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ABSTRACT: Mechanical metamaterials with three-dimensional micro- and HEA-polymer composite nanolattice
nanoarchitectures exhibit unique mechanical properties, such as high specific
modulus, specific strength, and energy absorption. However, a conflict exists
between strength and recoverability in nearly all the mechanical metamaterials
reported recently, in particular the architected micro/nanolattices, which restricts
the applications of these materials in energy storage/absorption and mechanical
actuation. Here, we demonstrated the fabrication of three-dimensional architected
composite nanolattices that overcome the strength—recoverability trade-off. The
nanolattices under study are made up of a high-entropy alloy-coated (14.2—126.1
nm in thickness) polymer strut (approximately 260 nm in the characteristic size)
fabricated via two-photon lithography and magnetron sputtering deposition. In trade-off
situ uniaxial compression inside a scanning electron microscope showed that these
composite nanolattices exhibit a high specific strength of 0.027 MPa/kg m? an
ultrahigh energy absorption per unit volume of 4.0 MJ/m?, and nearly complete
recovery after compression under strains exceeding 50%, thus overcoming the traditional strength—recoverability trade-off.
During multiple compression cycles, the composite nanolattices exhibit a high energy loss coefficient (converged value after
multiple cycles) of 0.5—0.6 at a compressive strain beyond 50%, surpassing the coefficients of all the micro/nanolattices
fabricated recently. Our experiments also revealed that, for a given unit cell size, the composite nanolattices coated with a high
entropy alloy with thickness in the range of 14—50 nm have the optimal specific modulus, specific strength, and energy
absorption per unit volume, which is related to a transition of the dominant deformation mechanism from local buckling to
brittle fracture of the struts.
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Recent advances in additive manufacturing and processing several hundred nanometers, the metamaterials possess a high
techniques have led to the creation of mechanical specific modulus and specific strength (i, the ratios of
metamaterials,' > prominent examples including three-dimen- modulus and yield strength over density),"”" giving these
sional (3D) architected micro- and nanolattices that exhibit materials potential for applications in lightweight structures
unusual mechanical properties and performances, e.g., negative and devices.

Poisson’s ratio, negative effective modulus, negative effective As a novel type of cellular material, metamaterials have a
mass density, negative refraction index, and pentamode broad range of applications, including lightweight structural
structure.”” The mechanical properties of metamaterials can components, energy absorption and storage, thermal insu-
be tuned by tailoring the geometric parameters of their unit lation, electrochemical devices, catalyst supports, and tissue
cell and/or basic structural elements.” During the past few scaffolds.”” The safety, reliability, and durability of meta-
years, tremendous experimental and modeling efforts have materials in these applications are mainly determined by their
been dedicated to designing and fabricating mechanical strength and recoverability. The yield strength, o,, scales with
metamaterials with optimized properties based on various 3D

architectures and constituent materials, such as polymers,“’5 Received: March 27, 2018

metals,4’6_10 ceramics," ™" and glassy carbon.” Remarkably, Revised:  June 9, 2018

as the characteristic size of their building blocks is reduced to Published: June 14, 2018
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Figure 1. Structure of an HEA—polymer composite nanolattice across five orders of magnitude in length scale from the size of the whole sample
(approximately 100 ym) to the grain size (approximately S nm) of the HEA coating. (a) Schematic illustration of the octet-truss unit cell with the
characteristic sizes a (unit cell size) and t (thickness of HEA coating). (b) SEM image of a representative composite octet-truss nanolattice. (c,d)
Magnified sections of the composite nanolattice. (e,f) HRTEM image of the nanocrystalline HEA coating. The inset in (f) is a fast Fourier
transform (FFT) image of the nanocrystal marked by the solid line in (f). (g) Top view of the composite nanolattice. (h—1) EDS maps of the five

metallic elements over the area shown in (g).

the density, p, in the relation 6,/a,, ~ (p/p,)", 6, and p; being
the yield strength and density of the constituent materials,"®
respectively. The exponent n depends on the architecture of
the metamaterial and is generally larger than 1. This
relationship between the strength and density suggests that
the strength decreases significantly with a reduction in density.
The recoverability reflects the ability of a material to recover its
initial configuration after being subjected to a large applied
strain in the plastic or inelastic regime. Generally, the
recoverability of cellular materials is inversely related to the
density; i.e., the lower the density, the higher the recoverability.
For example, nearly all aerogels have an ultralow density <10
kg/m?, leading to excellent recoverability even after compres-
sive strains exceeding 50%."”"® These behaviors imply that the
strength and recoverability of metamaterials are mutually

4248

exclusive. For quantification, here, we define the recoverability,
t, as the ratio of the recovered strain, €, to the total applied
strain, &, i.e., r = €,/¢. For a given strain, the recoverability of a
material is close to zero if the material fractures and the
recovered strain is very small.

