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Résumé

Les hauts facteurs de capacité des réacteurs de puissance
CANDU sont attribuables en partie à l'attention minutieuse apportée
à la sélection des matériaux dans les phases conceptuelles. La
tolérance améliorée de ces matériaux aux conditions hostiles d'un coeur
de réacteur dépend de l'enrichissement de nos connaissances au sujet de
phénomènes comme les dégâts par rayonnement, la corrosion et la fissuration.

Ce rapport est une introduction à certains des programmes de
recherche fondamentale et de soutien tels qu'ils ont évolué dans les
laboratoires de l'EACL pour répondre à ce besoin. Les interactions des
particules atomiques énergétiques avec les solides, se produisant sur
une échelle microscopique, sont considérées, tout d'abord sous le titre
général "Effets des rayonnements" puis dans des sections relatives aux
processus de perte d'énergie, à la canalisation des ions et aux défauts
des réseaux cristallins. La section touchant ces derniers se termine
par la description de programmes importants concernant les processus de
déformation (fluage et croissance)dans le zirconium. La section finale
passe en revue les études approfondies touchant l'oxydation et la fis-
suration environnementale des alliages de zirconium.
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ABSTRACT

The high capacity factors achieved by CANDU nuclear power
reactors can be attributed in part to the careful attention which
has been paid in the concept and design phases to the selection of
materials. Improved tolerance of these materials to the hostile
conditions of a reactor core depends upon our understanding of such
phenomena as radiation damage, corrosion and cracking.

This report is an introduction to some of the fundamental
and underlying research programmes that have evolved at the AECL
laboratories in response to this need. The interactions of
energetic atomic particles with solids on a microscopic scale are
considered, first under the general heading of radiation effects,
followed by sections on energy loss processes, ion channeling, and
crystal lattice defects. The latter section leads into the
important programmes on deformation processes (creep and growth) in
zirconium. The final section discusses the extensive work on the
oxidation and environmental cracking of zirconium alloys.
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AECL RESEARCH PROGRAMMES IN MATERIALS SCIENCE

The degradation of constructional materials is a common
problem in all areas of industrial engineering (e.g. chemical
plants, oil refineries, fossil-fuelled power plants) and in such
advanced systems as coal gasification plants and magnetohydrodyna-
mic generators. In this respect, nuclear power stations can expect
to suffer their quota of conventional materials degradation problems,
while the additional problems accompanying the exposure of materials
to high radiation fields have also to be solved. It is a tribute to
the high quality of their design, materials selection, and construc-
tion that CANDU reactors often achieve annual capacity factors
greater than 90%, and that the small losses of capacity resulting
from materials degradation commonly have been in the conventional
(i.e. unirradiated) areas of the nuclear power station.

Nevertheless, there are problems, peculiar to materials in
nuclear reactors, which can reduce the achievable capacity factors,
or limit the ultimate life of a reactor or reactor components, and
which must be anticipated when new reactor designs and fuels are
under consideration. To provide solutions to these problems AECL
maintains a strong programme of fundamental research into the
behaviour of materials, and the effects of irradiation on them. The
two primary areas of materials science where an understanding can
provide support for the reactor development programme are in the
slow deformation of materials over long times and in the long-term
corrosion and environmental cracking of materials. These problems
are macroscopic expressions of the cooperative behaviour of lattice
defects in materials. Our research is, therefore, complemented by
studies of the penetration of fast atomic particles into solids,
and the damage which they generate.

1. MATERIALS PROBLEMS IN CANDU REACTORS

Figure 1 shows a schematic diagram of a CANDU reactor, and
illustrates the modular nature of its construction (reactors of
different sizes are constructed by assembling different numbers of
very similar horizontal fuel channels into the reactor calandria).
For most purposes we can concentrate on the behaviour of an indivi-
dual fuel channel when assessing the effects of the high radiation
fields on reactor lifetime and performance. Only at the last stage
of assessing these effects do the individual changes in all the
fuel channels have to be integrated to determine the overall effect
on the reactor core. Figure 2 is a more detailed diagram of the
fuel channels. Apart from the uranium dioxide pellets, which supply
the heat source, all components of the fuel, and of the fuel
channel (within the calandria) are constructed of zirconium alloys.
The pressure tube and the outside of the fuel cladding are exposed
to heavy-water at near 300°C and a corresponding pressure of 8 MPa
(1200 pounds/square inch). The calandria tubes operate at about
60-80°C and a small pressure from the weight of the cool heavy-
water moderator in the calandria. The gap between the pressure and
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Figure 1 Reactor assembly - Pickering Nuclear Generating Station,
showing the modular nature of the construction, and the
compactness of the arrays of feeder pipes [4].
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Figure 2: Simplified diairam ^ f pir'-'"riif| T-o-],-t-r,->- cwo\ channels, where
a pressure tube of either col d-worked V,ircaloy-2 or cold-worked Zr-2.5%
Nb alloy is supported by the annealed :',ircaloy-2 calandria tube through
a number of spacers, colloquially called "garter-springs". The ends of
the pressure tube, which protrude from the calandria,are rolled into
stainless steel end fittinjs, v.'h.:.:i. . : \. ~- !. : Mt.v.-hr'.ent points for the
feeder pipes supplying and removing the heavy-water coolant, and the
locking and sealing arranaements throuah which the fuelling-machines
are enabled to insert and r--:rv-' ''•-• l •••: •',:;•" i ".a r:\ictor operation. The
fuel consists of bundles of short (50 cm) sealed Zircaloy-2 or Zircaloy-4
tubes containing pellets, separated by spacers, and held together by
end plates.



