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Abstract

Background Dislocation dynamic simulations are intended as a tool to understand and predict the mechanical behavior of
metallic materials, but its prediction has never been directly verified by experiments due to differences in specimen strain
rate and size.

Objective In this work, a comprehensive experimental framework is proposed to attempt direct comparison between
experiments and discrete dislocation dynamics (DDD) modelling.

Methods By integrating high-throughput sample fabrication and a customized testing apparatus, the sample size and strain
rate typically employed in DDD simulations are explored experimentally. Constitutive properties such as stress-strain
response are measured, and microstructural information is obtained from transmission electron microscopy (TEM) imaging,
electron backscatter diffraction (EBSD), and TEM-based orientation mapping.

Results Magnesium and copper were selected, as case studies, to demonstrate the newly developed experimental procedure.
Measured stress-strain responses for Mg are consistent with those obtained with a miniaturized Hopkison bar experiments. By
exploiting the validated workflow, the effect of strain rate on micropillar heterogeneous deformation and associated
dislocation plasticity were revealed.

Conclusion The work establishes a methodology for the systematic study of not only metals but also other materials and
structures at the microscale and high strain rates.

Keywords In situ SEM - Magnesium - Microcompression - Micropillar - Strain rate effect

Introduction

The deformation mechanism of metals has been an active
research topic within the mechanics of materials community.
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time scale in which deformation events occur. For example,
size-effects on mechanical properties of metals are prevalent
and widely observed, with the earliest study tracing back
nearly 100 years [1]. The sources of size-effects can be
from either internal length scales, such as grain size in
polycrystalline metals, layer thickness of multilayer samples,
or the external length scale, e.g., the physical geometry of a
sample. As for the latter, while bulk materials (with sample
size down to sub-millimeter) have been extensively studied,
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research on micrometer-scale samples is scarcer, which is
partially due to the time -consuming sample preparation
techniques available at this scale. In this regard, whiskers [2,
3] and pillars [4, 5] have been the most-studied specimens.

Specimens with dimensions ranging from a few to several
tens of micrometers, present significant advantages in
elucidating deformation mechanisms of metals. Unlike their
counterparts at nano- and sub-micrometer-scales, where
strengths are mostly controlled by dislocation nucleation
[6-8] or dislocation starvation [9, 10], micrometer-
scale samples exhibit dislocation-mediated deformation
mechanisms similar to their bulk counterparts. More
importantly, micrometer-scale systems can be directly
analyzed using Discrete Dislocation Dynamics (DDD), to
provide mechanistic understanding of their behaviors, and
their microstructures characterized using X-ray diffraction
and electron microscopy. Such a combined experimental-
computational approach provides a unique opportunity to
obtain stress-strain behavior, associated defect structures,
and comparison with DDD model predictions.

While these characteristics make micrometer-scale
systems a good candidate for understanding the deformation
mechanisms and their impact on mechanical properties of
metals, there are challenges in terms of sample preparation,
sample handling, and development of experimental setups
applicable at such small scale. Furthermore, most of the
experimental efforts hitherto have focused on the mechanical
behaviors at low strain rates [11, 12] (below 1/s), with rare
excursion into the extreme high strain rate regime (7 x 10°/s)
[13]. For microscale sample, the intermediate strain rate,
namely 10° — 10%s, of relevance to a number of applications
such as automobile collision and drop of electronic
components, requires further study. Also, from a scientific
exploration viewpoint, absence of data at intermediate
strain rates limits the opportunity of performing testing and
characterization with direct comparison to modeling. In fact,
the quasi-static strain rate employed in microscale experiments
is not attainable even with state-of-the-art DDD algorithm
[14], which can only predict material behavior at strain rates
of 100/s or higher. One experimental technique, the miniature
Kolsky bar method, [13] manages to achieve such experimental
condition but preservation of the sample for post-mortem
characterization remains a challenge. Therefore, there is a
need for an experimental method that can obtain stress-strain
behavior at intermediate strain rates in microscale samples and
at the same time enabling postmortem defect type and density
analysis to correlate mechanism to average behavior.

Recently, a micromechanical testing system based on
piezo-actuation and piezo-sensing has been developed
for high frequency nanoindentation experiments [15].
The system, by the brand name of Alemnis, can be
reconfigured for high strain rate in situ scanning electron
microscopy (SEM) micro-compression experiments [16].

