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LE ROLE DE LA FORTE CONCENTRATION DE DEFORMATION
DANS LA RUPTURE DU METAL DE TUBES DE FORCE IRRADIE

par

R. Dutton

RESUME

Dans le present rapport, on examine les phenomenes conduisant a
la forte concentration de deformation dans les eilliages de zirconium et on
fait surtout allusion au role que joue la formation de bandes de cisaille-
ment dans les processus de rupture. On met en relief la grande influence
de la deformation plastique en general sur les mecanismes de rupture. II
faut s'y attendre lorsque la technique d'analyse choisie est la mecanique
de rupture elastoplastique.

II est evident que les caracteristiques intensement non homogenes
de la forte concentration de deformation provoque un brusque changement
d'orientation au cours de l'evolution de la deformation et conduit a l'ins-
tabilite plastique associee au comportement intrinseque du metal (par ex.
le ramollissement du au travail mecanique) ou d'origine geometrique (par
ex. le retrecissement local). On examine ces deux effets en rapport avec
les parametres de deformation mesurables tels que la sensibilite a la vi-
tesse de durcissement du au travail mecanique et a la vitesse de deforma-
tion qui regissent le degre de resistance a 1'instability plastique. On
accorde une attention particuliere a l'effet modificateur de l'irradiation
sur ces quantites et on examine la bibliographie appropriee se rapportant
au zircaloy et au melange de Zr-2,5% Nb. On laisse supposer que la forte
concentration de deformation contribue dans une grande mesure a la reduc-
tion de la resistance a la rupture avec la fluence observee dans les tubes
de force de melange Zr-2,5% Nb ecroui installes dans les teacteurs CANDU©
actuels.

La forte concentration de deformation dans le metal irradie est
habituellement declenchee par la formation de chemisements isoles sans
dislocations. Ces acheminements sont formes par l'ecoulement plastique
local qui produit les dislocations locales de deformation, lesquelles sup-
priment les defauts de degats d'irradiation de voies lineaires distinctes.
L'elimination, de cette maniere, des obstacles aux dislocations entraine
une deformation intense dans ces acheminements dans des conditions de
ramollissement du au travail mecanique - ce qui produit une instability
plastique. Cette situation s'exacerbe generalement par la sensibilite a la
vitesse reduite de deformation due au vieillissement par les contraintes
d'ecrouissage dynamiques. La presence d'oxygene (et probablement d'autres
impuretes interstitielles) est la cause de ce dernier. En fait, on cons-
tate que l'oxygene joue un role crucial dans les proprietes de deformation
du zirconium non irradie et irradie. Outre l'apport de la resistance suf-
fisante a la traction, en particulier aux temperatures de service du



réacteur où le palier athermique de la contrainte de fluage plastique est
élevé, le vieillissement par les contraintes d'écrouissage, dû à l'oxygène,
semble contribuer à la forte concentration de déformation et réduction de
la ductilité (ou, simultanément, à la résistance à la rupture). On doit
dissiper certains doutes quant aux mécanismes précis.

La plupart des renseignements actuels sur la forte concentration
de déformation et réduction de ductilité se limitent aux zircaloys. On
recommande donc un programme combiné expérimental-théorique pour caractéri-
ser ces processus se produisant dans le mélange de Zr-2,5# Nb écroui irra-
dié constituant le métal des tubes de force.

Enfin, on examine la relation entre les propriétés de déformation
(déterminées à partir des essais de traction après irradiation) et le com-
portement sous rupture (déterminé à partir des courbes de résistance J des
éprouvettes de traction compactes). On attire surtout l'attention sur
l'intervalle de vitesse de déformation dont on se sert lors des essais en
laboratoire. On pense que la dépendance des mécanismes de déformation
vis-à-vis de la vitesse de déformation intrinsèque pourrait expliquer le
fait que la résistance à la rupture (et donc les longueurs de fissuration
critique prédites) pourraient être plus grandes dans les essais de rupture
(vitesse de déformation élevée) qu'elles ne le sont dans les essais sur
petits échantillons (vitesse de déformation faible).

Les travaux signalés dans ce document ont été financés dans le
cadre du programme de RD de COG: Groupe de travail №31
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ABSTRACT

This report reviews those phenomena that lead to strain localization
in zirconium alloys, with particular reference to the role played by the
formation of shear bands in fracture processes. The important influence of
plastic deformation, in general, on fracture mechanisms is emphasized. This
is to be expected when elastic-plastic fracture mechanics is the chosen
analytical technique.

It is evident that the intensely inhomogeneous characteristics of
strain localization cause an abrupt bifurcation in the evolution of
deformation strain and lead to plastic instability linked with intrinsic
material behaviour (e.g., work softening) or of geometric origin (e.g.,
localized necking). Both of these effects are discussed in relation to
measurable deformation parameters, such as the work hardening rate and strain
rate sensitivity, which determine the degree of resistance to plastic
instability. The modifying effect of irradiation on these quantities is
given specific attention, the appropriate literature pertaining to Zircaloy
and Zr-2.5% Nb being reviewed. It is suggested that strain localization
contributes significantly to the reduction in fracture toughness with
fluence, observed in cold-worked Zr-2.5^ Nb pressure tubes used in current
CANDU® reactors.

Strain localization is usually triggered in irradiated material by
the initiation of isolated dislocation-free channels. These are formed by
localized yielding producing deformation dislocations, which annihilate the
irradiation damage defects in distinct linear swaths. The removal of
dislocation obstacles in this manner results in intense deformation within
these channels, under conditions of work softening, giving rise to plastic
instability. This situation is usually exacerbated by the reduced strain
rate sensitivity due to dynamic strain ageing. The presence of oxygen (and
probably other interstitial impurities) is responsible for the latter. In
fact, oxygen is seen to play a crucial role in the deformation properties of
both unirradiated and irradiated zirconium. Apart from conferring adequate
tensile strength, particularly at reactor operating temperatures where there
is an elevated athermal plateau in the flow stress, oxygen-induced strain
ageing appears to contribute to strain localization and the reduction in
ductility (or, concomitantly, fracture toughness). Some uncertainties in the
precise mechanisms involved need to be resolved.



Most of the current Information on strain localization and reduced
ductility is confined to the Zircaloys. Therefore, recommendations are made
for a combined experimental and theoretical program to characterize these
processes in irradiated cold-worked Zr-2.5% Nb pressure tube material.

Finally, the relationship between the deformation properties (as
determined from post-irradiation tensile testing) and the fracture behaviour
(as determined from the J-resistance curves of compact tension specimens) is
discussed. In particular, attention is drawn to the strain rate range which
is used in laboratory testing. It is suggested that the intrinsic strain
rate dependency of the deformation mechanisms may explain the fact that
fracture toughness (and therefore the predicted critical crack lengths) may
be higher in burst tests (high strain rates) than in small-specimen tests
(low strain rates).

The work reported in this document was funded by COG R&D Program:
Working Party No. 31, VPIR No. 6529.
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1. INTRODUCTION

Following the successful development of small specimen techniques to
quantify the fracture behaviour of pressure tube material [1,2], it has been
shown that the fracture toughness of Zr-2.5% Nb is significantly reduced by
irradiation [3]. Thus, based on the J-integral crack resistance curves, the
critical crack length of production pressure tubes decreases with neutron
fluence, as shown in Figure 1. Because of the impact of this on the leak-
before-break criterion, the cause of irradiation-induced embrittlement is
being investigated.

The fact that the fracture properties are restored after a suitable
heat treatment (at annealing temperatures known to effect recovery of the
irradiation-induced microstructure) [4] demonstrates that the reduction in
fracture toughness is a result of neutron irradiation per se, as opposed,
say, to the irreversible embrittlement due to hydrogen pickup. The trend in
Figure 1, including the lack of influence of hydrides, is in remarkable
agreement with the data of Bement [5] for the reduction in ductility of
Zircaloy-2 (his Figures 25 and 26). Although considerable progress has been
made in the past several years in the understanding of the mechanisms by
which neutron irradiation modifies the microstructure and properties of
materials, there are still unresolved questions that impair our ability to
predict the behaviour of pressure tubes under service conditions. Whereas we
have assembled a great deal of knowledge about the effect of irradiation on
the deformation of fuel channel materials [6], the mechanisms of irradiation-
induced deterioration of fracture properties are largely unknown. This is
partly due to the general lack of a quantitative model that relates crack
propagation to the microstructural state of any alloy system. However, we
should be encouraged by the fact that the fracture process is largely
controlled by micro-plasticity operating within the crack-tip plastic zone.
This is true even in the case of irradiated material, where the actual
fracture process is ductile in nature, being characterized by plastic void
formation [7J. Fortunately, our knowledge of plastic deformation mechanisms,
including the effect of irradiation, should provide a good basis for making
progress in this area. This report examines some features of the fracture of
irradiated zirconium alloys in this light. In the case of zirconium, it will
be apparent that most of the fracture related information in the literature
applies to tests performed on simple tensile specimens and largely confined
to the Zircaloys. In contrast, the Canadian program is unusual in that it
has employed an elastic-plastic fracture mechanics methodology, using pre-
cracked compact tension specimens, and the current emphasis is on cold-worked
Zr-2.5% Nb.

2. THE PHENOMENON OF STRAIN LOCALIZATION

In a recent paper by Chow and Simpson [7], some interesting
observations were reported on the micromechanisms of crack growth in
irradiated Zr-2.5% Nb pressure tube material. Using compact tension



specimens, it was determined (as shown in Figure 2) that not only was the
crack growth resistance (slope of the J-integral resistance-Jp-curve)
decreased compared with unirradiated material, but the J,,-curve was
characterized by three distinct, stages. Optical and electron microscopy
showed that these stages could be correlated with the evolution of a
characteristic plastic zone morphology and associated fractographic features
on the flat fracture surfaces and bounding shear lips.

The manifestation of the plastic zone on the free surface of the
specimens is depicted schematically in Figure 3. This shows that, whereas
relatively uniform plastic deformation characterizes the plastic zone of
unirradiated material, plasticity in the irradiated material is
inhomogeneous, being confined to narrow bands, initially orientated at an
obtuse angle of about 120° to the crack, tip. This localization of the strain
was maintained as the plastic zone grew in size, although the deformation
bands propagated in a direction parallel to the crack. This distinctive
localization of the plastic strain is obviously characteristic of the
irradiated material. It is also noted that the fractographic features (the
formation of reduced sized voids) associated with the shear lips also typify
the existence of such strain localization.

These observations suggest that a route to explaining the decreased
fracture toughness in irradiated material may be found in examination of the
strain localization behaviour. It is instructive to outline first the
general features of a number of strain localization phenomena, all of which
have some bearing on the micromechanisms of fracture and some of which are
synergistically related. These can be characterized into two groups, as
follows:

2.1 INSTABILITY DUE TO NECKING

The most obvious instability leading to eventual fracture is the
formation of geometrical necking. As shown in Figure 4, this can occur in a
simple tensile specimen, or in the interlinking ligaments that separate the
ductile micro-voids produced ahead of the crack tip (within the plastic zone)
of a compact tension specimen. Following nucleation, the voids eventually
coalesce by plastic growth and ligament necking (micro-necking) to create the
opposing fracture surfaces (viewed as dimples in the fractograph).

The formation of a neck represents a state of plastic instability
because the reduction in cross-sectional area results in an increase in the
tensile stress, which increases the plastic strain, in an accelerating
positive feedback manner. Consequently, following the initiation of necking,
further plastic strain is confined exclusively to the neck region, hence this
being an example of strain localization. In addition, the strain rate in the
plastic zone is increased in an accelerating fashion. This means that a
resistance to neck formation (and hence the associated strain localization)
is conferred by the characteristic of a metal that the flow stress
(resistance to plastic flow), a, generally increases with strain rate, e.
This is quantified by the parameter m, termed the strain rate sensitivity,
where m = d lna/d lne (i.e., a a e m). When m is high, the material is
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resistant to neck formation and the strain to fracture Is high, i.e., the
material is ductile and generally shows a high fracture toughness. In fact,
superplastic materials, where uniform strains greater than 100% can be
sustained, are characterized by high values of m (0.5 to 1.0; note that m = 1
denotes visco-elastlc behaviour).