calandria tubes is filled with a dry gas to provide thermal insula-
tion between the high and low temperature circuits. Each fuel
channel contains a number of 0.5 metre long fuel bundles. The
bundle is a collection of individual fuel pins consisting of
pellets of natural uranium dioxide (a ceramic) hermetically sealed
in zirconium alloy tubes (fuel cladding). The bundle is held
together by zirconium alloy end plates (Figure 2).

Nuclear fission in the uranium dioxide fuel pellets causes
atomic bedlam. Each fission event results in the production of two
energetic atoms, called fission fragments, which recoil from each
other and collide violently with neighbouring atoms. They eventually
plough to a stop in the fuel element and fuel cladding, liberating
their energy as they do so to produce most of the reactor heat.
Lighter energetic particles such as a-particles (the nuclei of
helium atoms) and g-particles (energetic electrons) as well as X-
and gamma-rays also bombard the inside of the fuel cladding and
contribute to the heat production but not significantly to the
displacement of atoms in the structure. Fast neutrons released in
the fission process pass through the fuel cladding, the pressure
tubes and calandria tubes to be slowed down by the heavy water
moderator, and re-enter the fuel as slow neutrons to trigger
further fission events. Many of the fission products (e.g. bromine,
iodine, cesium, cadmium, etc.) are very chemically reactive, and
are sufficiently volatile to escape from the fuel, deposit on, and
react with the inside of the cladding.

Under common operating conditions (i.e. in the absence of
irradiation) stressed structural metals, even over long periods of
time (e.g. 30 years), show only minor changes in shape because the
process slows down as a result of metallurgical phenomena such as
work-hardening. Under intense fast neutron bombardment these creep
processes are accelerated, and do not show decreasing rates over
long periods of time. An additional shape change called "growth"
is observed in reactors in the absence of applied stress. The
combination of these two effects over long periods of time may
result in dimensional changes in the reactor fuel channels that
must be minimized because the reactor components fit together very
closely (as is obvious from Figure 1) resulting in only small
tolerances for dimensional change.

Alloys of zirconium (Table 1) have been selected to meet the
demanding requirements of reactor service because zirconium, of all
the elements, has the best combination of desirable properties. It
has a low tendercy to absorb neutrons so that wasteful absorption
of neutrons in rt^ctor structural components is minimized, thus
contributing to the overall good neutron economy of the CANDU
reactor system. Zirconium alloys have been developed with the
requisite corrosion resistance and mechanical properties but there
is scope for further improvement through continued research and
development. Such R&D tends to be concentrated at nuclear
establishments because zirconium alloys find virtually their only
application in nuclear reactors. Hence it is natural that zirconium
should bo so prominent in AECL programmes.



TABLE 1:
TYPIW. COMPOSITIONS OF ZIRCONIUM ALLOYS USED IN CANDIJ REACTORS

Al loy: -

Use:-

Alloying Additions:
(wM) Tin

Niobium
Iron
Chromium
Nickel
Copper

Zircaloy-2

fuel cladding or
pressure tubes

1.5
_

0.15
0.10
0.10

(<50)*

Zircaloy-4

fuel
cladding

1 .5
_

0.25
0.10

-
( '•50)

Zr-2.5S Nb

pressure
tubes

-
2.5

(900)
(50)
(<30)
(-50)

Zr-Kb-(

aarter-sni

2.b
(900)
(50)
(-30)
0.5

•Figures in parentheses are in mg/ka

Materials science R&D in AECL is undertaken at two sites,
the Chalk River Nuclear Laboratories (CRNL) and the Whiteshell
Nuclear Research Establishment (WNRE). The programmes cover a
broad spectrum including both applied and fundamental research,
reflecting the twin motivations of relevance and of intrinsic
scientific interest. They are focussed mainly, but not exclusive-
ly, on zirconium alloys for the reasons discussed above. The
dividing lines between parts of the spectrum are not sharp, but it
has been one of the aims of the basic research programme in
materials science to understand the causes of reactor materials
problems in sufficient detail to permit predictions based on a
sound scientific understanding of the phenomena. The fundamental
or underlying research programmes are discussed here and the more
applied programmes are treated in a separate report in this series.

