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Plastic deformation of microsamples is characterised by large intermittent strain bursts caused by dislocation
avalanches. Here we investigate how ion irradiation affects this phenomenon during single slip single crystal
plasticity. To this end, in situ compression of Zn micropillars oriented for basal slip was carried out in a scanning
electron microscope (SEM). The unique experimental setup also allowed the concurrent recording of the acoustic
emission (AE) signals emitted from the sample during deformation. It was shown that irradiation introduced a
homogeneous distribution of basal dislocation loops that lead to hardening of the sample as well as strain
softening due to dislocation channeling at larger strains. Under the loading conditions imposed in the present
work, the intensity of strain bursts was found to decrease during channeling. The concurrently recorded AE
events were correlated with the strain bursts and their analysis provided additional information of the details of
collective dislocation dynamics. It was found that the rate of AE events decreased significantly upon irradiation,
however, other statistical properties did not change. This was attributed to the appearance of new type of
dislocation avalanches which is dominated by short-range dislocation-obstacle interactions that cannot be
detected by AE sensors.

Acoustic methods
Ton irradiation
Localization
Single crystal

1. Introduction

Understanding how irradiation affects the microstructure and me-
chanical properties of various components is of utmost importance for
nuclear applications. Investigations of bulk samples are hindered by the
facts that neutron irradiation requires long exposure times and leads to
the activation of the sample. For this reason ion irradiation is often used
as an alternative since it was shown that the resulting defect structure is
comparable to that caused by a neutron flux [1]. However, the limited
penetration depth of ions and the resulting inhomogeneity of the defect
structure poses a significant challenge for the application of traditional
tools of mechanical testing. Recently, therefore, micromechanical ap-
proaches (such as nanoindentation or micropillar compression) have
been utilised that exploit the fact that ion radiation damage can still be

close-to-homogeneous on microscopic scales [2-12].

Ion beam changes material structure by radiation damage. In case of
FCC crystals these damages mostly appear as stacking-fault tetrahedra
(SFTa) with diameters between 1 —10nm[13]. These radiation-induced
faults obstruct the motion of the active dislocations by acting as pinning
centers with a short-range interaction field. This effect was investigated
by Kiener et al. on proton irradiated copper micropillars [2]. It was
found that without any SFTa the deformation took place on multiple and
adjacent crystal planes, however, in irradiated samples the deformation
became localised into a characteristic single slip band due to shear
softening caused by the dissolution of SFTa upon dislocation crossing.

It is well-known that plastic processes are usually characterized by a
characteristic length-scale and size effects arise when this scale becomes
comparable with a microstructural (e.g., grain size) or external (e.g.,
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sample size) scale [14]. Similarly, as irradiation introduces a scale
through the average distance of irradiation induced defects, a dispersed
barrier-hardening model [7,15,16] has been introduced to estimate the
obstacle-induced changes in yield strength Ag, as:

Ao, = m™'aGbV/Nd, @

where m is the Schmid factor (in case of single crystals), a is a dimen-
sionless strength factor, G is the shear modulus, b is the magnitude of
Burgers vector of the moving dislocation, N is the defect density, and d is
the typical size of the defects. It is noted that this equation is equivalent
to the Taylor hardening law in the sense that here the forest dislocation
density is replaced by the dislocation density of loops being equal to Nd.

In HCP materials, the anisotropy of the lattice has a strong influence
on the evolution of the defect structure. Dislocations with different
Burgers vectors are inequivalent in their motion and their reactions with
the point defects and their clusters. This causes different types of radi-
ation defects compared to cubic materials. Most results of molecular
dynamics simulation work have shown that the interstitial and vacancy
clusters form perfect dislocation loops, however their nature (e.g., their
plane and Burgers vector) depends on the c/a ratio [17,18]. In case of
zinc basal loops with diameters up to 1um are also predicted in the
simulations, and observed in TEM investigations as well [19-21].
Leguey et al. found that proton irradiation under the fluence of 3 x
10~2dpa in Ti also causes dislocation loops lying in the basal plane and
distributed homogeneously in the sample. The fluence only affected the
density of these loops [22,23]. They also reported other dislocations
with basal character. These irradiation induced dislocations have a high
mobility and only appear in specimens irradiated with a lower fluence.

At the micron scale deformation exhibits several characteristic
properties different from that of bulk behaviour. As was shown by
micropillar experiments conducted on unirradiated single crystalline
samples a length-scale similar to the one discussed above is introduced
by the specimen size itself. Similarly to Eq. (1) the decrease of this scale
(that is, sample size) leads to increased hardness, a phenomenon called
size-effect [24-27]. Kiener et al. argued that for irradiated microsamples
the competition of these two length-scales determines the specimen size
at which small-scale size-affected plasticity is replaced by bulk behav-
iour. Consequently, if this transition scale is smaller than the specimen
itself then results of micromechanical testing can be directly used to
predict bulk properties [2].