It transpires that over a certain temperature range (of interest to
our considerations, i.e., - 570 K), zirconium alloys show a low value of m,
of the order of 0.02 over the temperature range 570 to 620 K [8-12], even
reaching negative values under some circumstances [8,12,13]. The situation
is depicted schematically in Figure 5. The plot of the flow stress as a
function of temperature displays an athermal plateau, which shifts to a
higher temperature when the strain rate is increased. As can be seen, the
result is a decrease in strain rate sensitivity over this athermal range.
This is the basis of the explanation offered for the ductility minimum in
unirradiated zirconium [8-10] and Zircaloy [8,14] tensile specimens at about
620 K. A compilation of the Canadian data on annealed and cold-worked
Zircaloy-2, and heat-treated and cold-worked Zr-2.5% Nb [15], similarly shows
the presence of the athermal plateau in these alloys, plus the associated
reduction in elongation. Titanium also shows parallel behaviour, as
discussed in the comprehensive review of Conrad [16].

As shown in Figure 5, the athermal plateau is a result of a
component asol being added to the normal flow stress, o, to give ototal. The
component asol is the solute strengthening component due to dynamic strain
ageing [8-14,16], usually by means of oxygen migration to the mobile
dislocations. Later in this report, we make further reference to the role of
oxygen in pinning dislocations and increasing the flow stress.

Coleman [17] made a detailed study of neck formation in Zircaloy-2
tensile specimens at 570 to 670 K (this work was later extended to Zr-2.52! Nb
[18]), with respect to the strain rate sensitivity. Rather than using m, the
steady-state power law creep exponent, p, was used. If distinctions between
stress/strain rate relationships during primary and secondary creep are
ignored, then m = 1/p. The values for p during out-reactor (i.e., thermal)
conditions can be as high as 30 (m = 0.03), which would suggest a reasonably
high proclivity for necking and therefore low ductility. However, under in-
reactor conditions at low strain rates, p approaches 1.0, which would favour
very high ductility. Such conditions do not apply to catastrophic fracture,
where the strain rates associated with crack propagation are extremely high,
such that p would be high (= 100) and m values of - 0.02, as referred to
above, would apply. Indeed, such values for m were found by Coleman et al.
[19] in irradiated Zircaloy-4 (see also Section 4). These workers pointed
out that the m values, and the general deformation processes involved in
fracture, would be typical of those pertaining to unirradiated material
because of the removal of irradiation-induced obstacles in the early stages
of plastic flow. This is the process of dislocation channeling, discussed
further in Section 2.2.2.

The effect of anisotropy on neck formation in several zirconium
alloys, subjected to a variety of thermomechanical treatments, was
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investigated by Ells and Cheadle [20]. Localized necking was followed by
fracture that occurred at a specific angle to the tensile axis of the sheet
specimens. This angle was related to the texture, metallurgical conditions
and deformation mode (slip or twinning) of the material.

It is commonly observed that the formation and growth of micro-voids
is favoured in the necked region of a tensile specimen. This is due to the
fact that there is a significant hydrostatic tensile stress component present
within this area of strain localization, arising from the curvature of the
neck profile. As the plastic deformation of a material containing voids is
dilatational (i.e., an increase in volume), the triaxial stress state
promotes the further development of the voids. The same is true of the zone
ahead of a crack, where a triaxial tension state is present.

2.2 INSTABILITY DUE TO WORK SOFTENING

In addition to the strain rate sensitivity parameter, the
deformational stability (and hence strain to fracture) is affected by the
work hardening rate, dcr/de, usually characterized by the work hardening
exponent, n, in the constitutive equation a = Aenem, where A is a constant.
When the work hardening rate, or n, is high, the local deformation associated
with necking causes a significant increase in the flow stress, thus resisting
further neck formation. Within the athermal plateau region of the flow
stress, n increases to a maximum [11,12], this being characteristic of
dynamic strain ageing. This offsets, but does not eliminate, the effect of
the concomitant decrease in m, i.e., plastic instability is not prevented.

A particular extreme of plastic instability occurs in circumstances
where the work hardening rate is negative, i.e., work softening is occurring.
The usual manifestation of the phenomenon is represented in Figure 6. This
shows the classical stress-strain curve of a material that has a distinct
upper (<?„) and lower (aL) yield point. When ov is reached, work softening
sets in and the flow stress drops to oh. Typically, the initial yielding
occurs in an isolated region of the specimen, at a stress concentrator, such
as the shoulder of a tensile specimen, or the crack tip of a compact tension
specimen. The flow stress in this location is immediately lowered, compared
to the bulk of the (unyielded) specimen. The strain rate is very high in
this region, which propagates to form a narrow deformation band right across
the specimen, usually orientated at atoui. 45° to the stress axis. (In
actuality, an analysis of deformation band formation, including kinematic
effects, shows that for isotropic materials this angle is closer to 35" or
51°, depending on the yield condition - von Mises or Tresca - assumed [21].)
This deformation band is an area of intense strain localization. Plastic
flow is often promoted by the fact that the strain rate sensitivity (m) is
usually low in such materials. After a large amount of localized plastic
strain has occurred, sufficient work hardening takes place so that the
deformation band spreads along the specimen, or new shear bands are
nucleated, until the specimen is undergoing uniform deformation. Note that
this form of strain localization is due to "material" instability rather than
the "geometrical" instability associated with necking (Section 2.1), although
the two phenomena are usually synergistic.
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The general understanding of plastic instability associated with
shear band formation has been summarized by Rice [22]. He surveyed the
phenomenology of plastic instability in metallic, polymeric and geological
systems, including geometrical effects (e.g., necking) and material effects
(e.g., work softening). It is apparent that the conditions for localization
relate closely to subtle and not well-understood features of the constitutive
description of plastic flow. Localization is favoured by low rates of work
hardening, but the issue of how low, whether strain softening is required and
the role of initiating imperfections, are not well understood. He reviewed
the overall theoretical approaches to the phenomena, restricted to materials
that are not strain rate sensitive. Examples of more detailed analyses are
represented by the work of Hill and Hutchinson [23]. The onset of the
instability in this highly nonlinear state is marked by the ratio of the rate
of deformation within the shear band, to that outside it, rising rapidly to
infinity at the point of localization. This condition is termed a plastic
localization bifurcation. Rice and Rudnicki have shown [24] that elastic
unloading (under kinematic conditions) of the material outside the band can
occur, causing the deformation within the band to become intensely localized.

There are three mechanisms, of interest to us, that can cause work
softening and lead to such localized strain, as follows:

2.2.1 Solute Pinning

Solutes (usually interstitial impurity atoms) can migrate to
dislocations (the phenomenon of strain ageing), increasing their resistance
to glide (i.e., "pinning" them). The stress required to mobilize these
dislocations will be ov (Figure 6). As soon as they move away from the
stationary solute pins, they are able to glide at the lower flow stress, aL.
This highly unstable situation often causes an avalanche of mobile
dislocations to propagate as a deformation band, across the width of the
specimen.*

The most typical example of this form of shear localization
(bifurcation) is found in mild steel. The solute pinners are carbon and
nitrogen. The deformation band is called a "Luders" band, whose formation is
signalled by a pronounced upper/lower yield point behaviour. Likewise, in
zirconium alloys (and titanium [16]), oxygen interstitials are effective
dislocation pinners and can give rise to a distinct yield point (the

* To be precise, the classical dislocation unpinning concept has been
overemphasized in the explanation of the yield point and deformation band
formation. The crucial role of pinning is to decrease the initial number
of mobile dislocations. The yield drop is then a consequence of these few
dislocations operating as efficient sources for further deformation, as
opposed to the gross unpinning of the total dislocation population. Such
behaviour is characteristic of body-centered-cubic metals because of the
ease of dislocation multiplication and the relative stress independence of
the dislocation velocity [25]. A discussion of the dislocation dynamics
explanation of yield point phenomena in zirconium has been given by
Weinstein [26].
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detection of which is favoured by a "hard" tensile machine) in high-oxygen-
content material at high strain rates, from cryogenic temperatures to 770 K
[12,13,26,27]. However, the yield point phenomenon depends on texture and is
more pronounced in lower-grain-size material [26,28] (although more generally
observed in incremental stress or strain rate change experiments [10]),
similar to steels (dislocation pile-ups at grain boundaries promotes the
deformation avalanche effect). In addition, it has been shown that the
presence of hydrogen reduces the yield point effect, probably due to the
hydrides providing a homogeneous distribution of deformation nucleation sites
[28], It is clear that the magnitude of the yield point behaviour is much
less than in steels and Luders band formation has not been reported [26],
other than the similar appearance of localized bands of recrystallization due
to adiabatic heating [27]. This is probably due to the fact that the pinning
strength of oxygen in zirconium is relatively low [10,12] and, more
importantly, efficient dislocation multiplication processes are not as
prevalent as the body-centered-cubic metals [see footnote, p. 5].

The phenomenon! of static strain ageing can be demonstrated by
intermediate annealing in an interrupted tensile test. This has been
investigated by following the processing path shown in Figure 6(b) [11,12].
Following yielding and a period of work hardening, the specimen is unloaded
and heat-treated (at ~ 570 K). On resuming the test, the yield point
behaviour returns and the flow stress (both upper and lower yield point) is
greater than that before the annealing treatment. The degree of
strengthening is dependent on annealing time and temperature, and oxygen
content. The unpinned dislocations have been repinned by diffusing oxygen
during the ageing treatment. This is the classic demonstration of static
strain ageing, well known in steels.

Of more significance is the effect of oxygen in causing dynamic
strain ageing and giving rise to necking instability, as described in
Section 2.1. In this case, the diffusional mobility of the oxygen pins is
sufficient to keep pace with the moving dislocations during plastic
deformation.* The resulting dragging effect is to add a strongly temperature
dependent contribution to the flow stress (see Figure 5). In addition,
oxygen pinning can cause an increase of the flow stress that occurs in
irradiated zirconium alloys following an annealing treatment. This so-called
radiation anneal hardening plays an important role in strain localization and
associated reduction in ductility, as discussed in greater detail in Section
3.

2.2.2 Dislocation Channeling

The existence of yield drop (work softening) phenomena (including
"jerky" flow) and the formation of Luders bands (strain localization) is
commonly observed in tensile tests performed on irradiated zirconium alloys
particularly at higher temperatures [5,19,29-31]. Final fracture usually
occurs along these intense shear bands [5,32,33]. Their origin is found in
the dislocation channeling mechanism. Such localized shear has occasionally

* Further discussion of the pinning mechanism of oxygen under strain ageing
conditions will be found in Sections 3 and 5.



7

been observed in material undergoing creep deformation in reactor at
relatively high stresses (34].

Radiation damage results in the formation of a high density of
obstacles to plastic flow, in the form of defect clusters and dislocation
loops. As a consequence, the flow stress is significantly elevated. During
a post-irradiation tensile test, in an analogous manner to the solute pinning
phenomenon in Section 2.2.1, plastic yielding will be initiated at some
isolated location. The mobile dislocations encounter the defect cluster
obstacles and annihilate them. This occurs 'y the point defects (vacancies
and self interstitials), which make up the obstacles being absorbed by the
gliding dislocation. A specific mechanism for the annihilation of a
dislocation loop has been proposed by Foreman and Sharp [35]. This is a
diffusionless process, involving only conservative dislocation slip, and
therefore is operable at low temperatures - observed to occur at 4.2 K in
copper [36]. (Note that dislocation channeling does not remove dislocations
that were present before irradiation, for example, those produced by prior
cold working [19].) As these obstacles are removed, the local flow stress is
immediately lowered, causing an avalanche of instability that clears out an
obstacle-free swath (or channel) in the damaged microstructure. An example
is shown in Figure 7. A deformation band at 45° to the tensile axi.s is the
result. The subsequent deformation behaviour within the bands will be
similar to unirradiated material and may be characterized by dynamic strain
ageing and low m values, as discussed above.