2. RADIATION EFFECTS

Metals and ceramics consist of aggregates of small individual
crystals called "grains". Adjacent grains will usually have their
atoms arranged in regular arrays, the "crystal lattice", but fail
to match at the "grain boundaries" because of differences in the
orientation of the respective crystal lattices. This misfit of the
two crystal lattices at the grain boundaries can be described in
terms of an array of "dislocations". In addition, dislocations
occur within the individual grains, and it is the motion of these
dislocations which gives rise to the shape changes when materials
are plastically deformed. For instance, an "edge" dislocation marks
the boundary of an area where an extra partial plane of atoms has
been inserted in the perfect crystal lattice. By adding atoms to
or subtracting them from this partial plane, a dislocation can
"climb"; when a lateral force is applied to the lattice, the planes
of atoms can shear relatively easily, causing the dislocation to
"glide" sideways. This motion can be impeded by barriers such as
precipitate particles.



Even in parts of the crystal lattice remote from disloca-
tions and grain boundaries this lattice is never perfect; thermal
vibrations, trace impurity atoms and irradiation can all cause an
atom to leave its normal position creating a vacant lattice site
("vacancy"). The displaced atom then becomes an "interstitial" atom
while it no longer resides at a normal lattice position. Vacancies,
interstitials and impurity atoms are known collectively as "point
defects". It is also common to observe "precipitates" of phases
having a different composition and crystal structure from the host;
"voids" (holes in the lattice which can be considered to be an
aggregate of a number of vacancies) may also be present. Precipitates
and voids may play an important role in deformation processes under
irradiation by impeding the movement of dislocations, or by acting
as sinks or sources for point defects. The surface of the material
is a special case where the atoms are usually not in perfect
lattice positions because the forces on these atoms are no longer
symmetrically distributed. High concentrations of impurity atoms
both on and near the surface are a common feature of materials.

In order to understand the effects of irradiation, we must
first understand how the bombarding species interact with metals,
to displace atoms from their crystal lattice sites and produce
point defects. The next stage in our understanding must cover the
manner in which these point defects aggregate into clusters or
annihilate each other. (When an interstitial atom returns to a
vacant lattice position, the interstitial and vacancy are said to
have annihilated.) Subsequently, the point-defects which have not
annihilated can interact with dislocations and grain boundaries.
If an excess of one type of point defect (interstitial or vacancy)
arrives at a dislocation, for example, then the dislocation can
climb, and a shape change in the bulk material results. This
situation is described by a "bias factor" for each particular sink,
i.e. dislocation, grain boundary, etc.

Experiments on radiation effects are difficult to do in the
reactor with fast neutrons; conditions cannot be controlled easily,
changes are slow and specimens become very radioactive. Therefore
much of our basic research is done with other fast atomic particles
such as electrons or ions (the common ions are atoms stripped of
one or more of their normal complement of electrons and hence carry
a positive electrical charge). Electrons and ions can be produced in
electron microscopes and electrostatic accelerators, respectively,
as beams of particles and can be accurately controlled in energy
and direction. AECL scientists have used both types of instruments
extensively, either in their own laboratories or in collaborative
experiments with specialist groups elsewhere. Currently, accelerator
facilities are being installed at WNRE for the radiation growth and
creep experiments to be mentioned later, and these will complement
accelerator installations at CRNL.

Electron microscopes and ion accelerators are also used
extensively to identify and measure the types and amounts of radia-
tion damage in solids. In favourable instances, electron microscope
techniques have been used at CRNL to yield high-magnification,



photographic images of the regular arrays of atoms in crystals as
well as lattice imperfections resulting from radiation effects.
Other techniques have been used to characterize special lattice
defects from observations made under selected image conditions.
Beams of ions from the accelerators complement microscope techniques
in ways to be described in more detail in the examples which
follow.

(a) Energy Loss Processes in Solids

A knowledge of how energetic ions and atoms lose energy is
required for two main reasons in radiation research: to predict the
amount of damage produced by particles to the orderly array of
lattice atoms - this damage being in the form of atomic displace-
ments and ionization - and to help plan and interpret experiments
requiring the use of ion beams.

