
1

©UNENE, all rights reserved. For educational use only, no assumed liability. Nuclear Plant Materials and Corrosion – September 2014

CHAPTER 14
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Dr. Derek H. Lister and Dr. William G. Cook
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Summary:

The choice of materials of construction of a nuclear reactor, while important in terms of plant
capital cost, is crucial to the safe and economic operation of the unit throughout its design
lifetime; it also affects decisions about plant life extension. Most of the failures of nuclear
systems involve the degradation of materials as they interact with their environments, indicating
that chemistry control within systems should be formulated as materials are selected. All of the
three major process systems of a CANDU reactor – the primary coolant, the moderator and the
secondary coolant – have a variety of materials of construction, so the control of system chemis-
try in each is a compromise based on the characteristics of the interactions between the system
materials and the environment, including the effects of irradiation on both the material and the
coolant or moderator. Ancillary systems, such as those providing condenser cooling water or
recirculating cooling water, have similar constraints on material choice and chemistry control.
Components such as concrete structures, cabling and insulation, although not necessarily
associated with process systems, may also be critical to safety or plant operation and must have
their materials chosen with care. This chapter describes the materials of construction of the
main systems and components of a CANDU reactor and shows how they interact with their
environments.
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1 Introduction

The performance of power-producing systems has always been limited by the properties of
engineering materials and their interactions with the environment. Since the early days of
industrial steam generation in the seventeenth and eighteenth centuries, for example, the ever-
increasing need for power for new factories created a steady demand for larger boilers and
increasingly severe steam conditions. Materials selection was based on limited knowledge of
corrosion, especially stress corrosion cracking as the consequence of chloride and oxygen
contamination of the water used in the boilers and catastrophic failures of equipment occurred
frequently.

As late as the end of the nineteenth century, hundreds of steam plant explosions accompanied
by large numbers of casualties were being recorded every year in Europe and North America.
The causes were generally linked to the failure of riveted joints or poorly worked steel plate in
fire-tube boilers. The innovation of the water-tube boiler and the understanding of localized
corrosion of steels in high-temperature water were major factors that led to much safer equip-
ment - even as operating conditions continued to become more severe. The major conse-
quence of these failures was the development of codes and standards for pressure retaining
components, the ASME Pressure Vessel Code in North America for example, which dictate the
acceptable design and construction practices for materials produced to particular specifications.

Today, the risk of catastrophic failure of a power-producing system is low. This can be attributed
to the strict adherence to the standards that are imposed on component designers and manu-
facturers as well as on plant operators. The setting of these standards clearly involves a tho-
rough knowledge of the properties of the materials of construction and an understanding of
their behaviour in the local environment. That environment may itself be adjusted for overall
optimum performance by specifying optimum chemistry control strategies. The prime example
of such chemistry control is the specification of an alkalinity level in the feedwater systems of
steam-raising plants, including nuclear secondary coolants, which is necessary to minimize
corrosion of piping and components and to keep systems clean of dissolved and particulate
corrosion products and impurities. In a nuclear reactor core, materials must be able to with-
stand not only the operational conditions (pressure, temperature and water chemistry) but
must show minimal degradation from the effects of radiation (high gamma and neutron flux).
Radiation effects on materials may include loss of ductility, shape change from radiation en-
hanced creep and growth and enhanced corrosion resulting from hydrogen ingress (deuterium
ingress for the case of heavy water systems).

While the current performance record of power plants is generally good, technology is not
standing still. The push for bigger returns on capital investment and the accompanying trends
towards higher plant efficiencies and longer component lifetimes lead to even more severe
operating conditions in power systems. Inevitably, the demands on the materials of construc-
tion escalate. The predominant materials of construction in steam-raising equipment and
nuclear systems are the metals and alloys. Their interaction with the operating environment
very much dictates the chemistry control to be practised by plant operators.
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2 Materials for Nuclear Applications

As described above, materials of construction for nuclear applications must be strong, ductile
and capable of withstanding the harsh environment to which they are subjected. Furthermore,
for materials used in the core of a nuclear reactor, it is important that they have specific proper-
ties such as low neutron absorption and high resistance to radiation-induced creep, hardening
and the associated loss of ductility so that reactors can operate for the decades expected by
plant owners. Thus, nuclear materials must be selected or specified based upon their strength
and interactions with the environment (including the effects of radiation), all of which are
dependent upon the metallurgy of the material.

2.1 Metallurgy and Irradiation Effects

2.1.1 Crystal Structure and Grain Boundaries

All metals used in power plant construction are crystalline in nature, meaning that they have a
defined and consistent crystal structure. Three of the basic and most observed crystal struc-
tures are shown in

Figure 1, namely: face-centred cubic (FCC), body-centred cubic (BCC) and hexagonal close-
packed (HCP). Upon cooling from a melt during the production of a metal or alloy, individual
crystals nucleate and coalesce as the material solidifies. As the individual crystals grow together
they eventually meet and combine as an assemblage of crystal grains, which will likely not have
the same orientation of the crystal lattice. This leads to the development of grain boundaries in
the material, where the atoms along the boundary between the two grains have elongated
metallic bonds leading to slightly elevated boundary energies than those within the bulk of the
individual crystal. The grain boundaries are thus slightly more active than the individual grains
and can act as diffusion short-circuits or locations for the development of precipitates such as
carbides. The materials used in nuclear power plants are thus termed polycrystalline due to the
grain/grain-boundary structure.

(a) FCC structure (b) BCC structure (c) HCP structure
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dissipated by radiation may induce phase changes within the material or promote segregation of
alloying constituents, both phenomena will affect the material’s strength and ductility. Overall,
the mechanical properties and dimensions of a material under irradiation will change and the
effect ultimately leads to challenges for the integrity of the components that make up a nuclear
reactor. Each mechanical effect is described briefly below, more details can be found in Funda-
mental of Radiation Materials Science (Was, 2007).

