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ABSTRACT

Diffraction-contrast electron tomography was used to analyse the 3D geometry of the dislocation mi-
crostructure in a zirconium alloy before and after ion irradiation. The material had been strained at room
temperature prior to irradiation. After straining, the material exhibited mainly screw dislocations with
<a> Burgers vectors. From the analysis of the habit plane of <a> dislocations with non-screw segments,
it was deduced that they have glided mainly in the prismatic planes and to a lesser extent in the first
order pyramidal planes. After irradiation, dislocation loops with <a> Burgers vectors were observed. It
was shown that the loops are not pure edge and have their habit plane located around the planes {1010},
tilted up to 20° towards the planes (0001) and {1120}. Furthermore, it was proven that the initial screw
dislocations have climbed under irradiation. Several dislocations were also found to have interacted with
loops during climb. The climb of <a> dislocations under irradiation is an important mechanism that
can explain part of the in-reactor deformation of zirconium alloys when subjected to simultaneous me-
chanical loading and irradiation. Interactions between dislocations and loops occurring during dislocation

climb may also play a significant role on the in-reactor deformation of zirconium alloys.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Cladding tubes and structure components made of zirconium
alloys, which are used for light and heavy water nuclear reactors,
exhibit in-reactor deformation during normal operation [1,2]. The
in-reactor deformation of zirconium alloys is mainly the result of
two phenomena: irradiation induced growth and irradiation creep
[3-5]. Irradiation creep deformation occurs when the material un-
dergoes simultaneous mechanical loading and neutron irradiation
[6,7], whereas irradiation induced growth occurs without any ap-
plied load [8]. Several mechanisms have been proposed in the lit-
erature to explain the irradiation creep phenomenon [9,5]. Most of
these deformation mechanisms are based on dislocation climb, or
climb and glide, under irradiation [10-17]. Dislocation climb under
irradiation is a well-acknowledged mechanism from a theoretical
point of view, but there is little experimental evidence of this phe-
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nomenon in the case of zirconium alloys. In order to gain more
evidence of this mechanism, an experimental study has been un-
dertaken. In this work, dislocation climb under irradiation is anal-
ysed, but without any applied stress.

Dislocation climb has been observed after quenching a Zr-1%Al
alloy. In that case, helical dislocations were clearly observed [18].
Under irradiation, there have been only a few observations of dis-
location climb in zirconium alloys. In the case of dislocations with
<a> Burgers vector, Buckley and Manthorpe [19] showed a picture
of helical climb of <a> dislocations at 500°C under 1 MeV elec-
tron irradiation. Griffiths [20] reported observations of dislocation
climb under 1 MeV electron irradiation at 402°C. Recently, Gaumé
et al. [21] have also conducted the same type of experiments. They
observed helical climb of <a> dislocations under 1 MeV electron
irradiation at 450°C. The magnitude of dislocation climb remained
limited under electron irradiation. However, when analysing the
microstructure after Zr ion irradiation conducted at 450°C, they ob-
served wavy dislocations. They hypothesized that the wavy shape
of the dislocations was the result of dislocation climb under irra-
diation.
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Fig. 1. Numerical filtering method to enhance the dislocation contrast: (a) raw WBDF-STEM contrast of dislocation (the background and dislocation contrasts are not ho-
mogeneous); (b) Fig. 1a numerically filtered using the “Rolling ball radius” option of the “Subtract Background” tool of the Image] software (the background and dislocation

contrasts are now homogeneous).

Table 1

Chemical composition (wt. %) of the recrys-
tallized Zircaloy-4 thin sheet used in this
study.

Sn Fe Cr [0} Zr
132 0.215 0.108  0.125 bal.

In order to gain a better understanding of the tri-dimensional
geometry of these dislocations, and to characterize the dislocation
climb under irradiation in greater detail, an advanced technique,
called Dislocation Electron Tomography (DET), using diffraction-
contrast electron tomography in a TEM [22-25], has been used. It
must be noted that this technique has also recently been used by
Feng et al. [26] to study dislocation helices created by dislocation
climb in a quenched Al-Cu-Mg alloy.

In the first part of this paper, the material and experimental
details are described. Then the diffraction-contrast electron tomog-
raphy technique is presented along with the data post-processing
method. The results are then presented and discussed.

2. Material and experimental details

The material used for this study is a cold-rolled thin sheet of
Zircaloy-4 in the recrystallized metallurgical state, which is often
considered as a model material for recrystallized zirconium alloys.
The chemical composition of this alloy is given in Table 1.

In the as-received state, this material exhibits a microstruc-
ture made of equi-axed grains with an average diameter of 6 um,
containing only few dislocations (typically 10" m~2). This mate-
rial also exhibits a crystallographic texture typical of recrystallized
zirconium alloy thin rolled sheet. The majority of the grains are
oriented such that the <c> axis of the hexagonal close-packed
(hcp) lattice of the grain is in the plane ND-TD (ND: Normal Di-
rection, TD: Transverse Direction) and tilted up to 20° away from
ND [27,28].

2.1. Preparation of the non-irradiated strained sample

In order to analyze the dislocation climb mechanism under irra-
diation, the cold-rolled sheet was strained up to an additional 1%
plastic strain in the rolling direction, at room temperature, prior
to irradiation, to increase the dislocation density. During the plas-
tic deformation, <a> dislocations were created, leading to a mi-

crostructure containing a significant amount of dislocations (typi-
cally 103 m=2). These dislocations are homogeneously distributed
throughout the grains that are well oriented for <a> slip. Because
of the texture of the material, these grains represent the majority
of grains in the material. After straining, samples were first me-
chanically polished, and 3 mm diameter disks were punched out.
One of these disks was jet electropolished on both sides using an
electrolytic solution of 90% ethanol and 10% perchloric acid at -
10°C, then analyzed by diffraction-contrast electron tomography.