A traditional experimental approach was to measure the
distance an ion travels before it loses its energy and comes to
rest, i.e. to measure its range. The ranges of ions of interest in
nuclear research are short, frequently only a few tens of atom
layers in a crystal, and therefore difficult to measure accurately.
An early method pioneered at CRNL involved the use of radioactive
tracer ions from an accelerator and an electrochemical method for
peeling away atom layers a few at a time. With the more recent
advent of detectors and spectrometers capable of measuring small
differences in ion energies, direct determinations of energy losses
by ions passing through thin foils of known thicknesses, or
scattered from surface and sub-surface layers are possible. A
comprehensive theory of the slowing down of fast particles in
solids is still lacking and stands as a challenge to theorists and
experimentalists alike.

Ions and atoms do not lose energy only by creating point
defects: some energy is lost in stripping away electrons from the
electron shells around the ions or atoms and this is being studied
by measurements of the X-rays produced as the electrons rearrange
in their shells about the atomic nuclei. At the surface, ions may
lose energy by ejecting or sputtering atoms from the solid and this
process is also the subject of both experimental and theoretical
research.

Energy loss measurements provide fundamental data for many
nuclear applications and find technological use as well, e.g. the
information needed to implant foreign atoms in semiconductors to
give precisely specified properties. Molecular ion beams, as
distinct from atomic ion beams, can be used to greatly increase the
local density of energy deposited, and in single crystal specimens
produce sufficient numbers of displaced atoms that the aggregate
damage can be visualized by both traditional electron microscopy
techniques and by the newer method of ion channeling.

(b) Ion Channeling

During the course of research on the range of ions, using



the combination of radiotracer and electrochemical sectionirj
techniques mentioned earlier, it was found that a small frajtion of
the ions penetrated much farther into the crystals than expected.
This discovery, made at CRNL in 1963, was simulated by computer
calculations made independently elsewhere at about the same time.
An intense investigation on several fronts quickly showed that the
very penetrating ions were moving through the open channels between
the strings of atoms forming the crystals under study (Figure 3).

INDIVIDUAL ATOMS
IN CRYSTAL

PATH OF POSITIVELY
CHARGED PARTICLE (ION)
PENETRATING A CHANNEL
IN THE LATTICE

Figure 3 An artist's impression of an ion moving through a channel
in a cubic crystal. The atorcs of the crystal are held in
an ordered array by the forces between them. The ion moves
from the left foreground to the distant background,
constrained by the rows of atoms forming the central
channel.

Unlike ions moving randomly through the crystal, the ions moving in
the channels are steered along the open directions by a series of
gentle, guiding encounters with the atoms forming the channel
boundaries. Ions moving relatively unimpeded through the channels
lose less energy per unit path length than those which move at
random through the crystal since the latter undergo violent,
energy-absorbing collisions. Hence, the channeled ions penetrate
further into the crystal.

The channeling process is a fascinating topic which has
been studied extensively in its own right but in addition it has



been applied in a number of related areas, including radiation
damage research with semiconductors and metals, surface studies and
surface analysis.

One of the first major applications of channeling was in the
semiconductor field. Most semiconductor devices are made from high
purity, single crystals (e.g. silicon) containing a few foreign,
dopant atoms at substitutional lattice sites in the crystals, to
give the desired electrical properties. One way to dope the
crystals is by injecting the desired atoms from an ion accelerator.
This gives good depth and lateral control but the atomic collision
cascades initiated by the implanted ions result in radiation
damage. An annealing process during or after doping is used to
restore the crystal structure.

Since the channeling phenomenon is very sensitive to crystal
perfection, it can be used to study the factors important in the
re" 'al of damage by the annealing process. Further, since it is
pob ble to separate signals from the crystal atoms and the foreign
atoms. quantitative information about the location, and changes in
the .location, of dopant atoms is obtainable. For such research a
carefully aligned and controlled beam of ions from an accelerator
is used to probe the crystal specimen, which can be rotated in any
direction, so that the beam can be directed along >'rystal channels
of different symmetry. Foreign atoms occupying interstitial posi-
tions, detectable with the channeled beam, are located by the
familiar process of triangulation (Figure 4). A similar approach is
used to study defects in metals, as discussed later.

