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The fuel channels and fuel assemblies of all conventional nuclear reactors that generate power from the
fission of uranium by thermal neutrons are made from zirconium alloys because of their low thermal
neutron absorption cross-section. The dimensional stability, and the ability to predict dimensional
changes, of components made from zirconium alloys is important to designers and operators of such
reactors because deformation has a consequence for the operability or life of the reactor core. The
dimensional changes in zirconium alloys due to neutron irradiation has been the subject of intense study
since the inception of the thermal nuclear power reactor. During irradiation zirconium alloys behave
differently from most other engineering alloys in that they resist swelling. They do exhibit anisotropic
dimensional changes in the absence of an applied stress that depend on the microstructure; this process
is called irradiation growth. Like any other material they also exhibit a dimensional response to an
applied stress; this process is called irradiation creep. In this review the evolution in measurement
methodologies (either from controlled experiments in materials test reactors or gauging of power reactor
components) is described together with the results gleaned from such measurements. As measurements
have improved and the amount of experimental and operational data has increased, the theoretical basis
for modelling creep and growth has also evolved. The history of the evolution in understanding and the
ability to predict dimensional changes in zirconium alloys over the past 60e70 years is described and
discussed.
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1. Introduction

Dimensional stability of the core components of a nuclear
reactor is critical to safe and efficient operation. Primary structural
materials are Zr-based alloys, originally chosen because of a low
capture cross-section for thermal neutrons and adequate strength
and corrosion resistance in about 300 �C± 50 �C (573 K± 50 K)
water; consequentially this review will be mostly limited to this
temperature range. Although it was known that materials in gen-
eral deformed under the influence of stress, at the time of first use
(about 1955), almost nothing was known about the dimensional
stability of zirconium, in-or-out of a radiation field. Another un-
known was the influence on all the anisotropic properties induced
by the hexagonal close packed (HCP) structure of Zr. Even at the
time of the successful demonstrations of the Naval Reactor proto-
type core (Mark, I, 1953) using un-alloyed Zr, and the Nautilus
submarine core (1955) [1,2] using Zircaloy-2, almost nothing was
known about the topics of this review e irradiation growth
(henceforth called “growth”) and irradiation creep (henceforth
called “creep”) of zirconium alloys.

Irradiation growth is a change in the dimensions of a zirconium
alloy reactor component even though the applied stress is
nominally zero. It is considered to be a constant volume process, so
if there is, for example, an increase in the length of a component,
then the width, or thickness, or both, must decrease to maintain
constant volume. Understanding of the detailed mechanism is still
evolving, see Section 4; however, a clear correlation of growth to
microstructure evolution exists, and many empirical observations
have revealed key mechanistic aspects. The inherent anisotropy of
the Zr crystallographic structure and the texture induced during
fabrication play strong roles in the mechanism, as materials with
cubic crystal structure (like stainless steel, copper and Inconel) do
not undergo irradiation growth. Growth is not to be confused with
irradiation swelling (primarily induced by microscopic voids or gas
bubbles in the matrix) which does not conserve volume and does
not occur in zirconium alloys under normal reactor operating
conditions.

Creep is defined as a time dependent change in dimension of a
reactor component (or any material) under a stress. Creep is
deformation occurring as a constant volume process, normally at
low stresses below the usual yield strength, which is usually
measured at strain rates 106 to 107 times greater than creep rates
[3]. During normal reactor operation, failure of components by
creep rupture is unlikely because large safety margins are included



1 “Interstitials” in this report will often be called SIAs (self-interstitial atoms) to
distinguish them from impurities or alloying elements that occupy interstitial lat-
tice sites, for example, hydrogen, oxygen, nitrogen and carbon.

2 Units of the variables must be consistent, preferably in the International System
of Units (SI).
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by design. For pressure bearing structures, specifications usually
require that the material has a certain strength that is several times
that of the design stress. For example, pressure-retaining compo-
nents may follow the principles of Section III of the American So-
ciety of Mechanical Engineers (ASME) Boiler and Pressure Vessel
Code; at the maximum operating temperature the imposed stress
must not exceed the lowest of:

� 1/3 of the ultimate tensile strength (UTS),
� 2/3 of the yield strength,
� 3/5 of the stress to produce rupture within 100 000 h, or
� the stress to provide a creep rate of 10�7 per hour. The creep
strain is sometimes restricted to 1%.

As with the early applications of Zircaloy-2, this code was
applied to components before information on in-reactor effects
were known. Fig. 1e1 shows schematically the temperature re-
gimes where short-term and long-term mechanical properties
control the design stress. Early in an irradiation, short term strength
determines the design stress belowabout 350 �C; the lines intersect
at lower temperatures after irradiation.

For materials in an irradiation field, the most important for
purposes of this review being the neutron environment of a nuclear
reactor. The deformation occurs by the motion of dislocations and
irradiation-produced defects under the influence of stress. Neutron
irradiation produces large quantities of point defects e vacancies
(V) and self-interstitial atoms (SIA) e that migrate to and collect at
various sinks. Due to the anisotropy of the zirconium crystal lattice,
motion of both dislocations and irradiation-produced defects is
anisotropic, with SIAs preferring to diffuse parallel to the basal
plane in the <a>-directions of the lattice and V more randomly.
Dislocations are sinks for both vacancies and SIAs, but an edge
dislocation attracts SIAs more than vacancies. In addition, an
important factor is the concept that anisotropic diffusion is
enhanced by stress. Many mechanisms of irradiation creep have
been proposed, as discussed in detail later in this review.

Irradiation creep is distinguishable from creep without irradia-
tion in the shape of the creep curve: at moderate temperatures, e.g.
300 �C, after a small amount of strain with no irradiation the strain
rate declines rapidly while during irradiation the strain rate does
not decline and, after the same time, can appear to be much larger
than that with no irradiation.

Growth occurs simultaneously with creep if there is an applied
stress, as is almost always the case with any reactor component.
The two processes are often assumed to be independent and ad-
ditive, even though mechanistically they compete for the same
radiation-produced defects. The subject of “independency” is
examined in detail in Sections 4 and 5 of this review.

Design and operational issues can arise when allowances for
dimensional change are insufficient or not possible because of the
component's configuration; for example, BWR channels or PWR
guide tubes that are subjected to large gradients in neutron fluence,
may result in gradients in creep and growth. BWR flow channels are
susceptible to bowing that may restrict control blade motion, an
issue described in detail in Refs. [4e6]. Issues can also arise when
growth or creep allowances depend on the behaviour of different
materials, or components that operate at different temperatures, or
neutron flux or both. For example, pressure tubes in CANDU re-
actors operate for decades rather than years and have gradients of
temperature, pressure, flux and microstructure along their lengths
of 6m. In CANDU reactors, axial and differential axial elongation
may cause interference between fuel channel components, as
described in Ref. [7].

Schematic diagrams of two types of fuel assemblies are given in
Figs. 1e2.
1.1. Measure of irradiation damage to zirconium alloy
microstructure

Most of the “irradiation damage” in-reactor components is
caused by neutrons. The energy of neutrons produced by fission
ranges up to about 10MeV. Common terms for energy ranges are:
thermal (up to 0.03 eV), epithermal (up to 100 eV) and fast (>about
0.1MeV, although often classed as >1.0MeV). The amount of en-
ergy required to displace an atom of Zr from its normal lattice
position is about 40 eV, and from straight forward energy transfer
theory (see, for example [8]) it is seen that any “fast” neutron can
easily transfer enough energy to displace a Zr atom (the “primary
knock-on”), which in turn can displace additional atoms. For pur-
poses of this review, the immediate results are small clusters of
vacancies (depleted zones), individual vacancies, individual in-
terstitials1 (although interstitials are often thought to cluster in
pairs) and, after some short time (<10�10 s), vacancy and interstitial
dislocation loops form. Collectively this rearrangement of the
crystal lattice is termed “irradiation damage”. Only 1e10% of the
individual defects survive their original creation.

The absolute amount of irradiation damage produced in a
reactor component depends on the neutron energy spectrawithin a
specific reactor. The energy spectra vary with reactor type, and for
the location within the reactor. Typical pressurized (PWR/VVER)
and boiling (BWR) water reactors have similar energy spectra, but
in a BWR they vary along the core length depending on local void
fraction. CANDU reactors differ from both PWR and BWRs, and test
reactors (particularly fast or sodium cooled reactors) can have quite
different neutron energy spectra across their volume. Therefore, it
is useful to use a parameter more closely related to “irradiation
damage” than the conventional fluence, n/m2 >1MeV or >0.1MeV.
If the complete energy spectrum is considered and a consistent
estimate of the energy needed to “knock” an atom from its normal
lattice position is used (40 eV is standard, but 25 eV is sometimes
used), it is helpful to use displacement per atom, dpa, as a measure
of irradiation damage. Dpa refers to the average number of times an
individual atom is displaced from its normal lattice position during
a given reactor exposure.

Reactor engineers frequently use a measure of irradiation
damage or component exposure called fuel burnup, usually
expressed as:

Burnup ≡ GWd/MT or MWd/kgU

Burnup is a measure of the amount of energy produced by
fission in a given amount of fuel. The conversion of burnup to
neutron fluence is complex, depending on neutron energy spec-
trum, fuel enrichment, void fraction, and other factors. But for a rule
of thumb (approximated by calculation for a VVER, [9]) and PWR it
is close to:

50 GWd/MT¼ 1� 1026 n/m2 (E> 1MeV)¼ 15.4 dpa

For the current review, wherever it is possible “dpa” is used as
the measure of damage, making it possible to compare growth and
creep as a function of damage from a variety of reactors.

Conversion factors have been calculated by Walters et al. [10].
An abbreviated conversion chart, (in this case for neutron energies



Fig. 1e1. Schematic diagram showing temperature regimes where the design stress of
a hypothetical zirconium alloy pressure vessel is controlled by short-term and long-
term mechanical properties of unirradiated material.

Fig. 1e2. Typical fuel assemblies: upper, CANDU; lower PWR.

Tables 1e1
Comparison of radiation damage for zirconium in different reactors for E> 1MeV
[10].

Neutron Fluence, 1024/m2, E> 1MeV

Reactor per 1 dpa

CANDU (pressure tube) 5.8
BWR core 6.2
PWR core 6.5
ATR 7.0
DIDO 5.9
BOR-60 (6th row) 4.9
OSIR15 6.5
EBR2 3.2
Halden 13 w/o booster fuel 5.6
NRU (fast neutron rod) 6.1
HFIR (peripheral target) 6.6
HFIR (removable Beryllium) 6.0
SM2 (C4W) 5.8
RBMK (site 33, H¼ 1.9m) 5.1
© ANT International 2017

Tables 1e2
Approximate typical damage rates for different types of reactors.

Reactor Peak neutron flux, n/m2/s E> 1MeV Damage rates, dpa/s

BOR-60 43� 1017 8.9� 10�7

BWR 6.0� 1017 1.0� 10�7

PWR 8.1� 1017 1.3� 10�7

CANDU 4.0� 1017 6.4� 10�8
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>1MeV, but also available for E > 0.1MeV in Ref. [10], is given in
Tables 1e1.

Tables 1e2 gives typical damage rates for different types of
reactors.
1.2. Texture and crystallography

At 863 �C zirconium has a transformation from the hexagonal-
close-packed (hcp) structure, called the a-phase, to a body-
centred cubic (bcc) structure, called the b-phase. Alloys contain-
ing a-stabilizers, (e.g. oxygen, tin) can have a transformation tem-
perature >863 �C while those containing b-stabilizers (e.g. Nb, H)
can have a transformation temperature <863 �C. In commercial
alloys the majority of the microstructure contains the a-phase.
Important planes in the hcp structure are shown in Figs. 1e3 [11];
basal plane, prism plane and pyramidal plane.

Fabrication of components from polycrystalline zirconium alloys
results in marked preferred crystallographic orientation or texture,
with a resulting prominent anisotropy of properties. These prop-
erties include irradiation growth and creep, mechanical strength
and ductility, hydride orientation and corrosion.

Texture is often characterised by f-parameters [12] that are
commonly designated as fr, ft and fl, for the average volume fraction
of a given pole in the radial or normal (r or n), transverse or
circumferential (t or c) and longitudinal or axial (l or a) directions.
In practice the poles are distributed about those directions. The f-
parameters for typical LWR cladding for the (0002) basal poles are:

fr¼ 0.636 fl¼ 0.047, ft¼ 0.317 (1.1)

This texture is developed mostly by extensive cold working and
annealing cycles during the pilger fabrication process.

For typical CANDU pressure tubes the texture parameters are:

fr¼ 0.33 fl¼ 0.06, ft¼ 0.61. (1.2)

This texture is developed during extrusion in the (a þ b)-phase
field and is little changed by the subsequent small amount of cold-
work, usually <30%.

These two types of tubes represent the majority of the zirco-
nium alloy components that are stressed in-reactor and are
therefore used as examples. In both types of tubes fl is very low
while fr in cladding is large and similar to ft in pressure tubes, and ft
in cladding is similar to fr in pressure tubes with both being about
half fr and ft respectively.
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Fig. 1e3. Crystallographic characterizations of the hcp elementary cell [11].

Fig. 2e1. Idealized strain vs. time behaviour during creep of unirradiated material
under constant load, and the three stages of creep. εe¼ elastic, εp ¼plastic (high stress),
εc¼ transient, έsc¼ steady state rate, s¼ stress, [22].

Fig. 2e2. In-reactor creep curves of RX and SR Zircaloy-4 under biaxial stress condi-
tions at 350 �C, data [23] and re-plotted, Garzarolli in Ref. [24].
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When a component is loaded in several directions and its ma-
terial has a distinct preferred orientation, the creep rates
responding to the stresses, si, in each principal direction, trans-
verse, t, axial, a, or radial, r, are described in Ref. [13] based on
plasticity theory through:

_εt /[G(st - sr) - F(sa e st)]¼ _εa /[F(sa- st) - H(sr e sa)]¼ _εr /[H(sr -
sa) - G(st - sr)]¼ constant (1.3)

where F, G, H characterise anisotropy, as introduced in Ref. [14].
These characteristics have been evaluated from uniaxial tests and
biaxial tests with the arbitrary assumption that they sum to 1.5 [15].
For example, in Zr-2.5Nb pressure tubes F¼ 0.58, G¼ 0.04 and
H¼ 0.88. When a tube is internally pressurised, the loading is
biaxial; st¼ 2sa and sr y 0. Using the anisotropy constants the
transverse strain rate in the tube is predicted to be 2.2 times faster
than the axial strain rate. The analysis also indicates that an inter-
nally pressurized tube should elongate when it deforms. If
F¼G¼H, the material is isotropic and elongation is absent with
internal pressurization. For more details see section 2.4.1.

It has been proposed [16e18], that the growth strain in any
given direction of a polycrystalline zirconium alloy can be related to
the crystallographic texture and is proportional to a growth
anisotropy factor Gd given by:

Gd ¼ 1� 3f cd (1.4)

where f cd is the resolved volume fraction of basal poles, fc, in the d-
direction. The factor depends on the assumption that each grain
behaves as an independent single crystal and that the volume
change due to irradiation growth is zero. It further assumes that
sinks for irradiation-produced defects are on basal planes and
prism planes only and that there is a net flux of vacancies to basal
sinks and a net flux of interstitials to prism planes. Applying the
texture factors of Eqs. (1.1) and (1.2) indicates growth in the axial
direction of tubes, Ga¼ 0.82 to 0.86, whereas in cladding Gt¼ 0.05
and in pressure tubes Gt¼�0.83.

For growth, if f cd ¼ 0.33, growth is absent. For details see section
3.4.1. An isotropic texture may be attained by quenching the ma-
terial from the b-phase, see page 2e22 in Ref. [19] and in Ref. [20].
2. Irradiation creep

2.1. Creep curves

Since creep without irradiation tends to have a relatively high
initial rate, and since irradiation damage builds up with time, the
creep curve (strain versus time or fluence) is usually divided into
primary and secondary stages, as shown in Figs. 2e1 and Figs. 2e2.
High burnup implies long times, but for in-reactor service the third
stage (tertiary or unstable) creep is not reached except in very rare,
high stress cases [6,21]. Generally, the secondary (steady state)
creep stage is approached with little decline in rate, Figs. 2e.
Whether or not true time “steady state” creep rate is obtained in-
reactor is problematic, but in many cases, it is assumed for the
analysis of the important parameters (see Fig. 3).

Primary creep rates are influenced by the rate of buildup of ra-
diation hardening of the material, as will be described in Section
2.4.

2.2. Previous creep reviews

Very little information on irradiation creep of zirconium alloys
was known before the start-up of the Nautilus in 1955, the first
power reactor, Shippingport, in 1957 and the first commercial po-
wer reactors in the early 1960s. The first comprehensive review of
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Tables 2e1
Significant reviews of irradiation creep and growth.

1968 Fidleris [25]
1975 Rickover [2]
1975 Fidleris [29]
1979 Lustman [1]
1980 Carpenter, Coleman and MacEwen [27]
1983 Franklin, Lucas and Bement [30]
1987 Nichols [31]
1988 Woo and McElroy [28]
1988 Fidleris [18]
1996 Garzarolli, Stehle and Steinberg [32]
2000 Adamson [33]
2007 Griffiths [35]
2008 Holt [34]
2009 Adamson, Garzarolli and Patterson [24]
2010 Adamson [36]
2010 Shishov [37]
2010 Cheadle [38]
2017 Adamson, Griffiths and Patterson [39]
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creep datawas in 1968 by Fidleris [25] andmore followed regularly,
as listed in Tables 2e1 In addition to the reviews listed in
Tables 2e1, three major conferences were held to discuss irradia-
tion growth and creep:

M.R. Cundy, P. von der Hardt and R.H. Loelgen, Proceedings of
International Conference on Measurement of Irradiation-Enhanced
Creep in Nuclear Materials, Petten May 1976 [26].

� G.J.C. Carpenter, C.E. Coleman, S.R. MacEwen, Proceedings of the
International Conference on Fundamental Mechanisms of Ra-
diation Induced Creep and Growth, Chalk River, May 8e10, 1979
[27].

� C.H. Woo and R.J. McElroy, Proceedings of the International
Conference on Fundamental Mechanisms of Radiation-Induced
Creep and Growth, Hecla Island, Manitoba, Canada, June
22e25, 1987, [28].
2.3. In-reactor creep testing techniques

In-reactor creep testing requires measurement of strain as a
function of time or fluence when a constant load or stress is applied
to a sample of material at a temperature of interest. The simplest
procedure is to apply force to the specimen either in tension,
compression or both, induced by the application of the equivalent
to a simple weight, or bending or, in the case of a tube, by internal
or external pressure. The ASTM standard for creep testing, E139-11,
provides helpful descriptions for various basic creep techniques for
use in a laboratory but no guidance is given for in-reactor testing.
The uniaxial tension arrangement usually used in a laboratory [22]
is too cumbersome to use in a reactor. The two main sources of
information on in-reactor creep are measurements of dimensions
of components during or after service in power reactors, or with
small representative specimens tested in either power or research
reactors. Information from the power reactors is important because
its application does not require extrapolation to operating
conditions.

The evaluation of deformation of components from power re-
actors is often complicated by gradients in temperature and
neutron flux, by temporal changes in reactor operation, and by the
changes in various sources of stress, for example, cladding is sur-
rounded by pressurized water, contains an internal gas pressure
and sustains interactions with fuel. Separating effects can be diffi-
cult. These types of estimates are based on initial values of di-
mensions from the fabricators and from similar measurements of
the components in water pools after the irradiation; thereafter
interpretation is based on knowledge gleaned from previous
measurements and testing of small specimens. Pre- and post-
irradiation measurements are ideally conducted with the same
equipment. Errors in strain are typically about 0.01% in power re-
actors, based on a measurement accuracy of 1 mm for a 10mm
diameter tube.

Early in the development of reactors in which the pressure
vessels were a series of tubes passing through the core of the
reactor, it was recognized that the tubes could change shape during
service; their diameter and length could increase and, if horizontal,
they could sag. Inspection indicated that irradiation could increase
these changes in dimensions in unexpected amounts. The tubes
were designed to operate for 30 years or longer and thus knowl-
edge of the irradiation-induced strains was of vital importance.
Programs were initiated to measure tubes during service and to
develop techniques to study in detail the variables important for in-
reactor deformation using small specimens. Gauging pressure
tubes in power or research reactors provides a clearer picture of the
effect of variables on deformation than measurements on cladding
because the environment is less complicated. Typically, the tube
internal diameter, D, is between about 80 and 103mm, the wall
thickness, t, is around 4mm and the differential pressures between
the inside and outside, P, are in the range 8e11MPa.When the ends
are closed the resulting hoop stresses, sH, are between 84 and
115MPa, based on the thin wall approximation, sH ¼ P(D þ t)/2t;
the axial stresses are half the hoop stresses. The temperature of the
heat-transport water varies along the length of the tube from 260
to 312 �C while the flux of neutrons passes through a maximum
value in the centre of the reactor. Diametral creep is estimated at
time intervals with a probe, typically comprising Linear Variable
Differential Transformers (LVDTs), Figs. 2e3 [40] or ultrasonic
transducers [41,42], that travels along the full length of the tube and
deliver a continuous measurement of the internal diameter with an
accuracy of about 0.1%, Figs. 2e4 [43].

Such a measurement in CANDU reactors provides information
on the effects of profiles of temperature and neutron flux as well as
details of flux suppressions causing less deformation in the pres-
sure tube corresponding to the ends of fuel bundles. Similar effects
are observed in the pressure tubes in RBMK reactors in the centre of
the reactor, where the two fuel assemblies meet, and in a small
ripple corresponding to the ends of graphite bricks used as a
moderator [42]. In research reactors the effect of stress may be
obtained by varying the tube wall thickness [15,40]. Examples of
this type of measurement on pressure tubes made from various
alloys in various reactors include:

� Zircaloy-2: NRU [15,40], NPD [44].
� Cold-worked Zr-2.5Nb: NRU [15,40]; Pickering G.S., Bruce G.S.,
Point Lepreau G.S., WR1 and NRU [45,46]; Qinshan [47].

� Heat-treated Zr-2.5Nb: Fugen [41]; NPD [48].
� Zr-2.5Nb with Annealed, TMT-1 or TMT-2 heat-treatments: RBMK
[42,47].

Alternatively, lengths of Zr-2.5Nb tubing with inside diameter of
23mmwere formed into a U-shaped assembly and placed inside a
research reactor, Figs. 2e5 [49,50]. The assembly was stressed with
water at 300± 3 �C and 10.4MPa. In a central zone the outside
surface was machined to reduce the tube wall thickness and pro-
vide a range of hoop stress from 104 to 313MPa. During shut-
downs the inside diameter of specimen lengths was measured
with an air-gauge with a resolution between 1 and 3.6% [51].

Biaxial loading may also be achieved by using sealed, pressur-
ized capsules, typically illustrated with Figs. 2e6 [52]. These
specimens provide tests close to constant stress rather than



Fig. 2e3. a) Schematic diagram of instrumented probe and b) photograph of probe to
evaluated pressure tubes. The shiny metallic tip is the LVDT (on the right) to measure
the inside diameter, and the dull gray plastic head is an eddy current probe (on the
left) to detect surface flaws. Based on Ross-Ross and Hunt [40].

Fig. 2e4. Typical axial profile of internal diameter of Zr-2.5Nb pressure tube. Although
the maximum flux is in the center of the tube, the profile is displaced towards the
hotter, outlet end of the fuel channel at 8500mm. The regular dips in the diameter
correspond to the ends of each fuel bundle where there is a small reduction in neutron
flux. Based on Gunn et al. [43].

Fig. 2e5. . In-reactor assembly for constant pressure creep tests on Zr-2.5Nb, after
[49,50]. Individual specimens were 200mm long with an inside diameter of 23mm.
They were brazed together to form a continuous U-tube. Hot, pressurized water passed
through the tube subjecting the specimens to similar temperature, about 300 �C, and
internal pressure, about 10.4MPa. The outside surface of the central 100mm of each
specimen was machined to reduce the wall thickness to provide hoop stresses in the
range 104e313MPa. The inside diameter was measured at intervals using an air-gauge.
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constant load, so the results may appear optimistic for application
in a power reactor but useful for storage of spent fuel when no new
fission gasses are being generated. In capsule specimens the di-
ameters were smaller and microstructures different from pressure
tubes used in power reactors, so the results require care in their
application whereas this concern is avoided when applying this
technique to fuel cladding. Specimens of Zircaloy-2, Zr-2.5Nb,
ZIRLO, M4, M5 were irradiated in pressurized water or NaK at
temperatures in the range 270e350 �C with hoop stresses in the
range �60 MPa up to 500MPa. To avoid end effects the specimen
length to diameter ratio was usually about four or greater. Creep
strain was estimated from measurements of the outside diameter
of the tubes using various techniques during reactor shutdowns,
listed below, with measurement uncertainty, where available,
indicated within parentheses.

� [53], micrometer;
� [53], neutron radiography of dysprosium markers [54];
� [52,55], dial gauge (3 mm);
� [41] ultrasonics (20 mm);
� [23,56e58] comparator using LVDT's, (±(2e7) mm);
� [59e61] laser micrometer (±0.11 to± 0.37 mm);
� [58] non-contact silhouette system, (±1 mm).

Uniaxial creep tests have been done on dog-bone specimens of
zirconium alloys with gauge lengths of about 50mm and small
cross-sections in research reactors [62]. Such tests require clever
design:

- Usually the entry holes in the reactors have a small diameter;
- The region of high flux is several metres from the access point;
- Control of temperature gradients from gamma heating is a
challenge;

- Application of large stresses can be difficult;
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Fig. 2e6. Typical creep capsule; tube pressurized at room temperature and sealed. Dimensions measured during reactor shut-downs, after [52].

Fig. 2e7. Schematic diagram of in-reactor uniaxial creep machine, after [63]. The test
specimen is machined from a zirconium alloy component and loaded in tension by a
bellows. The elongation is measured by a gas gauge. The temperature is controlled by
balancing gamma and electrical heating within a helium atmosphere. Instrumentation
includes thermocouples, pressure gauges and flux monitors. The whole assembly fits
into a 35mm-diameter, 3.7m long hole in the reactor.
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- Measuring deformation with good resolution requires much
care.

Fidleris et al. [63] solved these issues, Figs. 2e7, by balancing the
gamma heating with both cooling coils and heaters, the tensile load
was imposed by expanding a bellows and changes in specimen
lengthweremeasured using an air-gaugewith a sensitivity of about
0.020% [64]. Corrosion was minimized by testing in a helium at-
mosphere. If the proposed tensile stress for the test was large,
>200MPa, to avoid premature rupture, the test specimen was pre-
hardened by irradiating to between 1023 and 1024 n/m2 under a
small stress. Early similar test techniques were used by Fidleris
[25,65,66] and Wood and Watkins [67, 68]. Similar designs have
been developed at Halden for testing in a water environment with
capability for both tensile [69] and compressive stresses, Figs. 2e8
[70]. Length changes were measured with an LVDT. These methods
have the additional complications of:

- The effect of irradiation and environment on LVDT's, with oc-
casional failures (e.g. 2 out of 12 [69])

- Corrosion and hydrogen pick-up on the specimens;
- Loop pressure variation;
- Effect on all test parameters by reactor start-up and shutdown.

In these studies, useful data have been obtained on Zircaloy-2,
Zircaloy-2 þ 1 %Nb, Zircaloy-4, Zr-2.5Nb at temperatures in the
range 288e343 �C and stresses in the range to �40 to 455 MPa.
Tensile creep testing of stainless steels successfully used the same
techniques [71].

Information on in-reactor deformation may also be obtained
from stress relaxation tests. In these tests the total strain of the
specimen is kept constant and stress relaxes with time as the elastic
strain converts to plastic strain through creep. If the creep rate, _εp,
follows behaviour like:

_εp ¼ Ksntm (2.1)

where K is a constant for constant temperature.

sis the stress,
t is time, and
n and m are constants,

then, if n¼ 1, the initial stress, s0, declines to a value, sf, at time t
given, through Hooke's law, by:

[n(sf/s0)¼ - {KEt(mþ1)}/mþ1 (2.2)

where E is Young's modulus.
Therefore, by measuring the change in stress with time, the

contribution from creepwith time can be calculated. (The creep law
with n¼ 1 provides a good approximation when s0 is low, <
240MPa) A simplification follows from the observations that the
unrelaxed stress ratio is independent of s0 and [n(sf/s0) decreases
approximately linearly with time after an initial rapid drop. The
data can then be represented in Ref. [72]:

sf/s0¼D exp (-Rt) (2.3)
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Fig. 2e8. . Isometric drawing of PWR guide tube (GT) specimen assembly with bellows loading unit and.LVDT measurement system; note that the specimen is loaded in
compression [70].
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where D is unrelaxed stress ratio after an initial rapid drop, and
R is a relaxation constant, i.e. slope of [n(sf/s0) vs time.

The stress is evaluated from the change in outer fiber stress
during bending of a simple beam of thickness c by clamping it to a
holder of known radius of curvature:

sf - s0¼½Ec(1/R1 e 1/R2) (2.4)

where R1 is the beam radius with s0 and R2 is the beam radius with
sf.

The radii were variously measured with a microscope [74] and a
profile projector [73,75]. The error in stress was about 5% and for
the stress ratio the error was about ±0.1 sf/s0. Irradiations were
done on holders containing several specimens, typically six, thus
providing an estimate of experimental error, Figs. 2e9. Example of
Fig. 2e9. Schematic diagram of specimen holder c
data in Figs. 2e10. Such data can be used to either:

- Compare different materials, metallurgical variables, test tem-
peratures, qualitatively (e.g., which material relaxes faster?)

- Evaluate many alloys or metallurgical conditions at once, if a
multi-specimen holder is used

- Calculate the creep strain for the test conditions quantitatively if
the relevant creep law is chosen with simple exponents; as
indicated above, values may be derived at low stresses if the
creep rate is independent of time and the exponent on stress is
close to 1.0.

Useful information on creep and relaxation are found in
Refs.[72-83]. The ASTM Standard, (E328-02, 2010) recommends 4-
point bending, which produces a constant bending moment in the
ontaining specimens for stress relaxation [73].
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Fig. 2e10. Unrelaxed stress ratio as a function of time for stress-relieved Zircaloy-2, in-reactor at 566 K (293 �C). “Unrelaxed stress ratio” is the stress at time t divided by the stress
at time 0. “Autoclaved hoop” is unirradiated material tested out-of-reactor [75].
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test section as illustrated in Figs. 2e11. Standard Test Method C-2
states that the stress can be determined by measuring (before and
after relaxation) the force P required to lift the specimen just free of
one or more of the constraints during the test. This technique has
been used in an EPRI-directed NFIR programme on in-reactor stress
relaxation (abstract accepted for presentation at ASTM Zirconium
in the Nuclear Industry, Manchester, 2019).

There are several requirements, cautions and advantages of the
various stress relaxation testing techniques:

� Measurements in-reactor and in hot-cells are difficult and
laborious. Great care must be taken when handling specimens.

� Reproducibility in best conditions is ±10% [ASTM E328-02, 2010,
Section 38.],

� Clever design can allow many specimens to be tested at once.
� Testing environment, particularly in-reactor, may affect results.
For example, corrosion, shadow corrosion, absorption of
hydrogen, variable gamma heating, must be anticipated and
minimized.

� Calculations involve using Young's Modulus, E, so it must be
known for all temperatures used - usually cell temperature for
measurements and elevated temperature for testing; it is
assumed that irradiation at normal reactor operating tempera-
tures does not change E.

� The applied stress-strain must be in the elastic range. One
cannot expect recovered strain to exceed the initial applied
strain.
2.4. Creep data (not including spent fuel storage and LOCA related)

In reactor deformation is often thought of as comprising four
strain components driven by an applied stress:

εtotal¼ εthermal þ εirradiated thermal þ εirradiation þ εgrowth (2.5)

where:

εthermal ≡ εt¼ creep strain of unirradiated material in the
absence of a neutron flux
εirradiation thermal ≡ εi-thermal¼ creep strain of irradiated material
in the absence of a neutron flux
εirradiation ≡ εirr¼ creep strain of irradiated material in the pres-
ence of a neutron flux
εgrowth ≡ εg¼ strain due to irradiation growth (with zero applied
stress)

It is assumed that each component is independent of the other
three. Note that there is also a strain component resulting from
volume expansion due to hydrogen and hydrides.

True thermal creep can occur only in the absence of irradiation
damage sufficient to harden the material. For irradiation temper-
ature near 300 �C (573 K) significant hardening is shown to occur at
less than 3� 1023 n/m2 (E> 1MeV), [83]. For a typical Light Water
Reactor (LWR) neutron flux of 7� 1017 n/m.2s, E> 1MeV, “signifi-
cant hardening” would occur in less than three days and therefore
thermal creep would have little effect on overall strain. For a very
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Fig. 2e11. Schematic diagram of 4-point bend experimental setup and appropriate equations, [ASTM E328-02, 2010], Section 35.
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low flux of 5� 1016 n/m2 whichmight occur at the ends of fuel rods,
and particularly at the inlet and outlet ends of a pressure tube in a
CANDU reactor, the time during which thermal creep is significant
would be on the order of 100 days. In that case, strain due to
thermal creep would be important, depending on the stress and
temperature.

