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ABSTRACT

Microscale dynamic testing is vital to the understanding of material behavior at application relevant
strain rates. However, despite two decades of intense micromechanics research, the testing of microscale
metals has been largely limited to quasi-static strain rates. Here we report the dynamic compression test-
ing of pristine 3D printed copper micropillars at strain rates from ~ 0.001 s~! to ~ 500 s~'. It was iden-
tified that microcrystalline copper micropillars deform in a single-shear like manner exhibiting a weak
strain rate dependence at all strain rates. Ultrafine grained (UFG) copper micropillars, however, deform
homogenously via barreling and show strong rate-dependence and small activation volumes at strain
rates up to ~ 0.1 s~!, suggesting dislocation nucleation as the deformation mechanism. At higher strain
rates, yield stress saturates remarkably, resulting in a decrease of strain rate sensitivity by two orders of
magnitude and a four-fold increase in activation volume, implying a transition in deformation mechanism

to collective dislocation nucleation.

© 2022 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The recent push towards novel miniaturized applications (e.g.,
small scale sensors, actuators, printed circuit elements etc.) has re-
sulted in the pursuit of new technologies capable of manufacturing
damage-free, device-grade microarchitectures. For example, a re-
cent combination of laser exposure and chemical etching was used
to produce glass microparts and two photon lithography was ap-
plied for polymer microprinting with nanoscale resolution [1,2]. In
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case of metals, unfortunately, the typical additive manufacturing-
based 3D printing methods such as selective laser sintering, di-
rect/laser metal deposition and metal powder bed fusion lack the
resolution to fabricate micron-to-meso scale complex metal sam-
ples [3-6]. A common problem with 3D printing in general is that
due to the sequential printing of components each sample has po-
tentially a different microstructure and distribution of manufactur-
ing flaws. This requires usually a statistically significant number of
samples to be analyzed to gain an in-depth understanding of the
process. Furthermore, most micromechanical testing studies rely
on samples prepared using laser, ion beam, reactive ion etching etc.
leading to a damaged surface layer that influences the deformation
behavior [7,8]. Recent reviews highlight the few techniques that
are available for manufacturing small-scale metal samples, includ-
ing traditional FIB milling, template-based electrodeposition and a
few recent additive micromanufacturing techniques [9,10].

The template assisted electrodeposition (TAE) fabrication
method is a two-step process that involves fabricating a poly-
mer/anodic aluminium oxide (AAO) negative mold with holes of
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the microarchitectures and subsequent electroplating into small-
scale orifices and stripping of the mold. Recently, Schiirch et al.
showed that this method could be successfully used on arrays of
nanocrystalline micropillars and microsprings [11]. Though it is a
unique method of metal microarchitecture manufacturing, it is a
multi-step process of high complexity that severely limits the de-
sign freedom [12].

Additive micromanufacturing (pnAM) typically involves delivery
of metals using a hollow microcantilever (lithography made silicon
or stretched glass micropipette), with a shape similar to an atomic
force microscopy (AFM) tip, with a nanoscale aperture. Further,
there are two broad classifications in the techniques available for
the out-of-plane growth of these metal microvoxels, namely the (i)
two-step colloidal ink direct writing method that involves a ther-
mal annealing step after writing and (ii) electrochemical methods
that use electrochemical reduction of metal ions for direct metal
writing. Electrochemical methods, such as meniscus confined elec-
trodeposition, in-liquid electrodeposition and electrohydrodynamic
redox printing, are preferred, as they provide dense and crystalline
metal microarchitectures directly, without any post-print process-
ing. There are a few recent studies on using these technologies to
create simple, metal microarchitectures such as micropillars with
sample dimensions ranging from ~1 pm to ~10 um [13,14]. Specif-
ically, Daryadel et al have used a meniscus-confined pulsed elec-
trodeposition method to create nanotwinned copper micropillars
of ~700 nm diameter [15,16]. Similarly, Raiser et al. have reported
the fabrication of sub-micron scale (~400 nm diameter) multi-
metal pillars using electrohydrodynamic redox printing [17]. In ad-
dition, it should be noted that several of these studies report metal
structures with rough sidewalls and non-flat tops, which are non-
ideal for mechanical characterization.

A core reason to develop pAM is the envisioned use of the
fabricated microscale parts in real-life applications. In such ap-
plications, the microscale parts are expected to withstand a va-
riety of stress-strains, including vibrations, drops, thermal expan-
sions, external impacts, and penetrations. These requirements de-
mand an extensive exploration of rate-dependent, micromechani-
cal properties from quasi-static strain rates, up to ~1000 s~! (to
simulate impacts) on these small parts [18,19]. As such, mechan-
ical properties of metals with different microstructures and de-
fect structures such as ultrafine grain, coarse grain, nanotwinned
and nanocrystalline have been of considerable interest over the
last few decades [20]. Surely, in the macroscale mechanics commu-
nity there is a plethora of information available on the quasi-static
and high strain rate properties of microstructure-dependent me-
chanical properties of metals [21]. Meanwhile, the micromechani-
cal properties of metals (characteristic dimension <10 pm) that are
typically ascertained using micropillar compression or microtensile
tests have been limited to quasi-static strain rates [22]. Therefore,
the experimental quantification of the mechanical properties of
metals at the microscale remain largely unexplored at strain rates
above 0.1 s~! [18,23-25]. Recently, the authors of this study re-
ported the micromechanical properties of fused silica, bulk metallic
glass and polymer micropillars at strain rates up to 1000 s~! using
a piezo-based testing platform [19,26]. There are also a small num-
ber of other recent key studies on epoxy [27], single crystal copper
[28] and magnesium micropillars [29] conducted at strain rates up
to 100 s—! and nanoindentation of coarse-grained aluminium and
nanocrystalline nickel performed at indentation strain rates up to
100 s~1 [30].