2.2. Preparation of the irradiated strained sample

Another sample was first jet electropolished on one side only
and then irradiated on the ARAMIS-facility at CSNSM/IN2P3 Or-
say using 600 keV Zrt+ ions at 450°C. The fluence was 8 x 1017
ions.m~2, which corresponds to an average dose of 0.27 dpa over
the thin foil of thickness 150 nm. This value was calculated us-
ing the software called SRIM [29,30], which computes the number
of atoms displaced by energetic particles using a Monte-Carlo ap-
proach. A displacement threshold energy of 40 eV was chosen, and
the “quick calculation of damage” mode was used. During the ex-
periments, the damage rate was about 5 x 10> dpa.s~!. It can be
noted that using the “full damage cascade” mode, the SRIM soft-
ware computes a dose of 0.5 dpa.

After irradiation, the irradiated surface was protected by a lac-
quer, and the sample was electropolished on the opposite face to
create a hole surrounded by a thin area suitable for TEM analy-
sis. Because the irradiated layer was 300 nm thick, the entire ob-
servable area, which had a thickness of 100 to 200 nm, was fully
irradiated.

2.3. First TEM analyses of the irradiated strained specimen

The thin foil was first observed using a conventional TEM
method. After irradiation, dislocation loops with <a> Burgers vec-
tor have been observed. These loops had a mean diameter of 32
nm with a number density of 6 x 1020 m=3. All of the loops anal-
ysed have been found to be of interstitial nature [21]. The fact
that only interstitial loops were observed may be explained by
the presence of a free surface during the irradiation, which could
act as sink (unbiased sink) for vacancies. It is nevertheless worth
pointing out that the microstructural evolution of zirconium alloys
under irradiation is still not fully understood. Wavy dislocations
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Fig. 2. Tomographic reconstruction of the irradiated Zr specimen obtained with the 1100 diffraction vector: (a) micrograph in WBDF-STEM mode (numerically filtered) with
a projection angle of -32°; (b) superimposition on Fig. 2a of the tomographic reconstruction (redrawn with the UCSF Chimera) for the same projection angle; (c) micrograph
in WBDF-STEM mode (numerically filtered) with a projection angle of 38°; (d) superimposition on Fig. 2c of the tomographic reconstruction (redrawn with the UCSF Chimera)
for the same projection angle. Movie versions of the numerically filtered tilted series, the redrawn volume and the superimposition redrawn volume on the tilted series are

shown in Supplemental file S1, S2 and S3.
were also observed after irradiation, probably resulting from he-
lical climb under irradiation.

3. Dislocation electron tomography and post-processing
method

DET is a tomographic technique developed for TEM, based on
conventional diffraction contrast imaging of dislocations. The prin-

ciple of this method is to perfectly align a diffraction vector, used
to observe dislocations, along the tilt axis. Then, by taking several
pictures of the sample for various tilt angles, the 3D dislocation
microstructure can be obtained. Contrary to the classical stereo-
graphic projection method, DET provides a large amount of infor-
mation that can be used for statistical and quantitative studies
[31]. Two analyses were performed: a conventional tomographic
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Fig. 3. Burgers vector indexations of the non-irradiated Zr specimen: (a) micrograph in WBDF-TEM mode obtained with the 1101 diffraction vector, dislocations with
+1/3[1210] and +1/3[2110] Burgers vectors are in contrast; (b) micrograph obtained with g: 1101, dislocations with +1/3[2110] and +1/3[1120] Burgers vectors are in
contrast; (c) micrograph obtained with g: 0111, dislocations with +1,3[1120] and +1,/3[1210] Burgers vectors are in contrast; (d) superimposition of the previous micrographs
to facilitate Burgers vector indexations. Dislocations with +1/3[1210], 1/3[2110] and +1/3[1120] Burgers vectors are pointed out by red, blue and green arrows respectively.
Dislocations are highly straight-lined with a strong screw nature (very few dislocations with a +1/3[1120] Burgers vector are observed). Movie versions of the raw tilted
series, the redrawn volume and the superimposition redrawn volume on the tilted series are shown in Supplemental file S4, S5 and S6.(For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.).

characterization and a high-spatial-resolution tomographic charac-
terization.

3.1. Conventional dislocation electron tomography

The conventional DET analysis was performed on the non-
irradiated Zircaloy-4 specimen using a FEI® Tecnai G220 Twin mi-
croscope, operating at 200 kV with a LaBg filament. The tilt-series
required to perform the tomographic reconstruction was obtained
using a double-tilt sample-holder with an angular range of +60°.
The diffraction vector was oriented parallel to the sample-holder’s
main axis (the 1101 diffraction vector was used for this tilt-series).
Dislocation micrographs were acquired every 5° from -60° to 50°
with the weak-beam dark-field (WBDF) TEM mode. With these ac-
quisition conditions, the signal to noise ratio was high. The major
disadvantage of the TEM-WBDF mode is the contrast heterogeneity
resulting from thickness fringes and bend-contours that disturb the
background contrast. On the other hand, the scanning transmission
electron microscope (STEM) mode can produce homogeneous back-
ground and dislocation contrasts [32,33], but the signal to noise ra-
tio is weak when using a LaBg filament [34]. To get a homogeneous
contrast while maintaining a high signal to noise ratio, we decided
to use a precessing electron beam [35], which integrates the relrod
rocking-curves in the reciprocal space and averages the background
and dislocation contrasts. In addition, the greater the precession
angle, the larger the homogeneous contrast domain. A precession
angle of 0.3° enabled us to achieve a homogeneous contrast over
approximately 6 um in diameter, thus leading to a more statisti-
cal study of the 3D dislocation microstructure. To ensure that the
objective aperture did not hide the precessed electron beam, an

intermediate aperture size of 50 um was used. The spatial reso-
lution of the reconstructed images is degraded by the precession,
due to the slight misorientation of the diffraction vector from the
sample-holder main axis but also by the tomographic reconstruc-
tion interpolations.