Recently, micro/nanolattices with various controlled geo-
metries have been fabricated via advanced processing
techniques. The experimental measurement of their mechan-
ical properties revealed a strength—recoverability trade-off in
metamaterials. For example, metallic microlattices® with an
octahedral array of hollow nickel-alloy tubes exhibit an ultralow
density of approximately 0.9 kg/m® and completely recover
after compression to a strain above 50%, indicating that r = 1.
However, the strength of these microlattices with hollow
nickel-alloy tubes® is only approximately 10 kPa. Glassy carbon
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nanolattices'> with a honeycomb topology have an ultrahigh
strength of 1.2 GPa at a density of 600 kg/m® due to size-
dependent strengthening effects. However, when the com-
pressive strain reaches approximately 10%, these nanolattices
exhibit catastrophic brittle fracture, leading to a recoverability
of r = 0 at & > 10%."> Most recently, multiscale nickel-alloy
microlattices with fractal configurations showed a recover-
ability of r = 0.8 at &, = 20% at a density of approximately 210
kg/ m?>. However, the strength of these nanolattices’ was as low
as 80 kPa. Ceramic nanolattices composed of an octet network
of hollow alumina tubes'” exhibit a transition from ductile-like
to brittle fracture as their density increases from 6 to 250 kg/
m®. When the density falls below 60 kg/m? these ceramic
nanolattices have a maximum strength of 1.0 MPa and can
recover the original shape after compression to approximately
40% strain, i.e., r =1 at e, = 40%."* Otherwise, the nanolattices
collapse due to the brittle fracture of the tube wall when the
compressive strain is beyond 5—10%, i.e., r = 0 at & > 10%."
In this case, the strength of the hollow ceramic nanolattices is
in the range of 4—30 MPa. Notably, a polymer microlattice
coated with a 800 nm-thick high-entropy-alloy (HEA) layer
exhibited a density of 380 kg/m® and strength of 6.9 MPa;"”
however its fracture strain is only 6.5% under compression,
suggesting r = 0 at &, > 7%."

The observed strength—recoverability trade-off in metama-
terials might be related to the widely observed conflict between
strength and ductility due to competitions between the
strengthening and toughening mechanisms in materials.”’
Evading such trade-off to optimize properties (including
strength, recoverability, and energy absorption) is vital for
mechanical metamaterials. Nearly all metamaterials reported so
far exhibit strength—recoverability trade-off, which might be
because they are made of a single constituent material. Here,
we create an octet-truss composite nanolattice made of two
constituent materials, a polymer core and a HEA coating
whose thickness varies from tens to hundreds of nanometers.
The light and ductile polymer core serves as a frame for
allowing the whole structure to recover after large deformation,
while the ultrastrong HEA coating improves the strength. We
will show that such polymer—HEA composite nanolattices
simultaneously achieve high strength and good recoverability,
thereby overcoming the strength—recoverability trade-off.
During compression to a strain of 50%, the maximum strength
of the composite nanolattice reaches 11.6 MPa, leading to an
energy absorption per unit volume of 4.0 MJ/m? which is
higher than that of most natural materials (such as bone,
antler, and calcite) and micro/nanolattices reported previously.