The mechanical properties of copper with a variety of
microstructure (microcrystalline (MC), ultra-fine grained (UFG),
nanocrystalline and nanotwinned) have been studied extensively
in the literature [18,19] at both macro- and microscale [31-33]. In
this study, we specifically focus on the mechanical properties of
UFG and MC copper. Several macroscale mechanical studies have
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reported both the quasi-static and dynamic properties of UFG and
MC copper across several orders of strain rate magnitude from
0.0001 s=! to 3000 s~! [31]. In general, all these macroscopic
studies report a low strain rate sensitivity upto a strain rate of
1000 s~! and a sudden increase of strain rate sensitivity at even
higher strain rates owing to dislocation drag in copper [21,34]. But
a critical point to note in these studies is that the experiments
are typically conducted only between strain rates of 0.001 s~!
till 0.1 s~! (through the application of universal testing systems)
and at strain rates of 1000 s~! and higher (using Kolsky bars and
split-Hopkinson pressure bars). Meaning there is usually a gap in
strain rates between 0.1 s~! and 1000 s~! where no experimen-
tal data is available [21,35]. This is owing to the lack of instru-
mentation available to explore these strain rates, though a few
servo-hydraulic systems have been designed to address this is-
sue [36,37]. As such, the mechanical properties of UFG and MC
copper have not been established conclusively in this intermedi-
ate strain rate regime. In addition, due to the lack of consistency
in microstructure/density across large macroscale samples, sensi-
tive transitions in strain rate sensitivity can be missed [26,38].
To this effect, we chose micropillar-based compression testing
with consistent local microstructure to investigate the mechanical
properties of UFG and MC copper across a wide range of strain
rates.

We report here the additive micromanufacturing of copper mi-
cropillars and a thorough investigation of their microstructural and
mechanical properties as a function of application-relevant strain
rates. Samples were fabricated with a pAM technique that uses lo-
calized electroplating and in situ voxel completion detection [39].
The copper micropillars were fabricated with a cylindrical dog-
bone geometry with flat tops, making them ideal test beds for
mechanical characterization [40]. Subsequently, using a recently
developed piezo-based micromechanical testing platform (Alemnis
AG), the rate- and microstructure- dependent compressive proper-
ties of these copper micropillars were identified across five orders
of magnitude in strain rate from ~0.001 s—! to ~500 s~1,

2. Material and methods
2.1. 3D printing of copper micropillars

Metal microarchitectures reported in this study were made by
BAM via a localized force-controlled electroplating technique us-
ing the CERES system (Exaddon AG, Switzerland). As shown by the
schematics in Fig. 1, a hollow silicon nitride AFM tip is immersed
in a standard three-cell electrochemical cell and the precursor cop-
per ions are fed through the tip. The local ion supply confines the
electrochemical reduction to the desired surface area of the work-
ing electrode. Initially, the tip is kept at a chosen distance (termed
the voxel height) from the substrate, locally plating the metal. The
metal deposition proceeds, until the metal deposit reaches the tip.
The deposit interacts with the tip and slightly bends the cantilever
up. An optical beam deflection system measures this deflection. As
soon as a preset deflection threshold is reached (typically in the
order of 1 nm), the voxel is considered complete, and the tip is
moved to the next voxel coordinate. There is no post-processing
done and the process is performed at room temperature. A de-
tailed description of pAM and its advantages over other techniques
is given elsewhere [41]. The air pressure that is used to expel the
copper ion solution from the tip is variable and was used to con-
trol the lateral voxel size [40]. For the dogbone micropillars in this
study, a tip with a 300-nm-diameter opening (lontip, Exaddon AG,
Switzerland) was used at a pressure range of 50 mbar to 200 mbar.
Each dogbone is built up out of 104 voxels and the mean printing
time of a pillar was 61 4+ 1 s over the whole 10 x 10 array.
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Fig. 1. (a) pAM of metal micropillars using the localized and force-controlled electroplating technique in three-electrode cell configuration. A copper voxel grows underneath
a suspended tip that expels copper ions. Voxel completion leads to a tip-voxel interaction that is registered by an optical beam detection system. (Abbreviations: WE -
working electrode; RE - reference electrode; CE - counter electrode). (b) 3D sketch of the printing process. Inset shows the resulting micropillar.

The copper micropillar array was fabricated with a spacing be-
tween the micropillars ideal for mechanical testing. In addition,
the dogbone shape of the micropillars was chosen to avoid errors
in the mechanical tests due to the rounding of the micropillars
in the top, as shown in previous literature [10]. The levelled top
makes the pillars ideally suitable for compression testing with a
diamond flat-punch [11]. Supplementary Fig. S1 clearly show the
advantages of using pAM, such as the well-defined shape and di-
mensions of the micropillars along with their reproducibility over a
100-pillar array. In addition, elemental analysis was conducted us-
ing energy-dispersive X-ray spectroscopy (EDS) mapping on a cop-
per micropillar. The analysis confirms that the pillars have no addi-
tives/impurities and have no inhomogeneity in the distribution of
chemical elements, like boundary segregation of elements (Supple-
mentary Fig. S2).

