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Croissance des alliages de zirconium

sous irradiation; récapitulation

par

V. Fidleris

Résumé

La croissance sous irradiation, qui est une modification
de forme sans contrainte externe en cours d'irradiation, a d'abord
été découverte dans l'uranium et plus tard dans le graphite, le
zirconium et autres matières employées dans le coeur ayant des pro-
priétés physiques anisotropiques. La direction de la croissance
maximale des métaux sous irradiation correspond invariablement a celle
de 1'expansion thermique minimale.

Dans les alliages de zirconium polycristallins, la croissance
est positive dans la direction de la déformation maximale en cours de
fabrication et dans les autres directions, elle peut-être positive ou
négative, selon l'orientation préférentielle des grains (texture
cristallographique). La croissance augmente avec la température, gra-
duellement entre 300 K et 620 K et rapidement entre 620 K et 720 K.
Au-dessous de 600 K, le taux de croissance change rapidement avec la
fluence jusqu'à environ 1 x 10^5 n.m""2 (E>1 MeV) . Aux fluences élevées,
la croissance semble arriver à saturation dans les métaux recuits et
atteindre un taux constant approximativement proportionnel à la densité
des dislocations dans les métaux écrouis. Au-dessus de 600 K, les
métaux recuits aussi bien que les métaux écrouis ont des taux de crois-
sance constants.

La croissance sous irradiation est provoquée par le fait que
les lacunes et les interstices engendrés par les rayonnements sont
répartis dans différentes zones d'absorption. Cependant, les principaux
types de zones d'absorption correspondant aux défauts ponctuels et le
mode de transport de ces défauts vers les zones d'absorption ne sont
pas clairement établis. Il n'est donc pas possible de prédire théo-
riquement les taux de croissance. Pour la conception des composants de
coeur de réacteur on a établi des équations empiriques permettant de
prédire d'une manière satisfaisante le comportement de la croissance
en régime constant des métaux à partir de leur texture et de leur
microstructure.
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ABSTRACT

The change in shape during irradiation without external
stress, irradiation growth, was first discovered in uranium and later
in graphite, zirconium and other core materials which exhibit
anisotropic physical properties. The direction of maximum growth of
metals invariably corresponds with the direction of minimum thermal
expansion.

In polycrystalline zirconium alloys growth is positive in the
direction of maximum deformation during fabrication and in other
directions it can be either positive or negative depending on the
preferred orientation of grains (crystallographic texture). Growth
increases gradually with temperature between 300 K and 620 K and
rapidly between 620 K and 720 K. Below 600 K the growth rate changes
rapidly with fluence up to about 1 x 10^5 n.m~2 (E>1 MeV) .
At higher fluences the growth appears to saturate in annealed
materials and reach a steady rate approximately proportional to
dislocation density in cold-worked materials. Above 600 K both
annealed and cold-worked materials have similar steady growth rates.

Irradiation growth is caused by the segregation to different
sinks of the vacancies and interstitials generated by irradiation,
but the dominant types of sinks for each type of point defect and the
mode of transport of the point defects to sinks are not clearly
established. Growth rates cannot therefore be predicted theore-
tically. For the purpose of designing reactor core components
empirical equations have been derived that can satisfactorily predict
the steady state growth behaviour from texture and microstructure.
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IRRADIATION GROWTH IN ZIRCONIUM ALLOYS: A REVIEW

by

V. Fidleris

1. THE DISCOVERY OF IRRADIATION GROWTH

Irradiation growth is defined as the process that in the
absence of any applied stress results in a macroscopic shape change
of a specimen during irradiation with, little or no accompanying
volume change. The term "growth" first appeared in the open
literature at the International Conference on the Peaceful Uses of
Atomic Energy (ICPUAE) [1] to describe the increase in length of
cylindrical uranium specimens during irradiation (Fig. 1), where it
was presented as "the most spectacular effect of irradiation on
metals" [2]. The proceedings of the first two ICPUAE Conferences
[1,3] contain an interesting account of the early growth studies in
uranium, speculations about the causes of growth and attempts to
control it. By 1961 it was discovered [4] that several materials
(Table 1) exhibit this dimensional instability during irradiation,
and that sometimes it is the negative growth or shrinkage that is
the more spectacular and more difficult effect to cope with. The
important core materials Which grow are graphite, used as moderator
and reflector, and zirconium alloys, used for pressure tubes and
cladding of ceramic fuel.

