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� Metal micropillars were synthesized
by template-assisted
electrodeposition.

� Mechanical testing was performed at
cryogenic temperatures and high
strain rates.

� Structure-property relationships
were identified for a large range of
conditions.

� The deformation mechanism was
identified to be collective dislocation
nucleation.

� 3D Microlattices showcase the
promise of the method for complex
microarchitectures.
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Template-assisted electrodeposition is a promising microscale additive manufacturing technique allow-
ing to deposit pure metals with high resolution. To allow the application-relevant design of metamate-
rials, it is necessary to establish microstructure-mechanical property relationships under extreme
conditions. In this work, a novel process based on two-photon lithography was used to synthesize arrays
of nanocrystalline nickel micropillars and complex microlattices. This allowed high throughput mechan-
ical testing using a newly developed in situ nanoindenter at unprecedented combination of cryogenic
temperatures (160 to 300 K) and strain rates (0.001 to 500 s�1). Strain rate sensitivity was found to
increase from � 0.004 at 300 K to � 0.008 at 160 K. Thermal activation analysis showed a decrease in
activation volume from 122b3 at 300 K to 45b3 at 160 K and an activation energy of 0.59 eV in line with
collective dislocation nucleation as the rate limiting mechanism. Transmission Kikuchi Diffraction
allowed quantifying microstructural changes during deformation. As such, a deformation map along with
the responsible deformation mechanisms has been ascertained for additively micromanufactured
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nanocrystalline nickel at unique combinations of extreme temperatures and strain rates. Further, rate-
dependent compression of microlattices and complementary finite element simulations using the results
from micropillars as constitutive models exemplified the promise of such metal microarchitectures in
space and aviation applications.

� 2022 The Author(s). 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 synthesis and characterization of nanocrystalline metals,
with grain size <100 nm, has been a topic of intense research in
the material science community, given the push for creating
ultra-strong metals via microstructure engineering. They find wide
applications in microcomponents, micro electro-mechanical sys-
tem (MEMS), and other small-scale structures. The ability to fabri-
cate nanocrystalline structures at small scales will open up a host
of new applications including precision watchmaking and impact
protection of sensitive microsensors.

Template-assisted electrodeposition (TAE) is a electrochemical
additive manufacturing technique that allows the creation of
metallic structures at micrometer length scales. A non-
conductive template is created on a conductive substrate and sub-
sequently metal is electrodeposited into it. Removal of the tem-
plate (and substrate) yields free-standing metallic
microcomponents. Nickel is one of the most prominent elements
to be electrodeposited, due to its use as hard coating, corrosion
protection, decorative surface finish, and low internal stress [1].
In TAE, electrodeposition can be combined with any lithography
technique allowing high throughput synthesis of microscale struc-
tures at ambient temperature. The first 2D microcomponents were
synthesized by Becker and Ehrfeld in 1981 with X-ray lithography
[2], e-beam and UV-lithography followed shortly after. 3D microar-
chitectures have been recently prepared using colloidal templates,
stereo- and two-photon lithography [3,4]. Two-photon lithography
is a novel technique allowing the creation of free-form complex 3D
templates with sub-micron resolution [5]. In the past, various
structures have been created such as gold helices [6], copper lat-
tices [7] and nickel 3D structures [8–10]. The microstructure of
the deposit is dominated by low angle grain boundaries (LAGB)
[11] and often features a texture, leading to mechanical anisotropy
[12].

A method for directly measuring microscale yield properties
and post-yield behavior is micropillar compression [13]. Pillars of
lm size are usually milled on the surface of a sample using a
focused ion beam (FIB) and subsequently compressed using a
nanoindenter equipped with a flat punch recording force and tip
displacement simultaneously. Due to the homogeneous, uniaxial
loading conditions [14], the setup allows a straight forward inter-
pretation in terms of stress–strain behavior. This allows measuring
compressive properties at the microscale in a quantitative fashion
for all classes of materials [15–19]. Nanocrystalline metals have
been previously tested with pillars fabricated using FIB-based
milling [20–22]. Unfortunately, the use of FIB often results in arti-
ficial grain growth and the formation of a thin damaged layer at the
surface that affects the measured properties [23]. Therefore, TAE
offers an attractive alternative for measuring the mechanical prop-
erties of pristine microstructures.

The measurement of mechanical properties as a function of
temperature and strain rate is of particular interest, as it allows
calculating thermal activation parameters and identifying the nat-
ure of the dominating rate-limiting deformation mechanisms
[24,25]. Such experiments have been performed using various
micromechanical techniques on different materials like ceramics,
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metals, and semiconductors [26–28]. Especially for materials with
a metastable microstructure like nanocrystalline metals, it is
important that the microstructure is not altered by the tempera-
ture profile employed for thermal activation analysis. In this con-
text, experiments at sub-ambient temperatures may be used to
minimize temperature induced changes in grain structure.

The mechanical properties of ncNi have been studied exten-
sively in the past. Studies on ncNi with macroscopic sample
dimensions have identified a low strain rate sensitivity (�0.007–
0.03) in the strain rate range of 0.0001/s to 1000/s and grain-
boundary mediated dislocation activities as the primary deforma-
tion mechanism [29–33]. It should be noted that macroscale exper-
iments are typically conducted only between strain rates of 0.001/s
and 0.1/s (using universal testing systems) and at strain rates of
1000/s and higher (using Kolsky bars and split Hopkinson pressure
bars) [34]. This leaves a knowledge gap between 0.1/s and 1000/s,
which can now be addressed due to the recent development of
high strain rate micromechanical testing [34]. Beyond 1000/s, a
steep increase in SRS for ncNi under compression was reported
[32] due to dislocation pile-up within the grain interior and shear
banding with local grain growth. Several studies have measured
thermomechanical properties of ncNi at the macroscale, e.g. cryo-
genic tensile properties at quasi-static speeds [1,35–37] as well as
at elevated temperatures [38,39]. Recently, using nanoindentation
and micropillar compression, the properties of ncNi have also been
identified at room and elevated temperature conditions
[20,21,34,40–42]. What is currently missing is an investigation of
the strain rate dependent properties of ncNi under cryogenic con-
ditions and in a large range of strain rates using a statistically rel-
evant number of microscale specimens.