The chemical composition used for this study consists of two
solutions. The first is the conductive liquid that is present in the
three-electrode cell as shown in Fig. 1. The conductive liquid is a
54 mM solution of sulfuric acid with 0.5 mM hydrochloric acid.
The bath volume is about 40 ml. The printing electrolyte is 0.5 M
copper sulphate solution in a 51 mM sulfuric acid solution with
0.48 mM of hydrochloric acid. The printing electrolyte is inserted
into a small reservoir present in the consumable holder of the tip.
The total volume of electrolyte in the reservoir is 1 pl. The flow
of electrolyte through the tip during printing is estimated to be
2-201ls1.

2.2. Micromechanical testing

The micropillar compression was conducted using an in situ mi-
cromechanical testing system (Alemnis AG, Switzerland) inside a
Zeiss DSM 962 SEM. The system uses a piezostack-based actua-
tor that can be moved with a maximum speed of ~ 8 mm-s~!.
For the quasi-static studies (strain rate < 0.1 s—1), a typical strain
gage-based load cell was used to capture the forces. At higher
strain rates, a piezoelectric load cell with a much higher stiffness
(kysgr ~ 2.5 x 107 N-m~!) was used instead of the strain gage-
based load cell (kg ~2 x 10° N-m~!) to avoid ringing artifacts
during high-speed movements. High fidelity load and displacement
signals were captured using a support hardware, capable of a sam-
pling rate of 1 MHz. A more detailed description of the testing sys-
tem is mentioned in Ref. [26].

2.3. EBSD-based microstructural analysis of copper micropillars

To investigate the initial microstructure prior to deformation,
two samples were isolated from the Si substrate by the lift-out
process (Fig. 2a, b). For the process, a Tescan Vela Ga* focused ion
beam (FIB) SEM was used. The SEM was equipped with an Orsay
Physics Pt gas injection system. The full process is shown in Sup-
plementary Fig. S14. First, a platinum cap was deposited on top of
each pillar to reduce damage from consecutive FIB imaging. Then
a trench around the pillar was milled, while the substrate material
redeposited around the sample. This redeposition created a second
protective layer that conserved well the inner structure for further
measurements. After the needle of an Omniprobe nanomanipula-
tor was attached to the sample, the final FIB cut was made, and
the pillars were attached to the side of a TEM sample holder by Pt
deposition.

Afterwards, the samples were measured in a Tescan Lyra3 FIB-
SEM that was equipped with an Oxford Instruments Symmetry
EBSD camera. In this system the vacuum chamber is specially de-
signed to allow FIB milling and EBSD measurement without mov-
ing the sample [42]. This static setup allowed us to carefully mon-
itor the progress of the FIB cross sectioning with a 30 kV, 0.6 nA
rough beam and prepare multiple parallel FIB cuts to study several
cross sections of the same sample. Before the final cut, the current
was reduced to 65 pA and the subsequent EBSD measurement was
performed with a 20 kV, 7 nA electron beam. The mapping step
size was 30 — 40 nm, while diffraction patterns were recorded with
a 2 x 2 binning. Data analysis was performed with HKL Tango and
Mambo (v.5.12).

HR-EBSD evaluation was conducted on the deformed samples
to estimate stress localization along the pillars. HR-EBSD utilizes a
cross-correlation-based image analysis on the collected diffraction
patterns [43]. For o33 a traction-free boundary condition was as-
sumed [44]. This simplification is justified by the small information
volume from which diffraction patterns originate. The depth of the
surface from where the electrons scatter and reach the EBSD de-
tector is in the order of 20-50 nm [45], therefore the stress tensor
components directed outwards of the surface plane must equal to
zero. In each grain a reference pattern was chosen based on the
lowest kernel average misorientation (KAM) value, which is associ-
ated with a lower stress level. Each pixel within the grains was re-
lated to these reference patterns, therefore the scales are relative.
For the HR-EBSD analysis, BLG Vantage CrossCourt v4 was used.
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Fig. 2. EBSD results measured on undeformed pillars with (a) MC and (b) UFG grain sizes and the corresponding deformed cases at a strain rate of 0.1 s=! shown in (d) and
(e) with similar microstructure. Grayscale plots present band contrast (BC) values highlighting the grain structure, while colored lines mark the detected grain boundaries
(GB); red: X3 twin, blue: X9 twin, azure: HAGB (> 10°), yellow: LAGB (1° - 10°). Yellow rectangle surrounds the gage section used for statistical analysis. Inverse pole
figure (IPF) color maps show the corresponding orientation, while the inset IPF triangles plot the orientation of the grains only in the gage section. (¢) and (f) plot the
relative frequencies (provided in terms of percentage of total grain number within a specified size interval) of detected grain diameters in the gage sections of the pillars.
The minimum area was set to 10 pixels and the grain distinction threshold was defined as 10° misorientation. The histogram class width is 0.05 pm. Secondary electron
images (SEI) show topological features on the surface of the pillars. Scale bar corresponds to 2 pm.

As this technique requires a high-quality reference diffraction pat-
tern from each grain, areas with low image quality were removed
from the evaluation. Because of this, only the sample with the
biggest grains was studied this way. Note that if a reference pat-
tern with the lowest KAM value is not related to the minimal stress
state, all stress values in that grain will appear abnormally high (as
demonstrated in Fig. 4 on one grain in the top left corner).