3.2. High-resolution dislocation electron tomography

The high resolution DET was obtained on the irradiated
Zircaloy-4 specimen using a ThermoFisher® Titan Themis micro-
scope, operating at 300 kV with a X-FEG filament. As STEM and
conventional TEM imaging techniques are equivalent through the
principle of reciprocity [32,33], the STEM mode was employed
since the X-FEG gun is bright enough to generate dislocation mi-
crographs with a high signal to noise ratio despite the high Bragg
deviation parameter (essential for optimizing the dislocation thick-
ness spatial resolution) associated with a homogeneous contrast.
The tilt-series has been acquired with the High Angle Triple Axes
(HATA) sample-holder dedicated to DET [36]. This sample-holder
gives access to angular ranges of +80° for o, +7.5° for 8 and
+2.5° for @ with an accuracy of approximately 0.1° considering the
backlash. This sample holder made it possible to accurately ori-
entate the diffraction vector along the sample-holder’s main axis
(the 1100 diffraction vector was chosen for this tilt-series). In or-
der to limit interpolation and extrapolation errors during the to-
mographic reconstruction, images were acquired every 2° from -
60° to 68°. To obtain diffraction contrasts where only (nn00) plane
families were involved, the electron beam was tilted to align the
(1100) and (2200) diffraction discs (slightly superimposed) on
the bright field detector. Then, the HATA sample-holder was tilted
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Fig. 4. Glide plane characterization of the non-irradiated Zr specimen (+1/3[1210]
Burgers vectors colored in red and +1/3[2110] Burgers vectors colored in blue): (a)
tomographic reconstruction, obtained with g: 1101, for a -75° projection angle (the
basal plane is edge-on in this orientation condition); (b) -30° projection angle; c) 0°
projection angle ((0110) and (1011) are edge-on); d) 30° projection angle ((0111)
and (1010) are edge-on); e) 75° projection angle. 7 red dislocations and 5 blue
dislocations are pointed out. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

along the angle B to be in STEM-WBDF conditions in order to dis-
tinguish the smallest details of the dislocations without losing con-
trast.

3.3. Post-processing method

We undertook a manual alignment with one-pixel accuracy for
the irradiated Zircaloy-4 specimen tilt-series (accuracy details are
provided in Supplementary Material) and with an average preci-
sion for the non-irradiated specimen tilt-series. Then, the tomo-
graphic reconstruction inaccuracies of the non-irradiated Zircaloy-
4 specimen low-resolution tilt-series (composed of only 23 mi-
crographs) were reduced by redrawing by hand the dislocations
of each micrograph to obtain a black and white contrast. Con-
cerning the high-resolution tilt-series of the irradiated Zircaloy-
4 specimen (composed of 65 micrographs), since the quality of
the micrographs was high, it was considered that a simple nu-
merical filter (background subtraction with the free Image] soft-
ware) was sufficient to enhance the dislocation contrast (Fig. 1).
Both reconstructions were performed using the Weighted Back
Projection (WBP) algorithm [37]. This algorithm, which is based
on the Radon transformation [38], is freely available from the To-
moJ plugin [39] of the Image] software. Despite a variety of pre-
cautions, tomographic reconstructions are not perfect. The high-
est inaccuracies are in the missing wedge (angular range where
micrographs cannot be acquired), where the WBP algorithm per-
forms extrapolations. Consequently, the measurement uncertainties
of the dislocation positions are higher near projection angles of
90°, which arbitrarily thickens dislocation widths. Dislocation ge-
ometries are no longer cylindrical but exhibit ribbon shapes. We
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used the free UCSF Chimera software [40] to directly redraw dislo-
cations into the volume [24,31,41] and regain the cylindrical dislo-
cation geometries. To ensure dislocation tracking quality, we super-
imposed the redrawn volume on real micrographs (Fig. 2), allow-
ing careful comparisons. When the projected redrawn volume was
not in satisfactory agreement with real micrographs, the consid-
ered dislocation was discarded. Finally, each dislocation loop habit
plane, or dislocation line habit plane, was indexed by tilting the
reconstructed volume and the tilt-series during post-processing.
When the projected dislocation loop, or line, is rectilinear, its habit
plane is edge-on and can be indexed, as the crystal orientation is
known. Back and forth cross-checks have to be done between re-
constructed volumes and tilt-series to guarantee indexation accu-
racy (several habit planes were not indexed when doubts persisted
between projections of the reconstructed volumes and tilt-series).
Furthermore, the smallest loops (less than 8 nm in diameter) were
not considered since they exhibit high indexation uncertainties.

4. Results
4.1. Non-irradiated Zircaloy-4 specimen

The WBDF micrographs of the non-irradiated Zircaloy-4 speci-
men, shown in Fig. 3, show mainly dislocations with straight line
geometries. In order to characterize the dislocation Burgers vec-
tors of this specimen, the extinction criterion technique was used.
Dislocations with +1/3[1210] Burgers vectors (indicated with red
arrows on Fig. 3c) and +1/3[2110] Burgers vectors (indicated with
blue arrows on Fig. 3a and b) are in contrast with the 1101 diffrac-
tion vector (Fig. 3a). Dislocations with +1/3[2110] Burgers vectors
(blue arrows) and a single dislocation with a +1/3[1120] Burgers
vector (indicated with a green arrow on Fig. 3c¢) are in contrast
with the 1011 diffraction vector (Fig. 3b). Finally, dislocations with
+1/3[1210] Burgers vectors (red arrows) and the dislocation with
a +£1/3[1120] Burgers vector (green arrow) are in contrast with the
0111 diffraction vector (Fig. 3c).

