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a b s t r a c t

Recrystallized zirconium alloys are used as nuclear fuel cladding tubes of Pressurized Water Reactors.
During operation, these alloys are submitted to fast neutron irradiation which leads to their in-reactor
deformation and to a change of their mechanical properties. These phenomena are directly related to
the microstructure evolution under irradiation and especially to the formation of <a>-type dislocation
loops. In the present work, the radiation damage evolution in recrystallized Zircaloy-4 has been studied
using charged particles irradiation. The <a> loop nucleation and growth kinetics, and also the helical
climb of <a> linear dislocations, were observed in-situ using a High Voltage Electron Microscope (HVEM)
under 1 MeV electron irradiation at 673 and 723 K. In addition, 600 keV Zrþ ion irradiations were
conducted at the same temperature. Transmission Electron Microscopy (TEM) characterizations have
been performed after both types of irradiations, and show dislocation loops with a <a> Burgers vector
belonging to planes close to f1010g first order prismatic planes. The nature of the loops has been
characterized. Only interstitial <a> dislocation loops have been observed after ion irradiation at 723 K.
However, after electron irradiation conducted at 673 and 723 K, both interstitial and vacancy loops were
observed, the proportion of interstitial loops increasing as the temperature is increased. The loop growth
kinetics analysis shows that as the temperature increases, the loop number density decreases and the
loop growth rate tends to increase. An increase of the flux leads to an increase of the loop number
density and a decrease of the loop growth rate. The results are compared to previous works and dis-
cussed in the light of point defects diffusion.

© 2017 Elsevier B.V. All rights reserved.
um�e), fabien.onimus@cea.fr
1. Introduction

Zirconium alloys are used as nuclear fuel cladding tube material
of Pressurized Water Reactors (PWR). In-reactor, the material is
submitted to fast neutron irradiationwhichmodifies its mechanical
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properties leading to its strengthening and to a loss of macroscopic
ductility. Furthermore, during operation, the cladding exhibits a
macroscopic deformation, mainly due to irradiation creep and
growth. These different phenomena find their origin in the
microstructure evolution under irradiation [1]. In order to have a
better understanding and a physically based prediction of the
cladding tubes behavior under irradiation, a thorough character-
ization of the microstructure is required.

The microstructure evolution of zirconium alloys under neutron
irradiation has been well characterized, especially during the 70's,
[2e6] and later reviewed by Griffiths [7]. The damage structure
consists mainly of <a>-type dislocation loops located close to the
prismatic planes of the Hexagonal Close Packed structure with
1
3<1120> type Burgers vectors. These loops were found to be non-
edge in character, the loop normal being tilted towards the
<1100> direction with an additional slight tilt towards the
<0001> direction. The loops are nearly circular, the ellipticity (the
ratio b/a between the short axis b and the major axis a), being
between 0.8 and 1 for loop diameter below 50 nm [3]. They appear
at the beginning of the irradiation, and the loop size and density
tend to saturate as the dose increases [8]. Surprisingly, both va-
cancy and interstitial loops coexist [3], while it is expected that only
interstitial dislocation loops can grow.

The change of mechanical properties under irradiation has
been clearly correlated to the evolution of <a> loops. Despite the
early extensive studies, the detailed mechanisms at the origin of
the <a> loop evolution are still not clearly understood. For
instance, there is still no clear explanation for the coexistence of
both vacancy and interstitial <a>-loops. Furthermore, the dislo-
cation climb under irradiation, which may play a role in the irra-
diation creep phenomenon, has not been studied. Moreover, the
potential anisotropic diffusion of self-interstitial atoms under
irradiation, which is believed to be at the origin of the irradiation
induced growth, remains a matter of debate. In order to gain a
better understanding of radiation damage evolution and, in a
future prospect, to develop a predictive physically based model to
simulate this evolution, accurate and parametric experiments are
still needed.

Because neutron irradiation experiments are long, expensive
and lead to difficult handling of the radioactive samples, charged
particle irradiations are often used in the nuclear materials field to
emulate neutron irradiation [9]. High doses can be achieved in a
relatively short time (from few hours to several days) by charged
particles irradiation. They do not activate the material and the
microstructure characterization can be performed in-situ in a TEM,
in some facilities.

In the past, the <a>-loop evolution has been studied at
different temperatures, mainly using in situ High Voltage Electron
Microscope (HVEM) irradiations [10e17]. Detailed analysis of the
kinetics of <a>-loop evolution at different temperatures has been
done by Hellio et al. [16] and Nakamichi et al. [17]. Hellio et al. [16]
have also studied the effect of the alloying elements on the
dislocation loops kinetics and have shown that in a Zr-0 alloy, the
loop density is higher and the loop size is smaller than in pure Zr.
Several authors also conducted a detailed analysis of the loop
habit plane and loop nature. Carpenter and Watters [11] showed
that <a>-loops were all interstitial in nature in pure zirconium at
725 K. On the other hand, for temperatures ranging from 675 K up
to 730 K, Griffiths et al. [14] observed both vacancy and interstitial
<a>-loops in pure zirconium. Concerning Zircaloys, Nakamichi
et al. [17] found that at high temperature of 770 K, the loops were
all of interstitial type. The same result has been observed by Hellio
et al. [16] after 1 MeV electron irradiation at temperatures higher
than 773 K on a Zr-1760 ppm O. However, and contrary to the
results obtained by Griffiths [14] in pure zirconium, the coexis-
tence of interstitial and vacancy loops under electron irradiation
has never been observed for zirconium alloys.

