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Abstract

The mechanical performance of metallic metamaterials with 3-dimensional solid frames
is typically a combination of the geometrical effect (“architecture™) and the characteristic size
effects of the base material (“microstructure”). In this study, for the first time, the temperature-
and rate-dependent mechanical response of copper microlattices has been investigated. The
microlattices were fabricated via a localized electrodeposition in liquid (LEL) process which
enables high-precision additive manufacturing of metal at the micro-scale. The metal
microlattices possess a unique microstructure with micron sized grains that are rich with
randomly oriented growth twins and near-ideal nodal connectivity. Importantly, copper
microlattices exhibited unique temperature (-150 and 25 °C) and strain rate (0.001-100 s™?)
dependent deformation behavior during in situ micromechanical testing. Systematic
compression tests of fully dense copper micropillars, equivalent in diameter and length to the
struts of the microlattice at comparable extreme loading conditions, allow us to investigate the
intrinsic deformation mechanism of copper. Combined with the post-mortem microstructural
analysis, substantial shifts in deformation mechanisms depending on the temperature and strain
rate were revealed. On the one hand, at room temperature (25 °C), dislocation slip based plastic
deformation occurs and leads to a localized deformation of the micropillars. On the other hand,
at cryogenic temperature (-150 °C), mechanical twinning occurs and leads to relatively
homogeneous deformation of the micropillars. Based on the intrinsic deformation mechanisms
of copper, the temperature and strain rate dependent deformation behavior of microlattices
could be explained. Our findings provide valuable insights into the intricate mechanical
responses of metallic microarchitectures under dynamic and extreme temperature conditions,
paving the way to potential applications such as metal microelectromechanical systems
(MEMS), MEMS packaging, etc.



Mechanical metamaterials are materials that can be characterized by their specialized 3-
dimensional designs. The geometry and the intrinsic properties of consisting materials
primarily determine the physical and mechanical properties of the metamaterials. Early studies
through computational approaches and recent studies utilizing additive manufacturing yield
unique geometries often inspired by nature *, origami and kirigami 23, and atomic structures *°
such as honeycomb, auxetic structures, open truss lattices, closed plate lattices, and triply
periodic minimal surfaces showing excellent mechanical strength to weight ratio and thermal
dissipation. Combined with the intrinsic plasticity of metallic materials, the metallic
metamaterials exhibit superior energy absorption capabilities under external loadings,
positioning them as prime candidates for damage protection in applications subjected to
extreme loading conditions, such as aerospace components ®’ and biomedical implants 829,

The intrinsic mechanical properties change with materials’ size and environmental
conditions. For example, metals at the nanoscale or with ultrafine grained microstructure
exhibit a size-related phenomenon of “smaller is stronger” 1. High strain rate conditions (¢ >
1000 s?) typically leads to a dramatic increase in macroscale metal strength, owing to a
viscous-drag effect of dislocation 113, At cryogenic temperature, a decrease in stacking fault
energy often leads to deformation induced nano-twins in the materials **°. Thus, the
mechanical response of the macroscale metals is well-known to be dependent on the size- and
loading condition. However, for metallic metamaterials especially at the mesoscales and
smaller, a rigorous study of their deformation behavior and mechanical properties under
different loading conditions that may result from the combined influence of geometrical and
intrinsic properties is largely unexplored.

The key reason for this limitation stems from the lack of fabrication methods to
manufacture mesoscale 3D metallic metamaterials with micrometer resolution. Conventional
powder- and energy deposition-based additive manufacturing processes typically lack
resolution for fabricating mesoscale architectures with a component size scale below 50 um.
Alternatively, top-down microfabrication of planar 2.5-dimensional microarchitectures from
bulk substrates and thin films of typically silicon and a few other selective materials such as
nickel, tantalum 6, and aluminum nitride 1’ is optimized via the widely known ultraviolet (UV)
based lithographic method. In these lithographic methods, the selection of materials is limited,
and planar processing significantly restricts the geometric freedom in fabricating complex
mechanical components that require high-aspect ratio three-dimensional geometries. Few

studies have reported additive manufacturing of 3D metallic microarchitectures with simpler
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geometries such as dots, pillars, and bridges at the mesoscale via direct ink writing 8, laser-
induced forward transfer °, laser-induced photoreduction %, and electrohydrodynamic redox
21, Recently, hydrogel infusion-based additive manufacturing (HIAM) method has been used
to fabricate more complex copper and nickel metamaterials at nano- and micro-scales 2224,
However, the HIAM method involves several complex steps involving 3D printing polymer
scaffolds, metal ion infusion, calcination and reduction to produce metallic metamaterials.
Similarly, two-photon lithography (TPL) is extensively used to create templates for
microarchitecture, which are subsequently filled with metal through electrodeposition 2°.
Copper # and nickel microlattices 2”8 with complex geometries fabricated by TPL and
electrodeposition show smooth surfaces and good nodal connectivity. Expectedly, these
microarchitectures exhibit improved yield strengths due to the mechanical size effect of
materials. However, the TPL based fabrication process is also a complex two-step process and
as such possesses a few intricacies. For example. during electroplating into the template, pores
can be introduced owing to the trapping of bubbles in the straight struts and microlattice struts
in the previous studies showed elliptical cross-sections originating from the voxel shape of the
laser based TPL process. It is therefore essential to identify a simple microfabrication
methodology that will allow true freeform 3D printing of complex metallic microarchitectures
with controllable microstructure.

