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Abstract

Over forty years of in-reactor testing and over thirty years of operating experience in power reactors have provided a broad under-
standing of the in-reactor deformation of cold-worked Zr-2.5Nb pressure tubes, and an extensive data-base upon which to base models
for managing the life of existing reactors and for designing new ones. The effects of the major operating variables and many of the met-
allurgical variables are broadly understood. The deformation is often considered to comprise three components: thermal creep, irradi-
ation growth and irradiation creep. Of the three, irradiation growth is best understood — it is thought to be driven by the diffusional
anisotropy difference (DAD). It is still not clear whether the enhancement of creep by irradiation is due to climb-plus-glide (CPG),
stress-induced preferred absorption (SIPA) or elasto-diffusion (ED). The least understood area is the transition between thermal creep
and irradiation where the fast neutron flux may either suppress or enhance the creep rate. The three components are generally treated as
additive in the models, although it is recognized that this is only a crude approximation of reality. There are still significant gaps in our
knowledge besides the thermal- to irradiation-creep transition, for example, the effect of Mo which is produced from Nb by transmu-
tation in the thermal neutron flux is not known, and on-going work is required in a number of areas. This paper reviews the current
state of knowledge of the in-reactor deformation of cold-worked Zr-2.5Nb pressure tubes, and highlights areas for further research.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction tured and operated to standards published by the Cana-
dian Standards Association [1-6].

The fuel channel of the CANDU®' nuclear power plant
comprises a Zr—2.5NDb pressure tube and two steel end-fit-
tings (in contact with the primary coolant), a Zircaloy-2
calandria tube (in contact with the moderator), and four
spacers maintaining the annular gap between pressure tube
and calandria tube. The pressure tubes are the primary
containment of the high temperature D,O inside the core
of a CANDU® reactor. They are subjected to high stresses,
temperatures and fast neutron fluxes which cause changes
in the dimensions and material properties. In addition, ser-

1.1. Fuel channel design

The core of a CANDU® reactor is a cylindrical tank (cal-
andria) containing D,O moderator at 70 °C. It is penetrated
by 380 (675 MW units) or 480 (875 MW units) horizontal
fuel channels, Fig. 1.1.1. The cold-worked Zr-2.5 wt% Nb
pressure tube is 6 m long, 104 mm in diameter and has a
wall thickness of 4.2 mm. The chemical specification for

vice-induced wear occurs. To ensure the safe, reliable and
economic performance of the reactor, it is important that
these changes are known and that the rate of change can
be predicted and demonstrated to remain within the design
basis. The pressure tubes are designed, specified, manufac-
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the alloy is given in Table 1.1. The pressure tube contains
the natural UO, fuel, encased in Zircaloy-4 sheathing, and
heat transport fluid, D,O, operating at temperatures from
520 to 540 K at the inlet to 565-585 K at the outlet. The
inlet pressure is about 10.5 MPa and the outlet pressure is
about 9.9 MPa, resulting in an initial axial stress in the pres-
sure tube wall of about 65 MPa and an initial hoop stress
that varies from about 130 MPa at the inlet to about
122 MPa at the outlet. Superposed on the axial stress from
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Fig. 1.1.1. Schematic diagram of a CANDU fuel channel.

Table 1.1
Chemical specification for Zr-2.5Nb pressure tubes for CANDU reactors

Element Limits (by weight)

Niobium 2.4-2.8%

Oxygen 900-1300 ppm

Nitrogen <65 ppm

Hydrogen Was <20 ppm, now <5 ppm
Iron <1300 ppm

the pressure is a relatively small axial component due to an
end-load from the out of core hardware that varies with
time from tensile to compressive. The peak fast flux is up
t0 3.5x 10" nm?s™!, E> 1 MeV. The pressure tube and
the annealed Zircaloy-2 calandria tube are separated by
spacers and the annular gap is filled with flowing CO, to
insulate the pressure tube from the cold moderator. The cal-
andria tube has a wall thickness of 1.4 mm and an inside
diameter of 129 mm. The pressure tubes are rolled into
403 stainless steel end-fittings at each end of the channel.
The end-fittings have mechanical closures to enable on-
power refueling and are connected to the heat transport sys-
tem (HTS) by carbon steel ‘feeders’.

The annulus gas system has been developed to detect the
presence of moisture if a leak develops in the primary pres-
sure boundary inside the reactor core. The ability to detect
moisture at an early stage of the formation of a sub-critical,
through-wall crack in the pressure tube is an important
component in assuring leak-before-break of the tubes.

1.2. Aging mechanisms

Pressure tubes must accommodate the following aging
mechanisms [7-9]: dimensional changes, material property
changes, deuterium ingress due to corrosion and in-service

damage and wear. In older CANDU® units these changes
were not fully understood, and have required monitoring,
and in some cases maintenance. In newer CANDU stations
adequate allowances for them have been made for the
design life of the reactor.

To assess their aging characteristics, pressure tubes are
subject to periodic non-destructive inspection, and material
surveillance, which, in Canada, requires a pressure tube to
be removed every three years from the unit with the highest
integrated neutron fluence (lead unit), for evaluation of
fracture properties. These requirements are defined in
Ref. [5]. The data that has been obtained from the periodic
inspection and surveillance programs has been supple-
mented by in-service inspection programs, destructive
examination of tubes removed as a result of in-service
damage and irradiation of small specimens in test reactors
[10-13].

2. Deformation of pressure tubes

During reactor operation, the effects of temperature,
stress and neutron flux change the dimensions of the pres-
sure tubes. Irradiation and thermally induced deformation
of fuel channel components will, in the absence of other
mechanisms, eventually determine fuel channel life. The
dimensional changes in pressure tubes during normal reac-
tor operation are axial elongation, diametral expansion,
sag and wall thinning. One can consider that there are three
mechanisms contributing to the dimensional changes: irra-
diation growth — the change in shape at constant volume in
a fast neutron flux, thermal creep — the change in shape due
to the effect of temperature and stress in the absence of a
fast neutron flux, and irradiation creep, the additional
change in shape due to stress and fast neutron flux [14].
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To a first approximation the total in-reactor deformation
rate is often expressed as the sum of these three terms, i.e.,
(2.1)

stotal
2

= 8§ + & + &,
where ¢ is strain rate and the subscript d indicates the direc-
tion, and superscripts, g, ic and tc designate growth, irradi-
ation creep and in-reactor thermal creep, respectively.

To some extent, the creep and growth phenomena can
be studied independently to determine their important
characteristics, however the real behaviour is more com-
plex than this, representing a continuum in a multi-dimen-
sional space of stress, fast neutron flux, temperature, fast
neutron fluence and the microstructure of the material.

The changes in dimensions cause the stress state in the
pressure tube to vary with time, for example, while the
coolant pressure profile along the channel remains essen-
tially constant with time, the internal diameter increases,
and the wall thickness is reduced, resulting in an increase
in the hoop stress. The change in the stress state must be
taken into account to understand and predict the behav-
iour accurately.

The main trends of pressure tube deformation at normal
operating conditions were fairly well established by the
early 1980s based on various types of in-reactor testing in
the NRU Reactor at Chalk River and early diametral
and sag gauging results and elongation measurements from
Pickering A [15]. In the past 20 years the emphasis has been
on:

e extrapolating these results to newer reactors that oper-
ate at higher temperatures and with higher fast neutron
fluxes [16];

e making end-of-life predictions requiring long term irra-
diations [12,17];

¢ understanding sag of the pressure tube and the develop-
ment of contact between pressure tubes and calandria
tubes [18-20];

R.A. Holt | Journal of Nuclear Materials 372 (2008) 182-214

e assessing the microstructural and microchemical
changes that occur during service [21];
and most recently:

e identifying the causes of variability between reactors and
between tubes in one reactor [22];

e creep at high stresses under multi-axial stress conditions
near flaws [23,24];

e the transition between thermal- and radiation-induced
creep near the ends of the tubes [25].

For general reading on in-reactor deformation of zirco-
nium alloys, see Refs. [26,27].

2.1. Diametral expansion

Diametral expansion, which corresponds to an increase
in the circumference of the tube, occurs mainly by
irradiation creep [14]. There is a small thermal creep com-
ponent and the contribution of irradiation growth com-
ponent is actually negative, and therefore beneficial. The
diametral strain is measured as mandated in Ref. [5].
For CANDU 6 reactors, approximately 90 diameter pro-
files have been measured up to 123000 full power hours
of operation, allowing statistical treatment of the data
(examples of such data are given in Ref. [14]). A typical
profile is shown in Fig. 2.1.1, and typical fast neutron flux
and temperature profiles are shown in Fig. 2.1.2. The
diametral strain is low near the ends of the tube where
the fast neutron flux is low, and peaks towards the outlet
(hot) end.

An important factor affecting the shape of the diametral
strain profile is the orientation of the coolant flow relative
to the manufacturing direction of the pressure tube. Pres-
sure tubes are made using hot-extrusion, followed by
cold-drawing and heating in a steam autoclave at 673 K
for 24 h [28]. In the hot-extrusion process the end of the
tube emerging from the extrusion press first is referred to
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Fig. 2.1.1. Typical profile of diameter from outlet to inlet along the length of a CANDU 6 pressure tube.
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Fig. 2.1.2. Typical fast neutron flux and temperature profiles from inlet to
outlet along a CANDU pressure tube.

as the ‘front end’ and the end emerging last is referred to as
the ‘back end’. The front ends of the tubes exhibit lower
yield and ultimate tensile strengths than the back ends.