Except for one dislocation with Burgers vector +1,3[1120] (col-
ored in green), most of the dislocations in the micrographs have
a Burgers vectors of either b= +1/3[1210] or b= +1/3[2110]. In
the reconstructed volume in Fig. 4, the dislocations with b=
+1/3[1210] are colored in red and the dislocations with b=
+1/3[2110] are colored in blue.

It can be seen in Fig. 3 and in the reconstructed volume shown
in Fig. 4, that the straight linear dislocations are aligned along their
Burgers vector, showing that they are mainly screw dislocations.
When part of the dislocation deviates from its Burgers vector ori-
entation, the habit plane of the dislocation, which must be its glide
plane, can be indexed. The glide planes of several dislocations were
characterized using DET. Fig. 4 shows in detail the characterization
of 7 “red” and 5 “blue” dislocations. Except for the blue dislocation
n°2, which is essentially of screw nature, we determined the glide
planes of the other blue dislocations, namely the (0110) plane. The
glide configuration for the red dislocations is more complex. As
was the case for the blue dislocation n°2, the red dislocations n°2,
4 and 7 have too much screw nature, and we could not determine
their glide plane. Dislocation n°5 clearly glides on the pyramidal
(1011) plane. Fig. 5 shows details of the glide plane indexation of
the blue dislocation n°3 and the red dislocation n°5. The maximum
deviations of dislocations from the screw nature were quantified
when the normals to the glide planes were edge-on. In this con-
dition, the angle o, between the dislocation line and the Burgers
vector was measured. The highest deviation of the blue dislocation
n°3 is oy ~ 33° and the highest deviation of the red dislocation n°5
is ay ~ 69°. In these cases, the dislocations are sufficiently far from
the screw orientation to be able to index their glide planes.
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Fig. 5. Step back from the characterization of the blue dislocation n°3 and the red dislocation n°5: (a) tomographic reconstruction projection along [0001] ((0110) is edge-
on); (b) intermediate projection (the (0110) plane is at 45° from the projection axis); (c) projection along [0110], the highest misorientation from the screw nature of the
blue dislocation can be quantified («; is the maximum deviation angle at the upper end of the dislocation and «; is the maximum deviation angle at the lower end of
the dislocation); (d) projection along [1012] ((1011) is edge-on); (e) intermediate projection (the (1011) plane is at 45° from the projection axis); (f) projection along the
normal of (1011), the highest misorientation from the screw nature of the red dislocation can be quantified (; is the maximum deviation angle at the upper end of the
dislocation and o is the maximum deviation angle at the lower end of the dislocation); (g) projection along [2113] ((1011) and (0110) are edge-on). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 6. Cross-slip: (a) tomographic reconstruction projection along the [2113] di-
rection (the (1011) glide plane is edge-on in this orientation condition); (b) tomo-
graphic reconstruction projection along the [1213] direction (the (1010) glide plane
is edge-on in this orientation condition). It is worth noticing that dislocations 1, 3
and 6 are never totally straight-lined, suggesting that they have partly cross-slipped.

The projections of the red dislocation n°1, 3 and 6 are never
entirely linear, whatever the orientation. This phenomenon could
be explained by a cross-slip mechanism, of one part of the dis-
location, from a prismatic plane to a first order pyramidal plane.
Fig. 6 illustrates this mechanism for the red dislocations n°1, 3 and
6. It is precisely the +1/3[1210](1010) / £1,3[1210](1011) cross-
slip mechanism. All of the indexed slip systems, cross-slip systems
and dislocation screw configurations, are given in Table 2. To con-
clude, most of the dislocations have a screw nature. When the dis-
locations have sufficient deviation from the screw orientation and
their glide planes can be indexed, we noticed that the {1100} pris-
matic plane is predominant with few {1101} pyramidal configura-
tions, possibly due to the cross-slip mechanism.

4.2. Irradiated Zircaloy-4 specimen

The tomographic reconstruction of the irradiated Zr specimen,
redrawn with the UCFS Chimera software [40], is shown in Fig. 7
for 5 projection angles (-75°, -30°, 0°, 30° and 75°). Dislocations
are curved with 3D geometries. Numerous dislocation loops of a
few dozen nm in diameter and also interactions between dislo-
cation segments and loops are present in the 3D dislocation mi-
crostructure. The dislocations have lost nearly all of their screw na-
ture. Only two screw dislocation segments with +1/3[1210] Burg-
ers vectors (in red in Fig. 7, only screw dislocations are colored)
and two screw dislocation segments with +1,/3[2110] Burgers vec-
tors (in blue in Fig. 7, only screw dislocations are colored) remain.

Fig. 8 shows an example of Burgers vector indexations for
five dislocation loops. Dislocation loops with =+1/3[1210] and
+1/3[2110] Burgers vectors are in contrast with the 1100 diffrac-
tion vector (Fig. 8a); dislocation loops with +1/3[2110] and
+1/3[1120] Burgers vectors are in contrast with the 1011 diffrac-
tion vector (Fig. 8b); and dislocation loops with +1/3[1210] and
+1/3[1120] Burgers vectors are in contrast with the 0111 diffrac-
tion vector (Fig. 8c). We can conclude that the Burgers vector of
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Dislocation natures, slip systems and cross-slip systems for 29 dislocations observed in the

non-irradiated Zr specimen.

