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Neutron irradiation damage in zirconium alloys used as fuel cladding tubes for Pressurized Water Reac-
tors in the nuclear industry consists mainly in a high density of small prismatic dislocation loops. During
post-irradiation heat treatment thermal annealing of loops occurs. This phenomenon has been investi-
gated by transmission electron microscopy and microhardness tests. It has been shown that the loop den-
sity decreases while their mean size increases. Furthermore it was demonstrated that only vacancy loops
remain present in the material after a long term annealing at high temperature. A mechanism based on
vacancies diffusion has been proposed to explain the loop evolution during annealing. A cluster dynamic
model, originally developed to compute the evolution of the microstructure under irradiation, has been
adapted to the modelling of the annealing for zirconium alloys. This physically based model reproduces
the loop size and density evolution during a large variety of heat treatments and also provides a better

understanding of the mechanisms involved in the loop recovery.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zirconium alloys are commonly used in Pressurized Water
Reactors (PWR) as fuel rod cladding tubes. After in-reactor use,
the spent nuclear fuel is stored in water and can eventually be
transported to a long term storage pool facility. During transporta-
tion in dry cask, the cladding is the last confinement barrier before
radionuclide release. The main risk of rupture at high temperature
is due to cladding creep under the internal pressure of fission gases
and the temperature due to residual power of the fuel [1]. During
post-irradiation creep, the cladding is subjected to heat treatments
combined with an applied stress [2] that can affect the irradiation
induced microstructure as well as the mechanical properties.

In order to have a better understanding of both the effect of a heat
treatment on the mechanical properties and the post-irradiation
creep deformation mechanisms, a thorough study of the irradiation
defects recovery in recrystallized zirconium alloys has been per-
formed. However, because of complex coupling that can arise be-
tween thermal recovery and deformation, the understanding of
the post-irradiation creep behaviour requires also the study of the
creep deformation mechanisms as it has been done elsewhere [2].

At the microscopic scale, it is known that neutron irradiation
damage in zirconium alloys consist mainly in a high density of
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small prismatic dislocation loops. These loops have a Burgers vec-
tor (a) and their habit plane is close to the first order prism plane
{1010} [3-5]. It is also noteworthy that contrary to most of irradi-
ated metals, both interstitial and vacancy loops can coexist in zir-
conium alloys [3-5].

At the macroscopic scale, this high density of loops results in an
increase in the yield strength and a decrease of ductility of the
material [6-8] because of the strong interaction between gliding
dislocations and loops [9-11].

It has been shown by various authors that a post-irradiation
heat treatment performed at a temperature above the irradiation
temperature can lead to the recovery of the radiation induced
hardening [12-17]. Also heat treatments lead to the annealing of
the radiation induced loops [17,18]. However, this phenomenon
has usually not been studied for similar duration and temperature
as for the creep tests. In addition clear understanding and model-
ling of the recovery mechanisms of the irradiation damage are still
lacking.

For a better understanding and prediction of the irradiation de-
fects recovery, post-irradiation heat treatments have been per-
formed on a recrystallized zirconium alloy. After the heat
treatments, the evolutions of the loop diameters and densities have
been characterized using transmission electron microscopy (TEM).
In addition, microhardness tests performed at room temperature
have been used to measure the recovery of the irradiation harden-
ing. This recovery is then correlated to TEM observations. Thanks
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to a thorough TEM characterization of the evolution of the propor-
tion of vacancy and interstitial loops during the heat treatment, the
recovery mechanism is discussed. Finally, a physically based clus-
ter dynamic model is used to reproduce the microstructure and the
microhardness evolutions. The computations are compared to both
experimental data and theory.

2. Materials and experimental details

The studied material is a recrystallized annealed zirconium al-
loy, with main alloying elements: 1200 ppm oxygen, 237 ppm iron
and 1% niobium. Due to the fabrication process and the plastic
anisotropy of the hexagonal closed packed structure of o-zirco-
nium, cladding tubes made of zirconium alloys are strongly tex-
tured from crystallographic point of view. The {(c) axis is close to
the radial direction [19] and inclined up to 30° in the (r-0) plane.
The materials studied have been irradiated between 320 °C and
350°C in PWR up to fluences (>1 MeV) of 11 x 10> nm™2 (5
PWR cycles). The Vickers microhardness experiments have been
carried out using a 200 g load on the cross sections along the
(r-0) plane of the tube. In order to provide statistical results, 10
hardness measurements have been performed for each sample at
room temperature. TEM observations were performed on a Philips
EM 430 microscope operating at 300 kV. The annealing conditions
for samples studied by microhardness tests and TEM observations
are given in Table 1.

3. Experimental results and discussion on the recovery
mechanism

3.1. Hardness evolution during annealing

Microhardness results are given in Table 2 and Fig. 1. In Table 2
it can be noticed that the irradiation hardness increment is equal
to: AH, =76 kg mm2. This value is close to the values obtained
by Nakatsuka and Nagai [20] and Adamson and Bell [17]. These
authors have measured an irradiation hardness increment value
around 80 kg mm~ for recrystallized annealed Zircaloy-2 samples
irradiated up to a fluence of 2.8 x 10> nm~2 (1 PWR cycle) for
Nakatsuka and Nagai [20] and up to a fluence of 6.5 x 10** nm2
(<1 PWR cycle) for Adamson and Bell [17].

Table 1
Annealing conditions for microhardness tests and TEM observations of the studied
alloy.

Annealing time (h) Annealing temperature (°C)

50 350 400 -
100 350 400 -
250 350 400" -
500 350" 400" -
960 = = 450"

“ TEM observations.

Table 2
Microhardness results.

Annealing time (h) Hardness (kg mm~2)

350°C 400 °C 450 °C
Non-irradiated 161 161 161
As-irradiated 237 237 237
50 229 209 -
100 224 205 -
250 209 190 -
500 199 184 -
960 - - 182

250 -
—0—Sim 350°C
240 m Exp 350°C
230 _o— Sim 400°C
220 4 i @ Exp400°C
210 K i —a— Sim 450°C
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Fig. 1. Evolution of the experimental (Exp) microhardness after heat treatments
and comparison with the modelling (Sim).

