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Twin-jet electro-polishing and Focused Ion Beam (FIB) were combined to produce small size Nickel single
crystal specimens for quantitative in-situ nanotensile experiments in the transmission electron micro-
scope. The combination of these techniques allows producing samples with nearly defect-free zones in
the centre in contrast to conventional FIB-prepared samples. Since TEM investigations can be performed
on the electro-polished samples prior to in-situ TEM straining, specimens with desired crystallographic

orientation and initial microstructure can be prepared. The present results reveal a dislocation nucleation-
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controlled plasticity, in which small loops induced by FIB near the edges of the samples play a central

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, small-scale structures and materials are attracting a
lot of attention of the materials science community due to high
demands for smaller, more flexible and reliable microelectronics
and micromechanical components, for example, in Micro-Electro-
Mechanical Systems (MEMS) (Gravier et al., 2009; Spearing, 2000).
Aside from the challenges of the synthesis of such size-reduced
materials, the investigation of their mechanical properties and
deformation mechanisms raises several new challenges.

Recent advances in different electron microscopy (EM) tech-
niques and of MEMS components now enable the simultaneous
investigation of structural and mechanical properties using in-situ
EM mechanical tests. Materials with reduced dimensions can be
deformed using tensile deformation, compression, nanoindenta-
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tion, and bending in either a scanning electron microscope (SEM)
(Kieneretal.,2009; Kiener et al.,2006; Moser et al.,2005; Schwaiger
et al., 2012; Uchic et al., 2004), or a transmission electron micro-
scope (TEM) (De Knoop and Legros, 2014; Idrissi et al., 2016; Imrich
et al,, 2015; Kiener et al., 2012a; Kiener and Minor, 2011b; Kiener
et al., 2012b; Louchet and Saka, 2003; Minor et al., 2001; Oh et al.,
2009; Shan et al., 2008).

The sample dimensions play an important role in the mechan-
ical behaviour and active deformation mechanisms. Usually the
attained material strength inversely scales with sample dimen-
sions, i.e., thin film thickness or pillar and wire diameter (Greer
and De Hosson, 2011; Zhu et al., 2008). For example, the inverse
scale-strength behaviour of small-sized single crystalline materials
is mainly attributed to the lack of dislocation sources in the sample
(Lee et al., 2009), dislocation source exhaustion due to the presence
of truncated spiral dislocation sources (Kiener et al., 2012a), and
enhanced dislocation starvation at the surface (Shan et al., 2008).

However, in the case of TEM research, most samples need to be
trimmed and/or thinned and so in order to properly interpret the
experimental data, artefacts induced by these thinning procedures
need to be avoided or at least well documented. The sample prepa-
ration method used in most in-situ SEM and TEM mechanical tests is
Focused Ion Beam (FIB) thinning. Site selectivity, the range of mate-
rials for which FIB can be used, micro-level manipulation ability,
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machining flexibility as well as speed and reliability make FIB a very
versatile technique for miniaturized sample preparation, in partic-
ular for TEM investigations (Mayer et al., 2007; Volkert and Minor,
2007). However, a thin amorphous layer at the surface (Kiener et al.,
2007; Marien et al., 1999), implanted ions (Kiener et al., 2007),
induced defects, such as vacancies, self-interstitial atoms, stack-
ing faults or dislocation loops (Jenkins and Kirk, 2001; Langford
and Rogers, 2008), or even precipitations (Ghoniem et al., 2000;
Kiritani et al., 1994; Victoria et al., 2000) as well as changes of the
crystallographic orientation (Mayer et al., 2007) are major artefacts
introduced by FIB (Idrissi et al., 2011). It has also been shown that
such FIB damages can substantially affect the mechanical proper-
ties and the deformation mechanisms (Bei et al., 2007; Idrissi et al.,
2011; Lee, 2011; Schneider et al., 2013; Shan et al., 2008; Shim
etal., 2009) similar to other irradiation processes (Hosemann et al.,
2008; Raghavan et al., 2010). For example, the amorphous layer
can hinder the escape of the dislocations to the surface (Shan et al.,
2008), implanted Ga may cause solid-solution hardening (Kiener
etal., 2007), point defects and dislocation loops can pin glissile dis-
locations (Idrissi et al., 2011; Jenkins and Kirk, 2001) and facilitate
nucleation of dislocations (Kiener et al., 2007; Lee, 2011; Marien
et al., 1999; Schneider et al., 2013). Therefore, in most cases, the
mechanical properties and the deformation mechanisms observed
in conventional FIB-prepared samples in the micron and submi-
cron range are not directly expandable to bulk materials. In order to
avoid FIB for in-situ SEM/TEM mechanical testing, other techniques
based on electro-chemical processing have been used to produce
small-sized metallic systems (Bei et al., 2007; Shim et al., 2009;
Zhang et al., 2009). However, these techniques are not site selec-
tive and cannot be used to produce well-defined specimens with
respect to orientation, defect content, etc.