In earlier reactors the pressure tubes were always
installed in the same geographic orientation relative to
reactor core, e.g., the back end of the tube at the west
end of the reactor. Since the coolant flow is in the reverse
direction in alternating channels, half the pressure tubes
then had their back ends at the outlet, and half had their
back ends at the inlet. This resulted in two types of diam-
etral strain profiles. Tubes with their back end at the outlet
exhibited asymmetrical strain profiles like that shown in
Fig. 2.1.1, and tubes with their back end at the inlet exhib-
ited a more symmetrical strain profile, Fig. 2.1.3.

In later reactors tubes, were installed with their back
ends at the outlet of all channels, to reduce the likelihood
of a failure mechanism called delayed hydride cracking
(DHC) at the rolled joints where the pressure tubes are
joined to the steel end-fittings [29]. In the most recently
built reactors, this concern has been alleviated and the
tubes are installed with the back end at the inlet.

After a small positive transient, Fig. 2.1.4, the diametral
strain rate at a given point along the pressure tubes appears
to reach a steady state, and, unlike the situation for elonga-
tion, see Section 2.2, there is no evidence from power reac-
tors that this rate changes with time throughout the life of
the reactor. There is some suggestion from test reactor
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Fig. 2.1.3. Comparison of diameter profiles along CANDU pressure tubes
with the back end at the inlet and the back end at the outlet, from Ref.
[14].
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Fig. 2.1.4. Strain as a function of time for the fast neutron fluxes shown
(in units of 10" nm~2s~!, E> 1 MeV) showing an initial transient strain
followed by a steady state rate, from Ref. [25].

experiments on small specimens [30] that the irradiation
creep rate changes with fluence, and clear evidence that
the growth rate does change [12], so reactor operators
should remain vigilant.

The design of the fuel channels accounts for stress rup-
ture/creep ductility and flow bypass. Based on data from
in-reactor experiments, 5% is considered to be a very
conservative limit with respect to creep rupture and creep
ductility, Ells et al. [31], see Section 7. Although the mea-
sured diametral expansions are within the maximum value
assumed in the analysis, lifetime management strategists
are evaluating the need for increased inspections to pre-
cisely quantify the variability in expansion. This will allow
more accurate assessments of effect of flow bypass on fuel
cooling and the potential approach to fuel dry-out — the
condition limiting the operating power of the reactor.
The variability of diametral strain is also important
because operating margin to fuel dry-out is based on the
worst case. A new fuel design has been developed to ame-
liorate the effects of diametral creep on fuel cooling [32],
which, if implemented, would delay any necessity to de-rate
reactors as a result of degraded operating margins.

2.2. Axial elongation

Axial elongation is due to a combination of irradiation
creep and irradiation growth [14,33]. Both of these phe-
nomena are anisotropic, and result directly from the aniso-
tropic crystal structure (hexagonal close packed or hcp) of
zirconium, and the pronounced crystallographic texture
produced during manufacturing. If Zr-2.5Nb were isotro-
pic, there would be no significant pressure tube elongation.
The designers of the earliest CANDU stations assumed
that zirconium alloys were isotropic and made no allow-
ance in the design for elongation beyond thermal and
elastic expansion. Once pressure tube elongation was dis-
covered, it was assumed that it would occur at a steady rate
(several millimeter per year), after a short initial transient
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Fig. 2.2.1. Elongation as a function of fast neutron fluence (averaged
along the length of each pressure tube) for a CANDU 6 reactor.

[15], and much reactor maintenance is still planned based
upon this assumption. However, it is now known that the
elongation rate increases gradually with time [7,14], or
more correctly with fast neutron fluence, Fig. 2.2.1. This
increase in rate is attributed to evolution of the microstruc-
ture induced by the fast neutron flux [12].

Pressure tube elongation is accommodated by support-
ing the end-fittings on sliding bearings. One end is initially
fixed and the other end is free to move outwards. About
halfway through the design life, the channel is ‘reconfig-
ured’, i.e., the free and fixed ends are reversed, allowing
elongation to be accommodated at the other end of the
reactor [7].

Two aspects of elongation are important: the magnitude
and the differential between channels. Monitoring is neces-
sary to establish the optimum time to reconfigure and to
ensure deformation continues at the established rate. The
difference in elongation rates between neighboring channels
is also monitored so that interference between feeders or
problems with fueling machine access do not occur.
Recently, some progress has been made in understanding
the sources of the variability in terms of the manufacturing
variables and their effect on the microstructure [34].

Life management strategies currently involve measure-
ment and calculation of the elongation rate of each channel
to determine when maintenance is required. The fueling
machine, in combination with specialized instrumentation,
can be used to provide this elongation data on-line, see
Fig. 2.2.1. The newest CANDU® stations have been
designed with increased elongation margins to account
for the gradual acceleration of the rate [7].

2.3. Sag

Sag occurs mainly by irradiation creep from the weight
of the fuel and heavy water in the pressure tube, Fig. 2.3.1.
Gross sag deformation is primarily controlled by the rela-
tively cool calandria tube [18,19]. Sag of the pressure tube
occurs between the spacers, but is only of consequence if
spacers are sufficiently displaced from their design loca-
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Fig. 2.3.1. Sag profile for a CANDU fuel channel after several years of
operation.

tions and the pressure comes in contact with the calandria
tube. Fuel bundle passage, as proven by tests using pre-
dicted end of life curvature, is not impaired during the fuel
channel design life [7].

In the design, sag is assessed to address the possibility of
contact between the calandria tube and horizontal mecha-
nisms that are perpendicular to the fuel channels: the
liquid-injection-shutdown-system nozzles and horizontal-
flux-detector-unit guide tubes [7]. Deformation predictions
indicate that, although unlikely, such contact could occur
before 30 years of reactor operation in earlier reactors.
Measurements are planned on lead units to verify the cal-
culations, and a modification is available to address the
possibility that contact occurs. The newest units have more
sag resistant calandria tubes, and greater clearances
designed to accommodate the predicted sag with larger
margins [7,35].

In early units, the loose-fitting spacer design was suscep-
tible to movement during reactor assembly and early oper-
ation [29]. Because of the resulting wide span between some
spacers, pressure tube to calandria tube contact could
occur. This could lead to the potential for hydride blister
formation and growth if the hydrogen concentration at
the contact location exceeds the ‘blister formation thresh-
old’ (BFT) [36]. A specialized spacer location and reposi-
tioning (SLAR) tool was developed to locate the spacers
and relocate them, if necessary [37]. This maintenance
operation is being carried out before BFT is reached. The
operation is controlled by an operator using the computer
code SLARON/SLARADE, Badie et al. [20], based on
measured spacer locations and model calculations of the
sag phenomenon. In 1983, the spacer design was changed
from loose-fitting Zr-2.5Nb-0.5Cu to tight-fitting Inconel
600 spacers that do not move [38].

The models used to predict sag and control SLAR are
still under development. These models are essential because
the gross sag of the fuel channel is mainly controlled by the
calandria tube, and hence sag measurements only give very
crude information about the sag of the pressure tube per se.
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Fig. 2.4.1. Variation in wall thickness (maximum, average and minimum)
of a CANDU pressure tube with distance from the outlet end-fitting.

The further development of these models and probabilistic
assessment of the likelihood of contact are now probably
the most important focus of on-going research.

2.4. Wall thinning

Creep and growth occur at constant volume, therefore
the increase in diameter and length correspond to a reduc-
tion in the wall thickness. Sag also contributes a small
amount to the loss of wall thickness on the side opposite
the centre of curvature. A typical wall thickness profile at
mid-life is shown in Fig. 2.4.1. The design of the fuel chan-
nels accounts for the stress increase both due to diametral
expansion and due to wall thinning. Relative to the short
term strength, increased stresses due to diametral expan-
sion and wall thinning are more than offset by the radiation
hardening that occurs during service. The recently devel-
oped capability to measure wall thickness profiles accu-
rately, as shown in Fig. 2.4.1 allows a more accurate
analysis of the diametral strain profiles and elongation with
the possibility of detecting variations in anisotropy along
the length of the pressure tube.

3. Microstructure and microchemistry of pressure tubes

The manufacturing route of Zr-2.5Nb pressure tubes
has varied slightly between the construction of Pickering
A (late 1960s) and Qinshan 1 and 2 (early 2000s), but the
microstructure of the pressure tubes has remained reason-
ably consistent. The basic microstructure and crystallo-
graphic texture arise during the extrusion process (for
summaries of the manufacturing route of pressure tubes
see Refs. [28,39,40]). It comprises mainly hcp a-Zr grains
that are highly elongated in the axial direction of the tube,
as seen in the radial/axial plane, Fig. 3.1(a). In this view
they are generally between 0.2 and 0.5 pm thick and several
micrometer long. As seen in the radial/transverse plane
there are three types of grains [41]. Usually they are a
few micrometer wide, and are predominantly aligned in
the transverse direction but often curl around,
Fig. 3.1(b), and a few are aligned in the radial direction,

Fig. 3.2(a). The elongated a-grains tend to be somewhat
finer at the back ends of the tubes, Table 3.1 [22]. Occasion-
ally, especially at the front ends of the tubes there are col-
onies of ‘misaligned’ a-grains, which result from the B- to
o-phase transformation during cooling after extrusion,
Fig. 3.2(b) [40]. The o-grains contain 0.6-1.0%Nb, a
slightly super-saturated solid solution which is thermally
stable because the transformation kinetics are sluggish [42].