Another characteristic feature of micron-scale plasticity is that
deformation proceeds via intermittent random events (strain bursts).
During these events deformation is localized to slip bands and the cor-
responding deformation increments follow a power-law distribution
[27]. These large fluctuations in deformation prevail upon irradiation.
Reichard et al. made in situ micro tensile tests on He?* irradiated pure
Ni single crystals [28]. Although the micro sized samples suffered
inhomogeneous radiation dose along the cross section, the experiments
showed that plastic deformation still occurred via abrupt, non-uniform
slip steps that penetrated the full depth of the specimen. These steps
were also accompanied by load drops the size of which got larger with
increasing irradiation fluence. A similar conclusion was drawn in case of
single crystal micropillar compression tests on 304 stainless steel where
the plastic deformation was observed to accumulate via the well-known
intermittent slips, and next to irradiation-hardening it was also reported
that load drops became larger with increasing the irradiation damage
[8]. However, discrete dislocation dynamics simulations show that
whether irradiation enhance or inhibit strain bursts depends strongly on
the level of irradiation as well as on the deformation mode (stress or
strain-control) [29].

In this paper we aim to employ concurrent acoustic emission (AE)
measurements to complement the micromechanical measurements in
order to monitor and understand the microscopic processes involved.
The AE is generally defined as elastic energy released during local, dy-
namic and irreversible changes of the microstructure. This released
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energy forms a stress pulse, which propagates through the material and
on the sample’s surface and can be detected by a piezoelectric trans-
ducer [30]. Although the industrial usage of AE has become a state-of-
the-art method, it is still, in principle, based on empirical results. It is
applied to detect cracking, leakage and corrosion with excellent per-
formance [31-33]. Nowadays, AE methods are also used for various
experiments as a complementary measurement tool that lead to addi-
tional and powerful information for research purposes [34-36]. For
understanding the connection between dislocation dynamics and AE,
James and Carpenter carried out deformation experiments on bulk sin-
gle crystal zinc and they concluded that the most reasonable physical
origin of acoustic signal generation was the sudden dislocation break-
away from pinning points [37]. Since than, several other dislocation
processes were identified as source of AE, such as dislocation annihila-
tion [38] and twinning [39]. Furthermore, the development of AE
technology allowed the in-depth statistical analyses of AE signals. Most
importantly, it was shown that the probability distribution of the AE
energy E released during individual bursts follows a power law distri-
bution [40,41] with the scale exponent 7 slightly changing around 1.6
that seems to be independent from the crystal structure [42]:

P(E) ~ E"'f(E/Eo). @)

Here f refers to a possible cut-off function that truncates the power-law
at Ey. This distribution was also observed (however, with not so robust
exponents) for the size of sudden strain bursts during intermittent plastic
flow in microsamples [27,43,44]. This similarity refers to a connection
between the plastic events and the corresponding emitted AE signals.
Indeed, in the recent experiments of Ispanovity et al. this conjecture was
finally proved with the help of a novel micromechanical testing tool
equipped with a sensitive AE sensor [45]. With this set-up AE signals
could be detected during the compression of Zn micropillars and, for the
first time, a one-by-one match between properties of AE events and
those of the corresponding strain bursts could be obtained. The results
proved a close-to-linear relationship between the magnitude of the stress
drops and the AE energy in an average sense.

In this paper our aim is to investigate the effects of ion irradiation on
the plastic properties of HCP metals. For this purpose single crystalline
Zn and p* implantation is considered and we employ microcompression
experiments with concurrent AE measurements that allows us to obtain
a more detailed picture of the collective dynamics of dislocations. We
mainly focus on how irradiation changes the micromechanical proper-
ties (yield stress, strain burst statistics, etc.) and the corresponding AE
signals. We also investigate whether irradiation enhances dislocation
channeling and corresponding slip band formation as well as its effect on
strain burst sizes, and discuss how the AE signals can account for this
phenomenon.

2. Sample preparation

A bulk Zinc single crystal was first mechanically polished using AlIOx
particles with an average diameter of 1um. This was followed by
annealing at 120 °C for 5 h and electropolishing with Struers D2 elec-
trolyte at 10 V and a maximum current of 2 A for 10 seconds. The surface
quality was then verified by electron back-scattered diffraction (EBSD)
and the sample was found suitable for proton implantation and the
subsequent micropillar fabrication. The top surface was oriented so that
its normal formed an angle of 45° with the (0001) orientation. A
perpendicular side surface with a sharp edge was created with FIB
milling so that its normal was parallel with the (2110) orientation. These
surfaces are denoted ‘top’ and ‘side’ in the sketch of Fig. 1a, respectively.

2.1. Proton implantation

In order to achieve a close-to-homogeneous irradiation damage in a
depth of approx. 15 pm the single crystalline Zn was implanted from the
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Fig. 1. a) Schematic draw of the geometrical arrangement of the experiment. b)
DPA profiles calculated with SRIM for the multi-energy p™ irradiation scheme
with various fluences summarized in Table 1.

‘side’ surface (see Fig. 1a) using subsequent p* beams with energies
ranging from 500 keV up to 1400 keV and various fluences. The pro-
cedure was performed using the Hungarian Ion-beam Physics Platform
accelerator, Institute for Particle and Nuclear Physics, Wigner Research
Centre for Physics, Budapest. First, the sample was aligned with respect
to the beam. The ion beam of 2 MeV “He™ obtained from a 5 MeV Van de
Graaff accelerator was collimated with 2 sets of four-sector slits to the
necessary dimensions of 0.5 x 0.5 mm?2. To reduce the hydrocarbon
deposit during the measurement and the implantation, liquid Ny trap
was used. The vacuum in the chamber was approx. 1.7 x 10~* Pa. For
the calibration, an ion current of typically 10 nA was used as measured
by a transmission Faraday cup [46]. The channel was not found; the
random direction for implantation was set to tilt 7° and azimuth 185°.

