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Wereport an original experimental study on a zirconium alloy deformed in situ under ion irradiation and applied
stress inside a Transmission ElectronMicroscope.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-
reactor irradiation creep of zirconium alloys.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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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 suchmechanism.

As pointed out in Ref. [18], irradiation has two antagonistic effects on
deformation creep. The first one is an inhibition of thermal creepmech-
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
ier Ltd. All rights reserved.
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 Kr2+ ions and
a flux of 6×1014 ions·m−2·s−1. The final fluences ranged between
1 and 3×1018 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.
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of the specimen is obtained by applying a controlled displacement of
one of the grip. Observationsweremade 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.

Themotion ofmore than 40dislocations in 16different 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 beamwas 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
6×1014 ions·m−2·s−1, 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 × 1018 ions·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
Fig. 2. Irradiation steps during the in-situ irradiation experimen
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−1. 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−1. 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 (tw) 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 beingb ¼ 1=3½2110�. 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−1 wasmeasured.
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 beamwas 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,
newdislocations formed at grain boundaries are presumably less jogged
t using 1 MeV Kr2+ ion at a temperature of 380 °C ± 30 °C.



Fig. 3.Motion of a screw dislocation gliding in a pyramidal plane under 1 MeV Kr2+ irradiation for a temperature of 380 °C ± 30 °C and for a flux of 6×1014 ions·m−2·s−1.
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Fig. 4. A dislocation pinned on a loop is unpinnedwhen an incoming ion falls within a disk
of radius reff around the pinning point. The dislocation then jumps up to the next pinning
point.
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and thus are able to be unpinned more easily. The activation of new dis-
location sources at a larger stress level explains the irradiation-retarded
creep associated to a hardening. This observation is in good agreement
withwhatwas observed in austenitic stainless steels by Briceno et al. [29].

The experiments have been able to reveal in-situ that the dislocation
glide is activated by irradiation under an applied stress. Other experimen-
tal studies [32,33], where the temperature of an irradiated sample can be
accurately measured under the beam, show that, in our conditions, the
heating of the specimen due to the power deposited by the ion beam
should be negligible. This conclusion, also supported by analytical estima-
tion of the heat fluxes on the sample (see Supplementary data), demon-
strates that the dislocation motion under stress, activated by the ion
beam, is not the result of a global heating of the sample but is a direct con-
sequence of irradiation.

In the past, many different irradiation creep deformationmechanisms
were proposed. Some of thempostulate that the strain results from dislo-
cation climb due to a biased absorption of point defects under an applied
stress. Our experiments showa complete different picture,where disloca-
tions move by glide through an array of irradiation induced defects, such
as dislocation loops, and dislocations are unpinned by irradiation. This
mechanism bears some similarities with the one described in Ref. [34].
These new observations thus discount the deformation mechanisms
based solely on dislocation climb. They also highlight the important role
of the pinning and unpinning of dislocation on irradiation defects as the
controlling mechanism of irradiation creep. Nevertheless, as the observa-
tions were performed close to the yield stress where the first dislocation
motions were observed, the identified deformation mechanism must be
regarded as a high stress irradiation creep deformation mechanism.

The details of the unpinning process are not known. It could be due to
the local absorption of point defects on obstacles allowing the local climb
of the dislocation leading to its release. It could also be due to the direct
effect of the displacement cascade that unpins the dislocation if the dis-
placement cascade is close enough to the pinning point. The unpinning
process canbe analyzed inmoredetails by considering that individual dis-
locations interact with loops separated, in the dislocation glide plane, on
average by a distance l. The average distance between loops in a plane

can be estimated as l ≈ 1=
ffiffiffiffiffiffi
Nd

p
, with N the loop number density and d

the mean loop diameter. As the measured loop density is N=
1×1022 m−3 and the mean loop diameter is close to d=10 nm, the
mean distance between loops in the dislocation glide plane is found to
be 100 nm. Considering that the flying time between obstacles is negligi-
ble compared to themeanwaiting time (tw=6 s at 380 °C), this leads to a
dislocation velocity (v ¼ l=tw) of 17 nm·s−1, in agreementwith themean
velocity measured. Because the thin foil thickness is of the order of the
value of l, the observationsmade in this study correspond to the situation
where the dislocation is pinned by one obstacle between two jumps, as
depicted schematically in Fig. 4.

