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« Copper (Cu) micropillars were
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to create Cu-Ni core-shell structure.

« In-situ micropillar compression
revealed an exceptional ~ 3-fold
increase in strength after coating the
Cu structure with a Ni shell.

« Experiments and FE simulation
showed remarkable similarities in
mechanical response and
strengthening mechanism of Cu-Ni
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ABSTRACT

Direct printing of complex 3D structures at the nano- and microscale is a promising technique for MEMS
devices, small-scale sensors, and actuators. So far, most studies have been focused on printing copper
(Cu) structures due to the high Coulombic efficiency compared to other conductive metals such as plat-
inum. However, Cu suffers from low material strength, low modulus, and high strain-rate sensitivity. This
work introduces a unique Cu-Ni core-shell structure for improved strength. A 3D additive-
micromanufacturing technique based on localized electrodeposition was utilized to fabricate dog-
bone-shaped Cu micropillars with submicron resolution. These pillars were subsequently coated with
Ni by pulse-reverse electrodeposition. A combination of in-situ micropillar compression at various strain
rates (0.001-500 s ') and finite element simulations revealed remarkable strengthening in the Ni-coated
Cu micropillar. Data obtained from both experiments and simulations were in good agreement, suggest-
ing the strengthening was dominated by interface characteristics, stress redistribution, and geometrical
effects. Furthermore, the study demonstrates that shape and dimension of the 3D-printed objects can be
retained while increasing their strength drastically. These findings can be extended to other material sys-
tems and provide a pathway to develop strong and tough composites and metamaterials at multiple

length scales for future applications.
© 2023 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/).
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1. Introduction

There is an ever-growing need for miniaturized components for
different applications such as MEMS devices, small-scale sensors,
actuators, electronic circuit elements, and ultra-high precision
devices with mechanical functions [1-4]. This need resulted in a
relentless drive to explore new technologies capable of creating
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three-dimensional (3D) architectures with a low defect density and
sub-micrometer resolution. However, most fabrication techniques
that create complex 3D nano/microstructures are subtractive.
Some examples are electron beam writing [5], lithography [6,7],
ultra-precision diamond machining [8] and conventional focused
ion beam (FIB) milling [9,10]. These techniques often involve mul-
tiple steps of high complexity and high cost [2,11,12]. Moreover, in
the case of FIB, laser ablation, and reactive ion etching [13], the fab-
rication process introduces damage to the sample surface that
could alter the deformation behavior of the material [9,13]. Fur-
thermore, established additive manufacturing techniques, like
laser-powder bed fusion or laser/direct metal deposition, lack the
resolution required for nano/micro applications due to the intrinsic
size limit (10-100 pm) of the metal powder particles [14-17].

In contrast, novel additive micromanufacturing (LAM) tech-
niques provide efficient, high resolution and flexible patterning
of 3D metal microarchitectures with the smallest feature dimen-
sions ranging from ~1 pum to ~10 pm and overall sample dimen-
sions reaching up to several millimeters [18-21]. Direct printing
of 3D nano/micro metallic architectures with controlled
microstructure is useful for such applications [19]. In addition,
1AM can be used to print ideal test beds - such as micropillars,
micro-tensile samples, and micro-lattices suitable for mechanical
testing to study process-structure-property relationships.

Several additive manufacturing techniques for micro/nano scale
fabrication have recently been explored. Among the available
methods, meniscus-confined electrodeposition [20], localized
pulsed electrodeposition [19] and redox printing [21] are the most
promising. However, the quality of the structure, e.g., surface
roughness and geometry, is challenging to control. Daryadel et al.
[22] reported a meniscus-confined pulsed localized electrodeposi-
tion method to fabricate nanotwinned Cu micropillars of around
~700 nm diameter. Although excellent material properties were
obtained, the fabrication process is limited to strand-based geome-
tries and low deposition rates. Similarly, Reiser et al. [21] have used
electrohydrodynamic redox printing to create ~400-nm-diameter
multi-metal pillars. In addition, several of these metal structures
suffer from non-flat top surfaces and/or rough sidewalls, which
are detrimental to the apparent mechanical properties of the
structures.

There is still a lack of established additive manufacturing tech-
niques, especially for metals, that are economical in terms of cost
and speed, are scalable, and have sufficiently high resolution for
micro/nano scale manufacturing. Recently, a few studies
[18,21,23-25] demonstrated an in-liquid electrodeposition-based
technique for additive micromanufacturing, capable of 3D printing
complex metal structures without the need for post-processing.
This technique typically involves delivery of a metal-containing
electrolyte using a hollow microcantilever utilizing a local electro-
plating approach [18,21,23,26,27]. Microstructural characteriza-
tion revealed that damage-free micron-size pure Cu structures
could be synthesized at room temperature with template-free 3D
printing, which makes it a promising technique for creating 3D
nano/micro metal structures.

Most of the micron-scale 3D printing studies explored Cu
microstructures for applications requiring localized fabrication,
such as probe-based techniques, interconnects for electronics and
high-frequency antenna coils for microwave transmission [23,28-
31]. A few studies investigated structures made of platinum have
already been reported in the literature [1,32], but Cu is thus far
the most popular for electrodeposition due to the high Coulombic
efficiency (minimum Faradaic losses because of side reactions)
over a wide voltage range [23]. These structures are intended for
real-life applications where they must withstand harsh loading
conditions like impacts, drops, vibrations and thermal loading.
However, Cu is not an ideal material from a mechanical perspec-
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tive, as it suffers from a low Young's modulus, a low strength, a
high strain-rate sensitivity, and thermal instability [26,33-36].
Although a few of the additive micromanufacturing techniques
have made significant advances in creating complex and durable
3D structures [19], still, material property engineering for 3D
printed microstructures is a largely unexplored area of research.
Another limitation of additive manufacturing at a small scale is
the difficulty in adapting the process for printing new materials
and alloys, which often is not possible. Thus, to develop more dur-
able solutions, core-shell structures may be adopted to enhance
the strength and stability of the existing materials optimized for
printing [37-39]. In this context, Ni is an attractive material as a
shell for Cu micropillars due to its high Young's modulus, high
strength, and good corrosion resistance. Ultrafine-grained Ni has
a Young's Modulus of 200 GPa and in nanocrystalline (nc) form,
its yield stress can reach values well above 1.5 GPa [40,41].

