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We report an original experimental study on a zirconium alloy deformed in situ under ion irradiation and applied
stress inside a Transmission Electron Microscope. We observe that dislocations initially pinned on irradiation de-
fects can be unpinned and glide at a lower stress under the effect of the irradiation. It is proposed that unpinning
occurs by a local effect of the displacement cascade created by the incoming ion in the vicinity of the pinning

point. This novel mechanism of dislocation glide assisted by irradiation is thought to play a crucial role on in-
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During the early 60's, the irradiation creep, a visco-plastic deforma-
tion phenomenon occurring under small constant load and long term ir-
radiation, was discovered on structural materials used in the first
nuclear reactors [1-4]. As austenitic stainless steels and zirconium al-
loys became the most used structural materials for this application,
many experimental results were available. Creep parameters, such as
the stress exponent, the flux exponent and the irradiation creep activa-
tion energy were measured [5-11]. Based on these data, many theoret-
ical mechanisms were proposed to explain the in-reactor behavior
[12-19]. However very few microscopic experimental evidence [20]
were available to assess which is the elementary deformation mecha-
nism controlling irradiation creep. Despite recent efforts using ad-
vanced micro-scale testing devices under ion irradiation [21-25],
there is still no clear knowledge and understanding of such mechanism.

As pointed out in Ref. [ 18], irradiation has two antagonistic effects on
deformation creep. The first one is an inhibition of thermal creep mech-
anisms due to the creation of a high density of point defect clusters, in
the form of small dislocation loops, acting as obstacles against disloca-
tion glide and climb. This irradiation-retarded creep can be clearly evi-
denced when creep tests are conducted after irradiation or under a
low neutron flux. It is related to the irradiation induced hardening.
The second effect of irradiation is, on the contrary, to enhance, or even
induce, creep. Indeed, it is often observed that under high neutron
flux, the creep rate is higher than during out-of-pile tests. Many
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mechanisms have been proposed to explain this surprising phenome-
non and they all involve the production of vacancies and self-
interstitials under irradiation. However, these mechanisms differ in
their descriptions of the fate of these point defects. Some theoretical
mechanisms postulate that irradiation creep is induced solely by dislo-
cation climb due to a biased absorption of point defects by dislocations
under stress. Other proposed irradiation creep mechanisms are based
on an enhanced climb-glide of dislocations by absorption of point de-
fects under irradiation [18].

In order to assess these deformation mechanisms, we performed an
experimental study using in-situ ion irradiation under an applied stress
inside a Transmission Electron Microscope (TEM). This technique al-
lows the direct observation of elementary mechanisms in real-time
and at the nanometer scale. Very few attempts of this kind can be
found in the literature [26-29].

The experiments were performed in the Intermediate Voltage
Electron Microscope (IVEM) facility at the Argonne National Labora-
tory [30]. An ion beam implanter is directly connected with a TEM.
The ion beam can be blanked, allowing observations under and out
irradiation. Irradiations were performed using 1 MeV Kr?* ions and
a flux of 6x10'* jons-m~2-s~!. The final fluences ranged between
1 and 3x10'8 ions-m~2.

Small tensile test specimens, with electron transparent areas, were
taken out of a sheet of a recrystallized zirconium alloy referred to as
Zircaloy-4. Details concerning this material and the sample preparation
can be found in Supplementary data. The samples were installed on a
GATAN single tilt heating and straining holder (Fig. 1). The deformation
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Fig. 1. Head of the heating and straining GATAN TEM sample holder. Encapsulated is
shown the dog-bone shape sample used for the in situ straining experiments.

of the specimen is obtained by applying a controlled displacement of
one of the grip. Observations were made in the early stages of plastic de-
formation by reaching a critical displacement value where first disloca-
tion motions were noticed. During the experiment, because of the
overall dislocation motion, the stress is progressively relaxed. The ex-
periments were performed at room temperature and at temperatures
ranging from 350 to 450 °C thanks to a furnace located below the sam-
ple. Samples were irradiated during several periods of few tens of sec-
onds. When no more dislocation motion was observed, either during
or out irradiation, a further slight increase of the displacement was ap-
plied. Most of the observations of dislocation motion were made after a
short period of irradiation.