From an application perspective, it is imperative to fabricate
and analyze complex architectures such as microlattices, which
are specifically designed to possess a combination of desirable
properties like high specific strength and ductility. Metallic meta-
materials are especially attractive, as they allow to reach higher
specific strengths through the intentional use of well-known
intrinsic and extrinsic size effects [43]. Extrinsic size effects are
dictated by the external dimensions of the structural components
making up the metamaterial [44]. Work has been conducted on
identifying optimized structures and the dependence of their
apparent properties on strut size [45]. The intrinsic size effect is
controlled by the microstructure of the metal. Specifically, grain
size, type of grain boundary, and texture are responsible for the
apparent mechanical properties [46]. Combining intrinsic and
extrinsic size effects allows to leverage the mechanical properties
and populate uncharted regions in the material property space.

The goal of this study was to identify the mechanical behavior
of ncNi micropillars as a baseline for the future design of metallic
metamaterials. Large arrays of micropillars were fabricated by
TAE. Their microstructure was analyzed using Atom Probe Tomog-
raphy (APT), Transmission Kikuchi Diffraction (TKD), as well as X-
ray Diffraction (XRD) and rationalized by simulations of the elec-
trodeposition process. Micropillar compression experiments were
performed at subambient temperatures (160 K to 300 K) and in a
wide range of strain rates (0.001 to 500/s) to determine strain rate
sensitivity and thermal activation parameters. In addition, high-
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resolution Scanning Electron Microscopy (HR-SEM) images and
TKD analysis on deformed micropillars allowed assessing the
microstructural changes induced by the deformation at varying
loading conditions. Further, ncNi microlattices were fabricated
and subsequently tested in compression at strain rates from
0.0006/s to 0.06/s. The observed stress–strain behavior and failure
mode were compared to finite element simulations of the micro-
lattice unit cell to obtain further insights into the deformation
behavior of these complex metallic microarchitectures.
2. Experimental

2.1. Template-assisted electrodeposition

Micropillars with a diameter of 3.5 lm and a height of 10 lm
and microlattices with dimensions 33 � 33 � 30 lm3 were fabri-
cated using the following process: ITO-coated cover glass slides
(Thermofischer #1) were cleaned with 150 W oxygen plasma for
300 s and used as substrates. The samples were afterward heated
at 160 �C for 300 s to desorb water molecules from the surface.
AZ9260 photoresist was spin coated onto the cleaned glass slides.
The photoresist was drop cast and spun at 500 rpm for 5 s and
1600 rpm for 60 s. The samples were then let to rest for 60 s before
hot-baking at 90 �C for 60 s and 140 s at 110 �C. The samples were
let rehydrate for 3600 s. The rehydrated samples were then pat-
terned with a two photon lithography 3D printer (Professional
GT, Nanoscribe, Germany). The structure array was illuminated
and samples developed immediately after illumination. The devel-
opment was carried out in AK400/de-ionized water (18 M mixture
in ratio 1:5). The duration of the development was 360 s with a
subsequent wash in de-ionized water for 600 s. The samples were
then air-dried.

For electrodeposition, the nickel electrolyte was mixed with
deionized water. The electrolyte contained 1.19 M nickel sulfa-
mate, 0.3 M nickel chloride, 0.75 M boric acid, 0.0109 M saccharine,
and 0.04 mM sodium dodecyl sulfate. The electrodeposition was
performed in a 500 ml electrochemical glass cell with a nickel
counter anode and Ag/AgCl reference electrode, using the template
as a working electrode. The bath was heated to 50 �C. No artificial
convection was used. The deposition was carried out for 5400 s at a
deposition potential of �1.2 V vs Ag/AgCl. The samples were
removed from the electrochemical cell and mounted onto a copper
SEM stub using a thermally conductive epoxy adhesive (Stycast
2850 FT, Henkel, Germany). After the epoxy was hardened, the
samples were submerged into acetone and sonicated for 5 s to
allow removing the ITO glass slide. The samples were cleaned in
acetone and isopropanol. A schematic overview of the synthesis
process is shown in Fig. 1.
2.2. Simulation of the electrodeposition process

A two-dimensional, time-dependent tertiary current distribu-
tion simulation of the electrodeposition process based on the finite
element method (FEM) was performed using the electrodeposition
module of COMSOLMultiphysics 5.3 (Comsol Inc., Sweden). The set
of equations used in this work is based on prior studies [8,9]. The
ion flux was calculated based on the Nernst-Planck equation, a
mass and current balance equation, and the electrode growth
velocity equation based on the local current, which was calculated
by the Butler-Volmer equation. The ion mobility was derived
through the Nernst-Einstein relation. To account for the supporting
electrolyte, the conductivity was measured and added to the
model. The bulk electrolyte region was meshed coarsely, while
the micropillar template was meshed finely to ensure high preci-
sion and fidelity of the results. The meshing of the pillars was
3

refined to the point where a further decrease of the mesh size
did not influence the result. The used modeling parameters can
be found in a prior study [9].

2.3. Extreme micromechanical testing instrumentation

An in situ microindenter (Alemnis AG, Switzerland) for use
inside an SEM was modified for use at sub-ambient temperatures
and quasistatic strain rates (Fig. 2a). During operation, liquid nitro-
gen is stored in a 25 l dewar outside the vacuum chamber, evapo-
rated on a fine copper grid and pumped through a cold finger
attached to the back of the indenter frame with isolating shafts.
The cold finger is linked to the sample and tip holders using copper
braids to reach a stable baseline temperature. The frame and elec-
tronic components are isolated from the cooled region by ceramic
shafts. The noise floor of the low temperature indenter is approxi-
mately 1 nm RMS in displacement and 12 lN RMS in force at 20 Hz
sampling rate during the operation of both nitrogen and vacuum
pumps. Frame drift is minimized by holding the frame temperature
constant using resistive heaters and temperature feedback in a
closed loop control. Furthermore, thermal sensors and resistive
heaters are attached to both sample and tip holders to allow local
temperature sensing and tuning. The frame compliance was deter-
mined by continuous stiffness measurements on a Cu sample using
a Berkovich tip at room temperature to be 4.85 nm/mN.