2.4. EDS-based chemical analysis of copper micropillars

EDS characterization was performed on Sample 1 (Fig. 2a) us-
ing an Oxford Instruments Ultim Max 65 detector with a 20 kV
electron beam. The identified chemical maps are shown in Sup-
plementary Fig. S2. The micropillar itself has a homogeneous Cu
distribution, only a slight curtaining effect from FIB milling is visi-
ble in the Cu Ko map. Due to the lift-out procedure, Ga, Pt and Si
from the substrate was deposited around the pure copper pillar. C
is only present on the surface of the sample, which possibly origi-
nated from the precursor gas for Pt deposition prior to FIB milling,
as its distribution is consistent with the Pt M map. The presence
of O was estimated to be less than 0.2 wt% inside the pillar, which
is close to the detection limit for this technique. The presence of
Cl or S was not detected in the manufactured samples, that could
have originated from the bath. It is noted that EDS at this scale is
not suitable to address boundary segregation issues, and the tech-
nique was only applied to get a larger scale overview and to sup-
port the homogeneous nature of the samples.

2.5. TKD and TEM-based microstructure characterization

TKD and TEM measurements were taken on deformed micropil-
lars, after typical lamella thinning was carried out using sequential
FIB polishing starting from 30 kV 0.9 nA decreasing to the final

5 kV 70 pA milling. TKD analysis was performed using 30 kV 16 nA
electron beam in a Tescan Lyra3 SEM. Higher resolution imaging
was performed on a transmission electron microscope (JEM 2200fs,
JEOL, Japan) at 200 kV operated in both projection (TEM) and scan-
ning probe (STEM) modes.

2.6. FEM-based analysis

A FEM-based thermal analysis was conducted by COMSOL Mul-
tiphysics software 5.5 to understand the extent of adiabatic heat-
ing in the micropillars based on the power input during a high
strain rate test. The modelling was set up on a circular Cu pillar
on a Si substrate. The plastic dissipation was modelled as volumet-
ric heat source in the pillar’s gage section (257756.6 M] - m~3 .s~1)
[46] with a duration of 1 ms (similar to the experiment). Bound-
aries in the half space below were modelled as constant temper-
ature boundaries, where the radius was 5 times larger than the
pillar’s base radius. Free boundaries were modelled as insulating
boundaries with no radiation. The top boundary (in contact with
the indenter) was modelled as either insulating boundary (upper
bound) or constant temperature boundary (lover bound). Further
discussion on the simulation can be found in Supplementary Sec-
tion SS6.

In order to see the effect of the dogbone shape on the elas-
tic stress distribution and deformation behaviour of the micropil-
lars, an axisymmetric simulation was prepared using the actual di-
mensions of the samples. The elastic moduli were set to Eq, = 110
GPa, E5; = 170 GPa, and Poisson’s ratios of vg, = 0.35 and vg; = 0.28
were selected from COMSOL'’s standard materials’ library. The ge-
ometry was meshed with 11,223 domain elements and 512 bound-
ary elements. Boundaries were fixed at the bottom and on the side
of the Si block, while a displacement of 50 nm was imposed at the
top of the pillar. Other boundaries were defined as free boundaries.
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Fig. 3. Representative stress-strain curves of copper micropillars with (a) MC and (b) UFG microstructure with insets of SEM images of copper micropillars before and after
deformation (scale bars: 2 pm). (c) Extracted yield stress values of copper micropillars as a function of strain rate. The deformation mechanisms postulated for the MC and
UFG cases at different strain rate regimes are schematically represented. Insets: Schematic of the hypothesized rate and grain-size dependent deformation mechanisms in

copper micropillars.

Filet radius was determined as 2.46 wm shown in Supplementary
Fig. 15.

3. Results and discussion

3.1. Rate-dependent compressive properties of copper micropillar up
to 500 s~!

An array of pristine copper micropillars was 3D printed using
the pAM technique (Fig. 1). The microstructural and chemical anal-
yses on these copper micropillars were conducted using EBSD and
EDS, respectively. For the EBSD (Fig. 2) and EDS experiments (Sup-
plementary Fig. S2), pillars were lifted out using focused ion beam
(FIB)-based milling and placed on a TEM holder (Supplementary
Fig. S14). Longitudinal cross sections were then cut approximately
along the middle of the pillars, and measurements were conducted
to characterize the grain boundaries and sizes. Two distinct mi-
crostructures were identified in the gage section, namely the mi-
crocrystalline (MC, Sample 1, Fig. 2a) and the ultrafine grained
(UFG, Sample 2, Fig. 2b) type. The MC pillar is dominated by
twin boundaries, while the UFG case mainly has high angle grain
boundaries (HAGBs) throughout the gage section (Supplementary
Table ST1). Grain size histograms in Fig. 2¢ reveal that the UFG mi-
cropillar has a smaller average grain size (~170 nm) in the gage
section than the MC pillar (with average grain size ~410 nm in di-
ameter). It should be noted that the difference in microstructure
(MC and UFG) is due to statistical variations in the neighboring
polycrystalline environment during the localized electrodeposition-
based 3D printing of micropillars (Supplementary Section SS1: Mi-
crostructure variations).

The copper micropillars were then compressed inside an SEM
at a wide variety of strain rates from ~0.001 s—! to ~500 s~!. The
EBSD-based microstructural analysis of the micropillars deformed
at 0.1 s~! strain rate are shown in Fig. 2d, e and f. The MC and
UFG deformed specimens (Fig. 2d and e), respectively) show sim-
ilar grain boundary and size characteristics to their non-deformed
equivalents. Furthermore, before and after deformation no prefer-
ential texture could be identified in the UFG samples (Supplemen-
tary Fig. S3).

The representative stress-strain curves of the copper micropil-
lars compressed at different strain rates are summarized in Fig. 3.
As expected, the microstructure, MC or UFG, has a strong influence
on the rate-dependent compressive properties of copper micropil-
lars. (Fig. 3a and 3 b).

