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Abstract

Background The trend in miniaturisation of structural components and continuous development of more advanced crystal
plasticity models point towards the need for understanding cyclic properties of engineering materials at the microscale.
Though the technology of focused ion beam milling enables the preparation of micron-sized samples for mechanical testing
using nanoindenters, much of the focus has been on monotonic testing since the limited 1D motion of nanoindenters imposes
restrictions on both sample preparation and cyclic testing.

Objective/Methods In this work, we present an approach for cyclic microcantilever bending using a micromanipulator setup
having three degrees of freedom, thereby offering more flexibility.

Results The method has been demonstrated and validated by cyclic bending of Alloy 718plus microcantilevers prepared on
a bulk specimen. The experiments reveal that this method is reliable and produces results that are comparable to a nanoin-
denter setup.

Conclusions Due to the flexibility of the method, it offers straightforward testing of cantilevers manufactured at arbitrary
position on bulk samples with fully reversed plastic deformation. Specific microstructural features, e.g., selected orientations,

grain boundaries, phase boundaries etc., can therefore be easily targeted.

Keywords Micromechanics - Cyclic bending - Bauschinger effect - Micromanipulators - Electron microscopy

Introduction

Mechanical properties of materials often depend not only on
the loading conditions, but also on load history, which is rel-
evant for engineering materials since they frequently expe-
rience cyclic loading during service in many applications.
It is therefore essential to evaluate and understand cyclic
mechanical properties of materials, through which reliable
life estimations can be performed. Fatigue of materials has
been studied extensively over the past several decades, lead-
ing to standard methods being developed for fatigue testing
and the mechanisms behind the phenomenon being under-
stood [1]. However, with the trend in miniaturization of
structural components, such as in MEMS applications, it
is difficult to utilize standard testing methods to evaluate
mechanical properties. Furthermore, the use of advanced
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life estimation models requires inputs from the single crystal
scale, which points toward the need for mechanical testing
at micron level.

In response to these needs, recent developments in the
areas of microscale mechanical testing equipment and
focused ion beam (FIB) milling technology has made it pos-
sible to perform mechanical testing on microscale features
[2, 3]. Specimen geometries such as microcantilevers [4, 5]
and micropillars [6] have been tested in various studies using
in-situ or ex-situ nanoindenters to evaluate mechanical prop-
erties of single grains [4, 7-10], grain boundaries [11-15],
thin films [16-20], etc. Most of the studies have been
focused on monotonic loading, and very few on cyclic load-
ing since it is more complex. Some high cycle fatigue (HCF)
studies at microscale has been carried out using continuous
stiffness measurement (CSM) [21] technique, which involves
the superposition of a small sinusoidal displacement during
deformation. Merle et al. [22] used micropillar compres-
sion with 40 Hz CSM to perform HCF testing of ECAP
copper to 3 x 10° cycles, and a similar study was conducted
on bimodal copper laminates by Krauf3 et al. [23]. However,
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for micropillar compression the load cycling is fully com-
pressive, which does not necessarily translate to real condi-
tions. Tensile loads can be achieved at the top surface of
microcantilevers during bending, which was used by Merle
et al. [24] to perform HCF tests for up to 3 x 10° cycles. As
pre-loading was used to maintain contact between the tip
and the sample during testing, the top surface remained in
tension (positive stress ratio R, =0,,;,/0m.)- Lavenstein et al.
[25] used a nanoindenter with a tungsten probe attached to
a microcantilever with SEM glue in order to perform fully
reversed HCF testing of a superalloy, i.e. with R,=-1. For
MEMS materials, high cycle fatigue studies at microscale
have been performed through the use of micro-resonators
[26, 27] and other special devices [28-30].

