for the
postulated crack. CCL has been calculated assuming that the crack face would be rectangular in
shape. It has been observed that, in redlity, through-wall cracks in pressure tubes are not
rectangular in shape because ligaments are generally present at the pressure tube outer surface.
The ligaments tend to reduce the applied stress intensity factor acting on the crack. Because of
the reinforcing effect of ligaments, the applied stress intensity factor acting on an actual crack
would be lower than that on an idealized rectangular crack of the same length. Therefore, the
CCL for an actual crack with ligaments at the outer surface of the pressure tube would be longer
than that predicted with the methods used in this assessment.
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Figure 12-1 Terminal Solid Solubility for Unirradiated Zirconium [12.4]
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Figure 12-8 Description of Events, Actionsand Crack Length Development®

Very high dew point rate-of-rise/ beetle al

arms

Start shut-down of unit 0.25 h after darms

Reach zero-power-hot 0.6 h after alarms, start pressure reduction to 6.2 MPaand hold temperature at 260°C
Hold pressure at 6.2 MPa and start leak search

3.5 h after the beetle alarm, start cool-down at 2.75°C/min

Continue cool-down at 0.67 °C/min

At 80°C, transfer from heat transport system pump to shut-down cooling mode

Continue cool-down after transfer to shut-down cooling at 0.44°C/min & start pressure reduction at 80°C at a

rate of 6.06 MPa/h

Continue cool-down and at 3 MPa(g), start pressure reduction at arate of 1.56 MPa/h

10. Reactor is cold and depressurized

5

In the figure SOE refers to sequence of events, ROH isreactor outlet header and PHTS is
the (primary) heat transport system.
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13. PRESSURE TUBE FAILURE EXPERIENCE

13.1 I ntroduction

The purpose of this section isto review the types of failures that have occurred in CANDU
reactors and indicate how these problems are prevented in current designs. Tube failuresin
pressure-tube reactors other than CANDU have been described by R.J. Haslam [13.1] and are not
discussed here as channel designs, fuel designs, materials and operating conditions were
significantly different from those in CANDU channels. In CANDU reactors, pressure tube
failures, primarily in the form of leaking tubes, have occurred due to poor rolled joint assembly
practice, material manufacturing defects, inadequate design coupled with degradation of the tube
material and from failures of maintenance equipment during channel maintenance with the
reactor shut down. A list of the reactors where pressure tubes have leaked or failed is shown in
Table 13-1. These are described in some detail in order to provide the understanding of the
particular mechanisms involved and the methods used in new designs to prevent such failures.

13.1.1 Experiencein CANDU with Zircaloy Pressure Tubes

Four reactors, all designed with Zircaloy-2 pressure tube material, were shut down when the
tubes were shown or expected to be significantly degraded in terms of their fitness-for-service
from an integrity viewpoint. These were the NPD (original 25 MWe Nuclear Power
Demonstration for CANDU-type concept), Douglas Point (218 MWe prototype power plant),
and thefirst two, large, 500 MWe plants at Pickering. The NPD reactor operated for 25 years
without tube failure. The reactor was shut down in 1985 when surveillance examination showed
the Zircaloy-2 tube material to be heavily hydrided with an inadequate toughness at operating
temperatures. Douglas Point operated for 20 years. One tube had to be removed soon after start
up due to a vertical-reactivity-mechanism guide tube coming loose and fretting ahole in a
calandriatube. However no pressure tube failed and when the reactor was shut down in 1986 for
other reasons, it was expected, but not confirmed, that the Zircaloy-2 pressure tubes had a
relatively high hydrogen concentration.

The first commercial CANDUSs Pickering 1 and 2 were the last domestic CANDU units to have
Zircaloy-2 pressure tubes. The initial performance of Zircaloy-2 was trouble-free. However, in
1983 a Zircaloy-2 pressure tube in channel G16 failed unstably at full power in Pickering Unit 2
(hence the designation of this event as the P2G16 event). As a consequence of the failure the
bellows on the gas annulus ruptured from the application of the heat transport system pressure
allowing heavy water coolant to go down the face of the reactors to the vault sump where it was
pumped back to the circuit. The reactor was shut down and cooled to the cold, shutdown state by
the operators without the operation of any safety systems. The calandriatube did not fail and
subsequent examination showed it to be in excellent condition (Section 16). The cause of the
pressure tube failure was found to be the result of two main factors. first the Zircaloy-2 pressure
tubes had hydrided heavily towards the outlet end. This was determined to be due to corrosion
hydriding on the waterside where, after about six years of service, accelerated corrosion and
hydriding occur in Zircaloy-2. Second, on installation, the two annulus spacers in this channel
design had shifted from their design position. The outlet end spacer had moved towards the
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centre of the channel allowing the pressure tube to sag by creep and touch the calandria tube
towards the outlet end. The thermal gradients set up in the pressure tube from contact caused
hydrogen to migrate to the coldest point and precipitate as solid hydride accretions, commonly
caled blisters.

The crack that caused the tube to rupture, initiated at a series of hydride “blisters’ on the outside
surface of the tube. These blisters expand and crack due to the volumetric expansion associated
with precipitation of solid hydride and when the depth of very dense hydride accumulation
exceeds athreshold size. The crack grew by the delayed hydride cracking mechanism. Because
of the thermal gradient induced by contact, hydrogen had diffused away from the inside surface
so crack propagation in the through-wall direction was inhibited. Instead axial propagation of
the crack occurred, (apparently cracks from about four blisters linked up) and reached an
unstable length (~110 mm) where it caused a tube rupture before leakage could occur [13.3].
Since anumber of other tubes were in asimilar condition and further failures could be expected,
both Pickering Unit 1 and Unit 2 were retubed with cold-worked Zr-2.5Nb.

13.1.2 Experiencein CANDU with Zr-2.5Nb Pressure Tubes

Pickering 3 and 4 and all subsequent units used cold-worked Zr-2.5Nb pressure tubes. The first
problems with the Zr-2.5Nb tubes occurred in Pickering 3 and 4 in 1974 and 1975, afew years
after start-up. A number of tubesin these units cracked in the region of the tube adjacent to the
rolled joint. These were short, longitudinal-radial cracks that |leaked water into the annulus. The
investigation showed that the cracks initiated at points of highest residual hoop stress that had
been induced in the tube wall by rolling the tube too far inboard of the end of the cylindrical bore
of the end fitting so that unsupported rolling took place. The excessive flaring due to
unsupported rolling produced significant hoop and axial tensile residual stresses. Thistensile
residual stressinitiated delayed hydride cracking between installation and start up, which
continued when the reactor was shut down - i.e. when hydrides could be present (see Section 12).
These cracks were the first observations of delayed hydride cracking in tubesin service. Cracks
initiated only in those tubes where the hoop residua stress exceeded about 550 MPa. After a
period of operation the stresses relaxed and were not of sufficient magnitude to initiate further
cracking. In 52 channelsin Pickering Unit 4 and 17 in Pickering Unit 3, cracks were detected
and the channels replaced [13.2]. Operation continued until 1985 when one further channel
leaked from the same cause and had to be replaced. In thisinstance the crack had initiated at the
same time as the others but had remained dormant until hydrogen levelsincreased to permit
cracking at higher temperatures.

In 1982 |eakage was detected in the gas annulus of Bruce 2. It was eventually found that three
tubes were leaking. The cause was similar to the cracks in the Pickering 3 and 4 tubesin
1974/75 despite attempts to avoid the problem. However before start up it was realized that the
Bruce 1 and 2 units had also been installed with over-extended and unsupported rolling leaving
high residual stressesin the tube similar to Pickering 3 & 4. The tubes were therefore locally
stress relieved with specially developed tooling to reduce the residual stresses to acceptable
levels. However, it was later established that these three tubes had cracked in the time between
installation and stressrelief. The cracking was initiated by high residual stressin two tubes. In
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the third a material defect from manufacture assisted initiation. The cracking had occurred very
slowly at shutdown conditions until there was sufficient hydrogen present to permit cracking
through the wall [13.4].

In 1986 atube in Bruce Unit 2 leaked during hot shutdown. The reactor was cooled to room
temperature and the leak was identified as being anong a group of 11 channels. To facilitate
identification of the individual leaking channel by acoustic emission techniques, the heat
transport system was repressurized. The leaking channel (NO6) ruptured and the calandria tube
ruptured as well spilling fragments of fuel elements into the moderator. The eventua
examination of the ruptured tube revealed alap-type defect in the tube that was traced to a piping
defect that had not been removed during the trepanning of the billets. These ingot piping defects,
solidifying out of contact with the arc furnace atmosphere have relatively clean surfaces and
weld up on forging but leave a plane of weakness that appears to be susceptible to crevice
corrosion. The lap defects are difficult to detect ultrasonically using the inspection techniques in
place at the time. The reactor was down for three months to remove and replace both the
calandria tube and the pressure tube and remove the small amount of fuel that wasin the bottom
of the calandria. The reactivity mechanisms suffered no damage from the rupture [13.5]. The
calandria tube failure was a consequence of the high water hammer pressures induced by
pressure tube rupture at low temperatures.

The failure precipitated a metall ographic and high frequency ultrasonic examination of archived
offcuts from the pressure tubes to ensure no other undetected defects had been installed (see
Section 11). A total of 6 tubes with this type of piping defect have been found installed in
reactors. Two defected tubes of thistype were removed before service. The others have been
removed after detection by inspection or |eakage.

Since 1986, three additional tubes have been removed from service due to leakage: two in a
CANDU-6 reactor in 1995 and one in a 480-channel CANDU in 2002. These tubes devel oped
leaks following maintenance operations to reposition annulus spacers (SLAR — see Sections 8,
11). Thefailures originated in electrical breakdowns of the in-channel equipment required for
the process. The electrical failures resulted in arcing damage to the pressure tube and the
subsequent leakage.

In summary, in the operational experience of CANDU reactors tubed with Zr-2.5NDb, the total
number of pressure tube leaks has been 27 (many of the initial Pickering rolled joint cracks were
replaced before leakage) and a single pressure tube rupture occurred after the reactor had been
shut down with aleak.

13.2 Reliability of Pressure Tubesto Date

Table 13-2 shows the number of pressure tubes that have seen service in various reactors and an
estimate of the effective full power years (EFPY) of operation for each reactor and from that the
total pressure tube-effective full power hours. Taking the total number of |eaking pressure tubes
as 27 then the frequency of leaking is about 2 in 10" per PT-EFPY (pressure tube — effective full
power year). The two pressure tube ruptures give an observed frequency of rupture of 1.4 x 10°
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per PT-EFPY. Those compare favorably against failure rates for piping and pressure vessels
[13.6, 13.7].

13.3 Predicted Future Reliability of Pressure Tubesin the CANDU Reactors

Failures by leakage or rupture have al occurred in the early CANDU units where the tubes
operated outside their intended design condition because of either (a) inadequate assembly
procedures (high residual stressin rolled joints), (b) material inadequacy (material defects or
excessive hydriding of Zircaloy-2), (c) design problems (spacer design), or (d) maintenance
induced defects, Table 13-4. These problems have now all been corrected and in recent reactors
the concern will be the potential for pressure tube property change resulting from the long-term
operation. Tube properties can changein:

- dimensions

- chemistry (hydrogen concentration)
- mechanical properties

- defect quality

Tube dimensions change in length, diameter and straightness (sag). These are predictable and
measurable at intervals and as sag contact between the pressure tube and the calandriatube is
now prevented by the use of four spacers of improved design, the cause of defect initiation from
dimensional changeis now prevented.

Thetotal hydrogen concentration isimportant to the integrity of pressure tubes but it is expected
that atarget to keep the total hydrogen concentration below the operating temperature TSSin the
bulk of the tube over the design life can be realized by such methods as specification of alow
starting concentration and use of pressure tubes having a reduced rate of hydrogen pick-up
(Section 6). The waterside corrosion hydrogen pick-up to date is at an acceptable level and
though the rate may be increasing slightly with operating time, loss of fracture toughness due to
hydriding is not a concern for current reactors. Deuterium pick-up at the rolled jointsis to date,
higher than desirable, but low stress and absence of defects will ensure integrity.

The most important mechanical property changeis fracture toughness. The fracture toughness of
pressure tube materialsis reduced by irradiation damage. Recent reactors have tubes with higher
initial fracture toughness and a higher residual toughness after operation than the tubes that make
up most of the current database as a result of low chlorine concentrations in the starting material..
The toughness is predicted to stay at adequate levels.

Defect quality is afunction of manufacturing defects and operationally induced defects.
Improved processing and inspection has improved manufacturing defect quality but the
probability cannot be zero. Operationally induced defects originating from hydrides at
nominally smooth surfaces (blisters at pressure tube to calandria tube contacts, hydrides at high
residual stress regions of rolled joints) will be prevented by design. Fretting induced defects are
possible and these will be minimized by attention to operational conditions. To date, fretting
flaws have not lead to cracking but there is some level of cracking probability.
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In summary, it is expected that the CANDU pressure tube performance for cracking or rupture
will be improved by between 1 and 2 orders of magnitude over that achieved to date. Thus
failure by rupture is predicted to be of the order of onein 10° per PT-EFPY.