This study presents the temperature- and rate-dependent mechanical responses of
microscale metal metamaterials originating from the intrinsic microstructure dependent
properties of the base material. For fabrication, a pioneering approach was taken using a
localized electrodeposition in liquid (LEL) process, enabling high-precision creation of full-
metal copper structures with component sizes ranging from a few microns to hundreds of
microns (Fig. 1(a)). LEL is a single-step fabrication technique that enables the consistent
manufacture of full-metal 3D microarchitectures with complex geometries. As a model study,
the structural and microstructural investigations were conducted on copper microlattice with
an octet geometry. Furthermore, to explore the mechanical performance under various
conditions, in situ mechanical tests of the copper microlattice were performed at a wide range
of strain rates from 0.001 to 100 s and various temperature conditions (-150 and 25 °C). To
elaborate on the unique deformation behavior and the mechanical performance of the
microlattices, copper micropillars with the same size scale as the microlattices’ struts were
fabricated and mechanically tested under the same conditions. The pre- and post-mortem

structural and microstructural analysis of copper micropillar explains that the intrinsic
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deformation mechanism of copper under various conditions controls the mechanical response
of metamaterials. The results especially highlight the superior yet tunable mechanical
properties of copper microlattices under extreme loading conditions, demonstrating their
potential as structural parts for dynamic microscale applications.

Copper microlattice fabrication and microstructure

We chose the octet truss design, which is known for its low mass density and good
structural rigidity originating from its high nodal connectivity, as the unit-cell geometry. The
unit-cell length and the strut diameter were chosen as 15 um and 2.5 um, respectively. The
microlattice was constructed by repeating the unit cell three times along each coordinate axis
(Fig. 1(b)). To ensure uniform deformation along the loading direction, the 5-um-thick plates
were added at the bottom and top of the lattice structure. Fig. 1(c) shows the location of each
voxel for printing. The diameter of the voxels and the overlap between them were set to 2.5
um and 0.5 pm, respectively. Fig. 1(d) shows an SEM image of an as-fabricated copper
microlattice with straight struts and a smooth surface, which is consistent with the original
computer-aided design (CAD) model. It can be attributed to the optimized printing parameters
identified for the localized electrodeposition process and the use of additives, such as levelers
and grain refiners, in the electrolyte (see the Methods section). The electrodeposition is done
in a voxel-by-voxel manner where the voxel location is controlled by programmable linear
motors with ~10 nm precision, which enables voxelized printing of copper droplets at precise
locations. Further, the printing parameters for the microlattice in this study were optimized. It
was observed that the nodal connectivity and strut diameter are highly dependent on the
printing parameters such as the potential for the printing chamber and pressure for ion ink flow
(Fig. S1). Through trial and error, the optimal potential (-0.5 V) and pressure (25 mbar) were
found. Lastly, the additives in the electrochemical ink lead to a smooth and consistent surface
of the microlattice and consistent microstructure throughout the architecture. The dimples at
the top plate possibly originated from the irregularities in electrodeposition. To examine the
morphologic integrity and connectivity of the complete lattice structure in 3D, we conducted
nano X-ray computed tomography (nano-CT). Fig. 1(e) and Mov. S1-3 display a volume
rendering of the 3D reconstruction of the microlattice. As expected, SEM images of the
microlattice and the representative unit cell (cubic with a red dashed line in Fig. 1(e)) in the
nano-CT reconstruction from outside is consistent with the original CAD design in Fig. 1(b).

X-ray absorption contrast images and slices through the nano-CT reconstruction of the
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microlattice in Fig. S2 also demonstrate the well-defined geometry of the microlattice. Notably,
there are few struts with poor nodal connectivity at the outer surface of the microlattice
(indicated with red arrows in Fig. 1(e)). This can be attributed to the printing artifacts in the
LEL process. The nano-CT results demonstrate the micron-scale resolution and geometric
freedom of the LEL process. Fig. 1(f) shows the diameters of arbitrarily chosen 70 struts
(measured at the center) from cross-sectional nano-CT slices in Fig. S2. The average strut
diameter is 2.52 £ 0.11 um, and the relative density is about 0.28.

Fig. 1(g, h) shows the microstructure of the representative unit cross-section along the
building direction of the microlattice obtained using SEM-transmission Kikuchi diffraction
(TKD). The image contrast map in Fig. S3 suggests that the unindexed areas that can be
observed at the node and corners of struts may originate from the ion-beam milling-induced
damage. Both inverse pole figure maps (Fig. 1(g)) along and perpendicular to the building
direction reveal that the microlattice consists of polycrystalline copper without strong
crystallographic texture. In the grain boundary map (Fig. 1(h)), there is a small number of
general high-angle grain boundaries (HAGBs, colored in blue) that are far from a twin
relationship, sectioning the strut diameter into a few grains (average grain size of 1.04+0.24
um). Importantly, there is a high fraction of X3 twin boundaries (TBs) within the grains. The
color of the TB was set to gradually change from yellow to red, as the misorientation angle
moves away from 60° by upto 10°. Apparently, for the TBs in the as-fabricated microlattice,
the misorientation angle between neighboring grains is almost 60°. The formation of TBs
during LEL may be attributed to the additives, as they increase the nucleation sites of copper
deposition and reduce the interfacial energy, leading to the formation of TBs . In summary,
the copper microlattice in this study shows well-defined geometry and dense microstructure
with a high fraction of TBs of 86%.

Compression of microlattices

To examine the deformation behavior and mechanical performance of the copper
microlattices, in situ micromechanical tests were performed under various extreme loading
conditions. Using a piezo-based actuator with an embedded strain gauge for measuring
displacement and a typical strain gauge based load cell, the mechanical response of the
microlattices was captured at both room and cryogenic temperatures at strain rates (¢) of 0.001
to 1 s’X. At room temperature, the rate-dependent properties of the microlattices were further