Many of the metals exhibiting irradiation growth have
hexagonal-close-packed crystal structures (Table 1) and all of them
possess anisotropic physical properties such as thermal expansion.
The direction of maximum growth in a single crystal of such metals
invariably corresponds with the crystallographic axis of minimum
thermal expansion [4]. In the case of polycrystalline aggregates the
overall growth is related to the preferred orientation of grains
(crystallographic texture) and is approximately equal to the average
of the individual growths of the component grains. A polycrystalline
material with randomly distributed grains would, therefore, be
expected not to grow, as confirmed by the results of Zircaloy-2 weld
metal which has a random texture [5]. Fabrication of anisotropic
metals nearly always leads to the development of non-random textures,
because of the preferred direction of deformation of individual
grains during the forming process [6].

Following is a brief summary of the discovery of growth in
three of the most prominent reactor core materials - uranium,
graphite and zirconium alloys - with examples to indicate the
magnitude of growth.

Initially it was the growth of uranium alloys which received
most of the attention. Based on results of the type shown in Figure
ljKittel and Paine [7] deduced that the length of cold-rolled uranium



rods increases exponentially with the total neutron dose given by the
expression

L = Lo exp (G f)

where L and LQ are the instantaneous and original lengths, and f
is the fraction of all atoms fissioned, i.e., burn-up. The instan -
taneous rate of growth strain is thus independent of prior
irradiation and may be defined by the unitless growth coefficient, G.
For small elongations

G % fractional extension
burn-up

The value of G in the [010] direction varies with temperature from
about 11,000 at 77 K to between 400 and 1200 at 350 K becoming
negligible at 770 K [4,8] (Fig. 2). Alloying additions do not reduce
the growth of individual grains of alpha uranium since the control-
ling factor, thermal expansion anisotropy, is not significantly
influenced by them; however, large reductions in the average growth
rate can be achieved [9,10] with minor additions of elements such as
Fe, Al, Si and C followed by special heat treatments to refine the
grain size and randomize the texture.

Graphite is widely used in nuclear industry as the neutron
moderator and reflector or coating material for fuel in high
temperature gas cooled reactors. Many volumes have been published
about the fabrication, uses and irradiation behaviour of graphite.
The reason for the extensive studies has been the realization early
in its use that apart from dimensional changes, irradiation also
causes accumulation of stored energy, reduction in thermal
conductivity, increases in coefficient of thermal expansion and
changes in elastic moduli. A good selection of papers on the nuclear
applications and properties of graphite can be found in the
Proceedings of the Second and Third Conference on Industrial Carbon
and Graphite [11,12].

Single crystals of graphite have a well-defined hexagonal
structure (Fig. 3) comprising layers of hexagonal arrays of closely
packed carbon atoms. The spacing between the layers is more than
twice the distance between atoms in the hexagonal rings. The larger
interlayer spacing is reflected in the properties and behaviour of
graphite, particularly under irradiation, when carbon atoms knocked
out of the lattice can readily be accommodated between the hexagonal
planes. Crystals of natural graphite have a very high anisotropy of
thermal expansion but most artificially made graphites are less
anisotropic than natural graphite and possess a less regular
structure. This structure arises from a loss of three-dimensional
order through the random rotation of a certain proportion of
hexagonal layer planes during the process of manufacture resulting in
what is known as turbostratic structure. Much effort has been spent
in developing artificial graphites with isotropic thermal expansion
coefficients.



The effect of neutron irradiation on the dimensional stability
of two selected graphite materials is shown in Figure 4. One of them
is a highly anisotropic natural graphite and the other is an artifi-
cial graphite with nearly isotropic thermal expansion coefficients.
The growth behaviour of the many other types of artificial graphites
falls between these two extremes [13-17].

Below about 900 K the "isotropic" graphite remains so during
the initial stages of irradiation while the material becomes more
dense [16,17]. At higher fluences the material starts to grow
anisotropically and becomes less dense as it develops cracks between
closely packed layers of atoms. The anisotropic growth is more
pronounced at irradiation temperatures above 900 K. Natural graphite,
on the other hand, grows anisotropically at all temperatures; the
growth rate decreases with increasing temperature and there is no
noticeable volume change on irradiation.

It was the development of pressurized water reaictors for
nuclear submarines and civilian power stations which brought about
the use of zirconium as the major structural material in reactor
cores. An interesting account of the history of the development of
zirconium alloys for use in nuclear industry has been presented by
Admiral H.G. Rickover at the first Kroll Medal lecture [18].