A computer simulation was used by Arsenault [37] to examine the
dynamics of dislocation movement during the formation of a dislocation
channel, under varying conditions of obstacle removal efficiency. Following
the emission of several dislocations at a source (the rate-controlling step),
a dynamic pile-up forms, moving at the sound velocity, allowing an individual
channel to form at extremely high strain rates in microseconds (the
macroscopic strain rate of the specimen, of course, is governed by the rate
of dislocation channel nucleatlon). Despite this fast kinetics, the process
can still be thermally activated, i.e., promoted by higher temperatures. The
passage of several thousand dislocations (corresponding to two or three on
each slip plane) forms the slip step where the channel intersects the
surface. These slip steps (and the associated channels) have been observed
in great detail in copper single crystals, using an ingenious electron
microscopy technique [38]. The channels were about 0.15 fim wide, with a
maximum strain of ~ 7 at the centre. The width of the channel was limited by
the ability of dislocations to cross slip to create sources on parallel slip
planes. The range of widths is quite small, cross slip being limited by the
characteristic pile-up strength and density of irradiation-induced obstacles
[39]. Channel width increases with stress and temperature, and decreases
with fluence; it is independent of macroscopic strain rate. Once the channel
has fully developed and deformation ceased (because of subsequent work
hardening) a new one will be nucleated in its immediate vicinity, probably
caused by stresses originating from lattice rotation. As a result, a cluster
of dislocation channels will be developed and this constitutes the shear, or
Luders band, with an overall width of about 1 mm.
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A detailed study of dislocation channels and the resulting shear
bands in neutron-irradiated Zircaloy-2, tensile-tested at 523 K, was
conducted by Rosenbaum et al. [331- It was found that the formation of shear
bands was strongly dependent on crystallographic texture and stress state,
reflecting the slip systems available in zirconium. Whereas a 45° shear band
was sharply confined to a narrow plane traversing the tensile specimen,
individual slip lines ("corresponding to the dislocation channels) in each
grain changed their orientation across the grain boundary, conforming to the
crystallographic geometry. Each slip line was about 0.1 /zm thick (similar to
those produce in copper single crystals), with an estimated shear strain of
~ 6 and corresponded to the passage of about 10? dislocations, this number
being high enough to produce a sufficient pile-jp stress at the grain
boundaries to propagate slip in adjacent grains (similar to Luders band
propagation in steels). Such slip was also accompanied by intense twinning
in the plane stress regions of specimens tested under plane strain tension
(side-grooved tensile specimens). As deformation progressed in the shear
band, work, softening was followed by work hardening, which became sufficient
to suppress further slip and cause a new shear band to form elsewhere. The
work hardening rate was higher if two sets of shear bands intersected: the
point of intersection was often the site for fracture initiation.

Dislocation channeling is a striking feature of deformation in
irradiated zirconium alloys (and other metals [40]). Their formation can
have an important influence on fracture properties, by means of strain
localization effects, and will be a major theme in this report.

2.2.3 Ductile Void Formation

Berg [41] introduced the concept of strain softening due to the
presence of voids. He termed this dilatational strain softening, recognizing
the increasing volume fraction of voids as they grow during the plastic
deformation. In this case, the strain hardening of the material per se is
offset by the reduction in the flow stress produced by the increasing
porosity during void evolution. Berg envisioned the formation of a strain
localization bifurcation shown in Figure 8: he termed it a dilatational
band. The band consists of a layer of micro-voids, which, because of its
strain softening characteristic, produces a zone of shear localization. The
fact that void growth occurs by means of plastic deformation introduces a
positive feedback, which results in rapid void coalescence and ensuing
fracture.

The ductile fracture process resulting from the Berg model was
analyzed theoretically by Yamamoto [42], based on an elastic-plastic
constitutive rate formulation for void containing material. This treatment
allowed an estimate of the ductility of the material, where failure occurred
at the onset of a localization bifurcation. This treatment was improved by
Tvergaard [43] who used a detailed numerical analysis to examine the effect
of void-void interaction by considering the localized stress/strain
conditions associated with each void in an idealized void array. The
influence of the intrinsic work hardening exponent was examined and it was
found, as expected, that low hardening rate materials were prone to shear
band instabilities. Presumably, the same would be true of low strain rate
sensitivity materials, as discussed in Section 2.1.



- 9 -

The work of Saje et al. [44J extended the above treatments to the
case where continuous void nucleation (under both stress and plastic strain
controlled conditions) was taken into account, as well as void growth. In
addition, the enhanced triaxiality produced by necking was examined. Some
typical results (under plane strain conditions) are shown in Figure 9. This
shows the logarithmic axial strain for localization, €cr, as a function of
the band angle, 0, (both the initial angle and the angle - due to rotation -
at the onset of localization). The minimum value of ecr occurs when the
normal to the band is perpendicular to the intermediate principal stress
direction. It can be seen that the inclusion of necking reduces this strain,
as does the inclusion of void nucleation (the matrix material properties and
the void nucleation parameters are denoted in the caption).

It is important to point out that in all the above treatments, voids
are present from the outset (increasing in number in the work of Saje et
al.). In addition, an initial perturbation in the spatial distribution of
voids is assumed. Thus, the initial conditions specify a greater volume
fraction of voids in the shear band than in the rest of the material (in
Figure 9, fo is the initial void fraction in the bulk and fb is the void
fraction in the band).* There is a sense, then, in which the creation of a
shear band by void formation begs the question as to its initial origin [22].
There is an absolute requirement that a planar band (at an angle 4> shown in
Figure 8) containing a higher than average volume fraction of voids pre-
exists. This is extremely unlikely as a matter of pure statistical chance.
It would seem therefore that some other inhomogeneity in plastic flow
properties, e.g., as exemplified by those mechanisms discussed in Sections
2.1, 2.2.1 and 2.2.2, must be invoked, and these must give rise to an
enhanced nucleation of voids within the resulting deformation band.
Alternatively, the production of a void sheet could result from a highly
inhomogeneous stress/strain distribution, for example, as may be present at a
crack tip. However, it is difficult to envisage this as the sole origin of
an in .nsely localized shear band. It is a general (and fundamental)
shortcoming of the void-induced strain softening models that the primary
initiation of the localization bifurcation remains undefined.** As a result,
the mechanistic discussions of strain localization effects in irradiated

* The case where f0 = fb (i.e., a macroscopically homogeneous distribution
of voids) was considered by Yamamoto [42]. However, the onset of
localization bifurcation was not observed until unrealistically large
plastic strains were realized. This led Yamamoto to conclude that some
initial inhomogeneity of properties (void fraction in this case, or other
dynamic plasticity properties as discussed in earlier sections) must be
present for strain localization to occur.

** As with any nonlinear behaviour that leads to a bifurcation instability,
the characteristics of the final critical event are very sensitive to the
initial conditions. This is likely to be the case here, where the onset
of localization depends on the competition between the rate of strain
hardening and strain softening, i.e., on the work hardening/softening and
strain rate sensitivity coefficients, rate of void nucleation and growth,
etc.
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pressure tubes [7] remains limited. To contribute to further analysis of
this matter, we must now examine an additional irradiation-specific effect on
the mechanical properties of zirconium alloys.

3. RADIATION ANNEAL HARDENING

The phenomenon of "radiation anneal hardening" (RAH) has recently
been reviewed by Garde [45], who emphasized its importance in shear band
formation and fracture. These linkages are discussed further in Section 4,
but first we must examine the specifics of RAH.

Early work on the post-irradiation annealing of Zircaloy-2
(e.g., [46]) showed that restoration of the mechanical properties (in
particular, the reduction in the room temperature yield strength) occurred at
temperatures in excess of 670 K, because of recovery of the radiation-
modified microstructure. However, the work of Veevers et al. [47] showed
that post-irradiation annealing in the range 670 to 870 K caused an initial
increase in yield strength, termed RAH (subsequently observed by others
[30-32]). This has also been observed in other metals [48] and has been
attributed to the migration of interstitial impurities to the irradiation-
induced defect clusters, as opposed to any modification of the size
distribution or density of the defect obstacles. It is speculated that the
interstitial impurities strengthen the defect clusters, increasing their
effectiveness as barriers to dislocation motion. Indeed, there is evidence
[49] that RAH prevents the formation of dislocation channels, the
dislocations bowing around the defects rather than penetrating and
annihilating them (i.e., a suppression of the Foreman and Sharp mechanism
[35]).

The RAH phenomenon in Zircaloy-2 has been studied in detail by
Snowden and Veevers [50]. The main results are shown in Figure 10. A
variety of irradiation temperatures (350 to 720 K) and annealing temperatures
(370 to 970 K) were examined. Tensile testing was performed just below the
irradiation temperature, to minimize recovery of the irradiation damage.
Material irradiated at temperatures up to 620 K exhibited RAH before
undergoing recovery at higher annealing temperatures. Material irradiated at
650 K showed no RAH, indicating that the interstitial solute pinning effect,
which also occurs during irradiation itself, had saturated at this
temperature. It was postulated that the interstitials migrated to radiation-
produced defect clusters (either during irradiation or post-irradiation
annealing), hence increasing their effectiveness as barriers to dislocation
motion, i.e., this is a variant of the usual strain ageing effect, as
discussed in Section 2.2.1. The essential difference is that in the case of
irradiated material, the sinks for the interstitial solute are the defect
clusters rather than the dislocation network. This postulate is supported by
the suppression of the normal strain ageing behaviour by irradiation
[11,47,51].

Based on a simple calculation assuming the diffusion distance of the
interstitial impurities must exceed the distance between the defect clusters,
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Snowden and Veevers [50] estimated the temperature (Tm) for the maximum RAH
effect for various species, as follows:

Solute Inv-im

hydrogen 173
oxygen 693
nitrogen 815
iron 1043

From these estimates, oxygen (and possibly nitrogen) was identified as the
responsible solute, although the experimental value of Tm was significantly
lower, 470 to 650 K. The latter is the usual temperature range for strain
ageing in zirconium [11] and its alloys [12,47,52,53], ascribed to be due to
oxygen, supported by the fact that the measured activation energies are in
general agreement with that for oxygen diffusion [54].

It is important to examine the specific role of oxygen diffusion in
the various dislocation pinning phenomena invoked to explain static and
dynamic strain ageing (and hence the athermal flow stress plateau) and RAH.
It is clear that many of the mechanistic details are yet to be resolved. The
evidence does not support the classical Cottrell atmosphere theory of strain
ageing. Thus, the kinetics of the process does not obey the (time)2/3 law
predicted by the Cottrell mechanism, and the elastic anisotropy associated
with a single oxygen atom is insufficient to account for the pinning of edge
and screw dislocations [12,53]. More importantly, the diffusivity of oxygen
is too low at the temperature of interest (- 570 K) to allow the long-range
diffusion to the dislocations, which is necessary to form the Cottrell
atmospheres. This is shown in the analysis of static strain ageing [55] (the
diffusion distance is about one lattice spacing during the annealing time at
570 K) and dynamic strain ageing [56] (the diffusion velocity is 4 to 5
orders of magnitude lower than the dislocation velocity at 570 K) and is
reflected in the calculated RAH temperature (693 K), presented above [50].
An alternative way of representing the situation is to examine the internal
friction data of Ritchie et al. [54,57]. These show that the atomic jump
time for oxygen in zirconium is such that one jump occurs in about 5 x 104 s
at 570 K, a temperature of > 670 K being required for one jump per second.
This is the case for lattice diffusion, which may be enhanced if diffusion
occurs in the core of the dislocations. A better explanation is to be found
in the dislocation pinning phenomenon that depends on Snoek-ordering, capable
of explaining static and dynamic strain ageing [58]. In this case, a solute-
interstitial pair (with sufficient asymmetry to interact with the stress
field of both screw and edge dislocations) is caused to reorientate (i.e.,
order) within the stress field of the dislocation, hence requiring only a
single jump of the oxygen atom. The reorientated dipole causes a lowering of
the strain energy of the dislocation, thus reducing its mobility. The
mechanism assumes that the oxygen content is sufficiently high to provide an
adequate number of pinning sites within the core width of the dislocation:
probably adequate for typical zirconium alloys. The kinetics of Snoek-
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ordering have been specifically measured by Ritchie et al. (54,57) and this
is the explanation now invoked for the strain-ageing phenomenon in zirconium
|ll,12,53-55,57,59] and in titanium [60]. In the case of RAH, it is possible
that there is sufficient time in reactor to allow long-range clustering of
oxygen at the radiation-damage defect sites. This is also consistent with
the fact that irradiation suppresses strain ageing (11,47,51): in this case,
there would be insufficient oxygen remaining in the lattice for Snoek-
ordering to be an effective dislocation pinning agent. In the case of post-
irradiation RAH at - 570 R, it may be possible for further segregation of
oxygen to the high density of defect clusters to occur, as the diffusion
distance will be small. However, it is more likely that Snoek-ordering of
the oxygen remaining in solution is responsible (which is consistent with the
fact that post-irradiation RAH is more pronounced for material irradiated at
lower temperatures (50]). It is importf.nt to point out that dynamic strain
ageing (and therefore the athermal plateau), whether due to Cottrell
atmospheres or Snoek-ordering, occurs over a limited strain rate range at any
temperature (alternately, the temperature of the athermal plateau shifts with
strain rate, as observed). Consequently, reduction in ductility due to
strain-ageing effects will also be strain-rate- as well as temperature-
dependent. In addition, at the low strain rates typical of in-reactor creep,
it may be possible for Cottrell atmospheres, as well as Snoek-ordering to
occur at 570 K. This is the explanation for anomalous creep activation
energies observed under these conditions (61j.

