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a b s t r a c t

This paper aims at modelling irradiation growth of zirconium single crystals as a function of neutron flu-
ence. The Cluster Dynamics approach is used, which makes it possible to describe the variation of irradi-
ation microstructure (dislocation loops) with neutron fluence. From the irradiation microstructure, the
strain can be calculated along the axes of the lattice structure. The model is applied to the growth of
annealed zirconium single crystals at 553 K measured by Carpenter and Rogerson in 1981 and 1987.
The model is found to fit the experimentally measured growth of Zr single crystals very nicely, even at
large neutron fluence where the ‘breakaway growth’ occurs. This was made possible by considering in
the model the growth of vacancy loops in the basal planes. This growth of vacancy loops in the basal
planes could be modelled by taking into account that diffusion of self-interstitial atoms (SIA) is aniso-
tropic and that there exist in the basal planes some nucleation sites for vacancy loops (iron clusters),
the density of which is considered constant over time.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

It is well known that zirconium alloys submitted to neutron
irradiation are subject to ‘irradiation growth’, that-is-to-say an
anisotropic strain without any external stress. From the experi-
mental point of view, irradiation growth of zirconium alloys was
extensively studied in the past (see for example [1]): effect of grain
size, alloying elements, cold working. . . Many models based on
different mechanisms for irradiation growth have already been
proposed in the literature [2–8]. Nevertheless, modelling of zirco-
nium irradiation growth is still of interest for several reasons:

1. First, the existing models mentioned above do not really describe
the evolution of the dislocation loop microstructure (in terms of
loop density and loop mean radius) during irradiation. This should
however be taken into account for a complete modelling of irra-
diation growth. In these models, the dislocation loop density is
an input of the calculation and is supposed not to change with
time, which is not true, especially at the beginning of
irradiation. . .

2. Second, some of these models [2–5] do not take the DAD (Diffusion
Anisotropy Difference) effect: it has been demonstrated that in
zirconium diffusion of self-interstitial atoms (SIA) is anisotropic
[9–13] (whereas vacancy diffusion can reasonably be consid-
ered isotropic). This Diffusion Anisotropy Difference (DAD)
can induce a large bias that can ‘completely dominate the
conventional dislocation bias caused by first order elastic inter-
ll rights reserved.
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action between the point defects and the sink’ (cited from [7]).
Moreover it has been shown that the DAD theory can explain
some important aspects of zirconium growth [14,15].

3. Third, many important data (formation and binding energies, diffu-
sion coefficients, diffusion anisotropy. . .) are now available for zir-
conium in the literature, in particular thanks to the recent
improvements of simulation techniques (molecular dynamics
for example). Although these data have to be considered with
caution, they are of great interest for the calculation of zirco-
nium irradiation growth.

In this paper, we will propose a model for zirconium irradiation
growth, based on the Cluster Dynamics approach [16,17] that
enables to describe the evolution of the dislocation loop micro-
structure under irradiation for very long times. The DAD effect will
be taken into account. We will apply the model to the experimen-
tal results published by Rogerson [18] in 1987 (who continued the
work by Carpenter et al. [19] in 1980) on growth of Zr single
crystals irradiated with neutrons at 553 K. Particular attention will
devoted to the ‘breakaway growth’ effect.

1.1. Description of the experimental results concerning irradiation
growth of zirconium single crystals [18,19]

The experimental results exposed here are taken from refer-
ences [18,19]: cylindrical specimens of annealed pure zirconium
(127 mm long and 4.5 mm diameter) were irradiated at 553 K in
fast neutrons fluxes of between 5.3 and 7.6 � 1017 nm�2 s�1 (DIDO
reactor). This neutron flux was converted into a point defect pro-
duction rate using the proportionality factor published in Ref.
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Fig. 1. Irradiation growth of a-axis and c-axis zirconium single crystals at 553 K.
Neutron irradiation (6.5 � 1017 nm�2 s�1 � 10�7 dpa s�1). From Rogerson [18] and
Carpenter et al. [19].
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[20] and calculated using the DISPKAN program developed by Woo
[21]. A point defect production rate of �10�7 dpa s�1 was obtained.
Iodide grade (open symbols on Fig. 1) and zone refined (full sym-
bols on Fig. 1) single crystals were used. The ‘a-axis’ crystals are
oriented so that the angle u between the main axis of the single
crystal and the c-axis of the lattice structure is closed to 90� (79�
for the iodide grade crystal and 87� for the zone refined crystal).
Concerning the ‘c-axis’ crystals, the angle u is 26� for the iodide
grade crystal and 28� for the zone refined crystal. The irradiation
growth of the a-axis and c-axis crystals is shown in Fig. 1. It con-
sists of an expansion of the a-axis crystals and a contraction of
the c-axis crystals. A transient growth is first observed on the
a-axis single crystals, followed by saturation at about 1.2 � 10�4.
Then, above a certain fluence (�2–3 dpa), the expansion of the
a-axis single crystals starts increasing again (‘breakaway growth’).
The contraction of the c-axis crystals seems to be more monoto-
nous and the ‘breakaway’ effect is not so obvious.