Between many of the a-grains, there is a thin film of ‘B-
phase’, perhaps 20-50 nm thick, see Figs. 3.1 and 3.2. After
extrusion, this phase is metastable body centred cubic (bcc)
B-Zr containing approximately 20%Nb, but after cold-
work and autoclaving, this phase has partially trans-
formed, through a complicated sequence, towards the equi-
librium phase distribution of a (<0.5%Nb) and bcc B-Nb
(~95%Nb) and contains a combination of w (a metastable
hcp phase of intermediate Nb content) and B-Zr enriched
in Nb to ~50% [43]. This partial transformation is recog-
nizable by the internal structure of the B-phase observed
after autoclaving, but not immediately after extrusion,
Fig. 3.3.

Oxygen, which is deliberately controlled to give short
term strength [28] is concentrated in the o-phase and
depleted in the B [40], although there is no technique that
will give a quantitative assessment on such fine microstruc-
tures. The major impurity in Zr-2.5Nb is Fe which is a
B-stabilizer in Zr, and is primarily concentrated in the
B-phase. Fe is also found at the a—a grain boundaries [44].

The dislocation structure in the o-phase arises mainly
from the cold-drawing process (~27% reduction in area),
and subsequent recovery during autoclaving [45]. It com-
prises both a dislocations, i.e., dislocations with a Burgers
vector lying in the basal plane of the hcp crystal, and c-
component dislocations, i.e., dislocations with a compo-
nent of their Burgers vector normal to the basal plane.
The two types can be observed by transmission electron
microscopy, Fig. 3.4 [46]. Using X-ray diffraction [47] the
total dislocation is estimated as 3—4 x 10'* m~2. and typi-
cally the c-component dislocation density is 10-20% of
the total [22].

The anisotropic nature of the in-reactor deformation
processes in pressure tubes results predominantly from
the anisotropic hcp a-Zr crystal structure and the crystallo-
graphic texture developed during the extrusion process.
The anisotropy is mainly controlled by the orientation of
the c-axis, or basal plane normal. This is the strong direc-
tion of the crystal [48]. A typical basal pole figure for a
pressure tube is shown in Fig. 3.5. The basal plane normals
are distributed in the radial/transverse plane and concen-
trated predominantly in the transverse direction [28]. This
concentration tends to be higher at the front ends of the
tubes. Often there is a small concentration of basal plane
normals in the axial direction of the tube at the front end
associated with the presence of colonies of misaligned o-
grains [49], mentioned above. The basal plane texture is
often quantified by Fr, Fr and Fj, the resolved fractions
of basal plane normals in the radial, transverse and axial
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Fig. 3.1. Transmission electron micrographs from carbon replicas of a pressure tube showing: (a) elongated o-grains in the axial/radial section and

(b) curved flattened a-grains in the radial/transverse section, from Ref. [41].

directions, respectively [50]. These quantities represent a
normalized average of a second-order tensor resolution
into the tube directions of dilations along the c-axis for
all crystallographic orientations [51]. Typical values for
pressure tubes are given in Table 3.1 [22].

Unless otherwise specified, the deformation characteris-
tics described below pertain to material with the micro-
structural characteristics given above, and to operating
conditions that are representative of the behaviour of pres-
sure tubes in power reactors.

4. Variability of pressure tube deformation

Within one reactor, the deformation rates of pressure
tubes can vary substantially once temperature, fast neutron
flux and tube orientation have been taken into account. In
the case of elongation, this variation is of the order of
+15-20% [33] and in the case of diametral strain the varia-
tion can be of the order of +-30% [22]. Further variations are
seen from reactor to reactor, but these might be attributable
to differences in operating conditions. A number of correla-

tions have been established between the overall diametral
strain [22] and elongation [34] of pressure tubes and micro-
structural, chemical and manufacturing information.

The elongation rate of pressure tubes shows a decrease
with increasing Fe concentration, Fig. 4.1 [52]. A similar
correlation is seen between the rate of irradiation growth
and Fe concentration, Section 5.4. The elongation rate also
appears to vary from one ingot to the next [53], Fig. 4.2,
which could be attributable to ingot chemistry, or could
be a manufacturing batch effect [34].

The diametral strain rate decreases with grain thickness,
Fig. 4.3, decreases as the distribution of basal plane nor-
mals becomes more pronounced in the transverse direction,
Fig. 4.4, and decreases as the oxygen concentration (as
analysed in the ingot) increases, Fig. 4.5 [22].

In all cases these correlations may be misleading because
there are many potentially confounding variables.

The effect of grain size might be expected from the the-
oretical predictions of the effect of grain size on irradiation
growth in the transverse direction [54], see Section 5.6. The
effect of texture is expected from its effect on both creep
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Fig. 3.2. Transmission electron micrographs from thin foils of a pressure tube showing: (a) transversely oriented a-grains in the radial/transverse section
and (b) a radially oriented a-grain in the radial/transverse section. Both micrographs show some Widmanstitten a-grains (centre in (a) and upper right in

(b)), from Ref. [41].

Table 3.1
Front-to-back variation in microstructural parameters for pressure tubes
(£1 standard deviation)

Parameter Front Back

Fr 0.298 £ 0.025 0.350 +0.029
Fr 0.642 +0.031 0.605 + 0.032
Fr 0.057 £0.017 0.05 £0.05
Grain thickness (pm) 0.45 +£0.08 0.34 £+ 0.06

and growth [55]. The effect of O concentration could be
related to the solid solution strengthening effect of O in
Zr [56], or the effect of O on the phase distribution during
extrusion which could, in turn affect the texture. The effect
of Fe on elongation may be related to its effect on growth.

5. Irradiation growth

Irradiation growth is a shape change induced by any
energetic radiation that causes displacement damage — dis-

placement of atoms from their normal position — in the
absence of applied stress. There is no volume change — a
radiation-induced shape change accompanied by a volume
increase is referred to as irradiation-induced swelling, and
is not significant in zirconium alloys at the temperature of
operation of thermal reactor components. Irradiation
growth is relatively easy to study by measuring the dimen-
sional changes of unstressed specimens as a function of irra-
diation time, or fast neutron fluence. The irradiation growth
of Zr-2.5Nb pressure tube materials at 525-585 K — the
operating temperature range of CANDU pressure tubes —
depends upon their initial microstructure — crystallographic
texture, grain size, dislocation density — fast neutron flux,
temperature, fast neutron fluence (which induces changes
in the dislocation structure) and chemical composition.

5.1. Effect of fast neutron fluence

The growth behaviour of Zr-2.5Nb pressure tube
material in the axial and transverse directions at 550 K is
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Fig. 3.3. Transmission electron micrographs from thin foils of a pressure tube showing: (a) undecomposed f-phase before autoclaving and (b) partially
decomposed B-phase after autoclaving for 24 h at 673 K, both in radial/axial section, from Ref. [43].

0.28M 1

Fig. 3.4. Transmission electron micrographs from thin foils of a pressure tube showing: (a) a-dislocations (b= 1/3(1120)) and (b) e-component
dislocations (b = 1/3(1123)), both in radial/transverse section, from Ref. [46].
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Fig. 3.5. Typical basal pole figure of a
tube, from Ref. [17].
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Fig. 4.1. Correlation of in the elongation rate of pressure tubes in a
CANDU reactor with the ingot iron analysis, from Ref. [52].
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Fig. 4.2. Elongation as a function of fast neutron fluence (averaged along
the length of each pressure tube) for tubes made from three different ingots
in a CANDU 6 reactor.

illustrated for low and high fast neutron fluence in Figs.
5.1.1[57,58] and 5.1.2 [12]. There is an initial rapid increase
in length in the axial direction and decrease in length in the
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Fig. 4.5. Correlation between peak diametral strain rate of pressure tubes
in operating reactors and the ingot oxygen analysis for two reactor types,

from Ref. [22].

transverse direction of about 0.02%. Subsequently, the
growth is relatively flat, or slightly negative in the axial
direction for a fast fluence of 1-1.5x10* nm2,
E>1 MeV, and establishes a relatively steady negative rate

in the transverse direction after about 0.5x 10*> nm~

2

>
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Fig. 5.1.1. Growth strain as a function of fast neutron fluence for cold-
worked Zr-2.5Nb in DIDO at a fast neutron flux of ~6x 107 nm=2s~",
E>1MeV, from Ref. [58].
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Fig. 5.1.2. Growth strain as a function of fast neutron fluence for cold-

worked Zr-2.5Nb in Osiris at a fast neutron flux of ~2x 10¥ nm=2s7",

E>1MeV, from Ref. [12].

E>1MeV. After these initial transients, growth is typi-
cally positive in the axial direction of the tube, and negative
in the transverse direction. The magnitude of growth in the
transverse direction is approximately half that in the axial
direction.

In the longer term, the growth rate gradually accelerates
in both directions and after a fast neutron fluence about
2x 10 nm~2, E>1MeV, the behaviour is reasonably
well described by a quadratic equation. The acceleration
continues, but remains gradual until fast fluences of at least
24%x10%nm™2, E>1MeV [12], i.e., approaching those
experienced over their design life by CANDU pressure
tubes. The rate changes can be related to the changes in dis-
location structure with fluence [12], in particular an
increase in the density of c-component dislocations, see
Sections 9 and 10.