¥

e

Fig. 2. Microstructure of the material (a) as-irradiated, after annealing of (b) 250 h
at 350 °C, (c) 500 h at 350 °C, (d) 250 h at 400 °C, (e) 500 h at 400 °C, (f) 960 h at
450 °C. The pictures are shown in bright field diffraction condition except (f) which
is obtained in weak beam conditions.
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It can be seen on Fig. 1 that the hardness of the material pro-
gressively decreases with time during the annealing. The kinetics
of this softening is fast in the first hours and then tends to slow
down progressively until nearly reaching the non-irradiated
microhardness value. However, after 960 h at 450 °C the hardness
of the material is still not fully recovered, i.e. the hardness has not
reached the non-irradiated hardness value.

It is also seen in Fig. 1 that the kinetics of the recovery is in-
creased by the temperature showing that the recovery mechanism
of the irradiation damage is thermally activated.

3.2. Microstructure evolution during annealing

TEM observations have been performed for the as-irradiated
material and for five heat treated samples (Table 1). The loop
microstructure (diameters ((d)) and densities (N)) has been studied
quantitatively by TEM. Typical TEM pictures of each sample are re-
ported in Fig. 2. It is shown on the Table 3 and Fig. 3 that the loop
densities (N) decrease during the annealing while the mean loop
diameters ((d)) increase. The thin foil thickness has been estimated
to a value of 150 nm + 50 nm using stereographic measurement.
This estimation induces an error on the value of the loop density
measured in addition to the uncertainty of the number of loops
measured. Concerning the diameter of the loops the error is in-
duced by the accuracy of the measurement on the micrograph.
The errors are given in Table 3. It has also to be pointed out that
the very small objects, with diameter less than 2 nm, can hardly
be observed by TEM and none are reported here. The mean loop
diameter measured in the as-irradiated material is slightly larger
than the mean loop diameter measured by Northwood et al. [3],
but this difference can be explained by the difficult observation
of (a) loops in this material due to the high loop density.

On the Fig. 4 the cumulated distributions of loops measured for
each sample are reported. The cumulated distributions obtained
after annealing show both a shift of the distribution toward larger

Table 3
Mean diameter and density of loops for various annealing conditions.
Annealing Annealing time (h) (d) (nm) N (m~3)
temperature (°C)
= 0 14.0 (+14) 1.2 (x0.4) x 1022
350 250 17.0 (#1.7) 3.2 (+1.7) x 102!
350 500 20 (+2) 33 (+1.1) x 10*
400 250 18.0 (#1.8) 2.5 (¢1.2) x 10*
400 500 240 (£2.4) 1 (+0.4) x 102!
450 960 176 (£17) 1.2 (+0.6) x 10%°
10% —a— Sim 350°C
m  Exp 350°C
1022 —6— Sim 400°C
«Fg ® Exp 400°C
= 102 ] —a— Sim 450°C
-‘5 ] A Exp 450°C
2 ———
B 20
a 109 5
]
o
-
1019
1018

0 200 400 600 800 1000 1200

Annealing time (h)

(a)

Mean loop diameter (nm)

loops and also a broadening of the distributions. The extreme situ-
ation is obtained for the sample annealed at 450 °C for 960 h where
the loops have very large diameter, higher than 100 nm, and a very
low density (few loops are observed in each grain).

In order to understand the mechanism for loop annealing, it is
necessary to know how the different types of loops (vacancy and
interstitial) evolve during the heat treatments. The evolution of
these two types of loops has been studied by TEM using the in-
side/outside contrast method [18,21,22]. The zone axis used for
this study is B=(1123) and the diffraction vector used is
g =1212. Due to the orientation of this diffraction vector, the ori-
entation of the loops relative to this vector is only needed to deter-
minate the nature of the loop. Depending on the habit plane of
loops, the Burgers vector b, the diffraction vector g, and the nature
of the loop, the loops studied exhibit different contrasts, either an
inside or an outside contrast. As it can be shown on Fig. 5a, vacancy
loops (V on the picture) exhibit an inside contrast and on the
Fig. 5b, these loops exhibit an outside contrast.

Due to a high density of loops in the as-irradiated material, the
TEM observation conditions do not allow to perform the loop nat-
ure identification. However, from literature data it can be seen that
roughly 50% of the loops present in the material are interstitial
loops and 50% are vacancy loops for an irradiation temperature
around 350 °C [23].

TEM observations have been performed on the samples heat
treated. The loop nature has been characterized and the results
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Fig. 4. Cumulated distributions for various annealing conditions. Experiment (Exp)
and modelling (Sim).
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Fig. 3. Evolution of: (a) the loop density and (b) the loop diameter during a thermal annealing at 350 °C, 400 °C and 450 °C. Experiment (Exp) and modelling (Sim).
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are presented on Table 4. The tendency is that the interstitial loops
are rapidly annealed during the heat treatment whereas vacancy
loop annealing occurs slowly, leading progressively to a micro-
structure only composed of large vacancy loops in very low densi-
ties. These results are in good agreement with the results
presented by Kelly and Blake [18] who have shown that the inter-
stitial loops disappear during annealing.

3.3. Correlation between the microhardness and the loop
microstructure

It is known that the irradiation induced loops lead to a strong
hardening of metals. A simple hardening model [24,25] shows that
the critical resolved shear stress (7.) of the material increases after
irradiation by an increment Az, which can be expressed as:

At = apby/N(d) (1)

where o is a coefficient characteristic of the strength of the obstacle,
w is the shear modulus, b is the Burgers vector, N is the density of
loops and (d) is the mean loop diameter. The critical shear stress
can be related to the yield stress by considering that the Taylor fac-
tor theory can also be applied to zirconium alloys, in a first approx-
imation (o, = Mt., where g, is the yield stress, 1. the critical shear
stress and M the Taylor factor). Furthermore, it is known that there
is a linear relationship between the yield stress and the Vickers
hardness [26] (AH, = CAco,, where AH, is the hardness increment,
Ao, the yield stress increment and C a proportionality coefficient).

Table 4
Evolution of the proportion of vacancy loops during annealing. Experimental results
and modelling.