For performing experiments at subambient temperatures and
high strain rates, the cryogenic in situ micromechanical instrument
was further modified (Fig. 2b). The load cell was replaced by a high
stiffness piezoelectric load sensor and the tip side cooling was
removed to prevent temperature-dependent piezoelectric interfer-
ence with load sensing. The high strain rate instrument features a
piezoelectric actuator that is powered using a high voltage ampli-
fier capable of outputting high voltages (±175 V) with very high
slew rates (350 V/ls) allowing a maximum tip displacement rate
of 8 mm/s. The voltage output of the piezoelectric load cell is
amplified by a high impedance amplifier. The displacement and
load signals at high strain rates are captured using a digital data
acquisition system at up to 1 MHz. The noise floor of this system
is approximately 13 nm RMS in displacement and 0.5 mN in force
at the maximum sampling rate. The frame compliance was deter-
mined by indentations in a reference fused silica sample to be
approximately 0.7 nm/mN.

2.4. Mechanical experiments and data analysis

Micropillars were compressed monotonically inside an SEM
(Zeiss DSM 962, Germany). Experiments were performed in dis-
placement control using the instruments described above
equipped with a flat punch diamond indenter (diameter 10 lm).
Mechanical testing was performed at 160 K, 224 K, and 300 K,
and at strain rates ranging from 10-3 to 500/s. Load and displace-
ment were measured simultaneously. The load–displacement data
were subsequently converted to engineering stress–strain data,
using the top cross-sectional area and height of the micropillar,
respectively. The yield stress was extracted using a 2% strain offset
criterion to ensure consistency of the results despite varying noise
levels for the different strain rates.

Based on this dataset, apparent activation volume was calcu-
lated using Eq. (1) [24]:

Vapp ¼
ffiffiffi
3

p
kBT dln _e

dr

� � ð1Þ
with a length of 1.473 nm for the Burgers vector b of partial dis-

locations in nickel [47], the Boltzmann constant kB, and tempera-
ture T. Given the previous theoretical and experimental evidence
that the deformation process in nanocrystalline nickel most likely



Fig. 1. Schematical overview of the template-assisted electrodeposition process used for fabricating ncNi micropillars and microlattices.

Fig. 2. a) In situ indenter customized for quasistatic experiments at subambient temperatures. b) Modified version of the in situ indenter capable of performing high strain
rate experiments at subambient temperatures.
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proceeds via emission of partial dislocations, the corresponding
appropriate burgers vector has been chosen for the activation vol-
ume calculation [47–49]. For determining apparent activation
energy, strain rates were extrapolated from linear regressions of
yield stress vs. strain rate for a stress level of 2.65 GPa. Then, the
natural logarithm of the extrapolated strain rates was plotted over
1/T and the activation energy was determined as the slope of the
linear fit to the data points [21].

2.5. Material analytics

Images of pristine and deformed micropillars were taken using
a high-resolution scanning electron microscope (HRSEM, Hitachi
S4800, Japan) at an acceleration voltage of 3 kV.

X-ray diffraction measurements were performed on a Discover
D8 diffractometer (Bruker, Germany) using a Cu-Ka source with
40 kV and 40 nA, with a coupled 2h-h Bragg-Brentano configura-
tion, using a step size of 0.02�. The average grain size was deter-
mined using the Scherrer equation [50] on the (111) peak of the
nanocrystalline nickel diffractograms.

Thin lamellae of the micropillars for further analysis requiring
electron transparency were obtained by a focused ion beam lift
out process with preliminary protection by electron beam-
assisted platinum (Pt) deposition from a metal–organic precursor
gas, followed by ion-beam assisted Pt deposition. Transmission
electron microscopy (TEM) imaging was performed on a JEM2200fs
(Jeol, Japan) in both bright field projection (BF-TEM) and high res-
olution (HR-TEM) modes. Transmission Kikuchi diffraction was
performed on the same thin lamellae to generate quantified grain
4

and texture statistics, using an electron backscatter diffraction
(EBSD) detector (DigiView 5, TSL/EDAX, USA) mounted on a scan-
ning electron microscope (Mira, Tescan, Czech Republic) operated
at 30 kV, 10nA. TKD scans were operated with a 5 nm step hexag-
onal raster across three 600 � 600 nm2 regions per material condi-
tion, each containing over 100 grains which were identified with a
5� misorientation tolerance criterion following an initial single-
step grain dilation procedure with a cut-off grain size of 5 pixels.
TKD data analysis was performed using the OIM Analytics software
(TSL/EDAX, USA).

The specimens for atom probe tomography (APT) were pre-
pared by FIB, using a dual beamworkstation (FEI Helios 600i). Indi-
vidual pillars were lifted out and mounted on standard Si posts for
APT, followed by annular milling for tip sharpening at 30 kV. A final
tip cleaning was performed at 3 kV and 47 pA to minimize the Ga
content. The conditions for the APT measurements (LEAP 5000 XR)
were set in voltage mode at a base temperature of 70 K, 200 kHz
pulse repetition rate with a 15% target pulse fraction for evapora-
tion and finally a detection rate of 0.005 atoms per pulse. The
reconstructions were analyzed using the software IVAS 3.8.2. The
data presented in this paper correspond to the evaluation of three
APT runs.

2.6. Finite element simulations of the mechanical behaviour of
microlattices

FEM simulations were performed using the commercial implicit
solver Abaqus/Standard (Dassault Systemes, France). An idealized
unit cell of the microlattice structure with a side length of 8 lm
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and a range of elliptical strut cross sections (a = 2.7 to 3.3 lm,
b = 1.35 to 1.65 lm) measured by HRSEM was considered. Kine-
matic uniform boundary conditions were applied to the side faces
of the unit cell constraining movement in the direction of their
respective normal vectors. A uniaxial compression was simulated
by adding two rigid surfaces at the top and bottom of the unit cell,
implementing hard, frictionless contact conditions, fixing the bot-
tom surface, and displacing the top surface downward by 0.96 lm.
A von Mises plasticity model was used with strain rate dependent
yield properties extracted from the experimental dataset obtained
in this study. The unit cell was meshed with approximately
110,000 quadratic tetrahedral elements (C3D10). The resultant
force on the top surface was converted to engineering stress by
dividing it by the initial cross sectional area of the unit cell. Engi-
neering strain was calculated by dividing the top surface displace-
ment by the initial height of the unit cell.

3. Results

A novel process based on template assisted electrodeposition
(Fig. 1) was developed and used to synthesize large arrays of ncNi
micropillars (Fig. 3a left), which were found to be highly repro-
ducible (Fig. 3a right). XRD analysis of the electrodeposited speci-
men showed no clear texture and an average grain size of � 30 nm
(Fig. 3c). On the other hand, transmission electron microscopy
(Fig. 3b) and TKD analysis of FIB lift-out lamellae from undeformed
micropillars (Fig. 7a) revealed a columnar grain structure consist-
ing of elongated grains with an aspect ratio of approximately 2:1.
The smallest grain dimension was found to be approximately
30 nm from TKD measurements in line with XRD data.