Irradiation Hardening
When a polycrystalline material is placed under stress it will stretch elastically with increasing
stress/strain up to the yield point of the material. Additional strain beyond the yield strength
leads to plastic deformation whereby the original shape and dimensions of the material can no
longer be attained with the relaxation of the strain. Plastic deformation, at the atomic level, is
induced when the atoms in the crystal lattice slip, which typically occurs on slip planes in the
matrix. When a material is irradiated by particles (neutrons) producing Frenkel pairs, the effect
of the interstitital/vacancy sites is to provide barriers to the normal slip planes within the
material. This effectively increases the yield strength, which will increase continuously in
proportion to the increasing radiation dose (dpa). Figure 3 shows the effect of neutron irradia-
tion on the yield stress/strain for materials with the FCC and BCC crystal structures [Was, 2006].

Figure 3. Effect of neutron irradiation on the stress/strain properties of materials with cubic
crystal structures (after Was, 2006).

Irradiation Creep and Growth
All metals will exhibit creep over time when exposed at high temperatures and under opera-
tional stress. Thermal creep is a diffusion-based migration of atoms and vacancy sites within the
metal’s lattice, which typically requires a minimum operating temperature before its effects are
observed – generally the operating temperature must be greater than 0.3Tm, where Tm is the
melting temperature of the metal. Since diffusion is the primary mechanism at play for thermal
creep it typically increases exponentially with increasing temperature following an Arrhenius
law. As described above, particle bombardment or irradiation of a metal creates interstitials and
vacancies within the metal’s lattice, effectively mimicking the effects of thermal creep of the
metal only occurring at much lower temperatures than those required for significant thermal
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creep alone. Since the diffusion rates of vacancies and interstitials are unaffected by irradiation
(diffusion is a temperature dependent phenomenon), irradiation creep is more complex in its
mechanism and involves the preferential absorption of interstitials under the action of strain in
the material and phenomena such as the “climb and glide” of the dislocations over barriers to
the diffusion process. Irradiation creep is preferential in directions perpendicular to the applied
stress i.e. pipes will tend to elongate due to irradiation creep.

For materials that do not have a cubic crystal structure (zirconium being the most relevant with
an HCP structure below 862oC), grain distribution and orientation (described as the material’s
texture) play significant roles in irradiation creep and growth. The distinction made between
creep and growth is that the former is the elongation of a material under applied stress while
the latter occurs even when no external stress is applied. The material’s texture gives rise to
anisotropy in the preferred crystallographic planes by which the material will stretch under an
induced strain as well as grow in a preferred direction during creep. Thus, the creep characteris-
tics of non-cubic crystal materials (zirconium and zirconium alloys) are highly dependent upon
the applied stress as well as the operational temperature.

Irradiation Embrittlement
As a metal gains strength upon particle irradiation, it will also tend to lose its ductility, becoming
hard and brittle with increasing damage and radiation dose. The material’s yield strength
increases through build-up of dislocations along barriers to atom migration, but other effects
such as the precipitation of secondary and tertiary phases within the material can change the
mechanical properties dramatically. Materials that are typically ductile and not susceptible to
brittle fracture in an un-irradiated environment may cleave and fracture excessively upon
irradiation due to the increasing hardness and loss of ductility.

2.2 Materials of Construction

2.2.1 Zirconium
Zirconium is the eleventh most abundant element in the earth’s crust making it more prevalent
than the common transition metals copper, lead, nickel and zinc. It occurs naturally as the
minerals zircon (zirconium silicate – ZrSiO4) and zirconia (zirconium oxide – ZrO2) and always in
conjunction with 0.5 – 2.5% hafnium (Hf), a metal that has very similar chemical and physical
properties making it difficult to separate the two elements. Zirconium or, more specifically, the
alloys fabricated from it are the most important of the nuclear reactor materials. They are
resistant to corrosion in many process environments, nuclear heat transport systems in particu-
lar, and they have excellent nuclear properties making them the predominant materials for
construction of in-core components (fuel sheathing, pressure tubes and calandria tubes).
Zirconium itself has a neutron absorption cross-section of 0.18 barns, making it nearly transpa-
rent to the thermal neutrons in a water-cooled and -moderated reactor. Zirconium alloys used
in nuclear reactors must be highly processed to keep the hafnium concentration below 100 ppm
since its neutron absorption cross-section is 102 barns, nearly 600 times that of zirconium.
Higher concentrations of hafnium would increase the parasitic absorption of neutrons in the
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promote the transformation to pearlite, pearlite-ferrite or pearlite-cementite, depending upon
whether the total amount of carbon is respectively equal to, less than or greater than the
eutectoid composition of 0.77 weight percent.

If, during the heat treatment, the austenitized steel at high temperature is cooled suddenly or
quenched (by plunging into cold water, oil, etc.) rather than cooled in a slow controlled fashion,
a different phase called martensite is produced. This has a body-centred tetragonal (BCT) crystal
lattice, the unit cell of which can be viewed as a BCC structure stretched in the direction of one
of the cube axes as shown in Figure 1. Carbon atoms can then be accommodated in interstitial
positions between iron atoms in the direction of elongation or in the centres of the basal planes
and can thereby stay in solid solution. Martensite is a very hard, strong but quite brittle materi-
al that has a metastable structure (and therefore does not appear on the phase diagram, which
shows equilibrium states only). It nonetheless survives indefinitely at ambient temperature.

The formation of martensite can impart very useful properties to steel. Thus, by selective
austenitizing, quenching and then tempering for a given period at temperatures near the
eutectoid point (727°C), the amount of martensite in a steel can be controlled and a hard, strong
material that is not too brittle can be obtained. Other iron-carbon phases called bainite and
spheroidite are also formed during selective heat treatments to produce steels with specific
characteristics of strength, ductility and toughness.

Alloying elements
Metals other than iron may be added to steel to impart desired mechanical properties or
corrosion resistance - particularly useful for service at high temperature. The atoms of alloying
metals are generally in substitutional solid solution, meaning that they take the place of iron
atoms in the crystal lattice. If the metal addition is less than 5 weight percent what is commonly
called a low-alloy steel results, while additions greater than 5 percent produce the intermediate-
and high-alloy steels. Note, however, that the plain carbon steels often contain small amounts
of elements such as manganese, phosphorus or sulphur - generally less than 1 weight percent -
as residuals from the steelmaking process or they may be added for specific reasons such as
improved machinability. Manganese in particular can impart desirable mechanical properties to
steel and in fact may be added deliberately to form low-alloy manganese steel with a marked
resistance to wear. Table 2 shows the typical compositions of various steels and stainless steels
commonly used in CANDUs.