13.4
[13.1]

[13.2]

[13.3]

[13.4]

[13.5]

[13.6]

[13.7]
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Table 13-1
Pressure Tube Failures
Material of No. of Tubes
Reactor Date Pressure Tube Involved Remarks

Pickering 3 1974 c.w.Zr-2.5Nb 17 Cracked at rolled joints from
DHC. Tubes replaced.

Pickering 4 1975 c.w.Zr-2.5Nb 52 Cracked at rolled joints from
DHC. Tubes replaced.

Bruce 2 1982 c.w.Zr-2.5Nb 3 Cracked at rolled joints from
DHC. Two initiated from high
residual stress. One from a
fabrication defect.

Pickering 2 1983 cw.Zr-2 1 Tube ruptured due to cracking
from hydride blisters. Reactors
retubed with Zr-2.5Nb

Pickering 3 1985 c.w.Zr-2.5Nb 1 Crack at rolled joint from DHC

Bruce 2 1985 c.w.Zr-2.5Nb 1 Cracked at rolled joint and into
tube from fabrication defect and
DHC. Tube leaked and failed
when pressurized after
shutdown.

CANDU 6 1995 c.w. Zr-2.5Nb 2 Tubes damaged during SLAR
Maintenance

480-channel 2002 c.w Zr 2.5Nb 1 Pressure Tube and calandria tube
CANDU damaged during SLAR

mai ntenance
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Table 13-2
Operating History of Pressure Tubes (to the end of 2001)

React No. of In-SSirvié:e Date \O(earthf Pressure Tube
eactor utdown eration

Pressure Tubes | ¢ v (EpFPY) Y ears PT-EFPY
EXPERIMENTAL
AND PROTOTY PE
NPD 132 1962 (1985) | 16.2 2,183
PROTOTYPE
PRODUCTION
KANUPP 208 1972 8.4 1744
DOUGLASPOINT | 306 1067 (1984) | 15 4,590
Sub-totals 514 6,334
CANDU
PRODUCTION
REACTORS
PICKERING-1 390 x 2! 1971 16.7 6525
PICKERING-2 390 x 2 1971 15.7 6134
PICKERING-3 390 2 1972 177 6905
PICKERING-4 390 2 1973 16.4 6392
PICKERING-5 380 1082 139 5278
PICKERING-6 380 1983 14.4 5320
PICKERING-7 380 1984 138 5255
PICKERING-8 380 1986 120 4577
BRUCE-1 480 1977 134 6431
BRUCE-2 480 1976 111 5322
BRUCE-3 480 1977 14.1 6779
BRUCE-4 480 1978 132 6323
BRUCE-5 480 1984 139 6678
BRUCE-6 480 1984 139 6667
BRUCE-7 480 1086 13.0 6235
BRUCE-8 480 1087 116 5581
DARLINGTON-1  |480 1990 75 3612

! These Pickering reactors were all retubed.
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In-Service Date | Y ears of
Reactor No. of Shutdown | Operation Pressure Tube
Pressure Tubes | v (EpFPY) Y ears PT-EFPY
DARLINGTON-2 480 1991 7.8 3732
DARLINGTON-3 480 1992 75 3577
DARLINGTON-4 480 1993 7.1 3420
GENTILLY-2 380 1983 14.5 5515
POINT LEPREAU |380 1983 15.8 6012
WOLSONG 1 380 1983 15.9 6033
WOLSONG 2 380 1997 4.1 1570
WOLSONG 3 380 1998 3.2 1220
WOLSONG 4 380 1999 2.2 821
EMBALSE 380 1984 15.1 5750
QINSHAN 111 -1 380 2002 - -
QINSHAN 111 -2 380 2003 - -
CERNAVODA 1 380 1996 4.4 1677
CANDU TOTAL 13,440 3290.6 139,343
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Fuel Channdl Integrity Problems Experienced in CANDU Reactorsand Solutions

Problem

Rectification

Zircaloy-2 pressure tubes.

1. |Excessive corrosion and hydriding of

1. |Changed to c.w. Zr-2.5Nb, in all current
units.

2. |Displacement by vibration of relatively 2. |a
loose Zr-2.5% Nb - 0.5 Cu spacers.

Spacer relocation techniques devel oped
(SLAR) for existing units.

Changed to Inconel X750 “snug” spacers
in new reactors.

prevented in 30 years.

3. |Two spacersin 6 oldest units. Contact 3.
between pressure tube and CT not

Four spacers to prevent contact for 60 years
on newer units.

4. |High residual stressrolled joints on 5. |a |Stress Relief of Bruce A units
6 oldest units.
b. [Low stressrolled joint used on newer
units.
5. |Lap-Type Defects in pressure tube. 8. |a [Inspection of offcuts and higher risk
tubes.
b. |Modification of melting and cropping

practice for newer tubes. Improved
inspection during manufacture.

6. [Hydrogen in pressure tubes.

9. |AsManufactured Hydrogen Reduced to
<5 ppm, on tubes currently being made.
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14. FUEL CHANNEL REPLACEMENT

14.1 I ntroduction

The original design requirements for the CANDU fuel channel recognized that, as the life of the
fuel channel (and in particular the pressure tube) was indeterminate, the fuel channel should be
replaceable. All CANDU fuel channel designs meet this requirement, and fuel channels have
been replaced (in varying numbers) in all CANDU reactor types.

There are two reasons for fuel channel replacement either surveillance or maintenance. The
latter can be subdivided into two further categories. Maintenance for individual fuel channels,
and large-scale fuel channel replacement for generic (life limiting) reasons.

An overview of the history of fuel channel replacement in CANDU reactors is given, followed
by descriptions of the replacement process on an individual channel basis, and for a complete
reactor. Design changesto the fuel channel to make it easy to install and replace have been
incorporated in the latest design of CANDU reactors - the ACR. These design changes, and their
impact on alarge-scale fuel channel replacement outage is discussed.

14.2 Overview of Fuel Channel Replacement

14.2.1 I n-Service I nspection

Individual fuel channels are removed during planned maintenance outages as part of in service
inspection programs (1SI) to check for specific features of pressure tube behavior.
Measurements of the irradiation induced deformation, and other physical and metallurgical
properties are made (for example the hydrogen content of the pressure tube, and the thickness of
the oxide layer). More sophisticated forms of in-service inspection, capable of quickly
measuring the geometry of the channel, and of performing flaw detection using ultrasonic, eddy
current, and replication techniques have been developed. For example, cutting techniques to
remove a sample a few thousandths of an inch thick from itsinside surface for measurement of
deuterium concentration have been in use for more than 15 years. Asaresult, the need to
remove fuel channels for in-service inspection has been decreased significantly.

14.2.2 Individual (Single) Fuel Channel Replacement

One of thefirst fuel channels replaced in a CANDU reactor was at the Douglas Point Generating
Station in Ontario. This 218 MWe station was the prototype commercia size CANDU station
built for power generation. Fuel channel replacement was required several months after the unit
started up in 1964 as aresult of asingle improperly installed vertical reactivity mechanism guide
tube fretting against an adjacent calandria tube, eventually wearing ahole. Although the fuel
channel had been designed for replacement, no tooling was available to do the job. Thusthe
reactor was shut down for several months, while the tooling was designed and fabricated. Both
end-fittings, the pressure tube, calandria tube, and spacers were eventually replaced.
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Pressure tube removal and replacement were started in NPD in 1967 using tooling suitable for
this reactor.

In 1974 it was discovered that a number of fuel channelsin the four unit Pickering A Generating
Station had been assembled using a procedure where the rolling tool was inserted too far inboard
resulting in unsupported rolling of the pressure tube. Thisresulted in high residual stressesin the
pressure tubes near the inboard end of therolled region. Specifically, 17 channelsin Unit 3, and
52 channelsin Unit 4 had rolled joints containing sufficiently high residual stressesto result in
delayed hydride cracking of the pressure tubes. Cracking caused leakage of heat transport
coolant from some tubes into the annulus gas system where it was detected. Tooling and
equipment were designed with the unit’s shutdown, and the pressure tubes, end fittings, and
spacers were replaced. The calandriatubes were | eft in place as they were unaffected by the
incident, and had experienced little service.

In order to prevent excessive outage durations for unplanned fuel channel replacements, the
Single Fuel Channel Replacement (SFCR) program was put in place to develop, and provide
stations with the necessary tooling and equipment to replace individual fuel channels. SFCR was
performed on several additional fuel channels at the Pickering A and Bruce A Generating
Stations in channels that have |eaked.

SFCR has been performed several times at other CANDU units, for both in-service inspection
and maintenance purposes. For example, two fuel channels have been replaced to date at

Point Lepreau for in service inspection reasons. Examples of channels replaced for maintenance
reasons include the two channels replaced at the Embalse CANDU 6 unit in the mid 1990's, and
the single channel replaced just recently at Bruce Unit 6. These channels were replaced to repair
damage caused by malfunctions of spacer locating and re-positioning equipment.

14.2.3 L arge Scale Fuel Channel Replacement

In 1983 the failure of a Zircaloy-2 pressure tube in Pickering Unit 2 led to a generic concern for
the integrity of all Zircaloy-2 pressure tubes (see Section 13). The decision was taken to replace
al of the fuel channelsin Pickering Units 1 and 2 (both of which had Zircaloy-2 pressure tubes).
This decision brought forward the planned date for retubing the units from about 1989 to 1984.
Unit 2 was shut down from August 1983 (the time of the incident) until October 1988. Unit 1
was shut down in late 1983, and returned to power in September 1987.

In 1988 it was recognized that a number of factors were going to influence the schedule for
retubing the next most mature of the CANDU units. Four units (Pickering Units 3 and 4, and
Bruce Units 1 and 2) were all approaching the same level of fluence. All four units have
inadequate provision for axial creep and growth and plans were initiated to rehabilitate them
starting in 1989. Only two spacers were installed in each of these units, making it impossible to
prevent pressure tube to calandria tube contact for the design life, even if the spacers were
repositioned. The retubing of Pickering Units 3 and 4 was completed in 1993. Bruce Unit 1
retube was tentatively scheduled for a 1993 start, with Unit 4 to follow. However, thiswork was
cancelled and Bruce units 1 through 4 were laid up indefinitely in 1998. Units 3 and 4 are
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currently being returned to power and decisions on other units with respect to refurbishment
remain to be taken.

It has now been recognized that large-scale fuel channel replacement will be an essential part of
plant life extension for CANDU reactors. Other plant components, both in the nuclear steam
system and the balance of plant have much less severe service conditions than the fuel channels.
The useful life of a CANDU plant can be extended to between fifty and sixty years with fuel
channel replacement. The CANDU 6 units at Point Lepreau, New Brunswick and Gentilly,
Quebec have tentatively scheduled major refurbishment outages for 2007 and 2009 respectively.
The current plan isto replace all fuel channels, calandria tubes and feeders at these plants during
these outages, with the aim of refurbishing the plants for an additional 30 years of operation.

14.3 Fuel Channel Replacement Process

The stepsinvolved in both single and large-scale fuel channel replacement are very similar,
however the type of tooling and equipment varies greatly in terms of ease of use, and degree of
automation. The preparation for a planned single channel replacement isin the order of weeks
whereas it requires years of lead-time to prepare for alarge-scale fuel channel replacement.

14.3.1 Single Channel Replacement

Thefirst step in asingle channel replacement isto de-fuel the channel and isolate it from the rest
of the heat transport system. De-fuelling is accomplished using the fuelling machines. Flow
restrictors are then installed in the channel to limit the flow through its feeders so that freeze
plugs can be formed in the feeders by locally cooling them with liquid nitrogen. This allows the
channel to be drained, and permits removal of the cap screws which attach the feeder pipe to the
end fitting. Blanking flanges are installed on the feeder pipe so that the ice plug can be released.
The channel is then ready for removal.

Crews, working from a shielded cabinet installed on the fuelling machine bridge, use manual
tools to remove the positioning assembly (refer to Figure 1-5). Machining cuts the welds
between the bellows and the attachment ring on the end fitting. The pressure tubeis cut at its
midpoint, and adjacent to each end fitting. The end fittings are then withdrawn into shielded
flasks. Thetwo halves of the pressure tube and spacers are then pushed into a separate shielded
flask.

Normally the calandriatubeis|left in place. If replacement is required, the first step isto remove
the stainless stedl inserts of the sandwich type rolled joint, which joins the calandria tube to the
tube sheets. Milling three axial slots in the insert, collapsing the remaining pieces, and
withdrawing them into a shielded flask accomplishesthis. The calandriatube is then pushed into
its flask, with the pusher tool remaining across the core to guide the new calandria tube in place.