Often, the rate is assumed to be linear over the later part
of the fluence range and growth ‘rates’ are compared on
this basis. Measurements of the growth of compact tough-
ness specimens in three dimensions at about 520 K, has
confirmed that there is negligible volume change, so that

1.5
= Axial -
1r 4 Radial .
°\° « Transverse - "
' o Volume . - -
c 05 .
£ e e .
ZCHL 2 - : S
E L SR
o o .
2 -0.5F . A L A . .
o A A L A AA
1t
-1.5
0 5 10 15 20

Neutron Fluence x 10%°n.m?, E>1MeV

Fig. 5.1.3. Growth strains in three dimensions as a function of fast
neutron fluence for Zr—2.5Nb pressure tube material irradiated at 520 K in
Osiris at ~2x 10" nm™2s™!, E>1MeV, from Ref. [59]. Note several
points in the range 9-13 x 10%° n m~2 are thought to be erroneous.

the strain rates in all three directions evolve with fast flu-
ence, Fig. 5.1.3 [59], and the strain in the thickness direc-
tion can be inferred to be the negative sum of the strains
in the axial and transverse directions.

5.2. Effect of fast neutron flux

Above a certain temperature, the irradiation growth
strain rate is approximately proportional to the effective
displacement damage rate, i.e., the rate at which atoms
are displaced from their lattice positions by the fast
neutrons. Linear flux dependence is demonstrated by the
irradiation of similar materials at different flux levels. There
is a complication in that different irradiation facilities may
have different flux spectra, and therefore different degrees
of effectiveness at producing displacement damage. There
are no good data on flux dependance for Zr-2.5Nb pres-
sure tube materials at 525-585 K, and there is a significant
discrepancy between data obtained in the DIDO reactor in
the UK and the Osiris reactor in France [52]. However,
when normalized for flux spectrum, the Osiris data agree
well with data for specimens irradiated in CANDU in a
‘carrier bundle’ specifically designed for the purpose of
irradiating small specimens in power reactors, Fig. 5.2.1
[60], so it appears that the flux dependence is indeed
approximately linear. Also, it has been clearly demon-
strated that the flux dependence is linear at 330-350 K
for cold-worked Zircaloy-2 pressure tube material irradi-
ated in the ATR Reactor in the US at 24 x 10"¥ n m 257!,
E>1MeV, and in DIDO in at a flux of about 1/4 of that
[55]. Theoretically, a linear flux dependence at this temper-
ature always implies a linear flux dependence at higher tem-
peratures [54], see Section 10.

Linear fast flux dependence appears to be a consequence
of the partitioning of the point defects created by the dis-
placement damage amongst various ‘sinks’ in the micro-
structure with little recombination, see Section 10. The
implication of a linear fast flux dependence is that growth
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Fig. 5.2.1. Growth strain in the axial direction of cold-worked Zircaloy-2
pressure tube material at 553 K in DIDO at ~6Xx 10" nm2s7 L,
E>1MeV; 553K in Osiris at ~2x 10 nm™2s!, E>1MeV, and in a
carrier bundle in a CANDU reactor at ~2x 10 nm2s™!, E> 1 MeV,
from Ref. [60].

strain can be plotted vs fast fluence, independent of the fast
flux — an almost universal practice. The deformation rate is
then expressed in units of m*n~!, E> 1 MeV.

5.3. Effect of temperature

Typical irradiation growth curves for pressure tube
materials at 553 and 583 K are shown in Fig. 5.1.2, in
which the magnitudes of the positive axial and negative
transverse growth strains both decrease with increasing
temperature. Over a temperature range of 330-623 K, the
growth rate of Zr-2.5Nb pressure tube material in the axial
direction decreases with temperature, Fig. 5.3.1 [58,61,62].
Over the temperature range of pressure tube operation, the
same behaviour is seen for a variety of different pressure
tube materials, Fig. 5.3.3, the curves being displaced for
materials with different Fe concentrations (see Section
5.4). The (negative) magnitude of the transverse growth
rate also decreases with temperature, for a range of tubes,
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Fig. 5.3.1. Effect of temperature on the growth rate of cold-worked Zr—
2.5Nb pressure tube material, from Ref. [61].
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Fig. 5.3.2. Growth strain in the axial direction of cold-worked Zr-2.5Nb
pressure tube material at a fast neutron fluence of 1x10*nm2,
E>1MeV, as a function of temperature, from Ref. [12].
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2.5Nb pressure tube material at a fast neutron fluence of 1 x 10 nm™2,

E>1MeV, as a function of temperature, from Ref. [12].
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Fig. 5.3.4. When the parameters of quadratic equations fit-
ted individual growth curves are plotted as a function of
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temperature, it appears that the temperature affects primar-
ily the initial growth rate, but has less effect on the rate of
acceleration.

When the temperature is changed during a growth test,
there are significant transients, Fig. 5.3.4, and the growth
rate does not immediately re-establish itself at the expected
rate for the new temperature [58]. Analysis of the anisot-
ropy of these transients suggested that there may be a long
lasting effect of the dislocation microstructure developed at
the earlier irradiation temperature. This could be impor-
tant in future reactors that are designed to load follow with
significant changes in temperature over the power range.

5.4. Effect of Fe concentration

Based on the fact that Fe has a significant effect on the
diffusional characteristics of vacancies in Zr [63,64], and
the observation that the elongation rates of pressure tubes
correlate with Fe concentration (see Section 4), pressure
tubes with different Fe concentrations were chosen for a
long term growth experiment in the Osiris reactor in
France [12,52]. These showed a clear trend, with the mag-
nitude of the irradiation growth rate in either direction
decreasing with increasing Fe concentration. Fig. 5.4.1
shows growth curves for pressure tube materials at a nom-
inal temperature of 553 K with two different Fe concentra-
tions. Fig. 5.3.3 shows the effect of Fe on the axial growth
rate as a function of temperature, and Fig. 5.3.4 the effect
of Fe on the transverse growth rate as a function of temper-
ature. As in the case of temperature, the initial rate is more
sensitive to Fe concentration than the acceleration in the
growth rate with increased fluence, Fig. 5.3.4. The effect
of Fe has not yet been satisfactorily explained. During irra-
diation it is dispersed into the o-phase [44], but whether it
remains in solution or exists as sub-microscopic precipi-
tates is not known. As a solute, it may affect the vacancy
diffusion characteristics [63], while as a precipitate, it might
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Fig. 5.4.1. Growth strain as a function of fast neutron fluence for cold-

worked Zr-2.5Nb with different Fe contents in Osiris at a fast neutron flux
of ~2x10¥nm™2s7!, E>1MeV.

provide recombination sites for vacancies and interstitials.
Also, its presence at a—o grain boundaries [44] could influ-
ence their role as sinks. Finally, Fe changes the volume
fractions of o and B during extrusion, and could thus have
an indirect influence through the texture.

5.5. Effect of crytallographic texture

Based on the growth behaviour of a typical pressure
tube material, Section 5.1, it can easily be inferred that,
on the crystalline level, growth comprises, to some degree,
shrinkage along the c-axis and expansion along the a-axis
of the hcp crystal. Growth tests on small diameter tubes
with two different crystallographic textures irradiated to
high fast neutron fluence in the Osiris reactor in France
clearly illustrate this [17]. Fig. 5.5.1 shows the crystallo-
graphic textures of the two types of tubes referred to as
FS (fuel sheathing) and MPT (micro-pressure tube), and
Table 5.5.1 gives the microstructural parameters.
Fig. 5.5.2 illustrates the growth behaviour in two directions
for both types of tubes at 553 K. Both FS and MPT mate-
rial grow a similar amount in the axial direction, in which
there are very few basal plane normals. The MPT material
exhibits a much greater shrinkage in the transverse direc-
tion than FS material, corresponding to the much higher
concentration of basal plane normals in the transverse
direction in MPT material than in FS material.

At the single crystal level, this behaviour corresponds to
a net accumulation of vacancies at defects (dislocations,
dislocation loops) lying on the basal plane and an accumu-
lation of self-interstitial atoms (SIAs) at defects perpendic-
ular to the basal plane, as originally proposed by Buckley
[65]. As seen in the next section, however, there are other
components to the behaviour which is clearly modified by
very fine elongated grain structures. In addition, we now
know that the dislocation structures in different crystal ori-
entations is different [12] and this will no doubt affect the
growth anisotropy [66].

5.6. Effect of dislocation density and grain size

There are no growth data for Zr-2.5Nb pressure tube
material in which the initial dislocation density” has been
varied independently of other parameters — notably the
grain size and the condition of the B-phase. Similarly, there
is no growth data for which the grain size has been varied
independently of other parameters. The work on Zircaloy-
2 and Zircaloy-4 [55] has clearly demonstrated that the
growth rate increases approximately linearly with increas-
ing dislocation density, and also probably depends upon
the types of dislocations present (a-type vs c-component),
and whether or not the material has been stress relieved.
Growth rates of Zircaloy-2 and Zircaloy-4 pressure tubes

2 Here, we are referring to the dislocation density of the material prior to
irradiation, e.g., due to cold-work, and not the dislocation structure
induced by irradiation, as discussed in Section 9.
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Fig. 5.5.1. Basal pole figures for small tubes irradiated in Osiris, from Ref. [17].