In this work, we report on the synthesis of Cu (core)-Ni (shell)
structures at the micron scale with varying Ni thickness and a
detailed investigation of their microstructure and mechanical
properties. The dog-bone shaped Cu micropillars (core) were fabri-
cated using the pAM technique that uses localized electrodeposi-
tion and in-situ detection of voxel completion in combination
with a Ni coating (shell) of two different thicknesses (up to
670 nm). The microstructure and the mechanical properties of
these Cu-Ni core-shell structures were explored at room tempera-
ture using a combination of dynamic in-situ Scanning Electron
Microscope (SEM) micropillar compression experiments at strain
rates ranging from 0.001 s~! to 500 s~'. FE simulations model
the strengthening effect of stress redistribution and geometry vari-
ation in the Cu-Ni core-shell micropillars. Post-mortem Transmis-
sion Electron Microscopy (TEM) and Transmission Kikuchi
Diffraction (TKD) analysis on the deformed micropillars reveal
the deformed microstructure and the related strengthening
mechanisms.

2. Materials and methods
2.1. Synthesis

A schematic of the synthesis process is shown in Fig. 1. Cu
microstructures were produced with a CERES pAM system (Exad-
don AG, Switzerland) [23-25] (Fig. 1a and b). The substrates (area
of 15 mm x 15 mm, Si / 13 nm Ti / 100 nm Cu) were sonicated for
10 min in acetone and 5 min, both in isopropanol and distilled
water, before being placed in the CERES printing chamber. The
reservoir of the ion tip was filled with a CuSO4 solution, and the
printing chamber with sulphuric acid-based solution (Printing
Solution [Cu] bright, Exaddon AG, Switzerland). The printing was
carried out at 24 + 1 °C and an applied deposition potential of
—0.52 V vs Ag/AgCl.

After printing, the samples were washed for 1 min in distilled
water and 5 min in isopropanol, yielding pure Cu 3D structures.
For the dog-bone micropillars in this study, a tip with a 300-nm-
diameter aperture (lontip, Exaddon AG, Switzerland) was used at
an air pressure range of 50 mbar to 200 mbar. Each dog-bone is
built up out of 104 voxels and the mean printing time of a pillar
was 61 £ 1 s over the whole 10 x 10 array. The electrodeposition
of the Ni coating was carried out in a three-electrode setup
(Fig. 1c and d). The Cu microstructures were used as working elec-
trodes, with an Ag/AgCl (3 M KCl) reference electrode and a soluble
nickel counter electrode. The nickel sulfamate electrolyte was
mixed prior to deposition, consisting of 1.13 M Ni(SO3NH,;),
(98 %), 0.15 M NiCl;, (99 %), 1 mM SDS (99 %), 5 mM C;H4NNaO3-
S-xH,0 (99.8 %) and 0.5 M H3BO (99 %). The chemicals were used
as purchased (Sigma Aldrich). The electrodes were placed in a
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(a) Cu 3D printing via localized electrodeposition
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(b) 2D reverse pulse Ni
electrodeposition

(¢) Finished Cu-Ni core-shell
3D structure

Fig. 1. (a) Cu 3D printing using a cantilever (grey) that locally supplies copper ions (blue). A potentiostat applies the deposition potential required to reduce the copper ions.
Voxel completion leads to cantilever motion, which is measured by optical beam deflection (red). (b) Uniform reverse-pulse Ni electroplating (nickel ions in green). (c) Cross-
section schematic showing a Cu-Ni core-shell structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

double-walled glass beaker with a volume of 500 ml. The elec-
trodeposition was carried out at 48 °C in pulsed potentiostatic
mode with a deposition pulse of 50 ms at —1.2 V vs Ag/AgCl and
areverse pulse of 5 ms at 0.3 V vs Ag/AgCl. The deposition was car-
ried out for 20 s and 62 s, respectively, for approximately 250-nm
and 670-nm-thick coatings. The samples were removed from the
electrochemical bath immediately upon finishing the nickel depo-
sition process. Then they were rinsed in water, acetone, and
isopropanol.

2.2. Micropillar compression at various strain rates up to 500 s~

Micro-compression tests were performed in a SEM (Philips
XL30 FE-ESEM) using an in situ nanoindenter (Alemnis AG, Switzer-
land) equipped with a 20-pm-flat punch diamond tip. Strain rates
ranging from 0.001 to 0.1 s~! were applied using an Alemnis stan-
dard assembly nanoindenter, while strain rates ranging from 1 to
1000 s~! were applied using the high-dynamic module (Alemnis
AG, Switzerland). Technical details on the module can be found
elsewhere [42,43]. The raw force — displacement curves were cor-
rected by the instrument compliance and corrected for pillar sink-
in into the substrate using Sneddon’s correction [44]. Stresses were
calculated based on the average gauge-section diameter. The inter-
section of a linear fit to the elastic segment of the load curve, which
was offset along the strain axis by 0.2 %, marked the individual
yield points. Post-mortem SEM images were recorded using a Hita-
chi S4800 field emission SEM (FESEM) at an acceleration voltage of
1 kV.