In the present work, a combination of twin-jet electro-polishing
followed by FIB cutting has been used to minimize FIB damages
on small-sized Ni specimens dedicated for in-situ TEM nanotensile
testing experiments. Conventional twin-jet electro-polishing was
used for thinning a Ni bulk sample, while FIB was only used for
cutting and mounting the tensile sample on the dedicated MEMS
device, i.e., not for (further) thinning (see also next section). This
combination was used before in order to perform in-situ TEM envi-
ronmental investigations (Zhongetal.,2016),in order to investigate
the stress induced transformation in a shape memory alloy by a
qualitative in-situ tensile test method (Mao et al.,2013)and in order
to decrease the FIB milling time to prepare micropillars (Moser
et al., 2012). In the latter case, twin-jet electro-polishing was used
to remove most of the material, and FIB was used for final micro-
machining and shaping of the samples. Also in most cases, final
thinning was performed with FIB, which is avoided in the present
work. The aim of the present study is to design a method with which
a nanotensile micron-sized sample can be produced for a quanti-
tative in-situ TEM tensile experiment with a central area (nearly)
free of artefacts in which the pristine response to the applied stress
can be investigated.

It is also worth noting that, because TEM thin foils prepared
by twin-jet electro-polishing can be investigated prior to in-situ
TEM straining, specimens with a pre-defined, selected crystallo-
graphic orientation and well-characterized initial microstructure
can be obtained. This facilitates, for example, studying specific grain
boundaries or defined initial dislocation densities in high resolved
shear stress situations and two-beam conditions for proper diffrac-
tion contrast imaging. In the literature, similar efforts have been
made by combining electron backscatter diffraction (EBSD) and FIB
for the preparation of in-situ TEM samples with specific grain, twin
or phase boundaries (Kiener and Minor, 2011a, 2011b). However,
other crucial information such as the initial dislocation density and
structure, the local structure of the interfaces as well as the orien-
tation of these interfaces below the surface, cannot be extracted

from EBSD. Furthermore, as in these cases final FIB thinning cannot
be avoided, the analyses of the genuine deformation mechanisms
during in-situ TEM straining remain very difficult, if not impossible.

2. Materials and methods

Discs of 3 mm diameter and a thickness of ~100 wm were pre-
pared from a high purity Ni foil (99.999%) (Goodfellow GmbH, Bad
Nauheim, Germany). The discs were annealed for 1h at 400°C
under high vacuum conditions in order to relax internal stresses
in the structure. An average grain size of 18 wm after the heat
treatment was calculated from EBSD mapping. The discs were then
twin-jet electro-polished with a solution of Perchloric acid and
Acetic acid, 1:4, in a Tenupol 3 instrument (Struers ApS, Ballerup,
Denmark) at 0°C, 18-19V, 100 mA and immediately rinsed with
Methanol and distilled water.