Finite element simulations of the electrodeposition process
enabled the investigation of possible changes in ncNi microstruc-
Fig. 3. a) Overview of the micropillar array prepared by template-assisted electrodeposit
field TEM image of the undeformed nickel microstructure along the vertical direction (A
sample. d) Current density profiles at the deposit surface as a function of deposition tim
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ture arising due to confined electrodeposition within the molds
(Fig. 3d). An increase in current density by � 1% (<1 mA/cm2)
was found while filling up the molds in comparison to the free
growth of the bulk substrate.

APT measurements of the electrodeposited nickel micropillars
allowed assessing the composition and spatial distribution of ele-
ments within the pillar microstructure. Pillars were shown to con-
tain approximately 99.68 at.% nickel as well as impurities, mainly
sulphur/oxygen, carbon and copper in about 0.10 (±0.02) at.% in
each case, and in lower concentrations also nitrogen and iron < 0.02
at.%. Sulphur and oxygen contributions cannot be separated since
they overlap in the mass spectrum. These impurities mostly segre-
gate towards the grain boundaries, as shown in Fig. 4a) and b). The
grain size of � 30 nm in line with TKD and XRD is highlighted by
the impurity segregation in the corresponding density plot. It
should be noted that the impurity segregation is inhomogeneous
and consequently the impurities content varies from 0 to 1.5 at.%
for different grain boundaries.

Representative engineering stress–strain curves of micropillar
compression experiments performed at subambient temperatures
(160 K, 224 K, and 300 K) and 6 different strain rates (10-3 to
500/s) are shown in Fig. 5a and b. After the initial linear elastic
region, micropillars yield between 2.5 and 3 GPa and deform with
little apparent strain hardening. Assuming isovolumetric deforma-
tion, the engineering stress–strain curves were also converted to
true stress–strain curves and it was confirmed that no apparent
strain hardening was noticed at any strain rate or temperature
(Supplementary Fig. 1). No load serrations were observed for any
tested temperature and strain rate. Strain rate sensitivity m was
found to be very low with m = 0.0036 at room temperature
(Fig. 5c) and slightly increased at subambient temperatures of
240 K and 160 K (m = 0.0085 and 0.0077, respectively). This was
ion of nickel. Right. Zoomed in view of electrodeposited nickel micropillars. b) Bright
-A’ pillar cross-section shown in a)). c) XRD spectrum of the nanocrystalline nickel
e simulated using COMSOL.



Fig. 4. a) APT reconstruction of a nickel micropillar, along with 2D density plot of the main impurities in a 5 nm virtual cross-section, signaled with dashed lines in the
reconstruction. b) Concentration profile along the region highlighted with yellow dashed lines in the density plot.

Fig. 5. Engineering stress–strain curves of micropillar compression experiments at a) 300 K and b) 160 K at varying strain rates. c) Extracted micropillar yield stress vs.
applied strain rate as a function of temperature. Blue triangles represent data measured at 160 K, black circles at 224 K and red squares at 300 K. d) Activation volume (b3) as a
function of temperature and e) Plot of ln( _e) versus 1/T and extracted apparent activation energy Qapp. Error bars in d) and e) were calculated based on error propagation of the
standard error of the estimate of the coefficients from the regression analyses.
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verified statistically by analysis of covariance (ANCOVA) [51],
which showed significant differences (p < 0.05) between the slopes
of linear regressions between the logarithms of yield stress and
strain rate at room temperature and subambient temperatures,
respectively.

To investigate the nature of the thermally activated deforma-
tion process in further detail, apparent activation volume and
energy were determined. Vapp was found to decrease with decreas-
ing temperature from approximately 122b3 at 300 K (similar to
previous room temperature studies [21,37]) to 59b3 at 240 K and
45b3 at 160 K (Fig. 5d). The apparent activation energy was found
to be 57 kJ/mol or 0.59 eV (Fig. 5e).

High resolution SEM images of deformed specimens (Fig. 6)
revealed homogeneous deformation resulting in barreling of the
6

compressed micropillars. No clear differences in the outer shape
of micropillars could be identified as a function of strain rate or
temperature. TKD analysis (Figs. 7a and 8a) was performed on
the FIB lift-out lamellae of undeformed as well as deformed
micropillars. For each lamella, between 358 and 809 individual
grains were identified in the TKD maps far exceeding the recom-
mended minimum number for EBSD-based grain size measure-
ment according to ASTM E2627 [52]. This analysis revealed that
although the average grain area did not change between unde-
formed and deformed pillars (Fig. 7d for cumulative grain size dis-
tribution), the grain ellipticity changed from 0.865 ± 0.023 in
undeformed to 0.838 ± 0.003 in deformed micropillars (average
grain aspect ratios 1.99:1 and 1.83:1, respectively). This means
that the deformed micropillars featured less elongated grains com-



Fig. 6. HRSEM images of deformed micropillars following experiments at 160 K (left), 224 K (middle), and 300 K (right) at quasistatic (top) and high strain rates (bottom).
Please note that the origin of impressions at the specimen top is attributed to defects stemming from the manufacturing process, as shown in the undeformed case
(Supplementary Fig. 2). Also, the outer rim sticking out from the micropillars is due to the breaking of the gold thin film (10 nm thick) coated on the nickel micropillars. Such a
coating was required to avoid charging of the samples from the electron beam during mechanical testing, as the electrodeposited micropillars were glued onto the aluminum
SEM stub using electrically non-conductive glue.
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pared to the undeformed microstructure, which is in line with a
qualitative assessment of IPF colour maps (Fig. 7a). No significant
variation in grain ellipticity was found as a function of testing
conditions.

Grain orientation analysis (Fig. 7c) showed a change in misori-
entation distribution from the as deposited to the deformed
micropillars. In the undeformed material, grains were preferen-
tially elongated parallel to the pillar axis. The deformed micropil-
lars featured a more homogeneous alignment distribution close
to the theoretical random distribution featuring three weak peaks
at 15�, 45�, and 75� (Fig. 7c). This is a significant change from the as
deposited state and agrees with our subjective interpretation of IPF
colour maps (Fig. 7a) that the grains in the deformed micropillars
were less aligned with, or less elongated in, the growth direction.