Reports of cyclic deformation with large scale reversed
plasticity on the microscale, which is critical in order to
understand phenomena like the Bauschinger effect and pro-
gressive fatigue damage evolution, are relatively scarce. The
testing of microtensile specimens using in-situ nanoindent-
ers with modified indenter tips have been carried out to study
their fatigue properties [31, 32]. In a few studies microcan-
tilevers have been used to investigate the cyclic deformation
during reversed tensile/compressive cyclic loading [33, 34],
including detailed Bauschinger effect analysis [35-37] and
even fatigue crack propagation [33]. In the microcantilever
bending studies, modified indentation tips with a claw-like
opening were used to enable displacements to be applied in
both directions. However, for most of these cases, especially
cantilever bending, the specimens are made from thin rods/
wires in order to allow the modified indenter tip to access the
sample. This prohibits easy targeting of specific microstruc-
tural features in bulk polycrystalline specimens.

Having more degrees of freedom of motion for load appli-
cation can greatly simplify testing configurations such as
cyclic plastic bending. In this work, we present a method for
cyclic microcantilever bending with full load reversal using
a micromanipulator setup with three degrees of freedom.
Such setups are typically used for manipulation of micron-
sized features or in assisting TEM lamellae preparation, but
here the unrestricted 3D motion is used to enable bending of
microcantilevers in the surface plane of the bulk specimen
from which they are prepared from, contrary to methods
based on the use of nanoindenters which are only able to
apply loads perpendicular to the surface plane. This allows
testing of arbitrarily placed microcantilevers prepared on the
surface of a bulk sample, enabling straightforward targeting
of different features (such as phase, grain or twin bounda-
ries) or orientations, as well as e.g., multiple cantilevers with
different orientations in a single grain or single crystal. The
flexibility offered by the system is a trade-off for stiffness
and precision obtained from dedicated nanoindenters, as
there is more room for error with micromanipulators. How-
ever, as will be shown, the accuracy is sufficient to allow

&

extraction of quantitative mechanical data during cyclic
plastic bending.

Materials and Methods
Microcantilever Preparation

A nickel-based superalloy, Allvac 718plus, was selected
as the material to demonstrate the principle of this cyclic
deformation method. The surface of the sample was initially
prepared by mechanical polishing using SiC abrasive papers
up to 4000 grit, followed by broad ion beam (BIB) polish-
ing for 6 h at 6.5 kV using 2.4 mA current. The sample was
mounted on an aluminium stub using silver glue for micro-
cantilever preparation. The microcantilevers were prepared
using FEI Versa3D focused ion beam (FIB) microscope, on
one of the edges of the specimen. It should be noted that this
method does allow for preparation and testing of cantilevers
prepared away from the edges as well, in which case they
are of pentagonal cross-section which needs to be accounted
for during data analysis. The choice of edge prepared canti-
levers in this work is to simplify the post-test characterisa-
tion for validation of the method. The sample was mounted
on a 45° pre-tilt holder so that milling can be performed
on perpendicular faces of the sample without the need for
remounting. The rough milling was performed using 15 — 30
nA current and the final polishing to obtain the geometry
was performed at 100 pA current, and the beam energy was
30 keV for all steps. Near the fixed end of the microcantile-
ver, a cross mark is made by electron deposition of platinum
(10 keV, 0.52 nA), to track the total displacement during
experiment. Towards the free end, 3 lines separated by 1 um
are milled across the width using an ion current of 10 pA to
enable the tracking of cantilever displacement. The place-
ment of the testing tip requires sufficient space around the
microcantilever so that it does not touch the bulk material
during experiment. Therefore, about 20 pm of material along
the length direction and 10 um on each side in width direc-
tion was removed during the rough milling steps. Figure 1
shows a finished microcantilever with markings. Electron

Pt mark for
load tracking

~2um_ f‘)~

Fig. 1 Top view of a FIB milled microcantilever used for cyclic bend-
ing showing a platinum marker used for measuring load, and FIB-
milled markers towards the free end used for tracking displacements
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back scatter diffraction (EBSD) is performed on the prepared
microcantilevers to determine their crystallographic orien-
tation and to check for presence of grain boundaries along
the cantilever length. Details regarding the dimensions of
prepared microcantilevers is provided in section A of sup-
plementary material.