Furthermore, only very few authors have used heavy ions to
study the <a>-loop evolution under irradiation. Early works are
reported by Lee and Koch [18] and Adamson et al. [19], using
5 MeV Ni ion irradiation. Hellio et al. [16] also conducted 500 keV
Zr ion irradiation of pure zirconium and various zirconium alloys
at temperatures ranging from 673 K to 723 K. Some information
concerning the effect of temperature and alloying elements on
loop size and density are given by these authors. Recently several
studies used in situ 1 MeV Kr ion irradiation from 573 K up to
773 K [20,21]. In these experiments the <a>-loops were always
very small and numerous and no loop nature analysis was
attempted.

The evolution under irradiation of linear dislocations with <a>
Burgers vector has not been studied in details by any authors.
Buckley andManthorpe [10] show a picture of helical climb of <a>-
dislocation at 773 K under electron irradiation. A similar observa-
tion has been done by Griffiths et al. [12]. Nothing is known con-
cerning the climb kinetics of <a>-dislocations under irradiation.

In order to have a better understanding of the <a>-loop for-
mation and <a>-dislocation climb under irradiation a new study
has been undertaken using both, in situ 1 MeV electron irradiation
and 600 keV Zr ion irradiation, at temperatures ranging from 673 K
to 723 K. This study focusses mainly on the loop growth kinetics
under irradiation and on the loop nature after irradiation. The he-
lical climb of <a>-dislocation under irradiation is also studied. The
results are discussed in comparisonwith previous works and in the
light of point defects diffusion mechanisms.

2. Experimental techniques

2.1. Studied material

Recrystallized Zircaloy-4, often considered as a model material
for recrystallized zirconium alloys, has been studied. The as-
received recrystallized Zircaloy-4, referred to as RXA Zircaloy-4
(RXA meaning recrystallization annealing), exhibits a homoge-
neous microstructure made of equi-axed grains with an average
diameter of 6.2 ± 0.6 mm. The samples have been taken out of a
rolled thin sheet of 0.42 mm thick. This rolled sheet exhibits a
crystallographic texture with the c-axis of the grains tilted at an
angle of about 25�e30� to the Normal Direction (ND) of the rolled
sheet, in the ND-TD plane (TD referring to the Transverse
Direction).

Thanks to the relatively large grains containing only few dislo-
cations (typically 1011 m�2 when measured by using the line
intercept method [22]), the radiation damage evolution, and
especially the <a>-type loops, can be well analyzed in this material
using Transmission Electron Microscopy (TEM). However, in order
to analyze more easily the dislocation climb mechanism under
irradiation, the rolled sheet has been strained up to 1% plastic strain
at room temperature prior to irradiation. During the plastic defor-
mation, <a>-dislocations have been created, leading to a micro-
structure containing a significant amount of dislocations (typically
1013 m�2).

Samples have been taken out of the rolled sheet in the TD-RD
plane (RD referring to the Rolling Direction). The samples were
first mechanically polished and 3 mm diameter disks were
punched out. The samples used for in situ electron irradiation were
double-side jet electropolished using an electrolytic solution of 90%
ethanol and 10% perchloric acid at 263 K. The samples used for Zr
ion irradiation were first jet electropolished on one side only. After
irradiation, the irradiated surface was then protected by a lacquer



M. Gaum�e et al. / Journal of Nuclear Materials 495 (2017) 516e528518

Author's personal copy
and the samples were electropolished on the back side up to create
a hole surrounded by thin area, required for TEM observations.

2.2. Charged particles irradiation

2.2.1. Electron irradiation
In-situ electron irradiations were performed in a Kratos HVEM

at CEA-Saclay, operated at 1 MV, using a single tilt heating sample
holder. Experiments were performed at two temperatures of
673 K and 723 K. These temperatures were measured thanks to a
thermocouple attached to the specimen holder. During the
experiment, the electron current was measured and the damage
rate was calculated using a displacement cross section of 35 b,
related to a displacement energy of 25 eV [23]. Indeed, Griffiths
[24] reported that the displacement energy ranges from 24 eV to
27.5 eV depending on the crystallographic orientation considered.
The calculated flux ranged from 3.6 � 1021 and 6 � 1021 e�.m�2.
s�1 for the lower flux and is equal to 3.6 � 1022 e�.m�2. s�1 for the
higher flux. This gives a damage rate respectively of about
1e2 � 10�5 dpa. s�1 and 1 � 10�4 dpa. s�1. The irradiation time,
ranging from 20 min up to 1 h, leads to doses up to 0.064 dpa for
the lower flux and up to 0.37 dpa for the higher flux. During the
experiments, the electron beam was spread, allowing the use of a
CCD camera to record in-situ the microstructure evolution under
irradiation by taking a picture every 30 s. An additional electron
irradiation has been conducted at a higher temperature of 853 K,
and for a higher flux of 8.4 � 1023 e�.m�2. s�1. However, due to the
highly focused beam, the observation was not performed in-situ.
Only a post-irradiation analysis was therefore performed on this
sample.