SURFACE

Figure 4 Diagrammatic plan view representation of the principle of atom location
by triangulation using ion channeling. The solid circles represent a single layer
of crystal lattice sites occupied by host atoms; the X and 0 represent two different
interstitial sites; and the arrows, the directions of beams of ions enterinq the
crystal from the left. By the channeling process, the ions are constrained to the
regions between the rows of host atoms. Foreign atoms at the 0 site can be
detected by the ions in both beams; atoms at X can be detected only by the beam
perpendicular to the surface. Thus, the two sites can be differentiated. In practice,
the crystal is rotated in three dimensions in front of a stationary beam and
numerous channels can be probed.
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Atoms at the surface of a crystal are in a different
environment than those inside and the forces acting on them are
different. To minimize their energy, surface atoms in some crystals
may relax outward or rearrange themselves to a symmetry different
from that of atoms in the bulk: in extreme cases they may block the
entrances to channels. In other circumstances gas atoms may be
attached or adsorbed on surfaces. The changes in forces introduced
by the adsorbed atoms cause the surface atoms to rearrange so that
the structure is no longer that characteristic of a clean surface.
Such changes in surface structure are being investigated using the
channeling technique and, by an elegant refinement of the technique
the outward relaxation of the whole surface layer of atoms on
platinum crystals has been detected. The relaxation increases the
distance between the outermost and the second layer of atoms by a
few percent at most and in absolute terms relaxations less than one
ten billionth (lO""̂ 0") of a centimetre have been measured. There
is a great deal of scientific interest in surface structure research
and the practical ramifications are important in such fields as
catalysis. The channeling technique is being combined with other
advanced techniques at CRNL to investigate catalysts of the type
used for the separation of the isotopes of hydrogen (i.e. deuterium
and tritium) and the combination is giving information unobtainable
by any single method alone. In all this work an important role has
been played by extensive computer simulations of the phenomena.

Channeling and nuclear microanalysis techniques using ion
beams from accelerators are now applied extensively to the chemical
analysis of surfaces and thin layers and the literature abounds
with examples, including applications to nuclear materials, oxida-
tion, corrosion research and environmental studies. It is
interesting to note here that, as so often happens in scientific
research, new discoveries such as the channelling phenomenon have
opened new avenues for profitable investigation and lead to power-
ful techniques of wider application than were initially envisaged.

(c) Study of Crystal Lattice Defects

Just as the channeling technique has been used to determine
the location of foreign atoms in semiconductors, it has also been
applied with outstanding success to study defects in metals. By
introducing a foreign, solute atom into a host metal such as alumi-
num or zirconium, it has been possible to study the interaction of
a solute atom with host atoms occupying interstitial sites and with
vacancies. This has yielded quantitative information about point
defects such as the production rate of self-interstitial atoms by
irradiation, the mobility of such atoms, the efficiency of solute
atoms for trapping self-interstitials, the configuration of such
pairs and the thermal stability of such configurations. Results
of other experiments are consistent with vacancies surrounding
solute atoms in certain geometric configurations and may yield
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information about the early stages of void formation. The new
results from research on channeling in mecals confirm and extend
results obtained by other methods and are being followed with great
interest by the metal physics community.

At WNRE, the internal friction technique is being used to
study point defects in zirconium. This technique depends on very
precise measurements under controlled conditions of the damping of
oscillatory vibrations set up in a specimen. The results give
information about the interactions between point defects and dislo-
cations. For example, by varying the temperature in the region of
300°C, the strength of the interaction between oxygen or hydrogen
point defects with dislocations can be determined. These and other
related data are relevant to the mechanical properties of zirconium
alloys at reactor operating temperatures. At higher temperatures,
quantitative information about the mobility of vacancies and
dislocations is obtained, as required for the rigorous testing of
theories of metal creep and growth.

Several other techniques from the wide selection available
for the study of crystal defects have been used by AECL scientists.
One involves the measurement of the rate at which atoms diffuse
through the crystal lattice and the temperature dependence of the
diffusion rate. Radioactive tracers are used in such studies and
are particularly appropriate to ASCL laboratories where a variety
of tracers can be easily prepared. Another technique, currently at
an early stage of interpretation and understanding, but the focus
of wide attention for the promise it holds, depends on positron
annihilation measurements. A positron is the positive counterpart
of the familiar negatively charged electron. Positrons and electrons
are attracted to each other by their opposite charges and when they
collide both are annihilated and two gamma rays appear and are
emitted in opposite directions. Positrons are particularly useful
for exploring vacancies in metals because the electron concentration
at vacancies tends to be lower there than elsewhere in crystals and
so positron annihilation occurs less rapidly at vacancies. Explora-
tory work is in progress but it is too early to say whether this
new technique will improve current understanding of vacancy segrega-
tion, void formation and ultimately swelling of alloys.