Texture analysis from TKD data relative to the vertical, loading
direction of the pillars (Fig. 7b) showed that the dominant texture
parallel to the loading direction changed from approximately
{113} in the undeformed material to {110} in the deformed
micropillars. This change in texture occurred irrespective of the
temperature or strain rate at which the experiments were per-
formed. However, it was found that a trace of the original texture
remained also in the deformed micropillars. This remaining trace
was more strongly visible for micropillars deformed at lower tem-
peratures and higher strain rates.

Grain and twin boundaries were further quantified based on
TKD data (Fig. 8). It was found that for the undeformed material,
29 ± 1.2% (by length) of all boundaries were R3 twin boundaries
(TB), whilst 68 ± 1.5% were non-twin high angle grain boundaries
(HAGB, >15� misorientation) and 3 ± 0.4% were low angle grain
boundaries (LAGB, misorientation between 5� and 15�). No other
coincident site lattice boundaries (fromR3 to R29) were measured
to substantially exceed the expected distribution for a random tex-
ture. In deformed micropillars, the relative proportion of TB
decreased to 21 ± 2.9% for room temperature and 14 ± 2.7% for
cryogenic temperatures, whilst LAGB increased to approximately
4.7 ± 1.2% for room temperature and 6 ± 1.2% for cryogenic temper-
ature; hence, HAGB also increased to 74 ± 2.6% for room tempera-
ture and 80 ± 2.8% for cryogenic temperature (Fig. 8b). It was
furthermore found that the area fraction of grains containing twin
7

boundaries decreases from 57 ± 10% in the as deposited micropil-
lars to 22–41% (Fig. 8c) in the deformed ones depending on the
applied temperature and strain rate. Due to the scatter in the data,
no clear trend could be identified for the fraction of twinned grains
as a function of temperature or strain rate.

Five ncNi microlattices (Fig. 9a) were compressed at different
strain rates from 0.0006/s to 0.06/s inside an SEM, (Fig. 9b, sup-
plementary video V1). Only small strain rate sensitivity was
found with the microlattice effective yield stress varying
between 410 MPa and 420 MPa for the strain rate range
0.0006/s to 0.06/s. Finite element simulations predict a yield
stress of approximately 310 to 490 MPa depending on the strut
width of the simulated unit cell for a strain rate of 0.06/s and
localization of plastic deformation in the struts near the junc-
tions (Fig. 9d and 8e) in agreement with the experimentally
observed failure locations.
4. Discussion:

The TAE process used in this study resulted in a highly repro-
ducible, taper-free micropillar shape (Fig. 3a). The structures are
free of artifacts induced by FIB milling, which can result in grain
growth, amorphization, and ion implantation near the surface. Fur-
thermore, APT revealed a high purity of the deposits of 99.68%
nickel and impurities, mainly oxygen/sulfur, segregating at grain
boundaries. These elements are known to have an embrittling
effect on the mechanical performance of ncNi and are often found
in deposits from sulfamate baths.

XRD analysis showed no clear texture and average grain size
of � 30 nm; TEM and TKD analysis of FIB lift-out lamellae from
undeformed micropillars revealed a columnar grain structure with
an aspect ratio of 2:1 and a minimum grain dimension of � 30 nm.
The discrepancies arise due to the difference in the probed volumes
of the three methods (bulk for XRD vs. local pillar for TKD/TEM)
and the direction of analysis (in-plane for XRD vs transverse for
TKD/TEM). As shown by numerical simulations of the electrodepo-
sition process (Fig. 3d), the main growth direction of the deposition
process changes significantly between the confinedmicropillar and
the free growth of the bulk substrate. Grains are expected to be



Fig. 7. a) TKD inverse pole figure colour maps (the IPF colour scale is shown at the bottom of the left figure. Blue lines signify high angle grain boundaries, purple lines low
angle boundaries and red lines R3 twin boundaries; black points are unindexed. b) TKD texture analysis in the vertical direction of FIB lift-out lamellae from an undeformed
micropillar (left), a micropillar loaded at 300 K at quasistatic strain rate (middle), and a micropillar deformed at 160 K and high strain rate (right). c) Orientation distribution
of the major axes of the grains determined by TKD for undeformed and deformed micropillars as a function of temperature and strain rate. The vertical axis shows the
respective area-weighted fraction as a function of the angle of the major axis of the grain with respect to the horizontal direction (0� corresponds to an alignment of the grain
long axis with the loading direction). The green plane represents the expected orientation distribution for random grain orientation. d) Cumulative grain size distribution in
the undeformed and deformed samples under different loading conditions.
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elongated in the growth direction, aligned, and feature a texture
within the micropillar, as the growth front is planar. Once the
micropillar mold is filled, the growth front becomes approximately
a half-sphere. Therefore, texture and grain alignment cannot be
measured by XRD, which samples over a large volume of interest
and therefore averages out local texture variations in the bulk. Fur-
thermore, the predicted increase in current density by � 1% (<1
mA/cm2) when comparing growth inside a mold with free growth
of the bulk substrate is not large enough to effect drastic changes in
deposit microstructure that typically require changes in current
density by at least 10 mA/cm2 [53]. The overall high current den-
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sity is an indication of columnar growth, which is in line with
the TKD data. For this reason, we stipulate that in this case TKD
and TEM are more suitable techniques for studying the microstruc-
ture of templated micropillars than XRD due to the possibility to
perform local measurements.

Here, a new in situ nanoindenter was developed and utilized
that allows performing micromechanical experiments at subam-
bient temperatures and in a wide range of strain rates inside an
SEM. It should be emphasized that this is the first time that the
mechanical properties of ncNi could be ascertained in this range
of temperatures and strain rates at the microscale. Despite the



Fig. 8. TKDmap (coloring relative to loading axis) of coarse growth twins with twin boundaries highlighted in red, other grain boundaries in black. b) Proportion (in length) of
TB, HAGB, and LAGB of all boundaries for undeformed and deformed micropillars as a function of temperature and strain rate. c) Area fraction of twinned grains compared
between undeformed and deformed samples tested under a variety of temperatures and strain rates.