1.2. Description of the experimental results concerning loop
microstructure in irradiated zirconium [22–26]

Dislocation loops that form in zirconium under irradiation
(electron or neutron) can be classified into two types according
to their Bürgers vector:

� The prismatic loops or a-loops: they have a ~b = 1/3 <1 1 2 0>
Bürgers vector (parallel to the a-axis of the lattice structure).
They are lying approximately in the prismatic planes (10 �10).
In certain situations, both vacancy and interstitial loops can
coexist [17,22–24].

� The basal loops or c-loops: they are lying in the (0 0 0 1) plane
and their Bürgers vector has a component along the c-axis. These
loops are almost always vacancy type. They can be perfect loops
(~b = <0 0 0 1>) or imperfect loops (~b = 1/2 <0 0 0 1> or ~b = 1/6
<20 �23>).

During neutron irradiation, a-loops form first. c-Loops forma-
tion is observed only above a certain fluence that depends on sol-
ute concentrations and temperature [22,26]. It has been shown
that the ‘breakaway growth’ of zirconium alloys under neutron
irradiation correlates with the appearance of vacancy c-loops that
act as vacancy sinks [26,27].

1.3. The Cluster Dynamics Model

A model based on the Cluster Dynamics approach was proposed
in [16] that describes the evolution of the dislocation loop micro-
structure under irradiation. It calculates the variation with time
of the size distribution of the dislocation loop population. This
model cannot be directly applied to a-zirconium since it is based
on the assumption that point defect diffusion is isotropic, which
is not true for zirconium. In Ref. [17], this Cluster Dynamics Model
was then extended to the case where the diffusion of self-intersti-
tial atoms (SIA) is anisotropic, as in zirconium (for a detailed
description of this ‘extended’ Cluster Dynamics Model, see Ref.
[17]). In that ‘extended’ model, only SIA diffusion is assumed to
be anisotropic, whereas vacancy diffusion is supposed isotropic
[9–13]. It should be emphasized that in this model, only point de-
fects are supposed mobile. On the contrary, point defect clusters
are assumed immobile.

1.3.1. Point defect sinks
All types of point defect sinks existing in zirconium single crys-

tals can be taken into account in the ‘extended’ model (surfaces,
dislocation lines existing before irradiation, and dislocation loops):

1. Surfaces: in fact, since the single crystals are large, it can be
checked that the effect of surfaces on point defect absorption
and emission is absolutely negligible.

2. Dislocation lines: the single crystals are annealed so that the dis-
location density before irradiation is supposed to be small. The
dislocation density will be taken equal to 106 cm�2 and it will
be assumed that these dislocation lines are parallel to the c-axis
with a Bürgers vector~b = 1/3 <1 1 2 0>. Anyway, it was checked
that this dislocation density can vary from 0 to 108 cm�2 with-
out any strong effect on the calculation.

3. Dislocations loops: dislocations loops are the main point defect
sinks. In a first step, only prismatic loops (a-loops) will be con-
sidered. They are supposed to lie in the prismatic (10 �10) planes
and to have a ~b = 1/3 <1 1 2 0> Bürgers vector. Basal loops (c-
loops) will be introduced in the model in a second step in order
to model the ‘breakaway growth’.

One of the main points of the ‘extended’ model is that Za
i the

efficiency factor relative to the absorption of SIA by prismatic dis-
location loops (a-loops) is a function of the SIA diffusion anisotropy
[17]:

Za
i ¼ zi �

1
3

pþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ p6

p
p2

 !
; ð1Þ

where zi is a term describing the SIA/dislocation elastic interaction
(zi = 1.1 [15,34]) and p is the SIA diffusion anisotropy factor defined
by [15]:

p ¼ Dc
i

Da
i

� �1=6

: ð2Þ

Da
i is the SIA diffusion coefficient along the a-axis of the lattice

structure and Dc
i is the SIA diffusion coefficient along the c-axis. It

has been shown that Da
i > Dc

i [9–13], so that p < 1 and Za
i > zi.

Thus, the SIA diffusion anisotropy leads to a better SIA absorption
efficiency by prismatic loops.

1.3.2. Points defect creation
Due to the lack of data available in the literature concerning

point defect cluster formation within cascades under neutron irra-
diation in zirconium, it was assumed here that point defect were
created here as Frenkel pairs (isolated vacancies and SIA) at a rate
of 10�7 dpa s�1.

In the following, we will show how the ‘extended’ Cluster
Dynamics Model can be used to calculate irradiation growth of
zirconium. As mentioned before, we will focus here on zirconium



Table 1
Inputs introduced in the Cluster Dynamics Model to describe irradiation growth of Zr
single crystals. These inputs are needed by the Cluster Dynamics Model to calculate
the variation with time of the size distribution of interstitial and vacancy loops.