In addition to the experimental studies of crystal defects
described above, theoretical methods have also been developed to
determine the atomistic configuration of point defects and disloca-
tions. Computer calculations are used to ascertain the precise
arrangement of individual atoms surrounding the defects. Using this
approach, fundamental parameters associated with the formation and
movement of crystal defects have been quantified. Such parameters
are required in the analysis of radiation damage and deformation
processes.
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d. Irradiation-Induced Creep and Growth

Any major dimensional changes in the materials forming the
fuel channels may lead to a variety of problems in a power reactor.
Thus, an increase in diameter of the pressure tube (diametral
creep) may reduce the fraction of the coolant which is forced
through the sub-channels in the fuel bundles, and thereby reduce
the efficiency with which heat is extracted. When combined with the
radiation-enhanced sag of the pressure tube under the weight of the
fuel there is a possibility that the pressure and calandria tubes
may touch after long periods of operation, resulting in loss of
heat from the coolant to the moderator and hence a decrease in the
thermal efficiency of the reactor. Enhanced sag of the whole fuel
channel might also lead to interference with other devices, such as
the control and shut-off rods which pass between the fuel channels
at right angles to them (see Figure I).

Because the crystal structure of zirconium alloys is aniso-
tropic (hexagonal) and because of the non-random distribution of
the orientations of the individual metal grains in the bulk tubing
(its "texture"), it is possible for the pressure tubes to show
length changes as well as diametral changes. Depending upon the
methods used to produce the tubes, which determine the texture of
the grains, the length may increase, decrease or remain unchanged.
Current methods of tube production result in tubes which get longer
in service. The length changes in themselves do not present
problems provided their magnitudes can be correctly predicted and
the various components of the reactor are properly sized to allow
for them; these predictions were not accurate enough in the early
stages of CANDU design, however, so that some of the first reactors
constructed will need to be partially retubed when the elongation
exceeds the design tolerances. Later reactors are designed with
larger tolerances; however, even here it is important that adjacent
tubes should not differ too much in their elongation rates. If all
tubes elongated at the same rate the problem would be easy to
accommodate in the design. However, tube-to-tube variations can be
large, and if such variations occur in adjacent tubes, then the
small clearances between adjacent feeder pipes (see Figure 1) could
lead to difficulties.

To obtain a sound scientific understanding of these phenomena,
one must first understand the manner in which the metal deforms in
the absence of irradiation. To achieve this, we developed (in asso-
ciation with the Instron Corporation, Boston, Mass.) the first
computer controlled mechanical test facility in use anywhere. This
has permitted testing under several modes of deformation (e.g.
true-stress rate, true-strain rate, etc.) with instantaneous change
between modes under full computer control. This equipment has
enabled us to learn much about the behaviour of extended defects
(e.g. dislocations) in zirconium alloys as revealed by the work
hardening behaviour. However, one cannot wait for a full understand-
ing of this behaviour before starting to look at the effects of
irradiation.
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We have already seen how the irradiation-produced point
defects may interact with the structure developed during tube
fabrication. The partitioning (bias-factors) of point defects to
the various sinks (such as grain boundaries, dislocations, etc.)
forms the fundamental basis for our understanding of irradiation-
induced creep and growth. For instance, a net excess of either
vacancies or interstitials arriving at a dislocation will permit it
to climb away from a barrier (e.g. a precipitate particle), and
then glide under the applied stress.

These topics have been extensively studied at both CRNL and
WNRE using a variety of techniques, with considerable success. One
has the choice of doing experiments in which a flux of fast neutrons
is used to produce the damage, or of entering the process at the
next stage by using a beam of heavy ions (similar in energy to the
atoms resulting from the initial collisions of fast neutrons with
lattice atoms). For the former type of experiment an apparatus is
required which can accurately control the temperature and stress on
a specimen in a high flux of fast neutrons, while accurately
measuring the dimensions of the specimen. Such an apparatus is
known as an "in-reactor creep rig" and the design and development
of such rigs has passed through many phases at AECL. An illustra-
tion cf one of these rigs is shown in Figure 5, together with an
example of the accuracy with which dimensional changes can be
measured during a transient (e.g. when the experimental reactor is
turned on or off).

To simulate fast neutron induced creep with an accelerator
as a source of heavy-ion beams (protons, which are hydrogen nuclei,
are often used), a very sophisticated rig for controlling the
temperature, stressing, and measuring the specimen is required. In
this instance, because of the very short ranges in metals of heavy
ions at the ion energies commonly available, a very thin specimen
must be used. Such equipment has been developed at WNRE, and a
typical rig of this type is shown in Figure 6.