Annealing Annealing Experiment Modelling
tfglperature e (1) Number of  Percentage of  Percentage of
) analysed vacancy loops  vacancy loops
loops (%) (%)
As-irradiated  As- - 50 [23] 50
irradiated

350 250 19 50 45

350 500 24 50 43

400 250 37 65 100

400 500 38 71 100

450 960 13 100 100

(b)

Fig. 5. Microstructure after annealing at 400 °C during 240 h, change of loop contrast when imaging with diffraction vector: (a) +& = 1212 and (b) —-§ = 1212.

The hardness increment can thus be expressed as the following
expression [25]:

AH, = CMoyub/N(d) )

According to Busby et al. [26] the proportionality coefficient C, be-
tween the yield stress and the hardness, is close to 0.3.

From the experimental data obtained during the heat treat-
ments it is possible to check whether this simple model is valid
in the case of neutron irradiated zirconium alloys. This can also
provide a valuable tool to predict the softening of the material dur-
ing a heat treatment from the knowledge of its loop
microstructure.

The measured hardness increment AH, is plotted on Fig. 6 as a
function of \/N(d), where the N and (d) values are obtained from
TEM observations. It is seen on Fig. 6 that, taking into account
the uncertainty of the loop density measurement, the linear rela-
tionship is acceptable, therefore confirming the validity of this sim-
ple hardening model. Furthermore the numerical value of CMoub
obtained from the linear regression is equal to 5.4 x 10~ kg mm~".
This value is in good agreement with the value computed from the
experimental results obtained by Adamson and Bell [17] on recrys-
tallized annealed Zy-2, which is 5 x 107° kg mm~!. From this va-
lue, it is possible to compute the coefficient characteristic of the
obstacle strength () of the loops. The shear modulus (x) at room
temperature is equal to 3.6 x 10 MPa according to [27]. The Bur-
gers vector of the (a) dislocation loop is b =3.232 A. Therefore,
the value of the product of the coefficients Mo is equal to 1.55. Con-
sidering that the Taylor factor (M) for textured zirconium alloys
lies between 2 [28] and 4 [29], a value for the strength of the obsta-
cles (o) is then obtained between 0.39 and 0.78, which is in good
agreement with the literature data [25].

From this simple model it can be seen that the progressive soft-
ening during the heat treatment is directly related to the decrease
of the loop density during the recovery. However, the increase of
the mean diameter also plays a role in the resulting hardening.
As it will be shown in the following sections, this model can be
used to predict the hardness of the material from the knowledge
of its loops microstructure.

However, the irradiation induced hardening of the material is
still not fully recovered after 960 h at 450 °C (Fig. 1). Indeed, the
hardness of the material is still higher than the hardness of the
non-irradiated material. This residual hardening could be
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Fig. 6. Microhardness increment evolution as a function of (N(d))"/2.

explained by the irradiation-enhanced precipitation of B-Nb in the
material [30]. Indeed, it is seen that the small needle-like precipi-
tates formed during irradiation are still present in the material
after the heat treatment. They appear as white dots in Fig. 2f. Since
the density of the precipitates is high this can create a residual
hardening as shown by numerical computation [31]. The equation
(Eq. (2)) can also be applied to the hardening induced by the pre-
cipitates. Experimental measures of the density of precipitates
N, =1.7 x 10*2 m~3 and mean diameter of precipitates d, = 3.6 nm
[30] can be used to estimate the obstacle strength of the precipi-
tates from the experimental residual hardness. With the same val-
ues used previously it can be seen that the obstacle strength (o) of
the precipitate lies in between 0.02 and 0.04. This value seems to
be much lower than values obtained by theoretical approach [31].

3.4. Discussion on the recovery mechanism

The TEM observations have shown that during the heat treat-
ments the vacancy loops grow and the density of vacancy loops de-
creases and in the same time the interstitial loops progressively
disappear. Besides, for a long term annealing performed at
450 °C, only large vacancy loops with very low density remain in
the material. A mechanism involving bulk diffusion of vacancies
has been proposed by various authors [32-37] in order to explain
the loop growth or shrinkage during the post-irradiation annealing
of metals. However, those authors have usually not taken into
account the possibility that both types of loops, vacancy and
interstitial, can be present in the material at the same time. In
the following, a recovery mechanism occurring when both intersti-
tial and vacancy loops are present simultaneously is proposed.

When the bulk diffusion mechanism is operative, loop growth
or shrinkage occurs by diffusion of point defects to and from the
loops via the matrix. Due to the high mobility of self-interstitial
atoms (SIA) they disappear rapidly when the irradiation stops. In
addition, due to their high formation energy the SIA cannot be
emitted from loops. Consequently the recovery of loops is only
controlled by the vacancy diffusion. The emission or absorption
of a vacancy by a perfect loop results in a change in its elastic en-
ergy. According to Hirth and Lothe [36], the elastic energy of a cir-
cular loop with the Burgers vector normal to the plane of the loop
is given by:

it (0 () 1) 3

where r the radius of the loop, i the shear modulus, v the Poisson’s
ratio, b the modulus of the Burgers vector and r., the core radius
which can be taken as 7.y = b [36]. The number of vacancy n in a

W =2nr

vacancy loop with radius r is n = 7 r2b/V. Therefore if a vacancy
loop contracts by an amount ér, the number of emitted vacancies
is on = 27bror|Vy,.

The elastic energy release per emitted vacancy is then:

_%—%Q—ZTCTQ—T‘/M
T on dr on

on~ b )

where 7 is the line tension of the dislocation loop given by Hirth and
Lothe [36] as:

aw b 4r
=g =g = () ®)

For the loop to be in local equilibrium with the vacancies, w must
equal the local value of the chemical potential for vacancies:

w=KTIn <‘io> (6)
CU
where ¢Y is the thermal equilibrium concentration of vacancies in
the bulk crystal, k is Boltzmann’s constant and T the annealing
temperature.
As it has been pointed out by Eyre and Maher [35], the concen-
tration of vacancies in local equilibrium with the vacancy loop is
therefore:

(1%

e () )
This shows that the vacancy concentration around a vacancy loop is
higher than the thermal equilibrium vacancy concentration
(c” > ¢%). This means that an isolated vacancy loop in the matrix
shrinks due to the emission of vacancies. However, in the case of
a super-saturation of vacancies, the vacancy loop can grow, depend-
ing on its radius and on the super-saturation. The growth rate of the
vacancy loop can be expressed as Eq. (8), by solving the diffusion
problem [35]:

dr Cy ™Va

@i ADs LT,J, —exp (rka)} (8)
where A is a geometrical coefficient and Ds is the self-diffusion
coefficient.