2.2.2. Ion irradiations
600 keV Zrþ ion irradiations have been conducted on the

ARAMIS-facility at CSNSM/IN2P3 Orsay. Two irradiation tempera-
tures of 673 and 723 K were applied and the specimens were
irradiated up to two fluences: 8� 1017 ions. m�2 and 24� 1017 ions.
m�2. The damage profile obtained is illustrated on Fig. 1 for a dose
of 8 � 1017 ions. m�2. This profile has been obtained thanks to the
SRIM software, using the “Quick calculation of damage” mode [25].
A displacement threshold energy of 25 eV has been used, in order to
be consistent with the electron damage calculation, although ac-
cording to standards [25], a displacement energy of 40 eV is often
considered for zirconium. It can be seen that the thin foil thickness
(of 150 nm thick) is fully irradiated. The average damage dose over
the foil thickness has been calculated and gives damage doses
respectively of 0.45 dpa for a fluence of 8 � 1017 ions. m�2 and 1.36
dpa for a fluence of 24� 1017 ions. m�2. The damage rate was about
10�4 dpa. s�1. It can be seen on Fig. 1 that the implanted Zr ions
peak is around 200 nm deep below the surface. By using self-ions, a
limited effect of ion implantation is expected.

The irradiation conditions under 1 MeV electron and 600 keV
Zrþ ion irradiations are summarized in Table 1.

2.3. TEM analysis

The TEM analyses have been performed on a JEOL 2100 micro-
scope operating at 200 kV using a double-tilt sample holder. As
described previously, the c-axis of most of the grains is tilted about
25�e30� from the Normal Direction (ND) of the foil. By aligning the
Rolling Direction (RD) parallel to the primary tilt axis, it is therefore
possible to easily reach a <1123> zone axis by tilting less than 20�.
Indeed, <a>-loops can be well observed with a beam close to the
<1123> direction and using either g ¼ 1122 or g ¼ 1011 types
diffraction vectors.
3. Results

3.1. Nucleation and growth kinetics of dislocation loops

3.1.1. In-situ electron irradiations
During in-situ experiments under 1 MeV electron irradiation,

the nucleation and growth of <a>- loops have been observed. As
seen on Fig. 2 (723 K), the loops can be seen fromvery low doses, of
the order of 0.015 dpa, in the form of black dots. They progressively
grow, appearing elliptical with the typical “coffee-bean” contrast.
For bigger loops, a nice elliptical shape line can be seen.

Fig. 3 presents the evolution of the number density and the
mean diameter of <a>-loops as a function of irradiation damage for
two grains irradiated at 673 K (410 loops analyzed) and one grain
irradiated at 723 K (96 loops analyzed) and for flux ranging from
3.6 � 1021 to 6 � 1021 e�.m�2. s�1. For some grains, when possible,
the foil thickness has been measured using Electron Energy Loss
Spectroscopy (EELS) (accuracy of ±15%). If the EELS measurement
was not performed, the foil thickness was considered to be equal to
200 nm ± 30%. It can be seen that both, the loop number density
and the loop diameter, increase with dose. No clear saturation of
the loop density is observed for these low doses. It can be noticed
that an increase of the irradiation temperature leads to a decrease
of the number density and a slight increase of the loop mean
diameter for a given dose rate, in agreement with previous results
[16,17].

The effect of flux has also been studied for an irradiation tem-
perature of 723 K. Fig. 4 presents the evolution of the loop number
density and mean diameter for two fluxes studied, up to a similar
dose of 0.15 dpa: 6 � 1021 e�.m�2. s�1 and 3.6 � 1022 e�.m�2. s�1.
This result demonstrates an effect of the applied flux on the loop
evolution at 723 K. Indeed, an increase of the flux leads to an in-
crease of the number density and a decrease of the mean loop
diameter.

3.1.2. Ion irradiations
As for electron irradiations, ion irradiations are often used to

emulate neutron irradiation. Three irradiations have been per-
formed using 600 keV Zr ions at 673 K and 723 K up to 0.45 dpa and
at 723 K up to 1.36 dpa. The three typical microstructures resulting
from these irradiations are presented on Fig. 5. When increasing
the irradiation temperature, a decrease of the loop number density
is observed, from 3.2� 1021 m�3 at 673 K down to 6.4� 1020 m�3 at
723 K. Moreover, a significant increase in themean loop diameter is
also observed, increasing from 13 nm at 673 K up to 32 nm at 723 K.
On the other hand, when the damage dose is increased from 0.45
dpa to 1.36 dpa, no clear effect on the final microstructure is
observed. Indeed, the loop number densities are equal to
6.4 � 1020 m�3 and 5.6 � 1020 m�3 respectively for doses of 0.45
dpa to 1.36 dpa, and themean loop diameter are respectively 32 nm
and 35 nm. The loop size distributions for the three irradiations are
shown on Fig. 6. A large number of loops have been analyzed: 1553
loops in three grains at 673 K and 0.45 dpa,1863 loops in two grains
at 723 K and 0.45 dpa and 2384 loops in four grains at 723 K and
1.36 dpa. It can be noticed that for the irradiation conducted at
723 K, some loops with very large diameter, typically above 110 nm,
can be observed.

The foil thickness was measured for several grains using EELS
method. This measurement shows that the mean thickness of the
studied grains is close to 150 nm.