The first step in the replacement processisto install the new calandria tube (if required). Manual
tools are used to roll the calandriatube insertsin place. The new pressure tube, protected by a
sleeveisinserted into the calandria tube, and the protective sleeve is withdrawn. Four spacers
are inserted, two from each end of the reactor. Tooling is used to hold the pressure tubein
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position while the first end fitting isinstalled and the rolled joint is made. The second end fitting
isinstaled, and the second rolled joint ismade. The welds are then made between the existing
bellows and the new end fitting attachment rings. The final step isto re-establish the ice plugsin
the feeders so that the blanking flanges can be removed, and the feeders can be reconnected.
Closure plugs are inserted and the channel is refilled and refueled.

During the replacement of the fuel channel many quality control checks are made, including
visual and dimensional inspections. The joints are leak and pressure tested after they are made.

14.3.2 L arge Scale Fuel Channel Replacement

In principle alarge-scale fuel channel replacement operation is the same as performing many
single channel replacements. In practice, however, the jobs are quite different due to the quantity
of radioactive components to be handled, the number of personnel involved, and the need to
minimize the radiological exposure to aslow as reasonably achievable. Asthe outage is of
considerably longer duration, many systems have to be placed in a“lay up” mode. For example
the moderator system is drained and dried, and placed under a helium cover gas. This protects
the system as well as minimizing the risk of exposure of the work crews to tritium.

There are four distinct stagesto alarge-scale fuel channel replacement operation: Preparation,
removal, installation, and re-commissioning. The process described in the following paragraphs
will be used during the upcoming CANDU 6 refurbishments, expected to commence in the next
5years. It incorporatesthe latest advancesin large-scale fuel channel replacement techniques
developed by AECL. The new AECL process builds upon the proven techniques used during the
Pickering retube, but improves on them by incorporating innovative materials handling and
processing techniques.

Preparation begins with the de-fuelling of the reactor, which is accomplished using the fuelling
machines. During this phase the activity of the heat transport system is lowered as much as
possible to reduce the gammafields. Mild chemical decontamination has generally been used in
the past. The heavy water isthen drained from the upper half of the heat transport system, i.e.
down to the level of theinlet and outlet headers. Each channel isthen re-visited by the fuelling
machinesin order to drain the water out of each channel and its associated feeders. The system
can then be vacuum dried to recover as much of the heavy water lying in the low points of the
channel and other portions of the system as possible. This process saves on the expense of the
replacement heavy water, and minimizes any tritium hazard. Alternatively, the system can be
flushed with light water to dilute the (tritium containing) heavy water, such that the later channel
vacuuming and drying operations can be performed safely.

The removal phase begins with the installation of the reactor face work platforms and shielded
cabinets. This equipment can be either floor mounted or installed on the fuelling machine
bridge. The required servicesin the fuelling machine rooms (power, air, communications etc.)
areaso installed.

The first step of the removal phaseis to de-couple the feeders from the end fittings, or remove
the feeders by cutting, if feeder replacement is a requirement of the refurbishment outage. The
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pressure tube and bellows to end fitting weld is cut at each end of the channel. End fittings are
then removed using shielded flasks and then cut in half off of the reactor face. The low activity
outboard portions are packed into low-level waste storage boxes, and the high level ends are
removed with shielded flasks. This minimizes the amount of high-level waste to be stored.

Remote handling and volume reduction techniques are then used to extract the pressure tubes and
spacers from the reactor, and deposit the processed remains in a small flask/container
combination located on the reactor face work platform. The flask islowered to the fuelling
machine room floor and then transported to the on site storage area.

Calandria tube replacement has not yet been performed on alarge scale, however the same
volume reduction technique used for pressure tubes has been tested and proven to be suitable for
the removal of calandriatubesaswell. The system isused in conjunction with a calandria tube
guide tool, which supports the trailing end of the tube asit is withdrawn across the reactor. The
calandria tube inserts must be removed prior to removal of the calandriatube. AECL has
developed an induction heating process that reduces the diameter of the insert and allowsiit to be
removed from the tube sheet bore with minimal force. The new calandria tube and inserts can be
installed in the re-used tube sheet bore without the need for refurbishment of the bores. The
same calandria tube guide tool used for tube removal can be used for installation of the new tube.

Thefirst step in the fuel channel installation phase involves the insertion of the fuel channel sub-
assemblies. A sub-assembly consists of a pressure tube rolled into one end fitting, with a
protective sleeve around the pressure tube. A magazine containing the four spacersis attached to
the protective sleeve, at the end next to the end fitting. After the sub-assembly isinserted, the
protective sleeve and magazine are withdrawn, and the spacers are deposited in their design
locations. The second end fitting isinserted and the rolled joint is made. The welds between the
existing bellows and the new bellows attachment rings on the end fitting are made, and the
positioning assembly isre-installed. The final step isthe reconnection or re-installation of the
feeders.

New fuel, shield plugs and closure plugs are installed in the channels as part of the
re-commissioning phase. The systems are restored from their lay up state, and the reactor is
re-commissioned, generally to the same procedures that were used for the initial start up of the
plant.

144 ACR Large Scale Fuel Channel Replacement

The ACR hasadesign life of 60 years with afull-scale channel replacement targeted for
mid-life. Therefore, the ACR fuel channel has been designed in compliance with the requirement
for easy and fast replacement. One end fitting on one end of the channel will be equipped with
an extended bore and two sets of rolled joint grooves, such that this end fitting can easily be left
in place, i.e. re-used in the replacement fuel channel. This limits the work required during a
large scale fuel channel replacement campaign to primarily one reactor face only, saving time
and dose by simplifying the scope and logistics of the replacement operation.
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The preparation phase is much the same as for existing CANDU stations. The reactor is
de-fuelled, decontaminated, drained, and dried.

The first step of channel removal isto cut the pressure tube at each end fitting. The feeder and
bellows to end fitting weld at one end is then cut, and the end fitting is removed. The pressure
tube and annulus spacers are then withdrawn with a remote handling and volume reduction
system. Provision is made in the design of the reactor building for quickly handling the
radioactive assemblies.

Channel installation consists of installing the replacement pressure tube into the lattice site. The
rolled joint isinstalled at the end fitting left in place using the second set of groovesin that end
fitting’'s bore. The annulus spacers and new end fitting are then installed from the other side of
the reactor. The replacement end fitting to bellows and end fitting to feeder welds are installed
and inspected, compl eting the installation of the replacement channel.

The design changes to the channel are complemented by design changes to the rest of the plant.
As mentioned above, special provisions are made in the reactor building to avoid bottlenecksin
the handling of radioactive components. Provision is made at the reactor face for the installation
of fixed steel shielding as opposed to the existing method of using a movable shielding cabinet.
Thiswill allow the use of atwo level platform at each end of the reactor, and permit four crews
to work on each face during the installation phase. The reduction in the removal and installation
phase durations has a positive effect on the duration of the preparation and re-commissioning
phases as the auxiliary systems require less work to prepare and re-commission. With fewer
channels, it is estimated that retubing times can be reduced to within six monthsto a year from
shutdown to start-up.

14.5 Summary

The CANDU fuel channel has been designed to be replaced. Replacements have been performed
on an individual or single channel basis for in-service inspection and maintenance purposes.
Generic concern for the life of Zircaloy-2 pressure tubes led to the replacement of all the fuel
channelsin Pickering Units 1 and 2. Large-scale fuel channel replacement, which is currently
performed using a combination of manual and remote tooling, takes about 1 to 2 years. Large
scale retubing of the ACR reactor, a plant designed for easy replacement of fuel channel is
predicted to reduce the outage duration to about 6 monthsto ayear. The ability to replace fuel
channels, which experience the most severe service conditionsin the CANDU system, permits
cycles of plant life extension following successive large scale retubing operations.
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15. END FITTING PROPERTIESAND PERFORMANCE

15.1 I ntroduction

The end fittings form an integral part of the fuel channel assembly. An end fitting is located at
each end of each fuel channel and is connected to the pressure tube by means of a mechanically
rolled joint. The primary coolant flows into and out of the channel through an end fitting
sideport joint to the feeder pipes. In current CANDU’ sthisjoint is abolted connection fitted
with aseal ring. In ACR, the design employs awelded joint between an extruded sideport
nozzle and the feeder pipe made by afull penetration circumferential butt weld. During the
fuelling operation the outboard end of each end fitting makes a sealed connection with the
fuelling machine to allow removal and insertion of fuel bundles. The end fitting is sealed by a
channel closure when it is not engaged to the fuelling machine.

In order to fulfill these requirements, the end fitting material must have an important balance of
properties. These properties are:

a) Corrosion Resistance

The end fitting has several critical seal faces that must remain free of localized and pitting
corrosion. In addition, the material must have adequate resistance to general corrosion,
erosion and environmentally assisted cracking.

b) Mechanical Properties

The material must meet an important balance of strength, toughness and hardness to
withstand service loads and to maintain aleak tight rolled joint.

¢) Thermal Expansion

The material must have a coefficient of thermal expansion as close as possible to that of the
zirconium alloy pressure tube to minimize thermal stresses and to maintain aleak tight rolled
joint.

d) Resistance to neutron irradiation

The material must maintain satisfactory properties after exposure to radiation fluence up to
the level estimated for the design life of the end fitting.

€) Wear Resistance

For ACR, the material must be wear resistant since fuel bundles will slide directly on the
surface of the end fitting bore during fuelling operations whereas in current CANDU designs
the fuel slides on aliner tube within the end fitting.

A number of materials were evaluated for use as end fitting steelsin CANDU fuel channels. The
candidate materials included low alloy steels, martensitic stainless steels and precipitation
hardening iron based and nickel based alloys. The material that best meets all requirements,
including cost, was found to be amodified AlSI Type 403 stainless steel, a martensitic stainless
steel containing nominally 12 wt% chromium. It has the required corrosion resistance to the
primary coolant water. In the quenched and tempered condition, as used in CANDU reactors, it
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is strong enough to make a leak tight rolled joint and to withstand service loads. AlSI Type 403
stainless steel in the quenched and tempered condition has adequate toughness and design life
flaw tolerance.

15.2 Fabrication

15.2.1 Steelmaking Practice

Cleanliness and homogeneity of the end fitting material is essential for achieving acceptable
Charpy impact test results and low temperature corrosion resistance. For thisreason, only
electric furnace melting processes are allowed for the production of end fitting material. Current
steel making practice includes separate ladle refining and degassing, while bottom pouring of
ingotsisan AECL requirement.

15.2.2 Forging and Heat Treatment

The bottom-poured ingot is hot worked into a billet that is then forged into a blank and
rough-machined to approximately 7 3/4 inch outside diameter and approximately 112 inch long.
To ensure that sufficient hot work has been done and to verify freedom from unacceptable
segregation, macro-etch tests are performed in accordance with ASTM E381. The samplesfor
thistest are taken at the billet and forged blank stage and the results must be better than, or equal
to, macrographs S2-R1-C1 of ASTM E381. The blanks are trepanned to hollows and heat
treated to achieve the required mechanical properties. The heat treatment is typically hardening
by liquid quenching followed by tempering at a minimum temperature of 600°C (1112°F) for a
minimum of four hours. Prior to final machining the end fittings are stress relieved at 565 +15°C
(1050 = 25°F) for aminimum of two hours.

The maximum feasible volume of each heat treated forged blank is examined by the ultrasonic
method. The method and acceptance standards are in accordance with the requirements of
Subsection NB of Section I11 of the ASME Boiler and Pressure Vessel Code (ASME BPVC).

15.2.3 Final Machining

For current CANDU'’ s using the bolted sideport connection to the feeder, the end fittings are
machined to the requirements of the design drawing and are then hydrostatically tested at room
temperature to 15.5 MPa (2250 psig). After the hydrostatic test, all surfaces of the end fitting are
examined using either dye penetrant or magnetic particle inspection. Internal inspection is
performed using a“black light” boroscope. All chemicals and cleaning material used in these
tests must contain no sulphur and halogens and al parts must be cleaned after inspection. The
outboard end of the end fitting is chromium plated for wear protection.

After installation in the reactor, the end fittings are pressure tested with the rest of the primary
heat transport system.
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15.3 Material Property Data

1531 Requirements

Thetensile and impact property requirements for fuel channel end fitting forged blanks are
specified in both the Canadian Standards Association National Standard of Canada CAN/CSA
N285.6.8-88 and the AECL Technical Specification and are given in the following.

1531.1 Tensile Propertiesat Room Temperature (21°C (70°F) Max.)

Ultimate Tensile Strength, min., MPa[psi] 725 [105,000]

Yield Strength (0.2% offset), min., MPa[psi] 585 [85,000]

Elongation in 50 mm (2 inch) or 4D, min., % 12

Reduction in area % 30

Note: Inch-pound units shown in brackets are for information only. The Sl units form the

basis for acceptance.