Reference/
comment

Temperature T 553 K [18,19]
Point defect creation rate G 10�7 dpa s�1 [18,19,20]

Vacancy formation energy Ef
v 1.79 eV [31]

SIA formation energy Ef
i 3.77 eV [31]

Di-vacancy binding energya EB
2v 0.22 eV [32]

Di-interstitial binding energya EB
2i 1.42 eV [17]

Vacancy diffusion coefficient at 553 K Dv 3.0 � 10�17 cm2.s�1 Adjusted input
SIA diffusion coefficient at 553 Kb Di 10�6 cm2 s�1 Adjusted input
SIA diffusion anisotropy factor at 553 K p 0.765 [11–13]
Recombination radius riv 10�7 cm [33]
Vacancy/dislocation elastic interaction zv 1.0
SIA/dislocation elastic interaction zi 1.1 [15,34]
Bürgers vector (prismatic loops) b 3.23 � 10�8 cm [22]

a The di-vacancy and di-interstitial binding energy is needed to calculate the
binding energy of the loops as a function of their size (see [17] for a detailed
explanation).

b Di is the SIA mean diffusion coefficient: Di ¼ ðDa2

i Dc
i Þ

1=3, where Da
i is the SIA

diffusion coefficient along the a-axis and Dc
i is the SIA diffusion coefficient along the

c-axis.

Table 2
Inputs introduced in the Cluster Dynamics Model to describe irradiation growth of Zr
single crystals. These inputs are needed to calculate the crystal strain according to
Eqs. (3), (6) and (7).

Atomic volume Vat 2.33 � 10�23 cm3

Vacancy relaxation volumea Vrel
v 0.43 [28]

Single crystal orientation a-axis crystals u 83� [18,19]
c-axis crystals 27� [18,19]

a It was assumed in the model that vacancy relaxation is anisotropic and is fully
oriented along the c-axis as suggested in [29,30]. Nevertheless, even considering an
isotropic vacancy relaxation, it is still possible to get a very good fit of the growth
experimental data by re-adjusting the value of Vrel

v , Di and Dv to Vrel
v = 0.8,

Di = 5.0 � 10�8 cm2 s�1 and Dv = 6.0 � 10�18 cm2 s�1.
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single crystals and will compare the calculations to the experimen-
tal data presented above (Fig. 1).

2. Cluster Dynamics modelling of zirconium single crystal
growth before ‘breakaway growth’

2.1. Calculation of the strains along the a-axis, c-axis and crystal axis

We focus here on dimensional changes due to prismatic disloca-
tion loop formation during irradiation. In a first step, we consider
the growth of zirconium single crystals before ‘breakaway growth’
occurs. That is why, in this first step, the only loops that have to be
considered are prismatic loops since basal loops form only above a
certain fluence (�2�3 dpa) corresponding to the occurrence of
‘breakaway growth’ [22,26].

From the size distribution of prismatic dislocation loops calcu-
lated by the Cluster Dynamics Model, it is possible to calculate
the relative strain ea along the a-axis [2]:

ea ¼
1
2

Q a
i Vat; ð3Þ

where Qa
i is the net quantity of SIA in the a-loops expressed per unit

volume and Vat is the atomic volume. Qa
i is given by:

Q a
i ¼ Q ia

i � Qva
v ; ð4Þ

where Qia
i is the number of SIA in the interstitial a-loops (ia) and Qva

v
is the number of vacancies in the vacancy a-loops (va). Qia

i and Qva
v

are also expressed per unit volume.
If it is assumed that the number of vacancies and SIA created by

irradiation is the same, the assessment of the number of created,
recombined and eliminated point defects (on dislocation lines, dis-
location loops and surfaces) leads to:

Q ia
i ¼ C1v � C1i � Q s

i � Q d
i ; ð5Þ

where C1v is the number of vacancies per unit volume, C1i is the
number of SIA per unit volume, Qs

i is the net quantity of SIA (SIA
minus vacancies) that has eliminated on surfaces and Qd

i is the
net quantity of SIA that has eliminated on pre-existing dislocation
lines. It should be noticed that in the particular case of large single
crystals with a low density of pre-existing dislocations lines, the
terms Qs

i and Qd
i could be neglected, except at the very beginning

of irradiation.
Then, from Eqs. (3) and (5), it is possible at every moment dur-

ing the Cluster Dynamics calculation to calculate the strain along
the a-axis associated with the formation of prismatic loops.

It should be emphasized that the net quantity of SIA in the a-
loops Q a

i , as calculated from Eq. (5), includes all the prismatic clus-
ters, even those containing only two point defects. In others words,
all the prismatic clusters containing two or more point defects are
considered as dislocation loops taking part in the strain along the
a-axis. It should be noticed nevertheless that the dominating con-
tribution to the strain along the a-axis is the one of the large inter-
stitial a-loops (see Fig. 4). In other words, including or not the very
small prismatic clusters in the calculation of the strain along the
a-axis have negligible effect on the result.

We will now focus on the calculation of the strain along the
c-axis. Point defect absorption on the prismatic loops induces no
strain along the c-axis since the prismatic loops have a ~b = 1/3
<1 1 2 0> Bürgers vector parallel to the a-axis. Nevertheless, it is
obvious from Fig. 1 that there is a contraction along the c-axis. This
strain, in the first moments of irradiation (<1 dpa), is not likely to
be associated with the formation of vacancy basal loops since
vacancy basal loops form only above a certain irradiation fluence.
It will be assumed that the strain along the c-axis in the first mo-
ments of irradiation is due to vacancy relaxation. Vacancy relaxa-
tion volume will be taken equal to 0.43 following the ab initio
calculations made by Le Bacq and Willaime [28]. Furthermore, it
will be assumed that vacancy relaxation is anisotropic and is fully
oriented along the c-axis as suggested in [29,30]. The effect of SIA
relaxation on the strain will not be taken into account here since
the SIA concentration is negligible (see Fig. 5).