The motion of more than 40 dislocations in 16 different grains in sev-
eral samples was analyzed. The major finding is that all the dislocations
observed under applied stress were progressively pinned by the irradi-
ation defects, when the ion beam was switched off. When the ion beam
was switched on, the dislocations started to move, under irradiation,
until the beam was switched off again. This stop-and-go motion was
reproduced several times in all the experiments conducted.

To illustrate this phenomenon, one experiment, performed at 380 °C
+ 30 °C, is described and analyzed in the following. The irradiation se-
quence is explained in Fig. 2 with a plot of the irradiation flux as a func-
tion of time. It is composed of irradiation periods, at constant flux of
6x10" ions-m~2-s~!, noted B, D, F and periods when the ion beam
was off noted A, C and E. This sequence was obtained after a short irra-
diation period of 0.13 x 10'® jons-m™2. A film showing part of this se-
quence, accelerated two times, is provided as Supplementary data.

To analyse this sequence, the image difference technique [31] was
used (Fig. 3). The image A).a) of Fig. 3 illustrates the dislocation at a
time defined as t = 0 s and the image A).b) shows the same dislocation
at t = 20 s. The image difference a)-b) exhibits a uniform grey contrast

proving that the dislocation did not move between these two images,
pinned by small irradiation loops. The images B).a) and B).b) show the
glide of the dislocation under irradiation. The dislocation moves by
successive rapid jumps and stops, presumably due to the pinning and
unpinning of the dislocation, under the combined effect of stress and
irradiation. During this period (B) the dislocation mean velocity is
17 nm-s~'. After 18 s, the irradiation beam is switched off (C). The
images difference C).a) shows that the dislocation still glides, during
49 s at a lower mean velocity of 8 nm-s™". Then, the dislocation stops
as illustrated by the image difference on fig. C).b). The ion beam is left
off during 68 s to make sure that the dislocation is stopped. As soon as
the second irradiation period (D) starts the dislocation almost instanta-
neously glides (images difference D).a)). When the beam is again
switched off the dislocation stops again (Fig. 3.E), and so on. During
the irradiation periods, the dislocation motion occurs by successive
fast jumps interrupted by longer stops. The waiting time (t,,) was ana-
lyzed for 9 stops. It ranges from 1 to 11 s, with a mean waiting time of
6 s. Comparatively, the jumping time was very short, less than the
time between two frames, i.e. 0.1 s.

The crystal orientation of the grain was determined using electron
diffraction. Based on the slip traces left by the dislocations on the sur-
face, the glide plane was found to be the (0111) pyramidal plane, the
Burgers vector of the dislocation being b = 1/3[2110]. The gliding dislo-
cation observed has thus a screw character. More details can be found in
Supplementary data.

Experiments performed at room temperature show similar results
except that a lower dislocation velocity of 2 to 4 nm-s~ ' was measured.
This observation indicates that the deformation mechanism is only
slightly thermally activated and does not require a high point defect
mobility, in agreement with the low activation energy often measured
for irradiation creep behaviours. A film showing the dislocation motion
at room temperature, accelerated two times, can be found in the Sup-
plementary data.

The role of irradiation on dislocations originally gliding in unirradi-
ated samples was also investigated at temperatures ranging from 350
to 450 °C. For that purpose, the sample was first strained prior to irradi-
ation and dislocation motion was observed. During the dislocation mo-
tion, the ion beam was switched on. Irradiation defects appeared in the
specimen and the dislocation progressively stopped. To compensate for
the possible stress relaxation, the displacement was increased. But de-
spite this stress increase the dislocation did not glide again. For a high
enough applied displacement without the ion beam, new dislocations,
presumably originating from grain boundaries, were observed to glide,
with difficulty, through the irradiation defects. The observation of the
pinning of originally gliding dislocations results from their interaction
with irradiation defects and may explain the irradiation induced hard-
ening and the irradiation-retarded creep previously described. It is be-
lieved that initial dislocations were pinned by large jogs formed
during a long time irradiation after they stopped. On the contrary,
new dislocations formed at grain boundaries are presumably less jogged
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Fig. 2. Irradiation steps during the in-situ irradiation experiment using 1 MeV Kr?>* ion at a temperature of 380 °C + 30 °C.
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