15.3.1.2 Charpy V-Notch Impact Property Requirements
Direction Maximum Test Absorbed Energy Ductility
Temperature Minimum Individual ~ Minimum Individual
Value Value®
Longitudinal 21°C (70°F) 27 J[20 ft-1b]® 20 MLE
Transverse 65°C (150°F) 20 J[15 ft-1b]® 20 MLE
@) MLE = Mils Lateral Expansion
@) Inch-pound units shown in brackets are for information only. The Sl units form the

basis for acceptance.

Testing of transverse Charpy “V-Notch” impact specimensis done at 65°C. At thistemperature
the material isin the transition region of the Charpy energy curve. Testson full sized end
fittings (as described in Subsection 15.5 of this document) have demonstrated that AISI Type
403 stainless stedl end fitting material with a minimum of 20 Joule (15 ft-Ib) absorbed energy
when tested at 65°C in the transverse direction has adequate toughness for this application.

15.3.1.3 Har dness Requirements

The AECL Technical Specification limits the hardness of each forged blank to a Brinell
Hardness Number (BHN) range of 223 to 269.
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15.3.2 Effect of Irradiation on Mechanical Properties

15321 Tensile Properties

It iswell established that fast neutron (>1 MeV) fluxes have an effect on the tensile properties of
steels above a fluence of 1 x 10 /m?®[15.1]. This effect is to increase the strength and hardness
with corresponding decreases in toughness and ductility. Theinboard end of the end fitting will
see fluences in excess of 1 x 107 n/m?.

Table 15-1 summarizes data on tensile strength increments from various sources [15.2 — 15.4];
and from these data it can be predicted that, at the end of the expected life of an end fitting, the
Yield Strength (Y'S) will increase by 100 to 130 MPa (14.5 to 18.8 ksi) and the Ultimate Tensile
Strength (UTS) by 50 to 100 MPa (7.3 to 14.5 ksi). Thisincrease in strength will increase the
margin against over-pressurization failure.

15.3.2.2 Impact Properties

Hosbons and Wotton determined the effect of irradiation on the ductility of AISI Type 403
martensitic stainless steels[15.2]. Figures 15-1 and 15-2 show Charpy V-notch absorbed energy
(ft-Ib) and Mils Lateral Expansion (MLE) versustest temperature curves for AlSI Type 403
stainless steel end fitting material. Table 15-2 summarizes the observed shift in transition
temperature (ANDT) with fast neutron irradiation for several different heats. Although thereis
an increase in transition temperature of between 50 to 100°C, it does not adversely affect the
operation of end fittings as will be shown in subsection 15.5 of this document.

15.3.3 Fatigue
The fatigue crack growth rate of AISI Type 403 stainless steel at 272°C in water is given by
[15.4]:

da

—=7.47x10™" AK **
dN

where d_; = crack growth/cycle (m)

AK = dtress intensity factor range MPa/m.

As expected, the rate is higher than that reported for similar testsdone in air. Rates measured in
air, on end fitting material at AECL agree well with other published datafor AISI Type 403
stainless steel.
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154 Charpy Impact Test Data with respect to Code Requirements

The end fittings are classed as fittings for the purposes of the ASME BPVC, Section |11
requirements. As such, the material is not required to be impact tested by virtue of the
connecting pipe size exemption of Paragraph NB-2311(a)(5).

The Charpy impact test acceptance criterion of ASME Section 111, Table NB-2332(a)-1, is

20 Mils Lateral Expansion (MLE) for material over 5/8 to ¥ inch in thickness. The impact tests
are to be performed at atemperature lower than or equal to the Lowest Service Temperature
(LST). The Code requiresthat the test specimens be oriented in the axial direction (termed the
longitudinal in thisreport). Table 15-4 shows the recent trends in Charpy impact ductility MLE
recorded for end fitting steels for CANDU 6 reactors. Therefore, even though the end fitting
material is exempt from impact testing under the rules of ASME BPV C Section |11, Subsection
NB, the Charpy impact ductility meets the Code requirements for material over 5/8 to % inch
(material thickness for fittings having the nominal thickness of the connecting piping). Thusthe
requirement of Paragraph NB-3211(d) to provide protection against nonductile fracture s, in
essence, satisfied.

Despite the Code exemption, the AECL Technical Specification and the CSA Nationa Standard
CAN/CSA N285.6.8 have always specified, and will continue to specify, impact testing of fuel
channel end fitting material in the directions and at the temperatures shown in Subsection
15.3.1.2. Thesetestsare primarily to show that all end fittings have Charpy impact values that
are equal to or greater than those for the materials used in the demonstration to show that the end
fittings have adequate flaw tolerance after design life irradiation described in Subsection 15.5 of
this report.

155 AECL Approach to Ensure Against Brittle Fracture

AECL chose to show experimentally that quenched and tempered AISI Type 403 stainless steel
has adequate toughness for its application as an end fitting. The demonstration was aimed at
showing that the end fittings have adequate flaw tolerance after irradiation for 30 years.
However, there are experimental difficultiesin testing full sized irradiated componentsand it is,
therefore, necessary to simulate the effect of irradiation.

Based on experimental datait was concluded that embrittlement (measured by the upward shift
in nil ductility transition temperature) saturated at fluences of 6 x 10 n/m? (E >1 MeV). It was
then determined that the plane strain fracture toughness of unirradiated AlSI Type 403 end fitting
steel at —40°C (in martensitic stainless steels toughness decreases with decreasing temperature) is
equal to the room temperature fracture toughness of steel irradiated to a fluence of 6 x 10 n/m?
(E>1MeV). Fracture processesin both cases are identical in that fracture proceeds by
guasi-cleavage along prior austenite grain boundaries. It then follows that the flaw tolerance of
an end fitting at design life is accurately simulated by testing an unirradiated end fitting at —-40°C
[15.3]. Four such tests of dlotted and fatigue pre-cracked end fittings have been carried out and
the results, shown in Table 15.4, indicated that the material has sufficient fracture toughness for
the design life.
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15.6 Assessment of Possible Damage M echanisms

15.6.1 I ntroduction

The possible modes of damage to the end fittings are:

- wear

genera corrosion
flow accelerated corrosion

localized corrosion

15.6.2 Wear

The end fitting is subject to wear due to fuelling operations and to impact vibrations from the
fuel channel hardware such as the shield plug. Sliding wear tests for fuel bundles on end-fitting
materials have demonstrated negligible wear rates.

15.6.3 General Corrosion

Since AlISI 403 and 410 stainless steels are identical from a corrosion point of view, corrosion
results are applicable to both materials. Cataldi found a metal loss rate for AlSI 403 stainless
steel in saturated steam at 260°C with 50 mg/kg oxygen and pH 7 of 7.6 um/y [15.5].

Hudson, in testsin water of pH 10.5 and oxygen content of 200 pg/kg, found a metal loss rate of
2.3 um/y for 410 stainless steel [15.6]. The “Corrosion and Wear Handbook” gives a metal |oss
rate of 2.0 um/y for 410 stainless steel in deoxygenated water of pH 10.5 at 260°C [15.7]. Since
the corrosion rate of these steelsis very dependent on pH and oxygen content, the results of
Hudson [15.6] and from the “ Corrosion and Wear Handbook” [15.7] are more relevant to the
metal loss from CANDU end fittings. These results suggest that metal loss from corrosion from
CANDU end fittings will be lessthan 25 umin 30 years. The excellent performance of CANDU
end fittings confirm that insignificant corrosion occurs under CANDU heat transport conditions,

Part of the outside surface of the end fittings are in contact with the CO, of the annulus gas
system and the rest of the outside surface isin contact with the vault atmosphere. Metal losses
due to these interactions are expected to be negligible. Thiswas confirmed when fuel channels
were removed from the Pickering reactorsin 1973 to 1974 and from a Bruce reactor in 1982.
The removed end fittings still had a metallic rather than an oxidized appearance.

15.6.4 Flow Accelerated Corrosion
Laboratory testing has demonstrated that resistance of iron base alloys to Flow Accelerated

Corrosion (FAC) under CANDU fuel channel outlet chemistry conditions increases with even
small increases in chromium content. It isto be expected that the stainless steel end fitting
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material with approximately 12 wt% chromium would be highly resistant to FAC under these
conditions, and the absence of FAC in CANDU end fittings confirms this resistance.

15.6.5 Localized Corrosion

The two forms of localized corrosion to consider are pitting and cracking

The AISI 403 stainless steel end fitting material contains approximately 12 wt% Cr, and hence
can be considered a marginal stainless steel, and corrosion behavior can be erratic. However, the
oxide generated under CANDU operating conditions is protective and pitting has not been, nor
would be, expected to be a problem. While the material can be susceptible to pitting in low
temperature waters, the material is not susceptible to pitting at low temperature under the low
oxygen, high pH and high purity chemistry conditions of the CANDU primary heat transport
system.

The 403 stainless steel of the CANDU end fittings is in the quenched and tempered condition. It
iswell established that the resistance of Type 410 stainless steel to cracking is very dependent on
the tempering temperature. Tsubota et al [15.8] have shown that the resistance to cracking in
high temperature oxygenated water increases with tempering temperature, and that susceptibility
to cracking was confined to material tempered below 600°C and with Vickers hardness

(Hv) > 340 V. Since the end fittings are tempered at a minimum temperature of 600°C for a
minimum of four hours, the maximum hardnessis 284 Hv, and, operated in a deoxygenated and
high pH environment, they can be considered highly resistant to cracking, and experience
reflects this expectation.

15.7 Summary

AIlSI Type 403 stainless steel in the quenched and tempered condition and meeting the
requirements of CAN/CSA N285.6.8 has been shown by performance and testing to meet the
requirements imposed on it as an end fitting material. No difficulties have occurred in operation
due to the inherent properties of the material. Full scale tests have shown that the end fittings
have more than adequate toughness to serve their design purpose. Examinations performed on
end fittings that have been removed from reactors show that metal loss from corrosion is
insignificant.
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Table 15-1
Room Temperature Tensile Properties of Quenched and
Tempered AlSI Type 403/410 Stainless Steel

Y'e(lla Fs)g)ess Ultimate Tensile Stress (M Pa) Irradiation Notes
?_?%);)e Unirrad.| Irrad. | Ays |[Unirrad.| Irrad. AUTS Fll\lljlergge Temp. °C ;ESFX
A(403) 646.7 | 7501 | 1034 | 7460 | 833.6 87.6 6.0x10% 300 2
646.7 | 7584 | 111.7 | 746.0 | 8405 94.5 9.5x10% 300 2
B(403) 5085 | 7336 | 1351 | 7481 | 8418 93.7 6.0x10% 300 2
C(403) 690.9 | 810.8 | 119.9 | 8184 | 890.1 71.7 9.5x10% 300 2
D(403) 666.7 | 777.0 | 1103 | 777.7 | 849.4 71.7 6.0x10% 300 2
E(403) 7046 | 8046 | 1000 | 8432 | 894.9 51.7 9.5x10% 300 2
F(403) 6205 | 7377 | 1172 | 7391 | 8274 88.3 6.0x10% 300 2
G(403) 6157 | 808.1 | 1924 | 7412 | 865.3 124.1 9.5x10% 300 2
H(410) 3241 | 4275 | 1034 | 4757 | 4826 6.9 7.0x10% <100 3 Initial strength
J(410) 3034 | 4206 | 1172 | 4826 | 517.1 345 7.0x10% <100 3 below end fitting
K (410) 4826 | 5929 | 1103 | 6364 | 7088 72.4 3.0x10% | 315-370 3 requirement of
585 MPaYSand
725 MPaUTS
L (403) 6965 | 7951 | 98.6 | 809.5 59..0 59.0 6.0x10% 300 4 minimum
M (403) 7809 | 8788 | 979 | 8933 | 616 616 6.0x10% 300 4
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Table 15-2
Transition Temperature Shifts for AlSI 403 SS Based on
Transverse Charpy Specimens [Reference 15.2]

E>1MeV Shift in Transition Temperature, °C
Heat (nm? x 10%%) ANDT based on ANDT based on
15 ft-lb criterion 50% shear criterion

A 6.0 55 59

9.5 40 51
B 6.0 52 58
C 95 60 85
D 6.0 80 71
E 9.5 40 44
F 6.0 86 82
G 9.5 100 87
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Table 15-3
Recent Charpy Impact Ductility (MLE) Resultsfor AlSI Type 403 End Fitting Steels
Most Recent Longitudinal (21°C) Transverse (65°C)
CANDU 6
Reactors Mean SD. Mean SD.
Wolsong 2 36.6 19.7 414 18.9
Wolsong 3 51.2 16.7 57.8 13.0
Wolsong 4 39.6 144 51.1 14.7
Qinshan 1 and 2 69.7 14.5 70.8 10.0
Table 15-4
Burst Pressures of Slotted End Fittings at -40°C
Hoop Stress
End Crack Burst + 100 MPa Kic
e Depth Pressure (14.5ks) v,
Fitting mm MPa(ks) | Residua Stress | MPam
MPa (ksi)
B2073 16.0 64.8 (9.4) 246.70 (35.8) 61.0
B2090 16.3 69.0 (10.0) 256.00 (37.1) 63.7
B2039 16.5 74.5 (10.8) 268.50 (38.9) 67.0
No. 1896 17.0 35.0 (5.08) 180.68 (26.2) 46.0
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16. CALANDRIA TUBE PERFORMANCE

16.1 I ntroduction

The Zircaloy-2 calandria tubes in the CANDU reactors isolate the relatively cool D,O moderator
from the hot pressure tubes. In normal reactor operation, four spacers, the “garter springs’
prevent contact between each pressure tube and its calandriatube. The annulus thus formed
between the tubes contains the recirculating annul us gas (carbon dioxide with or without
additional oxygen) the dew point of which is monitored for indications of leakage in the channel.
The pressure tube, being horizontal, is loaded by the weight of the fuel and water of the heat
transport system. The sag of the pressure tube, due to irradiation creep, resultsin atransfer of
this load to the calandria tube and, over most of the reactor life, the sag resistance of the overall
channel is determined by the creep resistance of the calandriatube. During normal reactor
operation the calandria tube temperature is determined by the moderator outlet temperature set
point, which for CANDU 6 reactorsistypically about 70°C. The tube operatesin a peak neutron
flux of about 3 x 10" n/(m.s) (E>meV).