Table 5.5.1
Microstructural parameters for Zr-2.5Nb fuel sheathing and micro-
pressure tubes irradiated in Osiris

Parameter Fuel sheathing Micro-pressure tube
a-type dislocation density 23%x10%m2 3.4x10%m2
c-component dislocation 0.6x 10" m™ 0.7x 10" m=2
density
Fr 0.57 0.34
Fr 0.37 0.57
Fy 0.07 0.09
0.8
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Fig. 5.5.2. Growth strains for small tubes with two different crystallo-
graphic textures irradiated at 553 K in Osiris at a neutron flux of
~2x10%¥ nm2s7!, E> 1 MeV, from Ref. [17].

derived from the total strain in power reactors also varied
approximately linear with dislocation density [67]. Grain
size, per se (typically in the range >5 um for the Zircaloys),
appeared to have little effect, but the anisotropy of growth
was also inferred to depend upon the grain shape.

A deliberate attempt to take advantage of these charac-
teristics was made with the development, in the early 1980s
of modified pressure tube manufacturing routes, referred to
as the Task Group 3 (TG3) program [39,57,58]. In this pro-
gram, pilot orders of pressure tubes were made with the
target of modifying the grain shape, grain size and disloca-
tion density. In addition standard pressure tube materials
were modified by cold-working and heat treatment to
change the dislocation density and grain size. Irradiation
growth tests were carried out to fluences of 6-
8x10%¥nm™>2 E>1MeV [58], Table 5.6.1. Of seven
materials tested, seven had a grain size between 0.31 and
0.37 um — within the typical range for pressure tubes, with
dislocation  densities varying Dbetween 1.7 and
4.8 x 10" m~2 These show an approximate linear depen-
dence upon the dislocation density, Fig. 5.6.1. It should
be kept in mind that other variables (e.g., the degree of
transformation of the B-phase) may be at play.

In one case, referred to as TG3 R1, the dislocation den-
sity was reduced to 2.4 x 10" m~2 by a high temperature
stress-relief, and the corresponding reduction in tensile
strength compensated for by reducing the grain size to
0.27 um. This resulted in an irradiation growth rate that
was actually negative in the axial direction while still
remaining negative in the transverse direction, Fig. 5.6.2
[58,62]. If the growth rate data are corrected to a dislocation
density of 4 x 10" m~2 using the slope of Fig. 5.6.1, and
adjusted to a grain aspect ratio of 15:1 and an F, of 0.03
using the growth anisotropy factor described in [54], the
grain size sensitivity can be plotted, Fig. 5.6.3. This shows
a very rapid increase from negative to positive growth rates
between 0.27 and 0.31 um, followed by a saturation between
0.37 and 1.5 pm. Again there may be other factors at play,
but both Figs. 5.6.1 and 5.6.3 are remarkably similar to
the theoretical curves for the sensitivity of axial growth to
dislocation density and grain size [54], see Section 10.
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Table 5.6.1

Microstructural details and long term irradiation growth rates at 553 K of Zr-2.5 Nb pressure tube materials modified to vary grain size, grain shape and

dislocation density [61]
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Material Dislocation density Fr Fr Fa Grain aspect Grain Axial growth Transverse
designation (x 10 m™2 ratio® thickness® (pum) rate® growth rate®
AR 42 036  0.61 0.03 15-20 0.32 3.2 -
SR 1.8 036 0.61 0.03 15-20 0.32 0.8 -
CcwW 4.7 028 064 008 23 1.5 3.7 -
R1 2.4 040 056  0.03 15-20 0.25 -2.1 —0.7
R2 4.8 037 059  0.03 5-10 0.34 3.2 -1.4
R3 2.7 036  0.61 0.03 5-10 0.37 23 —-1.5
D1 4.5 035 062 0.04 15-20 0.31 2.7 -22
% Grain length in the axial direction/grain thickness in the radial direction.
® Averaged in units of 10° m?>n~! between 2 and 8 x 10> n m™2, E> 1 MeV.
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Fig. 5.6.1. Effect of dislocation density on growth rate for cold-worked
Zr-2.5Nb with a grain thickness of 0.31-0.37 um.
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Fig. 5.6.2. Growth strain as a function of neutron fluence for modified
pressure tube material with a low dislocation density and fine grain size.
Irradiated in DIDO at 553 K and ~6x 10’ nm2s~!, E> 1 MeV, from
Ref. [61].

Curiously, there is no discernable effect of pre-extrusion
B-quenching of the material [52], an operation expected to
refine the grain size. No microstructural data were
reported, and possibly the tubes studied had grain sizes

Grain Thickness -um

Fig. 5.6.3. Effect of grain thickness on the growth rate for cold-worked
Zr-2.5Nb corrected to a dislocation density of 4 x 10'*m™2, to a grain
aspect ratio of 15:1 and an Fa of 0.03.

in the range 0.3-0.5 um, where the effect of grain size is
small and other factors dominated.

5.7. Effect of residual stress

Intergranular residual stresses are developed in Zr alloys
during heating and cooling (as a result of the anisotropic
thermal expansion of the hcp crystal), and during deforma-
tion as a result of plastic anisotropy [68,69]. In Zircaloy-2
these have been shown both theoretically and experimen-
tally to result in long term transient irradiation growth
response whose sign and magnitude depend in a sensible
way upon the prior thermal or mechanical treatment
[68-70]. The transient irradiation growth strain observed
in the first 2x 10> n m™2, E> 1 MeV, Fig. 5.1.1, may well
be attributable to the relaxation of such stresses [71].

6. Irradiation creep

Irradiation creep is more difficult to study than irradia-
tion growth because any shape change that occurs under an
applied stress incorporates some components of the shape
change that occurs without stress or due to thermal creep.
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For practical purposes, the irradiation growth strain is sim-
ply subtracted from the total strain, the difference being
defined as ‘creep’. However, on a microscopic level, the
processes associated with the ‘growth’ strain may be differ-
ent with and without stress depending upon the mechanism
(see Section 10). The issue of the thermal creep is even more
complicated because the creep rate without a fast neutron
flux is not relevant to the in-flux behaviour, since it is sup-
pressed by radiation damage [14,15,25] as will be discussed
in Section 7.2. Frequently, it is found that the latter is small
relative to the radiation-induced component of creep and
in many cases, to a first approximation, can be ignored.

6.1. Effect of fast flux

The dependence of irradiation creep of Zr alloys on fast
neutron flux (displacement damage rate) is often expressed
as a power law, i.e.,

&ie X ¢", (6.1.1)
where ¢ is the fast neutron flux and # is the ‘flux exponent’.

For pressure tubes at reactor operating temperatures the
fast flux dependence is generally accepted to be approxi-
mately linear, i.e., n ~ 1 [15].

Although no similar experiments exist for Zr-2.5Nb, the
linear sensitivity of irradiation creep to displacement dam-
age has been clearly demonstrated by proton irradiation in
hot-rolled and annealed Zircaloy-2 plate at 553 K [72],
Fig. 6.1.1.

The effect of fast flux is most graphically demonstrated
for Zr-2.5Nb pressure tubes by the diametral strain profiles
of pressure tubes in power or test reactors, and examples of
which are shown in Fig. 2.1.3. Here the strain follows the
profile of the fast flux through the core (although these
may be skewed because of the temperature gradient and/
or end-to-end effect). The diametral strain includes a com-
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Fig. 6.1.1. Creep rate as a function of damage rate for cold-worked
Zircaloy-2 pressure tube material irradiated with 4 MeV protons, from
Ref. [72].

ponent of growth which also has a linear dependence on
fast flux (Section 5.2) and also includes thermal creep. Note
that if thermal creep were a significant contributor to the
total strain rate (e.g., as the temperature increases) the total
strain rate would exhibit a flux exponent, n <1 even when
the flux dependence of irradiation creep was linear.

6.2. Effect of fast neutron fluence

Typically, if diametral strain is plotted against time
or fast neutron fluence for a pressure tube irradiated at fast
neutron fluxes typical of power reactors (~2 X
10" nm~2s~!, E> 1 MeV) with an internal pressure, there
is a small positive intercept at the abscissa, Fig. 6.2.1
[15,25], suggesting a transient or primary creep strain.
The transverse irradiation growth strain is negative and
exhibits only a small transient over the first 1 x 10% n/mz,
E>1MeV [56], Fig. 5.1.1, so this transient must be attrib-
uted mainly to creep. A similar transient is also observed at
the edge of the reactor core where the irradiation creep is
negligible [25]. Pressurized ‘micro-pressure tube’ specimens
irradiated at very high flux (~2x10¥nm™—2s"! E>
1 MeV) do not exhibit this intercept [17], presumably
because the irradiation creep strain is relatively much lar-
ger, and hence this initial transient is likely attributable
to thermal creep.

We have recently shown, however, that over the long
term (16 x 10 n/m?, E> 1 MeV) the creep rate can vary
slowly [30], as shown for example in Fig. 6.2.2. The change
in strain rate may be positive or negative and its sign and
magnitude depend upon temperature, stress and direction
and probably relates to long term evolution of the micro-
structure, see Section 9.