Likewise, εirradiation thermal is very small and can be neglected,
except at temperatures where vacancies become very mobile and
irradiation damage is becoming unstable (about 400 �C [673 K], see
Section 3.4.10). The effect of irradiation hardening (fluence or dpa)
on thermal creep is illustrated by Figs. 2e12, where it is seen that
pre-creep test fluence above about 21� 1024 n/m2 is enough to
significantly lower both the creep strain and creep rate. Another
Fig. 2e12. Effect of fluence on thermal (post-irradiation, zero flux) creep b
example is for creep in a CANDU environment, Figs. 2e13. The 4th
term, εirradiation growth, is without applied stress and is considered to
be independent of creep. In most creep experiments, the growth
strain is ignored, but for thorough analysis, such as provided by
Garzarolli in Ref. [24], it is subtracted from the creep strain.

εirradiation ≡ εirr¼ creep strain of irradiated material in the pres-
ence of a neutron flux is the primary topic of his review.

In the U.S., the first reactors (Nautilus, 1954; Shippingport, 1957;
Dresden, 1960; Yankee Rowe, 1960) all used either Zircaloy-2 or
Zircaloy-4 for structural components of these PWR or BWR designs.
For pressure tube designs (Hanford N, 1963; SGHWR,1967; CANDU,
1968), the choicewas between Zircaloy-2 and Zr-2.5Nb. In the USSR
at the time, various ZreNb were under development.
ehaviour at 350 �C (623 K) of irradiated SRA Zircaloy-4 cladding tubes.
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Fig. 2e13. Creep strain as a function of time for laboratory tests of unirradiated Zr-2.5Nb (D58) and Zr-2.5Nb irradiated in the Osiris reactor (M18) and then further creep tested in
the laboratory after irradiation. Temperature¼ 280 �C, hoop stress¼ 125MPa and cold work¼ 27%, [61].

Fig. 2e14. Effect of irradiation on the uniaxial creep behaviour of cold-worked Zir-
caloy-2. Testing for 8000 h results in a fluence of 7� 1024 n/m2, E> 1MeV; after
Watkins and Wood [67].
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Since no creep data were available, it was assumed that creep
behaviour was the same in-or-out of reactor, and the ASME codes2

were used for design (for examples, Watkins and Wood [67] and
Coleman [84]). It was known that orthorhombic alpha-uranium
was dimensionally unstable in a neutron or fission fragment envi-
ronment (Roberts and Cottrell [85] and Hesketh et al. [86], creating
some anxiety for core designers [1]. An additional complicationwas
that some early reports indicated no effect of neutrons on creep of
Zircaloy-2 [87], reported by Nichols [88]. Also, the high tempera-
ture (377 �C) results of Holmes et al. [89] reported no significant
effect of irradiation.

Therefore, the early work on creep of zirconium alloys centered
on two important questions: 1) did neutron flux affect creep strains
and strain rates and, if so; 2) which zirconium alloys and micro-
structures had the lowest creep rate?

By 1969, both questions were answered with qualifications
depending on test and material conditions. Chosen for its higher
strength than RXA Zircaloy, cold worked (CW) Zircaloy-2 was found
to have creep rates higher by a factor of 10 in-reactor when
compared to out-of-reactor rates, Fidleris [29], Ross-Ross and Hunt
[40], Watkins and Wood [67]. Figs. 2e14 shows an example.

Under the same parameters of temperature, stress and neutron
flux (relevant to CANDUpressure tube operation), CW Zr-2.5Nbwas
shown to have a creep rate of about one-third that of CW Zircaloy-2,
[15, 40]. And for the uniaxial tests of [29], similar, although smaller
reductions were found. As a result, the higher-tensile-strength Zr-
2.5Nbwas chosen, after about 1970, as the pressure tubematerial of
choice for CANDU reactors: higher strength, smaller wall thickness,
less neutron absorption. Earlier, CW Zircaloy-2 was chosen for the
Hanford N Reactor [17,90].
2.4.1. Anisotropy and texture
One indication of a texture effect in tubes is observed with

uniaxial loading in-reactor in two orthogonal directions, for
example, in the axial, a, and transverse, t, directions. From equation
(1.3) the strain rates in each direction at the same temperature,
neutron fluence and applied stress are related through the aniso-
tropic parameters [14]:
_εa = _εt ¼ ðF þHÞ=ðF þGÞ (2.6)

When these parameters are equal the material is isotropic and
the strain rate ratio is 1.

In small tensile specimens or bent beams machined from
pressure tubes made from Zircaloy-2 and Zr-2.5Nb with the tex-
tures of equation (1.2), creep rates and stress relaxation are 1.7e2.5
times faster in the axial direction than in the transverse direction
[15,76]. Figs. 2e10 provides an example from stress relaxation
where the samples bent in the axial direction of a pressure tube
relax faster than those bent in the transverse direction. This
conclusion applies for materials with a low resolved fraction of
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basal plane normals in the axial direction, fl of �0.1. In Zr-2.5Nb
pressure tubes the resolved volume fraction of prism planes in
the axial direction is 1.5e1.8 times that in the transverse direction.
The general observation is that creep resistance in the <c>-direc-
tion is high and therefore plastic deformation is more difficult
compared with easier options of slip in the orthogonal <a>� or
pyramidal <a þ c>-directions.

The ratio between the transverse creep rate in a uniaxial test
and hoop creep rate in a biaxial test with.

(sa ¼ st=2) is:

_εt;biaxial
�
_εt ;uniaxial ¼ ð0:5F þGÞ=ðF þGÞ (2.7)

For an isotropic material this ratio is 0.75. With the texture of
fuel cladding and pressure tubes the hoop creep rate of a thin wall
tube under a differential pressure should be less than that esti-
mated for a uniaxial stress in the transverse direction confirming
that results of uniaxial tests are not reliable indicators of the
behaviour of pressurised tubes.

During internal pressurising of a tube, the ratio between axial
and transverse creep strain rate is:

_εa = _εt ¼ ðH� FÞ=ð2Gþ FÞ (2.8)

This ratio is zero in an isotropic material therefore internally
pressurised tubes do not change length during creep. With aniso-
tropic material the strain rates can be correlated with the texture
through the difference (ft - fr) [91, 92, 93]. Here the quantity (ft - fr)
is used as a measure of the texture since fa is small for the materials
considered. When fr values are large, which are typical for thinwall
cold-worked cladding tubes, equation (1.1), and rolled sheet com-
ponents, (ft - fr) can be as low as �0.4 consequently negative axial
creep strain rates are predicted under biaxial conditions. Such
negative axial strain rates have been reported with internally
pressurised capsules of recrystallized Zircaloy-4 and M� 5 fuel
cladding [57]. When ft values are large, which are typical for cold-
drawn CANDU pressure tubes, (ft - fr) can be as high as 0.35 and
positive axial strain rates are predicted under biaxial test condition.
Thus during reactor service and experimental irradiations, pressure
tubes are predicted to elongate. Such elongation is observed in
power reactors:

- The Zircaloy-2 pressure tubes in the N-reactor elongated up to
0.4% mm in 5.7 years [17] These tubes had four types of fabri-
cation schedule all producing a low preferred orientation of
(0002) in the axial direction, f-values of 0.07e0.09, and a range
of f-values of either 0.44 to 0.46 or 0.54 to 0.58 in the transverse
direction. Consequently the contributions from growth to the
elongation were similar for each type of tube but the creep
contributions were negative in the transverse direction for the
material with the lower f-values. These differences in creep
contribution to the strain explained the observed differences in
elongation and transverse strain.

- The Zircaloy-2 pressure tubes in NPD had a texture with low fa,
and ft and ft of about 0.45. After 140 000 h of operation a typical
tube had elongated 7mm, corresponding to a strain over the
whole length of the tube of 0.17%, while the diameter had
increased by 0.38% [44].

- In CANDU reactors the cold-worked Zr-2.5Nb tubes have the
texture described by Equation (1.2) and they also exhibit elon-
gation and diametral expansion. For example, Zr-2.5Nb pressure
tubes in Pickering Unit 3 elongated linearly with time nearly
45mm in 12 years of operation and the diameter increased at
strain rates between 8 and 10� 10�8 h�1 [45]. Elongations of 76
and 110mm were reported after neutron fluences of 8 and
12� 1025 n/m2 (averaged over the length of the tube) [93,94].
Evaluating axial strain rates from elongation of pressure tubes is
fraught with error because the neutron flux, the inside tempera-
ture, internal pressure and microstructure all vary along the 4e6m
of the tube. Short, internally pressurized capsules of small diameter
tubes, Figs. 2e6, allow both axial and transverse strain rates to be
measured. For example Zr-2.5Nb tubes, that had textures either
similar to fuel cladding or to pressure tubes, were irradiated in NRU
and Osiris up to 6.5� 1025 n/m2 between 280 and 340 �C with hoop
stresses between 0 and 500MPa [52,58,61,92]. From the results of
strain as a function of fluence, creep compliances, Cd (strain/(flu-
ence x stress)) for each direction in each material and at each
temperature were obtained. Care has to be taken to subtract any
contribution to the creep strain from growth strain attained at zero
stress. Most reliable results are obtained after the neutron fluence
has exceeded about 2� 1024 n/m2 to allow saturation of irradiation
damage. For example, for “fuel cladding” Ct¼ 1.9� 10�30 and Cl¼ -
0.2� 10�30 m2/n.MPa. The ratio, Cl/Ct, is �0.1. For “pressure tubes”,
Ct¼ 0.92� 10�30 and Cl¼ 0.55� 10�30m2/n.MPa. The ratio, Cl/Ct, is
0.6. The values from several experiments were related to the
texture parameters of the tubes and represented by ft e fr. The
results are summarised in Figs. 2e15 where they are compared
with a self-consistent model developed in Refs. [46,91]. The data
representing the texture of pressure tubes, “micro-pressure tubes”
(MPT) and similar earlier tests, are arrayed about the line of the
model indicating that the model may describe the effect of texture
on biaxial creep of pressure tube-type material. The results of one
set of experiments at 340 �C suggest that the anisotropy of irradi-
ation creep diminishes as the temperature for annealing irradiation
damage is approached. With textures where ft e fr< 0 and more
representative of “fuel sheathing” (FS or cladding), the creep
anisotropy is not well described by the model indicating that other
microstructural features are contributing to the anisotropy (This
discrepancy will be discussed in Sections 4 and 5.). Now the axial
strains lead to small negative changes in length that are less of a
problem for fuel assemblies made from cold-worked cladding than
in pressure tubes.

In summary, the crystallographic texture developed during tube
fabrication of zirconium alloy tubes leads to anisotropy of in-
reactor creep when driven by internal pressure around 300 �C.
Pressure tubes with high concentrations of basal plane normals in
the transverse direction tend to elongate during irradiation. The
tendency to elongate is much less in cold-worked fuel cladding
where this concentration is high in the radial direction.
2.5. Variables

The in-reactor strain rate, _ε, is usually expressed in empirical
equations employing a number of variables 2:

_ε ¼ f
�
sn;D;

1
B
;Fp; T; f ;A

�
(2.9)

where.

sis the applied stress
D is the density of mobile dislocations
B is density of barriers to dislocation motion (where B has
different strength depending on the nature of the barrier, e.g.
dislocations, dislocation loops, solutes, precipitates.)
Fis the neutron flux
T is irradiation temperature
f is the texture factor
A is a metallurgical factor related to a specific alloy
n and p are constants



Fig. 2e15. Dependence of the ratio of biaxial in-reactor creep compliance in the
transverse and axial directions of zirconium alloys on the texture parameter, ft e fr, and
comparison with theory (dotted line) [52,58,61,92].

Fig. 2e16. Stress dependence of in reactor stress exponent for Zr-2.5Nb at 570 K and a
fast flux of 1� 1017 n/m2s (E > 1MeV), [95].
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In-reactor strain is often expressed by the equation

ε ¼ AðFtÞm sn e
�Q
RT (2.10)

where.

εis strain
Ft is fluence
R is the gas constant
m is a constant
Q is the temperature activation energy (note that when Q is
positive, an increase in temperature results in an increase in
strain)
A, T, n as above
Fig. 2e17. Effect of temperature on the stress dependence of creep for Zr-2.5Nb
pressure tubes, [18].
2.5.1. Stress
The stress dependency of in-reactor creep is complicated. The

older review of literature provided by Franklin et al., 1983 indicated
that

nz 10e100 for 400 < s� 600MPa (58e87 ksi)e (post-irradiation)

nz 4e10 for 205< s� 400MPa (30e58 ksi) e (thermal)

nz 1 for 138< s� 205MPa (20e58 ksi) e (irradiation creep)

nz 0e1 for s� 138MPa (0e20 ksi) e (irradiation growth/creep)

In practice, the stress exponent “n” also depends on variables
including, e.g. stress magnitude (Figs. 2e16, [95]), and temperature
(Figs. 2e17, [18]).

Using equation (2.10), Soniak et al. [23] determined that “n”
ranged between 0.8 and 2.0 depending on flux and temperature,
with an average of about 1.6.

Results of extensive data analyses by Garzarolli [24] indicated
that the stress dependency is linear in the most interesting stress
range at <100e200MPa and temperature range 275e390 �C in-
dependent of the direction of creep, neutron flux, material
composition or material condition, for example, Figs. 2e18 and
Figs. 2e19.

2.5.2. Flux
The theory proposed by Dollins [96], indicates that the flux

dependency increases with flux as a power dependence with
exponent p; the “constant” p ranges between 0.25 and 1.0 in the
span of fluxes appropriate for light water reactors, Figs. 2e20. Two
factors may cause the fast flux dependency to be less than unity.
First, at temperatures in the upper range of reactor component
temperature (roughly, 340 �C (513 K)) irradiation-thermal creep
may be occurring that has no dependency on neutron flux. This
contribution to the strain would cause the overall flux dependence
and the associated exponent to decrease. Second, at low values of
fast flux (in combination with temperature) the defect production
rate may be insufficient to build up the microstructure needed to
eliminate significant thermal creep. In most situations, then, from a
mechanistic view the flux dependency is expected to be near or
slightly below unity.

Griffiths et al. [97] and DeAbreu et al. [61], presented data
indicating that for Zr-2.5Nb in a CANDU reactor the flux
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Fig. 2e18. Effect of stress on in-reactor creep of fully recrystallized Zry-2/4. The re-
ported creep rates were normalized to a damage rate of 1.5� 10�7 dpa/s (zfast flux of
1� 1018 n/m.2s in LWRs).

Fig. 2e19. Effect of stress on in-reactor creep of PR and SR Zry-2/4. The reported creep
rates are predominantly from tests in Siloe and PWR and were normalized to a damage
rate of 1.5� 10�7 dpa/s (zfast flux of 1� 1018 n/m.2s in LWRs).

Fig. 2e20. Calculation of the variation of in-reactor creep rate with neutron flux in
zirconium, [96]. 20 ksi¼ 138MPa.
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dependency is non-linear (p< 1) at low flux and becomes linear
(pz 1) at fluxes greater than about 4� 1016 n/m.2s (E> 1MeV),
Figs. 2e21.

Data from test on cold-worked Zircaloy indicate the flux de-
pendency becomes linear above about 5� 1017 n/m2s, Figs. 2e22,
[98]. These latter data are for fluences less than 1� 1024 n/m2

where the irradiation-damage structure and mechanical proper-
ties have not yet saturated and steady state creep is unlikely to have
been achieved.

Proton irradiation experiments, although having the disadvan-
tage of requiring very thin (about 50 mm thick) specimens have the
distinct advantage, compared to in-reactor experiments, of control
of the damage rate. Thereby, individual parameters like flux de-
pendency can be assessed. In an experiment at a temperature low
enough to eliminate thermal creep, it was shown that under proton
bombardment conditions (which simulate but do not duplicate
neutron irradiation) low stress creep and irradiation growth
deformation of zirconium occurred only when the proton beam
was “on”. The flux dependency (in this case the defect-production
rate dependency) was very near unity [99], Figs. 2e23. The dose
rate (f) was changed several times during the test; the smooth
curve indicated that the strain rate is only a weak function of dose
rate.

Earlier proton irradiation experiments on large grained RXA
Zircaloy-2 at temperatures (300 �C (553 K)) and stresses between
(100 and 267MPa) in the higher range of reactor interest have
conclusively shown a linear damage rate dependency in the range
of 0.1 to 10� 10�7 dpa/sec, equivalent to a PWR flux range of about
0.7e70� 1017 n/m2/s, E> 1MeV [100], Figs. 2e24. For additional
comparison between of the Chow/Chapman experiments, see
Adamson, [24].

To estimate the creep-flux dependency, independent of the
various literature conclusions based on particular data sets, a large
data base, listed in Adamson et al. [24], was evaluated. The evalu-
ation is shown in Figs. 2e25, which shows the in-reactor creep
behaviour of different experiments of similar materials tested un-
der comparable conditions versus the damage rate in the temper-
ature range of 270e380 �C either at the given stress or in the stress
range of 60e130MPa and normalized to 100MPa, applying a linear
creep rate - stress dependency. The figure indicates:

� a nearly linear creep rate - damage rate dependency,
� a flux exponent of 0.85, for axial, tangential (transverse in rolled
plate) and diametral (in tubing) creep under a differential
pressure (between inside and outside of the tubular samples) in
the fast flux range of 5� 1016 to 5� 1018 n/m.2s (>1MeV),

� at low fluxes, the apparent flux exponent decreases to zero at
about 1� 1016 n/m.2s and apparently becomes negative. Irra-
diation hardening is insufficient to suppress thermal creep and
the strain rate becomes higher than the minimum value.

The sum of the available data indicates that the flux de-
pendency, p, varies between about 0.5 and 1.0 in the range of fluxes
of most interest for power reactors.

In most experiments it is not possible to separate flux and flu-
ence; the practical expression becomes equation (2.10).

An extensive creep program at 350 �C (623 K), [23], has provided
data like those shown Figs. 2e26 for SRA Zircaloy-4. No growth was
observed at zero stress as expected from the texture. Therefore, the
creep data are “pure irradiation creep”. However, there is likely to
be a component of thermal creep occurring in addition to
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Fig. 2e21. Effect of flux on diametral strains for a Zr-2.5Nb pressure tube. Fast neutron fluxes for each curve are displayed in the legend (units of 1015 n/m2.s), [97].

Fig. 2e22. Flux dependence of in-reactor uniaxial creep of cold-worked Zircaloy-2,
data modified from Tinti, [98].
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irradiation creep.
Values of the constants in equation (2-10) depend on test con-

ditions, but these studies have given what appear to be reasonable
values for low burnup at 350 �C (623 K):
Fig. 2e23. Strain as a function of dose for specimens of different F
mz 0.5, nz 1.6, (Q> 0, from additional data)

At high burnups (>4� 1025 n/m2) the creep curves tend to
become linear with fluence, so the value of m becomes 1.0 [58], for
Zr-2.5Nb, also showed that for fluence above 1.5� 1025 n/m2 creep
appears to be linear with fluence.

2.5.3. Effect of cold work (CW)
The effect of recrystallization or cold work is shown in

Figs. 2e27, where the “annealing parameter” is the metric
describing the metallurgical state. The trends are clear e in-reactor,
cold-worked or stress relieved Zircaloy-4 has higher creep strain
than recrystallized material. The opposite occurs for out-of-reactor
testing.

A ¼ t exp
��Q
RT

�
(2 e11)

where t¼ annealing time.

T¼annealing temperature, K
Q/R¼ 40 000 K

All creep mechanisms depend in some way on the presence or
absence of cold-work-induced (as-fabricated) dislocations. Using
stress relaxation experiments with no contribution from irradiation
growth or thermal creep [101] obtained a creep rate dependence on
dislocation density of about r0.2 at 300 �C (573 K) in Zircaloy. The
e concentration. (nFe3¼ 70 ppm; LFe101¼3 ppm), after [99].
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Fig. 2e24. Flux (damage rate) dependence of irradiation creep of Zircaloy-2 during
proton bombardment, 91MPa, 553 K (280 �C), after [100].
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experimental data are very limited and are confounded by texture
factors. As will be shown later, for irradiation growth, the de-
pendency is more like r0.8.

The in-reactor relaxation experiments of [74] showed that in-
reactor relaxation rates for Zircaloy-4 were much higher than
rates out-of-reactor and that relaxation was faster at 310 �C (583 K)
than at 60 �C (333 K), Figs. 2e28 and Figs. 2e29. The raw data
indicated that cold-worked material relaxed faster than RXA ma-
terial, and calculations based on a linear stress dependence indi-
cated that 79% cold work increased the low fluence (about 1� 1025

n/m2 E> 1MeV) relaxation rate by a factor of three. At that fluence,
the <a> dislocation loop structure would have been well formed,
but <c> component loops would not have yet formed in the RXA
material. (See mechanism Section 4).

A more definitive effect of cold-work on creep behaviour is
shown by the tests of internally pressurized tubes at 350 �C (623 K)
in CEA test reactors, [23].

Figs. 2e30 Zircaloy-4 SRA material (presumably about 70% cold
Fig. 2e25. Correlation between in-reactor creep rate and damage rate (zfast flux, in-PWR:
either the given stress or at a stress between 60 and 130MPa and normalized to 100MPa
work followed by a low temperature anneal) has a higher initial and
final creep rate than RXA Zircaloy-4. It is not clear whether or not a
steady-state creep rate was reached. For the textures of specimens
in this experiment, no diametral irradiation growth would be ex-
pected. In this experiment, the RXA M5 (Zre1Nb) alloy has about
the same behaviour as RXA Zircaloy-4.(see.figs2-31)

2.5.3.1. Effect of dislocation density. Cold-work induces dislocations
into the material. Dislocation density, r, for an RXA zirconium alloy
is near 5� 1013/m2 and for fully cold-worked is near 10� 1014/m2.
The effect of dislocation density on creep in the range of
1e10� 1014/m2 appears to be weak: taking creep rate¼ Krx at
510 K (297 �C), xz 0.23 for Zr-2.5Nb [101], and xz 0.16 for
Zircaloy-2 [102], Figs. 2e33. It is noted that for irradiation growth,
strain is almost linear, with r. In all cases, data are limited and are
confounded by texture and microstructure factors.

2.5.4. Effect of temperature
The temperature dependence of in-reactor creep has compo-

nents based on thermal and irradiation processes. It is generally
considered the pure irradiation creep has only a weak temperature
dependence (often the process is called “athermal”) but thermal
processes play an increasingly large role above about 300 �C
(573 K). Above about 350 �C (623 K), thermally produced vacancies
compete with irradiation-produced defects, and by 400 �C (673 K)
thermal processes dominate in-reactor creep. In all cases,
increasing temperature, increases creep rates. Analysis of a large
amount of data [24], indicates that temperature dependency in the
range of 270e400 �C, which encompasses most commercial reactor
temperatures, varies and depends on several variables, including
cold work, alloy element concentration and fabrication history.

Schematic illustration of the temperature effect is given in
Figs. 2e34, after Fidleris [18]. The strong strain aging regime around
350 �C (623 K) observed for unirradiated zirconium alloys does not
appear to be present in the in-reactor case. Several specific exam-
ples are given here.

The effect of temperature on creep strain of RXA Zircaloy-4 is
shown in Figs. 2e35. Trends are the same for 91 and 120MPa hoop
stress. Strain increases as temperature is increased from 320 to
350-380 �C.
1� 10�7 dpa/sz 6.7� 1017 n/m.2s, >1MeV) for certain test conditions and materials at
(applying a linear stress dependency), based on data in Adamson et al., [24].
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Fig. 2e26. Hoop (diametral,q) strains vs. fluence for SRA Zircaloy-4 at 350 �C (623 K) in
the stress range 0e120MPa, modified figure according to Ref. [23], (5� 1025 n/m2¼ 8
dpa).

Fig. 2e27. Correlation between final annealing and creep behaviour of about 65% cold-
worked Zircaloy-4 fuel cladding for both in-reactor and unirradiated out-of-reactor
testing. Recrystallization begins at about A¼ 1� 10�22 [24].

Fig. 2e28. Stress relaxation of RXA Zircaloy-4 [74].

Fig. 2e29. Stress relaxation of 79% cold worked Zircaloy-4 [74].

Fig. 2e30. In-reactor diametral creep behaviour of SRA Zircaloy-4 and RXA Zircaloy-4
internally pressurized tubes at 350 �C (623 K), [23]. (M5 is a Zre1Nb alloy; M4 is a
ZrSnFeV alloy). (5� 1025 n/m2¼ 8 dpa).
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The effect of temperature is larger for RXA than for SRA Zircaloy-
4. The activation temperature Q/R (equations (2e10)) for RXA is
7200 K and for SRA is 4200 K in these experiments, [23].

An effect of flux is noted at both 320 and 350 �C (623 K),
Figs. 2e36, where it is seen that creep strains are lower at the
higher flux. For a given attained fluence, higher flux requires less
time to reach the fluence; therefore, the contribution of thermal
creep to the total would be smaller. It is speculated that thermal
creep has a significant contribution to the strain at 320 and 350 �C
(623 K) in these experiments.

Another specific example for cold-worked Zircaloy-2, Figs. 2e37,
indicate low temperature sensitivity below about 300 �C (573 K)
with Q/R between 2000 and 5000 K. At higher temperatures,
sensitivity increases rapidly with Q/R approaching 25 000 K similar
to that of tests on unirradiated material in the laboratory.

For cold-worked Zr-2.5Nb, the data indicate similar trendse low
sensitivity below 300 �C (573 K), with Q/R rapidly increasing to
above 17 000 K [93], Figs. 2e38. Note that CANDU Zr-2.5Nb pres-
sure tubes normally operate between 275 and 315 �C (508 and
590 K).
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Fig. 2e31. Effect of CW on in-reactor creep behaviour of Zircaloy-2 and -4 applying a
large database after conversion to a secondary in-reactor creep rate at a hoop stress of
100MPa, test flux of 1� 1018 n/m.2s, temperature about 300 �C (573 K) [24]. The shape
of the curve is similar to more restricted data presented by Causey [72], Figs. 2e32,
obtained by stress relaxation of bent beams.

Fig. 2e33. In-reactor creep as a function of dislocation density in cold-worked Zir-
caloy-2 pressure tubes, [102].
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It is noted [58], that temperature sensitivity in the axial direc-
tion of tubing is as expected, but in the transverse (hoop) direction
appears to have little temperature dependence, Figs. 2e39.

Garzarolli in Ref. [24] plotted data from several materials and
conditions, Figs. 2e40 and Figs. 2e41.

For in-reactor creep in the temperature range (275e390 �C),
Garzarolli in Ref. [24], surmised:

� The temperature dependency of in-reactor creep of Zry-2/4
depends on the cold deformation.

� RX Zry-2/4 has a moderate temperature dependency with an
Activation Temperature (Q/R) of 3500 K under biaxial stress
conditions at least up to 380 �C.
Fig. 2e32. Effect of cold-work on
� 15e40% CW Zry-2/4 shows a higher temperature dependency
with an Activation Temperature (Q/R) of 5500 K under biaxial
and uniaxial longitudinal stresses.

� High CW (�65% CW) Zry-2/4 exhibits an in-reactor creep
behaviour that is independent of temperature at least in the
temperature range 280e380 �C.

� Zr-2.5Nb CANDU pressure tubes has a high temperature de-
pendency with an Activation temperature (Q/R) of 5500e12
creep rate of Zircaloy [72].
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Fig. 2e34. Schematic representation of the temperature dependence of in-reactor
creep of cold-worked Zircaloy-2, after Fidleris [18].

Fig. 2e35. Effect of irradiation temperature on hoop creep strain versus fluence for
RXA Zircaloy-4 specimen, in the flux range �1.59� 1018 n/m2/s. “n” the exponent on
fluence in ε¼ K (фt)n [23].

Fig. 2e36. Effect of neutron flux on hoop strain versus fluence for RXA Zircaloy-4
specimens at 90 or 120MPa [23].
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000 K, independent of material and stress condition. Zr-2.5Nb
with an equiaxed grain structure seems to have a lower acti-
vation temperature, similar to that of RX Zry-4.

� M5 under biaxial conditions probably has a similar temperature
dependency as RX Zry-4 but E110 exhibits, at least at high axial
stresses, a much higher temperature dependency.

The data presented in this Section 2.5.4 indicate that the tem-
perature response appears to depend on specifics of the alloy,
material andmaterial conditions, and temperaturemagnitude. Cold
worked (CW, SRA) material has less dependence on irradiation
temperature than does recrystallized (RXA) material. Overall, the
higher the irradiation temperature, the higher the creep rate.
Fig. 2e37. Temperature dependence of laboratory and in-reactor creep rates of cold-
worked Zircaloy-2, [18].
2.5.5. Metallurgical effects

2.5.5.1. Metallurgical effects e alloying. Early stress relaxation ex-
periments gave insight to both macro- and micro-effects of alloy-
ing, [81]. Tables 2e2 compares different alloys with different
microstructures. The Nb-containing alloys having (a þ b)-phases
creep less than the a-phase-plus-precipitates Zircaloy. Tables 2e3
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Fig. 2e38. Temperature dependence of the transverse creep rate of cold-worked Zr-
2.5Nb pressure tubes and pressure tube material, [33].

Fig. 2e39. Creep compliance normalized to fr¼ 0.4 versus temperature. Dashed lines
are the 95% confidence interval on the mean value [58].

Fig. 2e40. Temperature dependence of steady state in-reactor creep rate of Zircaloy-2
and -4 under biaxial and uniaxial stresses for the given stress normalized to 100MPa
and a damage rate of 10�7 dpa/s [24].

Fig. 2e41. Temperature dependence of steady state in-reactor creep rate of Zr-2.5Nb,
M5 and E110 under biaxial and uniaxial.

Tables 2e2
Creep rates of zirconium alloy pressure tubes, by relaxation tests at 570 K (297 �C)
and flux 2� 1017 n/m.2s [81].

Material Creep rate relative to CW Zr-2.5Nb

CW Zr-2.5Nb 1.0
CW Zircaloy-2 1.1
CW Excel* 0.6
Annealed Excel* 0.4

* Zr-3.5Sn-0.8Mo-0.8Nb.
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indicates that solutes in the binary alloys lower the creep rate up to
the solubility limit, but have little additional effect above the sol-
ubility limit.

A potentially useful quantification of the effect of solutes on
creep was proposed by Seibold and Garzarolli [103] and refined by
Garzarolli in Ref. [24]. For alloys without extensive beta-phases,
which include Zircaloy, Zre1Nb and Zre1Sne1Nb but not Zr-
2.5Nb and Excel, the SNO parameter can help predict creep rates.
The SNO parameter depends on the assumption (not entirely
proven) that solid solution hardening increases creep strength and
that up to the appropriate solubility limits, Nb is twice as effective
as Sn, and oxygen (O) six times as effective as Sn. Figs. 2e42 illus-
trates the effect for a variety of alloys. Figs. 2e43 is for a broad range
of alloys and separates the data for recrystallized (RXA) (lower solid
line) and CW, CWSR (upper solid line) materials. For reference, SNO
parameters for various materials, using approximate solubility
limits and compositions, are: Zircaloy (2.0), M5 (1.6), ZIRLO™ (2.6),
Excel (4.5). The alloying or impurity elements Fe, Cr, Ni, V, and Cu,
are considered to be insoluble and not influential on creep behav-
iour in this SNO-approach.

2.5.5.2. Metallurgical effects e sulphur. For RXA Zre1Nb, it appears
that small concentrations of S (sulphur) affect the creep behaviour.
The solubility limit of S in Zr is about 20 ppm. Creep tests on un-
irradiated material indicate a substantial increase in creep rate for
1 ppm S comparedwith 31 ppm S [104,105,106 ]. Themechanism is
unclear but is thought to be related to sulphur-dislocation core
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Tables 2e3
Creep rates of binary Zr alloys, stress relaxation at 320 K (47 �C), flux 1.6� 1017 n/
m.2s [81].

Solute conc. w/o Creep rate x 10�10 (h�1 MPa�1)

Annealed CW

Sponge Zr 1.0 2.0
0.15 Nb 0.3 0.6
0.6 Nb* 0.4
1.0 Nb 0.5
20.0 Nb 0.4
0.2 Sn 0.6 1.5
1.5 Sn* 0.1 0.4
5.0 Sn 0.2 0.4

* Lower limit of solubility limit in Zr.

Fig. 2e42. Influence of Sn, Nb and O concentrations on laboratory and in-PWR creep-
down of CW experimental Zr-alloy cladding tubes [103], (16 MWd/kgUz 5 dpa).