Growth (dimensional changes in the absence of applied
stress) may be measured in a fast-neutron flux, where large samples
must be carefully controlled because of the small dimensional changes
being measured; or it may be simulated using heavy ions by a canti-
lever beam technique which takes advantage of the short range of
the bombarding species to provide the bending moment in the thin
specimen. Radiation damage experiments in the High Voltage Electron
Microscope (1 MeV) can provide basic evidence on the behaviour of
point defects, since they are produced individually during electron
irradiation, rather than in the cascades typical of fast-neutron
damage. Each type of experiment has its advantages and disadvanta-
ges, and it is a measure of the improvement in our understanding of
irradiation creep and growth phenomena that good agreement between
the results of the various experiments has been obtained.

An important aspect in developing this understanding depends
on a comparison between experimental results and mathematical
predictions. Our present knowledge of the mechanism of these
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irradiation effects is embodied in a series of computer programmes
developed at both CRNL and WNRE, which have required a major input
of fundamental research in their development. These start with
models which predict the rate of production of point defects, and
the number which survive immediate recombination or annihilation.
The next stage of the process is to calculate the manner in which
the remaining point defects are partitioned between the different
sinks in the structure. Prom the rates of arrival at the different
sinks, changes in (e.g.) the dislocation velocity are calculated
and from this a change in creep rate is calculated. The calculated
and observed changes in creep rate following some transient change
in the conditions of the experiment can then be compared. The
closeness of prediction and experiment is improved iteratively as
our knowledge and understanding increases. The creep and growth
behaviour of the collection of fuel channels, which constitute a
CANDU reactor, are then summed using our ACCORD computer programme
(one of the major successes of the basic research programme) to
predict the stresses and deformations that will occur in the
reactor structure (Figure 7).

« 12

0 UNIT I

• UNIT 2

10 20 30
TIME (h)

50110 3

Figure 7 ACCORD predictions of the apparent (solid line) and true
(dashed line) elongations of the group of pressure tubes
in the peak flux positions of Pickering Generating
Station Reactors 1 and 2, compared with actual measure-
ments. (The error bars are ± two standard deviations.)
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3. SURFACE PHENOMENA; CORROSION

The corrosion of zirconium alloys in high temperature water,
and other environments likely to be met with in CANDU (and other)
reactors can be divided into two distinct areas. The first is that
of general oxidation; i.e. the loss of metal by its tendency to
revert to its natural state as zirconium oxide. A major increase
in the rate of wall thinning of pressure tubes or fuel cladding
under irradiation could lead to problems over the life of the
reactor. If this wall thinning were to occur locally, because the
normally uniform oxidation process became irregular, and gave local
penetration by oxide, it would be equally unwelcome. It would be
important to understand the conditions under which such localized
oxidation could occur, so as to avoid them. The second distinct
area embraces those environmental cracking phenomena, such as
stress corrosion cracking, whereby the ability of a component to
sustain a load, or to contain its environment (e.g. high temperature
water for a pressure tube, or fission products for fuel cladding),
is destroyed with little or no wastage of tne metal itself. An
understanding of the phenomena involved in both these areas is
needed to ensure that unexpected failures of reactor components
will not occur.

(a) Oxidation

Zirconium alloys thermodynamically prefer to exist as their
oxides. The oxide which forms, however, makes a very good barrier
to further oxidation, so that complete oxidation is prevented, and
a steady but acceptably slow growth of the oxide normally occurs.
The oxidation process is effected by the diffusion of oxygen ions
(the most mobile ionic species) from the oxide-environment inter-
face towards the metal, and of a counterbalancing electron current
in the opposite direction. An electric field is generated across
the oxide which modifies these two diffusion currents to ensure
that they are equal and opposite and that electrical neutrality is
maintained.

It was established very early in the development of nuclear
reactors that, in the absence of irradiation, zirconium alloys had
the best resistance to water of the available low neutron capture
cross-section metals (Be,Mg,Al,Zr), at the expected reactor
temperatures of 300-350°C. The oxidation rates at these tempera-
tures were quite acceptable for many years of exposure. Early
experience of zirconium elloys in-reactor showed that in the
presence of recoiling fission fragments the oxidation rate could be
accelerated by several orders of magnitude, and could become
unacceptably high. It was expected that similar but smaller
acceleration of the oxidation rate could result from fast-neutron
irradiation, and much effort was expended on demonstrating first
the existence of such an effect, and subsequently its magnitude and
the factors controlling it. In the event, it appeared that the
water chemistry of the reactor was an important factor in producing
this irradiation enhanced oxidation, and that "oxidizing conditions"
caused by the presence of dissolved oxygen gave the biggest effect.
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If hydrogen was added to the water then the effect of fast neutron
irradiation was much diminished, and oxidation rates were increased
by only a small factor over those measured in the absence of irra-
diation. CANDU power reactors operate with hydrogen added to the
coolant, and, as a result of our understanding of these processes,
it is now reasonably certain that the oxidation rates of neither
fuel cladding nor pressure tubes will represent a problem over the
lifetime of the reactor.