The first pressurized water reactor in the nuclear powered
submarine Nautilus became operational early in 1955, but it took about
5 years to recognize the dimensional instability of zirconium during
irradiation. In 1961 Buckley [4] presented the first detailed
account of the irradiation growth behaviour of alpha zirconium. He
measured the linear expansion and change in curvature of bent thin
foils of annealed zirconium irradiated with fission fragments and
found the growth coefficient, G, defined as fractional extension per
unit burn-up, to be about 70, that is, two orders of magnitude lower
than that of alpha uranium irradiated in a neutron flux to the same
burn-up. Little attention was paid to Buckley's findings until it
became necessary to explain the flux enhancement of creep [19,20] and
length changes of fuel elements clad in Zircaloy [21,22]. The first
information on growth of neutron irradiated Zircaloy-2 cladding
became known in 1966 [22,23] and other growth tests soon followed
[20]. The early information (Fig. 5) suggested that the growth of
Zircaloys saturates with fluence at strains between 0.1 and 0.2%.
Only after 1972 did it become known [24] that cold-worked zirconium
alloys exhibit steady state growth and strains of up to 0.5% have
been reported [25]. Information on growth was reviewed in 1975 [20],
but most of the derailed experiments were carried out since then and
their results have only recently become available [5,25-27].

2. PHENOMENOLOGY OF IRRADIATION GROWTH

Much of the information on growth these days is derived from
surveillance programs on reactor core components such as fuel
elements, guide and pressure tubes [28-31]. The components are



measured periodically in situ or after removal for inspection. The
results, however, are often difficult to interpret because of compli-
cations due to superimposed stresses and interactions with other
parts of the reactor. Structural analyses of the reactors using
computer programs are sometimes needed to unravel the data [32].

Tests dedicated to the study of irradiation growth in which
both the material and test conditions are accurately known are more
useful. The specimens are usually small beams 15-50 mm long and, if
possible, machined from sections cut in the three principal
directions of the material. During the early growth studies the
irradiation damage was created by fission fragments [4]. Most growth
tests on metals are now carried out in special fast neutron test
facilities in test reactors and a small number of tests are carried
out in electron and particle accelerators [33,34]. Occasionally the
growth is measured continuously using equipment developed to study
irradiation creep [20], but usually the specimens are removed
periodically for dimensioning in cells designed for handling
radioactive materials. The best results are from experiments where
the specimens are re-irradiated during successive reactor cycles and
show the trend with time. Results from single period irradiations
are more difficult to analyze because there are often large
variations in growth from specimen to specimen during initial stages
of irradiation even though subsequent behaviour is similar.

3. FACTORS AFFECTING GROWTH

The irradiation growth behaviour is determined by the
metallurgical structure of the material and the operating conditions
of the experiment. The magnitude of growth will vary from one
material to another, but many of the features are common. My
description is based on the experience gained from tests on zirconium
alloys. The factors which affect growth are:

- crystallographic texture (anisotrcpy)
- microstructure (dislocation density, grain size and shape)
- fabrication procedure (residual stresses)
- operating conditions (neutron flux, fluence and temperature)

3.1 Effect of Texture

Ever since Buckley reported in 1961 [4] that zirconium single
crystals expanded in the 'a' axis direction and contracted along the
'c' axis with no overall volume change, it has been assumed that the
magnitude of the growth strain in any given direction, d, of a
polycrystalline material is related to the crystallographic texture
and is proportional to the growth anisotropy factor, G^, given by

Gd = (1 - 3 f§) ..(1)

where fd is the resolved fraction of basal poles, f
c, in the

direction d. The values of f°j are derived from basal pole figures



(Fig. 6) obtained by X-ray diffraction [28] using the relationship

fc = £ V cos2 a

where Va is the volume fraction of grains with their basal plane
normals at an angle a from the d direction. Implied in the above
calculations is the assumption that in a polycrystalline material
each grain behaves as an independent single crystal and that the
volume change is zero.

Experimental confirmation of the texture correlation of growth
was long in coming. Even though there were many growth results
obtained with materials of different textures (Figs. 7,8)
[5,25-27,35], for any given material the tests were only in one or
two directions, mostly the longitudinal and transverse directions.
The growth behaviour in the third principal direction (thickness) was
not available and at best could only be deduced from the growth
measurements in two directions and an accompanying density
determination. However, the difficulties in measuring small density
changes of irradiated specimens, combined with small growth strains
resulted in findings which raised doubts as to the validity of the
(1 -3 f9) relationship [5]. An example of such lack of
correlation with texture is given in Figure 9 which shows the
departure from ( 1 - 3 fc) relationship for fc > 0.3. Very
recent growth results [36] (Table 2) obtained on specimens machined
from thick slabs of Zircaloy-2 have shown though that within the
scatter of experimental measurements the growth strains in the
principal directions are in the same proportion as those calculated
from texture assuming a (1 - 3 fc) dependence. These results
also show that under the stated test conditions shape changes of up
to 0.35% occur at approximately constant volume. Other growth
studies on Zircaloy-2 have found [37] that volume increases of up to
0.1% can occur during irradiation at 570 K. The volume changes are
expected to saturate after about 300 h of irradiation.