Fig. 2e43. Correlation between SNO and secondary in-reactor creep rates. All data
normalized as indicated. Upper solid line (red) for CW and SRA materials, lower solid
line (blue) for RXA materials. Details by Garzarolli in Ref. [24].

Fig. 2e44. In-reactor creep curves of M5 with high (33 ppm) or low (z0 ppm) sulphur
concentration under biaxial creep, 90MPa, 350 �C (623 K), and flux of z2� 1018 n/
m.2s, E> 1MeV, updated data from Ref. [23], (5¼7.5 dpa).

Fig. 2e45. TEM micrographs of Zr-2.5Nb pressure tube cross sections. The inserts are
plots of the major and minor axes dimensions in units of mm [58].
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interaction that slows dislocation glide and climb [104]. In-reactor,
it was observed that the cladding-fuel pellet gap closure occurs
earlier for the low sulphur alloy. Data from Ref. [23] replotted in
Figs. 2e44, indicates the effect is mainly due to an increased pri-
mary creep strain with no effect on secondary creep. Conventional
zirconium used for reactor components normally contains low
concentrations of S (<1 ppm), but the range for M5™ has been
raised toz 20e35 ppm.
2.5.5.3. Grain size and shape. Grain boundaries are important
because they can serve as sinks for irradiation-produced defects,
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Fig. 2e46. Mean measured aspect ratio and relative diametral strain in Zr-2.5Nb
pressure tube material for microstructures such as shown in Figs. 2e45 [58].

Fig. 2e48. SRA-ZIRLO™ in-reactor creep in biaxial compression as a function of Sn.
The ZIRLO™ processing was the same for all materials. The samples were tested in the
temperature range of 306e316 �C at hoop stresses - 61MPa for one cycle of irradiation
[110].
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thereby influencing the mechanisms of both creep and growth.
However, isolating them as an independent variable is difficult due
to the variety of thermo-mechanical processes that affect both size
and shape of grains. For Zircaloy, Franklin et al. [30] and Holt [102],
report only small effects on creep, with grain shape being more
important than size. Kreyns and Burkhart [74] report larger relax-
ation creep rates in Zircaloy for fine grained, cold-worked and
recrystallized microstructure than for larger grained hot-rolled
microstructures, but the influence of fabrication variables is not
clear. For Zr-2.5Nb pressure tubes, Griffith et al., [106, 108] found
grain width to be an important variable, with creep rate increasing
with increasing width. Walters et al. [58] reported the same effect.
Figs. 2e45 shows microstructures of two pressure tubes having
similar operation histories, texture and dislocation density.
Figs. 2e46 illustrates more creep with larger grain widths and high
ratio of width/thickness.

Garzarolli in Ref. [109] has analyzed a large amount of data on
Zircaloy, with some results given in Figs. 2e47. There appears to be
a minimum creep rate in the grain size range 5e10 mm. Grain size of
most commercial Zircaloy products are in this range.
2.5.5.4. Metallurgical effects e Sn. The effect of Sn concentration on
Fig. 2e47. Effect of GS on the tangential uniaxial and biaxial secondary in-reactor
creep rate of Zry-2 and -4 at 280e330 �C, 60e120MPa and 0.05e2 x 1014 n/cm.2s,
normalized to 100MPa and 1� 1014 n/cm2 in an LWR [109].
in-reactor creep is particularly important in that lowered Sn is
thought to decrease corrosion.

Lowering Sn concentration increased out-of-reactor creep rates
in CW Zircaloy-4 at 399 �C [110] and in ZIRLO™ [111] at 380 �C.
Foster et al. [111], conducted in-reactor compression creep tests,
relevant to creep-down of fuel cladding, on SRA ZIRLO™ cladding
tubes whose only difference was Sn concentration. Results indicate
a significant increase in creep-down for Sn concentration of 0.77%
(wt) compared with 1.02% (wt), Figs. 2e48.

To prevent the loss of creep strength, the heat treatment can be
changed from SRA to partially recrystallized (PRX), which is shown
to restore the desired creep strength. Figs. 2e49, Garde et al. [111],
illustrates the increase in in-reactor creep strength during and after
transition of the microstructure from CW Zircaloy-4 (normalized
annealing time (A)¼ 10�22) to fully RXA (A¼ 10�20), where

A ¼ t exp
��Q
RT

�
(2 e11)
Fig. 2e49. Effect of normalized annealing time on in-reactor diametral creep-down
strain of Zircaloy-4 fuel cladding for different resident times (EFPD). Stress is 70 N/
mm2 (MPa), [119].
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and.

t¼ annealing time
T¼annealing temperature, K
Q/R¼ 40 000 K
Fig. 3e1. Schematic curves for irradiation growth as a function of fluence (dpa) for
tubes made from recrystallized (RXA) and cold worked (CW) zirconium alloys having
textures characterized as L (fz 0.1) and T (fz 0.4) and irradiation temperature near
300 �C (573 K).
2.5.5.5. Metallurgical effects e hydrogen. Although it is known that
hydrogen (H) concentration above the solubility limit (about
70 ppm at 300 �C (573 K) increases irradiation growth [112], and H
in unirradiated Zircaloy does affect creep, H does not appear to
affect in-reactor creep.

McGrath and Yagnik [70], conducted axial creep and growth
experiments in the Halden Reactor, using pre-irradiated RXA
Zircaloy-4 guide tube segments. Individual specimens had
hydrogen concentrations between 135 and 700 ppm, applied uni-
axial compressive stress was 40MP, temperature was about 320 �C
(593 K) and >1MeV flux was 3� 1017 n/m.2s. It was deduced that
there was little or no effect of H concentration on the irradiation
creep rates.

Foster et al., 2018, conducted in-reactor biaxial creep and
growth tests on tube specimens prehydrided with 160e170 ppmH.
Irradiationwas in a commercial reactor out to a fluence of 16� 1025

n/m2 (E> 1MeV) at about 300 �C (573 K). Hydrogen had no effect
on axial or diametral creep of SRA ZIRLO or Zre1Nb cladding. Ef-
fects on growth were mixed, to be discussed in a later section.
Fig. 3e2. Irradiation growth of RXA Zircaloy-2 at 320 �C (593 K) in BOR60 reactor. Data
from Yagnik et al. [113] in Adamson et al., [39].

3 Whenever possible, irradiation dose will be expressed as dpa, converted from a
fluence, n/m2, E> 1MeV, by the factors given in Tables 1e1
2.6. Summary (creep data)

Knowledge of irradiation creep (and irradiation growth) of zir-
conium alloys, absent at the time of the first naval (1955) and naval/
commercial (1957) reactors, has steadily advanced such that today
dimensional stability of reactor cores can be accurately predicted.
Early in-reactor dimensional measurements were difficult to
perform, and still are very difficult, but today experiments can be
conducted with dimensional accuracies in the micrometer (mm)
range.

Experiments have determined that irradiation creep of reactor
components depend on reactor parameters neutron flux (ф) and
temperature (T), on stress (s), and on material and fabrication
parameters such as texture, dislocation density, cold work and
elemental composition. In the ranges most applicable to commer-
cial reactors, effects of the various parameters on creep strain rate
have been determined experimentally to be functions of:

� Stress: expressed as sn: n is in the range 1e2
� Temperature: for Zircaloy and dilute alloys increases with
increasing temperature; for Zr-2.5Nb CANDU alloys, decreases
with increasing temperature

� Flux: expressed as фp:p is between 0.85 and 1.00 for the steady
state, decreasing as temperature increases

� Cold-work: generally increases with increasing cold work, but
sensitive to texture

� Dislocation density expressed rx: small dependency, xz 0.2
� Composition: decreases with increasing concentrations of sol-
utes Nb, Sn and O, and perhaps, with low concentration of S

� Grain size: for Zircaloys with grain size in the normal range
(5e10 mm), only a small effect; for Zr-2.5Nb CANDU pressure
tubes decreases with decreasing grain width.

Predictions of creep behaviour are made by either fitting
empirical models to creep data or by developing models based on
fundamental principles. Both approaches are described in the
mechanisms sections in this report.
3. Growth

3.1. Growth curves - generic3

Curves of irradiation growth versus fluence (dpa) have the
generic shape shown schematically in Figs. 3e1. Throughout this
paper the source of the data enabling this summary will be
exhibited in a similar format to highlight the contribution of several
variables appropriate for operation of power reactors. For recrys-
tallization annealed (RXA) material, growth begins rapidly (stage 1,
transient), levels out toward a constant value (stage 2, pre-
breakaway), transitions at some critical fluence (dpa) to a high
rate (stage 3, breakaway) and at very high fluence (dpa) not shown,
to an even higher rate., indicative of a non-linear growth on fluence.
For cold worked (CW) material, the rate is high even at low fluence
(dpa) and remains high out to high fluence. The various stages
relate to radiation-induced microstructural changes (such as <a>
and <c>-component dislocation loops) are described in Section
4.1.1. The influence of crystallographic texture is indicated by L,
representing the longitudinal or axial direction in fuel cladding and
very low Kearns' factor for basal plane normals and “T” repre-
senting the transverse or hoop direction in fuel cladding and
moderate Kearns’ factor for basal plane normals (see Fig. 4).

For RXA Zircaloys, the typical growth curves are shown in
Figs. 3e2. For RXA Nb-containing alloys, Figs. 3e3, it is seen that the
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Fig. 3e3. Irradiation growth RXA Zircaloy-2, NSF(Zre1Sne1Nb-0.35Fe) and E635
(1.2Sn-1.0Nb-0.34Fe) at 320 �C (593 K) for longitudinal specimens, fz 0.1, Kobylyansky
et al., [114].

Fig. 3e4. Irradiation growth as a function of dpa for SRA and RXA Zircaloy-2 and
ZIRLO™ (Zre1Nbe1Sn-0.1Fe). Temperature¼ 320 �C (593 K), fz 0.1. Data from Data
from Yagnik et al. [113] in Adamson et al., [39].

Tables 3e2
Irradiation growth reviews.

1987 [117] V. Fidleris, R.P Tucker, R.B. Adamson, An Overview of
Microstructural and Experimental Factors that Affect the Irradiation
Growth Behaviour of Zirconium Alloys, Zirconium in the Nuclear
Industry: 7th International Symposium, Adamson, R. B. and Van
Swam, L.F.P., Eds., ASTM Spec. Techn. Publ. STP 939, ASTM, pp. 49
e85, 1987.

1988 [118] A. Rogerson, Irradiation Growth in Zirconium and its Alloys, J. Nucl.
Mater. 159, pp. 43e61, 1988.(a)

2000 [33] R.B. Adamson, Effects of Neutron Irradiation on Microstructure and
Properties of Zircaloy, Zirconium in the Nuclear Industry: Twelfth
International Symposium, ASTM STP 1354. G. P. Sabol and G. D.
Moan, Eds., American Society for Testing and Materials, West
Conshohocken, PA, 2000, pp.15e31.

2013 [119] S.I. Choi, J.H. Kim, Radiation-Induced Dislocation and Growth
Behaviour of Zirconium and Zirconium Alloys e A Review, Nuclear
Engineering and Technology, Vol. 45 (June 2013), 385-392

2018 [120] A. Rogerson and R.A. Murgatroyd, Long-Term Irradiation Growth in
Zirconium Alloys, Zirconium in the Nuclear Industry: 18th
International Symposium, ASTM STP 1597, R.J. Comstock and A.T.
Motta, Eds., ASTM International, West Conshohocken, PA, 2018, pp.
1e18, https://doi.org/10.1520/stp159720160034.

2018 [24] R. Adamson, M. Griffiths and C. Patterson, Irradiation Growth of
Zirconium Alloyse A Review, ZIRAT Special Topic Report, Advanced
Nuclear Technology International, Tollered, Sweden, December
2017.
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pre-breakaway plateau extends to higher fluence (dpa) than in
Zircaloy. Note that the pre-breakaway growth strains are about the
same for the two types of alloys, z 0.1%. For CW or stress-relieved
(SRA) materials, the growth strain is nearly linear with fluence
(dpa) and is higher than for RXA out to high fluence (dpa), Figs. 3e4.

Compositions of various alloys used in light water reactors are
given in Tables 3e1.
3.2. Previous growth reviews

Many of the creep reviews listed in Section 2.2 also apply to
Tables 3e1
Nominal compositions of various zirconium alloys used in LWR (light water reactor) exp

Paper Composition wt. %

Alloy Sn

[Kobylyansky et al. [114], Yagnik, et al. [113] Zircaloy-2 1.34
[Kobylyansky et al. [114] NSF 1.05
[Kobylyansky et al. [114] E635 1.20
[Bossis et al., [115]] M5 e

[Bossis et al., [115]] [Yagnik et al., [113]]
[Garde et al. [116]

Zircaloy-4 1.3e1.5
ZIRLO™ 1.02
X5A 0.5
ZIRLO 1.0
growth. Additional growth reviews are listed in Tables 3e2.
3.3. In-reactor testing technique

Poolsidemeasurements or visual inspection of core components
after service in a power reactor are often used to assess dimensional
changes due to all causes.

Length of fuel bundle components (for example, fuel rods, guide
tubes, instrument tubes, fuel channels in LWRs) are measured by
means of in-pool devices that range from tape measures to calliper-
like gages equipped with LVDTs or similar sensors. The length,
channel bow and lateral growth of BWR fuel channels, can be
measured with appropriate sensors, see Ref. [121].

A non-growth or creep-related dimensional change is induced
by hydrides in components. A concentration of 1000 ppm hydrogen
(all as hydrides at reactor pool temperature) can cause a dimen-
sional change of about 0.2%, due to the larger specific volume of
hydrides compared with that of the zirconium matrix. Hydrogen
and hydrides also cause an increase in irradiation growth, to be
discussed in Section 3.4.6.1.

In addition to hydrogen effects, the length of a fuel rod is
influenced by a combination of irradiation growth, anisotropic
creep and creep due to PCMI (pellet-cladding mechanical interac-
tion): in the CW-SRA condition, length change is dominated by
irradiation growth, while RXA materials lengthen by both growth
and PCMI, [111,122].
erimental programs.

Fe Nb Cr Ni O

0.17 <0.002 0.1 0.07 0.12
0.35 1.05 <0.005 <0.003 z0.12
0.34 1.0 <0.003 <0.003 z0.12
z0.04 1.0 e e 0.12
0.20 e 0.11 e 0.13
0.10 1.01 e e 0.11
0.35 1.0 0.25 e 0.15
0.10 1.0 e e 0.13
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Fig. 3e5. Dependence of growth on neutron fluence in three orthogonal directions at
irradiation temperatures in the range 651e669 K, after [Tucker et al., [126]], (10� 1025

n/m2z 30 dpa).

R.B. Adamson et al. / Journal of Nuclear Materials 521 (2019) 167e244192
Testing a reactor component provides the opportunity to
compare laboratory data and theory with data for power reactor
conditions. For example, Mahmood et al. [121], used length mea-
surements taken over many years on a PWR control rod follower
plate. To isolate variables, most growth data have been obtained on
test specimens irradiated in commercial or test reactors.

As for creep testing, precautions must be taken to control and
measure temperature, flux, corrosion and hydrogen pick-up, and
absorptions of H from the coolant. Specimens are usually short
(<100mm) and ends must be protected from wear during irradia-
tion. Surface condition must resist hydrogen pickup from the
environment, either water, gas or liquid metal. Capsules used to
hold specimens must be rugged enough to withstand multiple re-
movals from the reactor. Key components of the measurement
device (usually in a hot cell) must be thermally stable relative to the
specimen to ensure consistency and reproducibility. The use of
proper, dimensionally stable standards is mandatory to insure
reliable measurements.

Examples:

� Bossis et al. [115]: Small diameter tube inserted into an empty
PWR guide tube. Tube 1200mm long, with holes in wall each
400mm, allowing water to flow inside and outside. Hole
spacing measured at reactor shutdowns to obtain growth data.
Hydriding of tubing material possible.

� Rogerson [118] and Carpenter et al. [123]: Specimens 127mm
long plates inserted into a rigid case, to “prevent bowing” during
irradiation and damage to specimen during measurement.
Length changes measured by comparing (with two LVDTs) to a
master specimen made from an alloy having similar thermal
expansion properties as Zr. Maximum measurement error
<1 mm, that is 0.001% strain. In-reactor water environment with
corrosion and hydrogen pick-up possible.

� Fleck et al., [124]; Holt et al. [125]: Specimens cut from CANDU
Zr-2.5Nb pressure tubes (PT): Dimensions 38.1mm long, 6.4mm
wide and 1.5 or 2.5mm thick, e.g., rugged specimens. Radiation
rig is inserted in-reactor, with water outside and NaK inside. Rig
heated by reactor power and by external furnace. Some
hydrogen (<50 ppm) picked up during irradiation. Length
measurement by a computer-controlled systemwith two LVDTs.
Accuracy was 0.5 mm (0.0013% strain).

� Yagnik et al., [113]; Kobylyansky et al. [114]: Specimens
35� 6.5� 0.8mm plates fabricated from many different alloys.
Precision machined irradiation-rig-specimen holder with
specimens distributed 360� around the circumference. Heating
and temperature control provided by the BOR60 sodium (Na)
coolant that flowed inside and outside the specimen holder.
Specimens pre-oxidized to prevent hydrogen pickup from the
Na. Specimen length measurement compared to a reference
gauge by a specially designed device using two opposing sen-
sors (LDT, linear displacement transducers) with overall reso-
lution of 2 mmwhich is 0.006% strain. No oxidation or hydrogen
pick-up during irradiation at 320 �C (593 K).
Fig. 3e6. Growth of longitudinal specimens of Zircaloy-2 and NSF having been beta
quenched (fz 0.33) or recrystallized (RXA) (fz 0.1). Irradiation temperature was
320 �C (593 K) [Kobylyansky et al., [114]]. and [Yagnik et al., [113]].
3.4. Data

3.4.1. Texture effects
Section 1.2 briefly discusses texture effects in zirconium alloys.

As indicated in Section 1.2, the growth strain in any given direction
of a poly-crystalline zirconium alloy can be related to the crystal-
lographic texture and is proportional to a growth anisotropy factor
Gd given by Equation (1.4):

Gd a 1-3fcd
The trend was demonstrated by the early high temperature
(387 �C [660 K]) experiments of Tucker et al., [126], Figs. 3e5. For
“low” f-values (fz 0.1) growth is positive and large; for “high” f-
factors (fz 0.6), growth is negative and large.

Note that for fd¼ 0.333, Gd¼ 0. For a beta-quenched zirconium
alloy, ideally fd¼ 0.333 in all directions, giving zero growth in all
directions out to very high fluence (dpa) in the absence of specimen
hydriding (Figs. 3e6 and Figs. 3e7). Also, for typical fuel tubes,
texture in the hoop direction is close to ft¼ 0.333, giving very little
growth, Figs. 3e5.

Other data at 320 �C (593 K) are given in Section 3.4.8, where it
is shown that experimentally measured volume change is very
nearly zero.

3.4.2. Zircaloy
For similar metallurgical structures, growth of Zircaloy-2 and

Zircaloy-4 are expected to be similar. Tables 3e3 lists some ex-
periments that provide data for evaluations. In Figs. 3e8, the two
Zircaloys are seen to provide similar results. There are exceptions:
in Tucker et al. [126] at high temperature and in Yagnik et al. [113],
for Zircaloy-4 with non-standard (high carbon) compositions.
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Fig. 3e7. Growth of longitudinal beta-quenched samples (flz 0.33). Irradiation tem-
perature 320 �C (593 K), Kobylyansky et al., [114].

Fig. 3e8. Irradiation growth comparison between RXA Zircaloy-2 and Zircaloy-4 from
experiments in Tables 3e3.tbl3c
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Data on Zircaloy-4 are shown in Figs. 3e9, [130]. Among the
features to note are:

1. The fluence is low, only about 3 dpa;
2. Growth is negative for high texture factor (f) and positive for a

low texture factor;
3. there is a complicated temperature dependence
4. the growth appears to saturate with fluence.

Feature 4 extrapolated to high fluencewould be verymisleading
for component design application. Newer data from Rogerson [118],
showed that a “breakaway” occurred at a moderate fluence (z10
dpa in this case), but if the Rogerson data were extrapolated, they
fall below the even newer data given in Figs. 3e10 and the RXA
Zircaloy-4 data of Garzarolli [127], Figs. 3e8.

Data plotted to the highest fluences obtained, and fitted with a
polynomial, Figs. 3e11, give a reasonable expectation of growth of
RXA Zircaloy over a wide range of fluences. In Figs. 3e11, however,
the effect of hydrogen is seen to be detectable, to be discussed in
Section 4.3.6.1.

For calibration to commercial reactors, a typical maximum flu-
ence for a light water reactor fuel assembly (LWR) is about 2� 1026

n/m2 E> 1MeV, or 31 dpa.

3.4.3. Alloying elements
3.4.3.1. Nb-containing alloys. PWRs have mainly switched from
SRA Zircaloy-4 to an Nb-containing alloy for fuel cladding because
of concerns for corrosion at high burnup, for example, Bossis et al.,
[115]. Typical alloys are listed in Tables 3e4. As shown in Figs. 3e12,
adding Nb dramatically reduces growth relative to Zircaloy, pri-
marily by delaying the transition to the breakaway growth region.
One other consideration is that Nb results in a lower defect
Tables 3e3
Irradiation growth experiments and data for Zircaloy (RXA).

Reference Material, (Sn, w/o) Reactor Temp, �

[Garzarolli et al. [127] Zirc-4, (1.5) PWR 300
[Rogerson [118] Zirc-2, (1.5) DIDO 280
[Mahmood et al., [128]] Zirc-2, (1.5) PWR 290
[Morize et al. [129] Zirc-4 (1.5) PWR 315
[Bossis et al., [115]] Zirc-4 (1.3e1.5) PWR 315
GNF [Kobylyansky et al., [114]] Zirc-2, (1.3) Fast BOR60 320
A30 [Yagnik et al. [113] Zirc-2 (1.3) Fast BOR60 320

ANT International, 2017.
production efficiency than for Zircaloy, see Section 4. For these
particular materials, TEM (transmission electron microscopy)
shows that the density of radiation-induced <c>-component
dislocation is also reduced relative to Zircaloy at a given fluence.

Growth of the M5 alloy, having no Sn, is also reduced relative to
Zircaloy-4, Figs. 3e13. In this case, specimens were irradiated in
BWR water, and hydrogen pickup (HPU) in the Zircaloy-4 increased
growth a small amount (see Section 3.4.6.1). Bossis et al. [115], also
found a low density of <c>-component dislocation in M5 at 18 dpa,
10X lower than for Zircaloy-4.

In an inert environment, the Yagnik et al. [113] experiments,
comparison were made between Zircaloy-2 and various Nb-
containing alloys. Nb-additions appear to delay breakaway to
above 15 dpa and to reduce the post-breakaway growth rate rela-
tive to Zircaloy. An example is shown in Figs. 3e12 for data
extracted from Yagnik et al., [113]. The main differences in growth
rate between alloys occurs after the breakaway initiation, and that
differences become larger as fluence (dpa) increases.

3.4.3.2. Tin (Sn). In light water reactors (LWR), Sn is often added, as
an alloying element, in the range 0.5e1.5% (by weight). As noted in
the creep section of this review, increased Sn results in increased
creep strength. Effects on growth are not as clear as they are for
creep.

Early data indicated that higher Sn resulted in higher growth for
Zr1.5%Sn compared with Zr0.1%Sn, the difference mainly is due to
increased initial transient growth for the higher Sn alloy, Figs. 3e14.
Also, breakaway appeared at about 4� 1025 n/m2 with the higher
concentration of Sn. These alloys had very low Fe and O (oxygen)
concentrations and unknown concentrations of other impurities,
C Grain size, microns (mm) Texture (fL) H Environment

3e7 0.045 ? Water
20 0.100 10 Inert gas
15 0.060 50e85 Water
? 0.190 <50 NaK
? 0.065 <1600 Water
6 0.090 <50 Na
6 0.100 <50 Na
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Fig. 3e9. Growth of Zircaloy-4 as functions of fluence, texture (f) and irradiation temperature [130], (20� 1025 n/m2z 3 dpa).

Fig. 3e10. Irradiation growth of Zircaloy-2 from experiments listed in Tables 3e3

Fig. 3e11. Irradiation growth of Zircaloy-2 between 290 and 320 �C from experiments
listed in Tables 3e3 Specimen A3OH has high hydrogen.

R.B. Adamson et al. / Journal of Nuclear Materials 521 (2019) 167e244194
including carbon (C) and had grains about 2e10 times larger than
most fuel cladding. It is not clear how, or if, those metallurgical
factors influenced the results.

An extensive set of data on length change of SRA PWR fuel rods
[103] also indicated that higher Sn results in higher length change.
Figs. 3e15 reveals a large difference in length change for rods
having 0.25%Sn compared with 1.55%Sn, with the differences
starting after low burnup (15 MWd/kgU or about 5 dpa) at break-
away. Without knowing more details (power history, corrosion and
hydriding, anisotropic creep, pellet-cladding interaction (PCMI), it
is not possible to ascribe all the length change to growth. In support
of the data, Baty et al., [122], have shown that for SRA rods with
biaxial compressive stresses, like fuel rods before pellet-cladding
contact, axial strain is primarily due to irradiation growth;
whereas for RXA rods axial strain is primarily due to anisotropic
creep, Figs. 3e16. See Figs. 3e23 for stress-free growth of these
rods.

More recent experiments explored the effect of Sn and Fe on
growth at 320 �C (593 K) of ZrNbSnFe alloy coupons with well
controlled chemistry, Figs. 3e17 and Figs. 3e18, [113]. In every case,
the higher Sn alloy had the lower growth. The effect is small, and is
observable only at high fluences, > about 20 dpa, after breakaway.
In the measurement direction, fdz 0.1.

In summary, the available data are conflicting, but decreasing Sn
in ternary and quaternary alloys has a small effect on increasing
growth.
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Tables 3e5
Recovery of irradiation growth by post-irradiation thermal annealing.

Reference Material condition Growth, % Growth recovery, % Approximate fluence,
1021 n/cm2

Temperature, ºC

Irradiation Annealing temperature for time, hr

[Adamson, 1977] RXA 0.09 0.09 2.2 260 510/30
RXA 0.06 0.06 1.4 343 510/30
20% CW 0.10 0.06 1.4 343 510/30
20% CW 0.18 0.08 2.5 283 510/30
78% CW* 0.14 0.06 1.0 278 510/30
78% CW 0.22 0.10 1.3 239 510/30
78% CW* 0.50 0.09 3.3 244 510/30

[Garzarolli et al., 1989] RXA 0.11 0.08 4 295 500/24-48
RXA 0.19 0.08 8 295 500/24-48
RXA 0.38 0.08 16 295 500/24-48

ANT International, 2012

Fig. 3e12. Comparison of growth for RXA alloys with and without Nb additions. Irradiation is at 320 �C (593 K) in an inert environment. Data extracted from [Yagnik et al., [113]].

Fig. 3e13. Axial growth of RXA Zircaloy-4 and M5 tubing at 315 �C (578 K) [115],
(10� 1025 n/m2z 15 dpa).

Fig. 3e14. Irradiation growth in Zr0.1Sn and Zr1.5Sn at 553 K (280 �C) [118],
(60� 1024z 10dpa).
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3.4.3.3. Iron (Fe). Iron is an alloying element in some zirconium
alloys. For the Zre1Nb alloys (E110, M5) the range is specified as
300e500 ppm, although early versions of E110 could have lower Fe
concentrations. For the Zircaloy-type alloys the specified Fe con-
centration range is 2000e4000 ppm and for the ZrSnNb alloys the
current range is 1000e4000 ppm. The effect on growth is sub-
stantial, Figs. 3e17 and Figs. 3e18 and further illustrated by the
following examples:

� E110 (Zre1Nb) undergoes accelerated growth for Fe concen-
trations less than about 400 ppm at> 20 dpa (about 1.3� 1026 n/
m2 >1MeV, PWR equivalent). Figs. 3e19 gives data for Fe con-
centrations and fluence [132].
� Zr-2.5Nb pressure tubematerial has lower axial growthwhen Fe
concentration doubled to 1000 ppm, Figs. 3e20. The difference
in growth increases with fluence [93].

� M5™ (z400 ppm Fe) has only slightly higher growth than M5-
Fe (1000 ppm Fe) at> 20 dpa, [133].

� Zircaloy-types have lower growth with higher Fe concentra-
tions, Tables 3e4, [113]. The effect is largest at > 20 dpa.

� Yagnik et al. [113], also showed a reduction in growth for a va-
riety of alloys having 100, 500, 1000 and 4000 ppm Fe additions,
Figs. 3e17. Particularly susceptible was the Zre1Sn alloy;
smaller but consistent effects were observed for Zre1Nbe1Sn
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Fig. 3e15. Length change PWR fuel rods with ZreSneFeCrV cladding having different
Sn-concentrations, partial data from [Seibold & Garzarolli, [103]], (60 MWd/kg Uz 18
dpa).
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and Zre1Nb alloys, all having smaller growth for higher Fe
additions.

Fe in zirconium alloys has a strong influence on diffusion pro-
cesses, greatly enhancing Zr self-diffusion by lowering the migra-
tion energy of vacancies [134]. Fe is proposed to interact with
vacancies and with interstitials even though the size factor is not
favourable, [135]. Calculations indicate Fe may induce vacancy
formation (or strongly attract vacancies) relative to the equilibrium
number at a given temperature [136]. Ab initio or atomistic
modelling computational approaches to understanding these
phenomena are showing progress [137e139].
Fig. 3e16. Axial strain components of fuel rods as a
3.4.4. Cold work
As indicated in Figs. 3e1, cold work (CW) or cold work followed

by stress relief anneal (SRA) has a large effect on the amount of
growth and its rate. The early data are shown in Figs. 3e21 and
Figs. 3e22 [130]. These data at low fluence indicate that growth
increase is almost linearly related to percent cold work. (Although
not specified in the figures, all specimens were given a stress relief
anneal before irradiation). Holt [140] measured the dislocation
density, r, of Adamson's Zircaloy-4 specimens and calculated that
growth rate varied with r0.82, the same as for Zr-2.5Nb pressure
tubes shown earlier in Figs. 2e33.

Baty et al. [122] provided data for unstressed fuel rods,
Figs. 3e23, confirming the trends of Adamson's results.

Garzarolli et al. [127] compared RXA, PRX (intermediate be-
tween RXA and SRA) and SRA (about 70% CW) Zircaloy-4,
Figs. 3e24, at high fluence. Except for b-quenched material, it is
clear that materials with similar textures, but different heat-
treatment histories, have different growth behaviour.

Both Holt et al. [125] and Rogerson [118] report that growth rate
for cold worked Zircaloy-2 pressure tubes increased slightly with
fluence and attributed increase in growth rate to a measured in-
crease in <c> component density with fluence.

A direct evaluation of the effect of cold work has been reported
by Yagnik et al. [113], with materials being irradiated at 320 �C
(593 K), Figs. 3e4 and Figs. 3e25. For Zircaloy-2 and ZIRLO™ alloys,
the CW (cold worked) or SRA (cold worked plus stress relief anneal)
materials grow at a high and almost constant rate, while the RXA
material have the typical pre- and post-breakaway behaviour.

The growth curves for Zircaloy-2 and ZIRLO™ (Zr1Nb1Sn.1Fe)
that had been cold worked are very similar, whereas the RXA ma-
terials have different post-breakaway growth rates, Figs. 3e4. Using
the common assumption that <c>-component dislocations and
loops are responsible for high growth rates, it appears that pre-
irradiating cold worked material introduces the requisite c-dislo-
cations in both alloys but in RXA materials an incubation fluence is
required. See Section 4 of this report for more details on mecha-
nisms. Figs. 3e25 illustrates that at 33 dpa the amounts of growth
function of fluence. Data from Baty et al., [122].
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Fig. 3e17. Effect of Sn and Fe on growth of Zre1NbeSnFe alloys as a function of dpa [113113]. In the measurement direction, fz 0.1.

Fig. 3e18. Effect of Sn and Fe on growth of Zre1NbeSnFe alloys as a function of dpa
[113].
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of RXA and CW Zircaloy-2 are almost the same, but the growth rate
of RXA materials appears to be higher. Unfortunately, the growth
rate of CW materials at higher dpa is not known.