Plain carbon steel and manganese steel are used extensively for general construction steelwork
in power systems and in non-nuclear boiler construction for tubing and components that
experience temperatures below about 500°C. They are also employed in the secondary or
steam-raising systems of nuclear power plants and constitute a major proportion of the piping in
the primary coolant systems of heavy water reactors such as the CANDU reactor, which operate
below about 320°C, and for steam generator tubes and piping in carbon-dioxide-cooled Magnox
reactors, which operate below about 360°C. As the service temperature increases the amount
of alloying is necessarily increased to impart resistance to creep and scaling. For example, boiler
superheater tubes operating at temperature up to 580°C are made of alloys such as 23 weight
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percent Cr, 1 percent Mo or even 9 percent Cr, 1 percent Mo. For still higher temperatures, the
use of these low- or intermediate-alloy ferritic steels would require excessive wall thicknesses to
withstand high pressures and to offset scaling, and their cost advantage would be lost. The
highly alloyed materials - in particular, the austenitic stainless steels, “super alloys” and Ni-Cr-Fe
alloys such as the Inconels and Incoloys - are therefore employed.

Stainless steels
The addition of small amounts of selective elements such as copper or chromium to steel can
impart substantial resistance to corrosion, so that some of the low-alloy steels have superior
performance to plain carbon steel in atmospheric environments. True passivity in single-phase
water systems, as achieved with the stainless steels, requires at least 12 weight percent of
chromium as an alloying element. At least 20 weight percent chromium is required for true
passivity in high-temperature gaseous oxidation. [Birks, 2006]

The stainless iron-chromium alloys are basically ferritic with a BCC crystal structure. They
typically have chromium contents of 12-25 weight percent with about 1 percent manganese and
silicon and up to 0.2 percent carbon, to which other elements such as the strong carbide-
formers molybdenum, vanadium and niobium are added to enhance properties such as creep
resistance. Like the carbon steels they can be heat-treated and conditioned, depending upon
their content of carbon and other elements, to provide desired properties of strength, hardness
and toughness. There are also grades that are commonly used in the martensitic condition,
which typically contain 12-20 weight percent chromium, up to 1.0 percent carbon and often 1-2
percent nickel or up to 1.0 percent molybdenum.

The stainless steels used for corrosion resistance and for highest temperature service in power
systems are the austenitic grades. For example, the cladding for the fuel sheaths in the carbon-
dioxide-cooled AGR nuclear reactor, operating at temperatures up to about 650°C, is a 20 weight
percent chromium, 25 percent nickel-niobium stainless steel. The Russian design of pressurized
water reactor, the VVER, also uses austenitic stainless steel for the steam generator tubes
operating below about 320°C. Austenitic steels have the FCC structure, which is stabilized at low
temperature by the presence of nickel at concentrations between about 6 and 20 weight
percent. Resistance to corrosion is again provided by the chromium, which is added at a con-
centration between 16 and 30 weight percent. For most power plant applications, stainless
steels based on the common 18-8 or 18-12 (18 weight percent chromium and 8 percent or 12
percent nickel) grades are employed. In the designation of the American Society for the Testing
of Materials (ASTM) they are types 304 and 320, respectively, of the general 300-series austenit-
ic grades. Manganese is usually present at 2 weight percent and carbon at up to 0.2 percent,
though special low-carbon grades with less than 0.03 percent carbon are available when a
particular resistance to the deterioration of heat-affected regions such as welds by intergranular
attack in corrosive media is required (see intergranular attack Section 4.4). The addition of small
amounts of titanium or niobium to form the stabilized grades can also counteract such weld
deterioration, which is caused by the removal of the protective chromium from solid solution
within the grain boundaries by solid-state precipitation as chromium carbide over a specific
temperature range – a process called sensitization. For resistance to pitting corrosion and to
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improve creep resistance, molybdenum is added in the range of 2.0 to 3.0 weight percent to
form type 316 stainless steel. It should be noted that the austenitic stainless steels cannot be
heat-treated like the ferritic steels to improve strength or hardness; however, cold working can
change the microstructure and form small amounts of martensite, for example, that change the
properties and may even induce ferromagnetism. Annealing at high temperature will relieve the
effects of cold-working.

2.2.3 Nickel Alloys
For very high temperature applications (greater than 600°C or so) in power systems where
strength, creep resistance and oxidation resistance are required, such as furnace or turbine
fittings, or for environments where resistance to aqueous corrosion - particularly localised
corrosion - is a major consideration, such as nuclear reactor coolant systems, nickel alloys may
be employed.

Elemental nickel has the FCC crystal structure, which it tends to promote in its alloys - austenitic
stainless steel being the prime example described above. Oxidation resistance of the nickel
alloys is provided by chromium, which is present in the common alloys at concentrations
between about 14 and 25 weight percent. For highly aggressive environments, such as strong
acid solutions, the so-called “super alloys” with molybdenum additions up to 20 weight percent
in alloys of the Hastelloy type, as produced by the Haynes International company, are effective
and even higher levels (at about 30 percent with little or no chromium) produce the alloy
Hastelloy B2 with superior resistance to concentrated hydrochloric and other reducing acids at
all temperatures up to the boiling point. These materials may however have limited application
in high-temperature environments in power systems.
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Titanium is actually a very reactive metal and must be melted and machined with care. Its
resistance to corrosion is afforded by the thin, protective layer of oxide (TiO2) that spontaneous-
ly forms in air to produce an effective barrier against the environment, thereby putting titanium
in the class of passive metals. The rather specialized metal refining and component manufactur-
ing process for titanium tubing at one time made the material an expensive proposition for
condensers. The growing demand for titanium products, however, has had the effect of lower-
ing the price relative to competitive materials - especially the copper alloys and steels. Also, the
development of seam-welded tubing suitable for condenser service and the fact that no thick-
ness allowance need be made for corrosion on the tube wall makes titanium an attractive
alternative.