In order to select the appropriate position and crystallographic
orientation for the tensile test samples, conventional TEM tech-
niques including selected area diffraction (SAD) and bright field
TEM (BF-TEM) were used on the electro-polished samples in an
Osiris TEM (FEI Company, Hillsboro, OR USA) operating at 200 kV.
The following key parameters were taken into account: i) The sam-
ple location was selected from electron transparent regions, which
is needed for the in-situ TEM experiment (Fig. 1a). ii) The length of
the sample (i.e., tensile direction) was selected parallel to the edge
of the hole from the electro-polishing process, in order to obtain
a uniform cross-section over the gage length (Fig. S1 of the sup-
plementary material). This ensures a homogenous applied stress
during the in-situ tests (Fig. 1b). iii) The tensile sample was selected
from a dislocation-free grain (after checking the grain in various
two-beam conditions, Fig. S2 of the supplementary material).

The in-situ nanotensile tests were performed in compression
mode using a conductive diamond flat punch indenter in the PI
95 TEM Picolndenter instrument (Hysitron, Inc., Minneapolis, MN,
USA). A special MEMS device, referred to as push-to-pull (PTP)
device, was used to transform the compression into a tensile mode.
Owing to four identical springs distributed symmetrically at the
corners of this device (Fig. 1c), the compression loading (push) of
the flat punch indenter on the semi-circular end of the PTP device
is converted into a uniaxial tension loading (pull) on the middle
gap of the PTP device (Fig. 1c). The springs are arranged in such
a way that the force acting on them is parallel to the force on
the tensile specimen. The transducer of the PI 95 TEM Picolnden-
ter offers both displacement-control and load-control indentation
modes, and exhibits load and displacement resolutions below 3 nN
and 0.02 nm, respectively. The load and displacement noise floors
are approximately 200 nN and 0.4 nm, respectively.

In the present study, the spring constant of the PTP device was
equal to 150 N/m. In order to perform the in-situ TEM tensile
tests the displacement-control mode was used. The raw force data
obtained from the indenter holder is a combination of the force
applied on the tensile sample and that on the PTP device springs.
The force on the Ni sample was extracted by subtracting the contri-
bution of the PTP device from the raw force. The engineering stress
was obtained by dividing the force on the sample by the cross-
sectional area measured on SEM images after fracture of the sample
but from a location away from the fracture site (see also Fig. S4 of
the supplementary material), while the engineering strain was cal-
culated by dividing the raw displacement data by the initial gage
length measured on the plan-view SEM images (Fig. 1d). The raw
displacement data was measured frame-by-frame on the recorded
TEM videos using digital image correlation.

To cut, lift and mount the sample on the PTP device, a Helios
Nanolab 650 dual beam FIB/SEM (FEI Company, Hillsboro, OR, USA)
was used. At first, a sample of roughly 8 wum length and 2-3 um
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Fig. 1. SEM images showing the sequence of FIB preparation steps, (a) a low magnification view of the electro-polished foil with the Omniprobe micromanipulator and GIS
needle for Pt deposition, (b) FIB cut from the thin electro-polished edge of the hole, (c) the PTP device, the schematic shape of indenter is manually added for clarity and the
white arrow shows the force direction, and (d) mounting of the tensile sample on the PTP device using electron beam assisted deposited Pt.