The relative strain ec along the c-axis is then given by [2]:

ec ¼ �C1vVrel
v Vat ; ð6Þ

where C1v is the number of vacancies per unit volume, Vrel
v is the va-

cancy relaxation volume and Vat is the atomic volume.
In order to compare the calculated strain with the experimental

results of Fig. 1, one has first to calculate the growth strain eg along
the main axis of the single crystal:

eg ¼ ea sin2 uþ ec cos2 u; ð7Þ

where u is the angle between the main axis of the single crystal and
the c crystallographic axis. u is equal to 83� on average for the a-axis
crystals (u = 79� the iodide grade crystal and u = 87� for the zone
refined crystal) and equal to 27� on average for the c-axis crystals
(26� for the iodide grade crystal and 28� for the zone refined
crystal).

The main features and assumptions of the Cluster Dynamics
Model used in this work are summarized in Appendix.
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2.2. Inputs of the model

We have two different kinds of inputs:

1. First, the inputs needed by the Cluster Dynamics Model to
calculate the variation with time of the size distribution of
interstitial and vacancy loops are summarized in Table 1.

2. Second, the inputs listed in Table 2, that appear in Eqs. (3), (6)
and (7), are those used to calculate the strain.

2.3. Results and discussion

The SIA and vacancy diffusion coefficient Di and Dv were
adjusted to get the best fit between the calculated growth curve
for a-axis crystals and the experimental points taken from
[18,19]. The result is shown in Fig. 2. A good agreement is obtained
between calculated curves and experimental points. The strain
along the real crystallographic a-axis and c-axis are shown in
Fig. 3. The difference observed between strain along the real
crystallographic axes and strain along the main axis of the single
crystals is due crystallographic orientation of the ‘a-axis’ and
‘c-axis’ single crystals (u = 83� and 27�, respectively).

Neglecting the absorption of SIA on pre-existing dislocation
lines and surfaces and considering that the SIA concentration is
much lower than the vacancy concentration (which is always true
Fig. 2. Irradiation growth of a-axis and c-axis zirconium single crystals at 553 K.
Neutron irradiation (6.5 � 1017 nm�2 s�1 � 10�7 dpa s�1). Calculated growth curves
compared with experimental points from Rogerson [19].

Fig. 3. Comparison between growth along the real crystallographic a-axis and c-
axis (dotted lines) and growth along the main axis of the single crystals (full lines).
except in the very beginning of irradiation), we get from Eqs. (3)
and (5):

ea ¼
1
2

C1vVat: ð8Þ

Combining Eqs. (6) and (8), we get:

ec

ea
¼ �2Vrel

v ¼ �0:86: ð9Þ

This ratio is consistent with the dotted lines observed on Fig. 3.
We give here an interpretation of the shape of the growth

curves plotted on Figs. 2 and 3. If we look at the loop size distribu-
tion calculated by the Cluster Dynamics Model for vacancy and
interstitial loops, we observe (Fig. 4) that interstitial loops grow
whereas vacancy loops do not (only very small vacancy clusters
are predicted by the model). This growth of interstitial prismatic
loops is the reason of the elongation of the a-axis crystals between
0 and 3 dpa (i.e. before breakaway growth), whereas the contrac-
tion of the c-axis crystals is due to vacancy relaxation along the
c-axis (as assumed before). At the beginning of irradiation, pris-
matic dislocation loops absorb much more SIA than vacancies be-
cause DiC1i � DvC1v (C1i � C1v and Di � Dv ), which corresponds
to a fast growth of interstitial loops. Then, vacancy concentration
increases until DvC1v gets close to DiC1i. As a consequence, intersti-
tial prismatic dislocation loops absorb more and more vacancies,
which makes the growth rate lower and lower. In the permanent
regime (above 1 dpa), prismatic dislocation loops absorb so many
vacancies as SIA and the crystals do not grow any longer.

As mentioned above, the model predicts the growth of intersti-
tial a-loops only and not vacancy a-loops. It should be recognized
that this is not exactly in agreement with experimental observa-
tion of both interstitial and vacancy co-existing a-loops in neu-
tron-irradiated zirconium or zirconium alloys (see for example
Ref. [22]). Nevertheless, these observations were made on poly-
crystalline materials (not on single crystals) and it has been dem-
onstrated that anisotropic absorption of point defects on grain
boundaries can lead in certain situations to the nucleation and
growth of vacancy a-loops (see for example the analysis by Woo
in Ref. [35]). In the case of the zirconium single crystals used for
growth measurements in the original papers by Rogerson and Car-
penter we are referring to in this work [18,19], no experimental
microstructure analysis was made after irradiation to determine
the nature of the a-loops. If the prediction of our model is right,
the a-loops in these single crystals should be of interstitial type.

Let us now come back to the interpretation of the shape of the
growth curves plotted on Figs. 2 and 3. As far as the contraction
Fig. 4. Vacancy and interstitial prismatic loop size distribution calculated by the
Cluster Dynamics Model at a fluence of 3 dpa. The growth of interstitial loops is
clearly evidenced.



Fig. 5. Variation of point defect concentration during irradiation: (a) conventional
logarithmic plot and (b) linear plot. The permanent regime is shown to be reached
around 1 dpa.