6.3. Effect of temperature

From uniaxial in-reactor creep tests at high temperature
(>600 K), stress relaxation tests at low and intermediate
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Fig. 6.2.1. Creep strain (total strain minus growth strain) as a function of
neutron fluence for small pressurized tubes (Section 5.5) irradiated at
553 K in Osiris with a nominal stress of 160 MPa at a neutron flux of
~2x10%¥ nm2s7!, E> 1 MeV, from Ref. [17].
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Fig. 6.2.2. Variation in ‘steady state’ creep rate with neutron fluence
for small pressurized tubes irradiated at 553 K in Osiris at ~2x
108 nm2s7!, E> 1 MeV, from Ref. [30].

temperature (310-570 K) and from the asymmetry of the
diametral strain profiles caused by the coolant temperature
changes in pressure tubes, we have previously inferred a
general temperature dependence of the in-reactor creep
rate. This is flat at low temperatures with a transition in
the operating temperature range of pressure tubes in power
reactors (520-580 K) to a relatively steep temperature
dependence at higher temperatures (=>600K) [15],
Fig. 6.3.1. In the high temperature range the temperature
dependence can be expressed approximately by [14]

étotal X exp(_Tacl/T); (631)

where ¢ is the strain rate, 7 the absolute temperature and
T, 1s the ‘activation temperature’ and has a value of
around 17000 K. This is about the value for thermal creep
in this temperature range, variously reported as 15000—
25000 K [73]. Possibly in-reactor creep is entirely thermal
at these temperatures.

In the low to intermediate temperature range (310—
580 K) we have inferred a temperature dependence of irra-
diation creep given by [74]
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Fig. 6.3.1. Temperature dependence of the transverse strain rate of cold-
worked Zr-2.5Nb pressure tubes and pressure tube material, from Ref.
[15].

éic X exXp(—Taet/T) + 5.5 x 107°,

where T, has a value of 6500 K.

For the temperature range 555 K to 588 K this expres-
sion predicts an increase in strain rate of 56%, very close
to the variation of creep compliances later observed in
the axial and transverse directions of pressurized capsules
of cold-worked Zr-2.5Nb irradiated in a fast neutron flux
of ~2x10%nm2s™", E>1MeV, ie., 53% and 49%,
respectively [75], Table 6.3.1 and Fig. 6.3.2. As the temper-
ature is reduced, Eq. (6.3.2) becomes flat at about 450 K.

(6.3.2)

6.4. Effect of stress

At pressure tube operating temperatures, the stress
dependence of irradiation creep of pressure tube materials
is approximately linear, for stresses up to about 200 MPa,
1e.,
éic X O-na

(6.4.1)

where o is stress and n ~ 1. The early evidence for this came
from full size pressure tubes irradiated in the NRU Reactor
at Chalk River Laboratories with zones of different stress
created by machining to different wall thicknesses [76],
Fig. 6.4.1. These tests typically ran for a relatively short
time, typically 10000h at fluxes of about 2x10'7n
m2s~!, E>1MeV, or a fast fluence of ~1 x 10> n m~2,
E>1MeV. Hence the contribution of growth was small
compared to the total strain (see Fig. 5.1.1), and was not
detected. Subsequently, stress relaxation of bent beams
[77,78] supported the observation of linear stress depen-

Table 6.3.1
Creep compliances as a function of temperature for micro-pressure tube
specimens irradiated in Osiris at 2x 10®¥ nm™2s™!, £> 1 MeV

Temperature Axial creep Transverse creep

(K) compliance compliance
(m*n~!' MPa™ ) (m*>n~!' MPa™ )

555 0.55x 107 0.88x 107

588 0.84x 107 1.16 x 107

n
o
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A 553K Transverse
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Fig. 6.3.2. Variation of strain rate in the transverse and axial directions
with stress for Zr-2.5Nb micro-pressure tube material irradiated at 553 K
and 583 K in Osiris at ~2x 10" nm~2s~!, E> 1 MeV, from Ref. [75].
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Fig. 6.4.1. Variation in accumulated strain with elevation for a Zr-2.5Nb

pressure tube in the core of NRU. The wall thickness is varied to give the

stress indicated and the peak neutron flux is ~2x107nm=2s7,

E>1MeV, from Ref. [76].

dence. After a small transient the logarithm of stress de-
cayed linearly with fast fluence or time indicating linear
stress dependence of both the axial and diametral creep
rates, Fig. 6.4.2.

Tests on pressurized capsules irradiated to very high fast
fluences (1.6 x 10> nm~2, E> 1 MeV) continue to show
that irradiation creep varies approximately linearly with
stress to at least 160 MPa [75], Fig. 6.3.2. In this case
growth in the unloaded condition is obvious at the origin
of the strain rate vs stress plot.

At stresses above 200 MPa, the stress sensitivity
increases as shown graphically in Fig. 6.4.3 which is based
on stress relaxation and uniaxial creep tests [79]. The latter
include growth, but its contribution is small (typically
<2x 1078 h~! at the fluxes used to obtain the data) relative
to the creep rates at the higher stresses (>10""h™1).

At temperatures above about 600 K, the stress sensitiv-
ity also increases gradually, based on tests on full sized
pressure tubes in the WR1 reactor at Whiteshell Laborato-
ries [14,15,80], Fig. 6.4.4. In these tests the ratio of trans-
verse to axial stress (roughly 2:1 for a thin walled, closed

Transverse
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Time-h
Fig. 6.4.2. Stress relaxation of bent beams of cold-worked Zr-2.5NB

pressure tube material at ~2 X 10" nm—2 s’l, E>1MeV, in NRU at
573 K, from Ref. [77].
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Fig. 6.4.3. Stress exponent of in-reactor creep of cold-worked Zr-2.5Nb
pressure tube material as a function of applied stress, from Ref. [79].
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Fig. 6.4.4. Stress exponent as a function of temperature for cold-worked
Zr-2.5NDb pressure tubes irradiated in the WR1 reactor. Data for sections
of tubes both in and out of flux, from Ref. [15].

end pressurized tube) was often less than 2:1 because the
pressurizing medium was an organic coolant, exhibiting a
relatively high pressure drop relative to the average pres-
sure as it flowed through the tube. In WR1, similar stress
sensitivities were observed in both the fueled sections of
the tubes (in-flux) and the pressure tubes extensions that
passed through the shielding of the reactor (thermal creep
only).

6.5. Effect of crystallographic texture

Before any observations were available, it was expected,
based on the hcp crystal structure of zirconium, that irradi-
ation creep would be anisotropic and that this anisotropy
would be controlled by the crystallographic texture [81].
Uniaxial in-reactor creep tests and stress relaxation tests
subsequently showed the expected higher creep rates in
the axial than in the transverse direction of pressure tube
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materials, Fig. 6.4.2 [76,77]. Holt and Ibrahim [51,67,74]
developed a methodology for separating irradiation creep
and growth in pressure tube deformation based on calcula-
tions of the expected anisotropy from the texture and on
the elongation and diametral strain rates of pressure tubes
in power reactors. This showed that creep made a substan-
tial contribution to the elongation of pressure tubes and
that growth reduced the diametral strain rate. We now
know that about 33% of the elongation rate is due to irra-
diation growth and 67% due to irradiation creep while the
contribution to diametral strain rate of creep is reduced
about 25% by growth [61].

The effect of texture on the biaxial deformation behav-
iour has since been clearly demonstrated in tests on inter-
nally pressurized tubes of two different textures
[17,52,75]. Some results are shown in Fig. 6.2.1. Here the
irradiation growth has been subtracted from the total
strain rate and only the irradiation creep is shown. The cor-
responding pole figures are shown in Fig. 5.5.1 and the tex-
ture parameters are given in Table 5.5.1.

Here it is clear that a material with a strong transverse
texture, similar to that of a pressure tube, exhibits a rela-
tively low transverse creep rate and a high axial creep rate,
whereas a material with a more radial texture exhibits a rel-
atively high transverse creep rate and a small negative axial
creep rate. Note that the axial component of texture is
small in both cases, and the axial creep rate depends upon
the distribution of basal plane normals in the radial/trans-
verse plane. Factors other than texture are believed to
influence the anisotropy however, in particular a correla-
tion of the dislocation substructure with crystal orientation
[12,66] and possibly the interaction of the hcp a-phase with
the bee B-phase [82].

6.6. Effect of dislocation density

Causey et al. [77,83] showed, using stress relaxation
tests, that the irradiation creep rate is weakly sensitive to
the initial (as-manufactured) dislocation density, i.e.,
& o p?, where p is the dislocation density and p has a value
of ~0.23, Fig. 6.6.1. Within the experimental variations
this is comparable to the value (p ~ 0.16) found for Zirca-
loy-2 pressure tubes by extraction of creep and growth
components from elongation and diametral strain data
[67]. Like the growth, the creep rate and anisotropy prob-
ably depend on the mixture of dislocation types and their
distribution amongst the different crystal orientations as
well as the overall density [66].

6.7. Effect of grain size

The effect of grain size (the thickness of the flattened,
elongated o-grains in pressure tubes) on irradiation creep
has not been clearly established. Causey et al. [77] showed
a very weak grain size dependence of the in-reactor creep
rate for a variety of Zr alloys over a very wide grain size
range, the creep rate increasing with grain size by about
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Fig. 6.6.1. Irradiation creep rate measured by stress relaxation as a
function of pre-irradiation dislocation density. Irradiation in NRU at
~2x107 nm™2s7!, E>1MeV and 573 K, from Ref. [83].