3.2 Effects of Microstructure

The early investigations [22,38] showed little dependence of
growth on test temperature and fabrication history (Figs. 5 and 10).
All materials exhibited non-linear dependence of growth on fluence
and decreasing growth coefficients which appeared to converge to very
low values at fluences above 10^4 n.m~2 (Fig. 10b). Adamson
[25] was first to demonstrate clearly the difference in growth
behaviour between annealed and cold-worked materials (Fig. 11).
While growth in annealed material appeared to saturate at fluences
above 1 x 10^5 n.m~2f in cold-worked material growth at high
fluences continues at a steady rate. There is now a large amount of
evidence from both growth tests on small specimens [26,27,39] and
surveillance of reactor core components [28,29] over the temperature
range 340 to 600 K supporting Adamson's findings. Holt [40]
has analyzed most of these results in terms of dislocation
densities of the test material and found the growth to increase



approximately linearly with the dislocation density (Fig. 12).

The distinction between annealeu and cold-worked material,
however, appears to disappear at test temperatures above about 630 K
[36]. As shown in Table 2 there is no significant difference in the
growth between annealed and 20% cold-worked Zircaloy-2 slab material
irradiated at 662 K to 4.5 x 10^5 n.m~2. This change in
behaviour with temperature is probably associated with the formation
of different types of microstructures by the irradiation damage.
Below 630 K irradiation damage consists primarily of small dislocation
loops and point defect clusters, while above this temperature, in
addition to clusters and loops, dense networks of dislocations are
also formed [25,36].

Holt was also able to show [40] that improved correlation of
growth with texture is obtained by taking grain shape into account.
For materials with non-equiaxed grains the growth anisotropy factor
is given by

Gd " 1 ~ fd " 2 Ad "(2)

where A3 is the grain boundary anisotropy factor in the 'd'
direction. For grains with an approximately rectangular shape and
with mean intercept grain sizes in the three fabrication directions
of dĵ , dtp, and djj and d<j in any other direction 'd'

..(3)

According to equation (2) G<j and the growth rate increases as the
grains become more elongated in a given direction 'd'.

The effect of grain size on growth has not yet been well
established. What evidence there is suggests that the effect is
small [41].

3.3 Effect of Fabrication Procedure

Fabrication determines the texture and microstructure of
zirconium alloys [6]. During hot extrusion, drawing or rolling
operations the grains deform primarily by prismatic slip in the
1120 direction (Fig. 13) resulting in highly textured material with

elongated grains (Fig. 14). Cold-working also increases the degree
of texture and grain boundary anisotropy and introduces dislocation
substructure. Cross-rolling tends to even out the orientation of
grains in the plane of rolling; quenching from (ot+g) or g phase
randomizes the texture. Annealing cold-worked materials reduces the
dislocation density and at high enough temperatures recrystallizes
the grains into more equiaxed shape without significantly altering
the texture. The annealed Zircaloy-2 specimens in Table 2 are from
the same slab as the 20% cold-worked specimens. Annealing caused the



grains to recrystallize, but the basal pole textures remained within
10% of each other. In some zirconium alloys such as Zr-2.5 wt% Nb
annealing temperatures of up to 850 K only reduce the dislocation
density, but do not change the grain shape because of the stabilizing
effect of the 3-Nb phase within the grain boundaries [42].

Apart from determining the texture, grain shape and
dislocation density most fabrication procedures also introduce
internal residual stresses (Fig. 15) which can affect the dimensional
stability of a fabricated component during high temperature operation
both in and out of a reactor [43,44].

The residual stresses can be reduced by stress relieving, but
they can seldom be eliminated. Figure 16 shows how the duration of
stress relieving at 673 K reduces the measured growth of 40% cold-
worked Zr-2.5 wt% Nb [45]. Even after prolonged stress relieving
(which results in no further dimensional changes out-of-reactor) one
can still observe transient dimensional changes due to irradiation
(Fig. 17) [44]. These changes bear no obvious relation to texture or
microstructure.