3.2. Dislocation loop characterization

3.2.1. Loop Burgers vector determination
The loop Burgers vector has been determined using the
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Fig. 1. SRIM calculations of the damage and ion implantation profiles for 600 keV Zr þ ions and for a fluence of 8.1017 ions. m�2.

Table 1
Electron and ion irradiation conditions.

Irradiation type Temperature (K) Flux (particles.m�2.s�1) Damage rate (dpa.s�1) Final dose (dpa)

1 MeV e- 673 3.6 � 1021 1 � 10�5 0.03
1 MeV e- 673 3.6 � 1021 1 � 10�5 0.04
1 MeV e- 723 6 � 1021 2 � 10�5 0.064
1 MeV e- 723 3.6 � 1022 1 � 10�4 0.37
1 MeV e- 853 8.4 � 1023 3 � 10�3 3.6
600 keV Zrþ 673 2.2 � 1014 1 � 10�4 0.45
600 keV Zrþ 723 2.2 � 1014 1 � 10�4 0.45
600 keV Zrþ 723 2.2 � 1014 1 � 10�4 1.36

Fig. 2. Microstructure evolution under 1 MeV electron irradiation at 723 K on pre-strained RXA Zircaloy-4.
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Fig. 3. Evolution of the a) number density and b) the mean diameter of the dislocation loops as a function of the dose under 1 MeV electron irradiation at 673 K and 723 K, electron
flux ranged from 3.6 � 1021 and 6 � 1021 e�.m�2. s�1.

Fig. 4. Evolution of the a) number density and b) the mean diameter of the dislocation loops as a function of the dose under 1 MeV electron irradiation at 723 K for two fluxes:
6.1021 and 3.6 � 1022 e�.m�2. s�1.

Fig. 5. Zrþ 600 keV irradiation microstructures of RXA Zircaloy-4 at a) 673 K and 0.45 dpa b) 723 K and 0.45 dpa c) 723 K and 1.36 dpa.
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invisibility criterion g.b ¼ 0, g being the diffraction vector in two
beam condition. The loops were assumed to be only <a> type loops.
Indeed, according to Griffiths [13], the total loop population is
composed of around 90% of <a> type loops. However, some of the
loops may also have a <cþa> Burgers vectors of 13<1213> type, as
reported by Griffiths et al. [12,13]. To insure that these loops are not
<cþa> loops, the use of the diffraction vector g ¼ 0002 would have
been required. However, due to the orientation of the studied grain,
this analysis was not possible. Fig. 7 gives an example of this TEM
analysis after 600 keV Zr irradiation at 723 K and for dose of 0.45
dpa. The same analysis has been performed for the other ion
irradiation conditions and for the electron irradiations and proves
that loops with the three <a> Burgers vectors coexist. In this
example, four diffraction vectors were chosen. The loop contrast
noted A and B are clearly visible for g1 ¼ 1212, g2 ¼ 1101 and g3
¼0111 but are invisible for g4 ¼ 1010. Similarly, loops C and D are
clearly visible for g1, g2 and g4 but are invisible for g3. It can be
therefore deduced that the Burgers vectors of loops A and B are
1
3 ½1210� and the Burgers vectors of loops C and D is 1

3 ½2110�. On
Fig. 7, the stereographic projection gives the orientation of the
grain. The angle l between the foil normal N and the <c> axis has



Fig. 6. Distribution of the loop diameter after Zrþ 600 keV ion irradiation a) effect of the temperature for a dose of 0.45 dpa and b) effect of the dose at 723 K.

Fig. 7. Loop Burgers vectors determination using the extinction method on a 600 keV Zrþ ion irradiated RXA Zircaloy-4 at 623 K up to 0.45 dpa. Angle between the foil normal N and
<c>: l ¼ 26� . The stereographic projection is given for a 0� tilt angle.
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also been systematically measured. The stereographic projection of
the grain is also given on Fig. 7 and the traces of the first order
prismatic planes {1010} are given in green, and the traces of the
second order prismatic planes {1120} are given in blue.
3.2.2. Habit plane determination
Following the work done by Carpenter and Watters [11], an

approximate loop habit plane analysis has been carried out. In this
method, it is assumed that the loops are nearly circular. Indeed, in
the literature [6] it is shown that for loops with diameter lower
than 50 nm the ellipticity ratio (b/a) lies between 0.8 and 1. The
loops are tilted with respect to the beam direction and thus appear
as ellipses with a long axis direction perpendicular to the habit
plane normal. Thus, if the normal of the habit plane is assumed to
be in the (0001) plane, the direction of the long axis of the loop
allows the measurement of the rotation angle q about the c-axis
relative to the pure edge orientation. Indeed if the <a> loops were
pure edge loops, their habit plane would have been the f1120g
planes. This analysis has been performed for both 1 MeV electron
and 600 keV Zr ion irradiated samples. As an example, the plane
normal directions of <a> loops, observed in one grain after ion
irradiation, are indicated in the standard stereographic triangle in
Fig. 8 as inverse pole figure. It is shown that the majority of loops
tends to be tilted away from the {1210} plane at angles up to 30�,
and are therefore closer to the first order prismatic plane {1100}.
This analysis has shown that the loops do not strictly belong to the
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Fig. 8. Distribution of the loop plane normal for loops with a Burgers vector 1
3<1210> on RXA Zircaloy-4 after 600 keV Zrþ ions irradiation at 623 K and a dose of 0.45 dpa.
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pure edge orientation, but are distributed between the first order
prismatic planes f1010g and the second order prismatic planes
f1120g.