captured at higher strain rates up to 100 s** via a high-stiffness piezoelectric load cell, replacing
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the compliant strain gauge-based load cell. Note that this is the first systematic study on the
deformation behavior of metallic microlattices under such extreme conditions with strain rates
spanning 5 orders of magnitudes at room temperature (RT) and 3 at cryogenic temperatures
(CT). There are only two previously reported quantitative studies on the room temperature
compression of polymer microlattices at ¢ upto 1000 s* 203t Detailed information on the
mechanical testing system used in the current study is given elsewhere 2. Fig. 2(a, b) shows
SEM images of the microlattices during compression at a ¢ of 0.01 s at both RT and CT.
Regardless of temperature, the microlattice seems to exhibit homogeneous deformation overall,
but the struts of the microlattice show slightly different deformation behavior depending on
temperature. At RT, the deformation starts with the buckling of struts at the bottom plate
(indicated by white arrows in Fig. 2(a)). It has been previously reported that the deformation
of the lattice starts from the struts with low nodal connectivity, that is, the struts at the surface
or corner ¥, At CT, on the other hand, there was no noticeable buckling of surface or corner
struts. Fig. 2(c) shows the representative stress-strain curves of microlattices compressed at
different temperatures and € conditions (2-3 microlattices were tested at each condition). The
copper microlattice shows higher yield strength (and flow stress at 0.2 engineering strain — Fig.
S4) at CT than RT as plotted in Fig. 2(d). The buckling of struts at RT can be captured by a
stress decrease after the elastic deformation in the stress-strain curve. The curves in the insets
obtained at 0.001, 0.01, and 0.1 s clearly show that the stress decrease occurred only at RT.
In addition, as shown in Fig. 2(c) (and more in detail in Fig. S5), except for the microlattice
compressed at 100 s, all microlattices compressed at RT exhibit the stress overshoot after the
elastic deformation in the stress-strain curves, while those compressed at CT do not. This stress
decrease, also known as post-yield softening, is known to occur in the lattice structure due to
an abrupt buckling or fracture of struts ¢, At RT, 100 s™* compression results in oscillations
in the stress-strain curve beyond yield. These oscillations can be attributed to the activation of
the resonance in the piezoelectric load cell, which is in turn the result of the change in stiffness
of the sample (for example at the elastic-plastic transition) during deformation at high & .
A clear rate-dependency can be seen from the stress-strain signatures of the microlattices.
For example, at RT, the yield strength at an offset of 0.2% (Fig. 2(d)) increases with ¢ until
~1s1(107.1 + 7.3 MPa at 0.001 s and 160.8 + 2.6 MPa at 1 s1). Beyond a ¢ of 1 s}, the
yield strength almost saturates. At CT, on the other hand, yield strength shows negligible
change with ¢ from 0.001 to 1 s and is almost constant at around 230 MPa. The rate

sensitivity factor was extracted based on Eq. (1) below:
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m=—— (1)
where o, is the yield strength. At RT, the microlattice shows m value of 52x102% +
0.8x102uptoa ¢ of 1s?and then shows a decreased value of 4.0x10* + 8.0x10*uptoa
¢ of 100 s, implying negligible rate dependence at RT for ¢ >1 s, At CT, the microlattice
shows a low m value of 1.5x10° + 1.7x103%uptoa ¢ of 1 s, implying again negligible
rate dependence. Different m values suggest that the deformation mechanism of microlattice
changes with temperature and €.

Change in the deformation mechanism of microlattice can also be confirmed via the
compressed shape. Fig. 2(e, f) shows the compressed SEM images of microlattices. At RT (Fig.
2(e)), the struts at the surface of the microlattice bulged out perpendicular to the loading
direction at high & (> 1 s1). At CT (Figure 2(f)), on the other hand, the bulging out of the
surface struts occurred regardless of €. The degree of bulging out has been calculated (Fig. S6)
and shows clear dependencies on ¢ and temperature, which mimics closely the dependencies
in the yield strength (rate dependency only exists at RT and & <1 s). Moreover, compared
to the struts before compression in Fig. 1(c), the struts of microlattices after the compression
at RT show clear slip steps, as indicated by the white arrows in Fig. 2(e). The slip steps are
easier to find in the microlattices compressed at rather low &, suggesting less localized
deformation of the strut occurred at high ¢ (> 1 s?). In the case of microlattices compressed
at CT, they show smoother surfaces and thicker diameters, indicating more homogeneous
deformation of struts at CT than RT. The above analysis on the yield strength, the degree of
bulging out, and the slip steps at the struts of compressed microlattices suggest that the
deformation behavior of microlattices in this study can be categorized into three regimes: RT
0.001-1s?, RT 1-100 s, and CT 0.001-1 s%.

Given the intended future applications of these copper microlattices in impact protection,
the absorbed energy of the microlattices with respect to density was calculated and compared
against the absorbed energies of other microlattices previously reported in the literature (Fig.
2(9)). The absorbed energy (U,) can be obtained as below:

Uy = [[*ode (2)
where the o, €, and ¢, are the stress, strain, and densification strain, respectively. For
simplicity, U, of microlattices compressed at RT 0.001, 1, 100 s and CT 0.001, 1 s* are
plotted in Fig. 2(g). The U, of microlattices is 1.5~2.0 times higher at CT than RT, as expected

from the stress-strain curves in Fig. 2(c). Importantly, compared to the copper microlattices
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from a previous study %, the microlattices in this study show comparable U, even with lower
relative density. The high energy absorption per unit of mass can be attributed to the innate
microstructure, the accurate dimensions of the strut, and the excellent nodal connectivity in the
microlattices used in our current study. First, due to the small grain size, and a large number of
TBs and grain boundaries in the microlattices of this study, high yield strength and strong
hardening behavior during deformation are expected. Second, the microlattices in this study
possess struts with a near-circular cross-sectional shape, which was not the case in the previous
study of Gu et al %. A strut with a circular cross-section would lead to relatively even stress
distribution at the strut-node intersection during deformation compared to that with an elliptical
cross-section. Finally, the near-ideal nodal connectivity, which is close to the original design,
would lead to high strength and high energy absorption capability of the microlattice. To
investigate the effect of nodal connectivity, we conducted an additional compression test of a
copper microlattice printed intentionally with poor connectivity (Fig. S7). In this case, the
deformation is concentrated at the weak nodes and leads to a localized failure. The
corresponding yield and flow stresses obtained from the stress-strain signatures (Fig. S7(b))
are only a quarter of those of the microlattices with good nodal connectivity. Further, to
determine whether the existence of a top plate affects the deformation behavior and also Uy,
finite element methods (FEM) based simulations were conducted. The compressive load-
displacement curves of microlattices with and without the top plate show no significant
difference (Fig. S8). Thus, the copper microlattice structures in this study exhibit superior
mechanical properties due to their unique microstructure and precise geometry that is near-
identical to the original CAD model. Similar reasoning can be used to explain the fact that the
copper microlattices in this study can achieve an energy absorption per unit mass of 20 J/g,
which is significantly better than the microlattices made of other metals (5 J/g for Aluminum
and Nickel %8, and 3.5 J/g Gold %), polymer (10 J/g) *, metal-polymer composite (2 J/g) 4+?,
and for alumina (3.5 J/g) *.