Also during normal operation, the maximum tensile stress in both longitudinal and transverse
directions through the bulk of the tubeis so low, <100 MPathat in the absence of neutron
irradiation negligible creep deformation would occur. The neutron irradiation affects several
properties of the tube, viz.

a) Creep rate will be enhanced

b) A shape change independent of stress, “growth”, will occur
c) Thetensile strength will increase

d) Thetensile ductility will decrease.

Because of the low temperature of the calandria tube during operation little hydrogen pickup is
expected and, combined with the low stress, no problem is anticipated from delayed hydride
cracking. A small number of calandriatubes have been removed from CANDU reactors after
significant periods of operation, primarily during the large scale fuel channel replacement
operation for the Pickering A reactorsin the late 1980’s and early 1990’'s. Tests on material
from these tubes have resulted in the accumulation of alarge body of data on calandriatube

properties.
16.2 The Unirradiated Tubes
16.2.1 Fabrication

Asfor pressure tubes, the manufacture of calandriatubes for CANDU reactors commenced over
40 years ago. To date, more than 13,000 tubes have been produced and installed in reactor units
located within Canada and overseas and have provided exemplary service. All calandriatubesto
date contain alongitudinal seam weld and are made from Zircaloy-2 (16.1 and 16.2), but future
reactors may use stronger seamless calandria tubes (16.3) made from either Zircaloy-2 or
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Zircaloy-4. The welded calandria tubes have been made according to manufacturing routes
similar to the current manufacturing route shown in Figure 16-1 with the qualified suppliers of
the strip material being Wah Chang in the USA or CEZUS in France. The glass-bead peening is
arecent addition to the fabrication process that improves heat transfer to the moderator during
some potential high temperature accident conditions.

Final fabrication of the tubes has been by Carpenter Technology, Westinghouse Canada (now
Zircatec Precision Industries) and Bristol Aerospace, although all recent final fabrication has
taken place at Zircatec in Port Hope, Canada. Whilst the starting material has aways been
annealed Zircaloy-2, minor variations in both the fabrication of the ingot into strip and the final
fabrication techniques have resulted in some minor variation in properties from batch to batch.

16.2.2 Uniaxial Strength

The tubes are produced to a specified minimum uniaxial strength at room temperature, which for
recent calandria tubesis as follows:

Longitudinal Transverse
Direction (MPa) Direction (MPa)
0.2% Yield Stress (YS) 320 320
UTS 425 415

Thetotal elongation in these tests must be >20% and in practice has been exceeded. The tests
are done at astrain ratein the range 5 x 10° to 1.16 x 10 s™* until the 0.2% Y S i's exceeded, and
at anominal strain rate of 8.3 x 10* s to failure. The minimum values of 0.2% Y S are those
required to resist tube permanent deformation from moderator water pressure during poison
injection. Initially, some problems were encountered in meeting the minimum 0.2% Y Sin the
transverse direction, but recent tubes fabricated from strip made at Wah Chang and CEZUS have
exceeded the specified strengths by a wide margin as a consequence of manufacturing process
improvements.

In addition to the tests required by the specification, the uniaxial tensile properties of the tubes
have been studied in considerable detail. The tensile strength, derived from tensile specimens
fabricated from finished calandria tubes, exhibits the characteristics of annealed Zircaloy-2, with
anear linear decrease in strength with increasing temperature in the range from room
temperature up to =325°C, Figure 16-2. Also, the material exhibits significant incrementsin
strength with increasing strain rate, Figure 16-3. The tensile strength in the longitudinal
direction in the tubesis normally stronger than the transverse direction. This differenceis dueto
the Bauschinger effect resulting from the final sinking of the tubes in fabrication since this
operation occurs after the recrystallization anneal.
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16.2.3 Biaxial Strength —Unirradiated

Severe loading of the calandriatube can arise if a pressure tube ruptures resulting in rapid
internal pressurization of the calandriatube [16.4]. This has occurred in two incidents noted in
the following (See (ii) and (iv) of Subsection 16.6). Inal CANDU reactors any longitudinal
strain in individual tubesis severely restrained by the high stiffness of the calandria tube sheet.
Thus, it is relevant to consider the internally pressurized tube, in such cases, as stressed in a
fixed-end mode. Burst test results obtained in thisloading mode for two unirradiated tubes are
shownin Table 16-1. In this mode, the failure of unirradiated and irradiated calandria tubes
always occurs in the weld area due to localized wall thinning. This occurs primarily because the
crystallographic texture of the weld that produces a locally increased wall thinning response in
thisloading mode. In transverse, uniaxial tension tests (i.e. across the weld zone) the weld zone
is stronger than the remainder of the tube. This anisotropy of the plasticity is being exploited to
develop stronger, seamless calandria tubes for use in future reactors or during retubing of current

reactors.
16.3 Thelrradiated Tubes
16.3.1 Uniaxial Strength

The strengthening of Zircaloy-2 from neutron irradiation has been demonstrated in many
separate investigations and particularly at the temperature relevant to the calandria tube
operation. Thus, it was never felt necessary to repeat the tests on specimens of calandriatube
material. However, with the removal and testing of some tubes from operating reactors, data are
now available. Tensile test results from the tubes removed from operating CANDU reactors are
listed in Table 16-2, illustrating the strengthening from irradiation and the retention of ductility
after irradiation [16.5]. Longitudinal and transverse tensile data at both low and high strain rates,
the latter being applicable to conditions under a pressure tube rupture scenario, have supported
these observations [16.6].

16.3.2 Biaxial Strength

Six fixed-end burst tests have been done on tubes removed from Pickering 2; the results are
listed in Table 16-3. The tests were done at 170°C, estimated to be the average temperature of
the calandria tube when internally pressurized with primary coolant. There were no lengths of
these tubes available for testing in the unirradiated condition, and the effect of the in-reactor
service hasto be deduced either from the tensile properties at room temperature before
irradiation or the burst test resultsin Table 16-1. Comparing the results at 170°C from

Tables 16-1 and 16-3, the consequence of irradiation isalarge increment in 0.2% Y Sand a
smaller increase in the UTS together with a possible reduction in the total elongation, although
the results are erratic.
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16.4 In-Reactor Defor mation

16.4.1 Creep Resistance

At the operating stresses and temperatures of calandria tubes the creep of annealed Zircal oy-2
decreases with time in the absence of neutron irradiation, Figure 16-4, and becomes insignificant
after about 100,000 h. Irradiation induces steady creep ratesin the long term, which varies
linearly with the neutron flux [16.7, 16.8]. In-reactor creep of Zircaloy-2 has been evaluated by
means of uniaxial, biaxia (pressurized capsule) and stress relaxation-in-bending tests
[16.9,16.10]. Very long periods of time, i.e. >10 000 h, were required to obtain reliable values.
The current best estimate for strain rate as a function of stress at 50°C is presented in

Figure 16-5. The stress dependence of creep rate up to about 100 MPais linear, and little
difference has been found between creep in the longitudinal and transverse directions for
calandria tubes made from batch-annealed strip. The axial creep rate of calandriatubesis
generally small compared to that in the transverse direction. It can also have a negative creep
rate. The variationsin texture between a continuous-anneal ed strip as compared to that of a
batch annealed strip can result in large variations in the axial creep rate. The texture variations
can induce transverse creep rate variations of 30% [16.11].

16.4.2 Irradiation Growth

The irradiation growth behavior of calandriatube material has been investigated very extensively
in high flux at the Advanced Test Reactor (ATR) at Idaho Falls. Some of the test specimens
have reached fluences equivalent to 30 yearsin the power reactor, Figure 16-6. Incentive for this
work arose from indications in the literature [ 16.12] of an acceleration in growth at fluences =5 x
10%® n/m?, which might lead to undue movement of the end shield; a tube elongation of >~0.3%
might be unacceptable. The results of the ATR tests show marked variation in the growth
behavior among the tubes from the different reactors, but none of them show acceleration of the
growth rate to fluences investigated. It seems evident that tube elongations from growth can
remain well below the 0.3% upper limit.

16.5 Resistanceto Crack Growth

16.5.1 Potential Failure Mechanisms

Crack growth in the calandria tubes (as differentiated from tensile overload) could occur via
three mechanisms, viz.

- Exceeding some stress intensity factor K¢ or elastic plastic equivalent parameter,
- Delayed hydride cracking by exceeding the threshold stress intensity factor, Ky, or
- Fatigue.
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This topic has not received as much attention as others discussed in this paper, largely because
initial work on the topic always showed that the probability of substantial crack growth in the
tubes in reactors was remote.

It is highly unlikely that any of the calandria tubes enter service with cracks of depth >0.17 mm
and the stress intensity factor resulting from applied loads is too low to be of concern. A second
stress condition could arise in the calandria tube at garter spring locationsif the springs are
pinched between pressure and calandria tube (a situation termed nip-up) due to diametral creep
of the pressure tube. This condition isnot anticipated in any recent reactors or in future reactors
although it may occur in some of the earlier reactors. Additional analysis has been undertaken
for these situations.

16.5.2 Delayed Hydride Cracking

There is no expectation that delayed hydride cracking will occur in calandria tubes even though
hydrides are likely to be present in the material at operating conditions. K is expected to be
significantly higher in irradiated calandria tube than in pressure tube material both because of the
lower strength and because hydrides will not be easily oriented into the radial direction due to the
absence of basal planes of the alpha zirconium in that direction.

16.5.3 Fatigue

The matter of fatigue crack growth in the calandria tubes has been reviewed and it has been
concluded that failure by fatigueis highly unlikely in calandria tubes.

16.6 Reactor Experience

In total seven calandria tubes have been removed and replaced in CANDU reactors.

i) From Douglas Point in 1967, soon after startup, when failure of a coupling lock
caused fretting damage between a booster rod flow tube and the calandria tube. From
the design viewpoint, no part of this failure could be attributed to the calandria tube.

i) From Pickering 2 channel G-16 in 1983. The calandria tube withstood full primary
coolant conditions of pressure and temperature applied when a pressure tube
spontaneously ruptured.

iii) From Pickering 2 channel K-13in 1985. The tube was removed to provide a second
set of data to compare with that obtained from P2G16.

iv) From Bruce 2 channel NO6 in 1986. The tube split along most of its length when the
pressure tube ruptured suddenly during a cold, pressurized, leak search activity. The
calandria tube was pressurized quickly with cold, 30°C, water. Subsequent analyses
has shown that failure of the calandriatube is expected for thistype of incident. The
tube in channel NO6 was stressed beyond its ultimate tensile strength. With the
reactor shutdown and cold the failure was not a safety concern.
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v) From Pickering A, Unit 4, channel M11in 1991. Thistube was replaced as part of a
formal survey program designed to expand the knowledge base on calandria tubes
irradiated to a high fluence

vi) From Pickering A, Unit 4, channel J09 in 1991. This tube was replaced both as part
of aformal survey program designed to expand the knowledge base on calandria
tubesirradiated to a high fluence and also since it had been in contact with the
pressure tube for an extended period of time

vii) From a 480-channel CANDU in 2002. This tube was replaced due to aflaw
generated during maintenance activities

In no instance has the tube been removed because of afailure in its design mode of operation.