Number of dislocations

Dislocation nature, Burgers vector, slip plans, cross-slip system

4 screw +1/3[1210]
screw +1/3[2110]

mixed +1/3[1210](1010)

mixed £1/3[1210](1011)

1
4

1 - -

6 mixed +1/3[2110](0110)
1

3

mixed £1/3[1210](1010) / +1/3[1210](1011)

I

Fig. 7. 3D microstructure of the irradiated Zr specimen obtained with the 1100 diffraction vector (the Burgers vectors of red screw dislocations are +1/3[1210] and the
Burgers vectors of blue screw dislocations are +1/3[2110]). (a—e) Tomographic reconstruction oriented along the -75°, -30°, 0°, 30° and 75° projection angles. The 3D
microstructure shows very few screw dislocation segments (only 2 blue and 2 red screw dislocation segments), numerous dislocation loops, wavy 3D dislocations and also
interactions between dislocation segments and loops. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.).

dislocation loop n°4 (out of contrast on Fig. 8b and in contrast on
Fig. 8a-c) is +1/3[1210] (number indicated in red on Fig. 8a, c-
e, k); while the Burgers vector of the other dislocation loops (in
contrast on Fig. 8a-c) is +1/3[2110] (number indicated in blue on
Fig. 8a, b, d, e, i, j, | and m). The 3D reconstruction of these five
loops is illustrated in Fig. 8e-h with different projection angles (0°,
72°, 130° and 162° respectively). The habit plane of the loop n°3
is (3122) (Fig. 8g) and the habit planes of loops n°1, 2, 4 and 5
are (3120), (6511), (0110) and (1010) respectively (Fig. 8h). All
of the indexed habit planes are given in Table 3. Recall that these
indexations are obtained by tilting the habit planes edge-on and
verifying that the reconstruction projections are fully compatible
with the tilt-series micrographs. When there are too many differ-
ences between the tilt-series and the tomographic reconstruction,

these loops are not kept for further analyses. Through the full tilt-
series, 24 habit planes of dislocation loops remained with precise
indexation.

Dislocation interactions with loops can also be seen. DET is an
ideal tool for analyzing dislocation interactions, as it makes it pos-
sible to have access to orientations that facilitate the microstruc-
ture deciphering [24,42-44]. Fig. 9 shows an interaction between
a dislocation segment with a +1/3[2110] Burgers vector and two
+1/3[1210] loops whose habit planes are (1210), i.e. two pure
edge loops. The Burgers vector of this junction is the combina-
tion of +1/3[1210] and +1/3[2110], i.e. £1/3[1120]. This junction
is not visible in the 3D reconstruction, because the tilt-series was
acquired with the 1100 diffraction vector where dislocations with
+1/3[1120] Burgers vectors are not in contrast.
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Fig. 8. Dislocation loop characterizations of the irradiated Zr specimen: (a) micrograph in WBDF-STEM mode obtained with g: 1100, dislocations with +1/3[1210] and
+1/3[2110] Burgers vectors are in contrast. Loops with +1/3[1210] or +1/3[2110] Burgers vectors are shown respectively by red or blue numbers; (b) micrograph in WBDEF-
TEM mode obtained with g: 1011, dislocations with +1/3[2110] and +1/3[1120] Burgers vectors are in contrast (loops are pointed out by blue numbers); (c) micrograph in
WBDF-TEM mode obtained with g: 0111, dislocations with +1,3[1210] and +1/3[1120] Burgers vectors are in contrast (the loop is pointed out by the red number 4); (d) 3
previous micrograph superimposition to facilitate Burgers vector indexations; (e) tomographic reconstruction projection along [1126] (5 loops have been reconstructed); (f)
projection along [1120]; (g) projection along [1123] (the (3112) habit plane of loop n°3 is edge-on); (h) projection along [0001] (the habit planes of loops n°1, 2, 4 and 5
are edge-on, they are (3120), (6511), (0110) and (1010) respectively); (i-m) projections where the normal of the loop habit planes 1, 5, 4, 2 and 3 are edge-on respectively.
It is worth noticing that the spatial resolution of the WBDF-STEM micrograph is higher than the WBF-TEM ones. A slight ellipticity along [0001], notably for loops n°1, 4
and 5, can be also noticed. The movie version of redrawn volume of these loops is shown in Supplemental file S7. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.).

Table 3

Indexation of habit planes of the 24 dislocation loops analyzed in the irradiated Zr specimen.

Angle between the normal of

Angle between the normal of

Habit plane for loops having habit plane and the Burgers Habit plane for loops habit plane and the Burgers
+1/3[1210] Burgers vector vectors +1/3[2110] Burgers vector vectors
2 loops in (0110) 30 4 loops in (1010) 30
1 loop in (1321) 16 1 loop in (2110) 0
1 loop in (1430) 16 1 loop in (3120) 11
2 loops in (1540) 19 1 loop in (6421) 12
2 loops in (1542) 23 2 loops in (4310) 16
1 loop in (0221) 33 1 loop in (8621) 17
1 loop in (2314) 41 1 loop in (4131) 18
1 loop in (6511) 22
1 loop in (4132) 23
1 loop in (3122) 25