Base material characterization — Copper micropillar compression

To understand the deformation mechanisms of the microlattice, the intrinsic deformation
mechanism of base material copper needs to be investigated. Previous research has shown that
struts of octet-truss structures are subjected to compressive or tensile stresses depending on
their orientation with respect to the loading direction 446, Despite the non-uniform stress

distribution within the struts and the presence of stress concentrations at the nodes, the overall
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deformation of the octet-truss structure is primarily governed by the compressive and tensile
deformation behavior of struts. This implies that the deformation mechanisms of the
microlattice can be understood by examining the behavior of micropillars with the same
microstructure when subjected to uniaxial compression at comparable rates and temperatures.
It should be noted that a FEM simulation confirmed that the global strain rate experienced by
the microlattices is quite analogous to the strain rate locally in the struts and nodes (except for
at the struts in the exposed outer surfaces — Fig. S9).

The copper micropillars were also fabricated by LEL. Fig. 3(a, b) shows a computer-aided
design and voxel locations of the dog-bone-shaped micropillar with a diameter of 3 um and a
length of 10 um in a gauge section, ably mimicking the dimensions of the struts used in the
microlattices. Via the LEL process, arrays of micropillars were fabricated on the substrate. As-
fabricated micropillars show a smooth surface and a straight gauge section which are again
consistent with the original CAD model (Fig. 3(c)).

For microstructural analysis, the cross-section of the micropillar parallel to the loading
direction was sampled via focused ion beam milling. Fig. 3(d) shows the inverse pole figure
(IPF) maps along and perpendicular to the building direction and the grain boundary (GB) map
of the gauge section of the as-built micropillar obtained using TKD. The IPF map indicates the
copper micropillar is indeed polycrystalline and the GB map with HAGBs (colored in blue)
shows that there are a few grains across the pillar diameter, which is consistent with the strut
of the microlattices. Importantly, a high fraction of 3 boundaries was also present in the grains
and the boundaries’ misorientation angle distribution was analogous to those present in the
microlattices (Fig. S10), confirming the similarity of microstructure. Via an in situ
micromechanical testing system with the same piezo-based actuator used for testing the
microlattices, compression tests were conducted at room/cryogenic temperatures and a wide
range of &.

When the temperature changes, copper micropillars also show different deformation
behavior. Fig. 3(e) shows the stress-strain curves of micropillars. The curves show higher yield
strength and flow stress at CT than at RT. Fig. 3(f) shows the summary of 0.2% strain offset
yield strength of copper micropillars at different ¢ and temperatures. Depending on é&, the
yield strength is 1.1-1.4 times higher at CT than at RT. Moreover, the yield strength at RT
increases with ¢ when ¢ <1st. When & >1s?, there is no noticeable change in the stress-
strain curves with &. Analogous to the microlattice, the micropillars compressed at RT and &

<1 st exhibit m value of 3.1x102 + 0.1x10?, while at ¢ > 1 s, the micropillars exhibit
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a significantly low m value of 8.0x10* + 3.0x 10 implying negligible strain rate
dependence. At CT, the micropillars exhibit a low m value of 48x10° + 1.5x103
regardless of the value of &, implying almost insignificant rate dependency. A similar trend
was found in the flow stress obtained at an engineering strain of 0.2 (Fig. S11). Interestingly,
there were also stress drops in the stress-strain curves of micropillars compressed at CT at &
of 0.001, 0.01, 0.1 s (Inset in Fig. 3(e)). These stress drops identified at CT will be discussed
in detail in the following section.

The compressed shape (Fig. 3(g) and S12) of the micropillars also suggests changes in the
deformation behavior at different rates and temperatures. At RT, when ¢ < 1 s? the
compressed micropillars show clear slip steps on the surface, suggesting a localized
deformation. When ¢ > 1 s, the micropillars exhibit a mixed-mode deformation, where not
only slip steps appear on the surface but also partial barreling-like homogeneous deformation
around the slip step. At CT, regardless of &, the compressed micropillars show relatively
homogeneous deformation without any localized slip step on the surface. Further clues to the
responsible deformation mechanisms were obtained using post-mortem microstructural
analysis. The cross-sections of compressed micropillars parallel to the loading direction were

obtained via focused-ion beam milling.