width was cut from the electro-polished foil using an ion beam of
30kV/80pA and transferred to the PTP device using a microma-
nipulator (Oxford Instruments plc, Tubney Woods, UK) (Fig. 1b).
The sample was then attached to the PTP device by electron beam
deposited platinum (Fig. 1d). In order to avoid Ga* ion beam dam-
age to the gage section as much as possible during the transfer of
the tensile sample to the PTP device, the tensile sample was only
locally exposed to the ion beam, outside the gage section used for
the tensile test. Then, the width of the tensile sample in the mid-
dle gap of the PTP was reduced to around 1 pm using an ion beam
of 30kV/80pA (Fig. 1d). The main difference with other combined
techniques is that in the present case the ion beam is used neither
for further thinning nor for imaging of the sample. In other words,
the Ga* ion beam is oriented perpendicular to the surface and only
touches the sample for cutting its edges. Diffraction contrast imag-
ining, high resolution TEM (HRTEM), and scanning transmission
electron microscope (STEM) together with energy dispersive X-ray
spectroscopy (EDX) mapping have been used to characterize the
microstructural and chemical changes induced by the FIB cuts at
the edges of the tensile sample as well as the effects of the tensile
deformation.

3. Results and discussion

Fig. 2a shows a BF-TEM image of the tensile sample mounted
on the PTP device before deformation. The sample dimensions are
3074 +£ 7nm x 990 4+ 7nm x 54 + 3nm. This sample was oriented
for multiple slip with the tensile axis parallel to the [i 1 i] direction,

and the pole normal to the foil surface was close to [213]. In this

case, a maximum Schmid factor (m) of 0.27 can be reached in the
(111) [110], (111) [011], (111)[101], (111) [T10], (111)[110]
and (1 1 i) [Oi 1] slip systems, while m is equal to O for the other 6
systems.

As canbe seeninFig. 2a the reduction of the sample width by the
FIB cut has severely affected the edges, while the centre of the sam-
ple, indicated with a dashed ellipse, is nearly damage-free; there
are still a few discrete small FIB damage sites, seen as black dots in
the centre, resulting from the fact that the ion beam used for cut-
ting out the sample from the electro-polished foil and trimming the
edges will always have a certain spread with some Ga ions stray-
ing further away from the edge towards the centre of the sample
and creating some dislocation loops in the nearly-damage free area.
Along the edges two types of FIB induced defect areas (labelled A
and B) can be observed. Area A, enlarged in Fig. 2b, exhibits a ripple
shaped contrast similar to that observed in FIB irradiated Cu and
Fe-Cr alloy (Jin et al., 2010; Kiener et al., 2007) and is expected to
be due to the strong diffraction contrast of the dislocation struc-
ture formed from the superposition and interaction of dislocation
loops and the formation of long parallel tangled dislocation struc-
tures. From Fig. 2c, the defects in area B can be identified as small
dislocation loops with a diameter up to 50 nm, and it can be seen
that the size of the loops increases towards the edge of the sam-
ple. However, smaller loops remain the majority. Dislocation loops
generated by the collapse of vacancies or interstitials are indeed
frequently observed in irradiated materials (Yao et al., 2008).

The HRTEM image of Fig. 3a reveals details of the defects from
area AinFig. 2a. In this figure, the strong strain field associated with
long dislocations can still be observed. The HRTEM of Fig. 3b was
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Fig. 2. _(a) BF micrograph of sample before deformation, with highlighted regions A and B near the edges. (b) and (c) BF micrographs taken in two-beam condition with
g = 111 (large white arrows) from area A containing tangled dislocation structure (black arrows) and area B containing different size dislocation loops (small white arrows),

respectively.

Fig. 3. HRTEM micrographs showing (a) FIB induced parallel dislocations indicated by black arrows from area A, and (b) nanoscale planar defects (white arrows) and some

edge dislocations (L mark) in area B.

obtained in area B of Fig. 2a. It shows that the FIB-induced disloca-
tion loops are planar defects lying in the { 111} planes. Such feature
is typical of interstitial or vacancy type stacking faults delimited by
Frank partial dislocations with Burgers vector & [112] (Idrissi et al,,
2011). In the present study, the small size of these defects (com-
pared to the thickness of the tensile sample) as well as the strong
strain field surrounding them makes their individual identification
at the atomic scale extremely difficult and is beyond the scope of
this paper.