The proton beam was directed on the sample side surface with a
beam dimension of 1.5 x 1.5 mm? such that the center of the spot was
approximately at the edge of the sample between the ‘top’ and ‘side’
surfaces in Fig. 1a. In order to obtain a more homogeneous beam spot
the beam was scanned in both horizontal and vertical directions. The
background current of 1-3% for p was taken into account when

Table 1
Beam energies and fluences used during the multi-energy
implantation.

Energy (keV) Fluence (p/ cm?)

1400 1.6 x 10'®
1300 1.5 x 10'°
1200 1.4 x 10'®
1100 1.3 x 10'®
1000 1.2 x 101
900 1.1 x 10'®
800 1.0 x 10'®
700 9.5x 10'®
600 8.5 x 10'°
500 8.0 x 105
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determining the necessary dose for a given fluence. The sample was
implanted with energies and fluences summarized in Table 1. The beam
current of typically 80-100 nA was used, except for the two low energy
implantation where the current was rather small (< 10 nA). The error of
the dose measurement is around 1%.

Damage exposure (i.e., displacements per atom, DPA) profiles were
calculated by the SRIM code [47], as shown in Fig. 1b. As seen, the
fluences for different energies were chosen such that the total DPA
profile was close-to-homogeneous in a depth of 3-13 pm. Implantations
were made at room temperature (RT). Normally, implanting at RT (300
K) causes most of the implantation damage to “self-anneal” since lattice
atoms have enough energy to relax into their original crystalline posi-
tion. However, thermal effects are not considered in SRIM, so the
calculated damage corresponds to 0 K implantation. Although thermal
effects do change the quantity of final damage, but the same basic
damage types are expected to occur.

2.2. X-ray measurements

In order to determine the average dislocation density prior and after
irradiation X-ray diffraction (XRD) line profile analysis was used
developed by Groma et al. [48-50]. This method is based on the eval-
uation of the asymptotic behaviour of the k order moments of the
obtained X-ray diffraction intensity distribution:

. @ _Ldi(d)ad .

S 1(d)dd

where k is the order of the moments, I(q) is the X-ray peak intensity
distribution and q = 2 (sing — sinf) is the scattering parameter, where 1
is the wavelength and 6 and 6, are the scattering and the Bragg-angle,
respectively. In our case the most important moment is the 2" order
one because it already contains the total dislocation density as a fitting
parameter. Its asymptotic form is

o))

where the coefficient A is related to the dislocation contrast factor and a
is some scaling constant [48]. The experimental setup is of 6 —20 type,
consists of a high intensity Rigaku RU-H3R rotating anode X-ray
generator with a copper anode followed by a monochromator that filters
out the Kay component and redirects the X-ray beam to the sample. The
peak profile is recorded with a Debris MYTHEN2R wide range X-ray
detector at a distance of 960 mm. A vacuumed cylindrical chamber
between the sample and the detector was also used in order to increase
the peak-background ratio.

The line profiles obtained before and after irradiation as well as the
corresponding 2nd order restricted moments are shown in Fig. 2. From
fitting Eq. (4) one obtains that the total dislocation density increased
from (p,;,) =1.1 x 10 m™2 to (p;,4) =1.8 x 10 m~2 due to the
irradiation, which clearly indicates the appearance of a significant
amount of new dislocation loops. Nevertheless, one can also obtain in-
formation about the size of the loops, by observing the difference be-
tween the second order restricted moments. It is clear, that around go =
0.0075 nm~!, which is equivalent to dy = 1/qo = 135 nm, the moments
of the irradiated and unirradiated sample begin to separate, meaning
that the effect of the appearance of the loops on the profile is negligible
below the beforementioned limit. This suggests that the characteristic
size of the radiaton-induced loops is expected to be less or equal to dy =
135 nm.

2.3. Micropillar fabrication

Micropillars with a 10 x 10 um? square cross-section were fabricated
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Fig. 2. The recorded X-ray intensity peaks corresponding to the diffraction
vector [1010]. The broadening of the line profiles due to irradiation is clearly
observed, as also confirmed by the second order restricted moments shown in
the inset. The dashed line corresponds to go = 1/dy = (135 nm) ™' where the
restricted moments start to separate. The inset shows the 2nd order restricted
moments of the two profiles. The difference of the profiles and the restricted
moments is also plotted with orange colour.

with a height to side aspect ratio of 3:1. It was shown earlier that this size
is already sufficient to allow the detection of a large number of AE sig-
nals [45]. The microsamples were prepared using a focused ion beam
(FIB) in a FEI Quanta 3D dual-beam scanning electron microscope (SEM)
with a methodology that allows precise control over the resulting sample
geometry [51,45]. During milling the ion current is reduced after each
step to optimise the duration of the process and minimize the Ga™ ion
contamination. The final ion current was set to 500 pA that resulted in
rectangle shape pillars with opposite faces being sufficiently parallel, so
its cross-section area was identical along the height of the micropillar.