Experimental Setup

In this work, MM3A micromanipulators from Kleindiek
Nanotechnik GmbH are utilised for cyclic bending of
microcantilevers. Some key specifications are included in
Table 1. An image of the complete setup is provided in the
supplementary material section B. However, the presented
methodology is not reliant on a specific manipulator as long
as the geometrical constrains imposed by the microscope
and the force requirements resulting from the material/speci-
men geometry can be met. The micromanipulator arm has
three degrees of freedom of movement (Fig. 2(a)), which
provides the flexibility required for alignment and bending
of microcantilevers in opposite directions. It also provides
possibilities for different attachments as per requirements.
The Kleindiek force measurement sensor (FMS), which is a
piezoelectric sensor that measures force based on displace-
ment of a probe in the form of a silicon cantilever, was used
as the tip for testing (Fig. 2(e)). The FMS was chosen due
to simplicity of modifying the shape using FIB, and also
because it generates an audible feedback when in contact
with a surface. It was not used for force measurement in this
work since the range is limited (~360 uN). However, the
manipulators are flexible with respect to the type of attach-
ment and any needle or similar probe can be used as long as
a suitable tip geometry can be obtained.

The FMS tip was modified into the shape of a ‘claw’
with the use of FIB (Fig. 2(f)). The sensor was mounted on
a 45° pre-tilt holder. Due to the geometry of FMS (where
a protruding epoxy glue on the bottom side prevents from
approaching the sample with the FMS cantilever paral-
lel to the surface), it needs to approach the surface at an
angle, as shown in Fig. 2(a). This implies that the claw has
to be milled at an angle € with respect to the horizontal, to
ensure that the contact line is perpendicular to the length axis of
the microcantilever during bending experiments, as shown

Table 1 Key specifications of the Kleindiek MM3A micromanipula-
tor used. Refer to Fig. 2 for definitions of the different axis of motion

b, >, z
Operating range 240° 240° 12 mm
Maximum speed 10 mm s~ 10 mm s~ 2mms”!
Resolution 7% 107 rad 7% 107 rad <0.05 nm
(0.5 nm) (0.2 nm)

in the schematic in Fig. 2(d). As the cantilever must always
be positioned in the electron beam path, and the manipula-
tor is mounted in a fixed position in the chamber, the angle
0 is decided by the working distance. In the current case,
the angle was determined to be 13° for a working distance
of 12 mm in the SEM. This value will depend on the setup
used in the SEM chamber and can be varied depending on
the working distance used, but remains a constant as long
as the working distance or manipulator mounting does not
change. Rough milling was performed at a current of 1 nA
and the subsequent fine milling steps were performed at 100
PA current to obtain the final geometry. The beam energy
was 30 keV for all the milling steps. The stage was tilted
by an additional angle of 13° to mill the ‘claw’. The final
geometry of the ‘claw’ used in the experiments is shown in
Fig. 2(f), with a gap of about 4 pm.

The force was measured using a dedicated spring table
setup supplied by Kleindiek Nanotechnik GmbH. It consists
of a spring of known spring constant, k, on which the sample
can be mounted (Fig. 2(b)). Spring tables of various spring
constants are available and is chosen based on the strength
of the material being tested. During the bending experi-
ment, SEM images are repeatedly acquired, which allows
post-test evaluation of forces and displacements through
image analysis. The spring moves along with the sample,
and the displacement of the spring (measured by tracking
the movement of a reference point on the sample) is used
in measurement of force (Fig. 2(b)). The relative movement
between a selected point on the microcantilever and the ref-
erence point is used for determining cantilever deflection.
In Fig. 3, two images from before loading and at maximum
load are compared, and the parameters used in force and
displacement calculation are shown. The force is calculated
as, F=kX;, and the displacement is given by 6=65,—9,.
The choice of spring table plays a role in the resolution of
the data obtained. Low stiffness springs lead to larger dis-
placements, thereby providing good resolution of force and
displacement. But this can lead to a situation where it is not
possible to achieve yielding without the cantilever moving
out of the SEM image field. The force measurement requires
a scan area that doesn’t move, as it is calculated from the
absolute position of the marker, and therefore a spring is
selected in such a way that yielding is achievable within the
field of view at a certain magnification. The uncertainty of
the spring constant values is within 5—10% according to
the manufacturer.