Temperature and rate responsive deformation mechanism of copper micropillars

Compression leads to major changes in the microstructure of the micropillars. Fig. 4(a-c)
shows microstructural analysis of the compressed micropillars. The IPF map along the building
direction and the GB map of the gauge section of the micropillar compressed at RT and ¢ of
0.001, 1, and 100 s (Fig. 4(a)) indicates that, at every &, the straight growth TBs decrease
after the compression. The GB maps indicate HAGBs and defective TBs in the gauge section
of the compressed micropillars. Here, the defective TB is defined as the TB where the
misorientation angle between neighboring grains deviates at least by 5° from 60° but less than
10°. Fig. 4(d) shows misorientation angle distribution of the undeformed and compressed
micropillars. Fractions of TBs, defective TBs, and HAGB can be extracted from distribution
plot. The undeformed micropillar exhibits high TB fraction of 86%, negligible defective TB
fraction of 1%, and HAGB fraction of 12%. Notably, the micropillars compressed at RT and
¢ of 0.001 and 1 s** commonly show decreased TB fraction of 50% and 45%, respectively.
Furthermore, a fraction of defective TBs increases to 11% and 14%, and a corresponding
fraction of HAGBs increases to 33% and 31%, respectively.
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A change in the microstructure induced by compression at RT can be attributed to the slip
transmission mode of the TB. Specifically, a “hard” mode transmission, where the Burgers
vector of the dislocation in the first grain can not be maintained geometrically in the second
grain, can lead to a dislocation pile-up and dislocation networks changing the misorientation
angle between twin related grains 4"~°°. Further deformation may lead to twin broadening or
shrinkage by moving partials next or in the twin plane or dislocation incorporation into the TB
can cause its transformation into a HAGB °!°?, which was observed in the micropillars
compressed at RT. Notably, the region with increased HAGBs and the defective TB varies with
€. As can be estimated from Fig. 4(a), the area with defective TBs is 1.3 times larger in the
micropillar compressed at RT and ¢ of 100 s than at ¢ of 0.001 and 1 s%. It suggests that at
& =100 s the deformation is relatively homogeneous with very few localizations throughout
the gauge section of the micropillar, which is consistent with the SEM image in Fig. 3(9).

Microstructural change in the micropillars compressed at CT implies a deformation
mechanism different from the mechanism observed at RT. Fig. 4(b) shows the IPF map along
the building direction and the GB map of the gauge section of the micropillar compressed at
CTand ¢ =0.001 and 1 s™. The microstructures of micropillars commonly show HAGBs and
TBs. It is critical to note that there are straight defective TBs in the GB maps. In the case of the
micropillar compressed at CT and ¢ =0.001 s, these TBs are located at the center and upper
part of the gauge section. In the micropillar compressed at CT and ¢ = 1 s, these TBs are
mostly found in the right part of the pillar. The corresponding misorientation distribution in
Fig. 4(d) indicates that the micropillars compressed at CT and & of 0.001 and 1 s show
decreased TB fraction of 66% and 59%, respectively. Note that the TB fractions are higher for
the micropillars compressed at CT than at RT. Furthermore, a fraction of defective TBs
increases to 7% and 12%, and a corresponding fraction of HAGBs increases to 22% and 21%,
respectively.

A twin width (w;,in) in the compressed micropillars is another parameter that can
indirectly explain the possible deformation mechanisms. Via a line intercept method, w;in
was estimated from Fig. 3(d) and 4(a, b). The line intercept method only accounts for the
appearance of TBs and an averaged distance between them, but it does not distinguish the twin
broadening or shrinkage. The defective TBs were also counted as the TBs for wy,in
measurement. For the undeformed micropillars, wy,;, 1S 0.27 £ 0.02 pm. For the
micropillars compressed at RT, wy,,;, increases to 0.39 + 0.10 um and 0.50 + 0.12 pum
when é = 0.001 and 1 s?, respectively. A clear change in wy,;, can be attributed to
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dislocation-based plasticity and resulting interaction with pre-existing TBs of copper at RT.
Further identification of TB movements arising from the slip transmission and TB interactions
requires significant modifications and improvement to the experimental setup, which is beyond
the scope of this study.

In the case of the micropillars compressed at CT, wy,;, are 0.26 + 0.07 um and
0.29 + 0.06 pum when compressed at ¢ = 0.001 and 1 s, respectively, which are only
moderately different from wy,;, of the undeformed micropillar, suggesting that the pre-
existing TBs are not significantly involved in the deformation process. Importantly, scanning
transmission electron microscopy (STEM) analysis revealed a fine deformation twin structure
in the micropillars compressed at CT and ¢ =0.001 s, which was not resolved by SEM-TKD.
Fig. 4(c) shows the high-angle annular dark field (HAADF)-STEM images of the micropillar
compressed at CT and ¢ = 0.001 s* and the Fast Fourier transform (FFT) patterns from
atomically resolved areas with straight TBs (Area 1 and 2 in Fig 4c, corresponding high-
resolution images are displayed in Fig. S13). We specifically focused on the gauge section with
straight boundaries. The FFT patterns clearly indicate that the straight boundaries are the
deformation TBs with (111) twin planes, and the corresponding wy,,;,, is about 40 nm. It
suggests that mechanical twinning might have occured in the micropillar during compression
at CT. Although some TBs in SEM-TKD images appear to have a plane normal along the
loading direction (Fig. 4(b)), further pole figure analysis revealed that their associated {111}
twin planes can be ~30° angle away from the loading direction (Fig. S14). The STEM
investigation revealed mechanical twins for the CT deformation. Thus, it can interpreted that
at CT, the micropillar deformation is dominated by mechanical twinning rather than dislocation
plasticity based mechanisms.

Combined with the microstructural analysis, the stress drop events, which occurred only
at CT in Fig. 3(e), are in this case a typical signature of a mechanical twinning based
deformation mechanism. It has been previously reported that mechanical twins can occur in
copper when deformed at CT leading to stress drops 3% Fig. 4(e) shows stress drop
magnitudes (Ac) and drop times (At) from the stress-strain curves. The inset plot explains, as
an example, how Ac and At were evaluated from the stress-strain curve at CT and ¢ of 0.01
st Except for a few outliers, most data points are in the range of 23< Ac <80 MPa and 0.075<
At <0.35 s, suggesting that the stress drop is induced by the same event. Given the short drop
time, it can be deduced that at ¢ =1 s the stress drop is less likely to occur because the total
deformation time is relatively short (about 0.2 s). Meyers et al. previously suggested that a slip-
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to-twin transition can occur at low temperatures as the stress for dislocation slip increases with
decreasing temperature °.