&

In contrast to macroscale experiments where high strain
rates are generated through impact, here it is achieved
by a combination of fast crosshead velocity and small
specimen dimensions. A similar concept was previously
reported [17]. In this paper, we present a methodology for
optimal preparation of array of micropillars with a range
of diameters (1-50 um), in-situ SEM intermediate strain
rate compression testing, and post-mortem characterization
via electron backscattering diffraction (EBSD) and TEM.
As a case study and to demonstrate the efficacy of the
experimental protocols we choose magnesium and copper,
since their bulk counterparts have been extensively studied
and comparisons to extract information on the effect of size
scale can be readily made.

High-Strain-Rate Micropillar Compression
Test

The experimental procedure is schematically summarized
in Fig. 1. Micropillar specimens with a diameter of 15 um
and an aspect ratio of 2 to 3 are first prepared by a two-step
method described later. Then, in situ SEM intermediate-
strain-rate compression tests are carried out using a modified
miniaturized testing platform, which will elucidate the
stress-strain response of the materials. The as-prepared
and post-mortem samples are subjected to microstructural
characterization, including TEM imaging, EBSD, and TEM-
based orientation mapping. These techniques will reveal the
emergence and/or evolution of defects such as dislocation and
twinning during the dynamic loading. These results together
will enable an understanding of mechanical properties of
materials from a mechanistic perspective, and help reveal the
interplay between microstructures and forces in the materials.

Sample Preparation

Since Uchic et. al [4] pioneered the methodology of using
focus ion beam (FIB) to fabricate micrometer size metallic
pillars by lathe milling, many researchers have employed
it and developed variations, such as annular milling [18].
A comparison between the two milling schemes, in terms
of working principle and ion beam effects, was reported by
Hiitsch and Lilleodden [19]. While both methods have their
own merit, they both suffer from the prolonged fabrication
process and the resulting low throughput. Furthermore, the
time required per sample fabricated increases approximately
to the third power of its linear dimension. For this reason,
very few studies have attempted pillars with diameter
above 10 um, where those that do, analyze only a couple of
samples, which is not statistically significant and therefore
susceptible to stochastic variations.
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Fig.1 The experimental procedure comprises mechanical characteri-
zation and microstructural characterization. The stress-strain response
of the material is assessed by in situ SEM high-strain-rate testing,

Starting with bulk samples is the main reason for the
low throughput achieved in the FIB-only fabrication
method. FIB is a powerful instrument for making well-
defined microstructures, but is not efficient in removing
large volumes of material. In our approach, we start with
less precise microfabrication methods to make arrays of
pillars from a bulk piece of material; we then define the
final pillar geometry by FIB removal of only a small outer
layer followed by surface polishing. We demonstrate that
femtosecond laser machining and chemical etching are two
good candidates for the initial bulk material removal step.

An array of pillars was fabricated on single crystal
<0001> Mg substrates, purchased from MTI Corporation.
The substrate was processed by a femtosecond laser
machining to generate pillars arranged in an array of ten
rows by ten columns, with a 200-um center-to-center
distance between adjacent pillars, see Fig. 2. To achieve
micropillars with final dimensions of 15 pm in diameter
and a height of 30 um, the coarse pillars were fabricated
approximately twenty percent larger to leave enough material
for precise final FIB milling and polishing. To enable some
specialized sample characterization techniques, e.g., using
X-rays, having pillars extending above substrate surface is
required. This is also desirable for alignment between pillar
and punch, as later discussed, for which observation in an
edge-on manner without interference is helpful. Note that

TEM-based
orientation mapping

and the microstructural changes are characterized through techniques
based on electron microscopy

the two-step pillar fabrication method can achieve such pillar
fabrication with ease, while removal of that much volume of
material is practically impossible using solely FIB.

SEM images of the as-prepared laser-milled pillars are
shown in Fig. 2(e)-(h). Through a parametric optimization
of the laser machining, pillars with a smooth lateral surface
and virtually debris-free tops were obtained. Figure 2(h)
also shows a copper pillar prepared using a different set of
laser parameters fine-tuned for this specific material. Due
to re-deposition during the fabrication process, the top and
the side of the pillars are covered with fine particulates of
ablated material. It is likely that the laser-milling outcome
is material dependent. Nevertheless, laser-milling proved
to be a very fast way of preparing micro-scale samples,
although additional precision for high throughput fabrication
is needed in the case of Cu.

The effects of the femtosecond laser ablation on the
microstructures of the targeted materials have been studied
by M. Echlin et al [20]. It is shown that the depth of affected
material is limited to a few micrometers for Cu. Since the
depth of affected zone is related to the critical resolved shear
stress in metals, similar phenomenon should be expected
in Mg. Subsequent FIB milling will remove most of the
induced dislocations and grains.