It is mentioned that EBSD measurements showed the unexpected
appearance of a small number of twin crystals caused by irradiation.
These twins had lamella like shape with a maximum of 10 ym thickness,
and a lateral extension of 100 um. Spacing between these lamellae were
a couple of 0.1 mm, and the micropillars were fabricated from these
parts which preserved the original crystal orientation.

In total 8 micropillars were fabricated with identical geometry, 4 in
the unirradiated region of the sample and 4 in the irradiated region. All
of them, therefore, had the same crystal orientation, with the basal plane
having an approximately 45° inclination with respect to the loading axis
to favor dislocation glide on the basal plane. The pillars were fabricated
on the edge of the sample (Fig. 1a) which allows us to obtain EBSD maps
directly from the surfaces of the pillars. In addition, this geometry
resulted in the close-to-homogeneous irradiation damage throughout
the volume of the pillars in the irradiated case. The change in the crystal
orientation due to the compression was analyzed by EBSD. The three
inverse pole figures (IPF) in Fig. 3 were calculated from a representative
compressed micropillar and represent the three perpendicular di-
rections. One can conclude that the sample preserves its single crystal-
line nature, however small misorientations do appear due to plastic
deformation. The level of this effect can be estimated by the kernel
average misorientation map (Fig. 3c) which shows that misorientations
remain below ~0.3° throughout the micropillar.

2.4. Transmission electron microscopy

The TEM investigation was carried out using a Cs-corrected TEM
Themis-type electron microscope with an operation voltage of 200 keV.
The TEM lamella was prepared by FIB thinning from the sample’s top
surface such that its normal direction was parallel to the front side of the
micropillars as seen in the sketch of Fig. 1a. The thickness of the lamella
was 45+ 15nm. The investigated area (Fig. 4) was in the depth of
~10um where the DPA was the same as in the pillars. Local micro-
structure was investigated by tilting the specimen first to the (1010)
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Fig. 3. a) EBSD map of a representative unirradiated and compressed micro-
pillar with sketch of the unit cell orientation. The three inverse pole figures
([001] refers to the direction perpendicular to the sample surface) confirm that
the orientation is closely identical throughout the sample, that is, deformation
took place by pure dislocation glide, and the single crystalline nature of the
sample remained unchanged. Note, that slight FIB polishing was performed on
the sample surface prior to EBSD measurements that removed ~ 10 nm in order
to eliminate the irregularities of the surface caused by the slip bands. This
procedure was performed in order to obtain better quality EBSD maps and did
not affect the crystal orientation that the measurement intended to identify. b)
SEM image of one of the same micropillar. ¢) The kernel average misorientation
map shows that the inhomogeneity of the crystal orientation is below 0.5°.

(Fig. 4a) and then to the (0001) (Fig. 4b) b) two-beam positions. In case
of the (0001) two-beam condition, the dislocation loops appear as dark
lines on the basal plane, that remained in fix positions during the
investigation. Since, these dark lines on the basal plane disappear in
Fig. 4a, it means that the Burgers vector of these fix dislocations are of (
0001) type. Such loops may form due to the aggregation of vacancies or
interstitials on the basal plane causing a stacking fault and a Schockley-
type partial dislocation at its edge. The basal plane is preferred due to
the relatively low stacking fault energy due to the large c/a ratio in Zn.
The growth of such loops is limited by the energy contribution of the
stacking fault that is proportional with the area of the loop. The reason
for the existence of these relatively large loops may be the formation of
double layer vacancy or interstitial clusters as was observed for irradi-
ated Mg [52]. We note that it has been seen during other, so far un-
published, experiments that mobile edge dislocations lying on the basal
plane can easily come into motion due to the heating effect of the
electron beam which explains the absence of the pre-existing disloca-
tions in the TEM images.

To quantify the increase in the dislocation density due to irradiation



Fig. 4. TEM images in dark field imaging mode from an irradiated area
showing the cross sections of irradiation-induced dislocation loops. The two
images were made with different tilting angles in order to characterize the
dislocation types (see text). The two images are slightly shifted, and the red
circles mark the same spots of the sample.

the TEM images showing the radiation induced loops were investigated.
Based on Fig. 4a ~36 dislocation loops can be found in the basal plane
with an average diameter of 105 + 87 nm (in agreement with the char-
acteristic maximum diameter of dy = 135nm suggested by X-ray
diffraction), and 12 additional circular smaller loops with an average
diameter of 37 + 9 nm that are speculated to lie either on the prismatic
or pyramidal plane. Since the volume investigated by TEM is approx.
0.15 + 0.05 um?®, we find that the dislocation density corresponding to
the visible dislocation loops is (p),,,) = 8.3 x 1013 m™2. This value is in
an agreement with the results of the X-ray measurements discussed
above where a difference in the dislocation density between the irradi-
ated and the unirradiated regions was found to be (p;..q) —(Pinit) = 7 X
103 m~2. It must be noted that the cross section of the X-ray beam was
almost two times larger than the irradiated area that can explain the
slight difference between the two measured values.
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3. In situ experimental methods
3.1. Micromechanical experiments

The micropillar compression experiments were performed using a
custom-made nanoindenter equipped with a flat punch doped diamond
tip with a diameter of 13 ym. The tip was attached to a spring with a
spring constant of 1.7 mN/pm that was used to determine the acting
force. During the compression no load or strain feedback was imple-
mented rather the platen that held the other end of the spring was
moved with a constant 10nm/s indentation speed. The reason for not
using stress- or strain-control was twofold: i) As known from earlier
investigations the intermittent dynamics of dislocations takes place on a
time-scale of ps-ms, and the feedback loop can only affect dynamics on a
larger timescale (since the acquisition rate of force and displacement
measurements was 200 Hz) and ii) Stress- and strain-control would
require the instantaneous quick movement of the platen that may lead to
an undesired elastic response of the coupled sample-device system that
might even trigger artefact AE signals and/or strain bursts.