3.2.3. Loop nature after ion irradiation
The loop nature determination is based on the inside/outside

contrast method proposed by Maher and Heyre [26] and F€oll and
Wilkens [27]. The loop contrast depends on its nature, the angle
made by the diffraction vector with respect to the habit plane
normal n, but also on the sign of the Bragg deviation parameter sg.
For pure edge loops, the Burgers vectors is parallel to the habit
plane normal n. But, as described earlier, the <a>-loops in zirco-
nium are non-edge loops. For this specific case, the analysis method
is slightly more complicated [2,3] and Maher and Eyre [26] pro-
posed a “safe/unsafe” method which insures to be in good condi-
tions for the loop nature analysis. To conduct this analysis a zone
axis Bz1123 and a diffraction vector g of the type g ¼ 1122 have
systematically been used. Since the loop habit plane is never tilted
more than 30� away from the pure edge orientation, in these
diffraction conditions, two third of the loops are in a safe
orientation.

It should be pointed out that, depending on the TEM, there can
Fig. 9. Characterization of the dislocation loops nature applying the inside/outside contrast
0.45 dpa a) Outside contrast with g ¼ 1212 b) Inside contrast with g ¼ 1212. N~½1213� l ¼
be an additional 180� rotation between image and diffraction
pattern. The method to check the existence of this rotation is well
explained by Loretto and Smallman [28]. This is critical for loop
nature determination.

Fig. 9 illustrates this analysis, taking the Bragg deviation
parameter sg as positive. The loop Burgers vectors have been
determined as described earlier. Following the methods described
by Jostsons et al. [3], it can be seen that the loops with a Burgers
vector 1

3 ½1210� such as loops A, B, E, F, G, H, I, M are in safe orien-

tation. On the other hand, loops with a Burgers vector of 13 ½2110� or
1
3 ½1120� can be in safe or unsafe orientation. The loops in unsafe
orientation can be distinguished by comparing the loop trace
orientation to the orientation of the diffraction vector g. If the loop
trace is inclined by less than 30� to g, the loop is in unsafe orien-
tation, while if the trace is inclined by more than 30� to g, the loop
is in safe orientation. Therefore, loops C,J and L (b ¼ 1

3 ½2110�) are in

safe orientation, while loops D and K (b ¼ 1
3 ½2110�) are in unsafe

orientation. Indeed, the trace of this loop is reported on the ste-
reographic projection (Fig. 9) which shows that the loop habit plane
is between the first prismatic plane (1010) (in green on the ste-
reographic projection) and the second prismatic plane (2110) (in
method on a Zrþ 600 keV irradiated grain on pre-strained RXA Ziracloy-4 at 723 K and
26� . The stereographic projection is given for the observation tilt angle.
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blue), and that the trace is inclined of less than 30� from g.
The loop nature analysis has been performed, after 600 keV Zr

ions irradiation at 723 K, for 28 loops after a damage dose of 0.45
dpa and for 45 loops after a damage dose of 1.36 dpa. As observed in
Fig. 9, all the loops analyzed show an outside contrast when g ¼
1212 and appear in inside contrast when g ¼ 1212. The loops are
therefore all interstitial in nature after Zr ion irradiation at 723 K. It
should be pointed out that the change of contrast is clear allowing
an accurate loop nature determination. After irradiation at 673 K,
because of the too small loop size, the determination of the loop
nature cannot be done with confidence.
3.2.4. Nature of the loops after electron irradiations
The same method has been used for the characterization of

loops obtained after electron irradiation at 723 K and 673 K. The
analysis of the electron irradiated Zircaloy-4 at 723 K is shown on
Fig. 10. For the same diffraction conditions, loops A0 and B0 show
opposite contrast, proving that loop A0 is interstitial in nature and
loop B0 is of vacancy nature. Among 69 loops analyzed, 65 loops
were found to be interstitial in nature, while only 4 were found to
be vacancy in nature. This study proves that under electron irra-
diation at 723 K both interstitial and vacancy loops can be present
in Zircaloy-4.

This analysis has also been conducted for samples irradiated
with 1 MeV electrons at 673 K (Fig. 11). For some loops, such as
loops A, B, C and D, the change of contrast is clear. The loops have an
inside contrast for g ¼ 1122 and an outside contrast for g ¼ 1122,
proving that they are vacancy loops. However some loops, such as
Fig. 10. Characterization of the dislocation loops nature on a 1 MeV electron irradiated grai
s < 0. Foil normal N~ ½1216� l ¼ 14.5� . The stereographic projection is given for the observ

Fig. 11. Characterization of the dislocation loops nature applying the inside/outside contrast
Zircaloy-4. Foil normal N~½0112� , l ¼ 30� . The stereographic projection is given for the ob
E, F and G have a strong contrast for g ¼ 1122 but disappear with
g ¼ 1122. This asymmetric contrast was also noticed by Griffiths
and al. [12,29] and has been explained by an adverse effect of the
oxide layer on the diffraction contrast. It is therefore difficult to
conclude on the nature of these specific loops. Only 18 loops have
been analyzed with confidence and were all vacancies. However,
interstitial loops may also be present, since the nature of several
loops was not determined due to the asymmetric contrast.