2.3. TKD and TEM investigation

To further investigate and analyze the material microstructure,
undeformed and deformed micropillars were lifted out using SEM/
FIB fabrication process. Longitudinal cross-sections along the mid-
dle were cut and thinned down to prepare the pillar samples for
TKD and TEM analysis. The Scanning TEM (STEM)-High angle
annular dark-field (HAADF), Energy Dispersive Spectroscopy

(EDS) area maps, and Bright-field (BF)/Dark-field (DF) TEM images
were acquired using a Themis 200 G3 aberration (probe) corrected
TEM (Thermo Fischer) operating at 200 kV.

For all the samples, the TEM thin foils were mapped using the
TKD technique to provide an overview of the orientation distribu-
tion inside the structures. All TKD patterns were collected and
recorded for off-line analysis with electron beam conditions of
30 kV and 10nA, using an EDAX DigiView camera with 4x4 binning
and 40-nm-step size. Furthermore, High (angular) resolution (HR)
TKD cross-correlation was performed using Cross Court V.4.3 soft-
ware (BLG Vantage, UK), with elastic constants of Cu (in GPa) of
C11 = 168.3, C12 = 122.1, C44 = 75.7. High Resolution (HR) TKD
was used to map local stresses and the geometrically necessary
dislocation (GND) density distribution [45]. Indeed, the entire dis-
placement gradient tensor, containing both strain and rotation
information, can be obtained from algorithms based on determina-
tion of small shifts of features from recorded patterns using cross-
correlation functions [46,47]. It is important to note that any in-
plane rotation between the TEM or TKD images shown in this arti-
cle is simply the result of the manual positioning of the foil in the
microscopes.

2.4. Finite element simulations

Finite element simulations were performed using the commer-
cial implicit solver Abaqus/Standard. The geometry of the printed
Cu pillar was measured in 6 positions along its length and interpo-
lated with a spline function. It was placed on a cylindrical Si sub-
strate with a thickness of 25 pm and a radius of 25 pm to
account for substrate compliance. To simulate the Ni coating, the
surface of the original Cu pillar was radially translated outwards
by the respective thickness of the coating. Furthermore, a cylindri-
cal cap of Ni was added at the top of the pillar. The core-shell
structure was thus modeled with two separate regions (Cu core
and Ni shell) bonded by a perfect interface.

The boundaries of the substrate were fixed in all directions. The
flat punch was simulated by kinematically binding all nodes at the
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top of the pillar to a reference point. Isotropic elastic-plastic mate-
rial behavior was chosen with a von Mises yield criterion and no
strain hardening for both the Cu and Ni regions. For Cu, an elastic
modulus of 137 GPa, a Poisson ratio of 0.3, and a yield stress of
0.465 GPa were used. For electrodeposited Ni, an elastic modulus
of 210 GPa, a Poisson ratio of 0.3, and a yield stress of 2.5 GPa were
used [41]. For Si, an elastic modulus of 127 GPa and a Poisson ratio
of 0.278 were used.

The core-shell pillars and substrates were meshed with 14,500
to 16,500 quadratic hexahedral elements (16500 to 18,500 nodes)
with reduced integration (C3D20R). A direct sparse solver with
standard convergence criteria was utilized to solve the resulting
system of equations. The pillars were compressed by 1 pum in dis-
placement control. The reaction force was extracted and converted
to engineering stress by dividing the load data by the initial small-
est area of the gauge section of the pillar.

To assess the influence of a non-flat pillar top, the geometry of
the top surface was estimated based on HR SEM imaging in 6
points. This profile was used to implement a non-flat pillar top in
FE simulations of pure Cu pillars (see supplementary Fig. S1). In
this case, the flat punch was modeled as a rigid body in hard, fric-
tionless contact with the top of the pillar, and the pillar was com-
pressed by controlling the downward displacement of the rigid flat
punch.

2.5. Analytical modeling

An analytical expression for the elastic compliance of the
micropillar was computed by integrating over the height of the pil-
lar considering the varying cross-section that was determined
using HR SEM images:

1 ' dz
k~ ) EA@ (1)
0
This expression was solved for E
! kdz
) A@ ?
0

Resulting in an expression allowing us to compute the unknown
composite modulus based on the known unloading stiffness of the
micropillar, pillar height, and variable cross-section.

Additionally, a theoretical modulus for a Cu-Ni composite based
on the rule of the mixture was estimated using the following equa-
tion for isostrain condition (Voigt composite [48]):

_ EniEcy
Eeuni = EniVeu + EcuVni 3)

Here E denotes elastic modulus and V is the volume fraction.
We assume that the Cu and Ni are in isostrain condition, specifi-
cally at the gauge section, where most of the deformation is sup-
posed to be confined.