For a given super-saturation (c,/c%), a vacancy loop with a ra-
dius r higher than a critical radius r. will grow and vice versa.
Then following the approach of Eyre and maher [35], the critical ra-
dius rq is given by Eq. (9):

™V
bkTIn (—)

9

Tarit =

In the case of interstitial loops, vacancy emission results in an in-
crease of the loop radius and therefore in an increase of the elastic
energy of the loop and the concentration of vacancies in local equi-
librium with the interstitial loops is then:

il _ 0 W
¢, =C, exp ( rka) (10)

This shows that the vacancy concentration around an interstitial
loop is lower than the thermal equilibrium vacancy concentration
(c! < %) and the interstitial loops always shrink whatever their
radii.

In the material, the loops are not isolated but they are embed-
ded into a medium containing many vacancy sources and sinks.
Therefore all the vacancy sources and sinks have to be taken into
account in order to describe the recovery mechanism. Due to the
vacancy gradients between the various types of loops with various
sizes, several vacancy fluxes are taking place in the material. In
addition, it can be seen that the vacancy concentration at the
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vicinity of the grain boundaries is equal to the thermal equilibrium
vacancy concentration c. Therefore vacancy fluxes also occur be-
tween the loops and the grain boundaries. All these vacancy flux
are listed below:

- A vacancy flux from the vacancy loops to the grain boundaries
(c¥ > ¢9), that act as sink for vacancies, leading to the progres-
sive disappearance of vacancy loops.

- A vacancy flux from the vacancy loops to the interstitial loops
(c < c¥) which leads also to the disappearance of the vacancy
loops and also the shrinkage of the interstitial loops.

- A vacancy flux from the grain boundaries (c%), which act as
sources for vacancies, to the interstitial loops (c! < c9), also
leading to the shrinkage of interstitial loops.

In addition, since the vacancy concentration around a vacancy
loop is expressed as c% = ¢ exp(tV,/rbkT), the vacancy concen-
tration around small vacancy loops is higher than around large va-
cancy loops (c¥(ry) > c¥(r,) for r; < ;). Due to this difference in
the local vacancy concentration around vacancy loops of various

=Gni + [ﬁm 10iCri + 00y ]C<n—1>i+ [ﬁ nin)iClo + L) ]C<n+1>i - [“Zﬁﬁﬁiclﬂro‘ﬁi +ﬁfﬁcli]c

{OC:{U + ﬁ:l/vcll’ + ﬁ;vcﬁ] C”V

% =Gny + [ﬁ(vn_nycl u] C(n—l)u + {ﬂ n+l)w Cii +af, (n+1) ]C(nﬂ

sizes, another vacancy flux takes place from small vacancy loops
to large vacancy loops. Consequently, the biggest vacancy loops
grow at the expense of the smallest ones. For this reason, at the
same time that interstitial and small vacancy loops shrink (r < r),
the biggest vacancy loops grow (r > ). This mechanism therefore
explains that at the end of the heat treatment performed at 450 °C,
only large vacancy loops in low density are observed and no more
interstitial loops are present in the material.

4. Numerical modelling of the recovery of loops
4.1. Cluster dynamic modelling

The prediction of the recovery of the loop microstructure re-
quires taking into account all the vacancy sources and sinks in
the material in order to compute the vacancy concentration during
the heat treatments. The numerical model chosen to simulate and
predict the evolution of the microstructure during a heat treatment
is based on the homogeneous rate theory applied to clusters
dynamics. Such modelling has been developed by Duparc et al.
[38] and applied to zirconium by Christien et al. [39] by taking into
account the anisotropic diffusion of self-interstitial atoms (SIA).
More recently Christien et al. [40] have applied the cluster dynamic
model in order to compute the growth of zirconium single crystal.
Dubinko et al. [41] have also developed a cluster dynamic model-
ling, based on isotropic diffusion of point defects, to the micro-
structure evolution in zirconium alloys but they adopted a
different approach for the calculation of the loop and dislocation
biases in order to simulate the coexistence of both interstitial
and vacancy loops.

Clusters dynamics is based on kinetic equations describing the
formation and evolution of clusters of point defects such as vacan-
cies or SIA. The efficiency of this modelling comes from the basic
hypothesis of uniform spatial distributions of clusters. Indeed,
the real system is replaced by an effective medium in which all
processes occur continuously in time and space. The spatial corre-
lations between clusters are consequently not explicitly consid-

ered. The system is seen as a gas of clusters that can be either
vacancies or interstitials within a single crystal grain of the poly-
crystalline metal. However, the mechanical interactions between
the grains are neglected in this model. The evolution of the density
of clusters of each size n and of a certain kind is modelled within
the framework of the chemical rate theory and it is described by
a set of differential equations of the form:

=Got Y Jnn— P Jngq—KaCa (11)
m q

where G, is the production rate of defect of class n, K,,G, is the elim-
inating rate on sinks, C, is the cluster density of size n and J,,_,,, the
cluster flux from the class of size m to the class n. The flux J,,_, is
given by:

Jin =D Wi nCo (12)

With wy,_,, the transition rate from the class of size m to the class of
size n. Assuming that only point defects (SIA and vacancies) are
mobile, Eq. (11) may be rewritten as follows:

n>2 (13)

Here G, is the concentration (number per unit volume) of clusters
containing n point defects (size n) of type 0 (0 and ¢ =i for SIA and v
for vacancy), G, (with n < 20) is the production rate of small point
defects clusters (m > *1) inside displacements cascade under irra-
diation, /},‘f(,er is the rate of capture of a point defect of type ¢ by a
cluster of type 6 and size n, o, is the rate of emission of a point de-
fect of type ¢ by a cluster of type 6 and size nn .