Although the uniform oxidation rates represent no apparent
problem, there are conditions under which non-uniform oxide growth
can occur. One of these is the occurrence of "nodular" corrosion
(Figure 8) when the coolant is allowed to boil, with the net effect

SPECIMEN MOUNTING
MATERIAL

UNIFORM OXIDE
THICKNESS

ONE - TENTH
OF THE TOTAL
CLADDING
THICKNESS

OUTER SURFACE
OF CLADDING

\

Figure 8 Nodular corrosion of Zircaloy fuel cladding in a BWR
environment, showing the added penetration resulting
from the localized nature of the oxidation process.

of generating oxygen radiolytically. The greatest depth of penetra-
tion of these nodules into the base metal which has so far been
observed is 0.3 mm, and if extrapolated to the lifetime of a
reactor, could represent a problem for pressure tubes if it were to
occur. Because only small hydrogen additions are made to CANDU
reactor coolants, and because extensive boiling occurs in the
central channels of Bruce reactors at full power, it is not certain
that nodular corrosion can be completely ruled out for these
reactors. A measure of confidence is given by the apparent immunity
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to nodular corrosion of the Zr-2.5% Nb alloy, used for the Bruce
reactor pressure tubes, but it has been considered wise to study
this phenomenon with a view to getting a better understanding of
the factors controlling it.

A further additive to the coolant of CANDU reactors is
lithium hydroxide, which controls the alkalinity of the water to
minimize the transport and activation of corrosion products from
parts of the coolant circuit outside the calandria. Severe oxidacron
can occur as a result of LiOH concentration, in crevices, such as
exist (temporarily) between the bearing pad of a fuel bundle and
the area of pressure tube on which it sits. We are studying the
mechanism by which this enhancement of oxidation by LiOH occurs, in
the hope that an understanding of the effect will suggest means of
minimizing the local oxidation which may occur if a bundle remains
stationary for a long period of time.

(b) Environmentally Induced Cracking

When metals are highly stressed in the presence of chemical-
ly active species it is possible for a crack to initiate and
propagate through the material v/ith little or no chemical destruc-
tion of metal. Such cracks have been the cause of leaking fuel
elements, as a result of stress corrosion of the cladding by
reactive fission products migrating from the fuel, and of leaking
pressure tubes, as a result of reorientation of zirconium hydride
precipitates and migration of hydrogen to highly stressed regions
of the tube. Iodine is thought to be the most probable cause of
the stress corrosion cracking of fuel cladding, with cesium and
cadmium as possible additional contributors. In the pressure tubes,
hydrogen already present, or absorbed as a result of the oxidation
process, was identified as the cause. The mechanisms of these two
processes, and of environmental cracking processes in zirconium
alloys in general, have been studied to provide support for solving
the two problems, and to provide some assurance that we can avoid
future problems of this nature by being able to predict when and
where they will occur. As a result of this work we have been able
(a) to warn against the perils of contaminating highly stressed
components with human perspiration; (b) to elucidate the part
played by precipitates (e.g. hydride platelets) in initiating
stress corrosion cracking; and (c) to obtain an assurance that
hydrogen will not migrate rapidly over large distances to initiate
hydride cracking.

4. CONCLUSIONS

The research programmes just described do not stand alone.
The emphasis on radiation effects and zirconium alloys is prominent
in the programmes of other leading nuclear energy research centres
around the world and forms an important part of the field of
materials science. The stress placed on understanding fundamental
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mechanisms and advanced techniques for studying the influence of
microscopic structure on materials properties is common throughout
the materials science community in the universities and industry,
both in Canada and elsewhere. The community receives the results
of our research through the formal channels of the international
scientific journals and conferences as well as a well-developed
network of informal channels. AECL scientists assist the journals
by serving on editorial boards and by reviewing papers. AECL
regularly sponsors meetings of specialists on topics related to
AECL materials science programmes; two examples from 1979 are the
conference on radiation-induced creep and growth held at CRNL and
the conference on "Atomic Collisions in Solids" held in Hamilton,
co-sponsored with McMaster University. The authority of AECL is
widely recognized in the materials science community and has been
publicly acknowledged by awards by international scientific
associations.

In summary, the AECL programmes of underlying research on
radiation effects and surface phenomena contribute to the body of
knowledge shared by the world community of materials scientists.
This knowledge, coupled with AECL research programmes and the
expertise of the staff, support the CANDU reactor system, provide
the understanding needed to deal with problems which may eventually
arise from long-term reactor operation, and form a materials
science base for the advanced systems of the future, such as fusion
and spallation-breeders.
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