3. Results and discussion

A set of pristine Cu micropillars (dog-bone shaped) was suc-
cessfully fabricated using pAM and coated with Ni of two thick-
nesses: 250 nm and 670 nm, which are termed as Cu-250 nm Ni
and Cu-670 nm Ni, respectively. The success rate of the 3D printing
of the micropillars was almost 100 %, with all the pillars having
uniform microstructure. TKD and TEM were performed on the as-
fabricated and deformed pillars for microstructural and chemical
composition analysis (Fig. 2). TKD analysis reveals that the Cu is
microcrystalline with an average grain size of 421 + 26 nm in as-
fabricated Cu-250 nm Ni, whereas Ni is nanocrystalline with an
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average grain size of around 30 + 6 nm (Fig. 2a and 2d). The
microstructure is dominated by high-angle grain boundaries
(>12° misorientation), mainly consisting of twin boundaries. The
high-angle grain boundary (HAGB) fraction is almost 95 %, and
the twin-boundary fraction was determined to be 70 % of all the
HAGBs for the as-fabricated Cu-250 nm Ni sample. We expect all
pillars to have the same microstructure because the same condi-
tions were used for synthesis. We assume that an uncoated Cu
sample would have a similar grain structure to a coated sample;
however, the slightly larger grain size observed in the coated sam-
ples could be due to annealing effects, as the Ni was deposited at
48 °C. Fig. 2e shows the SEM image of the as-fabricated Cu-
250 nm Ni pillar on a TEM grid after thinning. Further TEM/EDS
investigation of as fabricated Cu-250 nm Ni sample demonstrates
that a uniform layer of Ni is present (red) on the Cu micropillar
(blue), particularly at the gauge section (2e). The Ni coating thick-
ness is determined to be 250 + 20 nm and 670 + 30 nm for Cu-
250 nm Ni and Cu-670 nm Ni samples, respectively. It is important
to note that the images may not accurately represent the Cu pillar’s
dimensions because the pillar’s cross-section lamella could be
slightly away from the middle cross-section. The Ni-coating thick-
ness, however, should not be affected. A clear interface between Cu
and Ni is evident from Fig. 2d — 2e, with only a slight intermixing
of Cu and Ni. It is well known that Cu and Ni can inter-diffuse and
form a solid solution easily due to their similar atomic radii, the
same face-centered cubic structure and similar electronegativities
[49-51]. In this work, we did not observe a large degree of inter-
mixing of Cu and Ni at the interface, probably due to the low depo-
sition temperature of Ni (48 °C), which is not high enough for
significant diffusion of Cu into Ni or vice versa [52]. This lack of dif-
fusion is beneficial for the purpose of this work as it allows an
enhanced study of the effect of the interface and the coating on
the apparent strengthening of the pillars. The same methodology
can be applied to other material systems in the future.

Uncoated and coated Cu micropillars were subjected to in-situ
SEM compression at different strain rates ranging from 0.001 s~!
to 500 s~'. TKD analysis was performed on the deformed Cu-
250 nm Ni and Cu-670 nm Ni micropillars, as shown in Fig. 2b
and 2c. TKD IPF maps reveal that the deformed pillars have similar
grain sizes (448 + 30 nm and 481 + 36 nm for deformed Cu-250 nm
Ni and deformed Cu-670 nm Ni, respectively), but show a slightly
higher twin-boundary fraction compared to their undeformed
counterparts. For instance, the average Cu grain size for the unde-
formed Cu-250 nm Ni sample is determined to be 421 + 26 nm,
similar to 448 + 30 nm for deformed Cu-250 nm Ni. However,
the twin boundary fraction increased from 70 % to 80 % in the
deformed Cu-250 nm Ni sample. It is evident that there is no pref-
erential texture in the deformed and undeformed pillars (Fig. 2a-c).

The representative stress—strain curves from in situ micropillar
compression of uncoated Cu micropillars and Cu micropillars with
Ni coating of 250 nm and 670 nm at strain rate 0.001 s~! are out-
lined in Fig. 3. It could be shown by FE simulations of non-flat pil-
lars that the non-linear region at the start of all three tests is
caused by the uneven top surface of the pillar in contact with the
flat punch (see Figure S1 in supplementary for details). In the initial
stage of contact establishment, an outer ring is deformed first elas-
tically and then plastically by the flat punch. This ring is subse-
quently flattened out, leading to a complete establishment of
contact on the entire top surface. In this stage, the force-displace-
ment curve shows a second linear regime representing the overall
micropillar’s elastic behavior. This regime is followed by a second
yield point, which corresponds to the onset of plastic deformation
in the gauge section. Because the initial nonlinearity in the curves
is caused by a geometrical imperfection at the top of the pillar
caused by the fabrication process and does not influence the stress
state in the gauge section, the initial non-linear region can be
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a) As-fabricated Cu-250nm Ni b) Deformed Cu-250nm Ni

m @ ow
Grain size (nm)

Dark Field Image

100 nm

Fig. 2. TKD orientation maps obtained from the a) as-fabricated Cu-250 nm Ni micropillar, b) deformed Cu-250 nm Ni micropillar and c) deformed Cu-670 nm Ni samples, d)
TEM analysis of Ni coating in as-fabricated Cu-250 nm Ni samples consisting Ni grain-size chart, dark field image, bright field image and a SAED (selected area electron
diffraction) pattern e) TEM images of the as-fabricated Cu-250 nm Ni micropillar showing uniform Ni coating thickness (in red) on the Cu micropillar (in blue) using EDS and
STEM mode. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

~ [ 18
© i 1w
o r 18
) 2: 1s
[ 1<
2 151 ]
n I ] :
2 ] Cu-670nmNi
8 [ i
£ L il
(@] L 4
i ! 1o
0.5F ——Pure Cu 12
I —Cu-670nmNi | 15
—Cu-250nm Ni | - 3
O 1 L L 1 1 " " L L 1 L 1 1 1 L " L L
0 0.05 0.1 0.15 0.2
Engineering Strain Pure Cu Cu-250nmNi Cu-670nmNi

Fig. 3. Representative stress—strain curves of pure Cu, Cu-250 nm Ni and Cu-670 nm Ni are compared with SEM images (on the right) of their micropillars before and after
deformation.