3.4.5. Temperature dependence

3.4.5.1. Zircaloy. Data on the temperature dependence of growth
are available providing the overall trend for growth rate illustrated
in Figs. 3e26 and Figs. 3e27 (“rate” is defined as the slope of the
growth strain curve in the breakaway growth regime). For low
fluences, in the pre-breakaway region for RXA material, growth
strain appears to increase with temperature in the range of
70e300 �C (350e573 K). For RXA material, growth tends to
decrease at higher temperatures; however, for CW or SRA material
growth increases rapidly above about 377 �C (650 K), Figs. 3e28 At
high fluences, above the fluence at breakaway, growth of both RXA
and CW/SRA materials increase rapidly above about 377 �C (650 K),
Figs. 3e26, Figs. 3e27, Figs. 3e29. High and low fluence seems to be
divided arbitrarily above and below about 8 dpa (5� 1025, n/m2,
E> 1MeV)

In the temperature range important for commercial reactors,
288 �C (561 K) to 350 �C (623 K), temperature dependence is weak.
CW and RXA Zircaloys behave similarly. Reasons for this compli-
cated behaviour are not clear; see growth mechanism Section 4.
3.5. Zr-2.5Nb

Zr-2.5Nb pressure tubes as used for CANDU reactors have two
phase microstructure with flat a-grains elongated along the axial
direction of the tube surrounded by a thin layer of partially
decomposed b-phase. They are typically fabricated with a final cold
work of about 27% followed by an SRA of 400 �C (673 K) for 24 h.
Contrary to the Zircaloys, the temperature dependence of growth
and growth rate is negative in the practical temperature range of
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Fig. 3e19. Irradiation growth of RXA E110 type cladding tubes versus Fe concentration
(BOR60) irradiation at 335 �C (608 K). fd in measurement direction is 0.1 [132]. Fluence
in figures is given as E> 0.1MeV, then divided by 4 to get E> 1.0MeV, (4� 1026 n/
m2z 20 dpa).

Fig. 3e20. Irradiation growth for cold worked Zr-2.5Nb pressure tube with different Fe
concentrations at irradiation temperature of 280 �C (553 K) [33], (10� 1025 n/m2z 15
dpa).

Fig. 3e21. Irradiation growth as a function of cold work and fluence for Zircaloy-4
irradiated near 282 �C (555 K) [130], (20� 1024 n/m2z 3 dpa). All measurements in
the rolling direction of plates.

Fig. 3e22. Irradiation growth of Zircaloy-4 as a function of cold work [130].
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250e320 �C (523e593 K), demonstrated by data of Figs. 3e30 and
Figs. 3e31. See mechanism Section 4 for discussion of this
behaviour.
3.4.6. Minor constituents
Minor constituents can have a measurable effect on growth.

Most, for example Fe, H, and C, can be controlled during melting
and fabrication steps. H (hydrogen) concentration in components
invariably increases during in-reactor service through corrosion
processes. Knowledge of the effects of the constituents is important
for predicting the behaviour of core components during reactor
operation.
3.4.6.1. Hydrogen. The effects of hydrogen (H) on irradiation
growth is confounded by the volume swelling caused by H in so-
lution and precipitates of ZrH hydrides; in addition, recent data
show unequivocally that there is a synergistic effect of H in exac-
erbating the growth process itself. Figs. 3e32 gives dimensional
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Fig. 3e23. Axial strain of unstressed fuel rods for SRA(V1,V2,S1) and RXA(S2) Zircaloy-
4 at 307 �C (580 K) as a function of fluence [122], (10� 1025 n/m2z 8 dpa).

Fig. 3e24. Irradiation growth at 300 �C (573 K) for Zircaloy-4 with different yield
strengths and textures. Data from Refs. [32,127], (1.0Eþ22 n/cm2z 15 dpa).

Fig. 3e25. Irradiation growth of RXA and CW Zircaloy-4 as a function of dpa. Tem-
perature is 320 �C. Data extracted from [Yagnik et al., [113]].

Fig. 3e26. Temperature dependence of growth rate of Zircaloy-2 at high fluence [118].

Fig. 3e27. Temperature dependence of irradiation growth rate of Zircaloys (general-
ized representation) [117].
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changes at room temperature in unirradiated Zircaloy caused by
concentrations of H. (Note: at room temperature all H is in the form
of hydrides). Expansion is the same in axial and tangential di-
rections and was not measured in the third orthogonal direction.
For example, for 1000 ppmH, the dimensional increase in a zirco-
nium alloy component could be about 0.3%. This increase would
cause a 12mm (0.47 inch) length change in a typical 4m long fuel
rod; such a change is detectable and measurable in a pool-side
inspection.

Effects of H on the growth process have been reported by several
investigators (including Shishov, [37]; McGrath and Yagnik, [70];
Mader et al., [144]; Foster et al., [60]), but the most definitive data
are by Yagnik et al., [113]. Figs. 3e33 gives growth strain as a
function of fluence for four alloys that have been hydrided before
irradiation to H concentrations of 116, 335 and 718 ppm, all above
the H solubility limit at the irradiation temperature of 320 �C
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Fig. 3e28. Temperature dependence of growth of recrystallized and cold worked
Zircaloy at low fluences. All results normalized to fL¼ 0.13 and fast neutron fluence of
2� 1021 n/cm.2 Open symbols¼ recrystallized materials; filled symbols¼ cold worked
materials [117].

Fig. 3e29. Temperature dependence of growth rate of Zircaloy (fL¼ 0.1) at high flu-
ence (>5� 1025 n/m2 E> 1MeV). Open symbols for recrystallized materials; filled
symbols of 20e25% cold worked materials [117], (>5� 1025 n/m2z> 15 dpa).

Fig. 3e30. Irradiation growth strain of cold worked Zr2.5Nb as a function of fluence
[33,141], (10� 1025 n/m2z 17 dpa).

Fig. 3e31. Irradiation growth rate of cold worked Zr-2.5Nb in the axial direction of
several standard pressure tubes as a function of irradiation temperature [33,142].
Fluence is greater than approximately 17 dpa.
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(593 K). It is seen that each alloy has increased growth of various
degrees relative to the reference material and independent of the
amount of H added There is also some evidence that H (hydrides)
causes an increase in the density of <c>-component dislocation
loops formed during irradiation, which is generally related to
growth magnitude [113,145], but more work is needed in this area.

Zircaloy-4 was tested in a PWR environment at 350 �C resulting
in corrosion e thick oxides and a maximum value of 1600 ppm
hydrogen; growth was measured at pool temperature, Figs. 3e34,
Bossis et al., [115]. The downward arrow, not part of the original
figure, adjusts the data for the expected volume swelling caused by
the 1600 ppm hydrogen. Compared with the Mahmood Zircaloy-2
specimens containing only 85 ppm hydrogen, the Bossis material
still has an unusually high growth, most likely associated with the
effect indicated in Figs. 3e33. Note the large difference in Zircaloy-4
and M5, the latter containing Nb and having less than 100 ppm
hydrogen pick-up during corrosion.
Atomic scale modelling shows promise in describing the inter-

action of H with irradiation-produced defects and clusters, and the
net effect on H-solubility and dimensions of zirconium alloys
[138,139,146,147].

3.4.6.2. Carbon (C). Carbon is added to Zr during the Zircaloy ingot
melting process to facilitate nucleation of a favourable arrangement
of alpha grains. The ASTM specification is 270 ppm (maximum) and
the solubility in the alpha phase is about 140 ppm by weight. Fuel
providers generally aim for the range of 75e125 ppm. More data on
the effect on irradiation growth is needed, but existing data indi-
cate increased growth above the carbon solubility limit; for
example, Figs. 3e35, [148]. Mardon's data are for SRA Zircaloy-4
fuel rods rather than pure irradiation-growth, but irradiation
growth dominates the length changes for SRA PWR rods; see Sec-
tion 3.4.3.2.

3.6.1. Grain size
Grains in most LWR RXA alloys are equiaxed and in the size
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Fig. 3e32. Dimensional changes in unirradiated Zircaloy-4 at room temperature as a
function of hydrogen concentration when the data of [King et al., [143]] and [Seibold
et al., [103]] are combined. “Theoretical” is based on assumptions of 16 000 ppm of
ZrH1.5, a 17% volume increase on formation of hydride and an isotropic volume
expansion for hydrides. [143].

Fig. 3e34. Irradiation growth of Zircaloy-4 [115], (10� 1025 n/m2z 15 dpa).
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range between 2 and 9 mm. Cold worked or SRA alloys have flat-
tened grains and generally are reported to have grain size at the
lower end of that range (often it is difficult to define grain size in
Fig. 3e33. Irradiation-induced growth strain (%) as a function of dpa for a) M5-like, b) ZIRLO
335 and 718 ppm [113].
cold worked or SRA material). Almost no data are available where
grain size is a single variable. For instance, some data are taken
from fuel rod length change where there are at least two variables
causing the change: irradiation growth and anisotropic creep,
[127]. Data, (Figs. 3e36), indicate only a small effect for RXA ma-
terials in the practical grain size range, but a larger effect for SRA
materials, especially below a grain size of 2 mm.

For a temperature close to being relevant to BWRs and PWRs
(260 �C) [118] has some data indicating large grain size decreases
™-like, c) Zircaloy-2 and d) Zircaloy-4, all with pre-irradiation concentrations of H: 116,
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Fig. 3e35. Influence of carbon concentration on Zircaloy-4 SRA fuel rod length change
at about 10 dpa and “normal PWR temperatures” (about 320 �C) [148].

Fig. 3e36. Length change of PWR fuel rods with Zircaloy-4 cladding as a function of
grain size at a fluence of 6� 1025 n/m2 (E > 1MeV) [127], (6� 1025 n/m2z 9 dpa).

Fig. 3e37. Irradiation growth in annealed polycrystalline zirconium at 553 K (260 �C)
[118] (a), (30� 1024 n/m2¼ 5 dpa).

Fig. 3e38. Effect of grain thickness on growth rate of cold worked Zr-2.5Nb,
normalized for several variables [33].
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growth, Figs. 3e37. Comparing similar textured material, 40 mm
grain size has much less growth than 5 mm grain size materials, at
least during transient region at low fluence. (These materials have
very low Fe concentration (170 ppm) and very high C (260 ppm),
which could both increase growth).

Quantitative analysis of the grain size effect based on very
limited data is unwarranted. It does appear that for zirconium al-
loys in the normal 2e8 mm grain size range the sensitivity to grain
size is small, and above this range irradiation growth is decreased.

For pressure tubes made from Zr-2.5Nb, grain size is expressed
as thickness of the elongated alpha-phase grains in the cold worked
structure. Attempts have been made to determine the effect of
grain thickness (Figs. 3e38), [93]. The results are similar to those in
Figs. 3e36 for Zircaloy-4, with growth rates decreasing rapidly for
small grain thickness. Holt does add the comment that other vari-
ables, such as the degree of transformation of the b-phase and the
dislocation density, may be influencing the results.

Early work reported in Ref. [140] indicated little effect of “grain
size” on growth of Zr-2.5Nb pressure tubes. Tubes with similar
dislocation densities and a factor of two difference in grain size had
similar growth rates. The method of grain size analysis was not
reported.
3.4.8. vol and density change
It is generally assumed that irradiation growth occurs with little

or no volume change; that is, dimensional increases in some di-
rections are counter balanced by decreases in other directions.
Experimentally, growth determinations are most often made in the
longitudinal and transverse directions of component materials; for
example, axial and circumferential directions in tubing or length
and width directions in BWR channels. Since significant growth
(often shrinkage) occurs in the radial or through-thickness di-
rections, volume changes cannot be deduced experimentally from
just two directions.

A volume increase (density decrease) at low fluence, in the pre-
breakaway range, has often been predicted by theory or observed,
being in the range 0.01e0.10%.

Carpenter et al. [123] report a volume increase for Zr single
crystals of about 0.02% for irradiation temperature of 250 �C
(523 K). Morize et al. [129] report a density decrease for poly-
crystalline Zircaloy-4 of <0.01% at 315 �C (588 K). Holt & Causey
[149] report an initial volume increase for Zr-2.5Nb at 2� 1024 n/m2

of 0.05e0.10%, decreasing at higher fluence to <0.05%, at 250 �C
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Fig. 3e39. Length change of Zircaloy-4 in three orthogonal directions having texture
parameters “f”, and calculated volume change as a function of neutron fluence and dpa.
Irradiation temperature¼ 320 �C (593 K) in BOR 60 reactor [113].

Fig. 3e41. Comparison of growth of annealed single crystals with polycrystalline io-
dide Zr at 280 �C (553 K) [123], (3� 1025 n/m2¼ 5 dpa).
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(523 K). Harbottle & Herbillon [150] report density decreases for
Zircaloy-2 in the range 0.03e0.10% at 300 �C (573 K) for low fluence.

Yagnik et al. [113] determined growth at 320 �C on three sepa-
rate orthogonal specimens cut from a thick Zircaloy-4 plate having
accurately measured textures, Figs. 3e39. Volume was calculated
by summing the three values at five fluences. Results indicate a
small (0.1%) volume increase at pre-breakaway fluence and a small
(0.4%) volume decrease at very high fluence. Overall, the volume
change is very nearly zero, within the scatter of the data. Density
measurements on two specimens at damage dose of 33 dpa gave an
average density increase (volume decrease) of 0.06± 0.2%, which
covers the experimental range of volume change.
3.4.9. Single crystals
Testing single crystals of Zr gives data on the effect of absence of

grain boundaries on growth, [118,123]. All the materials had im-
purities of <100 ppm Fe and <16 ppmH (by weight). Figs. 3e40
shows that the shape of the growth curve is similar to that for
Fig. 3e40. Growth data for annealed Zr single crystals at 280 �C (553 K) as a function
of fluence (Note that 1 dpa¼ 9� 1024 n/cm2 E> 1MeV, which does not match well
with more recent determinations given in, Section 1.1) [Carpenter et al., [118]]. and
[Rogerson, [118]], (3� 1025 n/m2¼ 5 dpa).
the Zircaloys:

� a-axis crystals (fL¼ 0) grow and c-axis crystals (fL¼ 1) shrink.
� breakaway growth occurs at moderate fluence.

Note that the pre-breakaway strain (z0.015%) for the single
crystal is a factor of 3e10 smaller than, for example, Zircaloy or
ZrNb alloys. Adding grain boundaries, Figs. 3e41, adds more pri-
mary strain, but it is clear that grain boundaries are not required to
produce transient growth or breakaway. More details are provided
in Ref. [39].
3.4.10. Thermal stability
Data already presented identify several parameters that affect

growth. This Section explores the effect of post-irradiation thermal
annealing on recovery of growth and of the irradiation-produced
microstructures. Annealing above about 400 �C (673 K) induces
some recovery of growth strain and elimination of the small
irradiation-produced <a>-component dislocation loops. Annealing
above about 575 �C (848 K) eliminates the <c>-component dislo-
cation loops, the extent of which depends on annealing time.

Only growth strain in the low growth-rate, pre-breakaway flu-
ence range is recoverable. That is, growth strains for cold worked or
stress-relieved (CW/SRA) material and for recrystallized (RXA)
material beyond the breakaway fluence, growth is not recoverable
beyond that which occurs for RXA material in the pre-breakaway
regime. These facts indicate that there are at least two distinct
growth mechanisms (one recoverable, one not) and implicate <c>-
component dislocations as contributors.

The first report of recovery of irradiation-induced strain was for
stress relaxation experiments on Zircaloy-4 (irradiation tempera-
ture near 310 �C, fluences near 2� 1025 n/m2 (E> 1MeV), bent
beam relaxation) [74]. Over 60% of the relaxation strain was
recovered by anneals of 450 �C/10 h or 480 �C/1 h. The mechanisms
of strain recovery were not explained or known at that time; later
data would implicate annealing of <a>-component dislocation
loops as a contributing factor.

One study by Adamson [130], described the recovery effect for
irradiation growth of RXA and SRA Zircaloy-4 and -2 in the pre-
breakaway regime where irradiation-produced <c> loops are not
present. The data in Tables 3e5 give a sample of Adamson's data,
indicating that the magnitude of growth recovery is approximately
only that of the RXA material at low fluence, even though the
magnitude of growth strain is larger for the SRA materials. Strain
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Tables 3e4
Irradiation growth of similar alloys except for Fe concentration [113] (10� 1025 n/
m2¼ 20 dpa).

Exposure (dpa) 4 12 17 24 34

Alloy Iron (%) IIG (%)

A30 reference Zircaloy-2 0.17 0.08 0.14 0.24 0.47 1.25
W8 Zircaloy-2 0.17 0.11 0.18 0.26 0.49 1.29
X6 Ziron alloy 0.25 0.11 0.16 0.22 0.35 0.87
V17 HiFi alloy 0.40 0.12 0.19 0.24 0.31 0.53

Note: IIG¼ irradiation-induced growth.

Fig. 3e43. . Effect of post-irradiation annealing at 500 �C for 24e48 h on the recovery
of axial (fz 0.05) growth. RXA Zircaloy-4 specimens [127], (10� 1021 n/cm2

(E> 0.0.82MeV¼ 12 dpa).
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recovery was shown to begin at about 400 �C and was rapid at
500 �C. Figs. 3e42 gives recovery for isothermal and isochronal
temperature/time anneals.

Recovery of stress-free growth of RXA Zircaloy-4 tubing above
the fluence where breakaway growth occurs is shown also to
consist of only the pre-breakaway growth component, Figs. 3e43
[127]. The annealing temperature was 500 �C, which is too low to
affect <c>-loops.

Figs. 3e43 and Tables 3e5 clearly illustrate that growth recovery
is independent of fluence for a post-irradiation anneal at 500 �C for
24e48 h. It was reported that <c>loops were observed at �
9� 1021 n/cm2 on the fluence scale of Figs. 3e43.

Growth recovery and irradiation damage recovery are linked.
Radiation damage as seen in transmission electron microscopy
(TEM) are in the form of “black spots”, which are known [151] to be
<a>-component dislocation loops (<a> loops). It is seen in
Figs. 3e44 that in the temperature range 400e550 �C the loop
defect density decreases rapidly (as does the irradiation-induced
hardness increment) and the loop size increases, [152,153]. It is
noted from Figs. 3e42 and Figs. 3e44, that recovery temperatures
for irradiation growth correlate well with those of <a>loop incre-
ment and hardness decrement.

Growth might be recovered at temperatures where it would be
expected that <c>loops would be annealed out. From the data of
Yang [154], Kruger [155], Yang & Adamson [156], Vizcaino et al.
[157] and Hengstler-Eger et al. [158] it appears that annealing of
<c>loops begins at about 560 �C, is well underway at 575e600 �C
and is rapid at 625 �C. Data on recovery of growth and mechanical
properties at those temperatures are not available.

More details of recovery experiments are available at Adamson
et al., [39].
Fig. 3e42. Recovery of irradiation growth and yield strength by post-irradiation
annealing. RXA Zircaloy-4 irradiated at 250 �C to 2� 1025 n/m2 (E > 1MeV) [130],
(dpa z 2e3).

Fig. 3e44. Recovery of <a>loop size and density and hardness. Model (derived from
data) [152]; comparison data [153]: annealing time¼ 1 h, irradiation tempera-
ture¼ 327 �C (600 K), irradiation dosez 1 dpa.
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3.4.11. Irradiation growth summary
Irradiation growth is strongly affected by fluence, cold work

(CW), texture, irradiation temperature, and material composition
(alloying and impurity elements). The shape of the fluence (or dpa)
versus irradiation growth curve for a particular material is well
defined. Growth in recrystallized (RXA) materials starts out slowly
with texture-dependent strains in the long (longitudinal, axial)
directions up to 0.10% in the first 5 dpa. At some critical incubation
fluence range, which is influenced by temperature and alloy
composition, the growth rate increases. It is in this “breakaway”
growth regime where flux and fluence gradients can result in
reactor component bowing. In cold worked stress-relieved (CW-
SRA) materials the growth rate is continuously high starting at low
fluences. At high fluence, post-breakaway, RXAmaterials may grow
more rapidly than SRA materials. High growth rates are associated
with the existence of microstructural features— for RXA the crea-
tion of an anisotropic distribution of radiation-induced dislocation
loops lying on basal planes (<c>-component dislocation loops) and
on prism planes (<a>-component dislocation loops), and for cold
worked material the existence of <c>-component dislocations in
the as-fabricated state plus the irradiation-induced <c>� and <a>-
component loops. Alloy composition has a major influence on
initiation of <c>-component loops; in particular, niobium (Nb)
containing alloys can resist formation of <c>-component loops,
therefore resisting breakaway growth until fluences approaching
the design lifetime of many components.

Existing data suggests that design of a growth-resistant reactor
component require consideration of many factors.

For a component for which texture can be varied, like a spacer
grid or channel strip, a texture as close to f¼ 0.33 as possible in the
direction of interest will limit growth. A uniform texture close to
f¼ 0.33 will limit growth in all directions.

Additions of Nb can lower growth.
For Zr1Nb alloys, an Fe concentration greater than about

200 ppm is required to minimize growth. For other alloys,
increasing the Fe concentration to as high as 4000 ppm results in
decreased growth.

For most alloys, to minimize the effect of C on growth, its con-
centration should be maintained below the solubility limit, about
150 ppm.

Hydrogen in solution or as hydrides can increase growth but
details are still unclear. If hydrogen concentrations approach the
solubility limit of H at the operating temperature of the component,
perturbation of the growth curve must be anticipated.

For any component design, awareness of the effects of cold work
on growth is essential: even cold work less than about 2% may
induce growth transients; cold work greater than about 10% will
increase growth; 70% cold work will produce a very high growth
rate. For component temperatures in the range 290e330 �C
(563e603 K) the temperature dependence of growth rate is small
(although the critical fluence for breakaway will decrease as tem-
perature increases); at temperatures greater than 370 �C (643 K)
growth rates for RXA and SRA become high and equal.

More exact mechanisms of growth are explored in Section 4.
One key factor is the initiation of <c>-component dislocation loops
lying on the basal plane. The correlation between <c>-loop initia-
tion and the beginning of breakaway growth is firm, but the reasons
behind the incubation fluence for <c>-loop initiation are not
known. In particular, why does hydrogen decrease the incubation
fluence and Nb increase the incubation fluence?

4. Mechanisms

Irradiation growth of Zr-alloys is determined by the intrinsic
properties of the material (microstructure and chemistry) and the
extrinsic influences of the irradiation damage (a function of the
neutron flux) and temperature. We will therefore consider the ef-
fect of the various factors controlling irradiation growth in two
parts: (i) microstructure and chemistry; and (ii) operating condi-
tions (neutron flux, time and temperature).

4.1. Mechanisms of irradiation growth

4.1.1. Effects of microstructure and chemistry
Irradiation growth is a phenomenon that was first identified in

uranium alloys. Much of the early effort on mechanisms and
modelling of irradiation growth in Zr-alloys stemmed from expe-
rience gained from uranium. Metallic uranium has an ortho-
rhombic crystal structure with lattice parameters: a
[100]¼ 0.2852 nm; b, [010]¼ 0.5865 nm; and c, [001]¼ 0.4945 nm.
Because of the single crystal anisotropy polycrystalline samples of
highly textured uranium were found to exhibit anisotropic defor-
mation (growth) in a radiation environment [159,160]. Buckley
proposed a qualitative model for irradiation growth in uranium
[160,161], based on the preferential condensation of point defects
on particular crystallographic planes. Buckley's hypothesis was
dependent on the anisotropy of thermal expansion and the stresses
induced in the thermal spike of collision cascades. Buckley pro-
posed that interstitial loops condensed on those close-packed
planes perpendicular to the direction of lowest thermal expan-
sion, i.e. (010), and vacancy loops condensed on those closed-
packed planes with the lowest loop energies, i.e. {110} as
opposed to (001), that are also inclined to directions of largest
thermal expansion, [100]. The net effect after irradiation is for an
expansion in directions perpendicular to (010) and a contraction in
directions perpendicular to (100).

Buckley proposed that irradiation growth of Zr could be
explained by a similar mechanism to that for U. Although qualita-
tively similar, the anisotropy of thermal expansion is less for Zr
compared with U [160]. For Zr, Buckley proposed that interstitial
loops would form preferentially on type-1 prism planes, f1010g,
and vacancy loops would form preferentially on basal planes,
(0001), due to the stresses induced by the thermal spike of collision
cascades. Because thermal expansion is highest for the c-direction,
Buckley argued that the deviatoric component of stress would be
compressive along the c-axis [160]. Even though the stresses in the
thermal spike may all be compressive (depending on the temper-
ature in the thermal spike), the driving force in terms of work done
when the loops form from a super-saturated solid solution would
favour vacancy loops on (0001) and interstitial loops on f1010g, see
Figs. 4e1.

To illustrate the Buckley concept one can build a simple model
for irradiation growth in which there are only two types of point
defect sinks; c-component dislocation loops on basal planes and a-
type dislocation loops on prism planes. Such a model would apply
to annealed, large-grained Zr-alloys in which the dominant sinks
are dislocation loops created from radiation damage. So long as
there is a bias causing a net accumulation of vacancy or interstitial
point defects at sinks with differing orientations there is a mech-
anism for irradiation growth. Because we observe that basal plane
loops are consistently vacancy in nature [151,162], it is reasonable
to assume that there is a bias for interstitial absorption at a-type
defects. The rate-theory equations describing irradiation growth for
large-grained annealed Zr-alloys, containing a- and c-component
dislocation loops with densities ra and rc respectively, can then be
formulated using a bias parameter (b) to represent the probability
that interstitial point defects will be absorbed at an a-type sink. The
interstititial bias parameter may be a function of anisotropic
diffusion [163], the elastic size-effect interaction [164,165], or both.
The fluxes to sinks resulting in an a-axis strain and a c-axis strain



Fig. 4e1. Schematic showing irradiation growth in Zr proposed by Buckley [160]. Interstitial loops form on f1010g planes and vacancy loops form on basal (0001) planes.
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are given by:

Ja¼
� ð1þ bÞ:ra
ð1þ bÞ:raþ rc

� ra
raþ rc

�
,F (4.1)

Jc ¼
�

rc
ð1þ bÞ:raþ rc

� rc
raþ rc

�
,F (4.2)

Where ra is the a-type dislocation density, rc is the c-type
dislocation density and 4 is the atomic displacement damage rate
in dpa.s�1. Equations (4.1) and (4.2) describe the point defect par-
titioning to sinks that produce strain either perpendicular or par-
allel to the c-axis. The c-axis is unique, but the strain in any given
direction in the basal plane (perpendicular to the c-axis) will be
dependent on the distribution of sinks within that plane. For a
uniform distribution of a-type dislocations the strain in any given
direction in the basal plane¼ Ja/2 (see Section 4.2.2).

Figs. 4e2 shows a simple rate-theory model output describing
longitudinal strain for a grain with crystal orientation as shown
where the main vacancy point defect sinks are basal plane dislo-
cation loops and the main interstitial point defect sinks are prism
Fig. 4e2. Schematic and rate-theory output showing irradiation growth model results for th
dislocation densities. The strain rate per unit dpa ( _εL) in the longitudinal direction (L) is a ma
a-type dislocations and the DAD bias.
plane dislocation loops. For an idealized fuel cladding texture with
most basal poles oriented in the radial direction, the longitudinal
growth rate is a maximum when the ratio of the vacancy and
interstitial sink strengths is equal to

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ b

p
, where b is the bias

differential for interstitial point defect diffusion to prism plane
loops due to a combination of elastic size-effect interaction and the
DAD bias due to line orientation [163,165e167]. The DAD bias refers
to the tendency for interstitial point defects to diffuse preferentially
within the basal plane. Assuming that vacancy point defects diffuse
isotropically, the net result is a drift of vacancies to sinks parallel to
the basal plane and a net drift of interstitials to sinks perpendicular
to the basal plane illustrated by the arrows for the point defect
diffusion paths in Figs. 4e2. Although DAD was introduced to ac-
count for the observations of irradiation growth in annealed poly-
crystalline Zr where the a-type loops could be both vacancy and
interstitial in nature [163], experimental evidence to support it is
evident in observations of denuded zones and loop character near
grain boundaries in neutron irradiated Zr [168] (see Fig. 5).

For many years after Buckley's original hypothesis [160] re-
searchers looked for evidence of basal plane c-component loops in
Zr-alloys. It was not sufficient that such loops were present in the
e longitudinal direction of a large grained Zr-alloy as a function of the a (raÞ and c (rc)
ximumwhen

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ b

p
$ra ¼ rc, where b is governed by the size-effect interstitial bias for
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Fig. 4e3. rradiation growth in annealed (RXA) Zircaloy at 550 Ke580 K, showing
accelerating growth after a fluence of about 4� 1025 nm�2 (E > 1MeV). Modified from
Holt and Gilbert [174] and Fidleris [18].
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microstructure, they also had to be vacancy in nature to support
Buckley's original theory. The first definitive evidence for the ex-
istence of vacancy basal plane loops came from work at Lucas
Heights in Australia [169]. Jostsons et al. found vacancy basal plane
dislocation loops in only three of five samples of zone-refined Zr,
indicating that their existence was controlled by some factor linked
to the purity of the different alloys as evidenced by hardness
measurements. They found that the basal plane c-component loops
were observed in samples with unusually high hardness values,
suggestive of a high concentration of interstitial impurities. Since
those early observations [169,170], similar observations have been
made on the effect of impurities in material irradiated in EBR-II
[162,171]. In the latter work vacancy basal loops were observed in
sponge Zr but not crystal-bar Zr. There was clear evidence that the
c-component loops tended to be segregated in layers parallel with
the basal plane in the sponge Zr. Secondary precipitation/segrega-
tion of impurities was coincident with the high concentrations of c-
component loops [162,172]. The association between impurities
and c-component loop stability in sponge Zr compared with crystal
bar Zr seems to be unequivocal given that all other variables are
essentially the same in the two materials. However, there is some
ambiguity concerning which impurities are promoting c-compo-
nent loop formation in this case.

Six years after Jostsons et al. showed that c-component loops
could form in neutron irradiated Zr, evidence appeared that
Zircaloy-2 reactor components exhibiting unusually high rates of
accelerated growth [173]. An examination of their samples showed
that the acceleration in irradiation growth (breakaway) was coin-
cident with the observation of c-component dislocations that were
visible with a basal plane diffracting vector using transmission
electron microscopy (TEM) [174]. There was still some ambiguity
concerning the nature of these dislocations (prismatic loops or slip
dislocations) and it was later shown that the c-component dislo-
cations were, in fact, faulted basal plane vacancy loops viewed
edge-on [162]. Although Buckley's model appeared to be valid, the
fact that vacancy, basal plane c-component loops were also formed
during electron irradiation [175], indicated that his model was only
partially correct and that some factor other than stresses in colli-
sion cascades was responsible for the c-component loop formation.

It is now well established that breakaway growth occurs
because there is an incubation period for the formation of vacancy
basal plane c-component loops (Figs. 4e3). High irradiation growth
rates are exhibited by some materials, such as EXCEL alloy or
sponge Zr, that have a propensity for c-component loop formation
(Figs. 4e4). It is noteworthy that the EXCEL alloy (Zr-
3.5Sne1Nbe1Mo-0.15Fe-0.1O) is similar in composition to ZIRLO
(Zre1Sne1Nb-0.1Fe) and E635 (Zr-0.8Sne1Nb-0.4Fe), except that
the high Sn content in EXCEL (3.5wt%) excludes Nb from solid so-
lution in the a-phase [176]. Nb in solution appears to have a sup-
pressing effect on accelerated growth, either through its effect on c-
component loop formation or by reducing the number of freely-
migrating point defects. Applying a simple rate theory model for
irradiation growth one needs to apply a production efficiency factor
of 1% for ZreNb alloys and 3% for ZreSn alloys [39].

The high rates of irradiation growth exhibited by materials
containing high densities of basal plane vacancy loops is easily
understood from rate theory when the effect of increasing the c-
component loop density is that it becomes close to the a-type
defect density (Figs. 4e2). At this time the mechanism by which
vacancy basal plane loops are stabilized is not fully understood.
There is some evidence that impurities are important
[162,169e172], but there are other conflicting observations indi-
cating that impurities such as Fe, for example, are responsible for
low rates of growth [113]. Whereas Fe may be affecting the irra-
diation growth via a different mechanism, e.g. by promoting
recombination, either directly [177] or indirectly by increasing the
density of recombination sites [178], Fe appears to promote c-
component loop formation in electron irradiated Zr doped with
different levels of Fe [179]. Segregation of Fe at dislocation loops has
also been observed in electron and proton irradiated Ti [180]. Other
than any direct effect of Fe atoms on recombination [177], there are
two other cenceivable explanations to account for the neutron
irradiation results of [113]: (i) high concentrations of Fe could
promote the formation of high densities of a-type loops, thus
increasing the ratio of a- and c-type sinks and thereby reducing
irradiation growth (Figs. 4e2); (ii) high concentrations of Fe could
produce large numbers of small Fe-rich precipitates, thus promot-
ing recombination.