The titanium used mostly in condenser applications is the commercially pure material, which is
therefore an alpha-phase material. It exists in five grades distinguished by their impurity
content. Thus, the maximum amounts of carbon, nitrogen, hydrogen, iron and oxygen are
specified for each grade at levels of the order of 0.01 to 0.1 weight percent, and each grade has
particular mechanical properties. Titanium condenser tubing is relatively immune to corrosion
in salt or brackish water and in all types of polluted water. Marine organisms stick to its smooth
surface with some difficulty and surfaces that do foul or silt are not susceptible to pitting or
crevice corrosion. On the condensing steam side of the tubes used for power plant condensers,
there is no effect on titanium from common gases such as ammonia, carbon dioxide or oxygen.
In fact, the main concern with the use of titanium for condenser tubes is that less noble compo-
nents of the condenser may suffer galvanically-accelerated corrosion and must be protected
either cathodically or by coating or both. It must be borne in mind that in aqueous service the
metal absorbs hydrogen readily, so that its exposure as the cathodic component of a metallic
couple can promote degradation as the titanium-hydride is formed and the material becomes
embrittled.

2.2.6 Concrete
Concrete is an inorganic composite consisting of a coarse aggregate of gravel, crushed rock or
slag and a fine aggregate of sand, all held together with a cement. Angular particles or rock
fragments are preferred to rounded ones for the aggregate because they tend to interlock and
produce a more bonded and therefore stronger structure, although they have more surface
defects that can initiate cracks or voids. The larger the aggregate the better in order to minimize
the defects, bearing in mind that the size of the particles or fragments should be no more than
~20% of the structure’s thickness. The aggregate material can be tailored to the requirements of
the structure. Lightweight concrete incorporating steel-making slag as aggregate, for instance, is
a better thermal insulator than one incorporating normal silica-based rock, and heavy concrete
incorporating dense mineral aggregate such as ilmenite, barytes or magnetite or even metal
shot is used for radiation shielding. Ideally, the sand is a silica-based mineral with particle size
0.1 – 1.0 mm. It partially fills the spaces between the coarse aggregate and reduces the porosity
of the final concrete, in turn reducing the tendency to disintegrate during alternate freeze-thaw
cycles. The cement is a mixture of fine mineral particles that sets and hardens after being made
into a paste with water. The most common type of cement is Portland cement, named after the
cliffs at Portland in England, which the hardened material resembles. Portland cement is a type
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of hydraulic cement, i.e., one that hardens upon reaction with water. It is a mixture of calcium
silicate (conveniently designated as 60-65% CaO and 20-25% SiO2), iron oxide and alumina (7-
12%). Adding water hydrates the mixture to produce a solid gel, releasing heat as it does so. The
main chemical reactions can be generalized to:

2CaO × SiO2 + xH2O ®Ca2SiO4 .xH2O+heat (1)

3CaO × Al2O3 +6H2O ®Ca3Al2(OH)12 +heat (2)

3CaO+ SiO2 +( x +1)H2O ®Ca2SiO4 .xH2O+Ca(OH)2 +heat (3)
The hardened cement binds the aggregate particles together, so there must be enough cement
added to coat all of the particles completely if a firm composite is to be obtained. A typical
cement proportion is 15 vol% of total solids. Both the time to harden and the strength of the
final concrete depend on the composition of the initial mixture; a rapid-setting concrete gener-
ally is weaker than a slow-setting one. Complete curing is attained after 28 days or so, when
concrete reaches its maximum compressive strength.

Like other ceramic-based materials, concrete is strong in compression but weak in tension, so
for most construction purposes it has to be strengthened. Reinforced concrete has steel rods
(“rebars”), wires or mesh introduced into the structure to take the tensile loads, while the
concrete supports the parts under compression. Such a combination is effective for components
undergoing bending forces. In prestressed concrete the reinforcing steel is pulled in tension
between an anchor and a jack while the concrete is poured and cured. After the concrete has
set, the external tension on the steel is removed and as it relaxes the forces are transferred to
the surrounding restraining concrete, placing it in compression. The component can now resist
higher tensile or bending forces. Post-stressed concrete also has induced compressive stresses,
but they are imposed by running steel cables or rods through tubes set in the structure and
pulling and maintaining them in tension after the concrete has hardened. Reinforced concrete
has many applications in nuclear reactor construction – building foundations, primary contain-
ment and shielding, supports for large components such as steam generators, etc. Concrete
containment buildings are pre- or post-stressed, and for the LWRs are lined with steel plate.
Existing CANDU containment buildings are lined with epoxy.

Concrete structures undergo various modes of degradation. Rebar in civil installations, typically
bridges and road overpasses, corrodes in contact with aqueous solutions such as road salt and
in time can cause serious deterioration of the structure. Pre- and post-stressing steel can also
rust and lose strength and over time the compressive stresses may relax. The concrete itself may
be attacked; chlorides, nitrates and sulphates react with the cement and cycles of freezing and
thawing can cause cracking. An insidious mode of degradation for concretes with aggregate
containing silica in a non-crystalline or glassy form is the co-called alkali-aggregate reaction
(AAR). This is an internal process whereby alkaline constituents of the cement react over time
with the silica to form a hydrated calcium silicate. This compound has a larger volume than its
precursors and the resultant swelling causes the structure gradually to spall and crack. The
hydro-electric dam at Mactaquac on the St. John river in New Brunswick has a particularly
pernicious form of this degradation. The concrete swelling puts such severe compressive forces
on the structure, which is firmly anchored between rock abutments, that the stresses have to be
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relieved periodically by sawing vertically through the dam from top to bottom – a process that
can continue only for about another decade. The plinth supporting the turbine at the Gentilly-2
CANDU is cracking because of this form of degradation. Concrete used as radiation shielding
around a nuclear reactor relies on its water content to maintain not only its strength but also its
effectiveness for stopping neutrons. Over time, the absorption of radiation and the resulting
heating can lead to dehydration, involving water both bound chemically with hydrous minerals
and free as excess molecules. To minimize these losses, reactor shielding structures are conti-
nuously cooled, often with cooling water pipes embedded in the structure.

2.2.7 Polymers
Polymers for industrial or domestic consumption are generally called plastics. Because of their
ease of manufacture and formation, their physical and chemical properties and their low cost
they have a huge number of applications. The transparency of several types makes them useful
as substitutes for glass whilst the elasticity of others puts them in the class of elastomers. They
can be produced as homogeneous material or as both the matrix and the fibre reinforcement
for composites. In reactor systems they are used for electrical insulation, coatings, seals, etc.
and occur in a myriad of common articles such as textiles, containers, tools, etc.