In our experimental setup, a strain burst (which is caused by dislo-
cation avalanches) leads to the sudden decrease in the length of the
pillar. The average estimated velocity of these events is at least two
orders of magnitude faster than the indentation speed. This results in the
sudden elongation of the spring that made the strain burst detectable in
the form of drops on the stress-strain curve. The stress drop size is
proportional with the plastic strain increment with a multiplier repre-
senting the elastic stiffness of the whole sample-testing device system.
Throughout of this paper, strain burst sizes will be identified with the
size of the corresponding stress drops.

3.2. Detecting acoustic emission

The device was also equipped with a piezoelectric AE transducer that
allowed concurrent streaming of the AE signal during experiments car-
ried out in situ inside the vacuum-chamber of the SEM. The sample
hosting the micropillars was clipped directly to the transducer surface
with an elastic steel belt, which ensures the stiff connection between the
sample and the detector. To facilitate the propagation of the AE signal to
the detector a layer of vacuum grease was applied [51,53,45]. The
piezoelectric transducer used for AE detection was a Physical Acoustics
Corporation Micro30S wide-band (100-1000 kHz) AE sensor. The
recorded signal was amplified using the Vallen AEP5 pre-amplifier set to
40dB4g. Data acquisition was performed using the computer-controlled
Vallen AMSY-6 system and was carried out in continuous data streaming
mode at a sampling rate of 2.5MHz.

To individualize the AE events from the measured continuous V(t)
signal the threshold voltage was set to Vi, = 0.018 mV, this value being
slightly above the background noise. The hit definition time (HDT), i.e.,
the minimum period between two subsequent AE events was 20us.

The stress vs. time recorded during the compression of an unirradi-
ated micropillar is shown in Fig. 3 together with the detected AE events
shown in Fig. 5. The inset indicates that a perfect match between the AE
events and the detected stress drops was obtained.

4. Experimental results
4.1. Micromechanical properties

As it was mentioned in the introduction, there is no consensus in the
literature whether irradiation enhance or inhibit strain bursts [29].
Obviously, a general answer cannot be given to this question, as the
dynamics of dislocations that is responsible for the strain bursts may
depend on the crystal structure, its orientation, type and distribution of
the irradiation-induced faults, temperature, etc. To simplify the prob-
lem, we consider a single slip scenario where forest dislocations are
practically absent and a moderate level of irradiation that is expected to
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Fig. 5. The stress vs. time curve (green line) obtained during compression of the unirradiated pillar of Fig. 3. The impulse signals represent the detected AE events
with their heights as well as their colours referring to their energies as defined by the right axis and the colourbar, respectively. To emphasize the match between the
AE events and the stress drops the inset shows a zoomed part of the curve with the AE events indicated as dots with the same colour coding as on the main panel.

introduce mostly dislocation loops. In addition, to exclude the external
influences of the experimental setup on the strain bursts we do not apply
any stress or strain feedback (since the former could lead to the coa-
lescence of strain bursts and the latter may lead to unnecessary
unloading of the sample after larger events), but rather a constant platen
velocity is imposed as described in Section 3.1.

The stress vs. time curves measured for the unirradiated and irradi-
ated pillars are shown in Fig. 6. It is evident that, as expected, large stress
drops dominate the deformation process already from the end of the
purely elastic regime. The stochastic behaviour is manifest in the fact
that curves in both sets differ from each other due to the different
(though statistically equivalent) initial dislocation structures. By aver-
aging the individual measurements one can arrive at a curve statistically
representative for the micropillars of the given size [54]. These average
curves are also shown in Fig. 6 as well as the corresponding stress—strain
curves in Fig. 7. As one can notice, hardening caused by irradiation can
be clearly observed. According to the inset the increase in the yield stress
is around 50%: Ao, ~ 5.7 MPa. Since according to the TEM studies
hardening is due to small dislocation loops, the dispersed barrier-
hardening model of Eq. (1) is expected to apply. Indeed, if material
characteristics of Zn (b = 0.266nm and G = 3.5GPa), the measured

parameters of the loops (N = 2.4 x 10~7nm~2 and d = 105nm) and the
calculated Schmid factor of m = 0.48 £0.02 is used then a = 0.61 +
0.15 is obtained for the strength factor. This value of @ suggests that the
loops act as strong barriers for dislocation motion [55]. In general,
dislocation loops are considered week barriers, since mobile dislocations
are usually able to bypass them via cross-slip, however, this mechanism
is suppressed at room temperature in the highly anisotropic HCP
structure of Zn that can explain the stronger pinning effect of the loops.