3.4 Effect of Neutron Flux and Temperature

The effect of neutron flux intensity and flux spectrum on
growth has not been studied experimentally, but circumstantial
evidence suggests [20] that beyond the initial transients the total
growth strain of a given material is determined only by the test
temperature and neutron fluence and is independent of the time to
reach that fluence. Irradiation growth appears thus to be directly
related to the integrated displacement damage and therefore will be
caused only by neutrons above a certain threshold energy (about 25 eV
in zirconium). To compare the results from different irradiation
facilities on the basis of total displacement damage (dpa), however,
requires the information on the neutron energy spectrum for each test
facility and this is not always available. Usually the comparisons
are made on the basis of fast neutron fluence determined from Fe or
Ni monitors and expressed as the flux of neutrons with energies
greater than 1 MeV.

When plotted on a linear scale of growth vs. neutron fluence
(Figs. 4,7,8,11,17) the growth usually exhibits an initial rapid
transient, which can be either positive or negative, followed by
either saturating or steady state behaviour. It is customary
[30,33,39,46] to plot the growth results on a logarithmic scale
(Figs. 10,18,19) and then describe the growth behaviour in terms of
the slope, n, of a straight line drawn through the points. The
growth strain, e , is then given by

e = K (<f)t)n ..(4)

where <f> is fast neutron flux, t is test time and K and n are
constants determined from the log-log plot.



This representation of irradiation growth can be very
misleading because early transients affect the slope of the
logarithmic plot. Fig. 20. In part (a) of the figure, four curves
were drawn on a linear scale corresponding to different growth
transients followed by identical steady state rates. In part (b) the
same curves were replotted on a logarithmic scale. Only one of them
(curve B) has the correct slope of n = 1 appropriate to steady state
behaviour, while the others have n values ranging from 0.05 to f.6
for the early part of the steady state growth beyond the transients.

Figures 18 and 19 are examples of logarithmic plots of growth
results obtained from surveillance programs on reactor components
which have been used [30,39] to deduce the generalized growth
behaviour. Each point represents a different specimen and there is
little or no information about the initial growth behaviour. In the
light of the effect of transients on the slope of a logarithmic plot,
little significance can, therefore, be attached to the fact that
annealed Zircaloy has a fluence exponent, n, of 0.3 to 0.4 while in
cold-worked materials n = 0.7 (Figs. 18 and 19).

The early results [38] showed very little effect of
temperature on growth of Zircaloy (Fig. 10). Subsequently Adamson
[25] found the growth of recrystallized Zircaloy to reach a peak at
around 570 K (Fig. 21). The results of Murgatroyd and Rogerson [26]
obtained at 350 and 550 K supported Adamson's findings. Based on
these results and post-irradiation annealing studies [25] it was
expected [47] that growth of annealed material would decrease rapidly
with increasing temperature above about 620 K. Recently, however, we
have found [36] that the growth of both annealed and cold-worked
Zircaloy increases rapidly with temperature above 630 K as shown in
Figure 22. As discussed earlier, the increase in growth above 630 K
is probably associated with the formation of dislocation networks,
not observed at the lower temperatures [25,48]. A change in the
growth of annealed Zircaloy with increasing temperature from
saturating to steady state behaviour is also indicated by the
elongation results of fuel guide assemblies of PWR reactors [49]
(Fig. 23). No systematic study of the temperature dependence of
growth of cold-worked materials has been carried out, but judging by
the available test results [25,26,36] the steady state rates appear
to increase gradually with temperature up to about 600 K and more
rapidly thereafter.

3.5 Recovery of Irradiation Growth

Adamson has shown [25] that rapid recovery of growth strains
occurs at temperatures above 620 K, that is, the length increase
during irradiation can be removed by shrinkage during thermal
annealing after irradiation. For recrystallized Zircaloy the
recovery can be 100%. In cold-worked materials the fraction of
recoverable growth strain decreases as cold-work increases (Fig. 24),
while the magnitude of recoverable strain is independent of cold-work
and is approximately equal to the amount recovered by annealed
material irradiated to the same temperature and fluence.



Post-irradiation annealing at 670 to 770 K results in an
increase in size of irradiation-induced dislocation loops and a
decrease in loop density; however, the observed changes in the visible
damage could not account for the magnitude of growth recovery, or the
original strain [25,50].

3.6 Effect of Alloying

The results on the effect of alloying on growth are few and
often contradictory [26,33,35,51], probably because of unaccounted
differences in specimen texture, grain shapa and residual stresses.
Murgatroyd and Rogerson's results [26b] on annealed zirconium and
Zir<-T*..oy-2 show big differences in growth transients and temperature
dept.- ence between the two materials (Fig. 25). Their results at 553
K are -rtrary to those of Kelly and Buckley [51] who found that the
growth due to irradiation by both fast neutrons and fission fragments
was higher in pure zirconium than Zircaloy-2.