ignored for further analysis. It is worth noting that all tests per- plastic deformation is most likely to occur in the middle due to
formed on multiple pillars for each configuration showed a highly the minimum cross-sectional area.
repeatable behavior. For the stress calculation, the minimum diam- By considering the varying cross-section of the micropillar in an

eter at the gauge section in the middle of the pillar was used, as analytical model of the compliance, the elastic modulus of the Cu
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deposit was determined to be around 130 GPa, which matches
remarkably well with the previously reported modulus of nano-
grained Cu [36,53]. The apparent moduli of Cu-250 nm Ni and
Cu-670 nm Ni are 148 GPa and 150 GPa, respectively, which is
again close to the values 148 GPa (volume fraction, Cu:Ni ~ 3:1)
and 160 GPa volume fraction, Cu:Ni ~ 1:1.3) estimated using com-
posite theory. Here we assume that the Cu and Ni are in isostrain
condition at the gauge section during compression such that a
Voigt average is representative of the loading situation. From the
obtained modulus values, it is inferred that the composites are
fully dense and contain pure Cu and Ni, which was also confirmed
by TEM EDS results (Fig. 2). The 0.2 % offset yield stress of pure Cu
is calculated to be 0.46 + 0.02 GPa, which agrees well with previous
studies on microcrystalline Cu with grain size ~ 400 nm. Recently,
Ramachandramoorthy et al. [26] studied Cu fabricated at various
strain rates using the same electrodeposition-based 3D microman-
ufacturing technique. They reported the yield stress to be ~ 0.4
GPa for Cu with a grain size in the grain size range of 400 nm to
1000 nm and that yield stress was strongly dependent on the
external pillar dimension-to-average internal grain size ratio
(n~1-5). In the present work, the average Cu grain size is close
to ~ 450 nm for all the pillars with n~6-7, which suggests that
the yield stress matches well with the reported value of 0.4 GPa
for the grain size and n range provided [26]. The slightly increased
yield stress compared to the earlier study can be attributed to a
smaller average grain size and a higher n value in the present case.

More remarkably, we notice a significant strengthening (more
than three times higher yield stress, 1.50 + 0.15 GPa vs
0.46 + 0.02 GPa) in Cu-250 nm Ni core-shell structure compared
to pure Cu. Interestingly, increasing the thickness of the Ni layer
from 250 nm to 670 nm exhibits little effect on the strength of
the composite, which ascertains that a thin layer of Ni would be
enough for the strengthening of Cu micropillars. We prpose that
the deformation originates in the Cu core first, which is restricted
radially by the Ni layer until the Ni layer itself starts to deform
plastically, at which point plateau stress is reached. The yield
strength of the nanocrystalline Ni that was deposited using similar
electrolyte and deposition conditions was found to be around 2.5
GPa using in-situ micropillar compression [41]. This high-
strength nanocrystalline Ni is responsible for the exceptional -
apparent - hardening of these core-shell structures, resulting in
an almost 2 GPa high flow stress at 10 % strain. This is indeed a
promising material system where the pure Cu core has high elec-
trical conductivity while the outer Ni layer provides the required
mechanical strength and durability. Also, the shape and dimension
of the 3D printed objects are retained while increasing the strength
drastically.

The advantage of 3D-printed pillars resides in the pristine state
of the pillars, without damage, and a smooth surface, as shown in
Fig. 3b. All pillars failed at the gauge section, which validates our
assumption to use the smallest diameter for stress calculation.
Majorly, all Cu micropillars deformed in a similar manner, which
is coherent barreling, as represented in Fig. 3b. This deformation
mode has been observed in previous studies on fine-grained Cu
[54]. Recently, Ramachandramoorthy et al. [26] reported similar
deformation behavior in 3D printed ultrafine grained Cu with grain
size ~ 170 nm. Here, we note that Cu and Ni are co-deforming in
the Cu-250 nm Ni and Cu-670 nm Ni composites, which is impor-
tant for homogenous and gradual deformation.

These structures are intended for real-life applications where
they are expected to withstand harsh loading situations like exter-
nal impact and dynamic loadings such as drops or vibrations.
Therefore, the structures were tested at various application-
relevant strain rates. Fig. 4 shows the rate-dependent mechanical
response of pure Cu and Cu-Ni core-shell structures at room tem-
perature. The strain rates range from 0.001 s~! to 500 s~!. The
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Fig. 4. Extracted 0.2 % offset yield stress values of pure Cu, Cu-250 nm Ni and Cu-
670 nm Ni as a function of strain rate.

effect of adiabatic heating based on the power generated at high
strain rates was ignored because it was found to be negligible (in
the range of ~ 0.01 K) for 3D-printed pure Cu micropillars using
FEM simulations [18]. Both the pure Cu and the Cu-Ni structures
show strong strain-rate dependency. For quantitative analysis,
the strain-rate sensitivity m was determined using the 0.2 % offset
yield stress (¢) and the different strain-rate (¢)-based equation as
shown below:

olno
M = Siné )

The 0.2 % offset yield stress as a function of strain rate is
reported in Fig. 4. Pure Cu samples exhibit a strain rate sensitivity
(m) of 0.033, which falls within the range of previously reported
values for UFG Cu from 0.02 to 0.06 [26,55]. This validates our
approach and test setup to calculate the strain-rate sensitivity.
Other samples with Ni coating on top Cu-250 nm Ni and Cu-
670 nm Ni show a similar but slightly lower value of m, i.e.,
0.025 and 0.026, respectively, Cu and nanocrystalline Ni (around
0.02) [56]. Note that we did not observe any change in deformation
behavior as all the pillars failed through coherent barreling.

The apparent activation volume is kinetically an effective signa-
ture of the operative deformation mechanisms [57]. An estimate of
the apparent activation volume can be obtained from the different
strain rate experiments using the following equation [42]:

olné

where T is the temperature (in Kelvin) and kg is the Boltzmann con-
stant. We calculated the activation volume for pure Cu to be around
16.25 b, assuming the Burger vectors to be 0.255 nm for a perfect
dislocation in Cu. This low activation volume, close to 10 b> points
towards dislocation nucleation-based deformation at yield. This
observation is in line with the deformation mechanism discussed
in the literature [26,55]. It has been reported previously that a low
stacking-fault metal, like Cu, has a preferred deformation pathway,
which is usually a partial dislocation nucleation from triple points
[58]. For the Cu-Ni core-shell structures, estimating the activation
volume is difficult as deformation occurs simultaneously in both
Cu and Ni. Most likely, Cu has already plastically deformed to a sig-
nificant amount, and Ni has also started to yield at the apparent
point of yielding of the composite structure. Using the dynamic test-
ing, we see evidence that the Cu-Ni interface is not significantly
impacting the strain-rate behavior of these composites, because
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the strain sensitivity of the composite remains in the range of strain-
rate sensitivity values for pure Cu and Ni.