Test Procedure

The Kleindiek micromanipulator setup is mounted on a
Thermo Fischer FEI Quanta 200 FEG ESEM in such a way
that relative motion between the stage and manipulator is
possible. The sample is mounted on the spring table which
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Cantilever

Sample

Fig.2 (a) Schematic of Kleindiek micromanipulator used in this
work with the rotation (¢;, ¢,) and translation (z) axes highlighted.
The position of the silicon claw and its orientation is also shown; (b)
Schematic of spring table showing how force measurement is per-
formed. The blue and red arrows show the direction of displacement
(8) and force (F) respectively; (c¢) Orientation of the FIB milled sili-

is in turn mounted on the SEM stage. The FMS is then
mounted on the manipulator arm so that there is an angle of
45° between the arm and the sensor to ensure that the FIB
"claw’ can access the microcantilever without obstructions. As
described above, the 45° angle together with a 12 mm work-
ing distance resulted in an angle between sample surface and
the FMS cantilever of 13° in the setup used. The SEM stage
is then rotated so that the free end of the microcantilever
faces the FMS and the length axis of the cantilever and the
arm are along the same line.

The setup is allowed to stabilise after reaching the
desired vacuum level, until the drift rate is low enough

&

con claw to the microcantilever is shown, where direction of loading
is indicated as well; (d) a side view of (c) showing the alignment of
the silicon claw with respect to the microcantilever to achieve line
contact (indicated by the red line); (e) top view of the FMS as seen
in SEM; and (f) The triangular shaped tip in (e) modified into a claw
using FIB

to have negligible impact on the force measurement. The
position of the microcantilever to be tested is brought to
the centre of field of view in the microscope through stage
movement. The position of the micromanipulator arm is
identified and it is moved towards the cantilever using the
micromanipulator controls. The ¢, and z axes motion are
used to approach the sample surface. The image focus
serves as a guide to determine how close the ‘claw’ is
to the surface of the sample. With the current setup an
audible feedback from the FMS control box denotes that
contact has been established with the sample surface. The
tip is carefully aligned in position using a combination
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Fig.3 SEM images of microcantilevers before (left) and after (right)
loading. The green dotted line shows force measurement by image
tracking (6;) and the orange dotted line shows the total displacement

of movements of ¢, ¢, and z axes so that the testing can
begin.

The testing is carried out using the movement along
¢, axis (Fig. 2(a) and (c)) of the micromanipulator arm.
The arm is moved along one direction to load the micro-
cantilever beyond yielding. SEM images are recorded at
a frequency of 1 Hz, which is later used for generating
force—displacement curves, but the acquisition rate should
be adjusted according to the applied deformation rate. After
a complete half-cycle. i.e., reaching the maximum intended
displacement and unloading, reverse bending of the micro-
cantilever is performed by moving the micromanipulator in
the opposite direction. About 3 — 4 cycles are repeated in
such manner. The recorded SEM images are then analysed
manually using a custom MATLAB script to extract the
force — displacement data by tracking selected points on
the sample and cantilever. The Pt mark shown in Fig. 1 is
tracked to obtain the force (F) values for a cycle. While it
would be possible to start the first cycle with the cantilever
centred in field of view, which would then fit the full cycles,
we started the deformation with the cantilever positioned
close to the edge of the image opposite to the direction of
movement. While this requires shifting the field of view
between successive half-cycles, it allows a higher magnifi-
cation, i.e., better resolution. Nevertheless, drift correction
is applied by comparing the position of the Pt marker before
and after the loading cycle and assuming linear drift (typi-
cal drift during a half-cycle was 100—150 nm during a time
of 60 — 160 s). Each displacement measurement can then be
corrected using the image time stamp and calculated linear
drift rate. This is followed by tracking the loading tip at the
point of contact with the microcantilever. This displacement
in relation to the displacement of the Pt mark provides the
cantilever displacement (). Thereafter, one of the displace-
ment markers (Fig. 1) are tracked so that the cantilever dis-
placement at a fixed span length (6,,) is known, which facil-
itates the comparison of different testing cycles for the same