According to Fig. 6 the stress drops characteristic of micron scale
plasticity prevail after irradiation. However, visual inspection suggests
that the drop sizes decrease after ion implantation. Indeed, the distri-
butions of the drop sizes plotted in Fig. 8 confirm that the number of
stress drops below ~1 MPa does not change, whereas larger drops
appear in a significantly smaller amount after ion implantation.
Although the limited amount of data introduces a large scatter in the
distributions, it seems plausible that the dispersed dislocation loops
created by the irradiation introduce an exponential cut-off in the
otherwise scale-free distribution. This result is in line with the results of
Zhang et al., where the effects of both specimen size and different ob-
stacles on the strain burst size distribution were investigated in Al alloys
[56]. It was found that increase in obstacle density reduces the

= N N
w o w
T T

Irradiated pillars

Eng. Stress (MPa)

=
o

o wun

IStress average of the irradiated pillars e—
Stress average of the unirradiated pillars e -

Unradiated pillars

0 100 200

0 100 200

Time (s)
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purple and green lines.



D. Ugi et al.

30

Irradiated samples =10 11.3MPa -

Unirradiated samples e

Eng. Stress (MPa)
=
w
T

)
o
T

0 ﬂ 0 0.001 0.002 0.003 |
1 1 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12
Eng. Strain

Fig. 7. Average stress—strain curves of the unirradiated and irradiated pillars.
The inset shows how the average yield stress was determined for the two cases.
Notice the hardening caused by the irradiation.

T T T T T T
1x10%4 & Irradiated Samples o |
x10 E "\. 3 Unirradiated SamBles e

4 : e :
£ 1X10% ¢ e 3
E i .\\.\ [ DY ]
] I N o~ 1
£ b0t o Tl
S : o o
1x101 | ™N
X 3
E ] ] ] ] 1 \\I 1
0.5 1 1.5 2 25 335

Stress Drop, Ao (MPa)

Fig. 8. Distribution of the stress drop sizes before and after irradiation. Instead
of the probability density function the counts per bin size is plotted, which
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number of micropillars were compressed in the two cases). It is seen that the
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seen in the number of large drops due to irradiation (as can be also seen visually
in Fig. 5). The data were fitted with P(Ac)xAc—7-e~(49/%) (dashed lines), where
7= 2.4,00 = 1.2 (irradiated case) and 6y = oo (unirradiated case).

fluctuations, a phenomenon expressed as ‘dirtier is milder’.

Finally, it is noted that in the unirradiated case strain hardening is
neither seen on the average stress-time curve nor on the individual ones
in Fig. 6. This is consistent with previous investigations on the same
material and it is attributed to the absence of forest dislocations and
dislocation reactions due to the single slip type of deformation [45].
After irradiation, however, a slight strain softening is observed. The
effect is apparent not only on the averaged curve but also on all indi-
vidual curves of the micropillars in Fig. 6. The possible reason for this
behaviour can be that reactions of mobile dislocations with the static
loops may lead to slip bands with a reduced number of barriers, a
phenomenon called dislocation channelling [57-59,7], leading to strain
localisation and softening. In the next section, therefore, we analyse
whether strain localisation can be indeed observed during the
compression of irradiated micropillars.
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4.2. Strain localisation

As it was discussed above, the micromechanical features suggest that
strain localisation causing strain softening may be present in irradiated
samples. In this section a quantitative analysis of this phenomenon is
provided based on the SEM images taken during the microcompression
experiments.

Fig. 9 is concerned with the evolution of the specimen shape during
compression. For the purpose of characterising the shapes, SEM images
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Fig. 9. Evolution of micropillar shapes during compression experiments. Left
column: unirradiated pillars, right column: irradiated pillars. The SEM images
[panels a) and b)] provide examples how the micropillar edges are found with
image processing and the definition of the h and s axes. Panels c)-j) show the
evolution of the edge geometries for all compressed pillars for different times
represented by the colour scale. The two red curves in panels c) and g) corre-
spond to the edges found in the SEM images in panels a) and b), respectively.
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recorded with a backscattered electron detector at a rate of 1 FPS during
the compression were used. The position of the left edge of the pillar was
detected using image processing since it exhibits a large contrast with
respect to the background. To this end we utilised the open source
OpenCV library.

As an initial step we searched for edges with the Canny method. The
two threshold levels for lower and upper brightness were selected to be
150 and 220, respectively, on the 0-255 scale. After that each point on
each image which were found by the Canny algorithm were identified as
potentially belonging to the pillar edge. In order to eliminate the contour
of other background features, a recursive procedure based on mini-
mizing neighbor-to-neighbor distances was applied. To quantify the
shape a tilted coordinate system was employed to account for the fact
that slip only occurred on the basal plane having an inclination of ~45°
with the vertical loading axis. The points of the edge were, therefore,
projected to the vertical axis h with 45° angle and the value s(h) ex-
presses the amount of displacement that took place at a height of h.
Panels a) and b) of Fig. 9 show examples of a pristine and an irradiated
pillar, how the edge of the pillar was found and how the shapes s(h) are
obtained. The time evolution of s(h) during all of the microcompression
experiments is visualized below in Fig. 9c-j. The specific shapes corre-
sponding to images of panels a) and b) are highlighted with red colour.