While the time required by laser milling is only a fraction
of that with FIB milling (less than 5 minutes per micropillar),

SEM
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Fig.2 Schematics of (a) an array of micropillars on a metallic sub-
strates for mechanical compression tests, (b) close-up view of the
region in (a) highlighted by dashed box, (c) an array of micropillars
on a metallic substrates for X-ray characterization, and (d) close-up

it still scales linearly with the volume to be removed. This
is because the laser beam irradiates one spot at a time when
the laser beam is scanned over the part surface. By contrast,
chemical etching is a very efficient method for material
removal over large patterned areas. Moreover, the time
required by chemical etching is primarily dependent on
the depth of the material to be removed, regardless of the
etching area. The process requires fabrication of a mask
defining the pattern of the pillars, typically achieved by
photolithography, which is then transferred onto the
substrate by etching. Since the method is applicable to
isotropic and anisotropic material etching, it is suitable
when dealing with single crystal metals upon selection of
the right etchants. In the case of single crystal <100> Cu,
ferric chloride was employed as etchant. For Mg, nitric acid
was employed. As shown in Fig. 3, chemical etching results
in pillars with exceptional surface flatness, which is critical
in micro-compression experiments to avoid concentrated
loading at asperities. The lateral surfaces defining the pillar
walls, follow a typical isotropic etching curved surface.
The coarse pillars prepared by laser milling (Fig. 4(a))
or chemical etching, though possessing approximately the
desired shape, required further milling with FIB to achieve
the final dimensions and desired surface roughness. To
minimize gallium implantation and potential embrittlement,
FIB polishing currents were carefully selected and decreased
gradually as the cutting pattern approached to final pillar
dimensions. As can be seen in Fig. 4(b), annular FIB milling
of the coarse pillars results in pillars with well-defined
geometry and dimensions. However, the pillars exhibit the
so-called curtaining effect, which manifests itself in the

&

view of the region in (c) highlighted by dashed box. SEM images of
(e and f) as-prepared Mg pillar arrays schematized in (a and ¢), (g) a
Mg pillar, and (h) a Cu pillar

vertical lines observed on the side wall of a pillar. While
this is inherent to the annular milling method, the roughness
on the top surface aggravates this effect. Other undesirable
features often associated with annular milling include a
poorly defined height and a tapering shape of the pillar, the
latter of which could significantly compromise the precision
of a micro-compression test [21]. Therefore, this method
should be reserved for the case where gallium implantation
is a major concern.

Unlike annular milling where the ion beam is
perpendicular to the sample surface, lathe milling removes
material from the column’s sidewalls with the ion beam
at 52° with respect to the pillar’s axis. During the milling
process, a series of stage motions and rotations is performed
facilitated by image correlation. While this scheme yields
high accuracy in geometry and high surface smoothness, it
inevitably increases the exposure to gallium ion of the pillar.
Nevertheless, in the case of pillars with diameter of 15 pm,
the effect of ion implantation on the mechanical behaviors is
anticipated to be negligible. Using the algorithm developed
by Uchic and Dimiduk [22], the coarse pillars prepared by
laser milling or chemical etching can be readily refined to
produce final pillars with the desired dimensions, as shown
in Fig. 4(c).

Dynamic Behavior of the Apparatus and Its
Calibration

The micromechanical testing apparatus used in our
experiments, the Alemnis indenter, consists of several
components. The rightmost component, a piezoelectric
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Fig.3 (a) Coarse Cu pillar array fabricated by chemical etching. (b) Smooth top surface of the pillar as opposed to rough one caused by laser

milling. Scale bar: 10 um

actuator, is subjected to a predetermined voltage profile
(waveform) to generate displacements at very high
speeds. This displacement induces motion of a spring-like
structure (strain gage), which in turn induces high-speed
motion of a piezoelectric sensor mounted to the strain gage
and a diamond flat punch. Figure 5(a) shows a top view of
the Alemnis indenter configured in dynamic mode.

While the displacement of the diamond flat punch is
measured by the strain gage, the force exerted on the
diamond flat punch is measured by the piezoelectric
sensor. When strained, the piezoelectric sensor
accumulates charge, which is amplified and converted to
a voltage signal. On the left side, the substrate containing
the micropillars is glued to an SEM stub and mounted to
a stage that moves along two orthogonal directions (X-Y)
perpendicular to the axial compression direction (Z).