It is reasonable to conclude that the resistance to deformation of
zirconium alloys is dominated by the presence of oxygen (and perhaps other
interstitial) impurities. This is clearly demonstrated in the work of
Nakatsuka et al. [13]. Indeed, the engineering application of zirconium
alloys in nuclear reactors is possible only as a result of the relatively
high oxygen content. It follows as no surprise, then, that the fracture
properties, including strain localization effects, are similarly affected by
the presence of oxygen under reactor operating temperatures, as we shall see
in the next section.

4. PHENOMENOLOGY OF FRACTURE IN IRRADIATED MATERIAL

A reduction of ductility due to irradiation is characteristic of
structural materials. As discussed in Section 2, this is typically
associated with an instability bifurcation caused by strain localization. To
examine the conditions under which this plastic instability is realized, it
is useful to refer to Hart's [62] criterion for the onset of the deformation
inhomogeneity present in necking in a uniaxial tensile test.* Plastic
stability is maintained if

* Hart's analysis has also been extended to the case of uniaxial compression
by Jonas et al. (63). These workers also considered the effect of
incipient necks (tension tests) or bulges (compression tests) arising from
irregularities in the machining of specimens.
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Immediately this shows that the elevation of the flow stress, a, by
irradiation damage will reduce the strain to plastic instability. This is an
intuitively expected result, in keeping with the common knowledge that high-
strength materials show a tendency towards brittleness. The second term in
Equation (1) also summarizes the weil-known behaviour, discussed in
Section 2.1, that ductility is minimized in materials that show a low strain
rate sensitivity (da/dk). This has been well demonstrated in unirradiated
Zircaloy, in which a ductility minimum is found in the temperature range
where strain ageing and the athermal flow stress plateau is present
[8-15,27]. Similarly, low ductility is characteristic of material that shows
a low work hardening rate (do/de), as is observed [10] and discussed in
Section 2.2. In addition to the strain rate sensitivity, the imposed
absolute strain rate appears in the equation. Although this predicts a
higher ductility at higher e, this trend can be offset by the corresponding
elevation of the yield strength and therefore a, which may often promote
alternate fracture processes, other than those due to necking. This complex
behaviour is reflected in the observation that the ductility of unirradiated
Zircaloy-2 increases with c (at 620 K) [8], whereas irradiated Zircaloy-4
becomes more brittle with e (at 645 K) [32], or passes through a minimum (at
570 K) [64].

When the strain rate sensitivity is low, so that the second term in
Equation (1) can be ignored, the classical Considere criterion for plastic
instability emerges. Thus, in this case, the onset of instability is given
by

which is the condition where an increment of strain gives no increase in the
load that can be supported by the specimen. For the case where the strain
hardening component, n, is given by a = ccn (c is a constant), then from
Equation (2),

cen = a = J| = nee""1 (3)

i.e., € = n (usually referred to as the "uniform" strain) at the point of
instability.* Thus, in unirradiated material, where n = 0.2, a strain of
- 20% is realized before the ultimate tensile strength (UTS) is reached. At
this point, although strain hardening continues, its rate is insufficient to
compensate for the loss of cross-sectional area such that instability and
neck formation occurs.

* Holt [65] has shown that for materials that have a low strain rate
sensitivity, e = n represents the point at which the UTS and the onset of
necking are coincident.
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In the case of highly textured material, the criteria for plastic
stability represented in Equation (1) have to be modified. This is
exemplified by the work on titanium alloy sheet specimens carried out by Chan
and Koss (66J. The results indicate that, by controlling the ease of
through-the-thickness slip, the crystallographic texture strongly affects the
plastic anisotropy (represented by the parameter R, the ratio of the width
strain to thickness strain in a uniaxial tensile test) of the material but
has relatively little effect on the strain rate sensitivity or work hardening
rates at large strains. The analysis shows that there is a beneficial effect
of "strain path" hardening due to the change in the strain F:ate towards
plane strain, which has a significant stabilizing influence. This effect
increases with R, resulting in a resistance to localized necking. Whereas the
uniform strain is independent of R (and is equal to n), the post uniform
strain is enhanced by large values of R.

As discussed in Sections 2.2.2 and 3, a major effect of irradiation
is to modify the deformation characteristics, particularly the strain rate
sensitivity and work hardening rate. The consequences of this on the
fracture behaviour will now be discussed.

4.1 FRACTURE IN IRRADIATED ZIRCALOY

The effects of irradiation on the mechanical behaviour of Zircaloy
(including fracture properties) were reviewed up to 1965 by Bement [5]. An
update of the more recent U.S. data was presented by Garde [45] in 1988, the
principal features of the fracture phenomenology, particularly with regard to
strain localization effects, being very similar to the earlier work. Garde's
paper is based on extensive work conducted under the sponsorship of the U.S.
Department of Energy, the Combustion Engineering Utility Owners Group and the
Electric Power Research Institute. The work comprised tube burst, axial and
ring tensile tests on cladding and guide tube material irradiated to high
fluence (up to 1O26 n/m2). Complementary information is available from
Japanese [30,31,64,67], Canadian [19,29], Australian [47] and other U.S.
[32,33] laboratories.

The work of Garde [45] showed that irradiation reduced the total
plastic strain at failure to ~ 5%, compared to ~ 25% for unirradiated
material, while the uniform plastic strain was < IX. Based on the reduction
in area at fracture, the apparent ductile/brittle transition temperature was
~ 470 K for a fluence of ~ 1O24 n/m2, increasing to ~ 620 K for a fluence of
~ 102fi n/m2. In general, fracture occurred in a plane perpendicular to the
tensile direction at lower temperatures, but above ~ 570 K, 45° shear band
formation occurred, leading to premature fracture within the band (the
detailed orientation geometry of shear band and fracture planes is, of course
texture-dependent [33]). All fractures were generally ductile in nature,
i.e., fractographs show the presence of void dimples.

Garde [45] showed (in agreement with other workers [30,31,47]) that
the athermal plateau (or peak in some cases) in the flow stress is still
present in irradiated material at ~ 570 to 620 K (see Figure 11),
corresponding to a minimum in the fracture ductility (see Figure 12). This



strengthening (as indicated by the yield stress and ultimate tensile stress)
is referred to as RAH (see Section 3), implying a dynamic strain ageing
phenomenon associated with interstitial (oxygen) migration to the irradiation-
induced defect clusters, the mobile dislocations, or both. Therefore, in this
temperature region, the strain rate sensitivity will be low. Although the
strain rate sensitivity has not been specifically measured as a function of
temperature, it has been measured at 570 K [19] using a stress-relaxation
technique. This showed that for small strains, m = 0.01 for irradiated
materials (being slightly higher - 0.02 - at ~ 610 K, as estimated from flow
stress data 167]), much lower than that for unirradiated material (m ~ 0.1).
This low value is a result of dislocation channeling. It is observed that, as
the channel work hardens, m increases with plastic strain, approaching the
value of the unirradiated material.

As discussed in Section 2.2.2, irradiation can cause a significant
drop in the strain hardenability, leading to work softening. The review of
Bement [5] gives many examples of the decrease in work hardening, exacerbated
by increasing fluence, temperature and prior cold work. The decreased
hardening rate (ultimately leading to softening as plastic strain proceeds) is
typical of the results of other workers [30,31,64,67] and in addition,
serrated yielding due to transient plastic instabilities is sometimes observed
[19]. It is well established that these effects are manifestations of work
softening due to the formation of dislocation channels, explicit
phenomenological models of the macroscopic stress-strain behaviour under such
circumstances having been developed [68,69]. Yasuda et al. [67] have shown
(see Figure 13) that the work hardening exponent, n, decreases with strain in
irradiated material (n is largely invariant with strain in unirradiated
material). For the unirradiated material, the observed uniform elongation is
in good agreement with Considere's criterion (e = n, where n = 0.1). However,
for the irradiated material (tested at ~ 610 K) where n = 0.02 at the apparent
UTS, the uniform elongation of 0.004 is much less than this, an indication of
premature instability.

Specific electron microscopic observations of dislocation channels
have been made by several workers [19,30,31,68] (including their formation
during in-reactor deformation at high stress [34]) and their existence invoked
as the origin of shear band formation leading to localized necking and
premature fracture by many others [5,32,33,45,64,67]. A schematic
representation (due to Onchi et al. [30]) of the development of shear bands
during a tensile test is shown in Figure 14. However, this simple picture
belies the complexity of the phenomenon at the microscopic level.

The most careful, and therefore most informative, work on shear band
formation has been done by Onchi et al. (30,fH] on irradiated (up to
1.2 x 1024 n/m2) flat strip (pre-annealed) tensile specimens. The tensile
data were complemented by detailed optical and electron microscopy, the
overall results showing a remarkable difference in shear band formation,
depending on the testing temperature. In unirradiated material, the strain to
the UTS (the point of macroscopic plastic instability) goes through a maximum
(30%) at ~ 570 K, whereas a minimum (0.2%) is found at the same temperature
for the irradiated material. At the lower temperatures (e.g., room



temperature), the irradiated material shows no sign of localized necking until
quite high strains (~ 9%), well beyond the UTS (~ 1%). In contrast, at 570 K,
localized deformation bands are observed as soon as the elastic limit (< O.IZ)
is exceeded, becoming very coarse in isolated regions so that necking occurs
before reaching the UTS. Metallographic examination shows that within the
coarse deformation bands, many slip lines are present in each grain, being
absent outside the band. The occasional occurrence of conjugate bands is
accompanied by intensely deformed grains (high density of slip bands).

Transmission electron microscopy shows that for specimens deformed
at room temperature, dislocation channels (~ 0.04 ^m wide) are observed in
some isolated grains at a strain of 0.5Z. When the UTS is reached, most
grains contain dislocation channels, which are completely free of any
deformation dislocations. The latter (together with deformation twins) are
produced only beyond the UTS where the flow stress decreases. The overall
behaviour, then, is of rather homogeneous deformation (up to about 9% before
localized necking sets in) occurring throughout the gauge length, initiated
by a uniform distribution of (rather narrow) dislocation channels that are
resistant to hardening and therefore result in work softening (the stress
drop after the UTS is not due to necking).

In contrast to this, at ~ 570 K, intense, localized deformation
bands have developed at low strains. For example, electron microscopy shows
that at a strain of 0.12%, whereas there are some r^casional (and thicker,
~ 0.1 urn) dislocation channels present outside the bands, the bands
themselves are filled with a high dislocation density evident of intense
localized deformation accompanied by considerable work hardening. The
overall picture, then, is one of highly inhomogeneous deformation leading to
localized necking, before the UTS is realized. The situation is summarized
in Figure 14. The localized band initiates and propagates between points
(a) and (b) on the stress-strain curve, traversing the entire specimen width
at point (b). Before reaching the UTS, point (c), strain hardening occurs
within the band, which broadens (to a width of 1 to 2 mm), producing gross
shear offsets by point (d). The early formation of the bands is in keeping
with the serrated stress-strain curves of Coleman et al. [19].

Observations (emphasized in reference 64) on specimens tested above
570 K (620 to 670 K) shows a return to homogeneous deformation (i.e., an
absence of the development of shear bands at low strain), corresponding to
the temperature range for annealing of irradiation damage [5,70]. The later
work [64] also showed that even at 570 K, there was a tendency towards more
uniform deformation (and higher strains to the UTS) at higher strain rates,
where the number and thickners of the bands, together with the density of
slip lines are reduced. In addition, homogeneous deformation at 570 K is
favoured in fuel sheathing material irradiated to lower fluence (3.2 x 1O23

n/m2) [31]. In this case, the RAH peak in the flow stress at 570 K is not
present (see Figure 11) , the corresponding minimum in the strain to the UTS
is not observed (see Figure 12) and electron microscopy shows the
deformation structure to be more uniform. This indicates that a threshold
fluence (depending on texture and other metallurgical variables) must be
exceeded for the intense strain localization phenomenon to occur at 570 K.



This behaviour is consistent with the observation [67J that the major
increase in the yield stress occurs during irradiation up to a fluence of ~
lO2^ n/m2, coincident with the fluence at which most of the oxygen
interstitials are trapped at the irradiation-induced defect clusters [47].

We can summarize all of these findings by saying that irradiated
Zircaloy displays a minimum in ductility and associated strain localization
at temperatures in the vicinity of 570 K, i.e., the typical reactor
operating temperature. This phenomenon is characterized by the following
features:

(1) The strain rate sensitivity reaches a minimum (sometimes becoming
negative) at this temperature.