Although alloying elements and impurities can have a signifi-
cant effect on irradiation growth (largely through their impact on
point defect clustering), other factors important for irradiation
growth are the as-fabricated microstructures: texture, dislocation
density and grain structure (size and shape). The effects of micro-
structure can be accounted for using rate theory including those
parameters, i.e. more than the simple case given by Equations (4.1)
and (4.2). Such models can give a reasonable account of the
observed behaviour [39]. Although the evolution of the dislocation
structure during irradiation is important, the pre-existence of c-
component dislocations in cold-worked materials precludes the
need to form basal plane c-component loops in order to have a sink
structure allowing the partitioning of interstitial and vacancy point
defects to different sinks. In fact, in cold-worked material c-
component loops evolve readily by helical climb on existing c-
component screw dislocations [141,181e185]. There is therefore no
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Fig. 4e4. Comparison of high temperature growth of iodine zirconium, Zircaloy-2, Zr-2.5Nb, and EXCEL alloy Adapted from Tucker et al. [126] and Griffiths et al., [187].
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incubation period for accelerated growth in cold-worked materials
because the requisite sink structure is already present. Rate-theory
models should therefore include the original dislocation structure,
grain shape and grain orientation (texture) with an additional
provision for microstructure evolution. After taking into account
the microstructures, rate theory models can account for the
observed growth in ZreNb and ZreSn alloys using 1% and 3% point
defect production efficiencies respectively [39]. It is noteworthy
that Zircaloy-2 pressure tubes exhibit three times higher diametral
creep compared with Zr-2.5Nb pressure tubes made by a similar
manufacturing process [40]. The amount of cold-work and texture
are similar in both cases, although the grains in the Zircaloy-2
pressure tubes are larger than those in Zr-2.5Nb tubing [172,184].
Unless the grain structure is responsible, one can hypothesize that
the difference in the chemistry (Sn or Nb in solution) has an impact
on damage production efficiency.

For the most part steady-state irradiation growth is largely
assumed to be linear with neutron fluence, and independent of
neutron flux, for a given microstructure. There are transients in
irradiation growth that are associated with changes in the micro-
structure (evolution of a given sink structure, e.g. dislocation loops),
or relaxation of residual inter-granular stresses or recovery and
recrystallization effects, or both. For a given microstructure, in the
absence of any transient effects, the main factor, other than dose,
affecting irradiation growth is the irradiation temperature.

4.1.1. Temperature and flux dependence

4.1.1.1. Temperature. Zr and U are similar in that they exhibit irra-
diation growth that can be explained in terms of anisotropic crystal
structures and properties. They differ in that the temperature
dependence of irradiation growth is negative for U (higher in
magnitude at lower temperatures) [160], and positive, for the most
part, for Zr-alloys such as Zircaloy-2 and -4 (higher in magnitude at
higher temperature), [18]. A large part of the positive temperature
dependence for irradiation growth appears to be related to the
propensity for basal plane c-component loop formation at higher
temperatures, especially in large-grained, annealed materials
[18,151]. However, axial irradiation growth of cold-worked Zr-2.5
Nb decreases with increasing temperature [188]. This may be
because cold-worked Zr-2.5Nb is not sensitive to the same factors
controlling c-component loop formation in annealed Zircaloys, c-
component loop nucleation occurring on existing screw disloca-
tions in cold-workedmaterials [172]. Also, the grain dimensions are
small in Zr-2.5Nb pressure tubing and the sink strengths can be
such that grain boundaries dominate the sink structure. The
negative dependence of axial irradiation growth on temperature
then follows from the effect of increasing DAD [39]. Given that the
1-3f dependence of irradiation growth arises directly from the
partitioning of an excess of vacancies to basal plane sinks and an
excess of interstitials to prism plane sinks, the more that grain
boundaries affect the growth the more deviation from 1-3f one can
expect. Coupled with that, if c-component loop nucleation in-
creases with temperature, as appears to be the case, then by-
passing that stage in the microstructure evolution by nucleation
and growth on existing cþa screw network dislocations reduces the
dependence on this rate-controlling component in the irradiation
growth process [172,184].

Longitudinal irradiation growth of standard, cold-worked,
pressure tubing exhibits a negative temperature dependence
even before a basal plane c-component loop structure has time to
evolve. One way in which a negative temperature dependence can
be achieved in fine-grained materials such as Zr-2.5Nb pressure
tubing (grains flattened in the radial direction and having a trans-
verse basal texture) is if there is a reduction in anisotropic diffusion
(DAD) at lower temperatures, i.e. an increase in DAD with
increasing temperature [39]. The concept of DAD applied to irra-
diation growth of Zr alloys was originally proposed in Ref. [163].
Woo and then Tome et al. built on this phenomenon, developing
models for irradiation growth [165,189e192], based primarily on
dislocations. Woo [165] and also Holt and Fleck [188] developed
treatments that included grain boundaries as biased sinks (due to
anisotropic diffusion); the DAD concept was used to account for the
unusual temperature dependence of irradiation growth for non-
standard Zr-2.5Nb pressure tubing known as task group 3, route
1 (TG3 RT1) tubing [193]. The TG3 RT1 tubes exhibited negative
axial irradiation growth compared to standard pressure tubes even
though the textures were similar [194]. The TG3 RT1 tubes differed
from the standard pressure tubing in having lower dislocation
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Fig. 4e5. Dependence of predicted longitudinal irradiation growth on DAD bias parameter in Zircaloy-2 with different grain structures. The dashed lines correspond to annealed
material with a low dislocation density and the solid lines correspond to cold-worked material with a high dislocation density. The equiaxed grains have diameters of 5 mm and the
platelet grains have dimensions of 0.1, 0.5 and 2 mm in the radial, transverse and longitudinal directions respectively. The texture is idealized with the c-axis in the transverse
direction (see text).
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densities and thinner grains [193,194]. The TG3 RT1 tubes were
designed to have a low dislocation density to reduce growth; the
grain sizewas also reduced in order tomaintain strength because of
the lower dislocation density. DAD could account for the negative
temperature dependence of growth of both standard pressure
tubing, and the change in sign of the growth for non-standard TG3
RT1 pressure tubing, if one assumed that the degree of anisotropic
diffusion increased with increasing temperature [39,188].

In contrast to the negative temperature dependence of axial
irradiation growth for cold-worked Zr-2.5Nb pressure tubing, cold-
worked Zircaloy-2 exhibits the opposite temperature dependence
in the absence of c-component loop formation [18,118]. Rogerson's
results, in particular, showed that cold-worked Zircaloy-2 exhibited
a decreasing growth rate with increasing temperatures in the range
of 550 K and 600 K (277 �Ce327 �C), and this trend was not
exhibited by annealed Zircaloy-2. The most likely explanation for
this behaviour is if there was recovery of the cold-worked dislo-
cation structure. At temperatures greater than about 673 K (400 �C)
Rogerson showed the irradiation growth increased but there was
considerable variability. The increased growth could be attributed
to the formation of c-component loops and reflects the variability
in c-loop formation given that the post-breakaway irradiation
growth rate is directly related to the c-component loop density
[39,187].

A rate-theory formulation can be used to describe the irradia-
tion growth behaviour of Zr-alloys as a function of microstructure
[39]. The effect of the varying the DAD bias parameter on longitu-
dinal elongation rate is shown in Figs. 4e5 for large-grained equi-
axed and fine-grained platelet grain structures. The effect of
increasing the DAD bias parameter on the axial (longitudinal)
elongation rate (per dpa, assuming 1% freely-migrating point de-
fects) is illustrated for pressure tubing with texture parameters of
fR¼ 0.4 and fT¼ 0.6 and fL¼ 0 and for platelet grains with di-
mensions of 0.1 mm, 0.5 mm, 2 mm in the radial, transverse and
longitudinal directions respectively. The solid line shows the
response for standard pressure tubing with ra¼ 4� 1014m�2,
rc¼ 1� 1014m�2. The dotted line is the output maintaining the
same dislocation structure but for equiaxed grains of 1 mm diam-
eter. It is clear that the irradiation growth has a strong negative
dependence on the DAD parameter for the flattened platelet grains,
whereas there is a weak positive dependence for the equiaxed
grains. The temperature dependence of irradiation growth that is
observed may, in part, be related to the effect of temperature on
DAD [163] but will also be affected by recovery of network dislo-
cations or dislocation loop structures at high temperatures.
Increasing temperature also increases the propensity for c-
component loop formation [162,168,169,187] and there is also a
potential synergy between increasing DAD and the likelihood of c-
component loop formation at higher temperatures [195].

In production bias models the increasing irradiation growth at
high temperatures has been attributed to an increase of freely
migrating vacancy point defects that would otherwise have been
tied up in small clusters formed in collision cascades [196e198].

The data for Figs. 4e5 were obtained using a model developed
for Zr-alloys used to demonstrate the dependencies of irradiation
growth on different microstructural parameters [39], see Section
4.2. The model output is compared with growth data in Figs. 4e6.
The rate-theory model uses applicable microstructural parameters
for Zr-2.5Nb pressure tubing and TG3 RT1 experimental tubing and
employs a DAD interstitial bias that increases with increasing
temperature. Qualitative agreement with experimental data is
demonstrated.

Temperature dependencies for physical parameters such as
anisotropic diffusion are confounded by the effect of temperature
on microstructure, either because of recovery of dislocations or
stabilization of c-component loops at higher temperatures. In
general one observes lower a-type dislocation loop densities with
increasing temperature (151, 184). Other explanations have been
posited regarding the temperature dependence of irradiation
growth, the most notable being the production-bias effect. The
production bias model for Zr [198] assumes that vacancy clusters
form in collision cascades from cascade collapse and are more
stable at lower temperatures. The freely-migrating point defect
population is then a function of temperature and this then drives
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Fig. 4e6. Temperature dependence of irradiation growth of cold-worked/stress
relieved and Route-1 Zr-2.5Nb pressure tube material: (a) experimental data [18];
(b) rate-theory model output. Note the change in direction of growth of Route-1
material longitudinal specimens with increasing temperature.
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the response. If the vacancy basal plane loops are always potential
vacancy sinks then a shift to more freely migrating vacancies could
explain the rapid increase in growth (from c-loop formation) that is
observed at temperatures >350 �C in the Zircaloys [118]. This could
be an explanation for the evolution of the c-loops associated with
accelerated growth at higher temperatures in the Zircaloys. Other
hypotheses on the temperature dependence of accelerated growth
are based on the effect of higher irradiation temperatures on the
dispersal of impurities that promote c-loop formation and growth
[187]. The positive temperature dependence observed for Zircaloy-
2 at temperatures up to 400 �C [118] could also be due to the effect
of recombination if the intrinsic vacancy migration energy (1.3 eV)
applied [61,134]. For the vacancy migration energy less than 1 eV
that is likely applicable to Zr-alloys [165,199e201], there will be no
effect of recombination on reducing the point defect concentrations
due to recombination for the temperature range of interest
(>250 �C) [39].

It should be noted that, at the time of his 1962 report Buckley
concluded that the irradiation growth of U and hexagonal close-
packed metals such as Zn, Cd, Zr and Ti followed the same trend
and actually decreased with increasing temperature. Buckley
demonstrated that Cd, Zn, Zr and Ti elongated in the direction of
smallest thermal expansion coefficient. In his conclusions he sug-
gested that " …. the temperature dependence of growth rates in
uranium and the hexagonal metals, and its disappearance above
self-diffusion temperatures, could be a manifestation of thermal
annealing of the defect clusters". The dependence of growth on
cluster formation rather than point defect diffusion would account
for the lack of an effect of cold-working on irradiation growth
observed by Buckley, at least for U [160]. In fact, although Buckley
dismissed cold-working as affecting the irradiation growth of U at
low temperatures he later showed that his model of irradiation
growth (dependent on thermal expansion anisotropy) at homolo-
gous temperatures between 0.2Tm and 0.33Tm only applied to
metals that were annealed [202]. He also showed that irradiation
growth also occurred in cubicmaterials with the positive expansion
corresponding with the direction of cold-work [202].

In rate-theory modelling the temperature dependence of irra-
diation processes such as growth is intimately coupled with the
damage rate dependence, which is proportional to the fast neutron
flux. Neutron fluence is often regarded as a state variable when it
comes to describing the fluence dependence of steady-state irra-
diation growth, i.e. after an initial transient. The displacement
damage rate (neutron flux) will be important when it comes to
time-dependent processes such as creep. For growth, however, the
main effect of damage rate is whether one is in a sink-dominated or
a recombination dominated regime and this is dependent on the
temperature, vacancy migration energy and choice of recombina-
tion parameter. Given that for Zr the vacancy migration energy is
somewhat uncertain [203], and so is the recombination parameter
[204], one can best decide whether one is in a recombination- or
sink-dominated regime simply by comparing growth behaviour for
the same material at two different damage rates. Figs. 4e7 shows a
rate-theory output for interstitial migration to dislocation sinks in a
cold-worked Zr-alloy as a function of temperature for a high flux
(OSIRIS) and low flux (NRU) reactor irradiation given a range of
possible migration energies [177,203]. The plot shows that strong
temperature dependencies could be expected depending on the
point defect properties and that the growth rate decreases by or-
ders of magnitude when one transits to the recombination regime.
Given that temperature affects the microstructure, and thus growth
to some extent, if one observes comparable growth rates at widely
differing temperatures (say 60 �C and 300 �C) then it is likely that
one is in a sink-dominated regime and any effect of temperature is
determined by the effect on anisotropic diffusion and microstruc-
ture rather than the vacancy migration energy.

4.1.1.2. Neutron flux (damage rate). The rate theory output shown
in Figs. 4e7 illustrates that a strong temperature dependence on
irradiation growth can arise simply as a result of the transition from
recombination- to sink-dominated reaction kinetics. Figs. 4e7 also
shows that, for recombination-dominated effects, any temperature
dependence is concurrent with a neutron flux dependence. In
Figs. 4e7 the net interstitial flux to dislocations is shown for
damage rates corresponding to high and low flux materials test
reactors that are an order of magnitude different in damage rates,
i.e. ATR and OSIRIS comparedwith DIDO andNRU. Although the fast
neutron flux gives an approximate measure of the relative
displacement damage rate, especially for Zr-alloys, spectral differ-
ences can be important. Many reactors have been characterized in
terms of the dpa per unit fast neutron fluence [10,205]. It turns out
that growth data from the DIDO reactor, which has been the source
of many studies on irradiation growth of Zr-alloys, has been
incorrectly characterized for two reasons: (i) the fast fluences were
originally determined from the activation of Fe flux monitors based
on the fission spectrum rather than the spectrum applicable to the
irradiation site; (ii) the dpa calculations were performed using the
estimated, not the adjusted, spectrum [206]. Many of the published
growth data have been plotted as a function of fast neutron fluence
and the growth behaviour in various reactors have, in the past, been
compared assuming that the displacement damage ((rate) is
roughly the same for a given fast fluence (flux). Conclusions have
been reached regarding neutron flux dependencies for ATR relative
to DIDO at about 50 �C [18], and OSIRIS relative to DIDO and NRU/
CANDU at about 280 �C [93]. In the latter case an assessment of the
relative dpa rate between OSIRIS, DIDO and NRU/CANDU was per-
formed, and it was concluded, that fast flux was a reasonable
measure of relative displacement damage provided the fast
neutron fluence correction for fission spectrum in DIDO was not
applied. The comparisons between DIDO and OSIRIS data were
made over a very short fluence range (<1� 1025 n.m�2, E> 1MeV)
and were taken from early data reported by Murgatroyd and Rog-
erson [207] from the same, although slightly altered, data set later
reported by Rogerson and Murgatroyd [118,120] also plotted in
Figs. 4e8. It was concluded by Holt et al. [125], that the irradiation
growth rates as a function of fast neutron fluence of Rogerson's
cold-worked Zircaloy-2 material irradiated were not consistent
when irradiated in DIDO and OSIRIS. When one corrects for the
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Fig. 4e7. Net flux of self-interstitials to dislocations in CW Zr as a function of temperature (assuming 3% damage efficiency on NRT calculations) for different damage rates. The
damage rate is proportional to neutron fluence at temperatures >300 �C for all conceivable vacancy migration energies (Ev), 0.7 eV - 1.3 eV, and a recombination parameter, n¼ 10,
after Heald and Speight [164].

Fig. 4e8. Irradiation growth of 25% cold-worked Zircaloy-2 (SGHWR pressure tube manufactured by Chase Nuclear) as a function of fast fluence and irradiated in the OSIRIS, ATR
and DIDO reactors at about 553 K (280 �C).
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errors in fluence measurement and damage rate calculation in
DIDO, the comparisons of irradiation growth as a function of dpa
show a similar lack of alignment. Figs. 4e8 shows the DIDO growth
data for the cold-worked Zircaloy-2 pressure tubing at about 60 �C
and 280 �C [120] corrected for spectral effects (both fluence mea-
surement and dpa calculation) and plotted with data for the same
material from ATR [18] and OSIRIS [125]. The damage rates are
approximately 8� 10�8 dpa.s�1 for the DIDO case and 3� 10�7

dpa.s�1 for ATR and OSIRIS. Although the higher damage rates are
only about four times larger, it is clear that, at both high and low
temperatures, the higher damage rates correspond with higher
rates of irradiation growth per unit dpa and not lower rates as one
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Fig. 4e9. Irradiation growth of 25% cold-worked Zircaloy-2 (SGHWR pressure tube manufactured by Chase Nuclear) as a function of dpa and irradiated in the OSIRIS, ATR and DIDO
reactors.
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might expect if recombination was dominant. Therefore, either
irradiation growth is positively correlated with the dpa rate or the
growth specimens, albeit from the same pressure tube, are
different. One thing is clear, if the irradiation growth is dependent
on dpa rate it is not because of recombination, because that would
result in lower growth per unit dpa at higher fluxes (see Figs. 4e7),
not higher growth per unit dpa as shown in Figs. 4e9.

Because of the discrepancies between irradiation growth rates
in the different reactors some researchers have advocated adjusting
for the differences based on characteristic growth specimens that
were assumed to give the same growth per dpa in any reactor, i.e.
each had identical microstructures [46,208]. However, comparisons
of identical materials irradiated in different reactors [124] show
internal inconsistencies. The shifts one would apply to match the
growth curves for Rogerson cold-worked Zircaloy-2 the irradiation
growth of cold-worked Zr-2.5Nb pressure tubing (Material A in
Ref. [124]) go in different directions. For the Zr-2.5Nb pressure tube
data (Material A) conversion to dpa shows that there is reasonable
agreement OSIRIS and DIDO reactor irradiations, see Figs. 4e10.
Ignoring the initial offset that could arise from the relaxation of
inter-granular stresses, there may be a slightly higher rate of
growth per unit dpa for the higher damage rate irradiation (OSIRIS)
but the difference is not statistically significant. Figs. 4e10 also
shows the transverse growth, which exhibits the same relative
behaviour (higher negative rate for the higher damage rate). The
differences in growth per unit dpa between the high flux and high
flux datasets described here are quite small and within the range of
variability normally exhibited by Zr-2.5Nb growth specimens [124].
In light of the fact that flux effects should result in less, not more,
growth at the higher damage rates and the experimental data came
from multiple specimens in a program designed to explore and
control material variability one can conclude that, for the Zr-2.5Nb
pressure tubing at least, the effect of dose rate at 280 �C is negli-
gible. Given that the relative dose-rate behaviour is not consistent
with what one might expect based on a consideration of recom-
bination using reaction rate theory, one can conclude that either: (i)
the Zircaloy-2 data are compromised by specimen variability; or (ii)
Zircaloy-2 behaves differently with respect to damage rate
compared with Zr-2.5Nb, which exhibits negligible difference in
growth rates when comparing OSIRIS and DIDO as a function of
dpa.
4.2. Modelling irradiation growth

There are two approaches to modelling irradiation-induced
growth: empirical and mechanistic. Empirical models are distinct
from mechanistic models in that they are simply designed to
describe the phenomenon of interest in terms of the controlling
variables by establishing statistical relationships from the data and
are only applicable within the variable range used to derive the
model parameters. Mechanistic models are designed to be accurate
descriptions of the phenomenon that include the fundamental
physical mechanisms contributing to the object of the model in
question and are, in principle, applicable outside of the range of any
available data. In the absence of operational experiencemany of the
earliest models were either mechanistic or semi-empirical.
4.2.1. Empirical models of irradiation growth
The earliest empirical and semi-empirical models for irradiation

growth in Zr-alloys up until 1980 were reported by Hesketh et al.
[16], Harbottle [209], Harbottle and Cornell, [210]. and Bullough
and Wood, [201]. A dearth of good quality data on irradiation
growthmeant that most researchers turned to mechanistic models.

Today researchers have had the benefit of an additional 40 years
of operational data and a wealth of test data using many different
research reactors that have been operating for over 50 years. Many
of the research reactors have now shut down but new reactors (JHR
for example) are being built to provide a resource for experimental
testing while at the same time providing isotope production.
Empirically derived models used in engineering models for reactor
design and operation have been reviewed in Ref. [39].

The empirical correlations for the irradiation growth of zirco-
nium alloys utilized in design and licensing analyses are generally
of a power-law form given by Geelhood et al. [211,212] and Luscher
et al., [213]. The equations are of the following general form:

Dε¼A,Gð4,DtÞm (4.3)

where A and G are material constants, A being determined by the
alloy and its metallurgical state (cold-work or annealed, for
example) and G is a growth parameter dependent on the Kearns
texture parameter (f) and is (1-3f). This latter parameter has a
mechanistic basis, see Section 4.2.2. The product of the neutron flux
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Fig. 4e10. Irradiation growth of the same material taken from a 27% cold-worked Zr-2.5Nb pressure tube (Material A in Fleck et al., [124]) as a function of dpa and irradiated in the
OSIRIS and DIDO reactors.
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(4) and time (t) is a measure of the total neutron dose. The equa-
tions that have been developed are essentially a series of poly-
nomials in fluence applied in terms of time increments during
different stages of the growth. The total strain at any point during
service is given by,

εtþDt ¼ εt þ A,Gð4,DtÞm (4.4)

4.2.2. Mechanistic models of irradiation growth
Mechanistic models address the variables controlling growth in

terms of the physical mechanisms affecting the strain. A number of
different attempts have been made to model irradiation growth of
Zr-alloys over many years, primarily, but not exclusively, based on a
rate-theory approach. A number of notable models have been
proposed [125,141,163,165,188e192,198,201,214e221]. Some of the
early mechanistic models assumed that only interstitial loops
formed during irradiation, [214]. Other models assumed that dis-
locations were net interstitial sinks and the growth occurred due to
an excess of vacancies migrating to grain boundaries in grains of
different shapes [215]. The observation of the co-existence of
interstitial and vacancy a-type loops created some problems for
modellers, but the possibility that the loops were primarily inter-
stitial in nature at power reactor temperatures [222] allowed that
assumption to be applied and grain boundaries were still consid-
ered as net vacancy sinks [201,216]. The very important concept of
intrinsic interstitial anisotropic diffusion introduced by Woo and
Gosele [163], provided a means of accounting for irradiation
growth in the presence of a mixed population of vacancy and
interstitial a-type loops. DAD also provided a means of having
variable bias differentials according to the orientation of the sinks
and thus provided for the possibility of having stable vacancy loops
on the basal plane [125,165]. Once datawere accumulated at higher
fluences, transient behaviour became apparent and modelling ef-
forts were directed at understanding the effects of grain interaction
stresses on irradiation growth [167,189,219,223,224]. The observa-
tion of breakaway growth resurrected the possibility that high
growth rates were driven primarily by the formation of basal plane
vacancy loops. Even though the observations of neutron irradiation
were the same during electron irradiation (the co-existence of va-
cancy and interstitial a-type loops and the formation of vacancy
basal plane loops [151]) researchers still invoked cascade effects in
modelling. The evolution of the production bias concept provided a
mechanism to account for the increase in irradiation growth at high
temperatures, as vacancy loop clusters created by cascade collapse
disintegrated, freeing up vacancies to form basal plane vacancy
loops [197,198]. Likewise, one-dimensionally diffusing interstitial
clusters formed at the edges of collision cascades were invoked to
account for irradiation growth in a manner similar to DAD
[220,225].

Since irradiation growth in annealed poly-crystalline Zr is
generally about ten times greater than for single crystal material
[118,226,227], and increases with decreasing grain size [117], grain
boundaries have been considered important sinks for point defects,
especially in annealed Zr and Zr-alloys for which the only other
type of sink is a-type dislocation loops. In single crystal material the
growth quickly saturates at low fluences, z0.1� 1025 n.m2

(E> 1MeV). In annealed polycrystalline material, growth almost
saturates at low fast neutron fluences but there is a smaller long
term steady-state growth rate, proportional to the neutron fluence.
If there were only a-type dislocations or dislocation loops present
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Fig. 4e11. Strains in Zr single crystal represented with respect to Cartesian axes.
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in a material, grain boundaries provide an alternate sink. If one
assumes that the a-type dislocations have a bias for interstitial
absorption [164] then any long-term irradiation growth has to
involve a net absorption of vacancies at grain boundaries. For
annealed Zr-alloy materials, in particular, where a-type dislocation
loops are the only dislocation sink observed [228], early models for
irradiation growth considered grain boundaries to be net vacancy
sinks [214]. Fidleris et al. [117] showed that irradiation growth is
inversely dependent on grain size in annealed polycrystalline Zr for
grains of 23 mmand 225 mmdiameter irradiated at 330 K. Therewas
a similar dependence for Zircaloy-2 with grains of 12 mm and 31 mm
diameter irradiated at about 680 K, but this was reversed for irra-
diation of Zircaloy-2 at 330 K [18].

Hesketh et al., [16], proposed that irradiation growth of poly-
crystalline material could be described by a model in which atoms
were transferred from basal to prism planes. Grain boundaries were
assumed to be neutral sinks and interstitial point defects migrated
to a-type dislocations and dislocation loops. Hesketh et al.'s model
was based on the earlier hypothesis of Buckley [160], to account for
irradiation growth in Zr. They related the irradiation growth to the
texture through the parameter G¼ 1e3T where G is a growth co-
efficient and T is the basal pole texture coefficient in the growth
direction, more widely known as the Kearns texture parameter, f
[12]. The 1-3f relationship is a direct consequence of the Buckley
model in which there is a net flux of vacancy point defects to basal
plane sinks (dislocation loops) and a net flux of interstitial point
defects to prism plane sinks (dislocation loops). The 1e3T (1-3f)
model is equally applicable however, if there are an excess of prism
plane interstitial dislocation loops with all other sinks randomly
oriented, as in the Hesketh et al. model. The Hesketh et al. model
could be considered applicable to the cases where vacancy basal
plane loops are absent, e.g. in the early stages of irradiation growth
when the a-loop population is evolving. The Hesketh et al. model
could then be considered as applicable to the initial transient
period of irradiation growth observed for annealed materials. In
that case the irradiation growth strain increases rapidly with dose
and then slows to zero or a very low rate coincident with the
cessation of loop evolution, provided there was an excess of
interstitial point defects accumulating at the a-type loops [229].
The a-type loop evolution is practically complete at low doses (<1
dpa or <2� 1024 n.m�2, E> 1MeV) after which any further growth
of annealed material has to be accounted for by a biased flow of
interstitials to the a-type loops or by anisotropic diffusion to grain
boundaries [163], or both. In the presence of an a-type dislocation
network irradiation growth can be explained by a biased flow of
interstitials to dislocations leaving and excess of vacancies to
accumulate at grain boundaries [216]. The presence of c-compo-
nent dislocations in the network adds to the sink anisotropy in the
sameway as adding c-component dislocation loops [151] leading to
high rates of non-saturating growth. The question of why c-
component defects on basal planes tend to attract vacancies can
best be explained by anisotropic diffusion [163,167]. Accelerated
irradiation growth of annealed material due to the formation of
vacancy loops on basal planes is likely to be governed by the same
mechanism that promotes high rates of irradiation growth in cold-
worked materials, i.e. helical climb on existing c-component screw
dislocations at temperatures between 60 �C and 400 �C [172,184].

Consider the 1-3f model in the context of the Buckley model.
The 1-3f model is derived from the sum of the strain tensors from
each individual grain resolved onto the specimen coordinate sys-
tem. For a-type interstitial dislocation loops that are equally
distributed on all prism planes and c-type vacancy loops on the
basal plane, the strain tensor of individual grains referred to prin-
ciple axes (corresponding to the principle crystallographic axes) is
given by,
2
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where A is a constant. The crystal coordinates are shown in
Figs. 4e11.

The resolved strain in the reference specimen coordinate system
is given by,

εðqÞref ¼ εc,cos2 qþ εa2,sin
2 q (4.6)

where the angle between the reference direction and the basal
plane¼ q. For each grain (i) in a poly-crystal

εðqiÞref ¼ εc,cos2qi þ εa2,
�
1� cos2qi

	
(4.7)

Summed over a poly-crystal:
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where f is the Kearns texture parameter.
The 1-3f relationship did not work well to explain the irradia-

tion growth of materials with small, anisotropically shaped grains,
i.e. when grain boundaries were dominant sinks. Holt and Ibrahim
[216] introduced a modification to the growth anisotropy factor
originally proposed by Hesketh et al., [16]. They proposed that
irradiation growth was modified by the grain structure such that
the growth factor G¼ Pd/2 - 2Ad, where Ad, is a grain boundary
anisotropy factor for the direction, d and Pd is the resolved prism
plane component of texture. The parameter Ad was defined as,

Ad ¼
1
dd

1
dR
þ 1

dT
þ 1

dL

(4.10)

where dd is the grain dimension in the direction d; likewise dR , dT
and dL are the grain dimensions in the radial (R), transverse (T) and
longitudinal (L) directions of the component of interest. This
growth factor (G) was later modified by Holt et al. [230], in terms of
the basal pole texture parameter to be consistent with the anisot-
ropy factor, G¼ 1e3fd, where fd is the basal pole texture parameter
for the direction, d, as proposed by Hesketh et al. [16] and Tempest,
[231]. The grain boundaries were considered to be unbiased va-
cancy sinks that absorbed the excess of vacancies due to the biased
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absorption of interstitial point defects at network dislocations and
dislocation loops.

As modelling efforts evolved it was soon realized that the irra-
diation growth could not be adequately accounted for in terms of
the simple models based on isotropic diffusion of interstitial and
vacancy point defects, i.e. where the net flux to dislocations was
based on the interaction of the point defects and dislocation strain
fields [164]. It was recognized that when grain shapes are aniso-
tropic (as for cold-worked and stress-relief annealed (SRA) mate-
rials), a modification was needed to account for the effect of grain
boundaries on the anisotropy of irradiation growth. Irradiation
growth could be better explained by invoking anisotropic diffusion
of interstitial point defects in the basal plane [163]. Woo, coined the
acronym DAD (diffusional anisotropy difference) to describe the
irradiation growth behaviour of Zr-alloys during irradiation. The
inclusion of anisotropic diffusion then meant that grain boundaries
would be biased sinks based on their orientation relative to the
crystal structure of the grain]. Woo proposed a model for irradia-
tion growth that included anisotropic diffusion [165]. In Woo's
model the grain dimensions were for the first time explicitly
included as biased sinks. This model was applied to account for the
irradiation growth of Zr-2.5Nb pressure tubing by Holt and Fleck,
[188]. Experimental observations to support the existence of DAD
came from a rationalization of irradiation growth data and direct
observations of cavity growth during electron irradiation in a
HVEM [195].

Rate theory models have been developed that take into account
the grain dimensions in relation to the relative orientation between
the crystal structure and the grain boundary [58,167,190,191, 232
,233]. Golubov et al.'s model relies on anisotropic diffusion based
on one-dimensional interstitial cluster migration. By comparison,
earlier established models included a grain boundary bias induced
by the anisotropic diffusion of self-interstitial atoms, the so-called
DAD effect [165,188]. Both approaches give essentially the same
result. There is some question about how rate-theory models
should be applied when one is essentially considering mobile
species and there may be an inequality in interstitial and vacancies
due to preferential clustering of one type over another in the
collision cascade. The clustering of one species leads to more of the
other species being available to migrate to sinks, the so-called
production bias. One needs to then consider whether there are
more interstitials clustering in collision cascades or more vacancies.
Additional complications arise when one considers that some of
these clusters may be mobile and themselves able to migrate to
sinks [220]. In the case of vacancy clustering there will be a bias for
the production of interstitials at low temperatures due to vacancy
clustering but more vacancies will be available to migrate to sinks
as the intra-cascade clusters become unstable at higher tempera-
tures [198]. The intricacies, merits and limitations of the various
proposed mechanisms governing point defect accumulation at
sinks has been described and discussed in an excellent review by
Woo [225]. With respect to the production bias Woo states that the
bias does not originate from the reaction kinetics of the point-
defects with the sinks and should not be confused with a sink
bias such as the dislocation bias. He also notes that the interstitial
clusters considered in the production bias model are immobile and
any mobile interstitial clusters are effectively considered as part of
the collection of the three-dimensional migrating interstitials
annihilated at the sinks.

One of the best tools to illustrate how point defects partition to
various sinks is through the use of rate-theory [165,167,220,221].
One can construct a set of balance equations that describes the
point defect partitioning to various sinks based on bias parameters
and sink densities. When modelling swelling in steels the direc-
tionality is not important and one simply needs to determine the
excess biased flow of interstitials to dislocations in order to calcu-
late what percentage of vacancies accumulate in cavities (three-
dimensional sinks). For Zr-alloys void and cavity swelling is small
and insignificant compared with irradiation growth and creep.
Anisotropic strain, with and without an applied stress, is a big
technological concern and to model that one needs to consider not
just the net excess flow of one point defect over another but the
direction of that flow. Rate theory models therefore need to
accommodate the directional flow and the chance of interacting
with various sinks, not only based on their density but also on their
orientation. The resulting strain is anisotropic and can be demon-
strated with a set of balance equations.