Most polymers, and the ones discussed here, are composed of “giant” molecules consisting of
chains of simpler units bonded together. They are usually organic carbon-based compounds,
although some are inorganic, based on silicone Si-O units. Molecular weights can range from
104 to 106 g/mol or higher. A linear polymer has its molecules as single strands in a tangled
arrangement, rather like a portion of spaghetti. In a branched polymer, each “spaghetti” strand
has one or more shorter strands branching off. Linear or branched polymers can be cross-linked,
whereby atoms in individual strands are strongly bonded covalently to atoms in other strands,
either directly or via linking atoms.

Thermoplastics are composed of linear or branched molecular strands that are weakly con-
nected to each other by van der Waals bonds and that can be partially separated or untangled
by applying tensile stress. Thermoplastics therefore are ductile and deform plastically. When
heated they at first soften and then melt, making them easily moulded into useful articles and
readily recycled. Polyethylene is a common example of a thermoplastic. By contrast, thermoset-
ting plastics have their linear or branched molecular strands strongly bonded covalently to each
other in a rigid, three-dimensional network. They are therefore stronger than thermoplastics but
more brittle. On heating, they do not melt but decompose, making them difficult to recycle.
Polyurethanes are an example of a thermosetting plastic. Elastomers are thermoplastic or lightly
cross-linked polymers that have their molecular strands in a folded or coiled configuration.
Under stress the molecules deform reversibly, rather like a spring, so that the original form is
regained when the stress is relaxed. Natural rubber is the prime example of an elastomer which
can be stretched elastically to >200%. The soft, thermoplastic latex from the rubber tree is
made into useful rubber by “vulcanising”, involving reacting it with sulphur to cross-link the
highly folded molecular strands. Depending on the degree of vulcanisation, a tougher and more
elastic material is formed, one that does not soften and become sticky when heated to mod-
erate temperatures. Low (1 – 3%) sulphur contents form soft commercial rubber, while high (23-
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35%) contents form hard rubber or ebonite.

Polymers are severely degraded by radiation; the familiar embrittlement of polyethylene by
prolonged exposure to sunlight is a mundane example. In nuclear reactors, the deterioration of
electrical insulation in radiation fields, affecting cable runs and instrument connections, is a
burgeoning problem, necessitating frequent inspections and often replacements as plastic
components have deteriorated, sometimes to the extent of cracking and disintegrating in-situ.
The reactor vault area is especially vulnerable, and when reactor control cabling is affected the
deterioration becomes a safety issue. Ion-exchange resins (see Section 2.3 in Chapter 15) in
clean-up systems for active circuits such as the moderator (in CANDUs) and the primary coolant
are based on polystyrene and are subject to radiation damage as they remove radionuclides
from the water. This has been a factor in the decision not to regenerate active resins. Both
natural and synthetic rubbers have their tensile strengths reduced but are affected by radiation
in different ways. For example, natural rubber is somewhat more resistant to radiation than
butyl rubber but is hardened while butyl rubber is softened. Consequently, diaphragms and O-
rings made of either material in control valves are replaced frequently to avoid problems arising
from radiation-induced deterioration.

The damage mechanism is the radiation-induced rupture of the chemical bonds holding the
polymer together, and the subsequent re-forming of the bonds to create an altered structure.
Depending on the material, the degree of cross-linking can be increased and polymerization
increased or reduced, oxidation in air can be promoted and deterioration with gas evolution
may occur. Serious changes in properties such as conductivity, strength, hardness, ductility, etc.
result. Table 4 indicates the severity of damage of several common polymers caused by radia-
tion.

Table 4. Severity of radiation-induced damage of common polymers

polyethylene
polypropylene
nitrile rubber
natural rubber
polystyrene
plexiglass
mylar
cellulose
PTFE
PVC
neoprene
nylon

10-3 10-2 10-1 100 101 102

Absorbed Dose MGy

minor moderate severe
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found to be widespread in feeder bends across the reactor face. The cracking mechanism was
not conclusively identified before Point Lepreau was shut down for the refurbishment, which
included replacement of the feeders with the A106C material mentioned above and with stress-
relieved bends. However, it was postulated that the inside-surface cracks possibly originated
from stress-corrosion cracking caused by slightly oxidizing conditions at the reactor outlet due to
insufficient suppression of radiolysis and exacerbated at reactor start-up, especially if air ingress
had occurred. The outside-surface cracking was possibly low-temperature creep cracking,
facilitated by atomic deuterium diffusing through the metal lattice due to FAC (Slade and
Gendron, 2005).

The purification is a feed-and-bleed system taken off the connection between the coolant loops
or, at Bruce A (which has only one primary loop) directly off the reactor headers. It has heat
exchangers with tubes of nickel alloy (e.g., Alloy-600 or Alloy-800) and vessels such as the ion-
exchange columns of 300-series stainless steel. The pressurizer, also taken off the connection
between the coolant loops, is a carbon-steel vessel with immersion heaters clad with nickel
alloy.

The steam generators are tubed with nickel alloy – Alloy-400 at Pickering, Alloy-600 at Bruce and
Alloy-800 at the CANDU 6s and Darlington and the refurbished units at Bruce (Units 1 & 2). The
replacement units at Bruce, like all the other CANDU steam generators except the original
designs at Bruce A, are of the “light-bulb” design (see Figure 17 in Chapter 8) with the steam
separator and dryer separate for each unit above the tube bundle (each original Bruce A design
has four steam generators connected to an integral steam drum at each end of the reactor). The
tube sheets in the primary heads are clad with the tube material, but the heads themselves are
carbon steel. The divider plates in the steam generator heads have been replaced with stainless
steel to eliminate FAC. All the steam generators except those at Bruce have integral preheaters,
but at Bruce the preheaters are separate heat exchangers of carbon steel with tubes of Alloy-
600 and tube sheets in contact with the primary coolant clad with the same material (the Bruce
preheaters remove heat from the primary coolant serving the inner core fuel channels, which
run at a higher power than the outer core ones).