The chemical composition of areas near the edges of the tensile
sample was investigated using STEM-EDX mapping. Fig. 4a shows
a High Angle Annular Dark Field (HAADF)-STEM image, in which
FIB damages at the edge are still visible due to the high strain field
and moderate camera length. 10+ 1 at.% Ga was measured in the
area delimited by the white rectangle in Fig. 4a. Fig. 4b shows a Ga
rich strip of ~50 nm at the edge of the sample. In that region the Ga
atoms are distributed in a uniform manner and neither precipitate
nor segregate at the defects (see also Fig. S3 of the supplementary
material). Still, some weaker Ga traces are recognized further away



70 V. Samaeeaghmiyoni et al. / Micron 94 (2017) 66-73

Fig. 4. (a) HAADF-STEM image, the Ga amount in the selected white rectangle is 10+ 1 at.% (using camera length of 330 mm still showing some dislocation contrast), (b)
superposed HAADF-STEM image, Ni and Ga EDX chemical maps, (¢) Ni EDX chemical map, and (d) Ga EDX chemical map.

from the edge, as seen in Fig. 4d, which is due to a slight spreading
of the Ga ion beam.

These results indicate that by using this combined procedure
of electro-polishing thinning and FIB cutting, genuine deforma-
tion defects and plasticity mechanisms can be investigated in the
almost FIB damage-free area in the centre of the sample. For
example, the intrinsic mobility of deformation dislocations can
be measured in the absence of severe FIB damage, which could
act as obstacles for moving dislocations. The characterization of
the mechanisms controlling the interaction of deformation dislo-
cations with pre-selected structural boundaries can be achieved
in samples with interfaces located in the centre of the sample.
Indeed, such interactions can be highly affected by the FIB-induced
defects in the vicinity or inside the boundaries in cross-sectional
samples prepared only by FIB. The method can also be used to
observe strengthening mechanisms in samples containing nano-
precipitates or dispersed small particles. Indeed, the discrimination
between these defects and the FIB-induced loops or precipitates can
be expected to be extremely difficult (at least at the low magnifica-
tion scale required to observe the interaction between the defects
and moving dislocations during in-situ TEM straining). Moreover,
as will be shown below, the remaining FIB-induced defects at the
edges of the sample can be used to the advantage of the experiment.

Fig. 5a shows a BF-TEM snapshot obtained during the in-situ
tensile deformation of the sample shown in Fig. 1 at ¢ = 0.018 and
o = 2743 MPa. The experiment was carried out at an initial strain
rate of 3.3e~4s~1. In this figure, three slip traces caused by the glide
of dislocations in the (111), (111) and (111) glide planes can be

seen as in the 213) stereographic projection of Fig. 5b. These dis-
locations nucleated from the edge of the sample damaged by the

FIB cut. In Fig. 5¢, dislocations nucleated from the left edge in the
(Tll) plane and stopping close to the right edge of the tensile
sample can be observed after unloading. Note the ‘clean’ diffrac-
tion contrast of these dislocations due to the absence of severe FIB
damage in the centre of the sample. Although the three observed
slip planes exhibit identical Schmid factors (0.27), it can be con-
cluded from Fig. 5a that the slip traces ST3 and ST2 induced by the
glide of dislocations in the (111) and (111) planes, respectively,
are dominant. This can be attributed to the nature of the disloca-
tion sources on the edge of the sample and induced by FIB and/or
to inaccuracies in the mounting procedure of the sample on the
PTP device which can induce small deviations between the gage
length axis and the tensile axis leading to changes in the resolved
shear stresses on dislocations. Still, these results confirm that the
FIB damage induced at the edges can act as preferential sites for the
nucleation of dislocations while the nearly damage-free centre of
the sample is well-suited for the determination of the dislocations
and their response to the in-situ deformation. Also, the participa-
tion of the FIB defects as dislocation sources prevents early fracture
due to the lack of dislocation sources in such small samples (Kiener
etal, 2012a; Lu et al., 2011).