Only the emission of vacancies by vacancy loops is taken into
account, the emission of SIA by vacancy loops is neglected in the
modelling due to the high formation energy of the SIA. The emis-
sion and capture rates include the physical parameters such as
the diffusion coefficient (Dy = Dy exp(—E;'/kT)) and the energy of
point defect formation (E{,). The detailed equations and coefficients
of the model for isotropic diffusion are reported in the Appendix A.

In order to apply this model to zirconium, Christien et al. [39]
have taken into account the anisotropic diffusion of SIA mainly
by taking into account the effect of the orientation of the disloca-
tion lines with respect to the (a) and (c) axis into the efficiency fac-
tor for absorption of point defects by loops. In this present work
the anisotropic model [39] is used. However, because of the high
formation energy of SIA, the contribution of SIA diffusion is be-
lieved to remain negligible, the model being therefore essentially
isotropic.

It is indeed possible to use this model to compute the recovery
of loops during a heat treatment by choosing the production rate of
point defects and point defect clusters equals to zero
(G, =0, n > 1). However, the initial microstructure has to be in
good agreement with the TEM observations of the as-irradiated
microstructure. It turns out that it is rather difficult to obtain both
vacancy and interstitial loops with the appropriate size and density
using the same consistent coefficients than those used for the
recovery. In order to simplify the fitting process, in this first ap-
proach, it was chosen to introduce an “ad hoc” initial microstruc-
ture that corresponds to the microstructure observed by TEM
after irradiation. However, the accurate determination of the va-
cancy and interstitial loop mean diameter and density has not been
performed for the as-irradiated microstructure. In addition, only
the size distribution for loops with diameter higher than 2 nm
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has been measured. Therefore assumptions have to be made con-
cerning the respective vacancy and interstitial loop size distribu-
tions. The details concerning the introduction of the initial
microstructure is given in Appendix B.

4.2. Fitting and comparison with experimental results

Starting from the initial microstructure, the heat treatments are
simulated and only one coefficient of the model is adjusted in order
to reproduce the experimental results obtained after annealing. In
a first step, the coefficients adopted are the same as the coefficients
given by Christien et al. [39]. Only the thin foil thickness is replaced
by the experimental grain size of the recrystallized zirconium
(dg =10 um) using the appropriate formula for the absorption rate
by grain boundaries (Appendix A). However this coefficients set is
not able to reproduce properly the loop recovery. This can be ex-
plained by the fact the materials studied are different (good purity
Van Arkel zirconium modelled by Christien et al., Zr-1%Nb-0 alloy
in this work). The difference can also be explained by the fact that
the cluster dynamic model is based on the assumption that the
mechanisms take place homogeneously in the material whereas
defects creation in displacement cascade during irradiation is het-
erogeneous. On the contrary thermal recovery occurs homoge-
neously inside the crystal grains and is therefore better suited to
be modelled by cluster dynamic model. In order to have a correct
description of the loop recovery, the pre-exponential vacancy dif-
fusion coefficient (Do,) is adjusted on the experimental data ob-
tained during a heat treatment performed at 400°C. The
coefficients used in the modelling are given in Table 5. The pre-
exponential diffusion coefficient obtained with a good sensitivity
is Do, =2 x 10~* m? s~!. This pre-exponential diffusion coefficient
provides a value for the self-diffusion coefficient between the val-
ues given in [42] and the values obtained in [43,44] for pure o-zir-
conium. It has to be pointed out that complex effects of iron [45,46]
and niobium [47,48] on the vacancy mobility has been neglected in
this modelling.

The Fig. 3 represents the density and size evolution of loops
during the thermal annealing, compared to the TEM observations.
The evolution of the loop density obtained by the simulation is rel-
atively close to the experimental values considering the uncertain-

Table 5
Main dynamic cluster model input coefficient.
Symbol Value Ref.
Grain size dg 10°m Experiment
Vacancy formation energy Ef 1.79 eV [39]
Vacancy migration energy B2 0.93 eV [39]
Pre-exponential vacancy Doy 2 x 104 m?s! Adjusted
diffusion coefficient
Interstitial formation energy } 3.77 eV [39]
Interstitial migration energy Ein - 0.15eV [39]
along the c-axis
Interstitial migration energy Ef,n - 0.06 eV [39]
along the a-axis
Di-vacancy binding energy Eg” 0.22 eV [39]
Di-interstitial binding energy E2 142 eV [39]
Pre-exponential interstitial
diffusion coefficient
Along the c-axis Do) 47 x108%m?s ! [39]
Along the a-axis Doi(a) 35x108m?s! [39]
Recombination radius Tiy 10°m [39]
Interstitial/dislocation elastic Zf,, 1.1 [39]
interaction
Vacancy/dislocation elastic zy 1.0 [39]
interaction
Dislocation line density P 102 m—2 [39]

323x107°m  [39]
233x1072°m®  [39]

Burgers vector (prismatic loops) b
Atomic volume Vat

ties. The main discrepancy is obtained for the recovery performed
at 350 °C where the predicted recovery is very low compared to the
experiment. Concerning the diameter, the modelling is correct ex-
cept for the heat treatment performed at 450 °C where the pre-
dicted size is slightly lower than the experiment.

The evolution of the fraction of vacancy and interstitial loops
during the heat treatment has also been computed and is com-
pared to experimental values in Table 4. The modelling is in rather
good agreement with experimental results. Indeed the model is
able to reproduce the progressive disappearing of the interstitial
loops and the fact that only large vacancy loops remain after the
heat treatment performed at 400 and 450 °C.

From the irradiation hardening equation (Eq. (2)), it is also pos-
sible to compute the microhardness evolution during the heat
treatment using the coefficient CMoiub = 5.4 x 10~° kg mm™', the
hardness evolution at 400 °C and 450 °C is presented in Fig. 1. It
can be seen that the predicted hardness is too high for recovery
performed at 350 °C compared to the experiment and is slightly
too low for recovery performed at 450 °C.

4.3. Validation of the model on experimental results obtained by
Adamson and Bell [17]

In order to benchmark the modelling, the heat treatments per-
formed by Adamson and Bell [17] on neutron irradiated recrystal-
lized Zircaloy-2 samples have been computed. One hour heat
treatments have been performed at temperatures of 100, 200,
300, 400, 500 and 600 °C. The same heat treatments have been
computed using the cluster dynamic model. It can be seen on Figs.
7 and 8 that the modelling is in correct agreement with the exper-
imental results obtained by Adamson and Bell [17] although the
initial loop density differs from Adamson results. This shows that
although the model has been fitted only in the temperature range
of 350-450 °C for long term heat treatments, it is able to predict
correctly the microstructure evolution for 1 h heat treatments in
a wide temperature range (100-600 °C).