Buckley and Manthorpe [52] have studied the growth of pure
zirconium, Zircaloy-2 and dilute alloys of zirconium with Sn, Fe and
Ni during electron bombardments at 720 K in a high voltage
microscope. Their findings are summarized in Figure 26, but the
experimental details have yet to be published. It appears rrom their
results that certain alloying additions such as Sn are effective in
reducing the growth at high fluences. Buckley and Manthorpe have
also measured the growth of Zr-Ti binary alloys of different
compositions [33] containing 0.2 at% 2 35y in which the
irradiation damage was mainly due to fission fragments. Figure 27
shows the observed variations in growth at about 390 K. Pure
titanium elongated two to three times slower than zirconium, but
alloys in the vicinity of 50 at% elongated less than either pure
element. The authors could not offer any explanation for this
phenomenon.

An extreme example of the effect of fission fragment damage on
growth was described by Horak and Rhude [53], who found that binary
alloys of zirconium with 5 and 7 wt% Pu underwent very extensive
growth during irradiation to a burn-up of up to 1.8% of the total
atoms. The cylindrical specimens were cold-worked 90%. During
irradiation at 773 K the specimens elongated in the axial direction
200 to 400% with corresponding contractions in the radial d-'rection.
The growth was accompanied by a total density decrease of only 3%.

Based on the analysis of elongation measurements of Zircaloy-2
and Zr-2.5 wt% Nb pressure tubes in power reactors, Ibrahim and Holt
[54] found the specific growth rate of Zircaloy-2 to be 4 to 7 times
higher than for Zr-2.5 wt% Nb after normalizing to the same texture,
grain shape and dislocation density.

Unexpected high expansions have been observed [55,56] in
Zr-8.6 wt% Al alloy consisting of an ordered intermetallic compound

that has an isotropic face-centered-cubic crystal
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structure. The strains increased with decreasing temperature
(Pig. 28) and were accompanied with isotropic volume expansion, hence,
not strictly a growth phenomenon. The expansion is due to irradiation-
induced disordering and is recoverable on post-irradiation annealing
at temperatures in the 770 K to 970 K range.

4. MECHANISMS OF GROWTH

Much effort has been devoted in recent years towards the
understanding of irradiation creep and growth in zirconium alloys and
a number of alternative mechanisms have bean proposed. Only a brief
summary of the mechanisms of growth will be presented here. A more
detailed account of the theory of in-reactor deformation is presented
by other lecturers at this Symposium.

Irradiation growth of zirconium alloys is caused by the
segregation to different sinks of the vacancies and interstitials
generated by irradiation, but the dominant types of sinks for each
type of point defect and the mode of transport of poinL defects to
sinks are not clearly established.

The earliest growth mechanism was proposed by Buckley C4] and
was modelled on one put forward to explain the growth of uranium.
The mechanism involving interstitial loops on prism planes and
vacancy loops on basal planes has not been supported by TEM studies
[48,50]. Dislocation loops have only been observed on prism planes
and in experiments in which they were large enough to characterize,
both vacancy and interstitial loops were present [57,58]. Other
growth models have since been published [47,59-61] and the whole
subject of creep and growth mechanisms in zirconium was reviewed at a
recent conference [62]. It is now generally accepted that growth
arises from a net flux of irradiation-induced interstitials to edge
dislocations and/or prismatic loops. There is as yet no agreement on
what happens to vacancies. Proposed sinks include <c>-component
prismatic vacancy loops resulting from cascade collapse [60], solute
atoms which trap the vacancies [47] , depleted (Seeger) zones [63],
screw dislocations [64] and grain boundaries [65]. The transport of
vacancies to the sinks is believed to occur by unusually fast bulk
diffusion [66] and/or pipe diffusion down screw dislocation [64].
Any transient volume change (swelling) that occurs during irradiation
arises from the point defects trapped in solution and the formation
of Seeger zones.

5. DESIGN AND SERVICE CONSIDERATIONS

Although the rates of growth of most zirconium alloys are low
compared to uranium and graphite, dimensional problems may arise if
the in-core components are long and are exposed to neutron flux for
very long times or are located in high flux gradients. Figure 29
shows length changes of cold-worked Zircaloy-2 pressure tubes in
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Hanford N-reactor. Seventy-five percent of the elongation is due to
irradiation growth and the remainder due to anisotropic creep [28].
The reactor was brought to full power in 1963 and by 1978 a large
number of tubes had elongated between 38 and 48 mm.