(2) There is an athermal plateau in the flow stress at this temperature.

(3) RAH (or dynamic strain hardening) occurs at this temperature, and is
responsible for (1) and (2).

(4) There is a decrease in the work hardening rate, becoming negative as
work softening sets in. Yield point phenomena, or serrated
yielding, are often present.

(5) Dislocation channeling occurs at all temperatures, but results in
strain localization and necking only at ~ 570 K.

(6) The phenomenon is accentuated at lower strain rates.

(7) A threshold fluence must be exceeded.

(8) The phenomenon depends on texture (and other metallurgical
variables) and stress state.

(9) Despite the low strain to failure, the fractures are still ductile
in nature, i.e., void formation.

Note that most of the above also characterize the minimum in
ductility (at - 570 K) usually observed in unirradiated material (as
discussed in Section 2.1). The effect of irradiation is to accentuate this,
raising the flow stress, intensifying the inhomogeneity of deformation and
significantly lowering the strain to fracture. Although the development of
dislocation channels in irradiated material appears to be an essential
requirement for strain localization, it is not sufficient. Although not
perfectly understood, the Japanese workers [30,31,64] suggest that the
presence of RAH is a prerequisite for macroscopic strain localization. It is
this influence that causes dislocation channeling (which occurs at all
temperatures) to become less homogeneous and trigger the formation of
deformation bands. The position of Garde [45] is less clear and somewhat
ambiguous. He suggests that the onset of dislocation channeling (and
subsequent shear band formation) occurs at temperatures above the range where
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RAH is effective, i.e., RAH itself suppresses dislocation channel formation.
(This view seems to originate with the observation of Wechsler [49] that
channels did not form in irradiated niobium subjected to RAH.) However, in
Garde's interpretation, there seems to be some confusion between RAH per se
and the thermal stability (i.e., resistance to annealing recovery) of the
irradiation damage structure.

In any event, it is this thinking that prompted Garde to suggest
that alloy additions, such as niobium, would stabilize the microstructure
(and also in his view extend the RAH temperature range), such that the
ductility minimum would be shifted to higher temperature. The case of Zr-Nb
alloys is examined in Section 4.2.

It was also Garde's view [45] that the strain localization band was
insufficient, alone, to produce premature fracture, or the ductility minimum.
In addition, he suggested, there was a requirement that hydride platelets be
present to promote void nucieation in the band. The role of hydrides is
specifically discussed in Section 4.3.

4.2 OBSERVATIONS ON IRRADIATED Zr-2.5% Nb ALLOYS

The effect of irradiation on the deformation and fracture properties
of Zr-2.5% Nb alloys was reviewed in 1974 by Ells [71], based mainly on
Canadian [29,72-83] and British [84,85] work. Investigations subsequent to
this, on actual pressure tubes irradiated in CANDU* power reactors, are
discussed in Section 4.2.2. Although the total amount of work done on this
alloy system is large, the specific investigation of strain localization has
been rather limited. Thus, compared with the Zircaloys, little detailed
information is available on relevant deformation characteristics (e.g.,
dynamic strain ageing and RAH) and limited transmission electron microscopy
has been done (e.g., on dislocation channeling). In addition, much of the
literature is devoted to heat-treated Zr-2.5% Nb (this being the earlier
preference for the CANDU pressure tube material to replace Zircaloy-2), there
being a dearth of information in this area on cold-worked Zr-2.5% Nb, now the
standard pressure tube material in the current CANDU system. Consequently,
the explanation for the decrease in fracture toughness of this material with
fluence, as discussed in Section 1 (and illustrated in Figure 1), remains
imprecise, although linked in a general way to the strain localization
phenomenon [7].

4.2.1 Heat-Treated Materials

As expected, irradiation causes an increase in the yield strength
and a decrease in the elongation to fracture. The decrease in ductility is
strongly dependent on the heat treatment temperature, being much greater for
material heated above the /3-transus [73,76,80,85] than that heated in the
(a + /3)-phase [72,73,80]. This is largely due to the much higher grain size
produced in the /3-phase treatment [71] and strain localization due to a lower
work hardening rate [73].

* CANada Deuterium Uranium. Registered in the U.S. Patent and Trademark
Office.
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Figure 15 shows the general features of the stress-strain curve (at
570 K) of Zr-2.5% Nb annealed in the (a + 0) region and irradiated at 570 K
to about 3 x 1024 n/m2, compared to an equivalent Zircaloy-2 specimen.
Immediately apparent is the much higher yield strength of the Zr-2.5% Nb.
This is not just a consequence of the unirradiated strength being higher, but
also that the incremental strengthening produced by irradiation is higher
than Zircaloy-2 [72,74]. This would normally result in a lower ductility
than Zircaloy-2. However, as can be seen from the figure, whereas the total
elongation of the two alloys is quite similar, the uniform strain of
Zr-2.5% Nb is much greater and no yield point is present (indeed, the
evidence is that irradiation removes the yield point phenomenon {73,80]).
This overall behaviour indicates that, in general, irradiated Zr-2.5% Nb
displays a remarkable stability in its deformation properties. The tendency
to localized necking is delayed, so that uniform elongation at the (570 K)
UTS is as high as 3% [29,72,73], compared to < \% for Zircaloys (although for
a production batch of heat-treated Zr-2.5% Nb pressure tube material, the
uniform elongation following irradiation is much lover, ~ 1% in the
longitudinal direction and ~ 0.5% in the transverse direction [78]). Results
on impact properties are consistent with this: although both irradiation and
hydrogen shift the ductile/brittle transition to higher temperatures, the
results are equal, or superior, to those of Zircaloy [72,74]. There are no
reports of the onset of severe localized shear bands, and although the
formation of dislocation channels has been observed [29], unlike Zircaloy,
the rapid development of strain softening does not occur (see Figure 15).

A major factor that conveys plastic stability (under conditions of
both uniform elongation and necking) is the retention of strong work
hardening capacity after irradiation (compared to Zircaloy) [29,72,76,82], as
shown in Figure 16. Although the method used to represent this parameter
(the value of doVde averaged over the strain from the yield point to the UTS)
[81,82] has been justifiably criticized by Holt [65] (a more precise and
representative value would be the work hardening exponent, n), it is still an
adequate measure, and phenomenological explanation, of the persistent plastic
stability. In point of fact, it has been observed that whereas irradiation
increases the average value of da/de, it decreases the value of n [76]. It
seems apparent that both the high yield strength and high hardenability
following irradiation is due to the presence of niobium [29,73,80-82] (see
Figure 16) and it is supposed that the mechanism is linked to the ability for
niobium to stabilize the radiation damage microstructure. Certainly post-
irradiation annealing studies [70,72,73,80,81] have shown that the recovery
is postponed to higher temperatures compared to Zircaloy. Thus, it is
possible that the niobium-strengthened defect clusters provide impenetrable
obstacles that discourage (though not completely prevent) their annihilation
by deformation dislocations. The work of Ells and Williams [76] shows that
dislocation channeling occurs in material irradiated at lower temperatures
(320 to 370 K), where the defect clusters are small and can be readily
annihilated. However, at 570 K, the obstacles (loops) are much larger and
are sheared rather than annihilated by deformation. The effectiveness of
such obstacles is demonstrated by the heavy jogging of the deformation
dislocations, an indication of work hardening, in effect.
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There have been no specific studies of dynamic strain ageing
effects in irradiated Zr-2.5% Nb. The yield stress as a function of
temperature was measured by Ells and Fidleris [73]. Unfortunately, no tests
were conducted above 570 K (the temperature of the athermal plateau in
Zircaloy) so that it is not possible to judge whether there is an athermal
plateau and an associated minimum in the strain rate sensitivity (strain rate
sensitivities, per se, have not been measured). Similarly, there are no
specific reports of RAH. The post-irradiation annealing work of Ells and
Sawatzky [80] shows no indication of RAH, although the data is limited at
570 K. The data of Cupp [72] does show a hardening peak in quenched material
at 670 K (with a corresponding ductility minimum), but this is probably
associated with omega-phase formation. A similar small hardness peak at
620 K is evident in the data of Carpenter and Watters [70] on annealed
material, but the scatter in the data, together with the fact that they do
not detect a RAH peak in their Zircaloy-2 specimens, does not provide
convincing evidence.

4.2.2 Cold-Vorked Material

Because of the paucity of information on Zr-2.5% Nb, it is
instructive to examine the overall effect of cold work on other alloys. The
data on Zircaloy-2 has been summarized by Bement [5], This shows that the
strengthening effect of cold work is retained during irradiation, as shown in
Figure 17. Thus, the yield strength (at room temperature and 570 K)
following irradiation (up to a fluence of about 2 x 1025 n/m2) increases
with prior cold work (up to about 60% deformation in these data), the
magnitude of the effect being somewhat different for longitudinal and
transverse specimens. Somewhat surprising is the fact that the uniform
strain following irradiation also increases with cold work (apart from an
initial decrease in some specimens cold worked to less than about 20%).
These general findings have been confirmed by Hardy [79] (see Figure 18), who
tested a variety of Zircaloy-2 materials in uniaxial and biaxial tension, the
degree of cold work being determined by X-ray line broadening. Similar
increases in uniform strain with cold work were observed by Holt in a
zirconium-chromium-iron alloy [65,86]. Holt showed that as the strain rate
sensitivity is low in this material, the value of the uniform strain is
determined by the work hardening exponent, n(d In a/d In e), where

Although n is decreased by the increase in the flow stress (o) by the
combination of irradiation and cold work, this is more than compensated for
by the increase in the work hardening rate (do/de). In particular, the work
hardening rate is enhanced by the prior cold-worked dislocation structure.
In this regard, it will be recalled that Coleman et al. [19] demonstrated
that dislocation channeling does not remove this dislocation structure. In
addition, the deformation mode involving twinning (which predominates in
specimens cut from the transverse direction) does not remove the dislocation
network or the defect clusters [29].
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The amount of data (relevant to the strain localization phenomenon)
on cold-worked Zr-2.5% Nb is limited. In addition, its complexity is
increased because of the sharp crystallographic texture introduced by the
fabrication route used to manufacture the pressure tubes [87]. This
introduces a behavioural difference between specimens cut from the
longitudinal (or axial) and transverse (or circumferential) directions.
Thus, even in the unirradiated condition, uniform strain in the former (where
slip deformation predominates) is greater than the latter (where twinning
plays a major role) [75].

The data of Ells and Fidleris [73] shows that for 40% cold work, the
uniform elongation is quite low (~ 1%) in both the irradiated and
unirradiated material. However, the work of Parry [75] shows greater
ductility for pressure tube cold worked to 23?. This is inconsistent with
the effect of the degree of cold work in Zircaloy, discussed above. For
specimens irradiated at 570 K to 1024 n/m2 and tested at 570 K [75], the
uniform elongation for longitudinal specimens was about 4%, while that for
transverse specimen was 0.5%, in which the existence of a yield point drop
indicated the potential for strain localization. The formation of shear
bands and the nature of the fracture were not reported. In this work, the
shape of the stress strain curves for the longitudinal specimens were similar
to the (a - 0 annealed) Zr-2.5% Nb shown in Figure 15, whereas the curves for
transverse specimens show a form corresponding to the Zircaloy case.

The uniaxial tensile and biaxial burst-test properties of pressure
tubes (20 to 30% cold-worked) irradiated (up to ~ 1025 n/m2) under reactor
operating conditions were measured by Langford and Mooder [77]. In the burst
tests, the circumferential strain at failure (at 570 K) was low, 1.3 to 1.7%
(compared to 7.0% in cold-worked Zircaloy [71]) and the strain associated
with the fracture was stated to be very "localized". The uniform elongation
in the uniaxial tensile tests was not reported: the reduction in area was not
greatly affected by irradiation. No observation of shear bands was reported.
On the basis of the observed increase in the UTS, it is suggested that the
lower fluence of Parry's [75] specimens was insufficient to produce full
hardening: this may explain the apparently high ductility in these
experiments (a threshold fluence for strain localization and low ductility
has been identified for Zircaloy, as discussed in Section 4.1).