An additional 1 MeV electron irradiation has been performed at
853 K on a recrystallized Ziracloy-4 sample taken in the same rolled
sheet, using a higher electron flux of 8.4 � 1023 e�.m�2. s�1. The
loop nature analysis has been done, using the same method (grain
with a foil normal N~½0115� corresponding to an angle of l ¼ 10�).
16 loops were analyzed and were all found to be interstitial loops.
Again, several loops could not be analyzed with confidence, the
loops being too small or the contrast disappearing when using the
opposite diffraction vector.
3.3. Dislocation helical climb

In addition to the nucleation and growth of dislocation loops,
the formation and growth of helix due to helical climb on linear
<a>-dislocations has been observed in situ under electron irradi-
ation at 673 K and at 723 K as illustrated on Fig. 12, showing the
kinetics of helical climb under irradiation at 723 K in RXA Zircaloy-
4. The evolution of the helices, mean pitch andmean amplitude has
been analyzed for one dislocation at 723 K (Fig. 13). It can be
observed that an increase of the amplitude of helix turns is
n on pre-strained RXA Zircaloy-4 at 723 K and 0,03 dpa a) g ¼ 1120 s > 0 b) g ¼ 1120
ation tilt angle.

method on a 1 MeV electron irradiated grain at 673 K and 0.04 dpa on pre-strained RXA
servation tilt angle.



Fig. 13. Evolution of the helix amplitude and the helix pitch of the dislocation during
helical climb under 1 MeV electron irradiation at 723 K on pre-strained RXA Zircaloy-4.

Fig. 14. Evidence of helical climb of <a>-type dislocations observed after Zr 600 keV
ion irradiation at 723 K and after 1.36 dpa.
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observed while the pitch decreases. The helix pitch and amplitude
seem to reach a plateau quickly after the beginning of the irradia-
tion. Indeed, the amplitude of the helices tends to saturate around
0.04 dpa and the helix pitch saturates around 0.03 dpa.

After ion irradiation at 723 K (Fig. 14), wavy dislocations are
observed. Since no glide trace on the surface are noticed, the wavy
shape of the dislocation is explained by their helical climb under
irradiation.

4. Discussion

4.1. Discussion on kinetics of <a>-loops evolution under 1 MeV
electron irradiation

It has been shown that the loop number density increases with
dose. No clear saturation of the loop number density is observed for
this low damage dose (lower than 0,064 dpa). In previous experi-
ments conducted with a higher electron flux [16,17] it was shown
that the loop number density rapidly reached a saturation, which
was not observed in this work. This study shows a significant
decrease of the loop number density when the temperature is
increased from 673 K to 723 K, in good agreement with these
previous studies.

A significant dispersion in loop growth rate is observed between
grains. No clear effect of temperature is observed for these low
doses contrary to previous works, probably because the saturation
of the loop number density was not yet reached. Indeed, it is usually
observed that when the irradiation temperature increases the loop
growth rate increases and the loop number density decreases
[16,17].

The effect of flux could be evaluated when comparing our ex-
periments to previous works. Indeed, it can be noticed that after
about 1000 s and for a flux of 6 � 1021 e�.m�2. s�1, the loop
diameter is around 27 nm at 723 K in our experiment. For similar
duration, Nakamichi et al. [17] and Hellio et al. [16] obtained
respectively a loop diameter of 27 nm and 22 nm at 770 K for an
improved Zircaloy-2 and a Zr-1760 ppm O alloy and for a flux of
4.6 � 1022 e�.m�2. s�1. Considering these values, it appears that the
effect of flux on the loop growth rate is relatively weak. The loop
growth rate has been deduced from our data by considering the
slope of the linear increase of the diameter after the transient
regime, and plotted on the chart given by Nakamichi et al. for
improved Zircaloy-2, for electron irradiation conducted at 570 K
and 770 K (Fig.15). The loop growth rate obtained from our electron
irradiation conducted at 673 and 723 K appears to be close to the
power law of the flux f proposed by Nakamichi et al. dD=dtffp

with p close to 0.5. Nakamichi et al. have estimated a value for the
Fig. 12. Helical climb of <a>-type dislocations obser
vacancy migration energy by considering that the loop diameter (D
in m) evolves as a function of the electron flux f (in e�.m�2. s�1)
and of the vacancy mobility according to the equation (1) derived
by Kiritani et al. [30].
ved under 1 MeV electron irradiations at 723 K.
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According to these authors the vacancy migration energy (Evm) is
found to be close to 1 eV. A mean square adjustment of the two
parameters A0 and Evm of equation (1) has been done on the values
given by Nakamichi et al. in addition to our results. A value of
0.71 eV for the vacancy migration energy has been obtained which
is in good agreement with the values obtained by Samolyuk et al.
[31] using ab-initio simulations. The parameter A0 is found to be
equal to 2.1 � 10�20 m2 s�1/2.