The MC copper micropillars deform in a single shear-like man-
ner, as seen from the SEM image of the deformed pillar in the in-

set of Fig. 3a: reminiscent of deformation in single-crystal metal
micropillars (Supplementary Video V1 and V3 - MC pillars com-
pressed at strain rates 0.1 s~! and 500 s-!) [47]. It is noted
that typical micromechanical studies have been conducted on both
electrodeposited and FIB-made metal micropillars, with a variety of
microstructures including single crystalline [48], organized twins
[49] and nanocrystalline [50]. However, pristine FIB-damage free
MC metal micropillars with only a few grains across the diam-
eter, according to our knowledge, have neither been previously
fabricated nor mechanically characterized [7,51]. In addition, by
conducting rate-dependent micropillar compression tests up to a
strain rate of ~500 s~!, we observed that the MC micropillars
show a weak strain rate dependency (Fig. 3a). Furthermore, dur-
ing plastic deformation the MC micropillar keeps slipping on the
same plane until large surface steps appear and only part of the
micropillar top remains attached to the bottom half. In the stress-
strain curves shown in Fig. 3a and Supplementary Fig. S6, this loss
in contact area during plastic deformation manifests itself as soft-
ening at large strains above ~20%, which is especially prominent
at lower strain rates.

On the other extreme, UFG copper micropillars deform in a co-
herent barreling manner, as representatively shown in the inset
of Fig. 3b, at all strain rates (Supplementary Videos V2 and V4 -
UFG pillars compressed at strain rates 0.1 s=! and 500 s~!). The
barreling deformation mode is typical of UFG and nanocrystalline
metals and has been reported previously in literature [52]. From
the rate-dependent stress-strain signatures of UFG copper from
~0.001 s! to ~500 s~! (Fig. 2b), we identified that this material
shows strong rate-dependency at lower strain rates up to ~0.1 s~!
and gets progressively weaker at higher strain rates. In addition,
the stress-strain curves exhibit a gradual transition from elastic-to-
plastic regime, an indicative sign of inhomogeneous stress distribu-
tion in UFG metals due to the microstructural heterogeneity [53].
Similar, grain size dependent deformation behavior in micropillars
have been previously identified in copper, tantalum and platinum
[13,31,54].

It should be noted that a few samples with intermediate grain
size were also identified, resulting in a mixed mode of compres-
sive behavior combining both the characteristics of shear-like and
barreling deformation modes (Supplementary Section SS2: Figs.
S4 and S5, Supplementary Table ST2 and Supplementary Video
V5). Due to such ambiguous nature of mixed mode deforma-
tion, the current study focuses on pillars that exhibit single-shear
like and barreling deformation ie., with pure MC and UFG mi-
crostructure. The differentiation between the three distinct cases
of deformation, single-shear like, barreling and mixed mode, is



R. Ramachandramoorthy, S. Kaldcska, G. Poras et al.

Applied Materials Today 27 (2022) 101415

10 von Mises 20

8

6

4

2 _ E
0 & 0S8
-2 8 =
4 b e
-6

-8

-10 0

Fig. 4. Stress tensor elements by HR-EBSD analysis of the deformed MC copper micropillars, revealing high residual stresses in the sheared large grains.

based on the HRSEM inspection of the shape of the deformed
pillars.

To confirm the trends of rate-sensitivity quantitatively, the
strain rate sensitivity factor m was calculated using the extracted
yield strength (o) at 2% offset strain at different strain rates (&)
based on Eq. (1) below:

dIlno

M= e M)

The yield stress as a function of strain rate is shown in Fig. 3¢
(Table ST3: comprehensive extracted yield data set). The criterion
of 2% offset strain was chosen, instead of the classical 0.2% off-
set strain, in order to systematically avoid errors in yield determi-
nation arising from microplasticity in polycrystals due to hetero-
geneous deformation [55]. The MC copper pillars exhibit a rela-
tively low m value of 0.021 4+0.008 and the rate sensitivity does
not change across all studied strain rates. On the other hand, UFG
copper micropillars show a higher m value of 0.059 4+ 0.006 com-
pared to the MC copper micropillars, up to a strain rate of ~0.1 s~1.
Similarly, a previous macroscopic study by Mao et al. [56] showed
that the strain rate sensitivity of copper increases with decreasing
grain size (varied between 90 ym and 500 nm) and this effect is
more prominent at strain rates where the viscous drag is minimal
(below ~1000 s~1. Previously reported strain rate sensitivities for
UFG copper based on strain rates up to ~0.1 s~! vary significantly
depending on the grain size and the type of grain boundaries from
0.02 to 0.06 [57]. The m value obtained in this study for the UFG
copper micropillars up to ~0.1 s~! strain rate indeed fall within
this range. Traditional strain rate jump tests on the micropillars
further confirmed these results (Supplementary Section SS3). At
higher strain rates, the UFG copper micropillars exhibit a remark-
able yield stress saturation and the strain rate sensitivity decreases
by an order of magnitude to 0.0027 + 0.002. Such rate-dependent
yield stress saturation has not been observed before in UFG copper
micropillars due to the limited range of strain rates (<0.1 s=1) in
previous studies [58].

3.2. Atomistic mechanisms responsible for the rate-dependent
mechanical properties

To understand the deformation mechanisms responsible for
the mechanical behavior of our copper micropillars, thorough mi-
crostructural analysis was carried out on the cross-sections of the
deformed pillars (Fig. 2d-f). Regardless of the microstructural type
(MC or UFG), there are no statistical differences in the size of
grains before and after deformation at a strain rate of ~0.1 s~!
(Fig. 2f, Table 1 and Supplementary Table ST3). For a larger statisti-
cal dataset and to study the same pillar at different cross-sections,
multiple FIB slices were prepared ~200 nm apart on a few de-
formed pillars (Supplementary Table ST4 and Dataset D1 contains
the complete statistical summary of the EBSD analysis).