Fig. 7. Influence of the SIA diffusion coefficient Di on the calculated growth curves.
Every other input was kept constant (see Table 1).
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along the c-axis is concerned, we made the assumption that it is
due to vacancy relaxation. This contraction is then directly linked
to the variation of the vacancy concentration during irradiation.
The variation of point defect concentration during irradiation is
presented in Fig. 5. The permanent regime is shown to be reached
around 1 dpa.

In the calculation shown above, the SIA and vacancy diffusion
coefficient Di and Dv were adjusted to get the best fit between
the calculated growth curves and the experimental points. We will
briefly detail in the following the influence of Dv and Di on the cal-
culated growth curves. Fig. 6 shows the growth curves for two dif-
ferent vacancy diffusion coefficients (every input except vacancy
diffusion coefficient was kept constant). It is shown that the strain
in the permanent regime increases when the vacancy diffusion
coefficient decreases. This can be interpreted by taking into ac-
count the influence of the vacancy diffusion coefficient on the va-
cancy concentration C1v in the permanent regime that is given by
Eq. (10) (provided that the dislocation sink strength is low enough)
[36–38]:

C1v �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gzi

4privDvVat

s
: ð10Þ

From Eqs. (8) and (10), we get:

ea �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GziVat

16privDv

s
: ð11Þ
Fig. 6. Influence of the vacancy diffusion coefficient Dv on the calculated growth
curves. Every other input was kept constant (see Table 1).
It can be simply interpreted from Eq. (11) that the strain ea in
the permanent regime increases when the vacancy diffusion coef-
ficient decreases. The influence of Dv on the strain along the c-axis
ec could be also interpreted in the same way considering Eqs. (6)
and (10).

Fig. 7 shows the growth curves for two different SIA diffusion
coefficients (every input except SIA diffusion coefficient was kept
constant). It is shown that Di has no effect on the strain in the per-
manent regime, in agreement with Eq. (11). On the other hand, the
growth rate increases when Di decreases, which can seem paradox-
ical. This is due to the fact that a decrease of Di enhances the nucle-
ation of interstitial loops [39]. Fig. 8 shows the size distribution of
interstitial loops calculated by the model at a fluence of 0.2 dpa, i.e.
before permanent regime is reached, for Di ¼ 10�6 cm2 s�1 and
Di ¼ 10�8 cm2 s�1. As expected, a decrease of Di leads to a decrease
of the loop mean radius, which is due a lower loop growth rate. On
the other hand, a decrease of Di leads to a large increase of the loop
density. Finally, at a the fluence of 0.2 dpa, the net quantity of SIA
included in the prismatic interstitial loops, and hence the growth
strain along the a-axis, is higher when Di ¼ 10�8 cm2 s�1.

To conclude about the effect of Dv and Di on the strain curves,
we can say that Dv affects the level of strain in the permanent
regime (above 1 dpa) whereas Di affects the growth rate in the
transient regime (below 1 dpa).

We will now compare the values of Dv and Di that we have
adjusted in our calculations with the values available in the litera-
ture. The SIA diffusion coefficient we used is Di ¼ 10�6 cm2 s�1 at
553 K. The Di value at 553 K deduced from the molecular dynamics
Fig. 8. Influence of the SIA diffusion coefficient Di on the calculated size distribution
of prismatic interstitial loops at a fluence of 0.2 dpa.



Fig. 10. Morphology of an iron cluster in the basal planes proposed in Ref. [42].

Fig. 9. Arrhenius plot of the self-diffusion coefficient of zirconium. The symbol ‘�’
corresponds to the self-diffusion coefficient estimated from Eq. (12) using
Dv ¼ 3� 10�17 cm2 s�1.
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calculations by Osetsky [11], Woo [12,13] are respectively
5.8 � 10�5, 1.7 � 10�4 and 8.2 � 10�4 cm2s�1, which is higher than
the SIA diffusion coefficient we used. Nevertheless, it must be no-
ticed that the effect of the Di value on the growth curves is not so
strong (see Fig. 7) and the growth curves we would obtain with the
Di value taken from [11] for example would not fit the experimen-
tal points so bad.

The vacancy diffusion coefficient we used is Dv ¼ 3�
10�17 cm2 s�1 at 553 K. From this Dv value, the zirconium self-dif-
fusion coefficient DZr can be estimated using Eq. (12):

DZr � DvCv ¼ Dv exp � Ef
v

kT

 !
; ð12Þ

where Cv is the equilibrium vacancy concentration at 553 K and Ef
v

is the vacancy formation energy (Ef
v ¼ 1:79 eV [31]). We get:

DZr � 1:5� 10�33 cm2 s�1. This value was reported on an Arrhenius
plot (Fig. 9) together with the experimental points by Horvath et al.
[40]. It is observed that the self-diffusion coefficient estimated from
Eq. (12) is in rather good agreement with the experimental points
by Horvath et al., provided that we take the downward curvature
of the Arrhenius plot into account. We can conclude from this
observation that the vacancy diffusion coefficient fitted in the
growth calculation (Dv ¼ 3� 10�17 cm2 s�1) is not unrealistic. It
should nevertheless be recognized that this value is some orders
of magnitude below the value proposed by Hood in [41].