of the loading point (5,). The span length (L) is the distance between
the fixed end and point of contact (figure left)

microcantilever. For comparison of force between cycles,
the force obtained from image analysis is converted into
an equivalent force, F,, using the equation, F,,=(FX35)/
d,4- The force—displacement curves were then converted to
stress—strain curves to enable comparison of different can-
tilevers and to extract relevant mechanical properties. The
bending stress (in the outer fibre) is calculated using the for-
mula, ¢ = (4FL)/(wh?) [4, 36], where F is the force, L is the
span length (Fig. 3 left), w and & are the width and height of
the cantilever respectively. The surface strain is calculated
using, € = f X (6/L), where § is the displacement, and fis
a scaling factor calculated using the radius of curvature of
the cantilever at maximum displacement [36]. The details
regarding this calculation are provided in supplementary
material section C.

Results
Force-Displacement Response

Four microcantilevers were successfully tested for 3 — 4
cycles each for demonstrating the testing method and veri-
fying its reliability. SEM images taken after cyclic bend-
ing tests clearly show the presence of plastic deformation
(Fig. 4(a)) in the form of slip lines (Fig. 4(b)). Since the
cantilevers have been deformed only for few cycles, no
cracking or protrusion is expected. Cantilevers were also
inspected from the side to verify the absence of out-of-plane
deformation.

Figure 5 shows a representative force—displacement curve
obtained after 4 cycles of forward and reverse loading of a
microcantilever. The curves have been obtained after cor-
rection for drift and also compensating for gap between the
claw and cantilever during a shift from forward to reverse
loading. The residual displacement from previous cycles is
added to the current cycle to obtain a continuous curve. As
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Fig.4 (a) Top view SEM image of microcantilever O1 after testing; (b) highlighted region in (a) imaged at a higher magnification showing slip

traces

mentioned before, the force and displacement resolution
depend on the choice of the spring table. For the obtained
data, the displacement resolution was obtained to be approx-
imately 20 nm. Since the force is calculated directly from the
displacement, for a spring table with stiffness of 1083 N/m,
the force resolution is about 22 pN. In most cases, displace-
ment for the first cycle was kept smaller in comparison with
the following cycles to assess the elastic behaviour. In the
following cycles, the microcantilever was bent beyond yield
point during forward and reverse loading. During deforma-
tion the claw slides along the length of the microcantilever
(which is accounted for when tracking the contact point),
and therefore a constant span length and a corresponding
equivalent force is used to compare and assemble different

2000

O1

1500 sssssBE T E

1000 |
500}

0

Force (uUN)

-500
-1000

-1500

-2000

Displacement (um)

Fig.5 Corrected force—displacement curve for a microcantilever (O1)
showing 4 cycles (Note that there exists an uncertainty of 5—10% in
the measured force levels). Coloured circles are used as markers to
denote each cycle of loading

&

half-cycles in an experiment using the formula in Sect. 2.3.
For the given example in Fig. 5, the span length was kept
at 10.6 um.