The corrosion behavior of the tubes in-reactor has been exemplary. For each of the Pickering
and Bruce tubes the oxide layer has been too thin to measure accurately, i.e. <1 um, and
hydrogen pickup was extremely low, i.e. average deuterium concentrations <~1.4 mg/kg; thisis
after the service lives of 87,000 EFPH for the Pickering 2 tubes and 66,500 EFPH for the

Bruce 2 NO6 tube. The tubes are expected to sag, by creep, the load being transmitted through
the annulus spacers. Empirical models of deformation of calandria tubes, based upon
experiments conducted on small specimens under irradiation, have been developed and are
currently incorporated in CDEPTH (see Chap 8), a program for calculations of fuel channel sag.
Channel sag measurements are described in Section 11. In ACR, the calandria tube thickness
and diameter are both increased relative to those in current CANDUSs and the sag rates are
predicted to be significantly reduced.

Length changes in the tubes can be expected, from the growth of the material, which occurs
independently of stress. There would also be asmall elongation due to the axial stressin the
tubes. Changes, if any, have thus far been undetected at the reactor sites.

16.7 Summary and Conclusions

The performance of calandriatubesin CANDU reactors has been excellent to date. Changesin
the mechanical properties of the material dueto irradiation are unlikely to present a channel life
limit and are well characterized. Dimensional changes due to irradiation deformation processes
have been measured and successfully modeled.

16.8 References

[16.1] C.E. Ells, C.E. Coleman, E.T.C. Ho, and A.R. Causey, “The Behavior of the CANDU
Calandria Tubes’, Atomic Energy of Canada Limited Report AECL-9514, July 1987

[16.2] E.G. Priceand P.J. Richinson, “Thin-Walled Large-Diameter Zirconium Alloy Tubes
in CANDU Reactors’, Atomic Energy of Canada Limited, Report AECL-6345, August
1978

108US-31100-LS-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 16-7

[16.3]

[16.4]

[16.5]

[16.6]

[16.7]

[16.8]

[16.9]

[16.10]

[16.11]

[16.12]

Rev.0

J.R. Theaker and C.E. Coleman, “Development of Crystallographic Texturein
CANDU Caandria Tubes’, Zirconium in the Nuclear Industry: Thirteenth International
Symposium, ASTM STP 1423, G.D. Moan and P. Rudling Eds, ASTM International,
West Conshohocken, PA 2002, pp. 449-467

C.E. Ells, C.E. Coleman, R.R. Hosbons, E.F. Ibrahim and G.L. Doubt, “Prospects for
Stronger Calandria Tubes’, AECL Report, AECL-10339, 1990 December

C.E. Ells, C.E. Coleman and C.K. Chow, “Properties of a CANDU Calandria Tube”,
Canadian Metallurgical Quarterly, Vol. 24, No 3, pp. 215-223, 1985

R.W.L. Fong, C.E. Coleman, R.S.W. Shewfelt, P.J. Ellis, Y. Tsuchimoto, S. Yoshie, Y.
Morishita, E.V. Pizzinato and C. Albertini, “Tensile Properties of Irradiated Calandria
Tubes at Low to High Rates of Strain”, AECL Report, AECL-11816, 1997 July

V. Fidleris, “The Effect of Texture and Strain Aging on Creep of Zircaloy-2”", ASTM
STP 458 (1969) p. 1.

V. Fidleris, “Primary Creep of Zircaloy-2 under Irradiation”, ASTM STP 681 (1979)
p. 177.

A.R. Causey, G.J.C. Carpenter, and S.R. MacEwen, “In-Reactor Stress Relaxation of
Selected Metals and Alloys at Low Temperatures’, J. Nuc. Mat. 90 (1980) p. 216.

E.F. Ibrahim, “In-Reactor Deformation of Zirconium Alloy Tubes at 330 K”, J. Nuc.
Mat. 101 (1981) p. 1.

R.J. Klassen, A.R. Causey, and N. Christodoulou, “Dependence of Irradiation Creep of
Zircaloy-2 at 340K on Microstructure “. Proceedings of 5™ International Conference on
Creep of Materias, “CREEP: Characterization, Damage and Life Assessment”,

D.A. Woodford, C.H.A. Townley and M. Hnami, Eds., ASM International, Lake Buena
Vista, Florida, USA, 18-21 May 1992 Pg 43.

A. Rogerson, and R.A. Murgatroyd, “Breakaway Growth in Annealed Zircaloy-2 at
353 K and 553 K”, J. Nuc. Mat. 113 (1983) p. 256.

108US-31100-LS-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 16-8
Rev.0

Table 16-1
Burst Test Resultson Two Unirradiated Calandria Tubesin the Fixed End Mode
at a Strain Rate of 10° s

Tube No Test Temp. 0.2%Y.S uUTsS Total Circumferential
°C MPa MPa Elongation
%
P-646 RT 505 734 2.0
80 415 662 3.0
170 325 538 4.0
G-033 RT 425 686 2.0
80 375 655 2.0
170 275 540 2.0
Table 16-2
Tensile Properties of the Calandria Tube Removed from Operating CANDU Reactor s
Source | Estimated Direction | Test Temp | 0.2%YS uTsS % Total %
Fluence MPa MPa Elong Reduction
n'm?E in Area
> 1.0 MeV
P2 G16 6.1 L RT 605 635 7.8 38
T RT 531 615 9.8 38
L 170°C 473 488 7.3 43
T 170°C 384 445 11.7 48
P4AM11 8.1 L RT 652 653 5.1 24
T RT 527 638 7.3 25
L 170 518 518 6.9 30
T 170 541 541 8.8 36
P4J09 8.1 L RT 660 672 7.2 23
T RT 575 654 9.5 29
L 170 541 541 8.8 36
T 170 575 654 9.5 29
Typical 0 L RT 365 483 25 28
T RT 334 470 24 33
L 170 223 295 42 40
T 170 215 284 41 44
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Table 16-3
Properties of Calandria TubesBurst in a Fixed End Condition at 170°C
FLLgENCIZE5 HOOP HOOP
TUBE n/m*x 10 0.2%YS UTsS 0
E>1.0MeV MPa MPa /% ELONG.
P2G16 4.0 555 580 6.0*
P2G16 55 575 580 2.3
P2K13 4.0 490 530 0.5
P2K13 6.0 - 622 0.1
P2K13 5.8 535 585 4.0
P2K13 14 450 520 5.0

* not ruptured
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Figure 16-1 Simplified Seam Welded Calandria Tube Fabrication Flow Chart
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Figure 16-2 The Ultimate Tensile Strength in the Longitudinal Direction asa Function of
Temperature of Three Typical Calandria Tubes. Thetestswere done with a controlled
strain rate of 10°s-1.
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Figure 16-3 The Ultimate Tensile Strength in the Longitudinal Direction asa Function of
Strain Rate at 80°C of the Same Tubesasin Figure 16-2
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Figure 16-4 The Creep of Annealed Zircaloy-2 at 50°C, L ongitudinal Direction
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Figure 16-5 TheIn-Reactor Creep of Calandria Tube Material (L ongitudinal Direction) at
50°C, and Neutron Flux of 2 x 10" n/m%s) E > 1.0 MeV, asa Function of Stress
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Figure 16-6 Thelrradiation Growth Behavior in the Longitudinal Direction at 60°C of
Specimenstaken from Different Production Runs of Calandria Tubesand Irradiated in the
High-Flux ATR

108US-31100-LS-001 2003/08/12



CONTROLLED - Licensing 108US-31100-LS-001 Page 17-1
Rev.0

17. FUEL CHANNEL ANNULUS SPACERS

17.1 I ntroduction

The fuel channel spacers maintain a gap in the insulating annulus between a hot (about 300°C)
pressure tube and the cooler (about 70°C) calandriatube that surroundsit. In addition, they
allow a portion of the weight of a pressure tube, plus that of the fuel and heavy water contained
init, to be supported by the calandria tube while also allowing essentially unrestrained relative
axial movement between these two tubes.

The fuel channelsfor all operating CANDU commercia power reactors have four annulus
spacersthat are separated axially from each other by about a meter. Because of this axial
separation between the annulus spacers in the horizontal fuel channels, pressure tubes will sag
between the spacers. A key aspect of the design of fuel channels and their spacersisto ensure
that this sag does not result in a pressure tube contacting the cooler calandria tube surrounding it
to avoid having a significant thermal gradient which may lead to hydride accumulation at the
cooled portion of the pressure tube and the potential for unstable cracking.

Various possible designs for fuel channel annulus spacers were assessed and a ‘ garter spring’
design was chosen to be the best way to satisfy the spacer requirements (listed below). Thusa
form of garter spring annulus spacer has been used in the fuel channels of al CANDU reactors.
A particularly desirable feature of this spacer design is that since it accommodates differential
axial movement between the relatively thin-walled pressure and calandria tubes by rolling
between these two tubes, thereisvery littlewear. In NPD the garter springs were made from
Inconel X750 and were atight fit on the pressure tube. For Douglas Point, the material was
changed to Zr-Nb-Cu to increase the neutron economy and the springs were aloose fit on the
pressure tube. When it was found that the loose garter springs moved after their initial
installation and prior to service, the springs for Bruce Unit 8 and Darlington were changed back
to atight fit design and, because of concerns about hydrogen effects in zirconium alloys, they
were made from Inconel X750. This single spacer design (atensioned Inconel coil spring that is
a snug-fit on a pressure tube) has been used for al fuel channels fabricated since the mid-1980s.
This spacer design isillustrated in Figure 17-1. The information presented in this Section is
primarily about this current spacer design, however the post-service test data presented in
Subsection 17.4 isfor asimilar earlier design asthere is not yet any post-service data for the
current spacer design.

The fuel channel annulus spacersin the current generation of CANDU reactors satisfy the
following requirements:

a) ensure that separation between a pressure tube and the calandria tube surrounding it is
reliably maintained throughout the design life of afuel channel. (Thisincludes selecting the
spacer size (diameter of the Inconel coil spring) and the axial separation between spacers,
plus ensuring that spacers remain at their design location throughout the fuel channel design
life so the magnitude of the axial separation between spacersis known.)
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b) have adequate strength to carry the loads imposed on them, without breaking or permanently
deforming.

¢) not corrode/degrade in the annulus environment.

d) allow essentially unrestrained differential axial movement between each pressure tube and
the calandria tube surrounding it with minimal wear of the spacer and both tubes.

e) allow an adequate flow of annulus gasto pass though the fuel channel annulus.
f) provide alow heat transfer path from the reactor’ s primary coolant to the moderator.

g) dalow the pressure tube diameter to freely expand to its maximum predicted
end-of-design-life magnitude, i.e., never have an interference fit of a pressure tube and spacer
inside a calandria tube.

h) cause no unacceptable perturbation of pressure tube performance.
i) not interfere with the NDE that must be performed for some pressure tubes.

J) berelatively easy to install and allow the axia position of each spacer in afuel channel
annulus to be verified during (or shortly after) channel fabrication.

K) be compatible with the ability to replace pressure tubes efficiently.
l) have aneutron capture cross-section that is aslow as practical.

m) during some accident conditions, allow sufficient contact between pressure and calandria
tubes (by allowing sagging or ballooning of a pressure tube between the spacers) so the
moderator can act as a heat sink and prevent pressure tube rupture.

17.2 Material and Design

Figure 17-1 isanillustration of the snug-fit annulus spacer design used in all fuel channels
fabricated since the mid-1980s. These spacers are fabricated using Inconel X-750 wire that
meets the requirements of AMS-5698D, #1 temper (UNS-7550). Thiswire, which hasa

0.03 inch (0.76 mm) by 0.03 inch (0.76 mm) square cross-section, is coiled on amandrel to form
acoiled spring, which is subsequently heat-treated and centerless ground. Each spacer coil has
an outside diameter of 0.19 inch (4.8 mm) and there are 15 coils per inch (25 mm) of spacer
length. The wire at the two ends of each coiled spring is twisted to form a hook so these ends
can be hooked together to form aring that can be installed on a pressure tube as a ‘ garter spring’.
The free length of these coiled springs is such that they must be stretched at least 0.5 inch

(13 mm) to fit on a pressure tube, thus these spacers are a snug-fit on a pressure tube.

Each spacer has a cold-drawn Zircaloy-2 ‘girdle’ wire that has a circular cross-section with a
0.05inch (1.3 mm) diameter. It isoriented in the axial direction of the coiled spring and located
inside the Inconel coils. This Zircaloy-2 wireislong enough so it wraps about 1.5 times around
the pressure tube. Thus the ends of the girdle wire are overlapped, but they are not attached to
each other. During reactor construction, this girdle wire allows the axial position of each spacer
in afuel channel to be detected from inside a pressure tube using an eddy current tool because
the overlapped portion of the wire creates aloop that provides a continuous electrical path. In
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addition, this overlapped girdle wire would tend to allow a spacer to continue to separate a
pressure and calandria tube in the unlikely event that an Inconel coil might break, so the spacer
would no longer be a snug-fit on the pressure tube.

17.3 Qualification Testing

An extensive test program was performed for the current fuel channel annulus spacer design
using as-fabricated prototypesto qualify that these spacers would reliably satisfy their
requirements. (In addition, in-service inspections have also verified that these fuel channel
annulus spacers reliably satisfy their requirements.) A brief summary of the key portion of the
gualification testing is given in the following.