Displacement of the punch and the force exerted on
the punch are the only two quantities measured during
experiments. With the data acquisition electronics
provided with the Alemnis indenter, we are able to
measure displacement at a sampling rate of 50 kHz, and
force at 220 kHz. We started by running a calibration test
without a sample at high speed to assess how well the
specified displacement profile was followed by the system,
and to obtain a baseline force signal.

The results of the calibration tests are summarized in
Fig. 5(b)-(d). A prescribed voltage profile, as shown in
Fig. 5(b), was applied to the piezoelectric actuator. The
induced actuator displacement was measured as shown

in Fig. 5(c). As the voltage is ramped from 0 V to 20 V,
the displacement linearly increases to 3.3 pm in 0.5 ms,
equivalent to a speed of 6.6 mm/s.

While in calibration mode, the punch is not compressing
anything; hence, one would expect the force measured by
the piezoelectric sensor to be around O mN. However, we
observe a nonzero “force signal” from the sensor, as plotted
in Fig. 5(d). The reason for the existence of non-zero force
is related to the inertia of the components as characterized
below. Moreover, observation of the time dependent
displacement and force signals, reveals that the sampling
rate provided by the Alemnis data acquisition electronics
is not sufficient. To overcome such limitation, we used an
oscilloscope with GHz sample capability to increase the
fidelity of the measured force time history.

To further characterize the baseline force signal induced
by actuation of the actuator, in the absence of a specimen,
4 dry runs were performed at three ramp rates, namely, 40
kV/s, 200 kV/s and 400 kV/s. The peak voltage was kept
constant at 20 V. The measured force signals are summarized
in Fig. 6.

For any given ramp rate, signals from different runs
are highly repeatable. Signals from different ramp rates,
regardless of their difference in amplitude, have very similar
time scales. These two features suggest that the nonzero
force signal is not electrical cross talk. Therefore, before
micropillar testing, the baseline was obtained and later
subtracted from the measurements performed on micropillar
samples.

SEM
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Fig.4 (a) SEM image of a magnesium pillar as prepared by laser-milling and (b) after 2-hour FIB polishing. (¢) A fine copper pillar prepared by
lathe milling. Scale bar: 10 pm

To unveil the source of the force baseline and confirm  of spring, masses and dampers to capture elastic, inertia, and
the suitability of the background load subtraction, we  dissipative processes. The modeled system and parameters
performed a dynamic analysis of a lumped system consisting ~ are shown in Fig. 7. The symbols, their definition and
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Fig.5 (a) Photograph of Alemnis indenter configured in dynamics mode. (b) Voltage profile which is applied to the piezoelectric actuator. (c¢)
Displacement history of the punch. (d) Force signal measured by the piezoelectric sensor
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Fig.6 Force signals without sample measured by piezoelectric sensor at ramp rate of (a) 40 kV/s, (b) 200 kV/s and (c) 400 kV/s. The insets

highlight the fine-scale features and repeatability of the force signal

values are listed in Table 1. The values of the parameters
are estimated by considering the properties and dimensions
of the respective parts. The stiffness of the pillar is estimated
using data from our compression experiments. Due to the
complexity of the loading system, some parameters cannot
be directly obtained. Therefore, we selected them such that
the simulation result are consistent with the background
force measurements.
The governing equations for masses m, and m, are:

and

respectively, where x,,, is the displacement of the
left (right) side of the load sensor. F| is the compres-
sion force on the pillar. The initial conditions are
X,(0) = x;(0) = x,(0) = x,(0) = 0.

We performed two extreme simulations to gain insight
into the system response. The system is driven by a
piezoelectric actuator delivering a constant velocity v = X,.
There is a tiny initial gap between the punch and the pillar.
After the punch impacts the pillar, the actuator moves by
another 1.5 um before reversing the direction of motion.

We examined two extreme cases. One with a perfectly
plastic sample and another with a purely elastic sample. In
both cases, F,; = 0 before the punch impacts the pillar. For
the purely elastic case, Fy = k; (x2 - x20) after the punch and
the pillar are in contact, where x,, is the displacement of
the punch to contact the pillar, i.e., the magnitude of the
initial gap. For the perfectly plastic case, F; = k3 (x2 - x20)
applies when the punch is moving towards the right. When
the punch retracts F; = 0.