An important point to note regarding the copper micropillars
is the external pillar dimension-to-average internal grain size ra-
tio (n). For the MC micropillars, 1 is approximately estimated to
vary from 1 to 5 and for the UFG micropillars n is ~ 10 — 12. It has
been shown previously that n can significantly affect the mechan-
ical properties of micro and nanocrystalline materials.

3.2.1. MC copper micropillars

HR-EBSD analysis on the deformed MC copper pillar showed
that the highest elastic stress concentration in both normal and
shear o tensor components was in fact detected in the gage sec-
tion, close to where the surface shear had occurred (Fig. 4). Hence,
the single-shear like deformation was localized to a couple of
grains where yielding occurred (also visible in the von Mises stress
plot). For the HR-EBSD evaluation, the o33 component was as-
sumed to be zero because of the presence of free surface. It is im-
portant to note that the stress values presented in Fig. 4 are only
relative due to the lack of stress-free reference patterns, therefore
only relative stress-gradients can be identified using this method.
To demonstrate the effect of inappropriate reference allocation, one
grain in the upper left corner has been intentionally evaluated us-
ing a non-ideal reference, exhibiting high stress values specific to
that grain.

From the EBSD data presented (Table 1), the relative frequen-
cies of LAGB and HAGB in the gage section of the deformed pillar
are significantly different compared to the undeformed case with
similar microcrystalline grain size (Supplementary Table ST1). In-
creased LAGB presence in the deformed sample (almost 50%) is
due to the shear-like deformation that created geometrically neces-
sary dislocation (GND) pileups. These GNDs can be detected with
the HR-EBSD technique that confirms their increased presence in
the deformed pillar with microcrystalline grains (Supplementary
Fig. S8).

Apparent activation volume along with the strain rate sensitiv-
ity factor are considered as effective kinetic signatures of defor-
mation mechanisms [59]. Thus, we calculated the apparent acti-
vation volume (£2) using Eq. (2) at the point of yield, where it is
assumed that the microstructure of the MC copper micropillars is
similar between tests conducted from strain rates of ~0.001 s~! to
~500 s~ 1,

dlné
do (2)

where kg is the Boltzmann constant and T is the temperature. As-
suming that the Burgers vector b for a perfect dislocation in cop-
per is 0.255 nm, we calculated an activation volume of 5.55 +2.83
b3. Such small activation volumes in the range of 1— 10 b3 in MC
copper micropillars suggest that the deformation is controlled by
dislocation nucleation. It is hypothesized that a heterogeneous dis-
location nucleation event occurs at yield from the free surface of

Q= \/§’(BT
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Summary of microstructural parameters extracted from the EBSD analysis of the gage section in copper micropillars de-
formed at 0.1 s—' strain rate. Low angle grain boundaries (LAGB) are defined as: 1° - 10°, high angle grain boundaries

(HAGB) are set as: > 10°.

Deformed sample  Number of Min. grain ~ Max. grain ~ Special boundary  Relative EBSD
type grains diameter diameter percentages frequencies mapping
(Name) (area, [um?]) [um] [um] (top two type) of GBs step size [pm]
MC (Sample 3) 46 (6.5) 0.14 1.08 ¥3: 26.1% HAGB: 50.5%  0.04

¥9: 1.65% LAGB: 49.5%
UFG (Sample 4) 116 (4.4) 0.14 0.42 ¥3:13.2% HAGB: 89.9%  0.04

29: 2.31% LAGB: 10.1%

the copper micropillar, most probably at the coherent twin bound-
ary (CTB) interface of a large grain, which behaves like a single
crystal due to the relatively unconstrained boundaries. As men-
tioned before, given the low n of the MC pillars have 1 to 5
grains across the diameter, making them susceptible for free-side
surface-based deformation, as the fraction of grains at the sur-
face increases with decreasing 7 [13,60]. It has been shown previ-
ously via simulations that partial dislocations preferentially nucle-
ate at the intersection of the twin boundary and the face centered
cubic (FCC) nanowire surfaces [18,61]. Though other studies sug-
gest that such dislocation nucleation can occur via free surfaces
and has been identified FCC metal nanowire simulations [23,62].
For example in penta-twinned, bicrystalline and single-crystalline
FCC nanowires it has been shown that the deformation is initi-
ated via a partial dislocation nucleation from the free surfaces or
vertices of the nanowire [63-66]. Therefore, further micromechan-
ical experiments with very high time and spatial resolution are
necessary to experimentally confirm the origin of dislocation nu-
cleation. Though the yield stresses obtained for MC copper mi-
cropillars are high (~0.4 GPa), homogeneous dislocation nucleation
could be discounted as a possible deformation mechanism, as even
higher stress levels of 4 — 18 GPa depending on the crystal orienta-
tion are required for such a mechanism to operate in copper [67].

In a recent study by Niu et al [68], single crystalline cop-
per nanopillars with 100-800 nm diameter were compressed at
quasi-static strain rates of 0.001 s~!. The study reported the flow
stress at 3% strain to be between 200 and 600 MPa, scaling in-
versely with the pillar diameter. In comparison, in the current
study with 2 wm diameter MC copper micropillars, the yield stress
of ~400 MPa was obtained. The higher stress value is primar-
ily due to the Hall-Petch effect, owing to the ~410 nm diameter
grains characterized in the current MC pillars. In addition, the FIB
damage-free fabrication of the copper pillars presented in the cur-
rent survey could also enhance the strength of the micropillars.
It should also be noted that the reason no apparent stress drops
were detected in the stress-strain curves (in Fig. 3)) is mainly due
to the true-displacement control (enabled due to the intrinsically
high mechanical stiffness), offered by the in situ micromechanical
testing system employed in the present work.