Hardy [79] made a reasonably comprehensive study of the deformation
and fracture properties of cold-worked Zircaloy-2 and 4, together with
limited testing of cold-worked Zr-2.5% Nb fuel sheaths. The material was
irradiated to about 3 x 1O24 n/m2 at temperatures varying from 400 to 520 K.
Uniaxial (ring and axial tube tension) and biaxial (tube burst) tensile tests
were performed at room temperature and 570 K. The uniform elongation of
Zr-2.5% Nb was generally found to be lower than the Zircaloys (about 1%
compared to 3% for transverse specimens), being attributed to the greater
irradiation hardening, see Figure 18. The total elongations were also lower,
indicating a lower capacity for strain hardening following the UTS. The
circumferential strains in burst tests were similarly low (< 1%) for both
materials. The discussion of fracture modes is limited, but shear-type
fracture, associated with shear band formation, is evident from the published
photographs of failed tubes tested in uniaxial tension.



Wood et al. (84] compared the impact properties (from room
temperature to 620 K) of cold-worked Zr-2.5% Nb and Zircaloy-2, irradiated to
5 x 1024 n/m2 at 570 K. The results showed that Zircaloy-2 has considerably
better impact properties, in both the irradiated and unirradiated condition,
than Zr-2.5% Nb.

The tensile properties of pressure tubes that have operated (from 2
to 12 years) in commercial power reactors (Pickering and Bruce) have been
measured by Ibrahim [88]. Unfortunately, only UTS and total elongation are
reported (as discussed above, from the point of view of an assessment of
irradiation damage effects pertinent to strain localization, yield point and
uniform elongation data are preferred). At a fluence of 1.3 x 1025 n/m2, the
UTS (at 570 K) of longitudinal specimens had been increased by 39%, and that
of transverse specimens by 23%. The smaller increase of the latter was
attributed to dislocation channeling occurring during in-reactor operation.
There is some evidence for this in creep specimens tested at high stress
(552 MPa) and high strain (8.8%) [34]. However, there are no reports of
dislocation channels occurring in actual pressure tubes, which operate at
much lower stress (~ 120 MPa) and therefore lower strain rates. Although
there is scatter in the UTS data as a function of fluence (from 1 to
8 x 1025 n/m2), it would appear that irradiation hardening has saturated at
this fluence.

The UTS was measured over a temperature range of room temperature to
970 K, and is shown in Figure 19. Note that, whereas there was a distinct
athermal plateau in the unirradiated material at - 570 K, the plateau was
much less distinct in the irradiated material (there is no report of yield
drop phenomena). In this plateau region, the irradiation-induced increase in
UTS is at a maximum (as observed in Zircaloy [31]). As this temperature is
just above the irradiation temperature, this is an indication that RAH is
operating [50]. In addition, the ductility (total elongation and reduction
in area) goes through a minimum as shown in Figure 20, most evident in the
transverse specimens (in agreement with the data of Parry [75]). There is no
report of strain localization or description of fracture morphology.*

Chow [89] has also performed tensile tests on transverse specimens
cut from pressure tubes irradiated in the Pickering and Bruce reactors, up to
a fluence of - 7 x 1025 n/m2. His flow stress (yield and UTS) and elongation
(uniform and total) data are summarized in Figures 21 and 22 where a
distinction is made between front and back ends of the tube extrusions. A
yield drop was observed only for tests done above 470 K. One of these
specimens was polished prior to testing at 560 K. Associated with the

* Additional (unpublished) data from this study [88] on irradiated material
has been supplied by E.F. Ibrahim. Vhis gives evidence for a peak in the
yield and ultimate tensile strength at about 570 K, adding to the evidence
that dynamic strain ageing is present within the athermal plateau. The
uniform strains in this region also show a minimum of about 1.6%.
Localized necking occurred, with the fracture showing signs of shear lip
formation, i.e., strain localization is present.



formation of a diffuse neck in the gauge length, 45° shear bands (1 to 10
were observed, as shown in Figure 23 [7,891. However, the final fracture
occurred in a plane approximately perpendicular to the tensile axis, i.e., it
did not occur within the plane of the shear bands; indeed, the latter were
seen to intersect the fracture surface (see Figure 24).

As can be seen from Figure 21 the yield strength and UTS is
generally higher for the back end of the extrusion than the front, as
expected. There is no obvious indication of an athermal plateau.
Surprisingly, the ductility of the back end is greater than the front
(Figure 22), although the scatter in the data is large (probably a reflection
of the variation in fluence from 0.2 to ~ 7.0 x 1025 n/m2). The uniform
strains are similar to those of Parry [75]. There is no indication of a
decrease in elongation at the higher temperatures where strain localization
effects should be prominent. However, the sharp increase in uniform strain,
in both front and back ends, at 570 K is probably a consequence of the low
fluence of these particular specimens, reflected in the corresponding
decrease in the yield strength (Figure 21).

The underlying question is whether the strain localization observed
by Chow on tensile specimens has any effect on the fracture toughness, as
measured in a compact tension specimen. At the moment, evidence for this is
indirect and inconclusive. Certainly, as mentioned in Section 2, and shown
in Figure 3, the plastic zone associated with a propagating crack tip (at
560 K) shows the characteristics of strain localization [7].* In addition,
metallographic examination of the shear zones shows heavy microtwinning
(electron microscopy to search for dislocation channeling remains to be
done). Similar examinations of shear bands in Zircaloy show the presence of
twinning [30,33], depending on the texture and stress state [33].** It is
important to note that the shear localization zones in the case of the
Zr-2.5% Nb compact tension specimen were confined to the outer regions of the
specimen, where plane stress conditions prevail. This was also the region
where shear lips formed, with a high density of microvoids on the fracture
surface [7].

The overall picture from the above studies indicates that there is,
indeed, a slight improvement in post-irradiation ductility resulting from the
prior cold work (best illustrated by the more comprehensive results on
Zircaloy). However, the general conclusion is that the ductility (both

* It is interesting to note that a similar plastic zone morphology has been
observed in hydrogen-induced cracking in steels [90]. In this case, the
strain localization is due to the time-dependent (diffusion-controlled)
decrease in the yield strength due to hydrogen.

** It has been shown [91] that irradiation suppresses the nucleation of
twins, while others [29] have not observed any effect. However, the
latter observations were made on specimens that had undergone necking. It
would be appropriate to determine whether such strain localization removes
the irradiation damage (by means of dislocation channeling) and hence
restores the incidence of twinning.



uniform and total strain) of cold-worked Zr-2.5% Nb Is less than the
equivalent In Zlrcaloy. The exception to this would be the data of Parry
[75J. However, as pointed out, this seems to be a result of the relatively
modest fluence realized in his experiments. In addition, there is some
evidence [7,89] that strain localization occurs in irradiated material,
probably initiated by dislocation channeling, which, combined with the
elevation of the yield strength, causes a reduction in the fracture
toughness. This is reflected by the decrease in fracture toughness with
fluence, shown in Figure 1. It would be instructive in this regard to
determine whether strain localization was suppressed in these specimens
(e.g., B2 to P12 in Figure 1) that demonstrated anomalously high toughness at
the higher fluence.

4.3 INITIATION OF FRACTURE BY MEANS OF VOID NUCLEATION

To this point, we have examined the phenomenon of strain
localization, with the implicit assumption that this leads to premature
fracture. Although this is a justified assumption, we must be more explicit
about the fracture mechanism per se. We must also be careful in our
designation of what constitutes "low ductility" in irradiated material.
Thus, although the macroscopic uniform strain and total elongation is reduced
in irradiated zirconium alloys (because of the onset of strain localization),
the local strain at the site of fracture is quite respectable. For example,
in the Zircaloys, the reduction in area is quite high (30 to 60% [32]),
although lower under plane strain conditions [33]. Indeed, as pointed out by
Coleman et al. [19], following dislocation channeling, the zones associated
with the localized necking displays the deformation and fracture
characteristics of unirradiated material. The case of Zr-2.5% Nb is similar
[75]. In addition, as mentioned in Section 2.2.2, the strain in the
dislocation channels (and therefore the shear band in general) is very high.
Consequently, the actual fracture process, as observed by most workers, is
ductile in nature, consisting of microvoid coalescence. (However, the
presence of brittle phases, such as hydrides will produce regions of cleavage
fracture [1]). Despite this apparent overall lack of influence of
irradiation on the fracture mechanism per se, there is evidence of a change
in void morphology with fluence. Thus, Yasuda et al. [67] report that the
density of void dimples on the fracture surface of Zircaloy-2 increases with
fluence. They linked this to the nucleation of voids at radiation-induced
defects. An examination of Zr-2.5% Nb fracture surfaces also shows that the
void density is increased by irradiation [7]. It is also worth noting here
that strain localization can also increase the void density, compared with
fracture occurring under plane strain conditions where shear band formation
is suppressed. An example of this would be the high void density in the
outer shear lip regions of compact tension specimens [7], compared to the
inner flat fracture regions.

The nucleation, growth and coalescence of voids occurs by means of
plastic deformation processes, hence the common observation of the need for a



critical strain for void nucleation, rather than a critical stress.* In most
cases heterogeneous plastic deformation associated with a second-phase
precipitate particle is the source of void nucleation [92]. The process is
one of either decohesion at the precipitate interface, or fracture of the
precipitate itself. In general, larger particles are more efficacious in
nucleating voids at lower strains. Thus, for example, small particles can
relieve the buildup of local stress by emitting prismatic dislocation loops,
which delays nucleation until higher strains, when work hardening has become
significant. However, even for the case of large hydride precipitates in
zirconium alloys, although the ductility is seriously compromised
(particularly in the case of deleterious hydride orientation [93]), there is
still a requirement for a threshold plastic strain [94-96].

In hydrogen-rich zirconium alloys, metallography, fractography and
acoustic emission have provided ample evidence of void nucleation at hydride
precipitates [95,96]. The nucleation event is fracture of the hydrides.
This source of void nucleation was invoked by Garde [45] as a necessary
requirement for irradiation-induced embrittlement of Zircaloy. He argued
that for shear localization (via dislocation channeling) to be effective in
reducing ductility, the presence of void nucleation sites was required, in
the form of hydride precipitates. Whereas it is true that the presence of
such hydrides adds to the potential of premature fracture, other sources of
void nucleation can be envisaged. Thus, in Zircaloy, there is an abundance
of intermetallic precipitates. Similarly, in Zr-2.5% Nb alloys (although
largely free of intermetallic precipitates) void nucleation may be effected
at the a-fi phase interface. Certainly, in both alloys, void nucleation is
observed to occur at temperatures where all of the hydrogen is in solution.

In addition to the void nucleation sites mentioned above, we must
consider the possibility of the introduction of new sites arising from
irradiation per se. It is well recognized that irradiation can cause signi-
ficant departures from the normal equilibrium phase diagram [97], resulting
in the precipitation of new phases and the redistribution of solutes and
phases in zirconium alloys [98-101]. Recent studies on Zr-2.5£ Nb are
particularly important in this respect, where ii has been shown that
microchemical changes can result in the precipitation of niobium-rich u-phase
in the ^-grains [101] and iron-rich intermetallics in the a-grains [99].
There is even evidence that zirconium oxide precipitates become metastable
under irradiation and cause embrittlement [102].** In addition, phase

* Note that the critical-strain criterion is somewhat ambiguous. It usually
represents a threshold plastic strain required to elevate the local stress
to the point that interfacial decohesion or particle fracture occurs. For
most particle sizes this is also a sufficient strain energy criterion [92].

** A feature of this work, by Chung et al. [102], is worth noting here. They
interpret their fractography in terms of the embrittling effect of oxide
particles. However, their observed fracture morphology is very similar to
that resulting from delayed hydride cracking [103]. This possibility is
substantiated by the fact that their specimens contained precipitated
hydrides at the test temperature and long holding times were employed. In
addition, although the temperature was quite high (600 K), the flow stress
was quite high (a prerequisite for delayed hydride cracking) because of the
combined effects of irradiation hardening and very high oxygen contents.



composition can occur as the result of the buildup of transmutation products,
e.g., molybdenum.

From the point of view of void nucleation, it is important to recall
that the plastic strain occurring in localized shear bands, because of
dislocation channeling, is very high (see Section 2.2.2). Such intense
plastic deformation will be very effective in triggering many potential
nucleation sites, over a wide range of particle sizes. In this regard, it is
pertinent to note that, for very small (submicron) particles, whose void
nucleation capacity is governed by an energy-balance criterion [92], a
relatively large threshold strain is required. This is a probable
explanation for the very high void density observed in shear lips, where
strain localization is pronounced [7], In addition, with this potential for
activating a high density of void nuclei within the shear band, the degree of
shear localization will be accentuated by the void-induced strain bifurcation
described in Section 2.2.3.