The postulated deformation mechanisms of copper micropillars at various temperatures
and ¢ are schematically shown in Fig. 4(f). At RT 0.001-1 s%, a dislocation glide may lead to
localized deformation and the slip step at the surface *°. Such dislocation glides can then lead
to dislocation-TB interactions. As another method to investigate such deformation mechanisms,
thermal activation analysis was conducted. The apparent activation volume (V*), a Kinetic

signature of the deformation mechanism, can be obtained from Eqg. (3) below:

V* =3ksT

dlné¢
do

(3)
where kg is the Boltzmann constant and T is the temperature. With the Burgers vector b of
0.255 nm for a perfect dislocation of copper, V* of copper micropillar at RT between & of
0.001 and 1 s was calculated as 34 + 2 b®corresponding typically to dislocation-TB interaction
5759, At RT between & of 1 and 100 s, we hypothesize that the applied stress is high enough
for the simultaneous movement of multiple dislocations, leading to enhanced interactions
between them. These dislocation movements may lead to dislocation-TB interaction that occurs
throughout the pillar ®¢1, The corresponding hardening modulus of micropillars tested at RT
in Fig. S15 shows a constant increase with strain rate, which is attributed to the increased
number of dislocation and TB interactions. As such, compared to the low &, the deformation
is relatively homogeneous, but the dislocation glide can still occur occasionally and leave slip
steps at the surface. This is also reflected in the apparent activation volume of 959 + 190 b®
calculated in this regime and it is quite close to the value for a typical forest dislocation
obstructed movement. At CT between ¢ of 0.001 and 1 s, mechanical twinning may occur
at multiple grains (activation volume of 73 + 22 b®) due to the low temperature and high stresses
involved, leading to homogeneous deformation without any slip steps at the surface. The
hardening modulus of micropillars tested at CT shows relatively constant values regardless of

the strain rate increase.

Deformation behavior of microlattice based on micropillar properties

Finally, the deformation behavior of the copper microlattices can be elucidated from the
viewpoint of the deformation mechanism identified for copper micropillars. A difference in the
relative strength of microlattices compressed at RT and CT can be attributed to the global

mechanical response originating from the intrinsic deformation mechanisms at the component
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level, which is the strut. During the initial deformation, the struts at the outer surfaces are prone
to deform first due to lower nodal connectivity. We hypothesize that, at CT, the plastic
deformation is governed by mechanical twinning in multiple grains, leading to homogeneous
deformation of the strut without introducing any mechanical instabilities as shown in Fig. 2(e).

On the other hand, at RT, the plastic deformation governed by dislocation-twin
interactions and slips is expected (especially at é <1 s?), leading to a relatively localized
deformation of struts and slip steps at the surface. The localized deformation can act as a
mechanical instability during deformation and further lead to buckling deformation of the strut,
which is already confirmed by the stress overshoot and decrease after elastic deformation in
the stress-strain curves (Fig. 2(c)). An upper elastic limit for the buckling of the strut can be

given by the Euler buckling theory as follows:

o = (1) Q

where a,, is critical buckling strength, E is Young’s modulus (110 GPa for copper), R is
the radius of the strut, and L is the length of the strut. Eqn. (4) gives o, of 603 MPa which
is higher than the yield strength of copper micropillars at any ¢ and temperature, suggesting
that the buckling of the strut in the microlattice is not favorable during compression. However,
it should be noted that an introduction of surface imperfections or local plasticity is known to
lower g, %, Ranjbartoreh and Wang reported that topological defects decrease o, of
carbon nanotube by 30 % . From this perspective, a rough estimate of o, of a strut with a
slip step at the surface is about 422 MPa, which is comparable to the yield strength of the
copper micropillar at RT. A dynamic increase factor (DIF, 04ynamic/Oquasi-static) calculation
indirectly supports the proposed deformation mechanism of microlattice (Fig. S16). On the one
hand, the DIFs of the microlattice and the micropillar show a clear difference at RT, suggesting
that the deformation behavior is different. In the micropillar, simple uniaxial compression leads
to surface slip steps, while in the microlattice, elastic or elastoplastic buckling of the strut,
which is facilitated by the surface slip steps, and subsequent stretch-dominated deformation is
expected (Fig. 2(e)). On the other hand, the DIFs of the microlattice and the micropillar tested
at CT show negligible differences. This is because, at CT, the compression leads to
homogeneous deformation in the strut, leading to higher yield and flow strength of the
microlattice compared to RT.

3. Conclusion
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Mechanical responses of copper microlattices under various strain rates and temperatures
were investigated. The microlattices were fabricated via the LEL process, with smooth surfaces
and nodal connectivity close to the original design. They exhibited deformation behaviors
dependent on temperature and strain rate during in situ micromechanical testing. A detailed
study on the deformation mechanism of micropillars—having the same diameter and length as
the struts of the microlattice revealed significant differences in the deformation mechanism
based on temperature and strain rate. These distinct temperature-and rate-dependent
deformation behaviors of the microlattice can be attributed to the collective mechanical
response of the microlattice under compression, stemming from the intrinsic deformation
mechanisms present at the component level, specifically the strut. This comprehensive
understanding provides insights into the nuanced yet tunable responses and functionalities of
such metallic microstructures under demanding operational conditions. This study represents
the first step towards future bottom-up additive microfabrication of metal MEMS and

microelectronics, as well as a new methodology for physical micrometallurgy explorations.
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Methods