Following the analysis proposed by Nakamichi et al. [17], the
evolution of the diameter of individual loops has been plotted as a
function of irradiation time in a log-log plot (Fig. 16). Nakamichi
et al. show that the loop diameter evolution appears to follow a
power relationship: Dftn. The coefficient n seems to increase with
temperature. Extracted from the measurement of 76 loops in two
grains at 673 K and 15 loops in one grain at 723 K, the average
values of coefficient n are respectively of 0.5 ± 0.3 at 673 K and
1.1 ± 0.5 at 723 K. These results shows that the evolution of the
dislocation loops is almost linear with irradiation time at 723 K.
This is agreement with the loop growth kinetics theory described
by Kiritani [30].
4.2. Discussion on loop nature under electron irradiation

This study proves for the first time that in recrystallized
Zircaloy-4 irradiated with 1 MeV electron at temperatures ranging
from 673 K to 723 K (and low electron flux) vacancy loops coexist
with interstitial loops. It is also shown that as the temperature
increases, the proportion of interstitial loops increases. For a higher
irradiation temperature (T ¼ 853 K, and higher electron flux) only
interstitial loops have been clearly observed. This last result is in
agreement with Nakamichi et al. [17] and Hellio et al. [16] who
found only interstitial loops at temperatures higher than 773 K.
Concerning pure zirconium there is a remaining disagreement in
the literature since Carpenter and Watters [11] showed that at
725 K <a>-loops were all interstitial in nature whereas Griffiths
et al. [14] proved that from 675 K up to 730 K both vacancy and
interstitial <a>-loops are observed, which is consistent with our
results.

The fact that vacancy loops are able to nucleate and grow in
zirconium alloys under electron irradiation had remained, since the
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Fig. 15. Loop growth rate as a function of electron flux in zirconium alloys [16,17].
early work done by Griffiths et al. [12,14] a puzzling phenomenon.
Indeed, due to the preferential absorption of interstitials by dislo-
cation loops, because of the difference in elastic interaction of va-
cancy and Self Interstitial Atoms (SIA) with the edge dislocation
stress field, vacancy loops were assumed to shrink under irradia-
tion and only interstitial loops were believed to be able to grow.
Furthermore, in the absence of collision cascade under electron
irradiation, vacancy loops were believed not to be able to nucleate.
Many reasons [1,7] have been proposed to explain the nucleation
and growth of both vacancy and interstitial loops under electron
irradiation in zirconium and zirconium alloys, but for the time
being, none has been able to meet a general agreement.

The fact that at temperatures higher or equal than 770 K, mainly
interstitial loops can be found in Zircaloys could be explained by the
thermal emission of vacancies from vacancy loops which becomes
higher than the net absorption of vacancies (vacancy absorption
rate e SIA absorption rate) at high temperature. At the same time,
interstitial loops continue to grow thanks to the net absorption of
interstitials which remains positive.

Although the origin of the presence of vacancy loops is not
understood, there is an important consequence that results from
this observation. Indeed, to explain the stress free growth phe-
nomenon, a theory based on the difference in diffusion anisotropy
of interstitials and vacancy has been proposed [32]. Based on this
Diffusional Anisotropy Difference (DAD), a cluster dynamics model
has been developed [33]. Assuming an isotropic diffusion for va-
cancies, a rapid diffusion of interstitials in the basal plane and a
lower diffusion along the <c>-axis, the authors have been able to
compute the density of interstitial and vacancy loops as a function
of the angle between the <c>-axis of the grain and the thin foil
normal (l) under 1 MeV electron irradiation. In their model, if the
angle l is below 60�, only interstitial loops are present in the thin
foil. Based on our study results, and Griffiths results, where vacancy
loops are observed for low l, one can conclude that the assumed
difference in anisotropic diffusion of interstitials and vacancies is in
fact very weak. This is in agreement with recent ab initio and
Monte-Carlo computations [31] which have shown a nearly
isotropic diffusion of SIAs.

4.3. Discussion on kinetics of <a>-loops evolution under 600 keV Zr
ion irradiation

The loops obtained after ion irradiation have been compared to
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the loops obtained after electron irradiation under similar irradia-
tion conditions in terms of damage rate (1 � 10�4 dpa. s�1), dose
(0.37 dpa under electron and 0.45 dpa under ion irradiation) and
temperature (723 K), and for similar grain orientation (l between
15 and 30�). The loop number density andmean diameter observed
after 600 keV Zrþ ion irradiation are reported along with the loop
evolution under electron irradiation (Fig. 17). It is shown that for a
similar dose, the loop number density is higher after ion irradiation
with a value of 6.4 � 1020 m�3 at 0.45 dpa, while the loop number
density is around 4 � 1020 m�3 at 0.37 dpa for electron irradiation.
On the contrary, the mean loop diameter is lower under ion irra-
diation than under electron irradiation, with values respectively of
32 nm and 45 nm.

This result shows that under ion irradiation the nucleation of
loops is favored at the expense of growth. This is due to the nature
of the primary damage. Indeed, under 600 keV Zr ion irradiation
large displacement cascades are formed where point defects
recombination occurs, leaving only few remaining point defects
free to migrate compared to electron irradiation. Within the cas-
cades, small point defect clusters are also formed [34]. These small
point defect clusters act as nuclei for the growth of <a>-loops,
therefore explaining the higher loop density and lower growth rate
observed under ion irradiation.
4.4. Discussion on <a>-loop nature under 600 keV Zr ion
irradiation

It has been shown that after Zr ion irradiations conducted at
Fig. 17. Comparison between ion and electron irradiations on pre-strained RXA Zircaloy-4 a
Mean diameter of the loops.