Validation using Elastic Modulus Measurements

An estimation of elastic modulus was performed using the
unloading slopes of force—displacement curves of tested
microcantilevers. Prior to cyclic bending experiments, the
cantilevers were subjected to elastic bending cycles using an
Alemnis in-situ nanoindenter in a Zeiss Leo Ultra 55 FEG
SEM. This was done so that the elastic modulus obtained
from current method is comparable to that from a standard
nanoindenter to estimate the reliability. It should be noted
that here, the modulus has been used for a qualitative com-
parison rather than a quantitative, since microcantilever
bending is not the best method to measure elastic modulus
due to the strong geometric dependence. Fig. 6 shows the
modulus values obtained from unloading slopes of the tested
specimens using both nanoindenter and micromanipulator
set ups (details are provided in section D of supplementary
material). With the micromanipulator, an average value was
calculated using the modulus obtained from unloading part
of tested cycles and for the nanoindenter, multiple elastic
bending tests were carried out by varying span lengths and
then an average value was calculated from different curves
for the same sample. It can be seen that the values for all
four cantilevers are comparable between the two methods,
and that the mechanical response obtained from the micro-
manipulator setup is therefore reliable. Single crystal elastic
constants are not available for 718Plus, but for alloy 718,
which has a very similar chemical composition, the elastic
modulus varies between 113 GPa in <001 > direction to 279
GPa in< 111 >according to theoretical calculations based
on single crystal constants [38, 39]. In the present work,
the modulus for O1, which is close to <001 > has an aver-
age modulus of about 1194+ 15 GPa and N1 and N2, which
are close to < 111> have values of 261 +28 and 253 + 18
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Fig.6 Comparison of elastic modulus values from four different
microcantilevers using nanoindenter (blue filled circle) and microma-
nipulator setup (brick red circle)

GPa, respectively, thereby showing good agreement with
the expected values.

Stress—Strain Response

For comparing different cantilevers, and also to observe
changes in plastic behaviour, the force—displacement curves
were converted to stress—strain curves according to the pre-
viously outlined procedure. Fig. 7(a) shows the stress—strain
curves calculated from F-6 data shown in Fig. 5. The sam-
ple has been bent to a maximum surface strain of ~ 6%, as
seen in the final cycles from Fig. 7(a). In Fig. 7(b), two
microcantilevers of different crystallographic orientations
are compared using the calculated stress—strain curves.
The difference in elastic modulus values between these two
microcantilevers, as seen in Fig. 6 can also be inferred from
the difference in unloading slopes of the stress—strain curves
(dotted lines in Fig. 7(b)). The identical stress levels in the
two orientations are a coincidence arising from the differ-
ences in strain history up to the displayed cycles. The stress
levels in the first cycle (see Fig. 8) are higher in the N2
cantilever, which is expected due to the lower resolved shear
stress of this orientation.

As mentioned in the introduction, one of the applications
of this method is to study Bauschinger effect in single crys-
tals during cyclic bending. Fig. 8 shows two examples where
the forward and backward bending cycles have been shown
on the same quadrant by inverting the signs of the reverse
cycle, so that a comparison of yielding behaviour can be
performed. The strains for the cycles have been added up

-1000 f

-2000

-3000

o1

-1000 f

-2000

101

-3000

Strain (%)

Fig.7 (a) Stress—strain curves for Ol microcantilever showing
4 cycles — each cycle is shown with circles of different colour; (b)
bending stress—strain curves for two cantilevers of different orienta-
tions (3% cycle from sample N2 — blue circle, 4" cycle from sample
O1 - filled brick red circle), shown in IPF along tensile direction.
Note that an uncertainty of 5—10% in force measurement is also
translated to the stress values

in the later cycles for demonstration purposes. The proof
strength at 0.2% strain was used as a measure for qualitative
comparison of yield behaviour between the cycles. For both
cantilevers, the proof strength for reverse cycle is lower than
that for the forward cycle. The decrease in proof strength
is well beyond the uncertainty from force measurements.
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Fig.8 Stress—strain curves demonstrating Bauschinger effect in two different microcantilevers (a) N2 and (b) O1 (forwards cycles represented by

unfilled circles and reverse cycle by filled circles)

Such a yielding behaviour indicates Bauschinger effect in
the tested 718plus single crystals.