Printing of microarchitectures

Copper microarchitectures in this study were fabricated by LEL via localized force-
controlled electrodeposition using the CERES system (Exaddon AG, Switzerland). An
electrolyte containing copper ions flows through a 300-nm-diameter orifice in a silicon nitride
AFM tip immersed in a standard three-cell electrochemical cell by applied pressure. The
electrolyte contains 0.5 M CuSOys in 51 mM H2SO4 and 0.48 mM HCI, with brightener, leveler
and surfactant added (Printing Solution Bright [Cu], Exaddon AG, Switzerland). Subsequently,
the ions are deposited at desired locations on a Si/Ti (10 nm)/Cu (100 nm) substrate contacting
the working electrode. The deposition is done in a voxel-by-voxel manner such that the AFM
cantilever moves to the next voxel coordinate when it is deflected by the growing copper voxel,
whereby the deflection is registered using standard optical beam deflection. The deflection
threshold is in the order of 1 nm. The pressure and applied potential of LEL for microlattice
printing were 20 mbar and -0.5 V, respectively. For micropillar printing, the applied potential
was -0.5 V, and the pressure was carefully controlled in the range of 20 to 70 mbar to obtain a
consistent diameter in the gauge section. To get smooth surfaces, the distance between each
voxel was kept at 0.5 um. Previous studies have already shown that the printed copper parts
printed via LEL show dense microstructure and smooth surfaces °¢. Detailed information on

LEL is given elsewhere °°.

Microstructural characterization

The microstructure of copper microlattices and micropillars was characterized via SEM-
TKD and STEM analysis. The cross-sections parallel to the deposition direction (along z-axis)
were sampled using focused-ion-beam milling (Thermo Fisher Scios 2 dual beam FIB/SEM).
TKD patterns were captured in a Zeiss Sigma SEM operated at 20 kV with a step size of 20
nm. A critical misorientation angle for grain boundaries was set as 15° to distinguish between
low-angle grain boundary (LAGB) and high-angle grain boundary (HAGB). Twin boundaries
were identified according to the rotation axes and angles, with a deviation tolerance of 5°.
Scanning transmission electron microscopy (STEM) was conducted on a Titan Themis
microscope operated at 300 kV. The convergence semi-angle of the aberration-corrected probe
is 23.8 mrad to reach a probe size of 0.1 nm. High-angle annular dark field (HAADF) STEM

images were taken using a detector range of 73~200 mrad.
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Nano-CT

The nano-CT experiments were performed utilizing a lab-based ZEISS Xradia 810 Ultra
X-ray microscope equipped with a 5.4 keV (Cr Ka) rotating anode source. Due to the relatively
strong X-ray attenuation of copper, the samples were investigated using absorption contrast in
the large-field-of-view (LFOV) mode of the instrument, offering a resolution of about 150 nm
and a field of view of 64 um x 64 um. Using the ZEISS Xradia 810 Ultra’s native software
ZEISS Scout&Scan, 761 projections were acquired with an exposure time of 300 s each. Three-
dimensional reconstruction of the acquired tilt series was performed by application of a
simultaneous iterative reconstruction technique (SIRT) implementation (100 iterations) based
on the ASTRA toolbox %67, We assume X-ray attenuation according to Beer-Lambert law,
therefore we preprocessed the input projection data before SIRT reconstruction (so-called
cupping artifact correction) using projection data p = —In(l/lo), where 1 is the measured X-ray
intensity and lo is the unattenuated incident X-ray intensity. However, due to the very high
absorption of the dense copper, some non-linear contrast artifacts remain in the 3D
reconstruction. Remaining artifacts may further be reduced by implementing more advanced
reconstruction algorithms as recently demonstrated by Kreuz et al ®8. The reconstructed

volumes were visualized and analyzed with the software arivis Vision4D 4.1.0.

In situ micromechanical test

The compression experiments at room temperature and low temperature were performed
in situ using a micromechanical testing system (Alemnis AG, Switzerland). To perform the in
situ tests, the indenter was installed in a Zeiss Gemini 500 SEM (Zeiss, Germany) and a JEOL
JSM-6490 (JEOL Instruments, Japan). Experiments were performed in both setups in
displacement control using a flat punch diamond indenter of 150 um diameter for the
microlattices and 5 um for the micropillars (Synton-MDP AG, Switzerland). For quasi-static
testing, the testing setup uses the piezoelectric actuator that enables intrinsic displacement
control and a strain gauge load cell that limits the actuation speeds to 10 pm/s due to its
susceptibility to ringing. To enable mechanical testing beyond speeds of 10 um/s, a piezo-based
load cell was employed instead of the strain gauge load cell, which extends the maximum
achievable testing speed to 10 mm/s (limited by the voltage amplifier’s ability to supply high
voltages at high speeds to the piezoactuator). Given the short time scales of the experiments,
data acquisition systems with a high acquisition frequency upto ~1 MHz were utilized to record
the load and displacement data. Furthermore, to mitigate the potential impact of resonance from
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low stiffness springs in the testing system on the load data, load measurements were taken both
with and without the sample under identical high speed actuation conditions. Subsequently, the
load corresponding only to the sample, devoid of any resonance effects, was derived by
subtracting the load recorded with the sample from the load recorded without the sample.

The micromechanical testing setup for cryogenic temperatures consists of a cold finger
that is cooled by liquid nitrogen, which is pumped into the system from an outside dewar 2.
The cold finger is linked to the tip and the sample by copper braids and separated from the
indenter frame by ceramic shafts. The tip, sample, and frame have individual resistive heaters
and thermocouples in a closed feedback loop that enable precise control of the temperature in
the system. To minimize drift, we maintained the frame at a constant temperature using the
aforementioned heaters and temperature feedback. Once the system was cooled down, we
switched on the frame heaters and let them stabilize until the change in frame temperature was
less than +0.01°C in 10 minutes. Before performing actual compression on the microlattices
and micropillars, we matched the temperature between the indenter and the sample to eliminate
drift ®°. For this, we conducted several flat-punch indentations under load control, where the
indenter or sample temperature was changed with respect to the other by +5°C. We then
measured the drift in a hold segment during the unload. We chose the pair of temperatures that

provided a displacement drift lower than 100 pm/s.