Fig. 9. ncNi microlattices a) before and b) after compression at a strain rate of 0.0006/s. Representative stress–strain signatures of the ncNi microlattice compressions at
different strain rates and FEM simulations are shown in c). FEM simulations conducted on the microlattice unit cells show the distribution of d) von Mises stress levels and
e) equivalent plastic strain. Stresses are reported in GPa.
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overall low strain rate sensitivity of the tested material, m could
be reliably extracted due to the large number of experiments and
wide range of strain rates that can be probed using the novel
setup.

Previous studies conducted on ncNi with a similar crystallite
size of � 30 nm have identified a slightly higher strain rate sensi-
tivity m of � 0.01 [21,32,33,37,54] compared to what was found
here. However, it should be noted that the m values reported in
these studies were either determined at a narrower strain rate
range between 10-5 and 0.01/s. In contrast, the strain rate sensitiv-
ity in this study has been calculated from yield stress values mea-
sured in monotonic experiments conducted over a wide range of
9

strain rates (0.001 to 500/s). Rajaraman et al. [32], who performed
rate dependent macroscale tests on ncNi, report a strain rate sen-
sitivity coefficient m of 0.007 between 0.004 and 3093/s, well in
line with what has been reported here. In this study and a few
others [32,33], dynamic recrystallization was hypothesized to
occur at strain rates above � 1000/s, increasing the strain rate sen-
sitivities significantly, but such ultra high strain rates are beyond
the scope of this current study.

It should be noted that Lohmiller et al, have previously con-
ducted macroscale room temperature quasi-static compression
on ncNi with 30 nm grain size and obtained a strength level
of � 1.6GPa, which suggests the presence of tension/compression
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strength asymmetry in ncNi when compared to the study by Wang
et al. [37,55]. In terms of deformation mechanism, Lohmiller et al
identified a three-stage process for quasi-static testing, where the
system evolves sequentially from elastic to dislocation plasticity
to stress-driven grain growth at large strains (�20%). In the current
study though, at similar strain levels, regardless of the speed (or
strain rate) and the temperature of testing, we did not observe
stress-driven grain growth even at large strains. At this point, the
reason for this difference in deformation mechanisms is not clear,
but it could potentially stem from differences in electrodeposition
conditions (pulsed vs. direct current) and electrolyte composition.
Regardless, the increase in yield stress with decreasing tempera-
ture points towards a thermally activated deformation process
during the compression of ncNi micropillars.

To shed light on the rate limiting mechanism, we calculated the
apparent activation volume, which was found to decrease from
approximately 122b3 at 300 K (similar to previous room tempera-
ture studies [21,37]) to 59b3 at 240 K and 45b3 at 160 K (Fig. 5d). In
the activation volume range of 10-100b3 several plausible defor-
mation mechanisms can operate in parallel, including
dislocation-grain boundary interactions and grain boundary diffu-
sion. Previous in situ mechanical testing inside the TEM studies of
ncNi with a grain size of � 30 nm has determined dislocation
nucleation from grain boundaries and triple junctions as the dom-
inant mechanism behind deformation at quasi-static strain rates
[56]. In addition, as the temperature is lowered to cryogenic levels
and experimental time-scales are lowered to hundreds of
microseconds (at � 500/s strain rate), it is conceivable that the
contribution of diffusion (given a typical grain boundary diffusion
strain rate of � 10-8/s in ncNi with 20 nm grains at room temper-
ature [57]), if any, is diminished even further. Therefore, we
hypothesize that especially at subambient temperatures, the plas-
ticity of ncNi is predominantly controlled by the collective disloca-
tion nucleation/propagation-based dislocation-grain boundary
interactions. Asaro et al [48], using mechanistic models, deter-
mined that in ncNi with grain size >15 nm, the deformation pro-
cess more likely involves the emission of partial dislocations
from the grain boundaries or triple points [48]. Using their models
(equations 5 and 19 of [48]), for a grain size of 30 nm (correspond-
ing to the smallest dimension of the elongated grains in this work),
a flow stress value between � 2.1 GPa to 3.1 GPa can be estimated
for a thermally activated partial dislocation based deformation
mechanism. The yield stress measured in our current study on ncNi
with a minimum grain thickness of 30 nm (2.75 GPa and 2.5 GPa at
cryo and room temperatures, respectively) falls within the pre-
dicted range of flow stresses, further supporting the hypothesis
of dislocation emission from grain boundary or triple point as the
dominant rate-controlling mechanism.

Grain boundary mediated dislocation emission is indeed a ther-
mally activated process that becomes increasingly difficult as the
temperature is lowered to cryogenic levels [58]. This would explain
the increase in the compressive yield strength for ncNi at 160 K
and 240 K compared to room temperature, across all the strain
rates, as seen in Fig. 5c). Another interesting characteristic of the
stress–strain curves reported in Fig. 5a) and b), is the lack of strain
hardening in the plastic regime under all conditions of strain rate
and temperature. This can be explained by the small grain size
of � 30 nm. The grains are in this case too small for dislocation
pile-up or other dislocation reactions to occur even at high strain
rates, which is susceptible to higher dislocation density as men-
tioned above. Using Orowan’s relation for expansion of dislocation
loops it has been previously calculated that the grain size for nickel
needs to be above 38 nm for the occurrence of dislocation multipli-
cation [59], which is in line with our experimental findings.

Furthermore, apparent activation energy was calculated and
found to be 57 kJ/mol or 0.59 eV. This is far lower than the grain
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boundary and lattice diffusion in nickel, which are on the order
of � 1.19 eV and � 2.94 eV, respectively [21]. Peng et al [60] have
previously conducted nudged elastic band simulations to identify
the activation energy required for partial dislocation nucleation
from the surface in nickel as � 0.7 eV, which was experimentally
confirmed by Wang et al. using tensile experiments at cryogenic
temperatures on ncNi with 30 nm grain size [61] and is close to
the activation energy of 0.59 eV identified in this study.

Texture analysis from TKD data (Fig. 7b) showed that the dom-
inant texture in the loading direction changed during deformation
irrespective of the testing temperature and strain rate. However, a
trace of the original texture remained also in the deformed
micropillars, with a trend that the trace was more strongly visible
for micropillars deformed at lower temperatures and higher strain
rates. This is in principle an expected outcome, as (110) is the
deformation texture resulting from large compressive deformation
in fcc metals [62]. The fact that the deformation texture was less
dominant for higher strain rates and lower temperatures is in line
with the activation of glide systems with a lower Schmid factor at
high strain rates, as a higher number of dislocation sources is
required to accommodate the fast plastic deformation. These
non-Schmid glide planes hence prevent a classical texture forma-
tion under high strain rate loading.