5. Discussion
5.1. Dislocation glide at room temperature in recrystallized Zircaloy-4
The tomographic analysis performed after straining at room

temperature shows primarily screw dislocations (18 of 29 dislo-
cations). When non-screw segments are seen, the glide plane has

been analysed (11 dislocations). In one of the eleven cases, the dis-
location line was clearly in the first order pyramidal slip. In ten of
the eleven cases, prismatic slip was determined. For three of these
ten dislocations, it was noticed that part of the dislocation was also
lying in the first order pyramidal plane, indicating that the dislo-
cation had partially cross-slipped from the prismatic plane to the
pyramidal plane. No dislocation line was seen in the basal plane.
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Fig. 9. Double interaction between a dislocation segment and 2 dislocation loops of the irradiated Zr specimen: (a) micrograph in WBDF-STEM mode obtained with g:
1100, the dislocation segment (41/3[2110] Burgers vector) and the dislocation loops (+1/3[1210] Burgers vector) are in contrast and pointed out by blue and red numbers
respectively; (b) micrograph in WBDF-TEM mode obtained with g: 1011, both loops are out of contrast; (c) micrograph in WBDF-TEM mode obtained with g: 0111, both
loops are in contrast (with a bad contrast quality); (d) 3 previous micrographs superimposition to facilitate Burgers vector indexations; (e) tomographic reconstruction
projection along [1120]; (f) projection along [0001] (the (1210) habit planes of the loops in interaction with the dislocation segment are edge-on; both loops are in pure
climb configurations); (g) projection along [1126], i.e. the foil surface normal; (h) projection along [1120]; (i) projection along [0001]; (j) projection along the normal of the
loop habit plane. It is worth noting a high ellipticity along [0001]. The movie version of redrawn volume of these two interactions is shown in Supplemental file S8. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

It is known that zirconium deforms easily by glide of disloca-
tions in the prismatic planes of the hcp lattice. In the case of pure
zirconium, it was shown by Clouet et al. [45], using ab-initio sim-
ulations and in-situ straining experiments, that there is no signifi-
cant lattice friction during the glide of dislocations in the prismatic
planes. However, in the case of Zr-O alloys [46], dislocation glide
in prismatic planes is governed by the interaction between oxygen
atoms and screw dislocations, which promotes short range dou-
ble cross-slip from the prismatic plane to the first order pyramidal
plane and then back to the prismatic plane. This process creates
atomic jogs on the screw dislocation, leading to an apparent lat-
tice friction acting against screw dislocation motion in zirconium
alloys containing oxygen. Because the velocity of screw segments
is lower than that of edge segments, the microstructure is mainly
composed of long screw dislocations, which is why nearly all of
the dislocations observed after straining are of screw character (or
close to screw character).

The observation of short <a> dislocation segments that have
cross-slipped into the first order pyramidal plane is consistent with
the analysis proposed by Chaari et al. [46] based on atomistic com-
putations.

5.2. Dislocation loop formation under irradiation

Under irradiation, point defects (interstitials and vacancies) are
created. They diffuse and cluster together to create point defect
clusters in the form of small disks made either of vacancies or in-
terstitial atoms. These disks are called prismatic dislocation loops

because a dislocation line surrounds the disk of point defects, and
the Burgers vector does not belong to the habit plane of the loop.
In the case of zirconium, the literature indicates that most of the
dislocation loops have an <a> Burgers vector and are located close
to the prismatic planes [47-49]. In order to confirm these early
studies, dislocation electron tomography was used to analyse the
loop habit planes. As explained earlier, for some loops, the pro-
jection of the reconstructed volume was not in correct agreement
with the images. Therefore, only 24 loops were kept for this analy-
sis. For these 24 loops, the Burgers vector was also analysed us-
ing the extinction method. The normal to the loop habit plane,
depending on its Burgers vector, for these 24 loops is plotted in
Fig. 10. The loop normal directions are also represented in a stan-
dard triangle. From these figures, it can be seen that for only one
loop, the normal of the loop habit plane is parallel to its Burgers
vector. This shows that except for one of the 24 cases, the loops
are not pure edge; that is, the normal of the habit plane is not
parallel to the Burgers vector. The normal to the loop habit plane
is tilted up to 33° away from its Burgers vector and even up 41° in
the case of one loop (see Table 3). It was found that most of the
normals to the loop habit planes lie around the direction (1010),
which is in good agreement with early results obtained on neu-
tron irradiated samples [47-49]. They are tilted in the basal plane
up to 20° of the direction (1010) and are often tilted away, up to
20° toward the [0001] direction. Only three loops do not exhibit
this overall trend. Except for these three loops, the normals to the
habit planes of all 21 loops lie in the surface shown in Fig. 10(b).
In Fig. 11, the experimental results given in [47,48] are reported,
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Fig. 10. Habit planes of the dislocation loops: (a) stereographic projection along the [0001] direction of loop plane normal positions (the vast majority of the directions are
situated on the “butterfly-wings” distribution of the stereographic projection [48] for both red and blue loops; (b) gathering of data in a single triangle of the stereographic
projection (red and blue numbers count the superimposition projections). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

showing the good agreement with the new results obtained using
DET.

According to Kelly and Blake [48], who referred to the work of
Bacon and Crocker [50], perfect <a> loops, that are able to tilt
on their cylinder, are not pure edge because of the minimization
of line energy. Because a screw dislocation has a lower line en-
ergy per unit length than an edge dislocation, the rotation of the
loop plane normal away from the pure edge orientation should be
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energetically favourable, at least to a certain extent, because the
line length increases during the tilting. Using Wolfer’s [51] calcula-
tions, Dai et al. [52] provided an analytical model for the disloca-
tion loop self-energy. From this calculation, it was shown that the
most stable <a> loops lie close to the {1120} planes (pure edge
loop), which is not what is observed experimentally. This suggests
that the explanation given by Kelly and Blake, concerning the de-
crease of the total energy when the loop deviates from its pure
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Fig. 11. Loop plane normal represented in a single triangle of the stereographic pro-
jection considering that the Burgers vector is 1/3[1120]. (a) Zirconium irradiated by
neutrons up to 1.4 x 102 n.m~2, from Kelly and Blake [48]. (b) Zone-refined zirco-
nium irradiated by neutrons at 395°C up to 6.4 x 1023 n.m~2, from Jostsons et al.
[47]. Vacancy loops are represented by open circles and interstitial loops by full
circles.

edge character, is not valid. Instead, Dai et al. have suggested that
this may be the result of the elastic anisotropy of zirconium, which
was not considered in Wolfer’s model.