3.1.2 Secondary Heat Transport System
The secondary coolant system consists of the shell side of the steam generators, fed with light-
water coolant from the condenser and feed water train and supplying steam to the turbine and
thence back to the condenser. CANDUs have been following a policy of eliminating copper alloys
from the circuit to avoid corrosion problems from carry-over to the steam generators. The only
components remaining with copper alloys are brass-tubed condensers at Gentilly 2 (currently
shut down and due for decommissioning), as listed below, although it is of note that Pickering
changed its condensers from brass to stainless steel because of release of copper to Lake
Ontario.

As mentioned above, steam generator tubing is Alloy-400 at Pickering, Alloy-600 in the original
units at Bruce – Alloy-800 in replacement units and at Darlington and the CANDU 6s. The tube
supports at Pickering A are lattice bars of carbon steel and at Pickering B are broached plates of
carbon steel; at Bruce the original supports are broached plates of carbon steel but, like Darling-
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The dousing tank below the roof slab is made of reinforced concrete and the piping system of
carbon steel and stainless steel. In the later reactors the shell-and-tube ECC heat exchangers to
reject heat to the outside are alloy-tubed but early designs used titanium plate-type heat
exchangers.

3.3 Supporting Structures and Components

3.3.1 Containment
In the four-unit CANDUs at Darlington and Bruce A and B, the reactor of each unit is contained
within a reinforced concrete vault, which extends to shielded rooms above containing the steam
generators, heat transport pumps and reactivity drive mechanisms. Main steam piping exits the
containment for the turbine building. Openings in the floor of the vault allow entry of the
fuelling machine, which serves all four units via a duct running below grade for the length of the
station and connecting to a fuel handling facility. The overall building for each unit has a flat,
steel roof.

The four-unit CANDUs at Pickering A and B, like the CANDU 6 reactors, each have the reactor,
steam generators, etc., in a separate containment building of pre-stressed, post-tensioned
concrete with a domed roof. The building is lined with epoxy, but future designs could incorpo-
rate a steel liner. The main steam pipes exit the containment directly for the turbine building.

3.3.2 Vacuum Building (Multi-unit Plants)
Bruce A and B and Darlington each have the four reactor containments separately connected to
a normally sealed building that is kept at about 7kPa absolute pressure. At Pickering, the eight
units at the A and B sites are connected to one such vacuum building. In the event of an over-
pressure in a reactor containment, isolation valves connecting that reactor with a concrete duct
running to the vacuum building open and the atmosphere of the containment is vented. A spray
from the ECC storage in the vacuum building roof condenses any vapour.

The vacuum building is constructed of reinforced concrete. It is supported inside with an ar-
rangement of columns and beams that also hold up the ECC storage tank and the vacuum
chambers.

3.3.3 Fuelling Machine
Each CANDU reactor is served by two fuelling machines, with one machine connecting to each
end of a fuel channel that is to be refueled. A machine has a rotating magazine to hold fuel and
channel seals and plugs, a snout assembly to lock onto the channel and a ram assembly to
remove, store and replace channel seals, plugs and fuel bundles. Figures 10 – 12 in Chapter 8
show the arrangement of the fuelling machine.
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The machines simultaneously clamp onto the end-fittings of a channel, unlock, remove and
store the seal plugs, remove and store the shield plugs then push new fuel bundles into the
pressure tube from one end and remove and store spent fuel bundles from the other end,
replace the shield plugs and finally replace and lock the seal plugs. During the operation the
machine is in contact with the primary coolant at pressure and sustains a flow of heavy water
from the PHT supply tanks. The seal plug sealing faces must be maintained in good condition to
prevent expensive heavy water leaks.

Fuelling machines are large pieces of equipment comprising many components that remotely
perform a complex series of tasks. They are made of many engineering materials. Of note are
the mechanical bearings that support the rotating magazine, which have traditionally been
made of the extremely hard-wearing cobalt alloy, Stellite®. This has been responsible for a
significant component of out-core radiation fields, since even very small releases of cobalt to the
primary coolant during a refuelling operation may give rise to the production of 60Co in the
reactor core, and this distributes around the circuit and contaminates out-core components,
particularly at the reactor faces and in the steam generator heads. Recent research is identifying
alternative materials for the bearings such as silicon nitride (see for example Qiu, L., 2013).
Additionally, activation products of antimony (primarily Sb-124) originate from bearings in the
heat transport pumps and as impurities in steel and may contribute significantly to the overall
activity levels throughout the primary heat transport circuit.

3.3.4 Fuel
The fuel materials in contact with the primary coolant, viz. the element sheaths, end plates,
bearing pads, spacers and the braze attaching the appendages to the sheath have already been
described. The fuel pellets themselves within a sheath are of high-density, sintered UO2 of
natural isotopic content (0.7% 235U) and the inside surface of the sheath is coated with a thin
layer of graphite to reduce sheath-pellet interactions (the CANLUB system). The standard bundle
is of 37 similar elements; however, more-efficient designs such as the CANFLEX® bundle with 43
elements of different diameters have been proposed; thus, for future applications, the Ad-
vanced CANDU Reactor employs low-enriched uranium (LEU) fuel of UO2 with 3-4% 235U in a
CANFLEX®-type bundle with a central element containing a neutron absorber. Note that the
flexibility of the CANDU system makes it suitable for a wide variety of fuel materials, and trials
with thorium, recovered uranium (from reprocessing of LWR-type fuel) and plutonium mixed-
oxide (with uranium) have been carried out successfully.

3.3.5 Reactor Control Mechanisms
Liquid zone controllers are vertical thimble tubes of type 304 stainless steel attached vertically
to the top of the calandria with zone control tubes of Zircaloy extending downwards into the
moderator between the calandria tubes. They control reactivity during normal operation. Six of
them per reactor contain among them fourteen compartments of circulating light water as the
absorber, and the amount of absorber can be controlled by adjusting an overpressure of helium
in each compartment and the inlet flow rate.
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There are mechanical adjuster rods (21 in the CANDU 6s), also inserted vertically into the
moderator, to act as neutron absorbers. They are tubes of stainless steel or Zircaloy containing
“shim rods” of steel/cadmium or cobalt that are normally fully inserted to flatten the flux profile
but can be withdrawn mechanically via motor-driven winches (sheaves) and cables as override
for xenon poisoning following reactor shutdown or a power reduction.