3.1. Strengthening mechanism of Cu in Cu-Ni core-shell structure

To get more insight into the strengthening and deformation
mechanisms of the Cu-Ni core-shell structures, complementary
FE simulations and detailed TKD and TEM analysis on the deformed
pillars were carried out. FE simulations were performed on five
configurations - pure Cu, Cu-100 nm Ni, Cu-250 nm Ni, Cu-
670 nm, and Cu-1000 nm Ni - using the implicit solver ABAQUS/
Standard. The simulated load-displacement data is compared with
the experimental data as shown in Fig. 5a. We observed a remark-
able similarity between experimental and simulated load-dis-
placement data for pure Cu, which helped us to validate the
simulations. However, non-identical loading slopes for simulation
and experiments (even after ignoring the initial non-linearity in
the experimental data due to non-flat sample top as mentioned
before) are evident in Fig. 5, even though the same elastic modulus
is used for simulation as obtained from the experiments. It is com-
mon for micropillar experiments to observe a lower loading slope
due to initial misalignment between the flat tip and the pillar top
and due to dissipative processes such as friction and plastic flow
near the contact [59]. Therefore, the elastic modulus was calcu-
lated from the unloading segment of the stress-strain curve (more
details can be found in the experimental section).

In terms of yield force and maximum forces, we note an out-
standing similarity between experimental and simulated load-dis-
placement data for pure Cu, Cu-250 nm Ni, and Cu-670 nm Ni. All
three samples demonstrate similar yield force values and reach
similar maximum force values. In Fig. 5b, the yield force and max-
imum force at 0.8 % strain obtained from experiments are very well
matched by the FE simulation. This validated our simulation and
experimental data; thus, we extended the FE simulations to predict
the mechanical response of two more configurations, Cu-100 nm
Ni and Cu-1000 nm Ni. Here we observed a linear trend for the
yield force and maximum force as a function of Ni coating thick-
ness and by fitting a line (with high R? values > 0.97) to it, we
obtained an empirical relationship between the yield force vs Ni-
coating thickness and between the maximum force vs Ni-coating
thickness:

G yild force(MN) = 0.0337(mN/nm) « A(nm) + 4.5306(mN) (6)

Omax. force(MN) = 0.0121(mN/nm) « 2(nm) + 3.2334(mN) (7)

where 1 is the Ni coating thickness. The relationships obtained can
be used to predict the mechanical properties such as yield force and
maximum force of the Cu-Ni core-shell structure as a function of
Ni-coating thickness and provide valuable insight into design
strategies for stronger and more robust composite materials for
future applications.

It is important to note that there is a sharp transition from the
elastic to the plastic regime in the simulation, while the transition
is more gradual in experiments. Even though yield force and max.
force were very well matched by the FE simulations; strain harden-
ing was apparently overestimated. This overestimation is attribu-
ted to the strength of the Cu-Ni core-shell structure being
dictated by the stronger and stiffer nanocrystalline Ni shell
through load redistribution and confinement effects. As the Ni-
coating thickness increases, the composite gets stronger (simu-
lated up to a 1000-nm-thick Ni Coating), which is expected accord-
ing to the rule of mixture. Note that the FE simulation simulates
the material behavior on a continuum level based on von Mises
plasticity and does not explicitly consider the grain boundary or
interface boundary effect or any dislocation or diffusion-based
deformation mechanism. Furthermore, the differences in apparent
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stiffness and strain hardening may be caused by the uneven top
surface of the real micropillar, which were not accounted for in
the finite element analysis. Further simulations including an
uneven top surface and contact conditions between a rigid flat
punch and the micropillar showed a clear influence of the ring-
like surface artefact present in the real structures (Supplementary
Fig. S1). In this case, the surface is plastically flattened following
establishment of the contact causing the appearance of an artificial
apparent yield point in the initial loading curve. As this reduces ini-
tial contact area and leads to early onset of plasticity inside the
structure, this reduces the apparent stiffness of the structure and
thus the precision of the strain estimation from the micropillar
compression experiment.

It has been reported that interface crystallography is critical in
dictating the core-shell structure’s mechanical performance [60].
For example, a semi-coherent interface in a Al-Ni (fcc-fcc) core-
shell structure exhibits a higher strengthening with increasing
Ni-coating thickness as compared to a coherent interface Cu-Ni
(fcc-fec), which shows little effect of Ni coating thickness on
strengthening [60]. In the case of a coherent interface, dislocations
can move relatively easily, whereas, dislocations would be pinned/
blocked at the semi-coherent or incoherent interface, resulting in
strain hardening of the material. On the contrary, a gold shell has
been shown to weaken a single crystal silver particle (core) by act-
ing as a dislocation source, causing premature failure of the core
material [61]. An interesting observation in the present work is
that despite the presence of a Cu-Ni (fcc-fcc) interface, we
observed considerable strengthening of the Cu composite with
250 nm of Ni Coating. Two different strengthening mechanisms
have been observed due to the Cu-Ni interface, depending on the
coherency of the interface [62-68]. In the case of a coherent Cu-
Ni interface, the strengthening is due to homogenous nucleation
of the dislocations at the interface and their subsequent interac-
tions [62,63]. While in a semi-coherent interface, pre-existing mis-
fit dislocations play a major role in strengthening [64,67,68]. In
both cases, dislocations eventually propagate through the inter-
face, but the interface acts as a strong barrier to the dislocation
motion. Hence, the Cu-Ni interface must be responsible for a higher
strengthening by restricting the motion of dislocations or twins,
which originate either in the Cu or at the interface [69,70].