In order to investigate this phenomenon in more detail, Dai
et al. [52] performed MD simulations. They studied interstitial
<a> loops equilibrated at four different temperatures and showed
that <a> interstitial loops are not pure edge but lie in between
the {1010} and {1120} planes with a small tilt toward the basal
plane. These simulation results are thus in correct agreement with
early experimental results using conventional TEM analysis and
also with our results using dislocation electron tomography. It is
worth pointing out that when square loops are modelled using MD
simulations, as was done by Serra and Bacon [53], the loops are
pure edge, suggesting a possible role of the shape of the loop on
its stable habit plane. Further modelling work is thus needed to
better understand the origin of the deviation from the pure edge
character of <a> dislocation loops in zirconium.

5.3. Dislocation climb under irradiation: helical dislocations

Whereas before irradiation the linear dislocations were mainly
of screw character, after irradiation, the dislocations no longer ex-
hibited any screw character. Only very small screw segments along
the dislocation lines were found (blue and red segments shown in
Fig. 7). The dislocations exhibited a mixed character all along the
dislocation line. The dislocations were wavy in three dimensions,
and no glide plane could be found for the entire dislocation line
since the segments along the dislocation line do not belong to the
same plane. This proves that the dislocations have moved under
irradiation by climb, because of the differential absorption of point
defects.

In order to evaluate the magnitude of dislocation climb under
ion irradiation at 450°C, a part of the reconstructed volume was
observed along the [1210] and [2110] zone axes (Fig. 12). It can be
seen in Fig. 12a (zone axis [1210]) that two red dislocations can be
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Table 4
Geometrical parameters of helical dislocations.
Red 1 Red 2 Blue 4 Blue 5
d 275 nm 165 nm 210 nm 185 nm
A 460 nm 435nm 400 nm 400 nm
6  50° 37° 46° 43°

encompassed into cylinders with diameters (d) 165 and 275 nm re-
spectively. In Fig. 12b (zone axis [2110]), two blue dislocations are
encompassed into cylinders with diameters (d) 185 and 210 nm re-
spectively. When tilting the reconstructed volume with zone axis
[0885] (projection of the reconstructed volume along the [0885]
direction, this direction being perpendicular to the [2110] direc-
tion), we can notice that the two blue dislocations tend to follow a
helical shape with a period (helix pitch or turn separation A) of ap-
proximately 400 nm in this orientation condition. Concerning the
two red dislocations, when the reconstructed volume is projected
along the [1010] direction (the [1210] Burgers vector is perpendic-
ular to the [1010] direction), we can guess that the two red dis-
locations follow a helical shape with periods of approximately 435
and 460 nm in this orientation condition. From this measurement,
it is possible to compute the angle 6 between the dislocation line
and the Burgers vector, which corresponds to the axis of the helix,
as tan(0) = d/(A/2). The two red dislocation 6 angles are 37° and
50° respectively, and the two blue dislocation 6 angles are 43° and
46° respectively (see Table 4).

It is interesting to compare our observations with a previous
study that we performed using electron irradiation on the same
alloy [21] at 450°C. In this previous work, we obtained a regular
shape for a helical dislocation, but the diameter of the encompass-
ing cylinder (d) was only 20 nm. In this previous work, we also
analysed the helix pitch (A), which was around 40 nm after a dose
of 0.06 dpa under electron irradiation. The angle 6 was also com-
puted and was found to evolve under irradiation until reaching a
value between 45° and 50°. It is interesting to note that although
the geometries of the helix are different between ion irradiation
and electron irradiation, the angles & measured are similar.

From the literature, it appears that the shape of the helix
strongly depends on the material studied and how the helix is cre-
ated. In the case of a Cu-Zn-Al-Ni alloy quenched in the 8 phase
[54], the helix periodicity (1) was found to be 160 nm and the he-
lix diameter (d) was 260 nm, leading to an angle 6 equal to 73°.
In the case of neutron irradiated Fe-9Cr alloy, the helix periodicity
(A) was found to be 66.7 nm and the helix diameter (d) was 72.5
nm, leading to an angle 0 equal to 65°.

The formation of helical dislocations is the result of the climb
of initially nearly screw dislocations because of the absorption of
point defects. In the case of quenched metals, there is a super-
saturation of vacancies. This supersaturation of vacancies creates
a chemical force on the dislocation, leading to its climb by absorp-
tion of vacancies. Under irradiation, the situation is more complex
since there is both a supersaturation of vacancies and a supersat-
uration of self-interstitial atoms. In that case, the climb of disloca-
tions results from the differential absorption of interstitials versus
vacancies depending on the other sinks present in the material.

Several authors [55-58] have studied theoretically helical dis-
locations, especially in the case of quenched metals. Weertman
[58] showed that the equilibrium form of a dislocation is a he-
lix, when there is a chemical force resulting from a vacancy super-
saturation. The equilibrium shapes of helical dislocations are gov-
erned by the amount of vacancies absorbed by dislocations dur-
ing their climb, by the repulsive interaction between helical arms,
and by dislocation line tension energies. Since dislocations are able
to glide on their cylinders, they can freely adjust their shapes. De
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Fig. 12. Helix loop size evaluation: (a) tomographic reconstruction projection along [1210], a red screw dislocation (labelled 3) is edge-on and 2 red dislocations (labelled 1
and 2) are not so far from screw nature; (b) projection along [2110], 2 blue screw dislocations (labelled 6 and 7) are edge-on and 2 blue dislocations (labelled 4 and 5) are
not so far from screw nature; (c) projection along [0885] (the +1/3[2110] Burgers vector is perpendicular to the [0885] direction), we can make an estimation of the blue
helical pitch; (d) projection along [1010] (the +1/3[1210] Burgers vector is perpendicular to the [1010] direction), we can make an estimation of the red helical pitch. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Wit [55] showed that for a given amount of absorbed vacancies
and for a given length of the helix cylinder (fixed end-points), the
most stable helices are those with only one turn, and the largest
diameter, which is not what is observed experimentally.