3. Cluster Dynamics modelling of zirconium single crystal
growth after ‘breakaway growth’

The previous section of this paper was devoted to the growth of
zirconium single crystals under neutron irradiation for fluences
lower than 3 dpa, i.e. before ‘breakaway growth’ (see Fig. 1). We
will now try to model this ‘breakaway growth’ in order to fit the
whole experimental growth curves of Fig. 1.

3.1. Modelling the growth of vacancy loops in the basal planes (c-
loops)

From the experimental point of view, it has been demonstrated
that breakaway growth corresponds to the formation of c-loops ly-
ing in the basal planes. They are vacancy in type and their Bürgers
vector has a component along the c-axis of the lattice structure
[26,27]. Moreover, from experimental observation made on zirco-
nium enriched in iron, it has been shown [42] that theses vacancy
c-loops nucleate on small iron clusters (<1 nm) that lie in the basal
planes. Relaxation around these iron clusters lead to Zr2Fe precip-
itates [42], the morphology of which is close to a vacancy loop
(Fig. 10).

Iron solubility in zirconium is extremely low. Zou et al. [43]
proposed an expression of iron solubility in zirconium that is valid
between 775 and 970 K. If we extrapolate this expression to 553 K,
we find 0.023 at. ppm. Although the single crystals that were used
for the growth experiments [18,19] are good purity materials, their
iron concentration (54 wt ppm for iodide purity crystals and
10–20 wt ppm for zone refined crystals) are far above the iron
solubility.

According to De Carlan [42], these clusters look like small
2-dimensionnal clusters lying in the basal planes (Fig. 10). Their
morphology is close to that of vacancy dislocation loops and one
can then expect that they could absorb point defects. If the cluster
absorbs a net quantity of vacancies, a vacancy loop will nucleate
and grow. The iron cluster can then be considered as a vacancy
loop nucleation site. On the contrary, concerning absorption of
SIA, one can not imagine that an interstitial cluster nucleate on
such an iron cluster, taking into account its morphology. This
means that the clusters will not be able to absorb SIA unless vacan-
cies have been absorbed first.

In the beginning of irradiation, the sinks usually absorb more
SIA than vacancies because DiC1i � DvC1v . In the case of the iron
clusters, in the beginning of irradiation, the flux of absorbed SIA
will be limited by the flux of absorbed vacancies. In other words,
the iron clusters will absorb the same flux of vacancies and SIA.

On the contrary, in the permanent regime (DiC1i � DvC1v ), the
iron clusters are likely to absorb a little more vacancies than SIA
because of SIA diffusion anisotropy. As a consequence, one expects
vacancy loops to grow in the basal planes in the permanent regime.
This will lead to an unstable situation: indeed, as the basal vacancy
loops grow, there sink strength increases and they absorb more
and more vacancies, which in turn also means that the prismatic
interstitial loops will absorb more and more SIA. One can then
understand that the material will grow along the a-axis and con-
tract along the c-axis faster and faster (breakaway growth). The
following of this paper is devoted to the modelling of the break-
away growth by introducing basal loops in the Cluster Dynamics
Model.

Some iron clusters were considered in the basal planes that will
behave as vacancy loop nucleation sites. Based on the work by De
Carlan [42], we will assume that the iron atoms are partially pre-
cipitated as small 2-dimensionnal clusters lying in the basal planes
(Fig. 10). We will furthermore make the following assumptions:

1. These iron clusters exist before irradiation.
2. The density of iron cluster per unit volume (cm�3) is constant

during irradiation.
3. All the iron clusters have a radius of 1 nm.

It will be assumed that, regarding point defect absorption, these
iron clusters behave exactly as vacancy c-loops (except that their
radius cannot be reduced to a value lower than 1 nm by absorption



Fig. 11. Irradiation growth of a-axis and c-axis zirconium single crystals at 553 K.
Neutron irradiation (6.5 � 1017 nm�2 s�1 � 10�7 dpa s�1). Calculated growth curves
compared with experimental points from Rogerson [18] and Carpenter et al. [19].
The breakaway growth above �2–3 dpa could be satisfactorily modelled by
introducing the growth of vacancy c-loops that nucleate on iron clusters lying in
the basal planes. A value of 2 � 1014 cm�3 was considered for the density of c-loops
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of SIA). The absorption of vacancies and SIA on the c-loops is taken
into account by adding a term Kc

vC1v and Kc
i C1i to the differential

equation describing the variation with time of the vacancy and
SIA concentration, respectively. The absorption rates Kc

vC1v and
Kc

i C1i (cm�3 s�1) of vacancies and SIA, respectively can be
expressed as:

Kc
vC1v ¼ qcZc

vDvC1v

Kc
i C1i ¼ qcZc

i DiC1i

(
: ð13Þ

qc is the c-loop line density (cm�2):

qc ¼ 2prcCc; ð14Þ

rc and Cc are the radius and the density of the c-loops per unit
volume respectively (it should be noticed that the density Cc of
the c-loops is equal to that of the iron clusters). The absorption effi-
ciency factor for vacancies is simply:

Zc
v ¼ zv ¼ 1:0: ð15Þ

The absorption efficiency factor for SIA must take into account
the SIA / dislocation elastic interaction, but also the SIA diffusion
anisotropy (see Ref. [15] for a detailed calculation of Zc

i as a func-
tion of the anisotropy factor p):