The results of the simulations are presented in Fig. 8. For the
case of a pure plastic pillar (no spring-back) the displacement

of the punch, x,, and the prescribed displacement, x,,, show
good agreement with each other Fig. 8(a). The force signal
measured by the load sensor is calculated as k, (x; — x,),
Fig. 8(b), where the background signal is obtained by running
the simulation with k3 = 0. The result shows that, after the
punch hits the pillar at around 0.08 ms, the signal deviates
from the background signal. After the punch is retracted,
the signal once again matches the background force. The
difference between the measured signal and the background
force is taken as the measurement of the compressive force in
the pillar. Figure 8(c) plots the subtracted signal along with
the theoretical compressive force given by F; = ks (x2 - xzo)-
The analysis clearly shows that the force sensed by the load
sensor, less the background force, is indeed the force between
the punch and the pillar. Figure 8(d)-(f) show the results for a
purely elastic pillar. Background force subtraction once again
provides the force acting on the pillar.

The validity of the model can be assessed by comparison
to an experiment conducted on a Mg pillar with 15-um
diameter and 30-um height, in which the actuator moves
at a speed of around 3 mm/s. From examination of Fig. 9,
it is clear that the lumped model is capable of capturing
the frequency and magnitude of the background oscillation.

lz(> x,(t) X,(t)
k1 kz k3
NN\ A
Xt T m, m,
0 — =
¢ ¢
Actuator Displacement Load Punch Pillar
sensor sensor

Fig.7 Lumped model used for dynamic analysis of the system
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Table 1 Parameters used in the

Symbol Parameter Value

lumped system
k) stiffness of the displacement sensor (load sensor) 10’ N/m (108 N/m)
me) mass of the displacement sensor (punch) 10g (0.1 g)
1) damping coefficients 100 N-s/m (200 N-s/m)
ks stiffness of the pillar 4x 10°N/m
V=X, velocity of the piezoelectric actuator +3 mm/s

Furthermore, the fact that the actual signal (red) converges
to the background (blue), after the punch-sample contact
vanishes, is further indication of the lumped model
applicability. Hence, the protocol of obtaining the force on
the specimen by subtracting the background can be applied
with confidence. With increasing strain rate, the actuator
dynamics leads to more vibration in the punch displacement,
resulting in a more significant departure from the desired
applied motion. In this regard, the model here introduced
provides a useful tool to assess the suitability of the testing
system for high-strain-rate experiments.

Limitation of the Alemnis Setup and Improvements

The original Alemnis tester is a ready-to-go commercial
experimental setup that provides a quick and cost-effective
solution, yet there are some compromises that require careful
consideration in the context of high-strain-rate testing. The
adoption of an oscilloscope with GHz sampling rate for load
and displacement measurements is highly recommended.
Besides the limitations in load measurement, the Alemnis
tester electronics is unable to generate a voltage profile with
the desired temporal resolution for high strain rate testing,
and the maximum displacement sampling rate is 50 kHz,

Fig.8 Simulation results show- 2
ing the dynamic response of the (a)
system. (a)-(c) are the results
for the case of purely plastic
pillar with no spring-back. (a)
Comparison between prescribed
actuator displacement and
predicted displacement of the
punch. (b) Background force -1
and actual signal obtained with-

out and with the pillar, respec-

tively. (¢) The theoretical force

calculated as F; = k; (xz - x20) (d)
and the predicted measurement

taken as the difference between 1
the signal and the background
plotted in (b). Panels (d)-(f)
correspond to the results for the
case where the pillar is purely
elastic
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d [um]
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preventing accurate measurement of tip displacements
essential to high strain rates experiments.

These shortcomings are overcome by two simple
modifications. First, an arbitrary waveform generator with a
sampling rate of 80 MHz, instead of the built-in waveform
generator, was deployed to power the piezoelectric
actuators. Second, before running an actual test with a
sample in place, the same voltage profile is applied to the
piezoelectric actuator several times and the displacement
histories measured by the strain gage are recorded
and averaged. Assuming the displacement of the tip is
repeatable and not affected by the presence of the sample,
a reasonable assumption for micropillars, the displacement
measurement is fully characterized. For completeness, the
displacement profiles are also measured during the tests
with micropillar samples. The almost identical displacement
profiles, obtained with and without samples, validates our
assumptions.