De Wit [55], Friedel [57] and Grilhé [56] also showed that
for a given amount of absorbed vacancies and for a given num-
ber of turns, but for an adjustable cylinder length (not fixed end-
points), there is an equilibrium configuration: a tightly wound he-
lix will try to extend itself, while a nearly straight helix will try to
compress itself, resulting in intermediate 6 angles at equilibrium.
Grilhé [56] showed that the ratio between the pitch of the helix
and the diameter of the helix is equal to 1.5 at equilibrium, which
leads to an angle 8 equal to 53°. Our experimental observations
are thus in correct agreement with this theoretical model.

Recently, Liu et al. [59] used a coupled glide-climb model in 3D
discrete dislocation dynamics to reproduce the formation of a helix
with multiple turns. The origin of the formation of multiple turns,
which is considered theoretically to be unstable under static con-
ditions, is related to the dynamical evolution of the system. Haley
et al. [60], using similar simulation tools, also managed to obtain
a stable helix with multiple turns under vacancy supersaturation.
The simulated period (A) was equal to 75 nm and the helix diam-
eter (d) was 79.2 nm, leading to an angle 6 equal to 65°.

5.4. Interactions between dislocations and loops

The tomographic analysis has been able to reveal the 3D geom-
etry of an interaction between a dislocation and a loop. It is known
that when an <a> dislocation glides, it can interact with <a>
loops via various possible mechanisms. If the dislocation and the
loop have parallel Burgers vectors, the loop can be incorporated
into the dislocation as a helical turn. If the dislocation and loop
have different Burgers vectors (say a; and a,), a reaction can oc-
cur leading to the formation of a junction with Burgers vector —as.
This reaction is energetically favorable since |las| < |la; || + [la;]|-
These types of reactions have been recently simulated using MD
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and 3D Discrete Dislocation Dynamics, by considering a dislocation
gliding and interacting with various types of loops [53,61-65].

The tomographic analysis performed in our experiments has
proven that dislocations climb. The configuration observed in
Fig. 9 is thus the result of the interaction between a climbing dis-
location and a loop. It has also been shown, using extinction tech-
niques, that the Burgers vector of the loop (+1/3[1210]) is different
from the Burgers vector of the dislocation (£1/3[2110]). A junction
(with Burgers vector +1/3[1120]) is thus created, but it is invisi-
ble in our observations. The pure climb plane of an edge disloca-
tion with Burgers vector 1/3[2110] is the plane (2110). As a con-
sequence, the dislocation and the junction do not have the same
climb planes, and the junction therefore acts as a pinning point
against dislocation climb, as for glide.

5.5. Implications on in-reactor deformation of zirconium alloys

This three-dimensional transmission electron tomographic anal-
ysis of the dislocation microstructure of an irradiated pre-
deformed Zircaloy-4 specimen shows that dislocation climb occurs
in zirconium alloys under ion irradiation conducted at 450°C. This
process of dislocation climb under irradiation, studied here in the
absence of any applied stress, is an important mechanism during
the in-reactor deformation of zirconium alloys under low applied
stress [2,66].

Furthermore, these tomographic observations show interactions
between loops and dislocations during their climb. The result-
ing interactions create pinning points for dislocations that make
their climb more difficult. Because irradiation damage progres-
sively builds up under irradiation, until reaching a steady state, the
density of pinning points also progressively increases under irra-
diation until reaching a steady state. This phenomenon could ex-
plain the progressive transition from primary irradiation creep to
secondary irradiation creep observed in reactor [2,66].

To better assess these mechanisms, similar experiments will be
performed on samples subjected to simultaneous irradiation and
applied stress, which will be the subject of future studies.
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6. Conclusion

DET is a unique tool for investigating the 3D geometry of dislo-
cations and can provide details of the deformation processes at the
nano-scale. This technique was used to study zirconium alloys and
has been able to prove that after straining at room temperature,
non-irradiated recrystallized Zircaloy-4 exhibited mainly screw dis-
locations with <a> Burgers vectors. When non-screw segments
were observed, it was shown that dislocations had glided primarily
in the prismatic planes and also, but to a lesser extent, in the first
order pyramidal planes.

Concerning recrystallized Zircaloy-4 that had been pre-strained
at room temperature and then irradiated with Zr ions at 450°C,
the habit plane of dislocation loops created under irradiation was
analysed accurately using DET. It was found that most of the loops
were not pure edge. Their habit planes were located around the
{1010} family planes, tilted up to 20° towards the (0001) plane and
up to 20° towards the {1120} family planes. This result is in good
agreement with the early works done using conventional TEM on
neutron-irradiated samples.

DET has been able to prove that the dislocations created dur-
ing prior straining evolved under irradiation. It was shown that
they were no longer screw dislocations. They exhibited complex
3D shapes proving that dislocation climb occurred under irradi-
ation. For some dislocations, shapes similar to a helix were ob-
served. This structure is the result of the climb of a nearly screw
dislocation under supersaturation of point defects.

Finally, using DET, the details of an interaction between a dislo-
cation and two loops were analysed. This interaction probably oc-
curred during dislocation climb, resulting in the pinning of the dis-
location. These observations performed using DET provide an in-
teresting insight into the deformation processes occurring under
irradiation, illustrating two antagonistic phenomena: dislocations
climb under irradiation, resulting in strain, and these dislocations
are also pinned by loops created under irradiation, thus impeding
further climb and glide.
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