Fig. 6 shows the engineering stress — engineering strain curve
extracted from the above in-situ TEM tensile test. Young’s modu-
lus extracted from the loading part of Fig. 6 equals 220 GPa, very
close to Young's modulus of bulk polycrystalline pure Ni (207 GPa
(Davis, 2000)). However, the calculated Young’s modulus using the
elastic constants for the [111] orientation is 303 GPa (Ledbetter and
Reed, 1973), while the average modulus determined for micropil-
lars of the same orientation was 308 GPa with a standard deviation
of 79 GPa (Frick et al., 2008). The smaller value observed in our case
can be due to either a slight misalignment of the sample and the
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Fig. 5. (a) A BF-TEM snapshot taken during deformation at £ = 0.018 and o = 2743 MPa. Three different slip traces (STs) can be observed, (b) the stereographic projection of
the sample showing the intersections of {1 1 1} planes with the surface plane (213) , and (c) the BF image of some deformation dislocations originating from the left edge

and being halted after unloading.
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Fig. 6. The engineering stress — engineering strain curve extracted from the in-situ TEM nanotensile testing, the black arrows show increasing load drops with increasing

deformation.

tensile direction resulting in a lower modulus (since the modulus
along the [111] direction is the maximum one) or to a size effect
related to the effect of the surface elastic modulus on thin samples

(Ronald and Vijay, 2000). Furthermore, a high yield stress of 2.5 GPa
can be measured from the graph of Fig. 6 in agreement with val-
ues of ~3 GPa reported in a single-crystalline Ni nanopillar with a
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diameter of 165 nm (Frick et al., 2008). The small difference in slope
between the loading and unloading parts is expected to be due to
the existence of the plastic regime and the bending of the nanoscale
sample without breaking during unloading.

The plastic behaviour of such small-sized specimens is often
controlled by the dislocation nucleation stage. For a dislocation
source, such as a Frank-Read (F-R) source or a loop, a critical
resolved shear stress is needed to expel a dislocation from the F-R
source or to expand the loop. The critical resolved shear stress,t,
for a dislocation to form is controlled by the line tension and can
be approximated by Eq. (1) (Hull and Bacon, 2011):

ub

== (M
where p is the shear modulus of the material (76 GPa for the bulk
single crystal value) (Schneider et al., 2013), b is the magnitude of
the Burgers vector of a perfect glissile dislocation of type $[110]
(0.24nm), and r is the source radius. The 2.5 GPa engineering yield
stress (o) measured in the sample of Fig. 6 corresponds to a critical
resolved shear stress of 680 MPa taking into account the corre-
sponding Schmid factor (m) of 0.27 via Schmid’s law, Eq. (2):

T

T=0-m (2)

This corresponds to the critical resolved shear stress of a dis-
location source with a radius of ~15nm which is consistent with
the size of the FIB-induced loops observed at the edge of the sample
(Fig. 2). Furthermore, in such a thin sample the image forces are rel-
atively large so they can accelerate the escape of the dislocations to
the free surfaces. However, the critical stress for source opening
might not be the only limiting factor. Indeed, because the FIB-
induced loops are sessile Frank faulted loops (Idrissietal.,2011), the
critical stress for operating the source will also be controlled by the
transformation of Frank faulted loops into perfect loops. Molecu-
lar dynamic simulations (Kadoyoshi et al., 2007) have revealed that
unfaulting of Frank loops could occur under an external shear stress
by the creation and the sweep across the loop of Shockley partial
dislocations following the reactions

1 1 .= 1
31+ £(112) > 5(110) 1)
1 1-- 1
31+ £(121) > =(141) 2)
1 1 - 1
5141 + z211) - 5(110) (3)

For a vacancy Frank loop, reaction (1), and for an interstitial
Frank loop, reactions (2) and (3), are required. Because such reac-
tions are energetically unfavorable, high stress levels (such as those
attained in the present study) are required. Furthermore, on the
basis of elasticity theory, the energy of the perfect loop becomes
significantly smaller than that of the Frank faulted loop if the loop
size exceeds some critical radius (Kroupa, 1966). In face-centered
cubic (FCC) metals with high stacking fault energy, such as Ni and
Al, this critical limit is very small (in Al, the perfect loop is ener-
getically favorable for any size (Hull and Bacon, 2011)). Therefore,
large Frank loops can transform into unfaulted loops even without
the presence of external stress.