Accuracy

To examine the accuracy of the method two microcanti-
levers were prepared from the same grain of the material.
One was tested with the nanoindenter setup monotonically
and the other cyclically using micromanipulator setup.
Although the loading directions are different (perpen-
dicular to each other) for the two setups, the mechanical
response is not influenced since the material has a cubic
crystal structure. The cantilever tested with nanoindenter
setup was tested in several stages in displacement control
mode. Initially, the specimen was bent elastically with 200
and 500 nm displacement in order to estimate the elastic
modulus, followed by a displacement of ~ 1.5 um to bend
it plastically. Cyclic bending of the other microcantilever
in the same grain was conducted for 4 cycles using the
micromanipulator setup. The comparison of stress—strain
curves from the first cycle with the data obtained from the
plastic bending using the nanoindenter suggests that there
is reasonable agreement between the mechanical response
from the two microcantilevers in the same grain, tested
with the two methods (see Fig. 9). The elastic modulus
from the microcantilever tested using nanoindenter was
108 +5 GPa and that from micromanipulator tested micro-
cantilever was 119 + 15 GPa, which also shows reasonable
agreement with each other.

Repeatability

The repeatability was tested by bending of microcantilevers
prepared in the same grain. Fig. 10 shows comparison

&

of half cycles from cyclic bending experiments, where it
can be seen that the mechanical behaviour is very similar
for the two microcantilevers. The maximum displacement
for the microcantilevers were different, leading to different
bending and residual strains. Both elastic and plastic part
of the curves are in agreement for the microcantilevers, and
therefore it can be said that the results obtained using this
test setup are repeatable.

2500 T :
o forward
® reverse
2000 + ——nanoindenter .....7 ]
& 1500 )
=
(7))
7]
2 1000 ;
(45}
500 1

o .
0 2 4 6
Strain (%)

Fig.9 Stress—strain curves comparing mechanical response of micro-
cantilevers in the same grain tested using both setups. For the micro-
manipulator setup, there is an uncertainty of 5—10% in stress (line
— nanoindenter, unfilled blue circle for forward cycle of microman-
ipulator and its reverse cycle is represented with filled blue circles)
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Fig. 10 Mechanical behaviour of microcantilevers N1 (unfilled blue
circles) and N2 (filled brick red circles) belonging to the same grain.
Stress level uncertainty is 5—10%

Discussion

Cyclic microcantilever bending using micromanipulators
simplifies the process of sample preparation and expands
the range of applications as it removes the need for modi-
fication of the sample into rods or wires. In this work,
it has been clearly demonstrated that cyclic bending of
microcantilevers is possible with slight modifications of
an existing micromanipulator setup. The method is reli-
able and the results are comparable to those obtained
from a standard nanoindenter. This has been demonstrated
through elastic modulus measurements of tested specimens
using the current setup as well as an in-situ nanoindenter,
which shows that the measurements are within the limits
of error of each other, and are in agreement with literature
values. Additionally, it has been established that the com-
plete elastic—plastic mechanical response generated from
both setups are comparable and the repeatability of the
setup has been shown through testing multiple cantilevers
prepared in the same grain of the material. As demon-
strated here, this method enables study of the Bauschinger
effect and similar phenomenon where fully reversible load-
ing is necessary.

However, the use of micromanipulators for microme-
chanical experiments comes with certain issues which needs
careful attention:

e In comparison to dedicated nanoindenters, which are
rigid in all directions apart from loading direction, the
current system is not as stable. This leads to a decreased

level of accuracy and precision which should be carefully
analysed and addressed for the specific set-up used.

e Unlike nanoindenters, the motion of micromanipula-
tors (and the sample) is not in a straight line but an arc.
Since the displacements are very small in comparison
to the total length of the manipulator arm, the resulting
displacement perpendicular to the intended direction of
motion is of the same order as the displacement resolution
and therefore can be neglected. Even in situations where
the perpendicular displacement would become notice-
able, this can be handled by the continuous tracking of
the contact point between the ’claw’ and the cantilever
and the reference point on the sample. As the design of
the spring table ensures that there is no rotation of the
sample when the spring bends (see Fig. 2) the correct
span length can be determined at each point of the test.
Furthermore, since only the vertical part of the move-
ment of the reference point is considered in the force
calculations, the resulting force values are not affected
by the perpendicular displacement.

e The spring table used in force measurements have an
uncertainty of about 5 —10% according to the manu-
facturer, and this needs to be taken into account when
representing force in measurements. Separate calibration
experiments using samples with precisely known stiff-
ness can be used to reduce this uncertainty if needed.