4.4. Analysis of the numerical results and comparison with the loop
recovery theory

In order to have a better understanding of the microstructure
evolution during the heat treatment, the detailed results of the
numerical simulations have been studied. The evolution of the dis-
tributions of vacancy and interstitial loops during the heat treat-
ment at 400 °C is shown on Fig. 9. The loop size distribution
function (f{d) = mdbCpy/V, in m~> nm~!, where d is the loop diam-
eter), that can be computed from the values of the size distribution
function of clusters of size n (Cpy), is represented on Fig. 9. It can be
seen on Fig. 9 that the vacancy loops grow but their density de-
creases during the annealing while the interstitial loops shrink
and progressively disappear.

This difference in the evolution of interstitial and vacancy loops
can be studied in details using the numerical model by analyzing
only one class of interstitial and vacancy loops. Let us first consider
a class of loops, for instance all the vacancy loops with d =34 nm
diameter and all the interstitial loops with d =16 nm diameter.
By using the cluster dynamic model it is possible to compute, at
each time step, the net flux of point defects on these classes of
loops. The net fluxes of point defects coming towards, respectively
all the vacancy loops and the interstitial loops with size n are ex-
pressed as:

]ny = (_arZ]}V + ﬂrl:yclv - ﬁfwcli) Cnv
Joi = (_O‘;i — BuiCro+ BrCri + “ﬁi)cni
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These net fluxes J,, and J,; are shown on Fig. 10. It can be seen on
Fig. 10b that the net flux of vacancies coming out of the interstitial
loops is always negative. This means that the absorption of vacan-
cies and the emission of SIA are greater than the absorption of SIA
and the emission of vacancies. As a consequence interstitial loops
with d = 16 nm diameter always tend to shrink. A detailed look at

1.4x1021
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1x1021

t=0h
8x1020
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6x1020

4x10%0

Loop size distribution function
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0
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Loop diameter (nmy}
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10 50

the emission and absorption rate shows that SIA emission and
absorption always remain negligible.

Concerning the vacancy loops, it can be seen on Fig. 10a that the
net flux of vacancies coming towards vacancy loops with diameter
d=34nm is first positive then becomes negative (after 500 h),
showing that the vacancy loops with d = 34 nm diameter first tend
to grow then tend to shrink. This phenomenon can be understood
in terms of critical diameter as discussed previously. Indeed, at the
beginning of the heat treatment because of the thermal emission of
vacancies by loops, the vacancies are in high super-saturation giv-
ing a small critical diameter according to Eq. (8). The vacancy loops
with diameter higher than this critical diameter grow and the va-
cancy loops smaller than this critical diameter shrink. As the
annealing proceeds the vacancy super-saturation decreases, as
shown on Fig 10a, and thus the critical diameter increases leading
to the growth of larger loops and to the shrinkage of smaller loops.
This induces a progressive drift in the vacancy loop distribution to-
ward larger diameter as illustrated in Fig. 9a.

In order to check the consistency of the numerical modelling
with the theory of loop recovery, the evolution of the critical diam-
eter has been estimated at each time step all along the computa-
tion of the heat treatment. The critical diameter corresponds, in
the computation, to the size of the vacancy loops that have a zero
net flux of vacancies (J,,, = 0). At the same time step, the vacancy
super-saturation (c,/c%) is also evaluated thanks to the modelling.
The evolution of the critical diameter as a function of the vacancy
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Fig. 9. Evolution of: (a) vacancy and (b) interstitial loop size distribution function during a heat treatment at 400 °C.
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Fig. 10. Evolution of the net flux point defects for: (a) vacancy loops with diameter d = 34 nm and (b) interstitial loops with diameter d = 16 nm during a heat treatment at

400 °C. The evolution of the vacancy concentration is also shown in (a).

super-saturation can then be compared to the theory of the loop
recovery (Eq. (9)). However, as it is explained in [28], in the mod-
elling used in this study the binding energy of a vacancy with a va-
cancy loop is given by an empirical formula (Eq. (15)) obtained
from Molecular Dynamic computations [49] instead of the elastic
binding energy that is not rigorous for very small clusters.

E —-F 23
EﬁZ:Efi,+222/37]”{n2/3—(n—1)/] (15)
It has been checked that, in the case of zirconium alloys, for large n,
the Eq. (15) is in good agreement with the expression given by the
elastic theory of dislocations (Eq. (16)) obtained from the elastic en-
ergy of a circular loop (Eq. (16)) [23] using the values v =0.35,

11=28 GPa at 400 °C given in the literature for zirconium alloys [36].

UbVg 4r
In <F>

T 4n(1-wyr
In order to compute the super-saturation (c,/c%) of vacancies as a
function of the critical diameter from the recovery theory [35], it
is necessary to introduce the exact formula used in the modelling
for the energy release per vacancy emitted by a vacancy loop. The
energy release per vacancy emitted by a vacancy loop used is
therefore:

Eows = Er (16)

Bv f Eiy—Ei 2/3 2/3
W:EM—EZ):WH —(n—]) (17)
Thus the super-saturation of vacancies can be expressed as:
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Fig. 11. Comparison of the vacancy super-saturation obtained as a function of the
critical diameter using the modelling and the theory for loop recovery.
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T (18)

(&)
Co
with n = nr?, b/ V.

The values of the computed vacancy super-saturation as a func-
tion of the computed critical diameter are compared to the Eq. (18)
given by the recovery theory (Fig. 11). It is seen on Fig. 11 that the
cluster dynamic modelling described here is consistent with the
theory for loop recovery.