3.2.2. UFG copper micropillars

UFG copper micropillars in the current study have an aver-
age grain size of ~170 nm and have a high percentage (~72.5%)
of HAGBs including ~19.5% texture-free CTBs. Such UFG micropil-
lars show a high strain rate sensitivity of 0.059 up to a strain
rate of ~0.1 s~1. Beyond ~0.1 s—!, due to the saturation in yield
stress, the strain rate sensitivity drops an order of magnitude to
0.0027, signifying a change in deformation mechanism. To under-
stand the rate-controlling mechanisms, the experimental data was
fitted to extract the activation volumes in the low strain rate (LSR)
regime from ~0.001 s~! to ~0.1 s, and the high strain rate (HSR)
regime from ~0.1 s=! to ~500 s~!. The activation volume in the
LSR regime was calculated as 7.99 + 0.83 b3, while it increases to

33 +24.8 b3 at the HSR regime. In the LSR regime, the low acti-
vation volume in the range of 1 — 10 b3 again points to individual
dislocation nucleation at yield. It has been shown in literature that
the preferred pathway for deformation in low stacking fault energy
metals such as UFG and nanocrystalline copper is typically a nu-
cleation of a partial dislocation from triple points [69]. Therefore,
it is hypothesized that dislocations nucleate from the HAGBs and
weakest triple points in the UFG copper micropillars during defor-
mation. We expect negligible contributions from other deformation
processes such grain boundary sliding/diffusive processes such as
Coble creep during deformation, as these mechanisms are typically
active only at strain rates less than 10~4 s~! and require a strain
rate sensitivity of ~1, which is much higher than what was iden-
tified for UFG copper in the current study [70,71]. In addition, the
activation volume corresponding to atomic diffusion in the bound-
ary is of the order of 1 b3, which is still smaller than the measured
activation volume for the present UFG copper [72]. Thus, we hy-
pothesize that dislocation-based plasticity is the controlling defor-
mation mechanism for the UFG copper tested here. It is important
to note that the FIB-less manufacture of UFG copper micropillars
used in this study is critical to ascertain their mechanical behav-
ior unambiguously, as previous studies have shown that both Ga*
and Xe™ ijon-based milling of UFG metal micropillars can signifi-
cantly influence their deformation behavior due to the formation
of surface defects such as dislocation loops or surface amorphiza-
tion [7,60,73].

In the HSR regime, the activation volume increases by ~4 times
compared to the LSR regime, which nominally means a larger
number of atoms was involved in the deformation event at yield
[74]. In addition, taking into account the high stress levels of
~1 GPa in the HSR regime, we hypothesize that the deforma-
tion process at yield possibly transitions to a simultaneous collec-
tive dislocation nucleation mechanism. The activation volume of
~ 33.0£24.8 b3 calculated at the HSR regime falls in the range
of 10 — 100 b3, which has been previously associated with collec-
tive dislocation dynamics process [18]. Khantha et al. [75] postu-
lated an alternative dislocation generation theory for crystal de-
formation, which states that instead of Frank-Read type source,
a cooperative nucleation of dislocation can operate at finite tem-
peratures, if the stress levels are high enough. Such a coopera-
tive dislocation mechanism has been previously used to explain
the large stress drops at yield during the tensile deformation of
pristine microscale copper whiskers [76]. This theory could be
adapted to explain the saturation of yield stress at high strain rates
(>0.1 s71) in our current study of UFG copper (see later in Fig. 6).
At HSR regime when the stress-levels are high enough (above
~0.95 GPa) the collective dislocation nucleation-based deforma-
tion mechanism could be favored over the individual dislocation
nucleation-based deformation at LSR regime. When such a high
stress is reached beyond a strain rate of ~0.1 s=!, we posit that
multiple triple points within the grain become equally susceptible
to dislocation nucleation. Also, in a previous experimental study
on single-crystalline and bicrystalline silver nanowires the authors
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Fig. 5. a) FEM-based thermal simulations showing negligible temperature increase in the copper pillars even at high strain rates of 500 s~!. b) FEM-based axisymmetric
simulations showing homogeneous von Mises stress distribution along the gage section of the specimen.

have experimentally shown that silver nanowires undergo a rate-
dependent brittle-to-ductile transition at a strain rate of ~ 0.1 —
273 s~1. This was attributed to a switch in deformation mechanism
from a localized failure due to dislocation nucleation from weakest
surface site, to a collective dislocation nucleation throughout the
nanowire at high strain rates, which resulted in interactions be-
tween the dislocations and increased the plastic strain to tensile
failure [23,77].

Furthermore, the collective nucleation mechanism explains
the significant increase in hardening modulus from ~1 GPa to
~2.75 GPa at strain rate of ~500 s~! (Supplementary Fig. S9) as
evident from the stress-strain signatures in Fig. 3b. Given that the
dislocation density is expected to be higher in the HSR regime,
the increase in hardening modulus is attributed to a combination
of interactions among the simultaneously nucleated multiple dis-
locations within the relatively large grains of ~170 nm in diam-
eter, and between the dislocations and HAGB/CTBs. It has been
previously established that CTBs are better suited for accumulat-
ing interfacial dislocations than GBs [78]. In addition, several stud-
ies on nanocrystalline metals with a grain size of ~20—40 nm
have shown that a smaller grain size prevents pile-up and dislo-
cation tangles, and hence hampers the material to strain harden,
even at high strain-rates [79]. Specifically, for copper it has been
previously established that the threshold grain size for dislocation
pile-ups and multiplications to occur within the grain is ~70 nm
[80]. Thus, the higher hardening modulus of UFG copper micropil-
lars at high strain rates could be attributed to their grain size of
~170 nm and high percentage of CTBs.