5.0 GENERAL REMARKS AND RECOMMENDATIONS FOR FURTHER WORK

Simpson and Chow [1], on the basis of their measurements of the J-
integral of irradiated compact tension specimens, emphasized the role of
plastic deformation leading to material separation at the crack tip. They
stated that "A more quantitative understanding of the ductile fracture
behaviour would follow from a survey of strength/work hardening/ductility
relationships", together with "a study of the effect of strength on strain
localization behaviour". The tenor of the present report affirms this. It
Is evident that, if we are to gain an improved understanding of the effect of
irradiation on fracture toughness and a working model of the fracture
mechanism in particular, it will be necessary to expand our program on
deformation processes in irradiated materials. It is important to qualify
this. Whereas we have in place a significant research effort, with
substantial fundamental underpinnings, on the in-reactor deformation
behaviour, this is aimed at understanding the dynamic effects of a neutron
flux on deformation kinetics. In contrast, as the time scale of fracture
processes are comparatively short, flux effects are relatively unimportant.
We are, instead, concerned with fluence effects that serve to modify the
initial microstructure. Fortunately this means that relevant experiments can
be conducted out-reactor (on pre-irradiated material, of course), simplifying
the experimental methods. Such post-irradiation testing was largely
abandoned (in the 1960s) in the mainstream irradiation damage programs
because of the realization of its irrelevance to dynamic in-reactor
behaviour. This explains the general lack of data in the area of the tensile
testing of irradiated material. Thus, we must revive the earlier
experimental programs. In particular, although there exists a reasonable
international base of data on irradiated Zircaloy, the position with regard
to cold-worked Zr-2.5% Nb pressure tube material is derelict.

At first sight, a program on post-irradiation deformation seems
relatively straightforward (apart from the ^eed to work remotely with active



specimens, in cell). However, the phenomenon of strain localization
complicates both the experiments and their interpretation. This is largely
associated with the fact that the deformation is inhomogeneous, confined to
banded regions of the specimen gauge length. The first point to make about
this is that we have to examine a state of extreme instability under a
tensile load, a condition that is very sensitive to specimen geometry, e.g.,
shear bands are typically initiated at local irregularities (stress raisers),
and therefore suffer from nonreproducibility. Similar remarks apply to this
being a highly nonlinear phenomenon, with extreme positive feedback
characteristics (e.g., work softening) and consequently highly dependent on
starting conditions, i.e., supersensitive to fine details of the irradiation-
induced microstructure. However, despite these difficulties, it is clear
that a great deal of relevant and useful information has been produced for
the Zircaloys. A feature of this work is the testing done on well-
instrumented tensile testing machines, combined with intensive metallography,
particularly electron microscopy.

A vital component of the program would be to measure explicit
deformation parameters, such as work hardening rates (da/de and n) and strain
rate sensitivity (da/de and m) over a wide range of conditions (particularly
fluence and temperature). Elongation data must also be carefully measured,
particularly the uniform strain that is sensitive to the onset of strain
localization and subsequent instability. Under these testing conditions, it
is difficult to distinguish between apparent and measured strain rates and
strains. For example, whereas the apparent uniform elongation of the whole
gauge length may be small, the local elongation (and strain rate) in the
shear band, preceding fracture, may be quite large (and characteristic of
unirradiated material, due to dislocation channeling). This can be made
explicit in the following equation which gives the ratio of the strain (or
strain rate) within the band, eb, to the apparent macroscopic strain of the
specimen, es, as:

^. i.. L. (5)
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where L is the gauge length of the specimen, containing i shear bands each of
width w. Since w in a dislocation channel is often less than a micron, «b

can be very high (estimated to be as high as 7, as mentioned in Section
2.2.2). The link between the tensile machine crosshead velocity, x, and the
velocity of the band front, v, also follows as

x = €SL = 2iebv (6)

the factor 2 indicating the two moving fronts of the band.

Taking the above limitations into account, the following scope of
work needs to be addressed if the role of strain localization, and deformation
characteristics in general, are to be delineated:



(1) The incidence of dislocation channeling has to be determined as a
function of temperature and fluence (recognizing that the evidence
for Zircaloy indicates a threshold fluence for this to occur). A
procedural guide would be the work of Onchi et al. [30,31,64] on
Zircaloy. A relatively easy experimental technique to investigate
this is to chemically polish (and, preferably, etch) the tensile
specimens prior to testing. Dislocation channeling (or strain
localization, in general) can then be identified, as shown in the
work of Chow and Simpson [7]. Optical metallography can also be
used to examine the nature of the deformation (slip lines or
twinning). The ultimate proof of dislocation channeling per se is
obtained from transmission electron microscopy. Although this is
difficult for cold-worked Zr-2.5% Nb, it should be attempted. The
same techniques could also be used on compact tension specimens.
The relevant questions are:

- is there a threshold fluence?
- what is the influence of temperature?
- what is the influence of strain rate?
- does channeling become inhomogeneous (i.e., isolated, or

"localized", in the gauge length) at 570 K, as observed in
Zircaloy?

- what is the influence of texture and stress state?
- is there a link between the onset of channeling and a minimum in
ductility?

(2) The yield stress (noting any yield point phenomena) and ultimate
tensile strength should be measured as a function of temperature,
from room temperature to about 870 K. The objective is to determine
the presence of an athermal plateau. This should be done using at
least two strain rates, to determine whether the temperature of the
plateau shifts with strain rate, which should occur if dynamic
strain ageing is the cause.

(3) The work hardening rate should be determined, using the method of
Ells and Cheadle [82], and also n determined, as discussed by Holt
[65]. This should be measured as a function of temperature
(particularly in the regime of - 570 K) and strain rate. Any
tendency towards negative values (work softening) should be noted.
The strain rate sensitivity (m) should be measured (paying
particular attention to negative values) as a function of
temperature, with emphasis on the athermal region of the flow
stress. The method of determining the increase in flow stress
following an incremental increase in the strain rate [8,12] is
probably more suited to in-cell experiments, rather than stress
relaxation techniques [19,56], which need exceedingly accurate
control of the temperature. Such methods can be used to measure m
at various strains so that the deformation characteristics can be
determined at all stages of development of the stress/strain curve
(including the yield point [9,67]).
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(4) Confirmation should be sought for the existence of static and
dynamic strain ageing. The experimental methods based on tensile
testing [11,53,59] should be used. However, as strain ageing
phenomena (including the associated RAH effect) are so crucial to
the formation of strain localization, internal friction techniques,
as developed by Ritchie et al. [54,57,108], should also be used to
characterize the Snoek-ordering mechanism and other processes
related to oxygen and other interstitial impurities.

(5) The possible existence of RAH effects should be established, using
the techniques developed by Snowden and Veevers [50]. Particular
attention should be paid to the athermal plateau region. Attempts
should be made to rationalize the existence of RAH as a phenomenon
separate from strain ageing (see below).

(6) Careful extensometry should be used to measure uniform and total
elongations over the total temperature range. Particular attention
should be paid to the athermal plateau region, to determine whether
ductility minima are present and associated with the phenomena
outlined in points 1 to 5.

(7) The fracture morphology, using optical and scanning electron
microscopy, should be characterized, attempting to link void density
with strain localization and ductility minima.

(8) Following the observation of Chow and Simpson [7], careful
metallography should be done on the plastic zones developed in
compact tension specimens. To facilitate this, the specimens should
be polished and etched prior to testing. A wide range of
temperature and strain rates should be compared. This should be
complemented by scanning and transmission electron microscopy. An
objective should be to determine whether dislocation channeling can
occur within the plane strain region of the specimen. Testing
should be performed using small temperature intervals throughout the
athermal plateau, to ascertain whether there is a minimum in the
fracture toughness.

In addition to the mainly experimental work indicated above, there
is a need to initiate a complementary theoretical program. Such a
combination is essential if the experimental data are to be effectively
analyzed and predictions of end-of-life behaviour in current and advanced
pressure tubes made reliable. An analogous and successful research route has
been followed in the irradiation creep and growth program [6], which will
provide an excellent bare for the investigation of fracture processes. In
addition to an extension of the theoretical work on the phenomenology of
strain localization typified by Rice [22], the principle mechanisms
associated with dislocation channeling and dynamic strain ageing should be
explored in considerable detail. Ultimately, a model must be developed that
relates these deformation processes to the fracture behaviour.
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A new theoretical approach promising to make a significant
analytical impact on phenomena such as shear band formation is that based on
the concept of self-organization in nonequilibrium systems [104], the term
"synergetics" having been coined by Haken [105] to describe this class of
behaviour. Until recently, synergetics has largely found application in the
area of biology and chemistry, but is now being applied to materials science
[106]. There is a realization that plastic deformation by means of
dislocation generation and movement is a highly nonlinear process involving
energy dissipation and creating a system that is in a state far from
thermodynamic equilibrium. The latter is compounded in the case of an
irradiation-modified microstructure containing a high density of defects.
Such a system is prone to instabilities, often associated with pattern
creation in the form of dissipative structures, heterogeneous shear bands
being a prime example. Such bands are produced by the cooperative motion
(i.e., self-organized)* of dislocations, being the product of a competing
process of dislocation multiplication (strain hardening) and annihilation
(strain softening), coupled by dynamic, nonlinear interactions. In the case
of irradiation-hardened materials, the annihilation process is largely one of
the destruction of obstacles (dislocation loops and other defect clusters).
The secondary process of dynamic strain ageing probably plays a role in
determining the evolving morphology of the cleared channels and hence the
propagation of plastic strain throughout the body of the material. In this
regard, whereas some workers (e.g., (106(d)]) introduce a classification
scheme which distinguishes between slip lines, Luders bands, shear bands,
etc., others (e.g., [106(e)]) emphasize their fractal nature, constituting a
hierarchy of fine structure whose width dimension varies from mm to nm. An
analytical approach to these microstructural bifurcations, and the resulting
stress-strain characteristics (e.g., the load drop serrations in a typical
tensile curve [106(d-f)]), is being provided by the theoretical framework
which describes the dynamic aspects of nonlinear systems. This is a
relatively new field of research, whose development should be monitored,
particularly in the area of strain localization.

Previous work, particularly that done on Zircaloy (Section 4.1), has
identified the phenomenon of dislocation channeling, and the resulting work
softening, as being the key trigger for strain localization. Whereas cold-
worked Zr-2.5% Nb shows a similar overall behaviour, i.e., low ductility,
reaching a minimum at about 570 K, with the fracture process being highly
localized, there is no direct evidence for dislocation channeling. However,
the observations of Chow and Simpson [7] on a single tensile specimen

An outstanding puzzle is to explain how the cooperative motion is
transmitted across a grain boundary from one grain to the next [107], an
essential sequence in converting an intragranular microband into an
intergranular macroscopic shear band. Thus, the initiating microband
conforms to the crystallographic orientation of available slip planes.
However, its trajectory across a grain boundary is undeviated, often
requiring a noncrystalline path in the neighbouring grain. This indicates
a highly dynamic penetration of the grain boundary, involving an elasto-
plastic impulse, referred to as a "plaston" [107].
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indicate that some form of localized shear band formation does occur. In point
of fact, the literature, in general, on Zr-2.5% Nb emphasizes its resistance to
plastic instability, claiming that the migration of niobium to the irradiation-
induced defect structure (presumably supplementing the effect of adsorbed
oxygen) confers a greater stability compared to Zircaloy. The implication is
that dislocation channeling is discouraged. In addition, any channeling that
does occur is claimed not to remove the dislocations introduced by cold work.
The presence of these should result in a higher capacity for strain hardening,
a factor that would resist strain localization. However, this can be offset by
a lack of strain rate sensitivity. This situation needs to be clarified.

Because the strain rate sensitivity, and the role of dynamic strain
ageing, is so important in controlling the tendency towards strain
localization, this needs particular attention. Associated with this is the
phenomenon of RAH. Its precise nature, despite the crucial role bestowed on it
by Onchi et al. [30,31,64] and Garde [45], is not clear. The more
comprehensive definition of RAH refers to hardening (due to oxygen migration to
irradiation damage centres) that occurs not only during post-irradiation
annealing, or tensile testing itself, but also during reactor irradiation.* As
the work of Snowden and Veevers [50] shows, post-irradiation RAH is significant
when the material has been irradiated at lower temperatures. Thus, it is
unlikely that there is any further capacity for RAH during an annealing
treatment at 570 K (for several hours) when the material has been irradiated at
570 K (for several years). That is to say, RAH should be saturated during the
former, unless oxygen is prevented from diffusing to defect sites in-reactor
because it is trapped by the irradiation per se (e.g., at vacancies or
interstitials). This would rule out RAH under most practical circumstances.
If this is the case, workers may be using the term RAH to represent dynamic
strain ageing during the tensile test (e.g., at ~ 570 K, where the athermal
plateau occurs). However, the question may be asked, how can dynamic strain
ageing be effective when most of the oxygen is tied up at the irradiation-
induced defect sites? After all, it has been demonstrated [47] that
irradiation actually suppresses static and/or dynamic strain ageing. The
answer to this may be that dislocation channeling is a prerequisite for dynamic
strain ageing, the consequent annihilation of the defect structure serving to
release the trapped oxygen, allowing it to migrate to the moving deformation
dislocations (Cottrell atmosphere mechanism), or reorientate in the stress
fields of the mobile dislocations (Snoek-ordering). Such strain ageing would
then add to the destabilizing effect of the dislocation channeling (work
softening effect), by decreasing the value of m. Thus, dynamic strain ageing
would occur within the channel, once formed, exacerbating plastic instability
due to the reduction in the strain rate sensitivity.