The dislocation motion is characterized by jumps followed by
waiting times, of various durations, on single pinning points. This sug-
gests, considering that obstacles are equivalently strong, that the
unpinning mechanism is a direct consequence of the interaction be-
tween cascades and pinning point, and thus is related to the randomna-
ture of the distribution of ions hitting the sample surface. It is possible to
evaluate the mean effective interaction distance (reff) between an in-
coming ion and the pinning point. A first simple estimation can be ob-
tained by Eq. (1) where φ is the ion flux and π(reff)2 is an interaction
cross-section between the incoming particle and the pinning point.
The inverse of this cross section times the ion flux is thus equal to the
mean time between two ion hits reaching this area, neglecting the ran-
dom nature of the particle flux.

φπ reff
� �2 ¼ 1=tw ð1Þ

Using themeanwaiting time of 6 s at 380 °C and considering that the
shorter and the longer waiting times measured are 1 s and 11 s, the
mean effective interaction distance (reff) between the particle and the
pinning point is 9.4 nm,with aminimumvalue of 7 nmand amaximum
value of 23 nm. The scatter inwaiting time reflects the combined effects
of the stochastic nature of the incoming ion beam, the variability in ob-
stacle strength and also the random distribution of obstacles in the vol-
ume of the thin foil.

At room temperature a mean waiting time of 25 s is measured. The
mean effective interaction distance (reff) is 4.6 nm in that case.

A more thorough statistical treatment, taking into account the ran-
dom distribution of ion hits on the sample surface, can be obtained by
considering that during the waiting time tw, n ions hit a disk of unit ra-
dius (R = 1) with n = φtwπR2 = φtwπ. The probability p that one of

these ions falls within the area of radius r is equal to p¼ πr2
πR2 ¼ r2. The

probability that n ions fall at a distance larger than r from the pinning
point is (1 − r2)n. The average distance between the ion hits and the
pinning point, which corresponds to the expected value and to the ef-
fective interaction distance, is then given by Eq. (2).

reff ¼
Z 1

0
1−r2
� �n

dr ¼
ffiffiffi
π

p
2

Γ nþ 1ð Þ
Γ nþ 1:5ð Þ ð2Þ

where Γ(n) is the gamma function.With the same parameters as previ-
ously, the values of the effective interaction radius at 380 °C and room
temperature are respectively 8.3 and 4.1 nm.

The fact that these values are of the order of the size of the irradiation
loops, i.e. the size of the pinning points, gives credit to the hypothesis
that the unpinning mechanism operates directly on the pinning point
itself.

This unpinning could be either achieved by the local climb of the dis-
location, around the pinning point, thanks to the absorption of point de-
fects or by the direct effect of the displacement cascade on the pinning
point, without the need for point defect diffusion. Indeed, molecular dy-
namics simulations have recently shown [35] that the formation of a
displacement cascade close to a screw dislocation could promote its
cross-slip leading to its release from the pinning point, in agreement
with the mechanism observed in this present work.

It is also worth pointing out that with the mechanism proposed, the
strain rate, which is proportional to the mean dislocation velocity, is
thus proportional to the ion flux (Eq. (1)), as usually observed during
macroscopic irradiation creep experiments. Furthermore, according to
the work done in Ref. [34], a linear stress dependence arises, in the
low stress regime, from a mechanism of pinning-unpinning, in good
agreement with most of macroscopic experiments. This shows that
the proposedmechanism, based onmicroscopic observation, is compat-
ible with macroscopic measurements.

This original experimental work provides a new insight on the irra-
diation creep deformation of zirconium alloys under relatively high ap-
plied stress. It is observed that deformation occurs by glide of
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dislocations that are pinnedby small loops. The dislocations are released
from their pinning points by irradiation. It is proposed that when a dis-
placement cascade is created by the incoming ion close enough to the
pinning point, the dislocation is released.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2018.05.030.
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