Other factors that could be important for the deformation
mechanism of Cu-Ni composites are related to the Cu and Ni grain
structures and their individual deformation mechanisms. As men-
tioned above, Cu is microcrystalline and the dislocation nucleation-
based deformation mechanism is more probable at room tempera-
ture and quasistatic strain rates [26]. Conversely, Ni is nanocrys-
talline, with a grain size of ~ 30 nm. Previous studies on nc Ni
with a grain size of 20 to 30 nm have concluded that dislocation
nucleation at the grain boundaries and at triple junctions is the
dominant deformation mechanism at quasistatic strain rates
[41,58,71,72]. This deformation mechanism switches to grain
boundary sliding and grain rotation [73,74] for a Ni grain size
below 15 nm. For microcrystalline Cu (grain size ~ 400 nm) and
nc Ni (grain size ~ 30 nm), deformation is demonstrated to be con-
trolled by dislocation nucleation and dislocation propagation-
based mechanism at quasistatic strain rates. Moreover, the
sample-size to grain-size ratio has also been observed to affect
the mechanical response of nc Ni [75,76]. For instance, yield
strength and deformation mechanisms were considerably different
for micropillars compressed with different diameters (160 + 30 nm
and 272 £ 30 nm) but with similar Ni grain size (~30 nm) [75]. In
other words, the yield strength and deformation mechanism would
change if the number of grains in a sample is less than ~ 10 mea-
sured along the diameter. Thus, we expect to observe a different
strengthening behavior between Cu with a thinner nc Ni coating
(50-100 nm, corresponding to 2 to 4 grains) and Cu with a thicker
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Fig. 5. (a) Comparison of load-displacement data obtained from experiments and FE simulation. The dotted lines represent data from FE simulation, and smooth lines show
data obtained from experiments. (b) Yield force and maximum force extracted from the FE simulation and experimental load-displacement data are plotted as a function of
Ni coating thickness. Lines were fitted and linear relationship were obtained from the FE simulation data for both yield force and maximum force with respect to the Ni

coating thickness.

nc Ni coating (250 nm and above, corresponding to>10 grains) due
to the possible size effect. However, FE simulation results only
show a strengthening behavior according to the rule of mixture
for all the coating thicknesses ranging from 100 nm to 1000 nm
(Fig. 5) and the potential size effect in 100 nm coated sample could
not be captured. Therefore, the microstructure needs to be consid-
ered in addition to the geometrical effects of the core-shell struc-
ture. At the same time, FE simulations helped us to validate our
experimental setup and provided a valuable insight about the pos-
sible strengthening of the structures by load and strain
distribution.

From experimental data in Figs. 3 and 5, we hypothesize that
the dislocations and twins are initially nucleating in Cu (Cu is much
weaker than Ni) at high-angle boundaries and at the Cu-Ni inter-
face. Then their interactions with each other and the interface
cause the strain hardening in the composite, whilst Ni is still elas-
tically deforming and resisting the radial expansion of the Cu [62-
67]. From a mechanics perspective, this could be interpreted by a
decrement in the tangent stiffness of Cu while it is plastically
deforming. However, Ni is still elastic and absorbs a significant pro-
portion of the additional load, leading to strong apparent strain-
hardening (stress redistribution). Once Ni also undergoes yielding,
the hardening saturates. When stress is sufficiently high for the
dislocations to cross the interface, the overall composite is yield-
ing. In case of stress-strain data in Fig. 3, It can be argued that
the yield stress of the Cu 250-nm Ni structure was already very
close to the yield stress of pure nc Ni. In principle, a higher Ni
thickness should lead to higher strength, but it is not the case, as
shown in stress-strain curves (Fig. 3). The upper bound for
strength is the strength of the Ni. Therefore, a thicker coating of
the same material does not increase the yield stress, as the
strength of the composite will asymptotically approach the
strength limit of the coating.

To understand the potential contribution of the Cu-Ni interface
and plastic strain distribution in the strengthening of the core-
shell structures in detail, TKD and TEM analysis of the deformed
pillars were carried out. Another remarkable similarity is observed
in the position of the plastic strain region identified in FE simula-
tions as well as experiments for the post-deformed Cu-250 nm
Ni and Cu-670 nm Ni micropillars (Fig. 6). High-resolution kernel
average misorientation (HR-KAM) maps obtained from the TKD

analysis of the deformed pillars of the Cu-250 nm Ni and Cu-
670 nm Ni samples are shown in Fig. 6a-b. Note that KAM has been
reported to be dependent on the GND density [77], i.e. lattice cur-
vature, and to correspond to the applied macroscopic strain when
averaged over multiple grains or entire measurement fields [77-
79], thus often used as a qualitative measure of plastic deformation
localisation The equivalent plastic strain maps of the deformed pil-
lars obtained from FE simulations are shown in Fig. 6¢ -d. The
majority of the deformation is accommodated in the gauge section
as evident in the TKD HR-KAM map (as per legend) of the Cu-
250 nm Ni (Fig. 6a), which matches well with the simulated Cu-
250 nm Ni pillar after loading (Fig. 6¢). The highest plastic strain
is concentrated in the Ni layer indicating the importance of the
outer Ni layer for strengthening. A parametric numerical study
investigating the influence of coating thickness on the plastic strain
and von Mises stress distributions (see Supplementary Fig. S3)
showed that indeed the highest stresses appear in the Ni due to
its high stiffness and yield strength. In the Cu-670 nm Ni pillar
the plastically strained region is shifted upwards of the gauge sec-
tion and towards the top of the pillar in both TKD HR-KAM map
and simulated plastic strain map. This is possibly due to the thicker
(4 pm) gauge section in the Cu-670 nm Ni structure, reducing the
overall difference in the dimension of the pillar, and could cause a
variation in strain distribution and stress-strain profile. This was
verified again by numerical simulations varying coating thickness
(Supplementary Figure S3), which showed that for thicker coatings
the average stress in the Cu inside the gauge section is reduced,
likely due to the stress shielding of the stiff Ni coating. The effec-
tive copper content of the composite varies with the vertical posi-
tion in the specimen. Inside the gauge section, the composite
strength is highest because the - significantly weaker and more
compliant - copper core has a small cross sectional area compared
to the stiff Ni shell leading to a redistribution of stresses in this
region.