50% over a grain size range of 0.3-70 pm, but there are
many potentially compounding factors. There are no stud-
ies in which the creep rate has been measured as a function
of grain size alone. The creep rate has been shown, how-
ever, to increase from front to back of pressure tubes, coin-
ciding with a reduction of grain size from about 0.4 to
0.3 um and also with an increase in dislocation density
and less transverse texture [22], see Section 3. Also the
diametral strain rate of pressure tubes increases with
decreasing grain size, Fig. 4.3, an observation which might
also be attributed to a decrease in the absolute irradiation
growth rate in that direction [54].

7. Thermal creep

Thermal creep contributes little to the peak diametral
strain of a pressure tube or to elongation [14]. However
thermal creep contributes the majority of the deformation
at the ends of the channel where the fast neutron flux is
low, but the bending moment in the pressure tube is high.
It may thus contribute significantly to controlling the sag
profile of the pressure tube and the potential for pressure
tube-to-calandria tube contact. Also thermal creep may
contribute significantly to the strain at high stresses, for
example in the vicinity of a crack tip, and hence assist
the relaxation of stresses that can potentially cause failure
by the process of delayed hydride cracking [84,85].

The thermal creep of Zr alloys at about 570 K is compli-
cated by the existence of strain aging [26,27], which can
produce transient increases in strain rate during steady
state creep and anomalous stress sensitivity in certain tem-
perature and strain rate ranges. Strain aging in Zr is
believed to be associated with solute effects.

7.1. Thermal creep at flaws

The stress concentrations at flaw tips in pressure tubes
can initiate delayed hydride cracking under -certain
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conditions of stress, temperature history and hydrogen iso-
tope concentration. Often the flaws will be present for many
operating hours before the conditions exist which could ini-
tiate cracking. In this situation the peak stress at the flaw tip
can relax by creep. The creep rate is fastest at the tip of the
flaw where the stress is highest because of the strong sensi-
tivity of creep rate to stress [79]. In the early stages of relax-
ation where the stress is still high, thermal creep may
contribute to this relaxation.

The thermal creep behaviour of pressure tube and pres-
sure-tube like material at temperatures of 373-596 K and
stresses of 150-500 MPa with a variety of loading condi-
tions is reported by Christodoulou et al. [73]. They noted
substantial specimen to specimen variability which they
attributed to variations in microstructure in their materials.
They found that the steady state creep rate over most of the
temperature range was approximately proportional to the
4th power of stress and the rate exhibited an activation
temperature of 10600 K above about 470 K and 5000 K
below about 400 K. Analysis of the interaction of the crys-
tallographic texture with the stress state showed that the
creep was anisotropic with the creep compliance being
higher in the basal plane than in the ¢ direction of the
hep crystal lattice. Pre-irradiation reduces the creep rate,
but the form of the creep law remains the same and the
information derived above has been used to develop a
model for local relaxation of stresses by thermal creep of
pre-irradiated material at flaws [23,24], (see Fig. 7.1.1).

7.2. Thermal creep at the pressure tube ends

Early irradiations of Zr-2.5Nb pressure tubes in the
NRU Reactor at Chalk River Laboratories showed a min-
imum in the diametral strain rate at the edge of the fuelled
zone where the fast neutron flux is low [15], Fig. 7.2.1, for
example [25]. This minimum was interpreted to represent
the suppression of thermal creep by radiation damage
accumulated at a neutron flux too low to induce significant
irradiation creep. Because the estimates of flux in these
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Fig. 7.1.1. Finite element calculation showing the relaxation of peak stress
at a flaw in cold-worked Zr-2.5Nb pressure tube material after 60 h at
573 K, from Ref. [23].
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Fig. 7.2.1. Diametral strain rate as a function of elevation in NRU at 550
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580 K with a peak neutron flux of ~3x 10"nm2s"!, E>1MeV
showing suppression of thermal creep at the edges of the core (4.4 m and
7.7 m), from Ref. [25].

locations were inaccurate, the quantitative interpretation
of the shape of this profile in relation to the fast flux was
not possible. Christodoulou et al. [14] interpreted this min-
imum as corresponding to in-reactor thermal creep, &, of
Eq. (2.1). A method of retrospective estimation of fast neu-
tron fluence using **Nb was reported in 1990 [86], and
results from such estimates were recently used to make a
quantitative assessment of these strain profiles [25].

The analysis shows that there is hardening that sup-
presses the thermal creep at fluxes lower than about
5% 10" nm 2, E> MeV. This is below the threshold fast
flux for the formation of dislocation loop, ~2x10'®n
m~2, E>MeV, and is attributed to immobilization by
climb of dislocations that enable thermal creep. There is
a further stage of hardening, in this case suppression of
the irradiation creep above ~2 X 10nm=2, E> MeV,
by the formation of dislocation loops that either inhibit
glide or alter the distribution of self-interstitial atoms and
vacancies at various ‘sinks’ or features in the microstruc-
ture. This distribution of point defects amongst various
sinks is believed to be the basic mechanism of irradiation
creep, see Section 10.

Making use of this information to improve the calcula-
tion of sag and potential contact is still some time off, how-
ever, because there appears to be a complicated interaction
between temperature, flux, fluence and microstructure, and
the stress dependence and anisotropy in this region are not
well defined. This is one of the important remaining
unknowns in the area of pressure tube deformation.

8. Creep ductility

The statement by Ells et al. [31] that ‘an operating limit
of 5% circumferential expansion seems to be very conserva-
tive’ is based on the argument, first put forward by Wood-
ford [87,88] that the total elongation of materials that fail
in a ductile manner under tension is inversely related to
the stress sensitivity of the strain rate (the inverse of the
exponent z in Eq. (6.4.1)), Fig. 8.1. Superplastic materials
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Fig. 8.1. Total elongation to failure in a tensile test as a function of strain
rate sensitivity, m = 1/n, showing superplastic behaviour for m > 0.5, from
Refs. [87,88].

generally have values of n in the range 1-2. For zirconium
alloys in-reactor, n ~ 1 for stresses up to about 200 MPa,
then n gradually increases, see Section 5.4. Under normal
reactor operating conditions, at stresses of 100-150 MPa,
it takes tens of years to reach strains approaching 5%, so
in order to investigate that the limits of creep ductility in
any practical time scale, it is necessary to do some form
of accelerated test. The simplest way of doing this is to
increase the stress, and hence the stress exponent, and thus
such tests are thought to be naturally conservative. Ells
et al. [31] summarized the data for cold-worked Zircaloy-
2 and Zr-2.5Nb, in biaxial and uniaxial tests at stresses
>300 MPa, where # has a value >5, Fig 8.2. The minimum
failure ductility observed was 5.9%. Their conclusion
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Fig. 8.2. Stress sensitivity of cold-worked Zr-2.5Nb pressure tube
material, in-reactor varies from 1 (at <200 MPa) to 10 (at 300-
500 MPa). The tests shown exhibited creep ductility of at least 5.9% and
up to 17.2%, from Ref. [31].

quoted above is based on the fact that these tests are likely
to be very conservative. One might debate this conclusion:

e The assumed failure mechanism is ductile necking. The
relationship between ductility and stress sensitivity is
not valid if some other failure mechanism intervenes.
Irradiation creep in the low stress range involves the
redistribution of material by the formation and migra-
tion to sinks of SIAs and vacancies. Over the course
of a reactor lifetime each atom in a pressure tube is dis-
placed form its position and rearranged 30-50 times to
sinks such as dislocations on boundaries. The combina-
tion of elongation and diametral creep at ends of life
represents an atomic rearrangement by radiation-
induced mass transport approaching 10%. Hence micro-
structural and microchemical changes occur which are
not experienced over the time scale of the accelerated
tests and there is a possibility of an as-yet unidentified
failure mechanism.

o The biaxial tests cited were done on fuel cladding, which
has a predominantly radial texture [89]. This resists wall
thinning under biaxial conditions and, as in the case of
short term burst tests [90], and thus would be expected
to impart increased ductility compared with the predom-
inantly transverse texture of pressure tubes.

It should be noted that the safety analysis of a CANDU
reactor assumes the possibility of a pressure tube rupture,
and the system is able to tolerate this possibility without
risk to the workers or the public.

9. Changes in microstructure and microchemistry during
service

The changes that occur in the microstructure of pressure
tube materials due to exposure to fast neutron flux and
temperature during service have been documented by Grif-
fiths and co-workers [12,22,91-93].

The most readily observable change is the appearance of
a-type dislocation loops (Burgers vector = 1/3(1120)) a
few tens of nanometers in diameter in the o-grains,
Fig. 9.1. The number density of these increases rapidly in
the first 1 x 10 nm >, E>1MeV (roughly one year of
operation), from the level present initially, then tends
towards saturation, Fig. 9.2. The saturation level is a func-
tion of temperature and fast flux, increasing with fast flux
and decreasing with temperature, so the profiles are
expected to vary from channel to channel and reactor to
reactor [93].

Coincident with this change is a slow increase in the c-
component dislocation density over longer periods which
depends upon crystal orientation [22]. Crystals with their
c-axis in the radial direction of the tube initially contain
mostly 1/3(1123) screw dislocations (approximately nor-
mal to the basal plane), and their dislocation density
increases continuously with fast fluence, Fig. 9.2, by helical
climb, as illustrated in Fig. 9.3. Crystals with their c-axis in
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Fig. 9.1. Electron micrographs showing the a dislocation structure of Zr-2.5Nb pressure tube material, (a) before and (b) after irradiation at 543 K to a
neutron fluence of 1.1 x 10°* n m~2, E> 1 MeV. Note the high density of loops in (b), from Ref. [12].
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Fig. 9.2. Change X-ray line broadening due to a- and c-type dislocations
density with neutron fluence at 543K and ~2x10®¥nm™2s™!
E>1MeV, from Ref. [12].