Zc
i ¼ zip ¼ 1:1� p; ð16Þ

where p is defined by Eq. (2). Let us define Qc
v (cm�3) the net num-

ber of vacancies absorbed by the c-loops. The variation of Qc
v with

time is given by the following differential equation:

dQc
v

dt
¼ Kc

vC1v � Kc
i C1i: ð17Þ

At the beginning of irradiation, dQc
v=dt < 0 because

DiC1i � DvC1v (C1i � Cv and Di � Dv ), which would corresponds
to the growth of interstitial loops. But, as mentioned above, the
nucleation of interstitial loops from the iron clusters lying in the
basal planes is not possible, which can be taken into account by
considering that Kc

i C1i cannot be higher than Kc
vC1v . This means

in turn that the c-loops can not absorb a given number of SIA
unless they have absorbed the same number of vacancies first.
The c-loops behave in this case as a preferential vacancy/SIA
recombination sites, but do not absorb any net flux of point defects.

On the contrary, when the permanent regime is reached, we
have DiC1i � DvC1v : Nevertheless, because of diffusion anisotropy,
Kc

vC1v is slightly higher than Kc
i C1i and then dQc

v=dt > 0. As a con-
sequence, the c-loops will start to grow by absorbing a net number
of vacancies, leading to breakaway growth.

In the model, this situation depicted above, in which the c-loops
will grow or not according to the sign of the term Kc

vC1v � Kc
i C1i,

can be simply taken into account by rewriting Eq. (17) in the
following way:

dQc
v

dt
¼maxð0;Kc

vC1v � Kc
i C1iÞ: ð18Þ

Assuming that the vacancies agglomerate in a single basal
plane, the Bürgers vector of the c-loops is ~b = 1/2 <0 0 0 1> and
their radius can be expressed as a function of the net number of ab-
sorbed vacancies:

rc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

0c þ
Q c

vSat

pCc

s
; ð19Þ

r0c is the initial radius of the vacancy loops (i.e. the radius of the
iron clusters on which they nucleate = 1 nm) and Sat is the ‘area’ of
a lattice site in the basal plane:

Sat ¼
ffiffiffi
3
p

2
a2; ð20Þ
where a is the lattice parameter of zirconium (a = 3.23 10�8 cm).
The growth curve was calculated using the model until a fluence
of 10 dpa for the a-axis and the c-axis crystals.

It should be emphasized once again that in our model the Fe-
rich cluster density is assumed constant over time during irradia-
tion. The possible dissolution and re-precipitation of these clusters
due to ballistic mixing by neutron irradiation sometimes discussed
in the literature [25,42] was not taken into account here.

3.2. Calculation of the strains along the a-axis, c-axis and crystal axis

The strain along the a-axis was calculated the same way as in
the previous section (concerning the calculation of growth before
breakaway growth) using Eq. (3). The strain along the crystal axis
was calculated using Eq. (7). Concerning the strain along the c-axis,
the contribution of the vacancy c-loops was added to Eq. (6):

ec ¼ �C1vVrel
v Vat � Q c

vVat: ð21Þ
3.3. Results and discussion

The same inputs (Tables 1 and 2) were used as in the previous
section. The iron cluster density (cm�3), which also corresponds to
the vacancy c-loops density (considered constant over time), was
adjusted to get the best fit of the experimental points. Fig. 11
shows that the calculated growth curves fit the experimental
points very well using a c-loops density of 2 1014 cm�3. It should
be emphasized that the general shape of the growth curves and
particularly the occurrence of breakaway growth is very satisfacto-
rily modelled.

Considering an iron cluster radius of 1 nm, a volume cluster
density of 2 1014 cm�3 correspond to a molar fraction of precipi-
tated iron of 0.15 ppm. This value is realistic since it is smaller than
the total iron molar fraction in the zirconium crystals used for the
growth measurements (some tens of wt ppm) [18,19]. It should
also be emphasized that the value of the iron cluster radius r0c used
in the model has very little influence on the calculated growth
curve.

Fig. 12 shows the variation of the loop radius with fluence
(interstitial a-loops and vacancy c-loops). The calculated values
of loop radius are close to the experimental measurements avail-
able in the literature for the same neutron fluence (some tens of
(i.e. the density of iron clusters).



Fig. 12. Calculated variation of the mean radius of the interstitial a-loops and the
vacancy c-loops during irradiation growth. Fig. 14. Influence of the SIA diffusion anisotropy factor p on the calculated growth

curves of a-axis crystals and c-axis crystals. p = 1 Corresponds to isotropic diffusion
of SIA. Experimental points from Rogerson [18] and Carpenter et al. [19].
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nm) [22,25,26]. It should be noticed that according to the calcula-
tion the vacancy c-loops start to grow at a fluence of <1 dpa but
their influence on the growth curves start to be really significant
only above �2–3 dpa.

As already mentioned, the value of the iron cluster radius r0c

used in the model has very little influence on the calculated growth
curve. On the contrary, the value of the iron cluster density per unit
volume (that is considered constant over time in the model)
strongly affects the calculated growth curves as shown in Fig. 13:
the breakaway growth is all the stronger as the iron cluster density
in the basal planes is larger. If no cluster iron is considered in the
basal planes, no breakaway growth is observed (curver in
Fig. 13). This is easily understandable since the iron clusters act
as nucleation sites for the c-vacancy loops which are responsible
for the breakaway growth.