Shut-off rods and mechanical control absorbers are of similar design, penetrating the calandria
vertically between the calandria tubes in similar fashion to the adjuster rods. Each employs a
cable, winch and clutch to hoist, hold or release an absorber tube containing cadmium as a
neutron absorber. They are normally parked in thimbles above the calandria but can be driven
vertically downwards into the core to reduce reactivity through perforated guide tubes of
Zircaloy that are anchored at the bottom of the calandria. Shutdown System #1 comprises 28
such assemblies arranged throughout the reactor; they release their rods by de-energising the
clutch and drive them into the core by spring-assisted gravity to achieve rapid power decrease.
Four other assemblies can be used for reactor control to supplement the liquid zone controllers.
They are normally parked out of the core but are driven in at variable speeds as required to
reduce reactor power.

4 Corrosion and Material Degradation in Nuclear Reactor Systems

As described above and elsewhere in this text, a nuclear reactor is a complex system of different
connected materials that must behave optimally in unison to ensure the safe and efficient
operation of the plant. Even under the strictest chemistry control practices and careful plant
operation, the corrosion and subsequent degradation of the plant components are the inevita-
ble consequences of thermodynamics; the metals that make up the pipes, valves, fittings and
vessels all tend to revert back to their thermodynamically stable state – usually an oxide,
haematite (Fe2O3) for example, the basis of rust on iron and steel. In some cases, the degrada-
tion of system components is exacerbated by vibration, fatigue or fretting or by the interaction
with high-velocity coolant creating flow-accelerated corrosion (FAC); in all cases, component
lifetimes are shortened. Thus, knowledge of the basic forms of corrosion is a prerequisite to
understanding the materials selection and chemistry requirements of CANDUs.

4.1 General Corrosion
Metals that are in every-day use for engineering applications are fundamentally unstable. They
tend to react with their environment to assume a more stable thermodynamic state, which in
the coolant systems of nuclear reactors is normally an oxide. General corrosion is the term for
attack that is spread more or less uniformly over the entire component surface; it is driven by an
electrochemical reaction in the case of ionic environments such as molten salts or aqueous
coolants, or by a chemical reaction in the case of non-ionic coolants such as gases like carbon
dioxide. (Note, however, that any oxidation is strictly speaking electrochemical, since it is a
chemical reaction involving the transfer of electrons.) The metal thins gradually and may fail if
left without being inspected for any length of time, although the rates of such corrosion are low
and are generally predictable from tabulated data. Components are designed with adequate
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The half-reactions occur simultaneously and at the same rate. According to the classic Wagner-
Traud theory [Wagner and Traud, 1938] it is postulated that the anodic sites on the metal,
where metal ions dissolve (reaction (11)), are separate from the cathodic sites, where electrons
are discharged, oxide ions form and hydrogen is released (reaction (12)). The electrons are
transported between the sites and the metal ions and oxide ions interact and precipitate as
magnetite. Clearly, for the oxidation to be uniform, the sites must be mobile across the surface.

In reality, it is understood that in high-temperature water the oxidation at the M-O produces
ferrous ions according to:

3Fe ® 3Fe2+ +6e- (13)

and that the hydrogen is produced in the accompanying reduction:

6H2O+6e- ®6OH- +6H (14)

where H is in the form of hydrogen atoms that migrate through the metal. It is important to
note that if dissolved oxygen is introduced into neutral or alkaline water, reaction (14) is re-
placed by the more favourable reaction (15):

1.5O2 +3H2O+6e- ®6OH- (15)

and hydrogen production ceases.

The ferrous ions and hydroxide ions from (13) and (14) or (15) interact to form soluble ferrous
hydroxide:

3Fe2+ +6OH- ® 3Fe(OH)2
(16)

but this oxidises and precipitates as magnetite according to the Schikorr reaction [Schikorr,
1928]:

3Fe(OH)2 ®Fe3O4 +2H2O+H2
(17)

Again, if oxygen is present, the oxidation of ferrous hydroxide proceeds via the more favourable:

3Fe(OH)2 +0.5O2 ®Fe3O4 +3H2O (18)

There is only room at the M-O (metal-oxide interface) for about half of the ferrous hydroxide to
precipitate there as inner-layer magnetite; the other half, along with any hydrogen molecules
generated at the M-O by (17), diffuse through the developing magnetite film to the O-C (oxide-
coolant interface). There, if the coolant is reducing and saturated in dissolved iron as in the
carbon steel inlet feeders of CANDUs, it precipitates as outer-layer magnetite according to (17);
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the molecular hydrogen is then dispersed in the bulk of the flowing coolant. In the presence of
dissolved oxygen, the outer layer precipitates according to (18) and the magnetite film develops
completely without the evolution of hydrogen. In time, it may itself oxidise to the Fe(III) oxide
haematite:

2Fe3O4 +0.5O2 ® 3Fe2O3
(19)

and if the conditions are oxidising enough haematite may be formed directly without the
intermediate formation of magnetite.

The duplex films of magnetite generally consist of a fine-grained inner layer of particles ten or so
nanometres in size, overlaid with crystallites of sizes up to about ten micrometres. The outer
layer crystallites are generally facetted octahedra, obviously grown from solution (see Figure 5
and 6).

Figure 5. Schematic Cross-Section through Magnetite Film on Carbon Steel [Lister, 2003]

Figure 6. Scanning Electron Micrograph of Magnetite Film formed on Carbon Steel during an
1100-h Exposure in High-Temperature Water [Lister, 2003]

The general corrosion of the higher alloyed materials in widespread use in water reactor sys-
tems, such as the stainless steels and nickel alloys, also leads to the development of duplex
oxide films. The oxide layers are generally thin and compact, conferring a high degree of corro-
sion resistance. The precise compositions of the oxides depend on the coolant chemistry,
particularly the oxidising propensity. In general, it is the inner layers that “passivate” the alloy;
these are based on the normal spinel FeCr2O4, which has a very stable lattice structure and a low
solubility in the chemically reducing coolants of the pressurised water reactors (PWRs) and
CANDUs [Lister, 1993]. Variants of the iron chromite structure contain elements arising from
other alloy constituents such as nickel, viz. NixFe1-xCr2O4, where x depends on the composition
of the alloy; small amounts of other metals such as cobalt may also be incorporated and in the
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depends upon the metallurgy of the alloy and the aggressiveness of the environment, but rarely
causes problems (although spalled oxide has occasionally caused abrasion damage in BWR
control-rod drive mechanisms). So-called “shadow corrosion”, where galvanic effects thicken
ZrO2 films in proximity to components made of non-zirconium alloys such as stainless steel
control-blade handles, is an additional mechanism in the low-conductivity and low-hydrogen
environment of the BWR. BWR fuel is also subject to increased corrosion when the surface
temperature is increased by the deposition of copper-containing crud that impairs the nuclea-
tion of steam bubbles. Such “CILC” (crud-induced localized corrosion) has led to fuel failures.
These mechanisms of corrosion of zirconium alloys are reviewed in detail in the report of
Adamson et al. [2007].