1731 Spacer Radial Compression Tests

During reactor operation, the fuel channel annulus spacers generally are ‘pinched’ between a
pressure and calandriatube at their 6 0’ clock (bottom) position, thus the coilsin this region of
the spacer have aload applied in the radial direction of the garter spring’s helix. The design load
for thisradial compression of the spacer coilsis 200 pound (890 N) per spacer. Two inch

(51 mm) lengths of prototype coiled springs, which is shorter than the spacer length that would
be loaded in reactor, were slowly compressed (up to a maximum applied load of 1600 pound
(7.1 kN)) at room temperature between dies that had the same curvatures as the inside of a
calandria tube and the outside of a pressure tube. These radial compression tests indicate that the
gpacers ‘yield’ (0.001 inch (0.025 mm) permanent reduction of diameter) at an applied ‘static’
load of about 900 pound (4 kN) and had not collapsed (nor cracked/fractured) at aload of

1600 pound (7.1 kN).

17.3.2 Spacer Wear/Endurance Tests

During reactor operation, the fuel channel annulus spacers roll to accommodate differential axial
movement between a pressure tube and the calandria tube surrounding it. Thisresultsin acyclic
loading for the spacer coils and some wear on the pressure tube, calandriatube and spacer. Thus,
wear/endurance tests were performed to demonstrate that fatigue is not a concern and wear
would be negligible. Prototype spacers installed between sections of a pressure tube and
calandriatube at typical operating temperatures for the current generation of CANDU reactors
were subjected to conservative loading conditions. The radial compressive load applied to the
spacer coilswas at |east twice its 200-pound (890 N) design value and the number of cycles
(pressure tube section being axially moved relative to the calandria tube section to simulate heat-
up/cool-down of the reactor) was four times their design value. Post-test examination of the
tested spacers showed an excellent resistance to both fatigue and wear during this cyclic loading
as the test specimens had no distortion nor cracking and only negligible wear. A small but
measurable wear occurred on the pressure and calandria tubes. The maximum depth of the wear
marks for these tubes was only 0.002 inch (0.05 mm). Thusthis testing demonstrates that rolling
of the fuel channel annulus spacer between a pressure and calandria tube accommodates the
differential axial movement between these two tubes with very little wear.
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17.3.3 Channel Vibration Tests

During reactor construction, pressure tubes are installed (each being approximately concentric
inside a calandria tube) a couple of years before the reactor starts to operate. During the
subsequent stages of reactor construction, these pressure tubes do not contain either water or fuel
and hence will have negligible sag. Thus most of the fuel channel annulus spacers, which are a
snug-fit on the pressure tubes, will not contact the calandria tube surrounding them. During
some stages of reactor commissioning the channels will be filled with water, but generally do not
yet contain fuel. Thus, during commissioning the pressure tubes will still have only avery small
amount of sag and most spacers will still not contact the calandria tube surrounding them. When
fuel isinserted into a pressure tube, it will sag elastically so that about half of the fuel channel
annulus spacers (most likely the two spacers nearest to the center of each pressure tube) become
‘pinched’ between a pressure and calandria tube at their 6 0’ clock (bottom) position. During
reactor operation, pressure tube sag will increase due to creep so that, after afew years of reactor
operation, al four of the annulus spacers for each fuel channel will be ‘ pinched’ between the
pressure and calandriatubes. Until thistime, there is a concern that channel vibration during
reactor construction, commissioning or operation may cause the spacersto move axialy in the
fuel channel annulus, which might cause a sufficiently large axial separation between spacers so
that pressure tube sag could result in pressure/calandria tube contact before the end of the fuel
channel design life.

To demonstrate that such unacceptable spacer movement will not occur, afuel channel assembly
was fabricated/tested to confirm that prototype spacers remained at their installed locations
during simulated reactor construction, commissioning and operating conditions. In these tests,
which were conducted at room temperature, the full range of possible spacer |oading conditions
was addressed (from the four spacersin afuel channel annulus not contacting the calandria tube
surrounding them to all spacers contacting this tube and all other possible combinations of
contact/non-contact). With spacersin their as-fabricated condition, the fuel channel test
assembly was subjected to various low frequency vibrations that might occur during reactor
construction. (The magnitude of these vibrations was conservatively large, e.g., end fittings
‘tilted’ the maximum amount allowed by their bearings.) In addition, a0.5 kN (112 pound)
shaker was used to excite vibrations in the horizontal fuel channel test assembly at frequencies
between 3 and 50 Hz to conservatively ssimulate the fuel channel vertical vibration that will occur
during reactor commissioning and operating conditions. The shaker tests were repeated using
spacersin astress-relieved condition that ssimulated a conservatively large reduction in the
tightness of their fit on a pressure tube (spacer tension about athird of that for their as-fabricated
condition). Measurements of spacer positions detected no movement of any of the tested
spacers.
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174 Post-Service Testing of Inconel X-750 Spacers

Four Inconel X-750 ‘ garter spring’ spacers that were a snug-fit on pressure tubes in the NPD
prototype reactor were retrieved after over 20 years of operation.® Asthese are the only Inconel
fuel channel annulus spacers for which post-service testing has been performed to date, the data
obtained during thistesting is presented in the following. The longest service time for these
spacersis 156 900 Effective Full Power Hours (EFPH).

A variety of tests were used to evaluate the effect of irradiation on the mechanical properties of
these spacers. Thisincluded stretch tests, rising-load radial compression tests, radial
compression fatigue tests and wear/endurance tests. A list of the mechanical tests performed on
each spacer and the NPD fuel channel (e.g., C08) in which they had operated isgiven in

Table 17-1.

1741 Stretch Tests

In the post-service stretch tests, which were performed at room temperature, short segments of
NPD spacers were loaded to failure, or until the spring segment being tested was strai ghtened.
The results of these stretch tests are summarized in Table 17-2. Multiple specimens were
sectioned from each spacer with each specimen being identified by a number following the fuel
channel designation (e.g., C08-2). Thistable aso includes data for three test specimens obtained
from an unirradiated NPD spacer. The unirradiated material, unlike the irradiated material,
uncoiled without breaking.

Comparing the stretch test results for the irradiated and unirradiated specimens tested following
the same procedure (CO8 and K05 vs. Unirradiated-1, 2 and 3), shows a slight reduction in the
maximum load and alarger reduction in the corresponding displacement for the irradiated
material. Thisreduction in spring extension is an indication of more brittle behavior and is
consistent with the normally observed effect of irradiation on the mechanical properties of
Inconel [17-1]. Examination of the fracture surfaces of the irradiated specimens indicated that
their fractures had been ductile.

17.4.2 Radial Compression Tests

In the post-service rising-load radial compression tests, which were performed at room
temperature, short segments (much shorter than the spacer length that would be loaded in
reactor) of NPD spacers were compressed slowly between flat plates or curved anvils until

The cross-section of the Inconel X-750 wire used to fabricate spacers for NPD was
rectangular, 1.0 mm x 0.5 mm. Thiswire was coiled with the 1 mm dimension radial to
give coils having a4.5 mm outside diameter. There was one coil for each 1 mm length of
this coil spring. It should also be noted that the fuel channel annuli for the NPD reactor
were open to the reactor vault, i.e., these annuli were not sealed with their environment
controlled to be very dry CO,, as exists for the current generation of CANDU reactors.
All four spacers retrieved from NPD had negligible corrosion.
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failure (collapse). The results of these tests are summarized in Table 17-3, which includes data
for one test specimen obtained from an unirradiated NPD spacer. Comparing the test result for
the unirradiated specimen to those for the irradiated specimens shows that irradiation caused an
increase in the maximum load that the spacers could tolerate before collapsing. All of these test
specimens survived loads much larger than a spacer’ s in-service loading.

In the post-service radial compression fatigue tests, which were performed at room temperature,
short segments of NPD spacers were again compressed between flat plates or curved anvils.
These spacer segments were subjected to a cyclic compressive load at afrequency of 10 Hz. The
testing sequence for spacers from NPD fuel channels CO8 and K05, as well as for an unirradiated
NPD spacer, isgivenin Table 17-4. The testing sequence for two segments from each of NPD
spacers GO7 and FO8 isgiven in Table 17-5. (The test specimens were examined after
completion of each line of the load cycling indicated in these tables.)

The results of the radial compression fatigue tests are summarized in Table 17-6, which shows
that these tests were very successful. The test specimens from spacers that had operated in NPD
fuel channels CO8 and K05 withstood 60 000 cycles without any discernabl e evidence of
damage. Thisincluded 10 000 cycles at amaximum load of 2100 N. These irradiated springs
survived the same testing sequence as the unirradiated spacer. For the spacer from fuel channel
GO07, one specimen survived 50 000 cycles (including 20 000 cycles at a maximum load of

1500 N) with only alimited amount of damage. The second GO7 specimen had a couple of coils
break off after 15 000 cycles whose maximum load was 1820 N. Testing continued until the
remaining section of this spacer shattered after 17 600 cycles. For the spacer from fuel channel
F08, both specimens withstood at |east 6000 cycles at 1800 N. All of these test specimens
survived loads much larger than a spacer’ sin-service loading.

17.4.3 Wear/Endurance Tests

In the post-service wear/endurance tests, a NPD spacer was a snug-fit on a short horizontal
section of pressure tube that was mounted inside a short horizontal section of calandriatube.

The pressure tube was maintained at 280°C and the calandriatube at 65°C. The spacer was
‘pinched’ between these two tubes at their 6 o’ clock (bottom) position with a 1334 N load, plus
an 8.9 N, 30 Hz vibrational force, being applied in the radial direction of the garter spring’s
helix. During these tests, the pressure tube vibrated at 10 cycles per hour with areciprocating
motion inits axial direction whose amplitude was 2.5 mm. These wear/endurance tests were
terminated after 15 000 cycles. Before and after the tests, the diameter of the spacers was
measured at six locations. These results are given in Table 17-7. The NPD spacers survived this
test without any measurable material 1oss and with no apparent damage.

175 Conclusions

The results of the qualification testing for prototypes of as-fabricated Inconel garter spring
spacers of the design used for all fuel channels fabricated since the mid-1980s (Figure 17-1)
indicate that these spacers have good strength and ductility. The results of the post-service
testing of irradiated Inconel garter spring spacers of asimilar earlier design indicate that they
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remained in good condition, retaining both good strength and ductility. No concerns were raised
regarding the long-term performance of such spacers.

Although the Inconel X-750 material from which the current design for CANDU fuel channel
annulus spacers are fabricated loses some of its ductility when exposed to neutron irradiation,
and is known to be susceptible to stress corrosion cracking (SCC) in an agueous environment
[17-1, 17-2, 17-3, 17-4], the current generation of CANDU spacers whose environment isa
sealed fuel channel annulus controlled to contain very dry CO, are expected to operate reliably
without concern for their integrity.
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Table17-1
Summary of Mechanical Tests Performed on Inconel Garter Springs Removed from NPD
NPD Wear/ Rising-Load | iy
Stretch Radial .
Fuel EFPH | Endurance Test | Compression Compr on
Channel Test Fatigue Test
Test
cos8 156 900 v v v 4
K05 156 900 v v v v
FO8 156 900 v v v
GO07 134 000 v v v
Table17-2
Summary of Stretch Test Results
. Displ t
Identity Length Maximum Se%dac (?frT:t : Remarks
(mm) load (N)
(mm)
NPD CO08 1 25 59 59 Coail broke
NPD CO08 2 25 60 46 Coail broke
NPD C08 3 25 55 42 Coail broke
NPD K05 1 25 49 27 Coail broke
NPD K05 2 25 46 22 Coail broke
NPD K05 3 25 42 18 Coail broke
Unirradiated 1 25 81 81 Uncoiled
Unirradiated 2 25 84 147 Uncoiled
Unirradiated 3 25 55 101 Uncoiled
NPD Fo8 1* 38 106 114 No failure, reached
machine limits
Failure at hook
NPD F08 2* 30 93 64 attached to specimen
s0 it could be loaded
NPD F08 3* 25 120 82 No failure
NPD GO07 1 40 58 50 Coail Broke
NPD GO07 2 40 58 44 Coail Broke

loads than reported previously.
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Table 17-3
Summary of Rising-Load Compression Tests on NPD Fuel Channel Annulus Spacers

identity | Length(mm) | Anviltype | %! Em;] |oad

NPD C08 25 Flat 375

NPD C08 25 Flat 3.9

NPD K05 25 Flat 4.0
Unirradiated 25 Flat 279

NPD FO8 20 Curved 7.8

NPD FO8 20 Curved 4.7

NPD GO07 20 Flat 3.85

Table17-4

Radial Compression Fatigue Testing Sequence for Segments of an Unirradiated NPD
Spring and Springs from NPD Fuel Channels C08 and K05

Spring segments 25 mm long wer e tested between curved anvils
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Radial Compression Fatigue Testing Sequence for Spring Segmentsfrom NPD Fuel
Channels GO7 and FO8