Different deformation mechanisms have been suggested for
nanocrystalline metals in the past including partial dislocation
mediated processes (PDMP) like deformation twinning, formation
of extended and full dislocations from grain boundaries, grain
boundary sliding, or grain rotation [63]. Dislocation activity was
observed in in situ TEM studies [64], but not in post-mortem
TEM studies of tensile ncNi samples deformed at room tempera-
ture. This may be explained by the annihilation of dislocations at
the grain boundaries. However, post-mortem observation of nan-
otwins and dislocations is possible on ncNi specimens deformed
at liquid nitrogen temperatures, where a high density of mechan-
ical twins and stacking faults have been observed in previous stud-
ies [65]. The presence of Shockley partial dislocations at the front
of the stacking faults stopping in the grain interior shown in previ-
ous work suggests that the twins nucleate heterogeneously at the
grain boundaries and grow into the grain interior by emission of
partial dislocations. In nickel grains with a diameter > 27 nm, dis-
sociated full dislocations nucleate at a lower stress than partial dis-
locations at room temperature. Once nucleated, the extended
dislocation has short splitting distances between the two Shockley
partials and behaves like a perfect dislocation [49].

The fact that we do not see deformation twins may be explained
by the small grain size in combination with the temperature at
which the experiments were performed. Nanotwins and disloca-
tions have only been observed in ncNi after experiments at liquid
nitrogen temperature. While we performed experiments at subam-
bient temperatures and high strain rates, it is possible that the con-
ditions were not optimal to trap dislocations in the grains as was
shown for liquid nitrogen temperature. On the other hand, it is also
possible that eventual mechanical nanotwins that develop in
nanocrystalline materials at low temperatures and high strain
rates, in addition to the growth twins, could not be observed using
the methods employed in this study due to their limited spatial
resolution, e.g. the 5 nm step size for TKD, as seen in Fig. 7. How-
ever, HR-TEM analysis (Fig. 10a) also did not show clear evidence
of deformation twinning in the compressed micropillars, represen-
tatively shown in Fig. 10b to 10d; any lath features further refined
than the growth twins were found to be associated with Moiré
fringes arising from grain overlap. Recently, a study identified that
in single crystalline copper and copper alloys, twinning is favored
at low stacking fault energy (SFE) materials. In the current study,
given nickel has a higher SFE compared to other FCC metals such
as copper, deformation twinning is not expected. As confirmation,



Fig. 10. a) Bright field TEM images of undeformed and deformed samples tested at different loading conditions. High resolution imaging of twin and resembling features in a
quasi-statically tested sample under room temperature conditions: b) bright field TEM image of coarse twins (red arrow), and other more refined lath features (blue arrows),
c) coarse twins and d) Moiré fringes identified as the lath features using HR-TEM, that are associated with grain overlap (no twin-type mirroring of atomic lattice across grain
– white lines are a guide to the eye), rather than being a deformation twin.
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TKD and TEM inspections on samples tested at high strain rate and
cryogenic temperature combinations revealed a lack of deforma-
tion twins [66].

The electrodeposited ncNi used in this study features initially a
combination of LAGBs, HAGBs and coherent twin boundaries
(CTBs), as seen from the TKD analysis of the undeformed sample
shown in Fig. 8b). It is also clear that the majority of the boundaries
are either HAGBs or CTBs. After deformation, regardless of the tem-
perature and strain rate, there is a decrease in CTB percentage and
an increase in the HAGB percentage (Fig. 8b), but no apparent grain
size change was observed (Fig. 7d). In general, in nanocrystalline
fcc metals, there is a competition between twinning and detwin-
ning during mechanical loading. It has been determined in previ-
ous studies that if the grain size is between 45 and 100 nm
twinning is preferred, while for grain sizes outside this range
detwinning dominates [67]. It should be noted that this specific
study from the literature was conducted on a Ni-Fe alloy system.
Therefore, in the current study with 30 nm nickel grains (smallest
dimension of the elongated grains), while detwinning of CTB is
likely to occur under compression, the exact cutoff of grain size
required for twinning and detwinning still needs to be determined.
Detwinning is a twin boundary migration process, by Shockley par-
tial dislocations traveling across the grain, while twinning happens
when a nucleus initiates at a grain boundary and propagates across
the grain. Thus, during deformation, we hypothesize that as the
first step, partial dislocations emit from HAGB ledges. This is
because it is easier for HAGBs to emit dislocations from the GB
ledges than LAGBs [68], and at yield, the initial dislocation density
can even be solely attributed to the dislocations sourced from the
GB ledges. In the second step, the nucleated partials react with the
existing CTBs and the HAGBs on the opposite end of the grain. It
has been shown previously that the accumulation of dislocations
can transform an existing CTB into a curved incoherent HAGB
[69]. Theoretical estimation of dislocation nucleation rate based
on equations (2) and (3) [70,71] was also carried out using the esti-
mated activation volume Vapp determined at different tempera-
tures and a Young’s modulus E of approximately 180GPa.

m ¼ Nm0 exp � Q ry ;Tð Þ
kBT

� �
ð2Þ

Q ry ;Tð Þ
kBT

¼ ln kBTNm0
E _eVapp ry ;Tð Þ ð3Þ

where N is the number of dislocation nucleation sites (which
remains constant across samples), v0 is the attempt frequency
(�Debye frequency of 1012/s [72]), Q is the activation free energy,
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ry is the yield stress, and _e is the strain rate. At room temperature,
we found the dislocation nucleation rate to vary from 15.7/s to
7.80 � 106/s depending on the strain rate in the range from
0.001 to 500/s. Similarly, at a low temperature of 160 K the dislo-
cation nucleation rate predicted varies between 10.9/s and
5.39 � 106/s in the same range of strain rates. Based on this, we
estimate a ratio of 1.45 in the dislocation nucleation rate of ncNi
micropillars between room temperature and cryogenic tempera-
tures. As such, at higher strain rates a significant increase in dislo-
cation nucleations could be expected at all temperatures. From
Fig. 8b) it can be seen that at high strain rates, the CTB percentages
decline and HAGB percentages increase more compared to quasi-
static tests, both at room and cryogenic temperatures. This can
be attributed to the significant increase in dislocation nucleation
rates and in turn the larger number of dislocations at higher strain
rates. Thus, during high strain rate experiments with enhanced dis-
location nucleations, more reactions of partials with CTBs and their
transformation to HAGBs can be expected [73]. Though it should be
noted that even at higher strain rates with the significantly higher
dislocation nucleations expected, there is a lack of change in appar-
ent hardening compared to tests conducted at lower strain rates, as
evident from the stress–strain signatures (see Fig. 5a) and b)). This
shows that the dislocations are unable to interact with each other
owing to the nanocrystalline grain size of � 30 nm [74], regardless
of the testing conditions.