In the unirradiated case (Fig. 9, left column) the slip surface is
inhomogeneous, as expected, yet, the slip bands (seen as jumps on the
s(h) curves) are still distributed quite evenly along the height of the
micropillar. In contrast, in the irradiated pillars slip bands appear ho-
mogeneously only during the initial stages of the deformation after
which deformation localises mostly to one or few slip bands with
approx. 100 nm thickness. These observations are also corroborated by
the Supplementary Videos 1-8 showing the course of deformation for all
individual experiments.

In order to quantify the visually observed localization in the irradi-
ated case, the minimum width of a shear band was determined using the
shapes s(h) in which a pre-defined value of plastic slip p is realized,
formally,

Vo (p) = min[s”? (s(0) +p) ). ®)

Here we exploited the fact that s(h) is a monotonically increasing
function due to the single slip type of deformation. According to this
definition, the smaller the value of wy,(p) is, the more is deformation
localised into a single slip band. Since the total plastic slip S = s(L) —s(0)
increases monotonically in time, in order to study the localization p is
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Fig. 10. Localisation width wy,(p) [see Eq. (5)] for p values chosen as 25%
(left panel) and 50% (right panel) of the total plastic slip of the micropillar. The
values were averaged for both the pristine and irradiated pillars.
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chosen to be proportional with S. Fig. 10 plots the time evolution of
Wmin(p) for pristine and irradiated pillars where p is either S/4 or S/2
(denoted as 25% and 50%, respectively). As seen the widths wy,(p)
initially increase linearly, showing that deformation is less and less
local, that is, new slip bands appear at different positions. This increase
slows down considerably as strain increases indicating some localization
in both cases. It is evident, however, that the localization is significantly
stronger for irradiated pillars as the width of the slip band containing
either 25% or 50% of the total strain is approximately halved, so
deformation is much more concentrated into a narrow slip band in this
case. The localisation is clearly related to the strain softening discussed
in the previous section and its physical origin is expected to be dislo-
cation channelling, that it, due to the reactions between irradiation
loops and mobile dislocations the obstacle density locally decreases,
thus reducing the strength in the plastically deformed regions.

4.3. Acoustic emission

As already mentioned in Section 3.2, a large number (typically
several hundreds) of individual AE events could be detected during the
compression of each pristine and irradiated micropillar. In both cases
the events were correlated with the stress drops that correspond to the
stochastic strain burst events (see Fig. 5). The rate of the events, how-
ever, is decreased with a factor of ~4 due to irradiation as seen in
Fig. 11. The difference in the rate is even larger during the first approx.
150s of the compression, but otherwise no strong time dependence is
seen, the rates are nearly constant throughout the deformation. This
observation can be again attributed to the possible onset of dislocation
channelling, that it, the increase of the defect-scarce regions gives rise to
more extensive correlated dislocation movements.

In order to obtain deeper insights regarding the dislocation activity,
we turn to the analysis of the distribution of waiting times t,, between
subsequent AE events plotted in Fig. 12. The shape of the obtained
distributions P(ty) is equivalent to that found earlier for pristine Zn
pillars [45]

P(ty) = [At;“’” +Blexp(—ty/1o). 6)

This distribution consists of two separate regimes: at short waiting times
it is characterized by a power-law decay with exponent (1 —y) whereas
at longer waiting times an exponential cut-off is seen at the character-
istic timescale of ;. The detailed analysis of [45] revealed that short
waiting times account for correlated AE clusters which originate from
the same stress drop and can be thought of as main shock-aftershock
sequences of earthquakes. On the other hand, longer waiting times are
characteristic of signals belonging to different stress drops, they are
uncorrelated and, therefore, can be described as a Poisson process. Ac-
cording to Fig. 12 the shape of the distribution is unchanged after
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Fig. 11. The rate of the detected AE events averaged over the individual
measurements on irradiated and unirradiated micropillars. The rate was ob-
tained by convolving the individual hits with a Gaussian with FWAHM =1s.
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irradiation, so the correlated clusters of AE events prevail, and no sig-
nificant change in the dynamical behaviour is observed. However, the
decrease in the AE activity mentioned above is manifest from the in-
crease of the time-scale t,, where the same 4 x ratio is observed as in the
drop of average AE event rate. This suggests, that the dynamics of dis-
locations during an avalanche as can be detected by AE does not change,
however, the number of these complex collective dislocation events
drop with a factor of approx. 4. These findings are corroborated by the
distribution of the released energies of individual AE events plotted in
Fig. 13 since no visible change is seen in the shape before and after
irradiation. In conclusion, the acoustic signal in both cases consists of
correlated event clusters with identical parameters. However, irradia-
tion reduces the number of these clusters (with a factor of ~ 4), espe-
cially at the beginning of deformation, where the decrease is even
stronger.

5. Discussion

As known from earlier measurements on ice and Zn single crystals
plastic fluctuations in materials with HCP structure tend to be wild in the
sense that plastic instabilities due to dislocation avalanches can be
observed at any sample size even up to bulk scales and the plastic events
are accompanied by strong acoustic emission signals [60,40,41,45]. The
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Fig. 13. Probability distributions of the emitted AE energy from all irradiated
and unirradiated pillars. The thick black line denotes the power-law slope of
T =1.6.
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shear bands associated with the plastic events are usually distributed
evenly along the length of the sample, indicating that the deformation in
a specific shear band causes local hardening and the subsequent shut-
down of plastic activity in that band. In this paper our main aim was to
investigate how defects induced by irradiation change this picture. A
further goal was to measure how the presence of obstacles with short-
range forces change the collective dynamics of dislocations in therms
of the AE signals.