>

the transverse direction contain mainly 1/3(1123) edge
dislocations (approximately parallel to the basal plane).
Initially these tend to split into two partials 1/6(2023),
causing an initial apparent reduction (based on X-ray line
broadening) but also actually reflecting some increase in
the c-component dislocation density.

After a fluence of few x10>> n m~2, E> 1 MeV, the Nb
in the a-phase, which is slightly super-saturated before irra-
diation, precipitates as fine Nb rich particles 2-5 nm in
diameter, Fig. 9.4, which are uniformly dispersed, except
near the grain boundaries where a narrow region is
denuded [92]. There is an indication that the concentration
of Nb in the matrix is reduced to an estimated 0.3%.

The state of P-phase, which before irradiation has
partially transformed towards equilibrium and contains
~50%NDb, tends towards a steady state after irradiation
to about 2x 10 nm 2, E>1MeV, Fig. 9.5. The steady

Fig. 9.3. Electron micrographs showing the c-type dislocation structure of Zr-2.5Nb pressure tube material, (a) before and (b) after irradiation at 543 K to
a neutron fluence of 1.1 x 10* nm™2, E> 1 MeV. Note loop nucleated on a screw dislocation at arrow in (b), from Ref. [12].
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state condition depends upon temperature and fast flux
[93]. At the high flux region towards the inlet end and in
the middle of the core, the transformation towards equilib-

Fig. 9.4. Electron micrograph showing Nb precipitates (arrows) in the a-
phase of Zr-2.5Nb pressure tube after irradiation at 573 K to a neutron
fluence of 0.9 x 10> nm~2, E> 1 MeV, from Ref. [92].
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Fig. 9.5. Variation in the Nb concentration in the B-phase with neutron
fluence in a CANDU pressure tube operating at ~560-570 K, with a peak
flux of ~3x 107 nm™2s~!, E> 1 MeV, from Ref. [92].
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Fig. 9.6. Variation in the Nb concentration in the B-phase along a
CANDU pressure tube operating at ~520-570 K (inlet to outlet) with a
peak neutron flux of ~3x 107 nm 25!, E>1 MeV, from Ref. [92].

rium is reversed and the B has about 40%Nb. At the inlet
end there is a very slow progression towards the equilib-
rium state and at the outlet end this progression is more
rapid. Fig. 9.6 shows a compilation of data for fluences
of >2x10® nm % E> 1 MeV.

The Fe which is initially concentrated in the B-phase is
dispersed by irradiation and can no longer be detected
within the B or in the o-grains because its average concen-
tration is below the limit of detection (~0.15%) [44]. Fe is
still found at the o—a sub-boundaries however at approxi-
mately the same level as before irradiation.

10. Mechanisms of irradiation-induced deformation

This section will strictly deal with the deformation
mechanisms associated with irradiation. Thermal creep is
a vast subject about which many textbooks have been writ-
ten, however, its contribution to in-reactor deformation of
pressure tubes is small once irradiation hardening has
occurred. For an overview of thermal creep in Zr alloys,
see the article by Harbottle [26] and for a more detailed
account see the book by Franklin et al. [27].

The effects of irradiation on dimensional stability are
generally acknowledged to be due to ‘displacement dam-
age’ that is the knocking of atoms off their lattice sites by
momentum transfer from the radiation. In pressure tubes
the vast majority of displacement damage comes from the
fast neutrons. The damage occurs in ‘displacement cas-
cades’. Once an energetic neutron has displaced one Zr
atom, sufficient energy is usually transferred that the zirco-
nium atom (which interacts very much more strongly with
the other Zr atoms that the initial neutron) displaces many
more atoms. The residual damage after a very short (ns)
period during which the kinetic energy of the displaced
atoms is dissipated, comprises vacant lattice sites (vacan-
cies), Zr atoms in interstitial sites (self-interstitial atoms
or SIAs) and clusters of two or more of each of these
defects. The point defects (vacancies and SIAs) which
may represent only a few per cent of the total number of
atoms displaced, are mobile at reactor operating tempera-
tures, and the dimensional changes caused by creep and
growth are related to the disposition of these defects [94].
At higher temperatures (>700 K) where significant num-
bers of vacancies are formed thermally and at lower tem-
peratures (<400 K) where the vacancies are immobile, the
clusters are believed to play an important role [95,96].

10.1. Irradiation growth

In the temperature range at which power reactors oper-
ate, the SIAs and vacancies can be annihilated in two ways:
by reaction with a defect of the opposite sign either singly or
in a cluster, or reaction with an extended lattice defect or
‘sink’ (dislocation, loop, phase- or grain-boundary). In the
former case no strain occurs. In the latter case a strain
occurs locally in a direction characteristic of the defect. In
the case of a dislocation or loop the strain is a contraction
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(for vacancies) and a dilation (for SIAs) in the direction
of the Burgers vector. In the case of a boundary it is a
contraction or dilation in the direction of the boundary
normal.

Two conditions are necessary for a macroscopic strain
to occur from the disposition of point defects at sinks.
First, the sinks must experience ‘net’ fluxes of point defects,
i.e., the flux of one species of point defect must, over time
exceed the flux of the species of the opposite sign. Obvi-
ously, if a particular sink experiences at net flux of one spe-
cies, some other sink must experience a net flux of the other
species. Second, the orientation distribution of the sinks
that experience net fluxes of the different species of point
defect must be different.

The factor which determines the net flux of a particular
point defect to a particular sink is referred to as a ‘bias’ and
is by definition negative for vacancies and positive for
interstitials. Note that it is only necessary for one type of
sink to have a bias. By default unbiased or ‘neutral’ sinks
will experience a net flux of defects of the opposite sign.
A number of sources of bias have been proposed for Zr
alloys [54], but the commonly accepted one is diffusional
anisotropy difference (DAD) first proposed by Woo and
Goesele [97,98]. They proposed that vacancies and SIAs
exhibit anisotropic diffusion in Zr — a natural consequence
of the hcp crystal structure, and that the diffusional aniso-
tropies of the two species of defects are different, a natural
consequence of the different relationship of the two defects
to the hcp lattice. This provides a very powerful driving
force to segregate the defects amongst sinks of different ori-
entation. Growth results when the strain direction of a sink
correlates with its orientation.

For boundaries this is self-evident, since the strain direc-
tion is normal to the boundary. In the case of a-type and c-
component network dislocations the orientation correlates
with dislocation character so that c-component edge dislo-
cations are effectively on the basal plane and a-type edge
dislocations are effectively perpendicular to it. Since the
point defects interact more strongly with and edge than a
screw dislocation [99], this provides an orientation bias
[54]. In the case of a-type loops the loop plane is normal
to the basal plane as is some part of the line direction. Both
the plane and line direction of c-component loops are on
the basal plane. In a material containing only dislocation
sinks (or coarse grained material), preferential diffusion
of SIAs in the basal plane or vacancies normal to it will
lead to the observed shrinkage along then c-axis and
expansion in the basal plane. If a high density of bound-
aries are introduced (fine grained material) the growth
can be a complex function of the dislocation densities
and grain shapes. Qualitatively, the growth behaviour of
the TG3 R1 material, i.e., simultaneous shrinkage in the
axial and transverse direction of the pressure tube (see Sec-
tion 5.6) is predicted for very fine grains [54,98], Figs.
10.1.1 and 10.1.2.

Detailed mathematical treatments of models for irradia-
tion growth are given in Refs. [54,94-99].
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Fig. 10.1.1. Calculated effect of dislocation density and grain thickness of
the growth rate of Zr-2.5Nb in the axial direction, from Ref. [54]. In the
region between the heavy line and the x-axis both the axial and transverse
growth rates are negative.
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Fig. 10.1.2. Calculated effect of dislocation density and grain thickness of
the growth rate of Zr-2.5Nb in the transverse direction, from Ref. [54]. In
the region between the heavy line and the x-axis both the axial and
transverse growth rates are negative.

10.2. Irradiation creep

Unlike growth, there is no consensus regarding the
mechanisms of irradiation creep in Zr alloys, other than
that it is related in some way to net fluxes of point defects
to sinks, probably dislocations and loops.

Models for irradiation creep that have been considered
for zirconium include vyielding-creep, -climb-plus-glide
(CPG) including ‘I-creep’ and various forms of stress-
induced preferred absorption (SIPA) including SIPA-
DAD or elasto-diffusion (SIPA induced by the effect of
stress on diffusional anisotropy). These models, amongst
others, have been reviewed by Matthews and Finnis [100].

The yielding creep model [101,102] is applicable to mate-
rials exhibiting irradiation growth. According to this model
the internal stresses generated by growth of individual
grains of different orientations approach the yield stress,
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and the applied stress elevates the stress in crystals of a cer-
tain orientation above the yield stress causing them to
yield. Continued growth causes continued yielding in a
direction that is biased by the applied stress. This model
has generally been ignored in recent times, but has not been
discounted by experimental facts.

The climb-plus-glide model [103] is an extension of the
dislocation creep model [104] of thermal creep in which dis-
locations are able to bypass obstacles by climb due to th