Spring segments were 20 mm long

Specimen # Loat(:il\:;;\n 9€ | Number of Cycles
100-528 10000
100-750 +10 000
G07-1 100-1000 +10 000
100-1500 +10 000
100-1500 +10 000
15000
G07-2 130-1820 +2500
+100
5000
F08-1 130-1800
+2500
5000
F08-2 130-1
08 30-1800 +1000
Table 17-6
Summary of Radial Compression Fatigue Testing Results
Fuel Channel Maximum load Anvil .
Identification (N) type Condition at end of test
Unirradiated 2100 Curved No discernabl e deterioration
Co8 2100 Curved No discernabl e deterioration
K05 2100 Curved No discernable deterioration
4 coils broke off after 10 000 cycles at
GO07-1 1500 Flat 1500 N. Remaining section survived an
additional 10 000 cycles.
15 000 cycles before 2 coils broke off.
GO7-2 1820 Flat Specimen shattered after 17 600 cycles.
FO8-1 1800 Curved Specimen failed after 7500 cycles
F08-2 1800 Curved Specimen failed after 6000 cycles
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Table17-7
Diameter of Garter Springsfrom Two NPD Fuel Channels Before and After
Wear/Endurance Testing

Diameter before testing Diameter after testing
Location (mm) (mm)
CO08 K05 C08 K05

1 4.470 4.493 4516 4.529
2 4.516 4.496 4521 4511
3 4.534 4.496 4.498 4516
4 4.536 4511 4.463 4.498
5 4.516 4.519 4514 4.506
6 4511 4.503 4.519 4516
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ENDS OF GARTER SPRING
HOOKED TOGETHER

SPACER SNUG ON
PRESSURE TUBE

CALANDRIA
TUBE

PRESSURE
TUBE

Figure 17-1 The Current Design for CANDU Fuel Channel Annulus Spacers
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18. LIFELIMITING CONSIDERATIONSIN FUEL CHANNEL
COMPONENTS
18.1 I ntroduction

The engineering end-of-life for afuel channel or for a complete reactor corein a CANDU reactor
occurs when the fuel channels can no longer meet design requirements including stress limits,
dimensional limits, and maintaining a sufficiently low probability of spontaneous pressure tube
rupture. Since there is some tube-to-tube variability, the economic end-of-life for areactor core
may lie beyond that for the first channel to reach its limits as single channel replacements are
possible. The purpose of this Section isto review how the engineering life limits are assessed.

18.2 Pressure Tubes

18.2.1 Stress Limits

Stress limits are determined by the pressure tube geometry (wall thickness, diameter and length),
material properties and operating conditions. In-reactor deformation resultsin increasing levels
of stressin the pressure tube as the diameter increases and the wall thicknessisreduced. These
increasing stresses are taken into account in the design (a portion of the irradiation strengthening
of the tube is credited) and are acceptable for the design life. Elongation of the channel could
result in other stress limits being reached if the bearing travel allowanceis exceeded. If this
occurs, the end fitting would no longer be properly supported on its bearings and, in current
CANDUSs, there would be potential for overstressing of the channel on cool down if the bearing
condition prevented free contraction of the tube. Channel elongation also has an impact on
stresses in the feeder pipes that are also taken into account in design.

Inspections are utilized to demonstrate that channels are operating within the design stress limits.
Periodic inspections that measure tube diameters and wall thicknessin a group of representative
channels are used to demonstrate that, from a stress perspective, the channels are operating
within design expectations. Channel positions on bearings have been measured in a variety of
ways and each channel can be measured relatively easily. These have been described in

Section 11.

M easurements of the mechanical properties of a small number of tubes removed for material
surveillance provides supporting information to show that the mechanical properties are evolving
under operation as expected.

18.2.2 Dimensional Limits

Dimensional limitsthat are not directly related to stress limits include the requirements to allow
sufficient fuel cooling under al operating conditions, to not interfere with other devicesin the
reactor core, to avoid contact between the pressure tube and the calandria tube and to allow free
fuel passage in the channel.
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Diametral creep has the potential to affect fuel cooling as the cooling depends upon flow through
the fuel bundles. Asthe diameter of the channel increases, some of the flow bypasses the bundle
as the bundle sits on the bottom of the channel leaving a gap at the top. These effects, if they
occur, can be compensated by fuel design (e.g. use of CANFLEX fuel in CANDU 6) and by
small power reductions. For the current design of CANDU 6, these effects are not seen to be life
limiting.

There are horizontal flux detectors and liquid injection shut down system nozzles between rows
of channelsin the current CANDU 6 reactors. Interference between the calandria tubes and
these mechanisms could be life limiting for the channel if the sag of the channel were excessive:
thereisapotential for wear of the calandriatube in contact with these other devices that could
lead to acalandriatube leak. Current designs will not reach these limits within the design life.
Channel sag will not be as pronounced in the ACR design owing to the thicker, larger diameter
calandria tube, thereby accommodating the tighter ACR lattice spacing with no contact.

Avoidance of contact between the pressure tube and the calandria tube is accomplished through
the four, snug-fitting annulus spacers. Spacersin their design locations will prevent contact
between the pressure tube and calandria tube for the design life with a significant time margin
before contact could occur.

Sag of the pressure tube could also potentially result in a high enough curvature that free passage
of the fuel would beimpaired. Thisisnot alife limit within the design life of current CANDU
channels nor for the ACR design.

Assessments of dimensional limits can be made by inspection. Methods have been devel oped to
measure the pressure tube diameters and the clearances between fuel channels and horizontal
mechanisms in current CANDU reactors. As described in Section 11, technology also existsto
measure both the gap between pressure tubes and calandria tubes and channel curvature.

18.2.3 Pressure Tube Integrity

Demonstrating that the tubes remain fit-for-service from the viewpoint of maintaining a
sufficiently low probability of spontaneous rupture requires assessments of the mechanisms of
potential degradation as well as a characterization of tube conditionsin reactor. The Canadian
Nuclear Industry has generated Fitness-for-Service Guidelines for Pressure Tubes in Operating
Reactors that were modeled on the rules of ASME Section X1 while taking into account the
specific degradation mechanisms and flaw types that have been observed in CANDU pressure
tubes. These guidelines have been in use for more than 10 yearsin the assessment and
disposition of flaws found in pressure tubes during periodic and in-service inspection campaigns.
The Guidelines have been revised and are now being incorporated into a new CSA Standard
N285.8, currently in draft.

These guidelines are used to assess any flaws above a threshold size for crack initiation, crack
growth and stability under all design loading conditions for an evaluation period. The crack
initiation and growth mechanisms include fatigue and delayed hydride cracking. The evaluation
period defines a number of load and thermal cycles for which the flaws must be evaluated. An
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assessment is made of the maximum potential flaw size at the end of the evaluation period. The
flaw must be demonstrated to have an acceptable safety margin against both crack instability and
plastic collapse. The marginsfor the different loading conditions are similar to thosein ASME
Section XI.

Since delayed hydride cracking can only occur at aflaw under load when the combination of
temperature, hydrogen concentration in the material and stress or stress intensity factor allows
the mechanism to operate, the evaluations of flaws for DHC require assessments of the hydrogen
concentrations in the tube with the flaw as well as the loading as a function of temperature for
temperatures below normal operating temperature.

In addition to the assessment of flaws, the guidelines also allow for the assessment of pressure
tubes known, or suspected to be, in contact with their surrounding calandriatubes. These
guidelines were developed in order to be able to assess fuel channels with annulus spacers
displaced from design locations. This occurred in anumber of the early reactors having a spacer
design that was not sufficiently resistant to displacement by vibration. Prior to SLAR (Spacer
Location and Repositioning) a number of channelsin each reactor could have been in contact
with their respective surrounding calandria tubes. Assessments, based upon the understanding of
the effects of pressure tube to calandria tube contact on hydride blister formation and growth in
the pressure tubes, were required to demonstrate the acceptability of such contacts. The
guidelines provide the means of carrying out such assessments. The assessments must show that
hydride blisters cannot be potentially actively growing in the pressure tubes at the contact
locations at operating conditions. An assessment for a pressure tube known to be in contact for
which the acceptance criteria could not be met would result in the need to get more information
(for example, to use measured hydrogen isotope concentrations in the particular tube rather than
an upper bound estimate), to remove the tube from contact through SLAR, or to replace the
channel.

Other assessments are required to demonstrate that a postulated part—through or through wall
flaw would not be unstable under any design loading condition with a defined safety factor. The
size of the postulated flaw must be chosen to represent a flaw that could potentially exist and not
be leaking. The through-wall flaw is usually taken to be the maximum length of a
locally-initiated crack that has just penetrated the pressure tube wall (i.e. the penetration length).
This type of assessment provides protection against fracture by requiring that the reactor be
operated within a pressure-temperature envel ope that provides the necessary margins.

A final requirement is the necessity to demonstrate |eak-before-break if the pressure tubeis
considered to have hydrogen concentrations higher than the terminal solid solubility at sustained
hot conditions. Such a condition is conservatively assessed as alowing a sufficiently large crack
to grow continuously. The assessment of |eak-before-break has been described in Section 12. If
|eak-before-break can not be demonstrated using upper-bound crack growth rates and
lower-bound fracture toughness and operations cannot be changed to reduce response times for
reactor shutdown and depressurization, then the channel would have reached its end-oflife. A
similar leak-before-break assessment is required for the most limiting channel in the reactor core.
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Probabilistic techniques are being introduced for carrying out reactor core assessments for crack
initiation from flaws. These techniques are used to calculate a crack initiation frequency for the
reactor core. Extension of the techniques to the estimate of the pressure tube rupture frequency
allows direct comparison with acceptance criteriain safety reports.

From a single pressure tube integrity viewpoint, the end-of-life occurs if a detected flaw cannot
be demonstrated to be acceptable and cannot be repaired. For areactor core, the end of life
occurs when no changes to operations can effectively maintain the estimated frequency of
pressure tube rupture within the acceptance criterion used for the safety report analysis.

The mechanical properties required to make these integrity assessments, together with their
evolution with operating time have been described in Sections 10 and 12. Mechanical property
data obtained from surveillance tubes removed from the reactors with the largest operating time
continue to extend the database for Zr-2.5Nb material to higher fluences and higher hydrogen
isotope concentrations. As indicated in the foregoing, knowledge of the hydrogen isotope
concentrations in the tubes in the core is also essentia in making integrity assessments. The
evolution of the hydrogen concentrations with operating time has been described in Section 9.
Together with inspection data, pressure tube life assessments can be carried out.

Asnoted in Section 13, decisions have been taken in the past that fuel channels had reached the
ends of their engineering lives. In the cases of the NPD reactor and the reactorsin Pickering
Units 1 and 2, the mechanical properties and the hydride blistersin the pressure tubes
respectively, were determined to be unacceptable. The decisions to shut the reactor (NPD) and
to replace fuel channels (Pickering Units) were taken prior to the development of the
Fitness-for-Service Guidelines. CANDU reactors in Canada today must meet the requirements of
the guidelines as outlined above. The guidelines are al'so being used to assess inspection results
from reactors overseas.

18.3 Calandria Tubes

The operating environment for calandria tubes is much less severe than that for the pressure
tubes. Cracking of calandriatubesis unlikely because the stresses are low. The sag resistance of
the fuel channel is provided by the calandria tube and the life of the calandria tubes in current
reactors will probably be determined by their sag.

184 End Fittings

The operating environment for the end fittings is less severe than that of the pressure tubes and
only the inboard ends are exposed to the neutron flux. Hydrogen is absorbed from the PHT by
the bulk of the end fitting, but passes either into the annulus or into the end of the pressure tube
at therolled joint. The flaw tolerance of the 403 Stainless Steel remains high after irradiation;
hence, the end fittings are not expected to be a factor in the service life of the fuel channel. The
life limit of end fittingsis certainly in excess of 40 years.
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185 Garter Spring Spacers

The garter springs bear part of the load of the pressure tube, the fuel bundles and the heavy water
in the pressure tube. While evidence islimited, Inconel X750 springs have performed
satisfactorily for 25 yearsin NPD and the life of the new springsis predicted to be the design life
of the channel, since there are no known deteriorating mechanisms.

18.6 Summary

The factors that determine the end-of-life for each of the major fuel channel components have
been described. Of these components, the pressure tube is likely to be most life limiting due to
its dimensional changes and material property changes with operating time. The expected
dimensional changes are factored into the design: channels are expected to attain the specified
design life from a dimension perspective. The experience to date with the evolution of
mechanical properties, corrosion and hydrogen isotope ingressin Zr 2.5Nb pressure tube
materials has been good. Improvements in the fracture toughness of the starting material for new
reactors and the evolution of fracture toughness during operation provide alevel of confidence
that the pressure tubes will also be able to maintain a sufficiently low probability of rupture
throughout their design lives.
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