To prepare microsamples with a homogeneous damage structure a
multi-energy p™ irradiation scheme was applied that led to a radiation
damage of approx. 0.05 dpa. Microstructural analysis performed using
TEM and XRD revealed that mainly dislocation loops on the basal plane
were formed with diameters up to approx. 100 nm. These act as obsta-
cles against basal glide of mobile dislocations and, therefore, lead to
hardening the amount of which was found to be quantitatively consis-
tent with the dispersed barrier-hardening model, as expected.

One of the most prominent features caused by the irradiation was the
localization of deformation into one or few slip bands, a phenomenon
that was observed earlier for other types of materials, too. Here, based
on the stress-time curves and the micropillar shapes, we provided an in-
depth quantitative analysis of the how localization takes place, and
concluded that if threshold strain in the slip band is reached then strain
softening sets in and leads to the localization. This is consistent with the
picture, that the interaction of mobile dislocations and the irradiation
loops reduce the defect density in the slip band leading to local softening
(contrary to the situation in pristine pillars, explained above).

As of the dynamics of the dislocations during the plastic events, an
interesting picture has emerged. According to the stress drop statistics
extracted from the stress-time curves the irradiation leads to the
appearance of a cut-off in the distribution, that is, a characteristic
maximum size of strain bursts is introduced. This effect can also be
observed visually on the stress-time curves of Fig. 5. This seems to be a
straightforward consequence of the presence of dislocation loops due to
irradiation since static obstacles with short-range stress fields are known
to inhibit strain bursts [56]. In such a case, dislocations get pinned at the
obstacles and the dynamics which is governed by long-range elastic
interactions of dislocations in pure systems is gradually replaced by the
dominance of short-range dislocation-obstacle interactions. This effect
was thoroughly studied also with 2D and 3D discrete dislocation dy-
namics simulations [61-63]. In the present case, however, the situation
is different as can be concluded from AE measurements. Somewhat
surprisingly, no difference was observed between the energy distribu-
tions and the main features of the waiting time distributions in the un-
irradiated and irradiated cases. In particular, the waiting time
distributions report about identical scale-free correlations between
subsequent AE events belonging to the same cluster that were previously
identified as main shocks and aftershocks similarly to earthquake dy-
namics [45]. In addition, not cut-off was found to appear in the distri-
bution of AE energies. Since AE signals are considered as fingerprints of
the collective dynamics of dislocations, we conclude that large inter-
mittent dislocation avalanches characteristic of pure metals and single
slip deformation prevail after irradiation. However, a significant dif-
ference was seen in the rate of the AE events, namely, irradiation lead to
a decrease of the number of events with a factor of approx. 4. One may
thus conclude that a mechanism other than large collective dislocation
avalanches may be also active that can be responsible for a large portion
of the plastic strain. We speculate that this could be the ‘small’ dislo-
cation avalanches due to dislocation-obstacle interactions, that is,
unpinning and pinning of single dislocation lines. During these events
the released elastic energy is much smaller than for collective ava-
lanches that could explain why these events are not detected by AE
measurements.

So, the AE measurements do not provide direct explanation for the
decrease in the strain burst sizes due to irradiation, since the energies
and waiting times remain practically unchanged. As it was discussed
previously as an effect of irradiation a significant strain softening was
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observed that caused dislocation channeling and lead to the localization
of plastic strain to narrow shear bands. Thus, in the irradiated samples
the extension of the dislocation avalanches were not only constrained by
the width of the micropillar but also by the width of the shear band.
Since internal length-scales are known to limit the extension of dislo-
cation avalanches, this new length-scale may be responsible for the cut-
off seen in the stress drop distribution. It is stressed, however, that due to
strain softening the distribution is expected to be very sensitive to the
applied deformation mode. In particular, with stress control a single
strain burst leading to failure is expected after reaching the peak stress.
So, according to our experiments whether irradiation promotes or in-
hibits strain bursts is dependent on the mode of loading.

In conclusion, three individual measurement methods (SEM imag-
ing, stress-displacement measurements and detection of AE signals)
were performed simultaneously during the compression of pristine and
irradiated Zn micropillars. The experiments revealed a complex dy-
namic behaviour of dislocations that was affected in many aspects by the
formation of irradiation-induced defects, mostly dislocation loops.
Firstly, the yield stress increased due to the introduced obstacles. Sec-
ondly, the dislocation-obstacle interactions upon plastic strain lead to
the formation of thin dislocation channels that carried most of defor-
mation at the second stage of compression. The formation of these
channels were accompanied by strain softening, an effect attributed to
the removal of obstacles from the channels. Thirdly, strain burst sizes
were found to decrease after irradiation that was speculated to be caused
by the finite thickness of the dislocation channels that posed a constraint
to the spatial extension of dislocation avalanches. Finally, the analysis of
AE events did not report any fundamental difference in the fine dynamic
structure of dislocation avalanches, however, their total number was
significantly decreased, likely because some plastic activity also took
place outside dislocation channels.
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