To illustrate and help understand how point defects migrate to
different sinks thus producing strain one can construct a simple set
of balance equations. If it is assumed that the sink orientation is
biased for interstitial absorption following the DAD mechanism
according to the bias parameter (p) indicating preferential diffusion
in the basal plane, [163]. The dislocation bias for interstitials is
denoted by the parameter, b, based on the size-effect interaction
between dislocations and point defects [164]. The dislocation bias
will also be modified by the DAD bias due to the line orientation
[165] but for the sake of this treatment we will assume that any
additional effects due to anisotropic diffusion and line orientation
are subsumed into this dislocation bias term. The effect of stress can
be incorporated as a bias parameter (s) resulting from elastodiffu-
sion [166], if necessary. Themodel then becomes one for irradiation
growth by setting s¼ 0. For simplicity only the growth model will
be described here. Assuming that one is operating in a temperature
regime where recombination and vacancy emission is insignificant,
one can represent the net flux of interstitials and vacancies to sinks,
resulting in strain in the radial (R), transverse (T) and longitudinal
(L) directions of a given grain of dimensions dR,T,L by the following
expressions:

JR ¼
X
R

k2i :DiCi �
X
R

k2v :DvCv (4.11)
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X
T
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X
T
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X
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Summing all sink strengths for sinks (s) internal to the grains,
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where the contributions from the a- and c-type network disloca-
tions with densities ra and rc, and the dislocation loops, rN
(assumed neutral) to the total internal sink strength fromwhich the
grain boundary sink strength is derived [234] are assumed to be
independent of the grain boundary orientation.

For a grain that has the c-axis parallel with the radial direction
(Figs. 4e12) the sink strengths in the radial (R), transverse (T) and
longitudinal (L) directions are, respectively:
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rN
3
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rN
3
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�
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	2 ¼ kv
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(4.15)



Fig. 4e12. Schematic diagram showing the possible combinations of grain shapes and crystallographic orientations in a cold-worked stress-relief annealed (SRA) material.
Specimen of Zr-2.5 Nb pressure tubing: TEM, TKD and texture taken from (Bickel, 2013).
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The results of this model, developed to describe irradiation
growth in Zr-2.5Nb pressure tubing [39], is shown in Figs. 4e6. This
model is similar to, but not as complex as, the model described in
Ref. [165]. Both models were developed for Zr-2.5Nb pressure
tubing but are generally applicable to all Zr-alloys. In the case of Zr-
2.5Nb pressure tubing the grain structure is important because the
grain dimensions are sub-micrometer and have sink strengths
comparable with the network dislocations. The best way to
construct a model to describe the behaviour is to use idealized
structures where grains are considered as rectangular prisms with
idealized orientations, as shown in Figs. 4e12. The relative contri-
butions from each idealized combination of grain shape and
orientation can be incorporated into the model based on the
Kearns’ texture parameters fR, fT, and fL. The output of the model
shows how grain dimensions affect the longitudinal irradiation
growth for different idealized textures [39], Figs. 4e13. The grain
aspect ratio becomes important when the grain dimensions are
small, i.e. when the grain sink strength becomes comparable with
the sink strength of network dislocations and dislocation loops. In
this example only one grain dimension has been altered (radial). In
practice it is the relative densities of all sinks of all types
(dislocations and surfaces) producing strains in different directions
that are taken into account.
4.2.2. Primary irradiation growth strain and grain interaction
stresses

The initial transient that is often observed in irradiation growth
is likely to be due to either the result of the formation of point
defect clusters such as dislocation loops (especially for annealed
materials) or relaxation of residual stresses. There is ample evi-
dence that the initial transient corresponds with the evolution of
the a-type loop structure, which increases rapidly at the beginning
of irradiation and then reaches a constant state after a fluence of
about 2� 1024 n.m�2, E> 1MeV. Perhaps the best example illus-
trating the primary growth transient for comes from the work of
Rogerson andMurgatroyd on annealed and cold-worked Zircaloy-2
irradiated at 353 K (80 �C) and 553 K (280 �C) in the DIDO reactor
[131]. Their results show that the transient is complete at low flu-
ences (<2� 1024 n.m�2) at both temperatures. The high tempera-
ture data, at the very least, are consistent with the saturation in a-
type dislocation density at a dose <2� 1024 n.m�2 for annealed
Zircaloy-4 irradiated at about 280 �C [184]. There is a longer dura-
tion evolution in c-component loop structure [184] that correlates
well with the long term secondary or “steady-state” irradiation
growth rate. Measurements on the strain from a-type loops
(~2� 10�4) that coincide with the primary growth transient in-
dicates that they can only contribute a small fraction of the
measured strain [229] even assuming that all the a-loops were
interstitial in nature. The strain from small clusters has been
modelled in Ref. [138] and also shows a small effect (<5� 10�4). For
these reasons many researchers focussed on studying the effect of
residual inter-granular stresses on the transient, primary growth.

At the time that DAD was introduced as a means of accounting
for the irradiation growth of Zr-alloys it was recognised that grain
interactions could have a significant modifying effect on irradiation
growth. Experimental evidence indicated that inter-granular
stresses introduced by thermo-mechanical treatment had a pro-
found effect on the initial irradiation growth of Zr-alloys
[18,219,223,224]. Models based on stress relaxation of inter-
granular stresses were developed to account for the transients in
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Fig. 4e13. Atom fractional flux (strain) to sinks in the longitudinal direction as a function of radial grain dimension in mm. Grain dimensions fixed by aspect ratio (AR) in the radial,
transverse and longitudinal directions (R,T,L). Plot shows two cases for which R varies and T¼ L¼ 3 mm: (i) radial c-axis grain (dashed black lines); (ii) transverse c-axis grain (solid
blue lines). Cold-worked structure, ra¼ 4� 1014 and rc¼ 1� 1014. Assumes 1% damage efficiency.
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irradiation growth in both cold-worked and annealed materials
[223,224]. Ostensibly, such models could account for the very long
transients in irradiation growth (between 5 and 10� 1025 n.m�2)
observed during low temperature irradiations in ATR [18].
Although the prior thermo-mechanical treatment had a profound
effect on themagnitude and sign of the initial transient strain, there
is no indication that the duration of the transient is in any way
affected by residual inter-granular stresses, being the same for
annealed, cold-worked and stress-relieved materials. In other data
[236,237] showed that the irradiation growth of Zr-0.1Sn and Zr-
1.5Sn alloys irradiated in DIDO exhibited transients that were up
to an order of magnitude shorter than the Zircaloy-2 material
irradiated in ATR. The shorter transient corresponded with the
lower radiation damage rates in DIDO indicating that the transient
may be time dependent and therefore a thermal creep phenome-
non. Irradiation growth transients at any temperature are typically
<0.1% strain [18] and are therefore not a significant contributors to
irradiation growth in Zr-alloys at high fluences.

It has long been known that inter-granular stresses introduced
by thermal cycling give rise to deformation of Zr in the absence of
an applied external stress [238]. Relaxation of inter-granular
stresses introduced by thermo-mechanical treatment at the start
of irradiation is therefore hardly surprising. Whereas the relaxation
by creep of the inter-granular stresses seemed to be the best and
most appropriate method of accounting for the initial strain tran-
sients observed in irradiated materials, it is not certain that the
steady-state growth behaviour is significantly affected by interac-
tion stresses induced by the irradiation growth differential be-
tween neighbouring grains. Differences in strain rate between
adjacent grains in any given direction may be expected to be
manifested as an interaction stress. However, the magnitude of
such stresses will be limited by the feedback that would exist
affecting the strain rate of individual grains.

Once the material has hardened and the material exhibits
pseudo-steady-state growth (because the c-component dislocation
structure may still be evolving) one can hypothesise that the
intrinsic diffusional behaviour of the material, governed by DAD, is
modified by grain interaction stresses. This extrinsic diffusion
anisotropy could have a noticeable modifying effect on the irradi-
ation growth magnitude and anisotropy. The driving force for the
irradiation growth process is still diffusional mass transport, and
one can expect that the irradiation growth will be qualitatively
similar to the case where the grains are assumed to deform inde-
pendently; the so-called lower-bound case [189,190,239,265]. In
the assessment of the effects of inter-granular stresses Woo
concluded that the growth anisotropy is reduced by about 20%
[189,190]. Woo's model assumes that the creep relaxation of inter-
granular stresses is by dislocation slip. However, any slip will be
exhausted eventually and is unlikely to play a major role in modi-
fying the long-term, post-transient growth behaviour.

Existing irradiation growth models incorporating grain bound-
ary sinks [39,58,165,188,233,240,240] do not include the effect of
grain interaction stresses. Also many cases of irradiation growth
involve annealedmaterial and accelerated growth in cases where c-
component loops are formed. In such circumstances one cannot
invoke creep due to dislocation slip as a mechanism to modify the
growth because there are no network dislocations to slip; the c-
component loops are also sessile. Even in cold-workedmaterial slip
of cþa screw dislocations is likely to be suppressed due to climb,
the c-component network is also mostly sessile [241]. The reader is
reminded that irradiation enhancement of slip or stress-induced
climb and glide can only apply to pure edge dislocations. Screw
dislocations are simply locked by absorption of point defects. Also,
unlike dislocations created by shear, prismatic dislocation loops do
not add to the strain by glide. The only influence that gliding
dislocation loops can have on the strain exhibited by an irradiated
material is by their removal from the matrix, thus creating more
space for new loop evolution from point defect clustering and
climb.

It is a common misconception that gliding dislocation loops can
contribute to creep strain through slip on their glide cylinders. Once
a loop has formed the strain is manifested in the material and any
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slip toward the edge of the grain or surface simply concentrates the
strain over a smaller area. There is no change in the overall bulk
strain. Also, many c-component dislocations exist in sessile junc-
tions [241] and any climb of glissile c-component screw disloca-
tions inhibits their glide [97,172,184,185]. In the absence of any
conceivable slip mechanism to relax the stresses when climb is the
main strain producing step, the growth behaviour is best described
using a rate theory approach. Grain interaction stresses will modify
the growth strain but a lower bound estimate of the strain
(assuming no grain interaction stresses) is likely to be sufficient to
explore the effects of material variables using rate theory models.
This is especially true for annealed materials exhibiting accelerated
growth due to c-component loop formation at high fluences when
the relaxation mechanism is unlikely to involve dislocation slip.

5. Mechanisms of irradiation creep

Zirconium alloys are unique in comparison to most other engi-
neering alloys in that they deform anisotropically during irradia-
tion in the absence of an applied stress. An applied stress modifies
the deformation and the response is now described as irradiation
creep.

5.1. Review of mechanisms

5.1.1. Historical perspective
The history of the development of irradiation creep concepts

until 1984 has been described and discussed in detail in Ref. [30].
Figs. 5e1 is a reproduction of the timeline given by Franklin et al.
that describes the evolution of the main irradiation creep concepts
up until 1980. The main contributors to the evolution in modelling
Fig. 5e1. Evolution of irradiation creep concepts up
irradiation creep deformation of zirconium alloys up to that time
were Dollins, Gittus, Schoek, Hesketh, Mosedale, Piercy and Nichols
[201,242e259]. More recent reviews of irradiation creep mecha-
nisms in Refs. [225,260] indicates how mechanistic understanding
has evolved. Stress induced preferred nucleation (SIPN) and Stress
induced preferred absorption (SIPA) have been largely dismissed as
major contributors to irradiation creep [91,165,239], leaving stress
induced climb and glide (SICG) and simple mass transport as the
more prominent mechanisms in recent years. Whereas stress-
induced climb and glide was the mainstay of earlier modelling ef-
forts on creep, a straightforward effect of stress on the diffusion
tensor [165,167]) is probably more realistic, especially given the
large amount of evidence in recent years showing the large effect
that grain structure has on irradiation creep when the grain sink
strengths are large [58,107,108,233,261]. That diffusion plays a
major role in irradiation creep is hardly surprising when one con-
siders that the stress exponent is 1 (see section 2).

One of the central tenets of irradiation deformation that has
existed throughout the history of the study of dimensional stability
of Zr-alloys is that irradiation creep and growth are separate and
additive [17,216,217]. This is an assumption that is a reasonable
simplification to distinguish between the deformation that is
observed with and without applied stress. However, the assump-
tion can only be correct if the mechanisms of creep and growth are
separate and do not interfere with one another. Many theories of
irradiation creep of Zr-alloys presume that the strain step is from
the glide of network dislocations [93,216,247,255]. More recent
data are showing that the mechanisms of irradiation creep include
the direct accumulation of strain from diffusional mass transport as
well as dislocation glide, the relative proportion of each being
dependent on the neutron flux, fluence and irradiation
until 1980, modified from Franklin et al., [30].
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temperature [61,97,233,262]. Irradiation creep has a different
anisotropy to thermal creep occurring by dislocation slip. The dif-
ference in anisotropy response to a given stress state is probably
because irradiation creep and thermal creep are dominated by
different mechanisms. Whereas thermal creep in the temperature
and stress ranges of interest is clearly dependent on dislocation slip,
there is strong evidence that irradiation suppresses dislocation slip
[61,97,233,262]. Although the stress-induced climb and glide
mechanism assumes that climb of dislocations over obstacles more
than compensates for the hardening effect of irradiation, there are
few data to indicate whether this is the dominant mechanism in
most power reactor conditions. At low fluences, high temperatures
or high stresses onemight expect slip to be dominant. In the reactor
core, one must assume that dislocation slip and diffusional mass
transport are both potential mechanisms for irradiation creep, the
important question is how much of each contributes to the
observed strain and under what circumstances. Clearly at the
beginning of irradiation one can expect thermal creep to start out
the same as in the laboratory for unirradiated material, quickly
transitioning to secondary irradiation creep as thematerial hardens
from the accumulation of radiation damage. Likewise, with
increasing temperature the material is increasingly less influenced
by the effects of irradiation and more of a contribution to the creep
strain due to thermal creep by dislocation slip can be expected,
unless the temperature is so high that other diffusional creep
mechanisms start to be important. In the middle ground, where
most reactors operate, it is difficult to determine exactly what
mechanisms are operating. However, one can infer which mecha-
nisms are the most applicable from the data in many cases.

Irradiation creep has a different anisotropy to thermal creep due
to dislocation slip and this is likely due to the effect of stress on the
intrinsic anisotropic diffusion of irradiation-induced point defects,
the effect of so-called elasto-diffusion [166]. Once one incorporates
the effect of stress on mass transport one effectively links the
processes of irradiation creep and growth, the transition from
growth to creep being a continuous evolution as a function of stress
[61]. It could be argued that the mechanisms of irradiation creep
are applicable to deformation even in the absence of an applied
stress due to: (i) the grain interaction stresses that exist from
fabrication, (ii) stresses that are induced by the intrinsic irradiation
growth in individual grain of a textured poly-crystal. However,
especially for high irradiation growth rates, the irradiation defor-
mation in the absence of an applied stress can be understood
simply based on the intrinsic deformation of the material (irradi-
ation growth). Irradiation creep then represents the extrinsic effect
of the applied stress on the growth behaviour.

Up until the 1980's most irradiation creep models were centred
on dislocations or dislocation loops and the associated in-
homogeneity interactions between dislocations and point defects.
Grain boundaries were largely assumed to be neutral sinks. Since
that time concepts such as anisotropic diffusion [163] and elasto-
diffusion [166] have provided the means to treat grain boundaries
as biased sinks, the bias being due to their orientation relative to
the crystal structure of the grain or the imposed stress tensor. For
the most part mechanistic modelling has focussed on the steady-
state irradiation creep because over long periods of reactor opera-
tion this is the main strain producing component of in-reactor
deformation. However, under some circumstances (creep during
power transients and stress relaxation) the primary creep strain is
important also. Most of the theoretical work relating to transient
behaviour has been directed at the transients for irradiation
growth. In many cases primary irradiation growth has been
attributed to the relaxation of inter-granular stresses and, as such,
is a creep mechanism. It is noteworthy that primary creep is not
detectable in high flux irradiations of cold-worked material, but is
observable in zero or low flux irradiations [61]. The creep models
developed to address primary irradiation growth due to inter-
granular stress relaxation have been discussed in Section 4.2.2.
They are based largely, and justifiably, on dislocation slip because
the deformation is often occurring in the early stages of irradiation
before the material has hardened appreciably. Other than the
application to primary irradiation growth there has been little
theoretical work addressing mechanisms of primary irradiation
creep other than by treating the creep by conventional (slip-based)
modelling. Before addressing the mechanisms and modelling of
steady-state irradiation creep, primary irradiation creep will be
discussed briefly.

5.1.2. Primary irradiation creep
Primary irradiation creep is important for stress relaxation

(discussed in Section 4.2.2) and in power transients affecting the
interaction of fuel cladding with fuel described in Section 2. Models
addressing fuel cladding creep have been largely empirical and
have been discussed extensively by Garzarolli in Ref. [24] and
Patterson in Ref. [39]. Mechanistically, one of the more interesting
observations to do with primary creep in the past twenty years
involves the work on the effect of sulphur first reported by Soniak
et al., [23]. Soniak et al. demonstrated that the primary irradiation
creep of Zre1Nb M5 cladding was sensitive to the presence of as
little as 10 ppm sulphur. Soniak showed how the sulphur effect on
primary creep was consistent with the effect of sulphur in reducing
thermal creep laboratory tests [148]. It is noteworthy that Soniak
et al.’s data showed that only primary creep was affected with little
apparent effect on steady state creep behaviour (Figs. 5e2). Later,
data presented by Rebeyrolle et al. [104], seemed to indicate that
both primary and secondary creep rates were affected by sulphur.
However, examination of Rebeyrolle's in-reactor creep data, which
were plotted as a function of time, shows that it is likely the same
data as that presented by Soniak et al., plotted as a function of fast
neutron fluence, with some adjustments in the strain values.
Rebeyrolle et al. [104], showed that the steady-state creep rate of
the low sulphur material was higher than the high sulphurmaterial
(containing 10wt ppm S). However, Rebeyrolle et al. fitted their
trend lines by including the strain point at zero time. Whereas this
fit would not affect the slope when there is no transient, as in the
case of the high S material, fitting in this way introduces a bias in
the slope when there is a substantial transient, as in the case of the
low S material. Considering that the transient will interfere with
the steady-state strain rate calculated in this way, the best one can
do is to compare rates as far away as possible from the transient.
Rebeyrolle's data are re-produced in Figs. 5e3. It is clear that, long
after the transient has ended, the slopes of the creep curve are very
similar for low S and high S materials (Figs. 5e3) and are consistent
with the data of Soniak et al. (Figs. 5e2), showing similar rates of
steady-state creep for high and low sulphur material.

The French work demonstrated two important things: (i) that
sulphur is an important element in reducing primary creep; (ii) that
the effect of sulphur is not apparent in the steady-state irradiation
creep regime. One can understand this behaviour if one assumes
that primary creep is governed by dislocation slip. The effect of
sulphur appears to be one where it segregates to dislocation cores
and thus reduces dislocation mobility, which is apparent in labo-
ratory tests and also during primary creep. One can understand
these results if one considers that primary creep likely represents
the thermal creep behaviour of a given material and is governed by
dislocation slip. As the material hardens from the accumulation of
radiation damage the slip-based creep is suppressed and there is
then a transition to the secondary irradiation creep regime. In
steady-state irradiation creep there is little apparent effect of
sulphur and which probably supports the conclusion that



Figs. 5e3. Irradiation creep of low suplur (LS) and M5 alloy (containing 10wt ppm S) from Rebeyrolle et al., [104].

Fig. 5e2. Irradiation creep of low suplur (LS) and M5 alloy (containing 10wt ppm S) from Soniak et al., [23].
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irradiation creep in the steady-state is not governed by dislocation
slip.

The effect of accumulated dose on the transition to lower
steady-state creep rates was also addressed in Soniak's report [23].
In that case the attention was on the effect of high dose irradiation
on thermal creep at high temperatures (350 �C) and stresses
(445MPa) during dry storage. Soniak's results showed that the
hardening effect of irradiation on post-irradiation thermal creep
persisted up until fluences of about 9� 1025 n.m�2 for PWR fuel
cladding (cold-worked and stress-relief annealed material). The
strong creep suppression has been attributed to high density of
irradiation defects that harden the material [263], Figs. 2e12. At
temperatures in the range of 560 Ke580 K (287 �Ce307 �C), the a-
type loop structure saturates at low fluences (<2� 1024 n.m�2)
[184], but the c-component loop structure evolves over a much
larger dose range and is very apparent for cold-worked material,
Figs. 5e4. The thermal creep hardening behaviour reported by
Soniak et al. [23], extending to high fluences is likely because of the
effect of the higher irradiation temperature (350 �C) on the evolu-
tion of the a-type loop structure or c-component loop structure, or
both.

The creep rate is dependent on the microstructure of the
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Fig. 5e4. (a) Variation in integral breadths as a function of fast neutron fluence (E > 1MeV) for Zircaloy-4 guide tubes irradiated at 560e580 K (287 �Ce307 �C). The prism line
breadths reflect changes in the a-type loop density and the basal line breadths reflect changes in the c-component loop density; (b) Variation in basal line broadening as a function
of neutron fluence at about 570 K (300 �C)for annealed Zircaloy-4 guide tubes and cold-worked Zircaloy-2 pressure tubes (similar to SRA fuel cladding).
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material and the creep rate therefore varies as the microstructure
evolves. The effect of dislocation loops, both by inhibiting glide and
as sinks for point defects, is an obvious factor to consider but in
addition there are hardening effects that are not restricted to
dislocation loop evolution, at least any observable or detectable
dislocation loop evolution [97,262]. Plotted as a function of time, a
range of different creep curves are observed for different neutron
fluxes (Figs. 2e20). A high primary creep strain rate is observed in
each case that then changes into a slower pseudo-steady-state rate
after an irradiation time of a few thousand hours. The transition
from the high primary rate to lower secondary rate is a function of
both the fast neutron flux and fluence. The secondary rate is a
minimum for a flux of about 2� 1015 n.m�2.s�1 and shows up as a
creep suppression region just outside of the reactor core where the
flux is dropping rapidly (Figs. 5e5). At lower fluxes the creep rate
begins to rise again until it approaches thermal behaviour when the
flux is too low to have any affect [97,262]. The secondary rate is
lower but not constant and changes as the microstructure evolves.
A plot of the creep rate per neutron fluence against fluence for
different neutron fluxes illustrates how the irradiation creep
response changes as a function of flux and also fluence (Figs. 5e6).
The irradiation creep rate is constantly changing as a function of
fluence until a fluence where the microstructure has achieved a
steady-state condition (about 2� 1024 n.m�2 in this case). When
the a-type loop structure has reached a steady-state condition the
creep rate per neutron fluence approaches a minimum value
(Figs. 5e7). This rate still corresponds to a high creep rate as a
function of time.

It is clear that the primary creep strain is complex. Early on there
are at least two possibilities. The creep rate per unit time at rela-
tively low neutron fluxes is suppressed for fluences before there is
any visible detectable effect of the irradiation on themicrostructure
[97,262]. One can only assume that the hardening effect is related to
either small sub-microscopic clusters, or helical climb of the screw
components of the network dislocations, or both. Also the strain
rate per unit fluence is high at low fluences and drops to a steady-
state value at fluences corresponding to the saturation in the a-type
dislocation loop evolution (by about 2� 1024 n.m�2). This next
stage of creep is itself not necessarily constant but changes to a
lower rate as the c-component dislocation structure evolves. The
changes that are observed as a function of fast neutron flux and
fluence can be understood in terms of the suppression of thermal
creep (dislocation slip) and a transition to a different creep mech-
anism, one governed by diffusional mass transport.
5.1.3. Secondary steady-state irradiation creep
The main mechanism that has been considered in the past to

explain the steady-state irradiation creep of cold-worked materials
such as Zr-2.5Nb pressure tubing is stress-induced climb and glide
(SICG). A number of the early models included this mechanism
implicitly to account for irradiation creep, i.e. it was the dislocation
density structure and the anisotropy of dislocation slip, albeit
possibly modified during irradiation, that governed the creep
process [46,91,192,239,264,265]. In more recent years data have
increasingly been accumulated indicating that grain boundary
sinks are very important, especially when the grain dimensions are
sub-micrometer. A weak dependence on dislocation density has
been known for some time [102]. More recent analyses have shown
that the dependence is either weak or even negative depending on
the strain direction [58,233], Figs. 5e8. One recent study shows that
the amount of cold-work can have a pronounced effect on irradi-
ation creep, there being higher rates of diametral creep exhibited
by Zr-2.5Nb creep capsules cold-worked to 27% compared with 12%
[61]. This observation would imply that there is a positive depen-
dence of irradiation creep on dislocation density in those cases. The
data correspond to low fluences where thermal creep by slip may
be operating. The data also show that at the lowest temperature
tested (280 �C) the difference in steady-state creep rate between
12% and 27% cold-work materials disappears with increasing flu-
ence (see Section 5.3) and can be attributed to the hardening effect
of irradiation damage by impeding dislocation slip. The creep rate
and creep mechanism is constantly evolving as discussed in section
5.1.2. One can still identify pseudo-stages in behaviour. For most
observations there is a high strain rate (as a function of time)
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Fig. 5e5. Diametral strain rates for Zr-2.5Nb pressure tube assembly 50206 irradiated in NRU at 280�C-300 �C. The creep suppression zones that occur at neutron fluxes of about
2� 1015 n.m�2.s�1 are circled.

Fig. 5e6. Diametral strain for Zr-2.5Nb pressure tube assembly 50206 in the vicinity of the creep suppression zone at the outlet (300 �C). The strain data correspond to diameter
gaugings between 170 and 51570 h of operation. Each curve corresponds to a different neutron flux, given in the legend in units of 1015 n.m�2.s�1.
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primary stage that is complete after about 3000 h, i.e. primary
thermal creep. The time for this stage appears to be insensitive to
neutron flux <1017 n.m�2 and is manifested as an almost instan-
taneous jump in strain at the beginning of irradiation. This tran-
sient appears to be non-existent at high fluxes (see, for example,
strain per unit time for OSIRIS in Figs. 2e13) and this is presumably
because the high damage rate quickly suppresses the thermal creep
at high neutron fluxes. Note that the axial laboratory test data for
unirradiated and pre-irradiated material were initially negative
indicating a problem with the measurement and the apparent
offset appeared to be an artefact.

The second stage involves slowing down of the creep as the
dislocation loop density increases and is more-or-less complete
when the a-loops have stopped evolving at a fluence of about 1024

n.m�2, except any continued evolution of the c-component
microstructure will also have an effect on the creep rate per unit
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Fig. 5e7. Diametral strain rates per unit neutron fluence for Zr-2.5Nb pressure tube assembly 50206 in the vicinity of the creep suppression zone at the outlet (300 �C). The data
correspond to diameter gaugings between 170 and 51570 h of operation. Each curve corresponds to a different neutron flux, given in the legend in units of n.m�2.s�1.

Fig. 5e8. Creep compliance of cold-worked Zr-2.5Nb creep capsules normalized to a
temperature of 585 K and a texture of fR¼ 0.4 versus % cold-work [58].

Fig. 5e9. Axial and diametral creep rates for 12% and 27% cold-worked pressurised
creep capsules irradiated in the NRU reactor at temperatures from 280 �C to 340 �C.
Data reported by DeAbreu et al. [61] for a fast neutron flux is 1.52e1.63� 1017

n.m�2.s�1 and a hoop stress ~125MPa and for fluences between about 1023 n.m�2 and
1025 n.m�2.
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fluence. The diametral and axial steady-state creep rate data from
pressurised creep capsules reported in Ref. [61] for the “high flux”
case, i.e. 2� 1017 n.m�2.s�1, are plotted in Figs. 5e9. One can see
that at low temperatures (280 �C) there is little apparent effect of
cold-work, but differences are readily apparent in the response for
diametral creep at higher temperatures (340 �C).

Comparing the NRU datawith those obtained from irradiation of
similar creep capsules in OSIRIS reactor at a much larger fast
neutron flux, i.e. about 2� 1018 n.m�2.s�1, the effect of temperature
and cold-work is very much the same. In OSIRIS the temperature
dependence of diametral creep is much stronger compared with
the axial creep (Figs. 2e38). In addition, the dependence of both
axial and diametral creep on cold-work is weak at an irradiation
temperature of 585 K, i.e. z310 �C (Figs. 5e9). This latter observa-
tion is consistent with earlier observations of aweak dependence of
creep on dislocation density [102,140]. If slip was a dominant
mechanism for irradiation creep one would expect that the creep
rate would at least be proportional to the dislocation density, but it
is not. Also, the fact that the creep anisotropy changes with tem-
perature, and there is only a weak dependence of creep on
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Fig. 5e10. . Diametral steady-state creep strain rates (s-1) for Zr-2.5Nb pressure tubing as a function of fast neutron flux irradiated in NRU, CANDU and Osiris reactors. All rates
compared at 285 �C and a hoop stress between about 120 and 130MPa. The solid line is the result of a power law fit for flux > 3� 1015 n$m-2$s-1. The plots are shown as (a) linear-
linear and (b) log to illustrate the non-linear nature of the creep rate as a function of fast neutron flux [61].

Fig. 5e11. Strain response surface for irradiation creep based on anisotropy parame-
ters, F, G and H corresponding with the average of the front and back ends of Zr-2.5Nb
pressure tubes taken from Christodoulou et al. and DeAbreu et al., [46,61].
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dislocation density, implies that dislocation slip is not a dominant
strain producing mechanism at temperatures of about 310 �C in
OSIRIS. The strong effect of temperature on diametral creep, as
opposed to axial creep, is an indication that the temperature
dependence of irradiation creep is anisotropic. This anisotropy and
temperature dependence of creep could best be explained if the
effect of stress on point defect diffusion, elasto-diffusion, was also
temperature dependent just as the positive temperature depen-
dence of DAD could account for the effect of temperature in
reducing axial irradiation growth in the case of pressure tubing (see
Figs. 4e6). It is worth reminding the reader that irradiation creep
models based on slip assume that the creep deformation anisotropy
does not change with temperature [46].

It could be argued that the negative temperature dependence of
irradiation growth [142,188] is consistent with the positive tem-
perature dependence of diametral creep; the high transverse basal
texture would mean that lower growth (less negative strain) would
result in more positive diametral strain at higher temperatures.
Such an effect would also show up in the axial direction and there is
no evidence that there is a strong effect of temperature on axial
creep (Figs. 2e38). Elasto-diffusion may increase with increasing
temperature because the elastic modulus decreases and is in the
denominator of the expression for elasto-diffusion [166], but there
have been no studies on the stress sensitivity due to this effect. The
weak dependence on temperature for axial strain of creep capsules
is consistent with the temperature dependency for irradiation
creep exhibited by stress relaxation specimens from Zr-2.5Nb
pressure tubing between 280 �C and 340 �C [266]. Normally irra-
diation processes in the sink-dominated regime should be inde-
pendent of temperature (provided the microstructure is constant).
When the microstructure is constant (unaffected by temperature)
one might consider that temperature dependencies for irradiation
processes are an indication of transiting from a recombination to
sink-dominated regime [39]. This mechanismwould be particularly
true at low temperatures (<300 �C) while at higher temperatures
(>300 �C) one could anticipate other thermal process, i.e. disloca-
tion slip, to be dominant. All the evidence indicates that the va-
cancy migration energy is too low in Zr-alloys for point defect
recombination to have an effect on the temperature dependence of
creep [61]. It is more likely that the temperature affects the radia-
tion damage density, which has an effect both on dislocation slip
andmass transport because of a changing sink density. Even if there
were equal numbers of vacancy and interstitial dislocation loops
and they were, in effect, neutral sinks, a higher density of a-type
loops at lower temperatures would effectively enhance recombi-
nation by annihilating more interstitial and vacancy point defects.
Also, any effect of temperature on the evolution of the c-component
loop structure, coming from helical climb on network dislocations
even at low doses [186], would alter the point defect balance and
the observed creep. For the samples corresponding with Figs. 5e10
and 5-11, further work to measure and compare the a-type and c-
type radiation damage density is required to understand why the
irradiation creep anisotropy changes with temperatures.