Furthermore, there are some issues specific to the appli-
cation of micromanipulators for cyclic testing:

e The alignment of the claw with the cantilever is an
important factor to take into account. The contact points
on both sides of the cantilever should be as parallel as
possible and cover the height of the cantilever to ensure a
proper line contact, as any tilting can cause the cantilever
to twist or bend in the perpendicular direction of load-
ing. Such an alignment is performed in this work using
the top-view SEM image of the claw, which can indicate
whether it is tilted or not.

e The line of contact should be as perpendicular to the
sample surface as possible for accurate determination of
span length. Once 0 is determined for a certain working
distance, the contact can be verified just through the use
of SEM images of the claw during testing.

In addition to above, geometrical inaccuracies in cantile-
ver and claw preparation can also affect the accuracy of the
results produced. This is however, an issue when conducting
any experiments using FIB prepared specimens and can only
be solved through careful optimisation of milling parameters
that can limit both geometrical issues and gallium damage.

The quality of data obtained from the proposed setup
could be further increased through an increased sampling
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rate, which is limited in this case by the frequency of acqui-
sition of SEM images of sufficient quality for reliable analy-
sis, and the spring constant of the selected spring table. A
higher sampling rate, slower loading rate or a softer spring
would provide more data points. However, the current setup
utilises manual loading, which makes it difficult to tune the
loading rate precisely. Also, lowering the rate of loading
would increase the time for a cycle and hence increases drift
issues. Since the computer interface allows scripting, there
is a possibility to control the motion of the micromanipula-
tor arm more precisely. However, since the actuators on the
current manipulator are not encoded, the range of move-
ment needs to be determined for each situation (new version
of the specific manipulator used here do, however, include
position encoded piezo actuators). The use of scripting also
removes another main limitation of the current setup, which
is the number of loading cycles that can be carried out in
a reasonable amount of time. Since the loading is manual
and the number of data points obtained is limited to 1 Hz,
a large number of cycles could take several hours to days.
Automation of the loading process through scripting, and the
use of a screen grabbing software for recording images at
the highest SEM scanning rates possible could significantly
increase the maximum number of cycles.

Although not explored in the current study, which is
aimed at demonstrating the use of micromanipulators for
realization of cyclic plastic bending of microcantilevers, the
visual access to the top surface of the cantilever offers a
possibility to study development of strain gradients in more
detail. If e.g. a Pt speckle pattern [40] is deposited close
to the fixed end before testing, high resolution imaging
at maximum load or between the half cycles would allow
extraction of the (residual) strain field development during
cycling using digital image correlation (DIC) [41]. Depend-
ing on whether or not sufficient stability can be achieved,
which would likely depend on the details of both sample
material and test setup, imaging for DIC extraction of strain
fields could even be performed during loading (although
this would have to be done without exact knowledge of the
force since switching between a high magnification view
of the speckle pattern and a low magnification view of the
cantilever for displacement tracking would lead to a loss in
the precision of the absolute displacement of the reference
point). As the geometry at the fixed end can easily be modi-
fied, this could allow e.g., different notch geometries to be
used and compared.

Conclusions
A new method for in-situ cyclic plastic deformation of micro-

cantilevers inside SEMs based on use of micromanipulators
combined with spring table based force measurement has

&

been demonstrated in this work. This new approach enables
application of arbitrary reversed bending cycles with large
levels of plasticity, as well as targeting various microstruc-
tural features directly from bulk samples without the need for
modifications into rods or wires. Validation experiments per-
formed using single crystal microcantilevers manufactured
from a polycrystalline Ni-base superalloy bulk sample clearly
demonstrate that the method produces results consistent with
standard nanoindenters. Elastic modulus values measured
using the setup show good agreement with both literature
and control measurements using a nanoindenter. The accu-
racy and repeatability of the measured cyclic stress—strain
response has been shown through specific experiments. An
additional benefit of the method is the comparatively low cost
of a micromanipulator/spring table setup, which makes cyclic
plastic testing accessible to a larger community.
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