Because of its relatively low burn-up, CANDU fuel sheathing develops a very thin, protective
oxide and failures from coolant-induced general corrosion are almost non-existent. The Zr-
2.5%Nb pressure tubes in CANDUs and other PHWRs also experience low corrosion rates and
their general corrosion over the 20-30-year lifetime in-reactor is acceptable. The oxidation,
however, does force hydrogen (actually, deuterium from the heavy-water coolant) into the
metal lattice, and this is much aggravated by deuterium that migrates into the pressure-tube
ends across the rolled-joint between it and the stainless-steel end fittings, which also experience
general corrosion. Hydriding (deuteriding) can then be a problem if concentrations exceed the
“terminal solid solubility” (TSS), leading to precipitation of hydride “platelets”, brittleness and
possible cracking if excessive stresses are experienced [Simpson et al., 1974]. In fact as men-
tioned earlier, in the past, pressure tubes have failed because of delayed hydride cracking (DHC),
so they must be continually monitored for uptake of hydrogen/deuterium during service [Per-
ryman, 1978].

The Zr-Nb alloy of CANDU pressure tubes is subject to several other forms of degradation
(growth and creep), and these will be life-limiting for the components in one form or another
and are the primary reason a mid-life refurbishment (after approximately 30 years of operation)
is required on CANDU reactors. As described in Section 2.1 above, neutron irradiation causes an
increase in strength and a loss of ductility (or loss of toughness) in Zr-2.5%Nb alloys (as it does in
all metals) but this does not prevent the pressure tubes from performing their role as a pressure
boundary. The neutron irradiation causes additional defects (dislocations) to be produced in the
metal lattice, which move through the metal’s crystal structure either under the action of stress
(known as radiation induced creep) or by the action of the neutron flux alone (radiation induced
growth). The migration of the dislocations results in extension or contraction of the tube in its
three major directions but because of the tube’s texture or predominant grain orientation,
growth is concentrated in the longitudinal direction. Providing sliding bearings on each end
fitting has been demonstrated to accommodate the radiation induced growth and elongation. In
early CANDU designs, channel extension was only sufficient to allow for thermal and pressure-
based expansion. Design changes have substantially increased the channel extension capability.
Fixing one end of the fuel channel now accommodates full-life channel elongation allowing for
extension to occur at the opposite, free end of the channel. Typically, at the midway point
through the reactor core’s operating lifetime, the fuel channel is released at the initially fixed
end and then pushed to its maximum inboard position and fixed at the formerly free end,
allowing for the full scope of the design extension to be used. Fuel channel elongation is great-
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est in the high power channels in the centre of the reactor resulting in a dish-shaped profile of
fuel channel extension. Differential elongation could cause feeder pipes at reactor ends to
contact and chafe each other, which must be avoided. Because of the material condition of the
Zr-2 calandria tubes, they do not elongate to the extent of applying significant loads on the end
shields.

The pressure tubes also sag with increased exposure time due to the elongation described
above and from diametral creep. The diametral creep meant that fuel channels in the middle of
the core, where the combination of neutron flux, pressure and temperature are highest, would
suffer from significant portions of the coolant flow by-passing the fuel bundles, reducing the
heat transfer efficiency and leading to reductions in the margins to dry-out. The remedy was
then to derate – reduce the reactor power. Pressure-tube/calandria-tube sag also meant that
the pressure tubes in some reactors approached the calandria tubes closely, and occasionally
may have contacted one of the horizontal reactivity mechanism control tubes spanning the
calandria. The pressure tube and its matching calandria tube are separated by wire wound
toroidal spacers or garter springs that accommodate relative movement between the two. The
pressure tube will sag more between the spacers than will the calandria tube due to the higher
temperature and pressure operation and the weight of the fuel bundles. Should the spacers
move out of position from vibration during operation, there is a risk that the hot pressure tube
touchs the cool calandria tube inducing a thermal gradient or “cold spot” on the wall of the
pressure tube. The will cause any hydrogen/deuterium in the vicinity to diffuse down the
temperature gradient and form a hydride or hydrogen blister at the surface. Above a certain
size, the blister will crack to accommodate the volume change and may initiate a delayed
hydride crack that could penetrate the tube wall. As these degradation problems worsened with
time of operation, pressure-tube rehabilitation programs were undertaken. REFAB (Reposition-
ing End Fitting And Bearing) involved shifting pressure tubes within the core so that they were at
the start of their travel on the bearings to accommodate elongation, as described above. SLAR
(Spacer Location and Repositioning) involved using electromagnetic induction to find the
spacers separating the pressure tubes and calandria tubes and then shift them to their design
positions to counteract sag and avoid subsequent contact. Severely affected fuel channels could
have their tubes replaced, and in the extreme case LSFCR (Large Scale Fuel Channel Replace-
ment) could be undertaken, in which a full core is replaced. This was done during the early
operation at Pickering, when the pressure tubes suffered delayed hydride cracking (DHC)
because of faulty installation; it is an integral part of reactor refurbishment to double the
operating life of the CANDU plant.

4.2 Flow-Accelerated Corrosion (FAC)
Flow-accelerated corrosion (FAC), sometimes called flow-assisted corrosion, was formerly
referred to as erosion-corrosion, but the last term is now usually confined to attack in a corro-
sive medium aggravated by mechanical forces such as those arising from abrasion by solid
particles. FAC is a form of general corrosion, but it is classified on its own here because of its
particularly aggressive nature. Attacking the carbon steel piping of feedwater systems, it is one
of the most widespread causes of shutdown in all kinds of steam-raising plant and on occasions
has led to pipe rupture with accompanying injuries and even deaths of plant personnel. Fatal