The role of dislocations, either as sinks resulting in climb, or as
vehicles for glide deformation, remains somewhat ambiguous in
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the context of irradiation creep. The fact that there is a weak
dependence of irradiation creep on dislocation density [58,102,140]
implies that dislocation slip cannot be the main strain-producing
mechanism, as it is in thermal creep. One could argue that irradi-
ation suppresses dislocation slip, evenwhen the point defect flux is
elevated to enhance climb over obstacles to glide. Logically the
glide motion of screw dislocations, in particular, can only be sup-
pressed by irradiationwith no chance for enhancement by climb. In
fact, only perfect edge dislocations can be candidates for an
enhanced climb and glide process, so it is hardly surprising that
evidence for slip-based deformation during irradiation is weak.
Moreover, for cold-worked Zr-2.5Nb pressure tubing with a strong
basal texture in the hoop direction, the slip systems that must
operate to produce the observed strain are cþa on pyramidal
planes, i.e. <1123>{1011}, [91]. Most c-component dislocations in
Zr-2.5Nb pressure tubing are either locked in sessile junctions or in
a screw orientation, neither of which is conducive to slip during
irradiation [241]. In addition, post-irradiation annealing shows that
the original dislocation network structure is retained after high
doses in ex-service pressure tubing [267]. Any slip-based defor-
mation is unlikely to have occurred from the glide of existing dis-
locations, otherwise the network dislocation density would be seen
to reduce with creep during irradiation. Any slip-based deforma-
tion will exhaust the dislocation structure eventually. In sub-
micrometre grain size pressure tubing the distance that a disloca-
tion can travel before encountering a grain boundary and therefore
ceasing to participate in the strain producing process, even if
mobility was possible, is< 1 mm. For the c-component dislocation
densities present in pressure tubing (z1� 1014m�2), diametral
strains <0.5% only are possible if all the dislocations slipped as far as
they could. The fact that non-saturating strains up to 5% have been
observed in many pressure tubes is a good indication that dislo-
cation slip is not the dominant mechanism contributing to the
irradiation creep in those cases. Unless irradiation creep involves
the creation of dislocations by yielding (as proposed by Hesketh,
[268]), one has to conclude that irradiation creep occurs primarily
by mass transport. Creep models that are based on dislocation slip
are still valid under certain circumstances, e.g. during primary
creep before radiation hardening has suppressed slip or when the
temperature is high and the radiation damage density is low, or at
high stresses when yielding occurs thus clearing out the radiation
damage [263].
5.2. Modelling of irradiation creep

Creep can be divided into two categories: (i) high stress creep,
involving yielding and a stress exponent >1; (ii) low stress creep,
with no yielding and a stress exponent of 1, or close to 1. Irradiation
creep is typically applied to the deformation of components in
nuclear reactors at low operating stresses, and occurring over long
time scales, months and years. The mechanisms and modelling of
irradiation creep will therefore be restricted to considering low
stress creep, i.e. the non-yielding case, except in those cases where
modellers have speculated that localised (intra-granular) stresses
could exceed the yield stress even when the macroscopic applied
stress was below the yield point. This review is restricted to power
reactor components during normal operation so high stress creep
involving yielding (generation of new dislocations) is not
considered.

There are two ways in which anisotropic irradiation creep in Zr-
alloys can be addressed: empirically and mechanistically. There are
also, so-called, semi-empirical models where some mechanistic
reasoning is applied to construct an equation combining different
mechanisms [93].
f 00ðM; F; TÞ
5.2.1. Empirical models of irradiation creep
Many in-reactor creep models assume that long-term, steady-

state plastic deformation consists of separable, additive compo-
nents from thermal creep, irradiation creep and irradiation growth.
The deformation behaviour can be described empirically by,

_εd ¼ _ε
thermal creep
d þ _εd¼ _ε

irrad0n creep
d þ _ε

irrad0n growth
d

f ðM; s; TÞ f 0ðM; s;F; TÞ f 00ðM; F; TÞ
(5.1)

where f, f’ and f’’ are functions of the material and operating con-
ditions. The operating conditions are stress (s) temperature (T) and
neutron flux (F). The response to these external constraints is
dependent on the material or microstructure (M), which is
dependent on fabrication and irradiation history.

With this assumption the role of irradiation growth can be
separated from creep by evaluating strain data at zero stress. The
thermal, in-reactor, creep contribution is that of an irradiated ma-
terial subjected to a neutron flux and will differ from the creep
behaviour of either unirradiated or pre-irradiated material tested
out of flux. Assuming that the out-reactor creep of pre-irradiated
material represents the in-reactor thermal creep contribution, at
power reactor temperatures (below 350 �C) the contribution is
small, at least for the moderate stresses of interest for long time
behaviour of fuel components and pressure tubes [97,262]. Thermal
creep at such low temperatures is often assumed to be dominated
by dislocation slip. If irradiation creep is also dictated by dislocation
slip it is reasonable to assume that irradiation creep is simply
enhanced thermal creep. There are no data to show that irradiation
and thermal creep are governed by the same physical mechanism,
although elements of thermal creep, i.e. dislocation glide, do seem
to be operating at lower neutron fluxes and fluences and high
temperatures [61]. From this perspective primary creep may be
regarded as the transition from thermal creep of unirradiated
material to irradiation creep of irradiated material as the material
hardens due to radiation damage at the beginning of irradiation.
The transition from thermal to steady-state irradiation creep is
often represented as an offset (or intercept) strain at time zero in
empirical models. Irrespective of whether irradiation creep is
determined by dislocation slip, or mass transport, or a combination
of both, it is not possible to differentiate between thermal and
irradiation creep in the analysis of the in-reactor creep data in the
temperature range from 60 �C to 400 �C unless one has already
assumed the value of one or other from a mechanistic model. Thus,
empirical models for steady-state in-reactor creep implicitly
contain the combined effect of irradiation and thermal creep, the
latter being subsumed into the former.

The time (t) dependency of irradiation creep deformation in a
neutron flux (4) at stresses below yield stress (ε) is usually
described by a primary strain (ε0) and a steady state creep rate _ε (dε/
dt):

ε¼ _ε,dt þ ε0 (5.2)

The other concept to describe the time dependency of creep
deformation is a power law:

εz tk or εzð4,tÞk (5.3)

The creep mechanisms have been reviewed by Franklin et al.
[30], Matthew & Finnis [260], Holt [93], Adamson et al. [24] and
Murty, [269].

From a functional perspective, the steady-state strain rate in a
direction (d) due to irradiation creep has been expressed by
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relationships of the form Luscher & Geelhood [213],

_εd¼A,f ðTÞ,sn,4p (5.4)

where, A¼ creep rate coefficient (dependent on factors such as
material composition, metallurgical state and orientation),
f(T)¼weak function of temperature (0.72e1.47 for 300e350 �C),
n¼ stress exponent (1.0), p¼ flux exponent (0.85), and s is the
effective stress. This form is analogous to the conventional ex-
pressions for plastic flow when the effective stress is based on a
yield criterion and the direction of strain is dictated by the normal
to the yield surface in a conventional tensor representation of the
creep compliance.

Simple models such as that described above have been devel-
oped for fuel cladding applications. More complicated models have
been developed to apply to the large range of stress states, neutron
fluxes and temperatures that apply to pressure tubing in CANDU
reactors. The model proposed in Ref. [46] is semi-empirical in that
there are some parameters (the compliance tensor for example)
that are derived from a mechanistic base. Primary creep is empir-
ically derived to best match available data and it is assumed that
there are three components to the steady-state creep rate, as out-
lined in Equation (5.1). The thermal creep component (Equation
(5.5)) is that which applies to radiation hardened material in the
creep suppression zone for the pressure tube [61]. Creep suppres-
sion is observed at very low fast neutron fluxes (between 1014 and
1016 n.m�2.s�1, E> 1MeV) at the edges of the reactor core [97,262].
In this flux range the diametral creep rate as a function of time is an
order of magnitude lower than either out-reactor creep of unirra-
diated material, or in-reactor creep of the same material.

_ε
thermal creep
d ¼

h
K1C

d
1s1þK2C

d
2s

2
2

i
expð�Q1=TÞ

þ K3C
d
1s1 expð�Q3=TÞ (5.5)

The parameters K and Q are based on best fits to available data.
The anisotropy factors are different for each direction, d, denoting
directionality; si are effective stresses for thermal creep.

The irradiation creep component (Equations (5) and (6)) is given
by an expression similar in form to Equations (5e4) derived for fuel
cladding. The creep anisotropy factor, C1

d (x), varies as a function of
axial location in response to changes in the texture. An additional
axial correction factor, K4(x), is added to account for non-texture
dependent effects that affect the creep along the pressure tube.

_ε
irrad0n creep
d ¼KcK4ðxÞCd1xÞsðxÞ4½expð�Q4=TÞ þ K5� (5.6)

The irradiation growth component (Equations (5e7)) is given by
an expression similar to Equations (5) and (6), except for the
absence of a stress term. The growth anisotropy factor, K6(x,4t), is a
function of axial location and fluence to take into account changes
in the microstructure during irradiation that are believed to affect
growth but not creep.

_εirrad
0n growth

d ¼ KgK6ðx;4tÞ4expð�Q6=TÞ (5.7)

This model appears complicated and includes parameters
derived from many different sources, but ultimately it is adjusted
using empirical parameters to fit available experimental data for
the direction of interest. It should therefore be considered empir-
ical. Despite its complexity the model does not attempt to account
for the non-linear flux dependence of irradiation creep; the flux
dependence is assumed to be linear. Themodel output as a function
of fast neutron flux has been compared with recent measurements
[61]. Figs. 5e10 shows the model output compared with mea-
surements as a function of fast neutron flux for a narrow range of
parameters applicable to CANDU reactor operation. There is a
minimum in the data corresponding to the creep suppression
observed for neutron fluxes between 1015 and 1016 n.m�2,
E> 1MeV, [97,262]. It is clear that the model does not predict the
creep rate well at high and low fluxes but gives reasonable agree-
ment for fluxes of about 3� 1017 n.m�2, i.e. corresponding to the
main body of pressure tube for CANDU reactor operation. The
model is therefore adequate for applications to pressure tubing at
fluxes of about 3� 1017 n.m�2. Another area where recent data are
showing disagreement is in the prediction of anisotropy. The model
anisotropy was validated against creep data mostly coming from
creep capsules in the Osiris reactor, see Fig. 13 in Ref. [92]. In the
model the irradiation creep anisotropy is independent of temper-
ature. The model predicts that the ratio of axial to transverse irra-
diation creep rates (compliance) for a CANDU pressure tube with
Kearns texture parameters, fT-fRz 0.25e0.3, is about 1. For the
Osiris creep capsules, fT-fR z 0.23, the ratio was about 0.6 at 280 �C
and 0.7 at 310 �C. However, for similar creep capsules, 27% cold-
worked material with fT-fR z 0.21e0.26 and irradiated in NRU at
125MPa, the ratio of axial to transverse creep rates is ~0.3 at 280 �C,
dropping toz0.1 at temperatures 340 �C [61], see Figs. 5e9. Part of
the discrepancy may arise because of the inability to separate
thermal creep from irradiation creep. The model assumes that both
contribute, but in the assessment [92], it is assumed that irradiation
creep is dominant.Whereas this assumption is reasonable for Osiris
data, it is not clear how the CANDU pressure tube data cited in
Ref. [92] could possibly be included in the same validation plot. The
ratio of the creep compliance reported is about 1 (equal diametral
and axial strain rates) and refers to another paper [45]. But in that
paper, the only tabulated ratio that is close to 1 is the axial/
maximum diametral strain rates for full length pressure tubes for a
flux of 3.6� 1017 n.m�2.s�1, a stress of 120MPa and a temperature
varying from 239 �C (inlet) to 311 �C (outlet). The axial creep rate is
the average over the length of the fuel channel and the maximum
diametral creep rate corresponds to that (unspecified) location
where the combined effect of flux, temperature and material
properties gives the maximum creep rate.

The Zr-2.5Nb pressure tubes of a CANDU reactor have a length of
about 6m, an inner diameter of 104mm and a wall thickness of
4.2mm. During service, they operate with fast-neutron fluxes up to
about 4� 1017 n∙m�2∙s�1 (E> 1MeV), with coolant temperatures
between 250 �C and 310 �C and coolant pressures up to 11.5MPa,
resulting in initial hoop stresses of about 140MPa. The tubes expand
subject to the stress, fast neutron flux, temperature and variable
material creep rate, all ofwhich varyalong the length of the pressure
tubes [94,270]. A large amount of gauging data are available for in-
service Zr-2.5Nb pressure tubing and can be correlated with
microstructural data frompressure tube offcutswith the application
of a suitable normalisationmodel for the operating conditions [271].
The application of an empirical model that accounts for stress, fast
neutron flux and temperature has made it possible to assess the
effects of microstructural variables on diametral creep and axial
elongation. The microstructure variables (grain dimensions, crys-
tallographic orientation and dislocation structure) were included in
an empirical model for material variability and the results showed
that grain dimensions were important in addition to texture and
dislocation density [233]. The results showed that the high diame-
tral creep and low elongation exhibited by TG3 RT1 pressure tubing
in service could be attributed to the fact that these experimental
tubes had smaller grain dimensions and a lower dislocation density
compared to the average standard pressure tube [233]. The TG3 RT1
tubes were originally fabricated to have a reduced dislocation den-
sity to minimise in-reactor elongation and were fabricated with a
smaller grain structure to maintain strength [124]. Although the
negative transverse growth rate of the TG3 RT1 tubing is about half
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that of standard pressure tubing [188], and the difference in growth
could contribute to the observation that diametral creep of in-
service pressure tubes is higher for TG3 RT1 compared to other
tubes [233], the irradiation growth differential is insufficient to ac-
count for the observations, see Section 5.3. The in-service diametral
strain of TG3RT1pressure tubing in a CANDUreactor is about double
that of standard pressure tubing at a fluence of about 8� 1025 n.m�2

and 280 �C, i.e. about 2% compared with 1% [272]. But the growth
difference at the same fluence and temperature is <0.1% [142]. The
behaviour of the TG3RT1 tubing illustrates thatmicrostructurehas a
profound effect on not just irradiation growthbut also on irradiation
creep. The effect of varying the microstructure on irradiation creep
has been assessed using rate-theorymodelling in Ref. [233] andwill
be described in the next section.
5.2.2. Mechanistic models of irradiation creep
Whereas some creep models used to describe the deformation

for a given direction under a given state of stress are derived
empirically, constitutive models describe the strain behaviour
consistently in three dimensions. Therefore, most mechanistic
models are constitutive in nature. The irradiation creep models
developed for Zr-alloys described here apply to low stresses and
temperatures and to power reactor operating conditions and
therefore to conditions and mechanisms that do not involve
yielding. However, some of the concepts that apply to yielding in
anisotropic materials, such as Hill's yield criterion [14], are equally
applicable for creep. Hill's formula defines a yield surface that can
also be represented by a compliance tensor, which is similar to that
used to describe the elastic strain response of a material to applied
stress through a compliance tensor [273]. The radius-normal
property relates strain rate to stress [274]. For brevity the stress is
referred to principal axes here (no shear terms) and only the first
three (non-zero) terms of the compliance tensor need to be shown.
For treatments involving dislocation glide and applied shear
stresses the full, uncontracted compliance tensor needs to be
considered and the reader is referred to the work of Woo [165], and
Tom�e et al. [192] for details.

The equation describing Hill's yield criterion is also a repre-
sentation quadric for the tensor relating strain rate to stress and is
given by,

Fðs1� s2Þ2 þGðs2� s3Þ2 þ Hðs3� s1Þ2 ¼ k (5.8)

In terms of a tensor equation for creep strain rate the formal
definition of the compliance (referred to the principal axes of
stress) is,
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The yield criterion developed by Hill can be represented as a
creep compliance tensor relating the strain rate to the stress state.
In this form the expression for the strain is essentially a balance
equation where the choice of anisotropy parameters, F, G and H,
dictates the observed anisotropy. Equation (5.8) shows a standard
expression for yielding developed by Hill [273]. Hill's equation is
essentially the representation quadric of the creep compliance
tensor. Equation (5.9) is the corresponding tensor equation that
relates the strain rate to the stress state. The stress is referred to
principle axes (no shear terms) for simplicity. The tensor equation
represented in this way will give a strain state that is balanced and
the strains add up to zero (no volume change). The quadric can be
scaled to correspond with the creep behaviour for a given magni-
tude of stress, i.e. defining where the stress locus intersects the
quadric surface (determined by the stress locus and k in equation
(5.8)). The intersection with the compliance tensor surface is
essentially the same as the point at which yielding would occur if
the compliance represented a yield surface. But, of course, the
representation of the actual yield surface does not necessarily
correspond with the surface representing irradiation creep
although it might in some special circumstances, e.g. if the irradi-
ation creep was dominated entirely by the slip of dislocations
generated by yielding. The strain vectors are given by the radius-
normal [274], which is illustrated graphically in two dimensions
for the case of a biaxial stress in a pressurised thin-walled tube in
Figs. 5e11. Although the radial stress is finite, it is assumed zero for
the sake of this illustration, which is a cut through the yield surface
in the plane normal to the radial direction of the tube, i.e. a plane-
stress condition. The stress locus for increasing pressurisation in a
closed-end tube is shown by the solid line. The creep anisotropy is
defined by the normal to the surface where the stress locus in-
tersects the quadric surface. The radius-normal is a fundamental
tensor property defining any vector or tensor derived from the
tensor relation shown in Equation (5.9). The direction of the creep
strain rate vector (assumes principal strain components) is shown
for the front-end case by the normal to the surface at the point
where the biaxial stress locus for a closed-end pressurised tube
intersects the surface. The parameters, F, G and H for Figs. 5e11
correspond with the values for Zr-2.5Nb pressure tubing for
average front-end and back-end textures [91].

Many of the early irradiation creep models did not attempt to
capture the anisotropy of the deformation. Rather they were
empirical expressions derived to describe the strain in a given di-
rection subject to a given stress state.

Ultimately, all one really needs in an empirical model is to set up
the compliance equation as shown in Equation (5.9) and choose the
right setof F,GandHthatdescribes the response for the stress state in
question. If one assumes that the anisotropy is unaffected by tem-
perature, damage rate andstressmagnitude, onecan simplycombine
these parameters into the scaling factor, ðM; s;F;TÞ. One can scale the
stress provided the stress exponent is 1. When the stress exponent
is> 1 (as it is for high stresses and yielding) there is a complication
affecting the compliance tensor itself because different slip systems
are activated according to the resolved shear stress on the different
slip planes [275]. The resolved shear stress is responsible for slip and
the magnitude of the shear stress in the slip direction is obtained by
transformation of the applied stress tensor onto the applicable co-
ordinate system. For irradiation creep it is reasonable to assume that
the stressdependence is linear [165,167]becauseof the experimental
data [18,92]. Although a stress exponent¼ 1 is generally an indica-
tion of a creep process controlled by diffusion, there are a number of
irradiation creep models that are based on the I-creep mechanism
proposed by Gittus [256] inwhich the strain rate and anisotropy are
governed by slip of network dislocations [30]. Gittus considered two
modes of creep to be expected in materials containing a three-
dimensional network of dislocations that absorb interstitials (‘I-
creep') or interstitials plus vacancies ‘F-creep'.

5.2.2.1. Slip-based mechanisms. One steady-state irradiation creep
model based on the original I-creep mechanism proposed by Gittus
[256] was further developed by Woo [165,167]. The role of dislo-
cation creep due to residual stresses in controlling the transients of
irradiation growth were reported by Tome et al. [224]. Woo's
polycrystalline model was a general polycrystalline model that was
based on a single crystal compliance that itself was formulated by
combining contributions from various base tensors representing
modes of deformation that would allow the material to deform
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homogeneously, i.e. five independent shears to produce an arbi-
trary volume-conserving deformation and one dilatational strain. It
should be noted that the different slip systems tend to interact,
forming sessile attractive junctions [241]. Woo [167] pointed out
that these base tensors could be applied generally, representing any
creep deformation mechanism. In the analysis in Ref. [91] the basis
tensors were applied assuming the I-creep mechanism [30,256],
there being insufficient experimental data to support a SIPA
mechanism [265]. The polycrystalline model developed by Woo
[165,167,190,191] was applied to Zr-2.5Nb pressure tubes under
power reactor conditions and it was assumed that irradiation
deformation consisted of additive components of irradiation creep
by slip and irradiation growth driven by diffusional mass transport
[46,91]. The same type of polycrystalline model has also been
applied to the study of transients in irradiation growth that are the
result of relaxation of residual stresses [223,224].

In Woo's formalism [165,167,189,191], the basis tensor, b(1)

(Appendix A), which is the compliance tensor representing pyra-
midal slip, has the same form (and sign) as the strain tensor rep-
resenting irradiation growth (see Equation (4.5)). The slip (Schmid)
tensor, [276], corresponding with this deformation mode com-
prises equal slip on pairs of pyramidal planes sharing a common a-
direction zone axis, andwith all six pyramidal planes equally active.
The reconciliation of a slip based model and a stress exponent of 1
is presumably justified by the rate-determining, slip-enabling, step
coming from radiation-enhanced climb of dislocations over bar-
riers [255,256].

In deriving a slip-based creep model the essence of the problem
is to equate the strain arising from slip on a given slip plane in a
given grain onto a coordinate system that applies to the compo-
nent. The shear stress on the slip system of interest for a given
stress state applicable to the poly-crystal (specimen) coordinates,
and the resolution of the resultant shear strain back into the
specimen coordinates on which the applied stress is defined, are
related through the Schmid tensor [277], and is illustrated in
Figs. 5e12. The creep can then be expressed by a standard
expression relating strain rate to stress state through a compliance
tensor [165,167,273e275],

_εcij ¼ kcijkls
c
kl ði; j; k and l¼1;2;3Þ (5.10)
Fig. 5e12. . Relationship between the shear strain tensor for a given slip plane and the co
where _εcij is the 2nd rank strain rate tensor in a single crystal; kcijkl is
the 4th rank single crystal creep compliance; sckl is the 2nd rank
stress tensor in the single crystal (c).

At the single crystal level the components of strain can be
assigned to different slip systems using the standard Schmid tensor
formula, but for a stress exponent¼ 1 [165,275],

kcijkl ¼
X
s

_gs0
ms

ijm
s
kl

ts
(5.11)

where _gs
0 is a reference (measured or calculated) shear strain of a

slip system, s; ts is the critical resolved shear stress (measured or
calculated) of the slip system, s; andms is the 2nd rank Schmid
tensor characterizing the slip system (Figs. 5e12) in single crystal
coordinates. In combining equations (5.10) and (5.11), the term
ms

kls
c
kl is the inner product of the Schmid and stress tensors referred

to the same coordinate system, i.e. it is the sum of the product of the
terms inms

kl with the terms in sckl having the same indices [91]). The
inner product is a shorthand formula taking into account the tensor
transformations needed to extract the shear stress on the slip
system (shown on the left in red in Fig. 5.12) for a given stress state
sckl in the crystal coordinate system. The shear stress on the slip
system of interest then represents a scaling factor which, combined
with the reference strain rate ( _gs

0) and shear stress (ts) in equation
(5.11) and applied to the Schmid tensor (ms

ij), which transforms the
shear strain rate on the slip system back into the crystal co-
ordinates, gives the strain rate tensor in crystal coordinates from
slip on the slip system, s. The 6� 6 compliance tensor is defined by
the outer produce (ms

ijm
s
kl) as described by Hutshinson, [275].

Once one has constructed a model of this type to describe the
single crystal response during irradiation the polycrystalline
behaviour can be calculated by resolving the combined strains from
each grain according to their volume fraction. Such a summation
would give a so-called lower-bound result where each grain is
allowed to deform according to the activated slip systems [216].
Many models adopt the more realistic approach by allowing for
grain-to-grain incompatibility. This situation can be achieved by
allowing each grain to deform equally in a so-called upper-bound
treatment where the stress is allowed to vary from grain-to-grain
[219,223]. With the additional constraint that some grains may
deform differently than others, self-consistentmodels have evolved
rresponding strain tesnor (the Schmid tensor) in the single crystal coordinate system.
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Fig. 5e13. Schematic and rate-theory output showing irradiation growth model results for the longitudinal direction of a large grained Zr-alloy as a function of the a (raÞ and c (rc)
dislocation densities. The strain rate per unit dpa ( _εL) in the longitudinal direction (L) is a maximumwhen

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ bþ s

p
$ra ¼ rc, where p is the interstitial bias for a-type dislocations.
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[165,167,189,191,224].
The main shortcomings of models that assume I-creep, where

dislocation slip is the dominant deformation mechanism, are: (i)
slip may not be the dominant mechanism; (ii) there is no provision
for diffusional mass transport to contribute to the strain other than
through enhancing climb of dislocations over obstacles. If the
irradiation creep was dominated by slip one would eventually
expect to see two characteristics in the observed deformation
behaviour: (i) the creep would eventually cease as the mobile
dislocations are exhausted at grain boundaries or at large obstacles
(large inclusions, precipitates or voids for example), and (ii) the
total creep and the creep rate would be smaller in small-grained
material as the dislocation travel shorter distances before running
into boundaries. Neither of these characteristics are demonstrated
by irradiated Zr-alloys. In the absence of evidence for irradiation
creep cessation in Zr-alloys, and given that irradiation creep in-
creases with decreasing grain size [58,233], the evidence suggests
that other mechanisms and models are more applicable. There are
other reasons why there are shortcomings with slip-based models
and this stems from the need to separate the strain arising directly
from diffusional mass transport and the strain arising from slip.

5.2.2.2. Diffusion-based mechanisms. Rate theory models for irra-
diation creep involving diffusional mass transport have been
developed in Refs. [165,167] based on DAD [163] and elasto-
diffusion [166]. The effect of these two features of diffusion
anisotropy can be illustrated for the modified case of the Buckley
model described in Equations (4.1) and (4.2) and illustrated previ-
ously in Figs. 4e2. One can consider that the stress has an extrinsic
effect on the diffusion (elasto-diffusion) thus modifying the
intrinsic diffusion properties of the material. For the simple case of
microstructure consisting primarily of basal plane vacancy loops
and prism plane interstitial loops, the rate-theory expression
describing the point defect flow to the different sinks in a biaxial
stress field is given by,

Ja

� ð1þ bþ sÞ:ra
ð1þ bþ sÞ:raþ rc

� ra
raþ rc

,F (5.12)

Jc ¼
�

rc
ð1þ bþ sÞ:raþ rc

� rc
raþ rc

�
,F (5.13)

where ra is the a-type dislocation density, rc is the c-type dislo-
cation density and 4 is the atomic displacement damage rate in
dpa.s�1. The intrinsic interstitial bias parameter, b, which can exist
either because of elastic interactions or anisotropic diffusion or
both [165], is modified by the effect of stress given by the bias
factor, s. The effect of the stress-induced bias is to modify the axial
strain behaviour so that the peak strain is now dictated by a
different ratio of c-type and a-type sinks than for the zero stress
situation, compare Figs. 4e2 with Figs. 5e13.

Rate theory models of this simple type can be used to explore
the effects of microstructural variables that, in addition to dislo-
cations, can have an effect on irradiation creep. For Zr alloys, models
can be constructed with a mixture of idealised grains, cubes or
platelets, whose axes are aligned with the crystallographic axes of
the grain interior [39,165], for example see Figs. 4e12 and 4-13.
Following this idealisation of the grain structure the effect of stress
can be incorporated as a stress-dependent interstitial bias param-
eter. In that case the vacancy sink strengths in equations (4.15) to
(4.17) stay the same but the interstitial sink strengths are modi-
fied by an elasto-diffusion term.

For the case of a grainwith a c-axis in the transverse direction in
an internally pressurised closed-end tube, the principal stress
vector referred to principal axes [274] is given by s(0,2,1), and
corresponds with radial, transverse and longitudinal axes (R,T,L).
Following the treatment of Heald and Harbottle [234], the grain
boundary sink strengths are given by:

�
kgbi;v

	2 ¼ 2,ki;v
dR;T ;L

:ki ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ bÞra þ rc þ rN

q
kv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ra þ rc þ rN

p

(5.14)

The sink strengths from the a- and c-type network dislocations
with densities ra and rc, and the dislocation loops, rN (assumed
neutral) for the strain in different directions are dependent on the
crystal orientation, but the totals used in Heald and Harbottle
expression for grain boundary sink strengths are assumed to be
independent of orientation for simplicity.

Restricting all biases to interstitials, for a grain that has the c-
axis parallel with the transverse direction (grain B in Figs. 4e12),
the interstitial sink strengths in the radial (R), transverse (T) and
longitudinal (L) directions are:

k2i ¼ð1þ bÞ:ra
2
þ rN

3

�
kgbi

	2 ¼ 2,ð1þ pÞ,ki
dR

(5.15)

k2i ¼ð1þ2 , sÞ,rc þ
rN
3

�
kgbi

	2 ¼ 2,ð1þ 2,sÞ:ki
dT

(5.16)

k2i ¼ð1þ bþ sÞ:ra
2
þ rN

3

�
kgbi

	2 ¼ 2,ð1þ pþ sÞ:ki
dL

(5.17)
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Fig. 5e14. Schematic diagram and pole figure showing grain textures in Zr-2.5Nb pressure tubing and Transmission Kikuchi Diffraction (TKD) band contrast image showing typical
grain structure in Zr-2.5Nb pressure tubing. The grain boundary densities in the radial (R) and transverse (T) directions are derived from the intercepts along the lines shown [233].
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For Zr-2.5Nb pressure tubing the net flux of point defects to
sinks, resulting in strain in the radial (R), transverse (T) and longi-
tudinal (L) directions are obtained by substituting these interstitial
sink strengths into the generic balance equations described in
Equations (4.11) to (4.19). The interstitial dislocation bias arising
from the elastic inhomogeneity (b) will be different in this case as it
will involve some SIPA or DAD modification. The DAD bias to grain
boundary sinks is given by p, and the bias from elasto-diffusion is
given by s, both are orientation dependent, either with respect to
the crystal structure or with respect to the stress tensor.

Alternatively, balance equations can be constructed to reflect the
varying orientation of grain boundaries relative to both the crystal
structure of the grain (Figs. 5e14) and its orientation relative to the
specimen/stress axes [58]. Applied to Zr-2.5Nb pressure tubing one
can represent the net fluxof point defects to sinks, resulting in strain
in the radial (R), transverse (T) and longitudinal (L) directions of a
pressure tube, by the following balance equations:

JR ¼ ½ð1þ ð1� fRÞ:pÞ:DiCi � DvCv� :ðGBR þ rRÞ (5.18)

JT ¼ ½ð1þ fR:pþ 2sÞDiCi � DvCv�:ðGBT þ rTÞ (5.19)

JL ¼ ½ð1þ pþ sÞ: DiCi � DvCv� :ðGBL þ rLÞ (5.20)

where
DiCi ¼
f

ð1þ ð1� fRÞ:pÞ:ðGBR þ rRÞ þ ð1þ fR:pþ 2sÞ:ðGBT þ rT Þ þ ð1þ pþ sÞ:ðGBL þ rLÞ
(5.21)
DvCv ¼ f

ðGBR þ rRÞ þ ðGBT þ rTÞ þ ðGBL þ rLÞ
(5.22)

The grain boundary and dislocation sink densities corresponding
with each direction R, T and L are given by GBm and rm, where the
orientation, m¼ R, T and L. In this model the interstitial bias factor,
p, is assumed to be a function of sink orientation and determined by
interstitial diffusional anisotropy. The bias parameter is therefore
modified by the basal pole orientation parameter, fR, in order to
capture the effect of the diffusional anisotropy difference of inter-
stitial point defects along the a and c- axes [163]. The bias factor due
to stress, s, is applied to interstitial diffusion based on the concept of
the influence of stress on diffusion and developed as the “elasto-
diffusion” model for creep in Ref. [166]. The sink densities, GBm and
rm, can be separated with appropriate changes of bias factors to
account for strain-field interactions, if necessary.

One can model the grain boundary sinks as idealised or equiv-
alent grains with dimensions aligned with the crystal axes as
shown in Figs. 4e12 [39] or as the probability of a point defect
diffusing in a particular direction interacting with a grain boundary
or other sink to produce strain in that direction as shown in
Figs. 5e14. The results are essentially the same when it comes to
demonstrating the strong dependence of irradiation creep on grain
structure when the grain dimensions are comparable with the
dislocation spacing, see Figs. 5e15 [233]. Apart from the a-phase
grain structure, the contribution of the second (beta) phase has also
been studied [240].
5.3. Flux and fluence dependence of irradiation creep

One of the main issues concerning the mechanisms of irradia-
tion creep and growth revolves around the question of whether
they are separable. In this context one has to also consider whether
irradiation creep and thermal creep are separable.

If one considers that irradiation creep contains an element of
diffusional mass transport it is difficult to see how irradiation creep
and growth can be separated mechanistically; a point defect does
not know that it should contribute to creep or growth, it only
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Fig. 5e15. Effect of different grain shapes on strain calculated as a function of axial location for CANDU pressure tubing using a rate-theory model containing grain dimensions. The
elongation can be minimised with a grain having smaller transverse dimensions but at the expense of a higher diametral strain [233].

Fig. 5e16. Irradiation creep and growth rates (per unit fluence) as a function of
CANDU-equivalent fast neutron fluence for Zr-2.5Nb having similar textures but made
by different manufacturing routes and therefore having different dislocation and grain
structures.
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responds to its surroundings and how these are altered by the
imposition of a stress. In empirical models the two can be sepa-
rated. In an empirical model one can define an equation that gives a
finite strain rate (per unit fluence or dpa) at zero stress (growth)
and an additive component that is a function of stress. Likewise, if
one considers creep to consist of separate thermal and irradiation
components one can define a thermal creep rate at zero neutron
flux (dpa rate) and the creep during irradiation is additive to this
base.