Given that the thermally activated deformation processes are
significantly affected by a complex interplay of strain rate and tem-
perature, the Zener-Hollomon parameter ‘Z’ is typically used in
such to capture their combined effect. The ‘Z’ parameter is
obtained using the following equation:
Z ¼ _e expðQ=RTÞ
where e _ is the strain rate, Q is the activation energy, R is the gas
constant and T is the temperature. Using the activation energy
extracted from the thermal activation analysis based on the
stress–strain curves, the ‘ln Z’ parameter was calculated to vary
from 16 to 49, as the strain rate and temperature are varied from
0.001/s to 496/s and 300 K to 160 K, respectively. Previous studies
on microcrystalline nickel showed that at low strains, when the ln
Z parameter varies from 20 to 60, dynamic recrystallization occurs
resulting in grain growth or nucleation [75]. A recent study on
microcrystalline copper showed that when the ln Z parameter is
between 36 and 48 twinning or nanotwin-assisted dynamic recrys-
tallization occurs [76]. Interestingly, from the current study, we did
not observe any deformation mechanism change including twin-
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ning or nanotwin formation or recrystallization as the lnZ param-
eter was varied between 16 and 49. This could be attributed to
the nanocrystalline grain size of our nickel deposits. The only
quantifiable microstructural change observed was at the combina-
tion of high strain rate (496/s) and cryogenic temperature (160 K)
with a lnZ of 49, where it was found that the deformed micropillar
had retained a trace of the original texture, while in all the other
cases a change of texture from {113} to {110} occurred.

With regards to 3D microlattices, as seen in Fig. 9a), near-ideal
connectivity was achieved at the nodes, a prerequisite for achiev-
ing good mechanical properties. However, it should also be noted
that the exact geometry of the fabricated lattices differs from the
intended design, especially at the nodes, where a larger than
expected thickness was achieved due to inaccuracies in the
multi-step synthesis process. This is likely caused by the laser
parameters used for obtaining the templating molds. Therefore,
further optimization of the TAE technique using different laser
powers for struts and nodes is required to exactly replicate the
designs in the future. Concerning their mechanical properties
(see Fig. 9c), ncNi microlattices show a high yield
strength � 410–420 MPa at all strain rates, followed by oscillations
in apparent flow stress, indicative of layer-by-layer collapse (see
Fig. 9b) and supplementary video V1). Also, from the supplemen-
tary video V1, it can be seen that the plastic deformation in the lat-
tices localizes in the struts near the junctions where the bending
load is the highest.

Using a range of strut dimensions (elliptical shape – 1.35 lm to
1.65 lmminor axis and 2.7 lm to 3.3 lmmajor axis) of the printed
ncNi microlattices identified via SEM imaging, 3D models of the
unit cell of the microlattice were constructed with different strut
dimensions. Uniaxial compression experiments were simulated
using FEM by applying kinematic uniform boundary conditions
(KUBC) to mimic the effect of the surrounding periodic structure
[77]. The yield stress range obtained using FEM simulations lies
between 310 and 490 MPa depending on the considered strut
dimensions, which is in line with the experimental yield stress of
approximately 410 MPa. This shows that within the significant
uncertainty of the exact geometry of the printed structures, FEM
simulations can predict a range of apparent properties consistent
with experiments. Furthermore, in line with the failure locations
identified in the experiment, it was found that plastic deformation
localized vertically in the struts near the junctions (Fig. 9d and 9e).
The fact that the deformation and failure mechanisms are captured
by the finite element model of the microlattice unit cell is promis-
ing and shows the potential of this approach for the knowledge-
based design of complex structures. By realizing a tighter control
of the final geometry through optimization of process parameters
during the multistep synthesis process as well as an accurate esti-
mation of the exact geometry, flaws, and structural defects via high
resolution imaging techniques such as synchrotron based com-
puted nanotomography [78], the quantitative correlation of
mechanical properties can be improved further in future studies.
5. Conclusion:

In this study, two-photon lithography was combined with tem-
plate assisted electrodeposition to produce a ncNi sample array
consisting of thousands of micropillars enabling high throughput
analysis. A novel in situ nanoindenter setup was developed, allow-
ing for the first time, to perform compression experiments at sub-
ambient temperatures (160 K to 300 K) and in a large range of
strain rates (0.001 to 500/s) inside an SEM. Consistently high yield
stresses were measured ranging between 2.4 GPa and 3.2 GPa and
the highest yield stresses were found for the samples tested at a
strain rate of � 500/s at 160 K. The strain rate sensitivity and ther-
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mal activation analysis resulted in the hypothesis of collective
nucleation of dislocations at grain boundaries being the dominant
rate limiting deformation mechanism, gaining in relative impor-
tance compared to grain boundary diffusion at lower tempera-
tures. Further analysis using TEM and TKD of compressed and
pristine micropillars highlighted the microstructural changes due
to compressive deformation of the ncNi. Significant reduction in
grain elongation and a relative increase in the proportion of high
angle grain boundaries vs. R3 twin boundaries were observed. Fur-
thermore, a clear change in texture was found in most of the
deformed samples, where it was less pronounced on specimens
deformed at lower temperatures and higher strain rates. This study
thus investigated the deformation mechanisms and texture evolu-
tion during compressive deformation of ncNi. Furthermore, we
determined the baseline rate- and temperature-dependent consti-
tutive properties of template-assisted electrodeposited ncNi
microscale structures, which is an attractive technique due to its
high precision, purity, and potential scalability. Finally, the rate-
dependent compression properties of complex ncNi microlattices
were ascertained experimentally at intermediate strain rates upto
0.06/s, along with FEM simulations of the microlattice unit cell
based on the constitutive model extracted from the micropillar
compressions, which was able to reproduce the observed yield
stress range and failure mode. This study is thus intended as a
baseline for future efficient design of metallic metamaterials highly
relevant for applications such as lightweight design for space flight
and aviation based on the combination of experimental and com-
putational approaches.
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