Post-mortem TEM analysis was performed on the deformed Cu-
250 nm Ni and Cu-670 nm Ni pillars to get more insight into the
deformation mechanism. Fig. 7(a-d) and 7(e-h) show the Cu-Ni
interface of deformed Cu-250 nm Ni and Cu-670 nm Ni pillars,
respectively. It is evident that Ni is nanocrystalline, in contrast to
the Cu, which has bigger grains (grain-size range ~ 400 nm). White
arrows in Fig. 7a, 7¢, and 7d show several dislocations pinned at
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Fig. 6. (a) HR-KAM maps obtained using TKD analysis of the deformed (a) Cu-250 nm Ni and (b) Cu-670 nm Ni micropillars and equivalent plastic strain (PEEQ) maps

obtained using FE simulation of (c) Cu-250 nm and (d) Cu-670 nm Ni micropillars.

the side interface (parallel to the loading direction) as well as at the
top interface (perpendicular to the loading direction) in both the
samples. Additionally, in Fig. 7e and 7 g) twins and stacking faults
are blocked at the interface. This suggests that the interface must
play a role in strengthening these composites by blocking the
defects originating in Cu. This could be one of the reasons that
the Cu-670 nm Ni pillar - otherwise expected to possess higher
strength according to the composite theory due to the higher per-
centage of Ni - is not stronger than Cu-250 nm Ni. It is possible that
an even thinner layer of Ni (maybe 50-100 nm) would be sufficient
to provide similar strength or even higher (due to the potential size
effect) in Cu-Ni core-shell structure, which would be remarkable
for future composite development involving coated structures.
Additionally, we have also observed dislocation cell structures in

our Cu deformed micropillars, which is consistent with the defor-
mation characteristics observed by Zhao et al. [80] on the Cu
micropillars in the micropillar size ranging from 3 um to 5 pm.
Our results point to the presence of an optimal coating thick-
ness for strengthening of core materials. Furthermore, interface
crystallography and microstructure play an important role and
must be considered while creating the core-shell structure for
mechanical property improvement. FE simulation is helpful in pre-
dicting the composite’s maximum strength and yield strength and
could be tuned to predict the complete behavior of the composite
by incorporating more information related to the microstructure of
the material. The findings of this study can be extended to other
material systems and can provide a pathway to enhance the
mechanical properties of more complex structures, which would
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Fig. 7. HR-TEM images of the deformed micropillars of (a-d) Cu-250 nm Ni and (e-h) Cu-670 nm Ni, revealing that the dislocations, dislocation cell structures, twins, and the

stacking faults are pinned at the top and the side Cu-Ni interfaces.

be critical for future structural materials at micro and nano scale.
In this context, the application of our method to designing and syn-
thesizing optimized core-shell microlattice metamaterials, whose
properties go beyond those of their bulk counterparts [81-83],
seems a promising pathway towards realizing strong, tough, and
lightweight structural materials.

4. Conclusion

In this work, Cu-Ni core shell structure structures were synthe-
sized by additive micromanufacturing of a Cu core using localized
electrodeposition and coating with a Ni shell using global elec-
trodeposition. These Cu-Ni core shell structures were then investi-
gated using a combination of experiments and FE simulation to
gain more insight into the effect of the Ni-coating thickness as well
as the governing deformation mechanism. The following conclu-
sions can be made:

e We observe a remarkable ~ 3-fold increase in strength after
coating the Cu structure with a Ni shell that is only
250 + 20 nm thick. Interestingly, tripling the Ni shell thickness
to a Cu-Ni core-shell structure with a 670 + 30 nm-thick-Ni
shell yields only a moderate increase in strength.

Dynamic testing was performed up to 500 s~', which revealed
that the strain-rate sensitive behavior of these composites is
like that of the individual Cu and Ni and no apparent effect of
the interfaces or of the core-shell structure on the strain-rate
sensitivity is observed.

To get more insight into the dominating strengthening mecha-
nisms, FE simulations were performed and compared with the
experimental results. The load-displacement data and plastic
strain map obtained from FE simulations demonstrate clear
similarities with the load-displacement data obtained from
the micropillar experiment and HR-KAM map of the deformed
samples using HR-TKD. From FE simulation data, we validated

10

our experiments and conclude that strengthening of the Cu-Ni
core-shell structure is due the geometric constraints imposed
by the stronger Ni layer on the Cu core and the resulting redis-
tribution of stresses in the composite. We established an empir-
ical relation to predict the yield force and maximum force of the
Cu-Ni core-shell composite as a function of Ni-coating
thickness.

Moreover, post-mortem TEM of the deformed pillars of Cu-
250 nm Ni and Cu-670 nm Ni show that the dislocations, twins
and stacking faults are pinned at the Cu-Ni interface and are
unable to move, until sufficient load is reached.

Finally, it is established that in addition to the geometric con-
finement and stress distribution, interface crystallography and
microstructure are also important factors in dictating the com-
posite’s overall mechanical response.

This study demonstrates the promise of additive manufacturing
to tailor material properties via not only 3D geometry but also via
material combinations to get the best out of established processes.
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