The voltage applied to the piezoelectric actuator is
initially held at O V. When the test starts, it increases to
V/2 in the first quarter of the experiment with duration t.
The subsequent two quarters see the voltage drop from V/2
to —V/2, which increases back to 0 V in the last quarter.
Ideally, the displacement of the tip should follow the same
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trend. However, as the voltage rate increases, the response
of the actuator lags the theoretical response, and the speed
at which the actuator moves is not proportional to the rate
of the applied voltage. Two examples are shown in Fig. 10.
While the voltage rate increases by a factor of 10 between
Fig. 10(a) and (b), respectively, the speed of the actuator
increases from ~3000 um/s to 7200 pum/s, only a factor of 3
increase. Our characterization suggests that due to the inertia
of the components in the current setup, further increase in
the voltage will not significantly increase the speed of the
actuator and the applicable sample strain rate. By comparing
the average curves and the fitted lines, the uncertainty of
displacement is estimated to be 53.8 nm and 76.3 nm for the
cases given in Fig. 10(a) and (b), respectively.
Misalignment between the flat punch and the top surface
of the micropillar can significantly affects the test accuracy by
underestimating the elastic modulus, and may result in buckling
of the pillar [21]. To minimize misalignment effects, the setup
is enhanced with two tilting degrees of freedom through the
addition of an optical mount (Newport™ M-P100-P), as shown
in Fig. 11(a). It has been proposed to use maximum contact
stiffness as an indicator for optimal alignment [23]. However,
such indirect measurement of misalignment requires bringing
the diamond flat and micropillar into contact. Here we follow
a more direct misalignment correction procedure. Given
the way that the setup is mounted on the SEM, as shown
in Fig. 11(b), one can directly assess the alignment between the
diamond punch and the sample mounted on the tilting platform,
highlighted by green and red dash boxes, respectively. The
process begins by first tilting the SEM stage such that the flat
surface of the diamond punch appears edge-on, i.e., as a straight
line in the SEM image. Then, by adjusting the two knobs on the
sample mount, the top surface of the micropillar is made parallel

2

(@)

0 1 2 3 4

t [ms]

Fig. 10 Displacement profile of the piezo actuator in response to two
different voltage profiles. (a) When subjected to V=1.06 V and t=2
ms, yielding a voltage rate (before amplification) of 1.06 V/ms, the
actuator moves at 3059 um/s. (b) When V=2.5 V and t=0.4 ms, the
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20
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Backgr(ﬁnd
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Fig.9 Background signal without sample (blue curve), force sig-
nal with sample (red curve) and their difference (black curve), as
obtained from a test of a 15 pm dia. pillar when the speed of the actu-
ator was prescribed to 3 mm/s

to the flat punch surface, i.e., to appear edge-on as a parallel
straight line. The accuracy of the procedure can be assessed by
measuring the elastic modulus of single crystal Cu along the
<100> direction.

Results

Stress-Strain Response at 85/s

A high strain-rate test was performed on a Mg pillar with
diameter of 11.3 um and height of 38 um. Using the displacement

2

(b)

0 0.5 1 1.5 2
t [ms]

voltage rate is 12.5 V/ms and the actuator speed is 7204 um/s. The
thick black lines are the average of displacement profiles from at least
10 repeated tests in each case. The red dotted lines are fitted lines to
the initial increasing portions of the averaged displacement profiles
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Fig. 11 (a) Top view of nanomechanical tester including tilt-correction platform. (b) Side view of tester as mounted in the SEM such that the
gap between the top of the sample and the punch can be easily observed to achieve ideal alignment

profile presented in Fig. 10(a), a strain rate of around 85/s was
imposed on the micropillar. Three force-time signals are reported
in Fig. 12(a). The displacement history, not measured directly
due to the low sampling rate of the built-in displacement sensor,
is obtained from a calibration performed after a number of
repeated measurements under the same actuation condition. As
aforementioned, the force applied to the sample is obtained as
the difference between the force measurement in the experiment
with the pillar and the base line. The force and displacement
profiles together yield the stress-strain curve of the sample, as
shown in Fig. 12(b). The stress-strain curve for bulk Mg sample
along the same crystalline direction loaded at 1200/s, reported in
[24], is plotted alongside for comparison. The true strain £, and
true stress o, in this work are obtained by assuming volume of
the sample conserves and deformation happens uniformly, which
gives g, = In(1 + ¢) and o, = o(1 + €), where € and ¢ are the
engineering strain and stress, respectively.

Sample Preparation for Defect Identification
and Characterization

A Mg micropillar tested at strain rate of 200/s was selected
for TEM characterization. In the preparation of TEM

sample by FIB milling, 15 kV was initially used to trim
the pillar into a 5-um-thick slab, which was further thinned
to 2-um at 10 kV, then 700-nm at 5 kV. Following the FIB
process, the slab was subjected to ion milling at voltage of
2 kV for 20 minutes on both sides. The TEM sample slab
within the pillar, and the crystallographic orientation of the
TEM sample are schematically shown in Fig. 13(c). The foil
plane is approximately (2 11 0).