It is salient to point out at this juncture that the evidence taken
as a whole does indicate that oxygen is responsible for a lowering of
ductility, in general, and accentuating strain localization, in particular.
From this point of view, its removal from the commercial alloys might be
beneficial. However, established metallurgical practice has shown that it is

* It is pertinent to note that the incremental increase in flow stress due to
RAH is minor compared to that due to irradiation per se. Thus, irradiation
increases the yield strength by over 100%, whereas RAH (or strain ageing)
produces a further increase of just a few percent (in Zircaloy).
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necessary to have oxygen present in order to meet the tensile strength
specifications. In fact, it is the very existence of the athermal plateau (due
to oxygen), at the temperature range of practical interest, which maintains the
viability of the zirconium alloys as a structural material in reactors. One
could also speculate that the improved ductility claimed for Zr-2.5% Nb,
compared with Zircaloy, is a consequence of the modifying effect of niobium on
the mobility and general effectiveness of oxygen, as well as its stabilizing
influence on the irradiation-induced microstructure.

As discussed in Section 3, while the evidence shows that oxygen (and
other interstitial impurities) plays a vital role in strain localization, the
precise details of the various associated mechanisms rio.'e not been fully
established: inconsistencies in the data (e.g., relationship between the
temperature of strain ageing/RAH and oxygen diffusivity) and controversy in the
dislocation locking mechanism (e.g., Cottrell atmosphere versus Snoek-ordering)
remain. It Is imperative to explore these effects further. Previous work on
zirconium and titanium would indicate that the best route towards improved
understanding would be the use of internal friction techniques. For example,
work in this area has shown that the binding energy of oxygen with dislocations
in zirconium is remarkably high, 1.47 eV [108], in good agreement with the
estimate of Tyson [109].* This is much higher than the binding energy of
carbon in iron (~ 0.6 eV), which serves to emphasize the expectation (and
evidence) that oxygen has a dramatic affect on the plastic deformation
behaviour of zirconium.

Finally, it is important to emphasize the influence of strain rate on
the deformation processes, and therefore on the proclivity to strain
localization. At any given temperature, the effectiveness of the underlying
mechanisms that determine key parameters, such as m and n, and central
deformation modes, such as dislocation channeling, will be extremely dependent
on the plastic deformation rate. This is particularly true at temperatures of
~ 570 K, where oxygen mobility (at least its intrinsic lattice diffusivity) is
only just sufficient to produce dynamic strain ageing (or RAH) at laboratory
strain rates. This immediately poses the question as to what is the
appropriate strain rate regime for conducting experiments (tensile or fracture
tests) that are relevant to the practical conditions prevailing in the reactor.
Let us be more explicit concerning the latter first. Consider a crack growing
under stable conditions (whether by delayed hydride cracking or stable plastic
propagation). The crack velocity is slow. However, when the crack approaches

* Based on a thermodynamic analysis of tensile data, Tyson [109] has
calculated the obstacle strength for oxygen in zirconium to be 1.0 eV and
1.4 eV for nitrogen. Similar values are found for interstitial impurities
in titanium. He shows that these results cannot be explained by the
elastic interaction of the dislocations and the tetragonal strain fields of
the solute defects (estimated to be about 0.3 eV), as pointed out in
Sections 2.2.1 and 3. It is speculated that the pinning strength is
related to the diffusional rearrangement of the solutes in the dislocation
core. This is in reasonable agreement with the activation energy for
oxygen diffusion in zirconium, - 2 eV and - 1 eV for lattice and grain
boundary diffusion, respectively [57].
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the unstable critical crack length, propagation is extremely rapid, approaching
the speed of sound in zirconium. The stressing conditions are close to fixed
load. The plastic deformation rate within the crack-tip region will be very
high, governed solely by the physical and mechanical properties of the pressure
tube. It is quite possible that under such conditions, dynamic strain ageing
(and other rate-sensitive mechanisms) does not occur. This may well favour
homogeneous deformation, and intense plastic instability is avoided. (However,
if the deformation rate is sufficiently high, strain localization due to
adiabatic heating becomes possible [110].) Contrast this with the typical
laboratory fracture test. The imposed displacement rate (under rising load
conditions) of the compact test specimen is quite modest (and not varied
significantly from one worker to the other). When plastic instability sets in
(i.e., void formation and plastic ligament tearing), it occurs at a
predetermined (slow) rate.* Indeed, if the tensile machine is relatively hard,
any rapid increments of crack-tip deformation occurs under fixed displacement
(falling load) conditions. This is the intrinsic nature of the J-integral
curve: the average crack propagation rate is controlled by the tensile
crosshead speed. This may, indeed, be a sufficiently slow process to encourage
strain ageing, and other mechanisms, to produce strain localization. The net
result would be to contrive an apparently low fracture toughness, compared with
the actual pressure tube situation in the reactor. This may be the underlying
reason why the compact tension specimen test typically yields a "conservative",
i.e., low, fracture toughness [93,111]. It may also explain why the critical
crack length estimated from the CRACLE (Chalk River Active Crack Leak
Evaluation) tests [112] (which reproduce the actual reactor conditions) is much
higher than that predicted from the small specimen data. Clearly, there is a
need to explore a much wider range of crosshead displacement rates in the
compact tension specimen testing program.
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* An uncertainty in this argument is that the strain rate in a dislocation
channel, or shear band in general, will be high and largely independent of
the imposed net strain rate of the specimen (see, for example, Equations
(5) and (6)). This may prevent dynamic strain ageing from occurring
following the development of strain localization. However, the accumulated
evidence (at least for Zircaloy, e.g., see reference 45) suggests that the
macroscopic strain rate, and dynamic strain ageing (RAH), does play a role
in minimizing the ductility. This apparent discrepancy needs to be
clarified. Perhaps the effective strain rate determines the onset of
dislocation channeling, the width of the channel, and other factors that
contribute to the nonuniform distribution of channels, as discussed by
Onchi et al. [30,64] and discussed in Section 4.1.
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FIGURE 1: Estimated (from J-Integral Measurements) Critical Crack. Lengths
of Zr-2.5% Nb Pressure Tubes as a Function of Fluence, Tested at
27O-28O°C, Except as Noted. The origin of each pressure tube is
indicated: B refers to Bruce reactors (unit 2), P refers to
Pickering reactors (units 3 and 4) and the actual pressure tube
designation is included [3].
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FIGURE 2: Typical J-Resistance Curves for Irradiated and Unirradiated
Zr-2.52 Nb, Tested at 290°C [7]
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(a)

(b)

FIGURE 3: Schematic Representation of the Development of the Surface
Plastic Zones for Increasing Amounts of Crack Extension in
Zr-2.5% Nb Compact Tension Specimens:
(a) Uniform Zone Development in Unirradiated Material,
(b) Non-Uniform (Shear Band-Type) Zones in Irradiated Material

(See Reference 7 for Actual Photomicrographs)
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FIGURE 4: Schematic Representation of Neck. Formation Preceding Fracture:
(a) Localized Necking in a Tensile Specimen Beyond the Ultimate

Tensile Strength
(b) Micro-Necking Leading to the Coalescence of Ductile Voids
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TEMPERATURE

FIGURE 5; Schematic Flow Stress Versus Temperature Plots [14]. The total
flow stress, at, consists of two contributions: a (the intrin-
sic flow stress, in the absence of dynamic strain ageing) and
asoi (tne solute strengthening term due to dynamic strain
ageing). The effect of strain rate (e) is indicated and the
region of low strain rate sensitivity is shaded.
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FIGURE 6: Schematic Stress-Strain Curves:

(a) Complete curve showing the upper and lower yield points, CTU
and alt respectively. The ultimate tensile strength (UTS)
marks the onset of instability at the uniform strain, su,
preceding fracture marked by the total strain, et.

(b) Interrupted test, showing the effect of static strain
ageing [11]. Note the resulting increase in the flow
stress (represented by either So or Sf and the introduction
of a yield point, with the yield drop, YD.
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FIGURE 7: Transmission Electron Micrograph (Supplied by C.E. Coleman)
Showing a Region of a Tensile Specimen Cleared of Visible
Irradiation Damage (i.e., Dislocation Channels). The specimen
was cut from irradiated Zircaloy-4 fuel sheath and tested at
570 K.
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FIGURE 8: Schematic Representation of a Microvoid-Induced Shear Band.
While the inhomogeneous shear strain occurs in the x{ direction,
the associated dilatation causes a normal strain component in
the x'2 direction.
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FIGURE 9: Calculated Strains [44] to Cause Strain Localization (ccr) Due
to the Formation of a Dilational Band Shown in Figure ^ W h e r e <f>
is the Angle of the Band Normal and the Tensile Axis Under Plain
Strain Conditions (the Solid Curves Represent the Initial Angle,
the Dotted Curves Represent the Angle at Localization). The
strain hardening exponent is fixed at 0.1. It is assumed that
no voids are initially present outside the band, whereas the
initial void volume fraction within the band is 0.01. Void
nucleation is controlled by a plastic strain criterion
(characterized by the parameters eN and s (see reference 44).
"Necking" refers to the presence of a hydrostatic tensile
stress, as developed within a region of necking.
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at the temperatures indicated. T± refers to the temperature of
irradiation for the indicated fluences, and Tm marks the
maximum in the RAH curve, as discussed in the text.
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(auts) Stresses as a Function of Temperature for Zircaloy-2
Fuel Cladding, Irradiated to the Indicated Fluences at
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FIGURE 12: Strain to UTS (i.e., Uniform Strain) as a Function of Test
Temperature for the Specimens Depicted in Figure 11. Note the
minima (particularly at the higher fluence) corresponding to
the athermal flow stress plateau.
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FIGURE 14: Schematic Diagram [30] Illustrating the Stages of Strain
Localization Development During Deformation of Irradiated
Material
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FIGURE 15: A Comparison [71] Between the Post-Irradiation Tensile
Behaviour of Annealed Zr-2.5% Nb and Zircaloy-2 Irradiated to a
Fluence of 3 x 1024 n/m2 at 570 K and Tested at 570 K
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FIGURE 16: The Effect of Alloying Composition on the Average Room Tempera-
ture Work Hardenability (see Text for Definition) of Zr-Nb and
Zr-Sn Alloys Irradiated to a Fluence of 4 x 1O23 n/m2 at the
Indicated Temperatures [71]. The alloy designations are CN =
pure zirconium, BZ = 0.14 Nb, BY = 0.60 Nb, BX = 2.35 Nb and
CA = 0.50 Sn.
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FIGURE 19: The Temperature Dependence of the Ultimate Tensile Strength
(Axial and Transverse) of Cold-Worked Zr-2.5% Nb Pressure Tubes
Irradiated to 1.3 x 1025 n/m2 at 545 K. The unirradiated data
are shown for comparison, and the incremental strength increase
due to irradiation are indicated [88].
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FIGURE 20: The Temperature Dependence of Ductility (Total Elongation and
Reduction of Area) of Cold-Worked Zr-2.5% Nb Pressure Tubes
Irradiated to 1.3 x 1025 n/m2 at 545 K, Corresponding to the
Tensile Data in Figure 19. Unirradiated values are also shown
for comparison [88].
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difference between yield and UTS, indicative of premature
plastic instability [89].
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FIGURE 23: Shear Bands Observed [7] on a Polished Tensile Specimen of
Cold-Worked Zr-2.5% Nb Pressure Tube Irradiated to
7 x 1025 n/m2. Arrow indicates the tensile axis. (100X
magnification)
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FIGURE 24: Fracture Surface of a Tensile Specimen Corresponding to
Figure 23 [7]. The slip bands (marked) on the polished surface
of the specimen are seen to be associated with vertical shear
steps where the bands intersect the fracture surface.
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