Fig. 18. 1 Mev electron irradiation at 673 K on pre-strained RXA Zircaloy-4 a) Comparison o
723 K all the analyzed loops were interstitial loops. This is sur-
prising when considering the results obtained under electron
irradiation. The main differences between these two experiments
are the higher damage rate under Zr ion irradiation compared to
the samples analyzed after electron irradiation and the formation
of displacement cascades under Zr ion irradiation. Moreover it has
been shown under electron irradiation that the proportion of
interstitial loops increases with the irradiation temperature due to
the emission of vacancies by vacancy loops. The same phenomenon
probably also occurs under ion irradiation, but the temperature at
which vacancy loops are annealed out may be lower under ion
irradiation. This could then explain why only interstitial loops are
observed at this temperature. However, the loops were too small at
673 K to allow the determination of their nature to confirm this
hypothesis.

It is also possible that injected self-interstitial atoms can also
play a role on the loop nucleation and growth (Fig. 1) by favoring
the growth of interstitials loops at the expense of vacancy loops. It
should also be kept in mind that in these experiments there is only
one free surface during Zr ion irradiation whereas there are two
free surfaces during electron irradiation.
4.5. Discussion on <a>-dislocation helical climb

Although dislocation climb is believed to be involved in the
microscopic mechanisms of irradiation creep, no experimental
study of the dislocation evolution under irradiation is known. This
paper presents evidences of helical climb of <a> dislocations under
t 723 K and for a damage rate of 1 � 10�4 dpa. s�1 a) Number density of the loops, b)

f the helix turn kinetics and loops kinetic under, b) evolution of the angle J with dose.



M. Gaum�e et al. / Journal of Nuclear Materials 495 (2017) 516e528 527

Author's personal copy
1 MeV electron irradiation at 723 K. Several authors have also
observed helical climb under electron irradiation but no detailed
analysis of the dislocation kinetics was performed [10,12].

The evolution of the helix pitch (L) and amplitude (D) has been
analyzed and shows an increase of the amplitude, and also a
decrease of the pitch with irradiation dose. Moreover, at 723 K the
value of the pitch L seems to reach a plateau for low doses (<0.04
dpa). This helix turn kinetics shows that the dislocation climb rate
increases at the beginning of irradiation and then tends to saturate.

Comparison of the helix turns kinetics and loops kinetics has
been performed for one grain irradiated at 723 K during 1 MeV
electron irradiation (Fig. 18a)). The mean diameter of the loops
observed in the same grain as the dislocations is plotted. The
amplitude of the helix turns evolves with the same trend as the
loop diameter. At 723 K, the helix turns amplitude tends to saturate
for a dose of 0.4 dpa while the size of the loops continues to
increase.

Furthermore, the helix geometry evolution has been analyzed.
The angle J between the dislocation line and the Burgers vector
direction has been computed from the measurement of the pitch
(L) and the amplitude (D) according to the following equation:
tan(J) ¼ D/(L/2). It can be seen on (Fig. 18b)) that the angle J
increases at the beginning of the irradiation and the helix reaches
an equilibrium “shape” with an angle J between 45� and 50�. This
can be explained by the fact that the shape of the helical dislocation
is free to adjust itself by glide on its cylinder. According to Friedel
[35] and Grilh�e [36], the repulsive interaction between dislocation
helical arms leads to an equilibrium angle J of p/4, in good
agreement with our results.

5. Conclusion

This paper presents an investigation of the microstructure
evolution of recrystallized Zircaloy-4, after 1 MeV electron and
600 keV Zrþ ion irradiations performed at 673 K and 723 K. The
main findings of this experimental study are summarized below:

� The evolution of <a>-loops has been monitored during 1 MeV
in-situ electron irradiation and ion irradiation at 673 K and
723 K. The loop number density and the mean diameter are
found to increase during irradiation. An effect of the tempera-
ture has been observed on the loop number density which de-
creases when the irradiation temperature increases and on the
loop mean diameter which increases with the temperature.
Moreover, under electron irradiation, an effect of the irradiation
flux has also been observed. A higher irradiation flux leads to an
increase of the loop number density and a decrease of the mean
diameter.

� A TEM analysis of the nature of the <a>-type loops has been
performed after electron and ion irradiation. After electron
irradiation, the microstructure consists of both, vacancy and
interstitial loops. At 673 K, only vacancy loops were analyzed
with confidence. At 723 K, both vacancy and interstitial loops
have been observed with a higher proportion of interstitial
loops. Under ion irradiations, on the other hand, the nature
analysis of the loops has been performed for irradiation tem-
perature of 723 K and only interstitial loops have been observed.
Hypotheses have been proposed, mainly based on the point
defects migration to explain such microstructures.

� Evidences of helical dislocation climb are given in this paper
under electron and ion irradiations. This study brings the first
experimental quantitative results on the climb mechanism.

This experimental study provides a better insight on the
microstructure evolution of Zr alloys under irradiation which
should lead, in a future prospect, to a better understanding and
prediction of the evolution of the mechanical properties with
irradiation and also of the in-reactor deformation of components
made of Zr alloys.
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