[n2/3 —(n- 1)2/3]

5. Conclusion

This study was devoted to the recovery of the irradiation damage
inrecrystallized zirconium alloys. A thorough experimental study of
the irradiation damage recovery has been performed using both
hardness tests and TEM observations after various heat treatments.
The TEM observations have shown that the loops created by irradia-
tion are annealed during the heat treatment. More precisely it is ob-
served that the loop density decreases while the loop size increases.
A detailed TEM study, using the inside/outside contrast method, has
been able to show that the interstitial loop recovery is faster than the
vacancy loop recovery. At the end of a long heat treatment at high
temperature only large vacancy loops in very low density remain
in the material. This phenomenon is consistent with the loop recov-
ery theory based on vacancy bulk diffusion where all the interstitial
loops progressively shrink and the smallest vacancy loops also
shrink at the expense of the largest vacancy loops.

A cluster dynamic model has been used to reproduce and pre-
dict the evolution of the loop microstructure during the heat treat-
ment. A fair agreement has been obtained between the
experimental results and the simulation. This model is also in good
agreement with experimental results given in the literature and is
consistent with the theory for loop recovery.

This numerical model gives a valuable tool to predict the evolu-
tion of the microstructure during long term heat treatment such as
the dry cask transportation or dry storage of the spent fuel
assembly.

This experimental and numerical study is a first step toward the
understanding and the prediction of the post-irradiation creep
behaviour of recrystallized zirconium alloys when a coupling be-
tween the deformation and the annealing of the radiation damage
occurs.
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Appendix A. Equations of the cluster dynamic model

The cluster dynamic model used in this study is the anisotropic
cluster dynamic model presented in details in [29]. However, for
our purpose, since the radiation damage recovery implies essen-
tially the bulk diffusion of vacancies which is isotropic, only the
model based on isotropic diffusion of point defects [28] is de-
scribed here. The evolution of the cluster distribution is given by
the integration of the discrete rate equations Egs. (A.1.a), (A.1.b)
and (A.1.c). However, in order to be able to compute the evolution
of large clusters up to long irradiation or recovery time, it is neces-
sary to change these discrete equations into the continuous Fok-
ker-Plank type equations given in Egs. (A.2.a), (A.2.b), and (A.2.c).

In the modelling it is assumed that only self-interstitial atoms
(SIA) and vacancies are mobile [28]. It is also assumed that the only
point defect clusters present in the material are both vacancy and
interstitial loops. In the equations, only the emission of vacancies
by vacancy loops is taken into account, the emission of SIA by va-
cancy loops is neglected due to the high formation energy of the
interstitial. On the other hand, interstitial loops can emit both
SIA and vacancies. Nevertheless, as it is described in [28], it was as-
sumed that only large interstitial loops (n > 40) can emit vacancies.
Therefore this contribution is not taken into account in the discrete
equations used for small loops but only taken into account in the
continuous Fokker-Plank equations.

A.1. Rate equations

A.1.1. Discrete equations

Gno the production rate of point defects clusters. It takes
into account the creation of point defects clusters
inside displacements cascade under irradiation

Riv the recombination rate of point defects

K9Cyp the elimination rate of point defects 6 on dislocations
lines present before irradiation
KiCy, s the elimination rate of point defects 0 on surfaces

or grain boundaries

A.1.2. Continuous equations
For cluster size larger than n > N¢, with N =40 in our case, the
Fokker-Planck type equations (Eq. (A.2.a)) are used.

X _ 2 o cu)

2
G

where C,(x) is the size distribution function of the cluster with size
X, x being the number of monomers in the cluster. The size of the
cluster, x, is now a continuous variable which is expressed as:

u = (m— Nc¢)In(C)

(A2.a)

A2Db
x:Nc+&[exp(u)71] ( )

where m is the equation number, or class number, of the continuous
equations (40 < m < 300 for vacancy and interstitial loops), Nc is
the maximum number of monomers for discrete equations
(Nc=40) and C is a constant greater than unity that can be chosen
conveniently and is equal to C=1.06 in our case. The Fokker-Planck
equations are thus discretised in the x space in such way that the

T =G + [5 )iC“} Con-vji + [ﬁ neniCro + Oy }Cmmi - [Ofiu- + BaiCiv + B;iclf] Chi
) , 40>n>2 (A.l.a)
dg?u = an; + [,B (n-1) Clv] C (n-1)v + {ﬁl(rH,])yC]i + O‘&ﬂﬂ,] C(n+1)v - {“111/1) + ,Bﬁpclv + /))iwcli] Cnv
dc“ =G — RiyC1iCrp — K4Cri — KLCri — 4B5,C1iCri + 4065, Coi + f2:C10Cai — C1i Y- BriCui — Cii X2 By Cro + 3 0 Con
, " " " n=1 (Alb)
% =G- Rivclicly - Kéjclv - stclu - 4ﬁf1zcluclv + 4a2VvC20 + ﬁIZUC“CZV - Clv Z ﬁrl:ycnv - Clv Z ﬁgicnf + Z OCrvva”V
n=2 n=2 n=3
9% = 2,C1iCri — 20, Cai — By C1iCai + o5, Csi — B5C1yCai + B5C1oCi } n—> (Al.c)
dcz” =2B7,C1oC1p — 208,C2p — B5,C1,Cop + 012, C3p — ﬁizycliCZv + ﬁ;yclicw /
with increment of Ax between two successive points in the x space in-
- - - . creases when x increases. This method has the great advantage to
n is the number of point defects in a loop with size n.

The radius of the loop with size n is given by
T = \/nVqu/mh. Vg is the atomic volume and b is the
Burgers vector of the loop. In our case only (a) type
loops are considered

Cno the concentration of loops with size n; 6 =i for
interstitial loop and 0 = » for vacancy loop

30’ Co absorption frequency of point defects of type ¢ by
loop of type 0

ol emission frequency of point defects of type ¢’ by a
loop of type 0

G the production rate of point defects (Frenkel pairs)

(m~3s71). It takes into account the creation of point
defects inside displacements cascade under
irradiation

allow the computation for long term evolution of very large clus-
ters. The functions fy(x) and dy(x) correspond to the transition rates
and are given by Egs. (A.2.c) and (A.2.d), respectively for vacancy
and interstitial clusters.