Mechanistically, the only way that irradiation creep can be
separated from irradiation growth is if creep is dependent on
different physical processes from irradiation growth. If, in addition,
creep during irradiation is deemed to consist of two components
(thermal creep and irradiation creep), it is difficult to understand
how they can be governed by the same mechanism and have
different anisotropies (texture dependence) as represented in some
models [88,91,247]. If irradiation creep was dependent solely on
dislocation slip (by the samemechanism that applies out-reactor, in
the laboratory) then that would be a case where the two can be
treated separately, even if there is an enhancement of slip due to
enhanced climb of the network dislocations by an elevation of the
steady-state point defect concentration during irradiation. In re-
ality, all of the evidence indicates that irradiation suppresses
dislocation slip, which is evident from the creep suppression
observed at low fluences where mass transport is only a small
direct contribution to the strain [61,97,262]. As the radiation
damage rate increases, one sees an increase in creep rate as a
function of time but a decrease in creep rate as a function of dpa or
neutron fluence. Figs. 5e16 shows the secondary irradiation creep
data for Zr-2.5Nb pressure tubing as a function of fast neutron
fluence. Results from low flux irradiations of creep capsules in the
NRU reactor [61], are combined with low-to-intermediate flux ir-
radiations of pressure tubes in CANDU reactors [233,235,261] and
high flux irradiations of creep capsules in OSIRIS. Fluences have
been normalised to CANDU-equivalent values so that OSIRIS data
and CANDU/NRU data can be plotted on the same graph [10,61].
The OSIRIS capsules were manufactured by the same route as those
irradiated in NRU [58] and were intended to be representative of
CANDU reactor pressure tubing. All samples were subject to a
biaxial stress with hoop stresses of 125MPa at temperatures of
about 280 �C. The data shown in Figs. 5e16 correspond with the
slope of strain against fluence at various fluences after the primary
creep transient, i.e. at times >2000 h. The creep strain as a function
of time for the NRU data are shown in Figs. 5e17. There are a
number of interesting features demonstrated by the data shown in
Figs. 5e16: (i) the secondary creep rate per unit fluence decreases
with increasing fluence up to a fluence of about 2� 1024 n.m�2,
E> 1MeV; (ii) the creep of 12% cold-worked material is less than
the 27% cold-worked material at low fluences, but not at flu-
ences> 2� 1024 n.m�2, E> 1MeV; (iii) the creep rate per unit flu-
ence is more-or less constant for fluences between about 2� 1024

n.m�2 and 2� 1026 n.m�2, E> 1MeV; (iv) at high fluences there is a
gradual decreases in creep with increasing fluence. All the creep
capsules irradiated in OSIRIS and NRU have similar microstructures.
The pressure tubing data comprises two different batches of tubes
manufactured by different routes, one is a non-standard route,
designated task group three route 1 (TG3 RT1) and the other is by a
standard manufacturing route [193]. At high fluences the diametral
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Fig. 5e17. Creep strain as a function of time in the NRU reactor in (a) low-flux (LF) and (b) high-flux (HF) locations. Temperature about 280 �C and hoop stress about 125MPa.
Comparison of 12% cold-worked material with 27% cold-worked material [61].

R.B. Adamson et al. / Journal of Nuclear Materials 521 (2019) 167e244232
creep rates can be ranked in order prototype pressure tubing (TG3
RT1)> standard pressure tubing (STD PT)> Creep Capsules.

The observed behaviour can best be understood in terms of
variations in microstructure; the decrease up until 2� 1024 n.m�2

corresponds with a rapid increase in a-type loop density, thus
hardening the material and slowing down thermal (slip-based)
creep. The longer trend with increasing neutron fluence can be
accounted for by the continued slow evolution of the c-component
loop structure [61,185]. The microstructure evolution can be
tracked using X-ray diffraction line broadening. Figs. 5e18 shows
how the a-type and c-component loop structure evolves with
increasing neutron fluence for OSIRIS creep capsules. This trend is
also illustrated by pressure tubing [184] and is independent of the
neutron flux, i.e. whether the irradiation is in the CANDU reactors
or in OSIRIS. The overlap between the microstructure evolution
data is illustrated for the a-type dislocation structure in Figs. 5e19.
Because there is no clear influence of damage rate on microstruc-
ture (Figs. 5e19) one must conclude that the lower creep rate for
Fig. 5e18. Dislocation densities (a- and c-type) for CANDU pressure tubing irradiated in the
respectively, as functions of fast neutron fluence, E> 1MeV, at 250 �C, adapted from Pan e
the creep capsules in OSIRIS shown in Figs. 5e16 reflects the ma-
terial variability arising from manufacturing of the creep capsules;
there appears to be a continuation of the trend from capsules
irradiated in the NRU reactor at lower fluences.

The pressure tube data can be separated into two distinct groups
of tubes that reflect different manufacturing routes. In this case the
G-tubes represent the majority behaviour for tubes in a particular
CANDU reactor; the TG3 RT1 tubes represent the behaviour of
prototype tubes installed in the same reactor. The TG3 RT1 tubes
were specifically manufactured to have a low dislocation density
and were designed also to have smaller grains to make up for the
lower dislocation density compared with conventional pressure
tubes [193].

The important point to note is that the TG3 RT1 tubes exhibit
diametral creep rates that are 50%e100% higher than other tubes
whereas they have lower dislocation densities. The higher creep rate
is related to the smaller grain size and this is another indication that
dislocation slip is not a dominant mechanism for creep at high
OSIRIS reactor, represented by prism and basal plane X-ray diffraction line broadening
t al., [208].
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Fig. 5e19. Radiation damage for pressure tubes from CANDU reactors and samples of
CANDU pressure tubing irradiated in the Osiris reactor, represented by prism plane X-
ray diffraction line broadening, as functions of fast neutron fluence, E> 1MeV, at
250 �C [94].
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fluences. The differences in creep rates as a function of fluence are
not the result of differences in irradiation growth. Figs. 5e20 shows
the creep and growth strain rates determined from incremental
sequential measurements for the creep capsule, standard pressure
tubing (RT4) and the experimental pressure tubing (RT3). It is clear
that the transverse growth rates of RT3 and RT4 are small and
similar and could not account for the differences in creep strain of
these tubes at 125MPa, should creep and growth be additive. To
reduce errors due to the small numbers the strain rates fitted to all
the data rather than sequential values (inset) are also included The
growth of the creep capsules is more negative compared with
pressure tubing material and also exhibits the same downward
trend with increasing fluence exhibited by the creep capsules. The
creep capsules have textures that are similar to CANDU pressure
tubes. The TG3 RT1 tubes have a radial basal texture, fR, that is at the
high end of the range for CANDUpressure tubing [61] but is unlikely
to be the cause of the higher diametral deformation based on an
examination of texture variability for creep in OSIRIS irradiations
Fig. 5e20. Irradiation creep and growth rates (per unit fluence) as a function of CANDU-equ
manufacturing routes and therefore having different dislocation and grain structures. Rate
sponding with a fit to all the data shown in the inset are illustrated by crosses.
based on creep capsule data [58]. The creep and growth are corre-
lated to some extent because the same microstructural features
responsible for the more negative trend in transverse growth rate
with increasing fluence also affects the creep strain. The micro-
structural feature that is responsible for the negative correlation
between strain rate per unit fluence with fluence is the evolution of
the c-component loop structure; an increase in c-loop density gives
a negative contribution to the strain along the c-axis, whether or not
there is an applied stress. The effect of increasing the c-dislocation
density can be demonstrated using the model described in equa-
tions (5.14) to (5.17). Figs. 5e21 shows the model output for the TG3
RT1 and a standard pressure tube (STD PT) as a function of c-
dislocation density increasing with dose. The upper curve shows the
creep strain rate for TG3 RT1 tubing with a nominal grain thickness
of 0.1 mm and an initial a-type and c-type network dislocation
density of 1� 1014m�2 and 0.1� 1014m�2 respectively, and a radial
basal texture parameter¼ 0.4. The lower curve shows the output for
a standard Zr-2.5Nb pressure tubewith a nominal grain thickness of
0.4 mm and an initial a-type and c-type network dislocation density
of 4� 1014m�2 and 1� 1014m�2 respectively, and a radial basal
texture parameter¼ 0.32. Bothmicrostructures have aspect ratios of
1:5:20 in the radial:transverse:longitudinal directions respectively.
The model shows how the TG3 RT1 material has a higher strain rate
than the standard pressure tube and the decrease in strain rate with
increasing dose occurs as the c-dislocation density increases,
consistent with the data shown in Figs. 5e16 and 5-18. This model
shows that higher creep is expected for pressure tubingwith a lower
dislocation density and smaller grain size, opposite to what one
might expect from a slip based mechanism but consistent with the
observations (Figs. 5e16).

One can still think of irradiation growth as intrinsic response of
the material that is modified by the application of a stress. The fact
that the both the creep and growth rates of the capsules are more
negative relative to pressure tubing in both the CANDU and DIDO
reactors is an indication that the difference in both creep and
growth is because of somemicrostructural differences rather than a
flux effect; a flux effect would reduce the magnitude of both creep
and growth.

The transition to more-or-less constant secondary creep rate
ivalent fast neutron fluence for Zr-2.5Nb having similar textures but made by different
s are derived for each incremental measurement. The irradiation growth rates corre-
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Fig. 5e21. Predicted Irradiation creep and growth rates (per dpa) as a function of c-
dislocation desnity for Zr-2.5Nb TG3 RT1 and STD pressure tubing having similar
textures but made by different manufacturing routes and therefore having different
dislocation and grain structures.
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with increasing fluence (Figs. 5e16) reflects a transition in mech-
anisms from slip-dominated deformation (thermal creep) to irra-
diation deformation, with little or no slip, at high fluences. The
slight downward trend in diametral creep rate with increasing
fluence can be attributed to c-component loop formation (or helical
climb on existing screw network dislocations) that gives a negative
contribution to the diametral strain for all tubes, which have a basal
plane texture that is highest in the transverse direction. Another
possibility would be the exhaustion of any mobile dislocations if
slip was a significant contributor to the strain. This should be
detectable as a reduction in network dislocation density (distinct
from dislocation loops).

Although many of the cold-worked dislocations are locked in
sessile junctions [241], some dislocations will be mobile and these
could then potentially contribute to creep strain from slip. Post-
irradiation annealing of Zr-2.5Nb pressure tubing irradiated to
fluences of 8� 1025 n.m�2 removes the radiation damage to reveal
a microstructure that is close to the original cold-worked structure
[267] indicating that little, if any, of the mobile network disloca-
tions have moved, otherwise there would be a visible reduction in
dislocation density as the mobile dislocations annihilate at grain
boundaries. In Figs. 5e16 the data showing higher creep rates at
low fluences <1� 1024 n.m�2 indicates that the contribution from
slip is being shut down (from radiation damage hardening) as the
a-type loop structure evolves (Figs. 5e18). One can conclude that
the negative trend in strain at higher fluence is not due to the
exhaustion of mobile slip dislocations, rather it is likely due to the
evolution of the c-component dislocation loop structure (Figs. 5e18
and 5-16).

5.4. Summary of models and mechanisms

Mechanistically one should not separate irradiation creep from
irradiation growth, although the growth will be reflected in the
observed creep strain because one is starting from a condition of
zero stress and the material then responds to the effects of
increasing stress. Creep and growth should be separate if they were
governed by different mechanisms (e.g. slip and diffusional mass
transport). Based on the available evidence one can conclude that
irradiation creep is not dominated by dislocation slip, i.e. irradia-
tion creep is not governed primarily by a climb-and-glide type
mechanism. In the theoretical analysis of polycrystalline creep in
Ref. [265] the creep due to elasto-diffusionwas determined to be an
order of magnitude lower than creep by slip [265]. concluded that
either the slip-based polycrystalline model [91] was dominant, or
the model parameters for diffusion were incorrect. Grain bound-
aries were not included in their analysis and it is hardly surprising
that the amount of strain one can obtain from dislocation slip
turned out to be more than the strain possible from dislocation
climb, as they concluded. When grain boundaries are incorporated
in a rate-theory model, as outlined in equations 5e14 to 5.17, it is
relatively easy to show that one can account for the relative
behaviour of the materials exhibited in Figs. 5e15 by selecting
appropriate bias parameters (equivalent to anisotropy factors).
Even the parameters in the slip-based models at the single crystal
level are adjusted so that the polycrystalline output fits the
experimental data. In the case of creep capsules and pressure
tubing shown in Figs. 5e15, all of the creep giving a c-axis strain is
attributed to pyramidal slip [91]. However, there is no evidence for
dislocation mobility or that there are even sufficient mobile c-
component dislocations to generate the necessary strain to match
the data. Most of the c-component dislocations in Zr-2.5Nb pres-
sure tubing are locked in sessile junctions [241] and it is hard to
imagine how many, or any, of these dislocations are able to unlock
and glide, especially in an irradiated material. In fact there is no
evidence that the cold-worked dislocations in ex-service, crept
pressure tubes have changed from their original as-fabricated
configuration [267]. It should be emphasised that prismatic dislo-
cation loops cannot provide a source for mobile dislocations that
can contribute to creep strain by slip even if they have evolved by
climb into a coarse network [239]; the strain resulting from a
dislocation loop is the same whether or not it has moved along its
glide cylinder, or even if it tilts. Irradiation creep appears to be
primarily governed by the same processes that control is an
intrinsic response of the material to neutron irradiation that is then
modified by the imposition of a stress to produce the extrinsic ef-
fect that we call irradiation creep. Dislocation slip is important at
low fluences, either during primary creep or at low fluxes when the
contribution from mass transport is small. Dislocation slip also
appears to be important when the radiation damage density is low
and there is increased thermal activation of slip at high irradiation
temperatures [61]. Dislocation slip will also dominate at stresses
high enough that yielding occurs. When considering irradiation
creep at moderate reactor operating temperatures (250 �Ce350 �C)
and stresses (100MPae150MPa), one must consider that the
mechanism is dominated by diffusional mass transport, i.e. a
modification of irradiation growth by the stress.

6. Perspective

Strains in core components arising from operation in nuclear
reactors come from many sources. These include thermal expan-
sion strains, stress-induced elastic and plastic strains (for example,
those from pellet-cladding interaction (PCMI), fuel swelling or
zirconium oxidation) and hydriding strains. In addition are the
strains from irradiation creep and growth. Strain magnitudes are
strongly dependent on component design, stress, temperature,
fluence and metallurgical and crystallographic variables.

Both creep and growth are dependent on microstructure
evolving with fluence (dpa or Фt); for example, creation of a high
density of irradiation-induced point defects, clusters and disloca-
tion loops, dissolution of second phase particles, formation of new
precipitates and alteration of the matrix chemistry Quantitative
comparisons between strains induced by irradiation creep or
growth, or between any two sets of in-reactor data, must be based
on the total damage produced, dpa. Comparisons using neutron
fluence from reactors having different neutron energy spectra can

mailto:Image of Fig. 5&ndash;21|tif
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be misleading unless one has applied a correction factor to ensure
the data are compared against the same equivalent fluence.

The large number of relevant parameters highlights why pre-
dictions of reactor-component strains are complex.

Flux and flux-induced microstructure changes affect both creep
and growth. <a> component dislocation loop density tends to
saturate with increasing fluence (dpa) for all zirconium alloys,
resulting in decreasing strain rates for both creep and growth at low
fluences. Creep at higher fluences then becomes a near linear
function of damage rate (ф or dpa/s). Thermal creep, which is
deemed to be independent of irradiation fluence but is reduced in
an irradiation environment because of radiation hardening, may be
negligible at normal power reactor operating conditions but will be
increasingly important during abnormal, high temperature, oper-
ation. For growth, in the post-breakaway region associated with
<c>-component loop formation, the growth rate is a linear function
of the total irradiation damage (dpa) but does not appear to be a
direct function of the neutron flux or damage rate.

Cold-work-induced microstructural changes increase both
creep and growth rates, although not necessarily in the absence of
neutron radiation. Creep is less sensitive to dislocation density than
is growth.

Fabrication-induced texture strongly affects both creep and
growth. Strains are usually lower in component directions that
have high basal f-parameter values.

Irradiation temperature affects both creep and growth in
complicated ways. For Zircaloy and light water reactor alloys,
strains tend to increase with increasing temperature, particularly
when temperature exceeds about 350 �C (623 K), where mecha-
nisms are changing. However, for Zr-2.5Nb pressure tubes, growth
rate decreases with increasing temperature in the operating range
of CANDU reactors.

The presence of hydrogen, or perhaps hydrides, or both, in-
creases irradiation growth rates but appears not to affect irradiation
creep.

Niobium (Nb) in solution decreases strain for both creep and
growth. Iron (Fe) in irradiation-induced solution lowers growth. Tin
(Sn) in solution decreases creep.

The common assumptions that creep and growth strains are
additive and independent of each other, analyzed and disputed in
Section 5, is often used empirically to predict total strain from in-
dependent creep and growth data sets. Mechanisms for creep and
growth are closely linked, each depending on creation and diffusion
of a population of radiation-produced defects. Growth in this view
is thought of as an intrinsic response of the material to irradiation.
In the reactor operating conditions of interest, strain from dislo-
cation motion is much restricted and the creep strain is probably
dominated by mass transport, leading to the concept that creep is
growth modified by the application of stress.
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Appendix A. Determination of the Creep Anisotropy Factors,
F, G and H

As outlined in section 5.2.2, irradiation creep can be represented
by the Hill's compliance tensor that, when referred to principal axes
of stress, is given by equations (5.8) and (5.9). These equations are
equivalent in defining the creep compliance tensor. The tensor re-
lates the deformation (creep rate) with applied stress. Another way
to think of the compliance tensor is as a set of balance equations
describing the response of the material to an imposed stress state.
In this case it does not matter what controls the anisotropy, rather
that there are a set of parameters, F, G and H,that describe the
response of the material to an imposed stress. There may be a
number of different physical processes that govern the response
but, ultimately, one needs only define F,G and H to be able to
describe the response of a given material to a given stress state. F, G
and H will change as the microstructure changes and are likely to
be most sensitive to dislocation structure, grain structure and
crystallographic texture. In the case of thermal creep the disloca-
tion structure and texture are most important with the grain
boundaries acting as sinks for gliding dislocations thus aiding
thermal creep cessation as the gliding dislocations are exhausted.
For irradiation creep, grain structure is very important and that is
largely due to the effect of the grain boundaries as sinks for point
defects. The dependence of creep on mass transport is the most
likely reason why there is a linear stress dependence of irradiation
creep e diffusional creep is linear in stress and has an inverse
relationship with grain dimensions. There are two ways in which
the compliance tensor for irradiation creep can be obtained: (i) by
measurement; (ii) by using a polycrystalline model.

A.1 Determination of F, G and H by measurement

Just as one can determine the yield anisotropy of a given ma-
terial by measuring the yield stress in three orthogonal directions,
or three directions sufficiently different to sample the yield surface
adequately, one can, in principle, determine the creep anisotropy by
measuring the creep strain rate for two different stress states,
effectively defining the radius-normal to the compliance tensor
surface for each stress locus thus allowing one to extract the F, G
and H parameters defining that surface, see Figs. 4e6.

Given that the irradiation creep response can be described by an
equation of the form described in Equation (5.1), one can design an
experiment that allows one to determine F, G and H. A number of
different examples of tests that one could conduct to derive F, G and
H have been described by Woo et al., [239]. Ideally one should
measure the strain rate of tensile specimens under a constant stress
in at least three directions. Assuming that the stress exponent¼ 1, if
one is able to obtain creep specimens from three orthogonal di-
rections corresponding with the axes defining the compliance
tensor, the strain rates will be proportional to (G þ H)s, (G þ F)s
and (Hþ F)s thus enabling one to determine F, G and H. The sum of
the diagonals, 2(G þ F þ H) is a tensor invariant and is constant.

However, the nuclear reactor core components for which irra-
diation creep is most important are internally-pressurised tubes. In
the case of a thin-walled tube one cannot obtain a simple tensile
response in a direction that is sufficiently inclined to the surface of
the tube that would provide nough information from which to
extract the anisotropy factors. However, if one can measure both
the strain along the axis of the tensile specimen and perpendicular
to the gauge at the same time then one could deduce F, G and H.
Perhaps the simplest creep experiment that can be practically
achieved in a reactor environment is the stress relaxation test. A
stress relaxation test provides a measure of the creep compliance
for a given strain direction for a tensile stress state [75].

If one conducts tensile or stress relaxation tests with specimens
cut from the axial and transverse directions of the tube of interest
(Fig. A-1), the strain rate in the axial and transverse directions is
defined by the normal to the yield surface at the point where the
stress locus intersects the yield surface, as shown in Fig. A-2.

For bent beam stress-relaxation tests the strains are those
determined in the outer fibre of the bent beam with appropriate
fiducial markings on the surface fromwhich to determine the strain
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rates in the two orthogonal directions corresponding with the
principal axes of stress and strain.

At the intersection of the stress locus with the creep compliance
(yield) surface one can deduce F, G and H as follows:
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_εAR ¼ � f ðM;F; TÞ,s,H; _εAT ¼ � f ðM;F; TÞ,s,F; _εAA

¼ f ðM;F; TÞ,s,½Hþ F� (A1.3)

_εTR ¼ � f ðM;F; TÞ,s,G; _εTT ¼ f ðM;F; TÞ,s,½Gþ F�; _εTA

¼ �f ðM;F;TÞ,s,F
(A1.4)

Solving for F, G and H,

G¼
�
_εTT þ _εTA

	.
f ðM;F;TÞ,s (A1.5)

H¼
�
_εAT þ _εAA

	.
f ðM;F;TÞ,s (A1.6)

F¼ _εTA

.
f ðM;F;TÞ,s ¼ _εAT

.
f ðM;F;TÞ,s (A1.7)

It is clear that absolute values of the constants F, G and H are
dependent on the material constant, f ðM;F;TÞ. When comparing
the anisotropy of different materials it is customary to compare the
ratio of the strains in different directions for a given stress state (see
Section 2.4.1). It is also customary to arbitrarily scale the material
constant, f ðM;F;TÞ, so that FþGþH¼ 1.5 to facilitate comparisons
between different materials. It should be emphasized that there is
no reason for F, G and H to be scaled in this way except for ease of
comparison between different materials. Naturally, for isotropic
materials F ¼ G ¼ H ¼ 0.5 [15].

A.2 Determination of F, G and H using a polycrystalline model

It is difficult to determine the creep anisotropy coefficients by
measurement, especially in reactor, and one would need to deter-
mine a new set of coefficients each time the material changes. For
reactor components such as CANDU pressure tubing the micro-
structure varies along the length and also circumferentially around
the tube; the anisotropy varies accordingly. One can, in principle,
determine the polycrystalline response from an agglomeration of
single crystals (grains). If one can thus define how the single crystal
responds to a given stress state one can determine the poly-
crystalline response for any combination of single crystals
described by the texture. By generating theoretical data for
different textures using the single crystal compliance as the input
one can thus determine the anisotropy of the polycrystalline
aggregate (F, G and H) as a function of texture. Such an approach
would allow for the determination of the creep response for any
texture without the need to do measurements in each case. It
should be noted that the interactions between the individual grains
will have a modifying effect on the bulk response and a self-
consistent model is needed that takes into account how the stress
state is modified within each grain because of the incompatibility
with surrounding grains. Such a model has been developed for Zr-
2.5Nb pressure tubing and has been described by Christo. et al. [46]
using a single crystal creep compliance tensor derived by fitting the
model output to experimental data [91,146].

In a very general sense, and borrowing from the elastic
compliance tensor representation described by Nye [273], with a
stress exponent n¼ 1 the single crystal deformation can be repre-
sented in Ref. [275]:

_εcij ¼ kcijkls
c
kl ði; j; k and l¼1;2;3Þ (A1.8)

where.

_εcij is the 2nd rank strain rate tensor in a single crystal;
kc
ijkl is the 4th rank single crystal creep compliance;

sc
kl is the 2nd rank stress tensor in a single crystal.

In expanded form, Eq. (A1.6) is expressed as.
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The compliance tensor, kc
ijkl , can be represented as a 6� 6 ma-

trix following the convention described by Nye [273]. Assuming
orthorhombic symmetry this tensor becomes, in matrix form:
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where the suffixes are [273],

tensor notation 11, 22, 33, 23, 32, 31, 13, 12, 21
matrix notation 1, 2, 3, 4, 5, 6

Although often referred to as Hill's creep compliance tensor, the
compliance represented in this way is strictly speaking a matrix
and, despite having two suffixes, the kij are not the, components,
and do not transform like the components, of a second rank tensor,
see page 135 in Ref. [273]. The upper left quadrant, however, cor-
responds to the tensor representation of creep compliance given in
equation (5.9) when referred to the principal axes of stress (no
shear terms). In that case the compliance can be treated as a second
rank tensor, see chapter 3 in Ref. [274], and it has a representation
quadric that is equivalent to Hill's yield criterion (equation (5.8)).

Woo's treatment of irradiation creep [167], follows the meth-
odology adopted by Groves and Kelly [276] to represent the strain
from slip on individual slip systems in the single crystal coordinate
system. In Woo's treatment the single crystal creep compliance
tensor is obtained from the sum of the compliances derived from
the slip or Schmid tensors for individual active slip systems, each
weighted by a factor determined from experimental data. The
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compliance for each slip system is equivalent to the “tensor of creep
compliances” described by Hutchinson [275], setting the stress
exponent n¼ 1. The basis tensors described in Ref. [167], bl, are
similar to the slip or Schmid tensors corresponding with the
fundamental strain tensors characterizing each slip system
described in [276]. The basis tensors represent the five independent
slip systems necessary to describe an arbitrary volume-conserving
deformation as outlined in [277].

Although formulated and interpreted from a consideration of
the strains arising from slip, Woo points out that these basis tensors
can also be used to describe deformation by any mechanism [165].
In fact the same set of basis tensors were employed to model
irradiation creep based on diffusional mass transport [265].
Although they represent the strains due to slip on each slip system
transformed into the crystal coordinates they can also be used as
the orthonormal basis on which to partition the contributions to
the total strain of the single crystal where the strain arises from the
elasto-diffusion tensor [265]. The basis tensors are as follows:
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If one was to assign these basis tensors to slip the Schmid ten-
sors would be as follows.

The single crystal compliance (Kc) is given by,

Kc
ijkl ¼ ¼ ka,b

a
ij,b

a
kl (A1.9)

and the single crystal strain is then given by,

_εcij ¼
X
c
saKc

ijkl b
a
kl (A1.10)

where sa and ka are eigenvalues derived for the applicable stress
and microstructure [91]. In the model described in Ref. [91] these
equations are similar in nature to the Schmid tensor described in
Figs. 4e7 and they represent the resolved strain in the crystal co-
ordinates due to slip on various slip systems. The ka are essentially
adjustable (fitting) parameters for the relative amount of slip on
different slip systems that would be necessary in themodel in order
to account for the observed anisotropy. The parameter, k1, in
particular, accounts for all of the c-axis strain and is derived from
<cþa> slip on pyramidal planes. It is a critical element in deciding
whether the model is applicable to any particular material and
condition. For Zr-2.5Nb pressure tubing at power reactor operating
temperatures there is no evidence to show that <cþa> slip is active
because the network dislocation structure appears to be the same
both before and after service [267] and, perhaps more importantly,
there are insufficient c-component network dislocations to account
for the large diametral strains that are typical for Zr-2.5Nb pressure
tubing (see Section 5.1.3).

As with the compliance tensor for the bulk material the basis
tensors simply represent modes of deformation that one must
invoke in order to maintain grain-to-grain compatibility within the
polycrystalline agglomerate [165,167,264,265]. The polycrystalline
strain is derived by summing the contributions from individual
crystals (Fig. A-3). The incompatabilities in the strains of each in-
dividual grain compared with the average results in grain interac-
tion stresses that can be taken into account when calculating the
stress states as they evolve during creep in an iterative routine. The
bulk applied stress, combined with the stress from strain incom-
patability, translates into different stress states in each grain. The
resultant stress and strain evolution during creep is determined in a
self-consistent manner [192].

Having developed a polycrystalline model, the creep subjected
to given stress state can be calculated taking into account the ef-
fects of grain interaction stresses and, from those results, the
anisotropy factors, F, G and H can be derived from the calculated
strain rates in exactly the same fashion as described for the
experimental derivation of F, G and H. Of course, the anisotropy
factors F, G and H can equally be derived from the predicted
deformation using the diffusion-based or slip-based models
described in Section 4.2.2. The difference is that, in the slip-based
models described in Section 4.2.2, it is assumed that creep during
irradiation is a combination of irradiation growth, thermal creep
and irradiation creep, each with their own anisotropy [46]. The
anisotropic factors deduced from the mass transport model
described in Section 4.2.2.2 comprise the total deformation
resulting from diffusion. When slip is occurring to any large extent
(in primary creep, or secondary creep at low fluences and/or high
temperatures) additional mechanisms come into play and the
contributions must be separated.

In the model described in Ref. [46] the irradiation creep defor-
mation is assumed to be by slip only and is therefore dependent on
dislocation structure and texture only; it is assumed that the grain
structure does not affect the deformation anisotropy. Such an
approachwould be an elegant andefficientway to describe the creep
anisotropy, provided that the anisotropy is only dictated by the
texture, i.e. dislocation slip, andprovidedone could conduct the right
experiment to determine the single crystal creep compliance tensor.
Thebestway todeterminewhether thepolycrystallinemodel isvalid,
i.e. that the single crystal compliance is accurate and the anisotropy is
only dictated by texture, is to compare with experiment. However,
even that is difficult when the deformation model is comprised of
different contributions other than irradiation creep for which one
wants to derive the anisotropy factors: F, G and H.

In the context of the pressure tube deformation equation, it is
assumed that the in-reactor deformation is comprised of three
parts, irradiation growth, thermal creep and irradiation creep (see
Equations (5.5), (5.6) and (5.7)). Whereas the creep compliance in
any given direction for a given stress state can be deduced from the
slope of the creep rate as a function of stress, both thermal creep
and irradiation creep are contributing and one has no idea how
much of a contribution comes from thermal creep. The best that
one can do is either subtract an estimate of thermal creep or as-
sume that it is negligible. With this caveat, the data on creep rate
can then be used to establish a single crystal creep compliance in
the context of the polycrystalline model described in Ref. [46]. The
validation of the creep anisotropy factors described in Ref. [46] has
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been performed by Causey et al., [92]. It was claimed that themodel
works well [93], however it is not clear whether some of the vali-
dation data cited, reference [17] in Ref. [92], is itself valid [45].

The polycrystallinemodel outlined in Ref. [46] shows reasonable
agreement with the OSIRIS data for a narrow range of textures
corresponding to the OSIRIS creep capsules (fT-fR ~ 0.2), see Section
2.4.1. However, it is assumed that the anisotropy is only dependent
on the texture. This assumption is largely based on the further
assumption that the irradiation creep is dominated by dislocation
slip. We know from irradiation growth that grain structure changes
the anisotropy, so it would be hardly surprising if grain structure
did not also affect the creep anisotropy. For the pressure tube
deformation equation, Christodoulou et al. [46], attempted to
include the effect of grain size through the inclusion of the K4(x)
parameter, which is meant to capture variations in microstructure
other than texture along the pressure tube length. However, K4(x)
was derived in order to fit experimental data after applying the
anisotropy parameters obtained from the polycrystalline model.
This means that K4(x) also accounts for any variation in texture not
adequately accounted for by the polycrystalline model. In effect,
K4(x) renders the anisotropy factors redundant and one is left with,
essentially, an empirical model. Clearly further work is needed
using polycrystalline models for irradiation creep involving slip.
Such models should include both mass transport and grain struc-
ture as integral components.
Fig.A-2. Example of stress loci and yield surfaces defined by the creep compliance tensor in t
strain rate vector (ε), defined by the normal to the surface at the intersection with an axial t
with the axial and transverse directions respectively; ε is the strain rate.
Appendix D. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jnucmat.2019.04.021.

Fig.A-1. Orientation of specimens and measurement directions of bent beam stress-
relaxation specimens. The subscript defines the orientation with respect to the ma-
terial of interest (tube), the superscipt defines the orientation with respect to the bent
beam and ε is the strain rate.
he plane of a tube for a range of different anisotropy factors. An example is given for the
ensile stress for an axial tensile specimen and has components εA and εT corresponding

https://doi.org/10.1016/j.jnucmat.2019.04.021
mailto:Image of Fig.A-1|tif
mailto:Image of Fig.A-2|tif


Fig.A-3. Determination of creep strain in a polycrystalline aggregate. The single crystal coordinates are represented by numerical suffixes and the component (bulk) coordinates are
represented by alphabetical suffixes.
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