Possible dimensional changes in fuel bundles and fuel guide
tubes are shown schematically in Figure 30. Because fast neutron
flux increases with distance from the centre of the fuel bundle,
unless restrained, the outer ring of elements will elongate faster
than the inner ones (Fig. 30a) and may distort the joints between the
elements. Fuel guide tubes are made from sheet with a texture of
flong. ^ O'1 a n d ftrans. ranging between 0.17 and 0.40. The
tubes will therefore always elongate (Fig. 23). Their cross section
will expand or contract relative to the ends depending on texture
(Fig, 30b) because of axial variations in neutron flux. Only tubes
with equiaxed grains and ftrans. = °-33 will not change in
cross section.

The simplest way to account for irradiation growth in the
design of reactor components is to estimate the growth from results
obtained with the material of interest under appropriate test
conditions. This eliminates the need to define the texture and
microstructural parameters of the material or to correct for
transients due to internal residual stresses. Where experimental
data are available only over a limited range of fluences care must be
taken, when extrapolating beyond the data base, to use the correct
time dependence. As shown earlier, logarithmic plots can be
misleading and are only safe to use for data interpolation. Based on
available evidence it appears that for purposes of extrapolating to
long times it is preferable to consider the growth as the sum of two
components

etotal =etrans. +£steady state

which for long test times approximates to

etotal = Kl + K2 <*t) ...(5)

where K^ and K2 are constants evaluated from linear plots of
strain vs. fluence (Fig.31). For fully annealed Zircaloy-2 operating
at temperatures below about 600 K the growth approximates that of
material B in Figure 31 and the intercept, K^, will be the domi-
nant term. However, for most practical applications the materials
will contain certain amounts of cold-work, even if only from straight-
ening procedures, and will exhibit significant steady state growth
(curves A and C in Fig. 31). The-long term growth will then be
determined by the slope of the linear strain vs. fluence plot, K2•

For cold-worked Zircaloy it is possible to estimate the steady
state growth parameter, K2, from texture and microstructure.
Holt has shown [40] that for growth in the temperature range 300 to
600 K, K2 is given by:
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K2 = Kg" Gd

= 1.07 x 10"39 p0.82 exp-700/T (l-f§ - 2 Ajj) ..(6)

where T is the temperature, K
Ad is grain boundary anisotropy factor given by equation 3
fc is resolved fraction of basal plane normals in direction d
p is dislocation density, m~2

The total steady state strain rate of zirconium alloys, ^d ̂-s

taken to be the sum of irradiation growth and creep rates given by

*td = £gd + S
cd = Kg" Gd <j> + Cd Kc * a ..(7)

where a is applied stress
Kc is material constant (specific creep rate) and depends

on metallurgical structure and temperature
Cd is anisotropy factor for creep and depends on texture,

stress system and mechanism of deformation.

„ olt and Ibrahim [40,67] have deduced values of Kc and Cd for
a number of cold-worked Zircaloy-2 materials, assuming the strain
producing mechanism for irradiation creep to be predominantly prism
glide with some contribution from glide on basal planes. Using these
parameters in equation 7 it is possible to calculate the force needed
to cause a creep rate which will counterbalance the dimensional
changes due to growth. For example, in the case of 30% cold-worked
Zircaloy-2 such as found in Hanford N-reactor [40Dt it would take a
compressive stress of approximately 75 MPa to stop the axial
elongation of a non-pressurized tube.

To deal with problems arising from irradiation growth one must
first appreciate the magnitude of growth for the material in
question. For short-term irradiations (<J>t < 1 x 10^5 n.m~2)
the growth strains will seldom exceed 0.15% and it is therefore often
sufficient to allow the growth to proceed unhindered since such small
strains will not cause distortions of the type illustrated in Figure
30a. For components which will be irradiated to very high fluences,
one has the choice of

1 - accommodating the growth strain by extra dimensional
tolerance in the design

2 - monitoring the strain and replacing the component when
a certain limiting strain has been reached

3 - monitoring the strain and annealing the component to
recover some of the growth strain or deforming it in
situ to original size

4 - applying a restraining force to counteract growth
5 - changing fabrication procedures or the material to

reduce the dislocation density and change texture or
grain boundary anisotropy

6 - using an alloy which is more dimensionally stable
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TABLE 2:

THREE DIMENSIONAL GROWTH Of 1JRCAL0V-Î SLAB MATERIAL 1RRAVTATEV IN EBR-U

Uatvtial

Annealed 1 h at 1070 K

f£ = 0.118 f£ r = 0.338 f£h = 0.546

20% cold-worked
stress relieved 2 h at 740 K

f£ = 0.108 f£ r = 0.318 f£h = 0.574

ifuuicLLcution
TempvuvtuJUL

(K)

662

662
665

682

Tlwrnae.
E > I UeM

{n.m-1

x JO-25)

4 . 5

4.5
2.0

6.0

iKAOdiaZlon Gtouith StJuUn, e, %

ztong.