1 i v
dy(x) = 3 [BxyCiv + By Cri + 0, ], (A2.0)
fy(X) = ﬁ;yclv - ﬁ;vcli - OC}(,v

1 i v i v
d,‘(X) = 2 [[;xiclf + ﬁxicli + 0 + a(xi] ) (A2d)

fix) = ByCri = ByCryp — 0ty + 0%

In the continuous equations the term o, describing the thermal
emission of vacancies from interstitial clusters has been added be-
cause for large clusters this term is no more negligible at high
temperature.
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A.2. Recombination rate

The recombination rate of point defects is given by Eq. (A.3).
Ri, = 4mri,(D; +D,) (A3)

where D, = Dy exp(—Ej'/kT) is the diffusion coefficient of the point
defect of type 0 with Dy the frequency factor, Ej' the migration en-
ergy and r;, the recombination radius.

A.3. Rate coefficient for dislocations

The elimination rate of point defects on dislocations is given by
Eq. (A4)
KiCrg = pZ5DyCig (A.4)

where p is the dislocation density and Z) the capture efficiency of
point defect of type # by dislocations. Zj is taken equal to 1 for
vacancies and 1.1 for SIA.

A.4. Rate coefficients for absorption of point defects by loops

The absorption frequency of point defects of type ¢ by loop of
type 6 is given by Eq. (A.5)
ﬁz,on’ = 27UnZﬁ'0Dowaf (A.5)

In Eq. (A.5) ZL’O is an efficiency factor that allows taking the defect-
dislocation elastic interaction and also the toroidal shape of the loop
into account; Z”, depends on the loop size according to Eq. (A.6)
[29].

0 = zg’Max< (A.6)

2 1
In(8ry /1)’
where 1, is the pipe radius, taken as r, = 2b.

A.5. Rate coefficient for emission of point defects by loops

The rate of emission of a point defect of type ¢ by a cluster of
type no (o%,) is given by Eq. (A.7).

0 _
0y = 2T

T ,
"z Doexp (—Eﬁg /kT) (A7)

Var
where E2 is the binding energy of the point defect ¢ with the clus-
ter no. The binding energy is computed from the empirical formula
(Eq. (A.8)) obtained from Molecular Dynamic computations [34].

Bo f Ege - E); 2/3 2/3 /

E"0:E0+22/3_1 n“’>—(m-1) for 0'=0 (A.8.2)
B0’ B, - Ef 2/3

BN =F, -2 "0n? — (n-1)"7] for 0 +# 0 (A.8.b)

r T 523

where E, and E, are the formation energy of the point defect 0 and
the binding energy between two point defects 0.

A.6. Rate coefficients for grain boundaries

In order to compute the absorption rate by the grain boundaries
the multiple sink effect as to be taken into account [28]. The sink
strength of the whole medium for 6 point defects (S’,) can be com-
puted as:

1
StHn = PZZ +E[) Z ( ﬁﬁ + ﬁz(ﬂ)cﬂf’

n=2

(A.9)

Then the absorption rate by the grain boundaries can be expressed
as:

0
m

dg

K{Ciy=6 DyCip (A10)
where d, is the diameter of the grain taken from experimental

observations as dg =10 um .

Appendix B. Introduction of the initial microstructure

In the modelling it has been chosen to introduce an “ad hoc” ini-
tial microstructure in the form of analytical loop size distribution
functions corresponding to the microstructure observed by TEM
after irradiation. However, since the experimental distribution of
the loop size distribution is incomplete (only the loops with diam-
eter higher than 2 nm are observed and no determination of the
size distribution of vacancy and interstitial loops separately is per-
formed) assumptions have to be made concerning the details of the
loop size distribution functions. First, it is chosen to use a simple
Maxwell-Boltzmann distribution function for the loop size distri-
bution of both vacancy and interstitial loops (Fig. B.1a). It can be
seen on Fig. B.1b that the cumulated distribution function of the
Maxwell-Boltzmann distribution is in good agreement with the
experimental TEM observations. It has to be noticed that other
types of equivalent distribution functions have also been tested
and give similar results. The Maxwell-Boltzmann size distribution
function chosen (fy(r) where r is the loop radius) for loops of type 6
and with density N, (in m~3) is given by:

1 /2 r?
fo(r) = Noa—3 \/;rz exp (— 2—05>

with /mﬁ,(r)dr =N, and (ry) = 1 /Ooff,(r)rdr = 20'9\/Z
0 Ny Jo T

The initial microstructure is introduced as an input file in the form
of the concentration of loops with size n (Cy,y) as a function of n cal-
culated according to the following formula:

Va 1
3 mfo(rn)

with 1, =/nVg/mb

It is first assumed that the initial microstructure is composed of 50%
vacancy loops and 50% interstitial loops leading therefore to:
N; = N,.

The total loop density measured in this work is 1.2 x 10*2 m~3,
However Adamson and Bell [17] have measured a higher total loop
density of 1.8 x 10*2 m~> on recrystallized Zircaloy-2. This differ-
ence could be due to the effect of niobium on loop nucleation
[47,48]. An intermediate value of 1.4 x 102 m~> is chosen here
leading to N;=N, =7 x 10> m~3.

The initial loop size distribution has been estimated by TEM, de-
spite the difficulty of the observations with such a high loop den-
sity. The cumulated initial loop size distribution is given in
Fig. B.1b. A mean diameter of 14 nm has been obtained in this work
but Adamson and Bell [17] have estimated a lower value close to
10 nm. An intermediate value of 13 nm is chosen here. However,
it is not known whether the vacancy loops have a mean diameter
higher than the interstitial loops for the initial state. Values of
0,=5.0nm and o;=3.2 nm are chosen here leading to a mean
diameter of 16.0 nm for vacancy loops and a mean diameter of
10.2 nm for interstitial loops. It can be seen on Fig. B.1b that the
analytical total loop distribution, computed by adding the vacancy
and the interstitial loop distributions, is in good agreement with
the experimental loop distribution. It has to be pointed out that
the results of the computation of the heat treatment depends only
slightly on the choice of the initial distribution, for a given mean

(B.1)

Cno = (B.2)
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Fig. B.1. (a) Analytical loop size distributions for both vacancy and interstitial loops. The total loop size distribution is also shown on the figure. (b) Total analytical initial loop

distribution compared to the experimental as-irradiated cumulated loop distribution.

diameter and loop density, provided that the mean diameter of va-
cancy loops remains higher than the mean diameter of interstitial
loops.
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