TEM and EBSD Characterization

Mg pillars show concentrated deformation near the top of
the pillar. Figure 13(a) and (b) show a micropillar before and
after compression. The red dashed box in (b) highlights the
region where TEM sample is extracted. TEM characterization
was carried out in the FEI Talos F200X TEM/STEM at 200 kV.
As reported in previous studies [25], the { 112 2} <1123 >

is an active slip system for c-axis compression in Mg
(Fig. 13(c)). Similar to what have been observed, dislocations
in this slip system are strongly bound to the basal plane. Since
the intersection of the slip plane and the sample foil plane lie
on basal planes, it is expected to see high density of long
dislocation segments in the TEM sample. Additional evidence

Fig. 12 (a) Background signal 40 . 500
without sample (blue line), Difference (b) 009" %,
force signal with sample (red '@ 400 |
line) and their difference (black 20 % 1200/s
line). (b) Stress-strain response = ';' 300
of Mg micropillars loaded at .§. 0 °
strain rates of 85/s and stress- © ; g 200 | N
strain curve for 1200/s for bulk e o . n / 85/
samples, taken from [24] N " \/ Q400 s
Background = :
-20 . 0 ¢
0 0.2 0.4 0.6 0.8 0 0.02 0.04 0.06 0.08
t [ms] True strain
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of the activation of the < a 4+ ¢ > dislocation under high strain
rate is from TEM images taken under different diffraction
conditions using the condition for invisibility, namely g ¢« b = 0,
where b is the Burgers vector and g lattice plane selected for
imaging. As shown in Fig. 13(d) and (e), dislocations are visible
under (0001) reflection condition, but invisible under (01 1 0)
reflection condition.

TEM images revealed that there are band-like structures
extending several micrometers in the sample, which may be
an indication of the presence of twinning or crystal rotation
(Fig. 14). Therefore, it is of interest to perform EBSD on the
sample to obtain a map of the crystalline orientation.

EBSD was carried out on the same sample for TEM
analysis. Most of the area was mapped, but some small
regions yielded no crystallographic orientation results,
likely due to excessive lattice distortion. The pixel size
used during mapping was set to 80 nm by 80 nm, with
any grain smaller than this dimension not indexed. A
detailed crystallographic picture is presented in Fig. 14(a),
where the individual grains are shown by different colors,
superimposed on its TEM image. Here a grain is defined
as a misorientation greater than 1 degree. There are
many small-angle boundaries near the band, while the
bulk remains single crystal with little misorientation.
Interestingly, the regions not indexed overlap with
observed band in the TEM images. The EBSD result
shows some spots in the crystal have undergone large
rotation relative to the matrix.

(b)

Fig.13 A Mg pillar (a) before and (b) after compression. The red
dash box in (b) highlights the place where the TEM sample is taken.
(¢) A schematic showing the hexagonal prism of the crystal, the
plane of the TEM sample which is {2 11](\)4?, and the

Orientation Mapping for the Deformed Sample
with Nanometer Size Electron Beam

EBSD provides plentiful information on grain structures, but
its spatial resolution struggles in regions where large distortion
of the crystal occur, such as the unindexed region on the EBSD
map. An alternative is provided by a nano orientation mapping
technique, which is carried out using the TOPSPIN system
developed by NanoMEGAS, USA. It is a digital STEM, Beam
Precession and Analytical Experimental Framework offering
a suite of beam precession-enabled imaging and advanced
analytical experiments. The orientation determination is based
on nanobeam diffraction patterns, which is similar to the
EBSD technique but with a much smaller bean size (down
to 1 nm). The system is installed in a JEOL ARM 200F
TEM, operated at 200 kV. Due to the limitations coming
from the total acquisition time and the scanning area, the
step size is set at 10 nm to achieve a balance between
resolution and scanning area. The precession angle is 0.4
degrees. The acquisition time per diffraction pattern is only
0.01 s, enabling a scan covering a region of 2 um by 2 um
with 40000 pixels to be finished in less than 7 minutes.
Figure 14(b) shows the TEM image of the region, which
is selected for nanobeam orientation mapping. Previously
EBSD was used to map the orientation of a large area on
the sample, but it was not capable of capturing details
significantly smaller than the bean size. We are interested
in the relative orientations of the crystal across the bend

{11 5 2} <ﬁ 23 > slip system. The inset shows the diffraction pat-
tern taken at near the sample plane normal. The dislocations are visi-
ble for (d) 0001 reflection, but invisible for (e) 01 1 O reflection. Scale
bar: 200 nm
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Fig. 14 (a) Grain distribution in the deformed pillar. Scale bar: 1 pm.
(b) A region, highlighted in (a) where EBSD struggles to resolve
crystallographic information, was selected for nano orientation map-
ping. (¢) The sample reference frame (green) and the general crystal

contour and the deduced microstructure type and critical
dimensions.