0.21

0.21
0.09
0.32

MeaiuAed

0.00

0.02
0.03
0.05

Calculated*

0.00

0.01
0.01
0.02

£thickne&&

Meaâated

-0.25

-0.26
-0.08
-0.35

Calculatzd**

-0.21

-0.22
-0.09
-0.34

Volume.
Changz

W

-0.04

-0.04
0.03
0.02

Calculated strain, e,.,. = e.

**calculated strain, E , =

1-3
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FIGURE 1: Length changes in irradiated uranium specimens rolled at
570 K (after J.H. Kittel and S.H. Paine [7])
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FIGURE 2: Variation in growth of alpha uranium with irradiation
temperature (after S.N. Buckley [4,8]).

O Polycrystalline uranium, deformed 58% at 570 K

A Polycrystalline uranium, deformed 85% at 590 K

O Uranium monocrystals, parallel to [010]
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FIGURE 3: Structure of the hexagonal form of graphite
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FIGURE 5: In-reactor length changes of Zircaloy tubing (after
B. Lustmann [22]) .

9 O Different batches of annealed Zircaloy-4

-j- Annealed Zircaloy-2

^ 15-20% cold-worked Zircaloy-4
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FIGURE 6: Examples of basal pole figures illustrating typical
(0002) textures of zirconium alloy tubes.
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FIGURE 7: Irradiation growth of recrystallized Zircaloy-4 (after
R.B. Adamson [25]) .
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FIGURE 8: Irradiation growth of 25% cold-worked Zircaloy-2 at
353 and 553 K (after A. Rogerson and R.A. Murgcttroyd [27])
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FIGURE 9: Variation of transient growth strain at 353 K with basal
pole texture (after A. Rogerson and R.A. Murgatroyd [27])
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FIGURE 10: (a) Differential growth strain between longitudinal and
transverse specimens as a function of fluence.

(b) Growth rate, G, derived from measurements in (a).
(After J.E. Harbottle [38]).
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FIGURE 11: Irradiation growth of Zircaloy-4 at 555 K showing
dependence on amount of cold-work (after R.B. Adamson [25])
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FIGURE 12: Dependence of creep and growth rate of Zircaloy-2 tubes
on dislocation density (after R.A. Holt [40]).
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FIGURE 13: Modes of deformation in zirconium.
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FIGURE 14: The effect of grain shape on irradiation growth strain
distribution in zirconium alloy tubes.
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FIGURE 15: Distribution of residual stresses in Zircaloy tubes
(after J.C. Wood [43]).
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FIGURE 16: Irradiation growth of 40% cold-worked Zr-2.5 wt% Nb at
590 K to a fluence of 2.3 x 1024 n.m"2 (E > 1 MeV),
showing dependence on duration of stress-relieving at
673 K [45].
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FIGURE 17: Strain changes in the axial direction of 15% cold-worked
Zircaloy-2 pressure tube specimens during (a) out-reactor
annealing at 673 K and (b) irradiation at 573 K [44],
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FIGURE 18: Irradiation growth strain as a function of fast neutron
fluence for (a) annealed Zircaloy and (b) cold-worked
Zircaloy. (After J.E. Harbottle and R.M. Cornell [39]).
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FIGURE 20: A comparison of steady state strain rate plotted
(a) on a linear and (b) logarithmic scale showing the
effect of early transient strain on the slope of the
logarithmic plot.
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FIGURE 26: The effect of alloying additions on growth of zirconium
during electron bombardment in high voltage electron
microscope (after Buckley and Manthorpe [52]).
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FIGURE 27: Irradiation growth of Zr-Ti alloys during electron bom-
bardment at 390 K in high voltage electron microscope
(after S.N. Buckley and S.A. Manthorpe [33]).
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FIGURE 28: Dimensional changes of Zr3 Al during irradiation [55,56]
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FIGURE 29: Elongation of cold-worked Zircaloy-2 pressure tubes in
Hanford N-reactor [28].
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(a)

B E F O R E
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f T » 0 . 3 3 f T«0.33

(b)
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FIGURE 30: The effect of neutron flux gradient on possible dimensional
changes in (a) fuel bundle, (b) fuel guide tube.
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M A T E R I A L A

N E U T R O N F L U E N C E ( arbitrary units )

FIGURE 31: Typical examples of irradiation growth in zirconium
alloys; material A - cold-worked, no residual stresses;
material B - annealed (below 600 K); material C - cold-
worked with residual stresses.
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