Finite element simulations

Finite element simulations of the mechanical behavior of the copper microlattice were
performed using Abaqus/Standard (Dassault Systemes, France). Two configurations were
considered: an idealized model of the complete lattice structure including a solid base and top
as well as a configuration where the solid top layer was removed. The model was meshed using
1.5 million quadratic tetrahedral elements (C3D10). Nodes were fixed in all directions at the
bottom of the base layer. Uniaxial compression was simulated by kinematically coupling all
nodes of the top surface to a reference node on which displacement boundary conditions were
applied. The material behavior of copper was modeled using an isotropic elastic ideal plastic
material model based on a von Mises criterion. The elastic modulus, Poisson’s ratio, and yield
strength of copper were chosen as 120 GPa, 0.3, and 0.35 GPa, respectively. The reaction force
was extracted from the reference node and converted to engineering stress by dividing it by the
initial cross-sectional area of the lattice structure. Engineering strain was determined by

dividing the relative reference node displacement by the initial height of the lattice structure.
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Figure 1. (a) Copper microarchitectures fabricated by localized electrodeposition process. (b) Computer-
aided design of microlattice. Cube with white dashed line indicates a unit-cell. (c) Discretized voxel locations
used to print microlattice. Red box indicates magnified area below showing schematic of voxel diameter and
overlap. (d) SEM image of as-fabricated copper microlattice. (e) Reconstructed microlattice and unit-cell by
NanoCT. Cube with red dashed line indicates a unit-cell. (f) Strut diameter distribution in as-fabricated
microlattice. (g and h) Inverse pole figure and grain boundary map overlayed with image quality map of
representative strut and node unit cross-section in microlattice obtained using TKD.
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Figure 2. Compression testing of copper microlattices. (a and b) SEM images of microlattices during
compression at RT and CT, respectively at a strain rate of 0.01 s™'. (c) Engineering stress-strain curves of
microlattices compressed at various temperatures and strain rates (Zoomed in inset: Representative stress-
strain curves for RT and CT upto strain rates of 0.1/s). (d) Yield strength of microlattices as a function of
strain rate at RT and CT. (e and f) SEM images of compressed microlattices at different strain rates with
zoomed in insets. (g) Comparison of microlattice specific energy absorption between current study and

previous literature.
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Figure 3. Copper micropillars: microstructural and mechanical characterization. (a) Computer-aided design
of micropillar. (b) Discretized voxel locations used to print the micropillar. (c) SEM image of micropillars.
White box indicate a region of interest for cross-sectional microstructure analysis (d) Inverse pole figure and
grain boundary map of cross-section of micropillar along BD and TD1 obtained using TKD. (e) Engineering
stress-strain curves of micropillars compressed at various temperatures and strain rates (Zoomed in inset:
Stress-strain curves for CT upto strain rates of 1/s showing stress drops). (f) Yield strength of micropillars as
a function of strain rate at RT and CT. (g) SEM images of compressed micropillars.
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Figure 4. Deformation mechanism in copper micropillars. (a and b) Inverse pole figure and grain boundary
map of cross-section of compressed micropillar. (c) HAADF-STEM image and FFT patterns obtained from
atomically resolved areas with straight twin boundaries in micropillar compressed at CT with a € of 0.001 /s.
(d) Misorientation angle distribution of micropillar without compression (top), compressed at 0.001 /s
(middle) and compressed at 1 /s (bottom) at RT and CT. (e) Stress drop magnitude with respect to drop
time obtained from stress-strain curves of micropillars compressed at CT with a € of 0.001, 0.01, and 0.1 /s.
Inset is an zoomed-in engineering stress-time plot from micropillar compressed at CT with a € of 0.01 /s. (f)
Schematics of postulated deformation mechanisms in copper micropillar at different rates and temperatures.
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Figure S1. SEM images of Copper microlattices fabricated with different printing overpotentials at the same
pressure of 20mbar.
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Figure S2. X-ray absorption contrast nano-CT images of a copper microlattice. (a) Front view (0°) projection
image of the structure with solid matter bright and air/void spaces dark (inverted contrast). The interconnected
structure and channels are well visible. Projection images of the sample at (b) 45° and (c) 22.5° rotation
showing the channels and structure from other directions (see also Movie M1). (d, e) Horizontal and (f) vertical
virtual cross-sectional slices through the 3D reconstruction (see also Movies M2 and M3) revealing the regular
and integral strut morphology (bright contrast).
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Figure S3. Image contrast map of the representative unit cross-section along the building direction of the
microlattice (Same area presented in Fig. 1(g, h).




Figure S4. Flow stress (at 0.2 engineering strain) of microlattices at different temperatures and strain rate
conditions.
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Figure S5. Stress-strain curves of microlattices. (a) At RT with a ¢ of 0.001, 0.01, 0.1, 1, 10, 100 s™'. (b) At
CT with a € of 0.001, 0.01, 0.1, 1 s
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Figure S6. Degree of bulging out of compressed microlattices.
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Figure S7. Deformation behavior of copper microlattices printed intentionally with poor nodal connectivity.
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Figure S8. Finite element analysis of (a) Calculated compressive load-displacement curves of copper
microlattices with and without top plate. (b) Plastic strain distribution in microlattices.
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Figure S9. Strain rate map of microlattice cross-section calculated by FE simulation.
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Figure $10. Misorientation angle distribution of microlattice and micropillar.
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Figure S11. Flow stress (at 0.2 engineering strain) of micropillars at different temperatures and strain rate
conditions.
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Figure S12. SEM images of compressed micropillars at different strain rates and temperatures.




Figure $13. High resolution STEM image from copper micropillar compressed at CT with a € of 0.001/s
used for FFT pattern analysis.
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Figure S$14. Grain boundary maps and corresponding pole figure maps of micropillar compressed at CT
with a € of 0.001/s.
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Figure $15. Hardening modulus of copper micropillars at cryogenic temperature (blue circles) and room
temperature (black circles)
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Figure $16. Dynamic increase factor of copper microlattices (empty squares) and copper micropillars (solid
squares).
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