Three Euler angles are used to describe the orientation
of each pixel. The green coordinate system attached to the
sample in Fig. 14(c) shows the sample reference frame,
which is applied to each pixels in the sample. The x, y and z
axes point leftward, upward and out-of-plane, respectively.
The HCP unit cell is related to the sample by x-convention,
in which the x-axis is aligned with the [2 11 0] direction
in the crystal, schematically shown in the red coordinate
system attached to the crystal in Fig. 14(c). The Euler angles
are defined with respect to Bunge convention (zxz rotation).

It is valuable to use the general crystal orientation as a
benchmark and compare it with the actual orientation of
each pixel. For example, in the rotated frame attached to the
crystal, the z’ axis is approximately in alignment with the y
axis of the sample reference frame, as shown in Fig. 14(b).
An angle, 9;;, which is defined as the angle between the
projection of z’ on the x-y plane and the y axis, can be used to
describe by how much the z’ axis deviates from its ““standard”
direction, which is along y axis in this case. If 6% = 0, z’ axis
is perfectly aligned with y axis at a given pixel. The value
of ny at each pixel is plotted in Fig. 14(d). It can be clearly
seen that the sample is divided into three regions, marked by
different deviation angles of the z’ axis. Figure 14(e) shows
the deviation angle as a function of position along two dashed
lines highlighted in Fig. 14(d). The blue curve shows a more
discrete distribution of the rotation, marked by two steep jumps
in rotation angle, while the red curve indicates that the
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orientation (red). (d) 0f('y at each pixel over the scan area. The devia-
tion of the z’ axis from the y axis varies from 2 degrees to 16 degrees.
(e) The distribution of ch’y along two dashed lines in (d) are plotted as
a function of distance (measured from top to bottom)

rotation of the crystal along the red dashed line is more
gradual.

Concluding Remarks

This paper presents an experimental approach for
high strain rate mechanical testing and characterization
on micrometer-scale specimens. From sample preparation
to the in situ SEM testing module, the experimental
procedure is standardized and can be readily applied to a
wide range of materials, from solid to architected lattices,
from crystalline to amorphous. Postmorten electron
microscopy characterization of microstructure and defects,
here reported using electron microscopy, proved to be a
powerful tool for revealing deformation mechanisms and
helped build a connection between mechanical behavior and
underlying microstructural evolution.

As a part of this effort, several sample preparation methods,
modifications to the measurement system, and experimental
best practices were identified. Two complementary sample
preparation techniques using either femtosecond laser
machining or chemical etching were identified. These
methods should facilitate higher throughput of specimens,
essential to obtaining statistic insight, which is rare in micro-
and nano-scale mechanical investigations. Requirements
for the data acquisition electronics were identified, and the
advantages of selecting high frequency signal generators
and oscilloscopes demonstrated. Further efforts should be
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dedicated to the improvement of displacement and load
sensors in the mechanical setup, to extend the range
of measurable strain rates. Finally, a method to correct
for misalignment of the punch and micropillar was presented.
The approach ensures a well-defined single axis loading
and avoids unintended effects on the mechanical behavior or
recorded signals, reducing data reduction complexity.

While this experimental procedure was applied to single
crystal metals, its applicability to the study of many other
material types, such as high entropy alloy and glasses is
easily inferred. Indeed, they share common features in sample
preparation, testing, and characterization techniques.
Furthermore, the setup for high strain rate in situ SEM
compression testing can be applied in the investigation of the
dynamic behavior of metamaterials, such as lattices and origami-
architected structures, at the microscale. So far, the mechanical
behaviors of these structures was only probed at quasi-static
strain rates, while their bulk counterparts are known to possess
interesting properties at higher strain rates. Finally, the selected
dimensions of the micropillars makes the samples amenable to
more detailed post-mortem characterization. In the future, other
characterization techniques, such as three-dimensional x-ray
microscopy [26], will be explored when a non-destructive and
three dimensional characterization is desirable.
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