All the growth curves presented above were calculated at 553 K
using a SIA diffusion anisotropy factor of 0.765 [11–13]. The effect
of the SIA diffusion anisotropy on the calculated growth curves was
checked, considering always the same iron cluster density
(2 1014 cm�3). Fig. 14 shows the calculated growth curves consid-
ering two values of the SIA diffusion anisotropy factor (p = 0.765
and p = 1.0). It is observed that the two curves are rather close to
each other for small neutron fluence (<2 dpa). On the contrary,
at large fluence, breakaway growth is not observed when SIA diffu-
sion is considered isotropic (p = 1), whereas it is observed when
p = 0.765. This can be interpreted in the following way: it is clear
from Eqs. (15) and (16) that, when p = 1, Zc

v is always lower than
Zc

i so that the term dQc
v=dt in Eq. (18) can never be positive. The
Fig. 13. Influence of the iron cluster density in the basal planes on the calculated
growth curves of a-axis crystals and c-axis crystals. r: 0, s: 2 � 1014 cm�3, t:
1015 cm�3. Experimental points from Rogerson [18] and Carpenter et al. [19].
consequence is that, if p = 1, no vacancy loop grow in the basal
planes and no breakaway growth is observed.

4. Conclusion

The Cluster Dynamics approach was used in this work to model
the irradiation growth of zirconium single crystals as a function of
neutron fluence. Taking into account the growth of dislocation
loops, as well as the relaxation of vacancies, it was possible to cal-
culate the strain along the two axes of the lattice structure (a-axis
and c-axis), from which the strain was deduced along the main axis
of the crystals. The calculation was made as a function of neutron
fluence and then compared to the growth measurements by Roger-
son [18] and Carpenter et al. [19] on annealed zirconium single
crystals at 553 K.

It was shown that the model fits quite nicely the growth
measurements made by Rogerson [18] and Carpenter et al. [19],
even at large neutron fluence where the ‘breakaway growth’ is ob-
served. This was made possible by taking into account in the model
the growth of vacancy loops in the basal planes. This growth of
vacancy loops in the basal planes could be modelled by taking into
account that SIA diffusion is anisotropic and that there exist in the
basal planes some nucleation sites for vacancy loops (iron clusters),
the density of which was considered constant over time.

Appendix. Main features and assumptions of the Cluster
Dynamics Model used for the calculation of irradiation growth
of zirconium single crystals

Basically the Cluster Dynamics approach is used to describe the
variation over time of the size distribution of objects that can grow
or shrink according to how they interact with other objects. This
technique is very well-adapted to describe agglomeration pro-
cesses such as solute precipitation or point defect clustering
[44,45]. It is based on the general equation:

dCj

dt
¼ Gj þ

X
k

wðk; jÞCk �
X

k

wðj; kÞCj � Lj; ð22Þ

where Cj is the concentration of clusters of type j, w(k,j) the transi-
tion rate per unit concentration of a cluster of type k to a cluster of
type j, Gj the production rate of clusters of type j and Lj the loss rate
of clusters of type j on sinks.

The Cluster Dynamics approach was applied to point defect
clustering in [16]. This approach was then extended to materials
where point defect diffusion can be anisotropic such as zirconium
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[17]. A detailed description of the equations used for the calcula-
tion of dislocation loop microstructure variation over time in irra-
diated zirconium is available in Ref. [17]. We will simply remind
here the main features and assumptions of the Cluster Dynamics
Model used here for the calculation of zirconium single crystal irra-
diation growth:

� Only point defects (monomers) are supposed mobile. On the
contrary, point defect clusters are assumed immobile.

� SIA diffusion is considered anisotropic (it is considered faster
along the a-axis than along the c-axis). Vacancy diffusion is sup-
posed isotropic.

� Point defect creation, recombination, elimination on dislocation
lines and surfaces, and point defect clustering are taken into
account.

� It is supposed that only point defects (Frenkel pairs), and not
point defect clusters, are created by neutron irradiation.

� The model describes both nucleation and growth of interstitial
and vacancy prismatic loops (a-loops) with a Bürgers vector
~b ¼ 1

3 <1 1 2 0>.
� The model describes growth, but not nucleation of basal loops

(c-loops). Basal loops are assumed to nucleate on pre-existing
nucleation sites. These pre-existing nucleation sites are sup-
posed to be Fe-rich clusters, the density of which is assumed
to be constant over time. The radius of these Fe-rich clusters is
assumed to be 1 nm. The possible dissolution–re-precipitation
of Fe-rich clusters during irradiation is not taken into account.

� Deformation is calculated from the total number of point defects
absorbed on the dislocation loops. Even small clusters (contain-
ing 2 or more point defects) are considered as dislocation loops
and are suppose to take part in the deformation.

� Vacancy relaxation is considered anisotropic and is supposed to
occur entirely along the c-axis. SIA relaxation is neglected.

� Deformation of the zirconium single crystals along the a-axis is
due to prismatic loops and deformation along the c-axis is due to
basal loops and vacancy relaxation.
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