To sum up this part, larger dislocation loops in the investigated
Ni sample, regardless of their types, faulted or unfaulted, can open
and participate in deformation at lower stress levels. Most of the
large dislocation loops in the Ni sample, having high stacking fault
energy, are likely unfaulted according to the small critical size for
stability of faulted loops and larger loops need lower shear stress for
opening following eq. 1. For faulted dislocation loops, simulations
have also proven that their unfaulting stress decreases as the size
of the dislocation loop increases (Kadoyoshi et al., 2007).

From Fig. 6 a very high strain hardening rate of 43 GPa is mea-
sured in the macroscopic plastic regime. Similar behaviour has
been reported for Ni single crystal nanopillars with a diameter of
~156nm and compressed along the (111) direction (Frick et al.,
2008). Observed size effects on the strain hardening of micron
and sub-micron samples are generally attributed to either the for-
mation and development of dislocation structures (Kiener et al.,
2011) or to dislocation source exhaustion and dislocation starva-
tion (Kiener and Minor, 2011a; Shan et al., 2008). However, in the
present case, none of these cases was observed. The high strain
hardening can, thus, be attributed to the nucleation of dislocations
from the different sized dislocation loops. The plastic deformation
starts when the stress level is high enough to activate large loops. To
accommodate further plastic deformation, more dislocation loops
that are smaller will be activated, which requires an increase of the
applied stress leading to strain hardening.

From the video provided in the supplementary material, it can
further be noticed that the load drops (indicated by the black arrows
in Fig. 6) were accompanied by simultaneous nucleation and glide
of high numbers of dislocations from the defect areas at the edges
of the specimen. Interestingly, the magnitude of the load drops
increased with increasing strain indicating that the number of dis-
locations participating in the deformation process increased with
the plastic strain, which is in agreement with our observations of
a greater number of smaller than larger loops being present, the
latter being the first to act as dislocation sources.

The present work provides a new approach to quantitative in-
situ TEM tensile testing of micron-sized samples. The dedicated
sample preparation method not only yields a nearly defect-free
central area, in which pristine dislocation movement can be fol-
lowed, but the FIB artefacts are even beneficial and can be used to
the advantage of the experiment as they provide the dislocation
sources needed to avoid premature fracture. The present approach
can also be used for in-situ TEM tensile testing of samples contain-
ing a single defect, such as a grain or twin boundary in the centre
of the sample, since such a defect can be identified and character-
ized by conventional TEM on the electro-polished sample before
the final FIB cutting is performed.

4. Conclusions

In the present work, a combination of twin-jet electro-polishing
for thinning to TEM transparency and FIB cutting for final shape
selection has been used to prepare micron-sized Ni specimens with
pre-selected orientation for in-situ TEM nanotensile experiments.
The centre of the sample is nearly free of FIB induced artefacts,
while a Ga-rich layer, long dislocations and dislocation loops have
been induced at the edges of the sample due to the FIB cut. The
latter artefacts at the sample edges were found to act as nucleation
sites for deformation dislocations during the in-situ TEM strain-
ing, which prevents early fracture typically caused by the lack of
sufficient dislocation sources in micron-sized samples. Strain hard-
ening was observed and attributed to an increase of the stress
level required for the opening of dislocation loops with different
radius with increasing deformation. These results constitute the
first step towards a better control of sample preparation techniques
for quantitative in-situ TEM nanomechanical testing of materials.
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