A FEM thermal analysis was conducted (Fig. 5a) to understand
the extent of adiabatic heating in the micropillars based on the
power input during a high strain rate test. Only a negligible tem-
perature increase of ~0.01 K was identified in the micropillar,
even when assuming an ideal insulative boundary between the in-
denter tip and the pillar top. This allowed us to exclude dynamic
recrystallization due to adiabatic heating in the UFG copper mi-
cropillars within the short testing times of the high strain rate
test at ~500 s~1. In a similar study, Thevamaran et al. showed
that impact testing of single crystal silver nanocubes at ultra-high
strain rates of ~ 108 s~! result in the creation of nanocrystalline
grains with high elastic strains [81], which further coarsen over
time (~44 days) to microcrystalline grains due to continuous static
recrystallization. In summary, the observations of static recrystal-
lization in UFG copper compressed at high strain rates suggest a

new microstructural evolution path from ultrafine grained towards
microcrystalline due to the large number of dislocations generated
and stored within the grains, and this can serve as a potential
method to fabricate copper with gradient nanostructure (Supple-
mentary Section SS5) [81]. The validation to unambiguously con-
firm this phenomenon is out of the scope of this paper, as this re-
quires a systematic microstructure characterization in several sam-
ples before and after high strain rate compression.

Fig. 5b plots the simulated von Mises stress distribution near
the yield point for the ultrafine grained copper sample. From
the modelling it can be concluded that the stress is the highest
and homogeneously distributed throughout the gage section, while
stress concentration at the rounded corners of the sample is negli-
gible.

The results obtained in this study is summarized along with
previous studies on polycrystalline copper with similar sub-micron
sized grains, as shown in Fig. 6. In the case of previous microscale
copper tests with UFG microstructure (~ 180 nm grain diameter),
Jhang et al. have conducted compression tests upto a strain rate
0.02 s~! on micropillars of varying sizes from 500 nm till 1500 nm.
We emphasize here that the results from the currently study at
lower strain rates, though with a larger pillar diameter (2000 nm,
n = 12), agree with the results from the 500 nm (1 = 3) UFG cop-
per pillars in a previous study, resulting in a high strain rate sen-
sitivity. Previous results on UFG Cu micropillars with a diameter
of 1500 nm (n = 8), show much lower strength. This can be at-
tributed to the pristine nature of the copper micropillars tested in
this study, compared to the FIB made micropillars tested by Jhang
et al. with defective rough walls; a result of the GBs’ weaker re-
sistance to the ion beam compared to the bulk grain interior [82].
From the comparison of the UFG Cu (n = 12) and MC Cu (n =2)
results from the current study it is deduced for micropillars that
lower the n, the lower their strength. Furthermore, macroscale
copper tests performed on samples with ~ 200 nm diameter grains
exhibit much lower strength at all strain rates. This can be at-
tributed to the heterogeneity and defects in macroscale samples
and several orders of magnitude higher n ratio (7 = o). As such,
this also confirms a previously identified cross-over in strength, as
the strength increases when the 7 is increased from 2 to 12, while
decreases again when the 7 is increased to > 40000 in macroscale
samples.

In Fig. 6, it is evident that in both microscale and macroscale
tests on copper with sub-micron grain size, the strain rates
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Fig. 6. Comparison of rate-dependent results conducted on UFG copper micropillars. Red area highlights the strain rate regime where the current study provides unprece-

dented experimental results.

between 0.1 s—! and 1000 s~! remains largely unexplored and the
current study fills up this gap by exploring this strain rate regime.
As such, the yield stress saturation identified at the strain rates be-
tween 0.1 s~! and 500 s~! in UFG Cu has not been ascertained
in previous studies. The strength of copper in macroscale tests
(n = o0) increases significantly beyond a strain rate of ~ 3000 s—!
due to dislocation drag, while microscale tests at these ultra-high
strain rates are further required to confirm such a third deforma-
tion regime in samples with lower 7 ratios.

4. Conclusion

The microstructure-property relationships of copper micropil-
lars under high strain rates up to 500 s~! were successfully iden-
tified using pristine pillars fabricated using metal additive micro-
manufacturing technique. The stress-strain signatures of the copper
micropillars, along with the extracted thermal activation param-
eters were used to identify the interplay between the grain-size
and rate- dependencies on the deformation mechanisms. MC cop-
per micropillars deform via heterogeneous dislocation nucleation
from the surface, leading to a single-shear like plastic deformation.
UFG copper micropillars deform via single dislocation nucleation,
most probably from the HAGB or the triple points in the grain, up
to a strain rate of 0.1 s~!. At even higher strain rates, a unique
rate-insensitivity to yield was identified in UFG copper micropil-
lars. This phenomenon can be attributed to the high-stress and
relatively large grain size (~170 nm) enabled transition to a collec-
tion dislocation nucleation-based deformation mechanism. In the
future, the same pAM technique can be used to fabricate scaled-
up full-metal complex 3D microarchitectures including copper mi-
crolattices and microsprings. The fundamental dynamic character-
ization of copper micropillars in the current study will serve as
constitutive models to interpret the deformation of such complex
microarchitectures.
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