The composite nanolattices were first fabricated from a
polymer scaffold via two-photon lithography direct laser
writing followed by coating the scaffold conformally with
HEA films using magnetron sputtering deposition. More
details of the fabrication method are given in Methods. The
fabricated nanolattices were designed to have a periodic and
repeated arrangement of an octet-truss unit cell, as illustrated
in Figure la. The cross-section of each polymer strut is
elliptical, with major- and minor-axis semilengths of 774.5 and
262.4 nm, respectively. During fabrication of the nanolattice,
two design parameters were tuned to achieve the optimal
properties: one is the unit cell size, 4, which ranged from 8 to
15 pum, and the other is the HEA coating thickness, t, which
was varied from 14.2 to 126.1 nm. Determination of HEA
coating thickness is given in Methods. Figure 1b shows a
scanning electron microscopy (SEM) image of the synthesized
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composite nanolattice with a = 15 ym and ¢ = 94.3 nm. Figure
1c,d shows magnified sections of the composite nanolattice,
revealing the elliptical cross-section of each strut. The SEM
image provided in Figure 1d was taken of a node on the facet
of a specimen cut by a focused ion beam (FIB) (see Figure
Sla). During FIB milling, some of the polymer core near the
cutting edge burned, leaving only the HEA film with a uniform
thickness of approximately 90 nm (Figure S1d). This indicates
that the HEA coating is conformal and that its thickness is
consistent with the sputtering target thickness. More detailed
examinations on the coating thickness are given in Supple-
mentary Text 1. Parts of the nanolattice (Figure S4) were
extracted and used for transmission electron microscopy
(TEM) analysis. Figure le shows a TEM image of the coated
HEA film, which contains a large number of nanosized grains.
The average grain size of the HEA film is approximately 5 nm,
as shown in the high-resolution TEM (HRTEM) image
provided in Figure 1f. The length scale of the whole composite
nanolattice structure spans five orders of magnitude, from
several nanometers to hundreds of microns, as shown by the
scale bar in Figure 1.

Unlike conventional alloys, HEAs generally contain five or
more principle elements, with the atomic concentration of each
element ranging from 5% to 35%.”' HEAs exhibit high
configurational entropy, severe lattice distortion, sluggish
diffusion, and cocktail effects.”’ As a result, HEAs can achieve
excellent mechanical properties, including high strength, good
ductility, and exceptional fracture toughness, as well as good
resistance to wear, corrosion, and oxidation.”" In this work, the
composition of the coated HEA film is
AljysCriggFe 5 C0,3,Niy g Figure 1h—I shows SEM-energy
dispersive spectroscopy (EDS) maps of the five metallic
elements in the area of a representative composite nanolattice
shown in Figure 1g, indicating a homogeneous elemental
distribution in the nanolattice. The distributions of other
elements (including C, O, and Si) are shown in Figure SS.
During sputtering of the nanolattice, we simultaneously
sputter-deposited HEA films on silicon and sapphire wafers
in the same vacuum chamber. These as-deposited HEA films
have nearly the same thickness as the HEA coating on the
nanolattice and were used to further characterize the
microstructures, phase, and mechanical properties of the
HEA coating. X-ray diffraction (XRD) analysis (Figure S6)
indicates that the HEA film contains body-centered-cubic
(BCC) phases. TEM images of HEA films with different
thicknesses are shown in Figure S7a—h. The mean grain size of
these HEA films is approximately S nm, which is consistent
with that of the HEA coating on the nanolattice. We measured
the hardness of HEA films with thicknesses from 94.3 to 208.5
nm via nanoindentation. For a given indentation depth
normalized by the film thickness, the hardness, H, of the
HEA film is strongly dependent on the film thickness, t, and
increases with decreasing film thickness (Figure S8), implying
size-dependent hardness and strength. By tailoring the design
parameters and utilizing such HEA films with a size-dependent
hardness, a wide variety of materials with unprecedented
properties can be created, including a strong, recoverable, and
lightweight metamaterial in this study. Furthermore, based on
the dimensions of the nanolattices measured by SEM and the
densities of the polymer and HEA film, we estimated the
absolute density, p, and relative density, p, of the composite
nanolattice to be 87.14—865.13 kg/m?® and 0.056—0.234,
respectively. All of the fabricated composite nanolattices have
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Figure 2. In situ uniaxial compression tests of composite nanolattices. (a) Stress—strain curves of nanolattices with a = 8—15 ym and t = 14.2 nm.
(b—e) SEM images of a nanolattice with a = 8 ym and ¢ = 14.2 nm during compression. (f—i) SEM images of a nanolattice with a = 15 ym and ¢ =
14.2 nm during compression. The insets in (b—i) show the locally deformed structures, indicating local buckling of the struts during compression
and nearly complete recovery after unloading. (j) Stress—strain curves of nanolattices with a = 8—15 ym and t = 94.3 nm. (k—n) SEM images of a
nanolattice with a = 8 ym and ¢ = 94.3 nm during compression. (o—r) SEM images of a nanolattice with @ = 15 ym and t = 94.3 nm during
compression. The insets in (k—r) show the locally deformed structures, indicating fracture of the struts.

densities below 1000 kg/m’ indicating that they are shows a series of stress—strain curves for the composite
nanolattices with a = 8—15 ym and ¢ = 14.2 nm. After an initial

lightweight structures.”” Details of the density calculation can
linear elastic stage, a plastic-like plateau occurs in nearly all

be found in Methods.
We performed in situ SEM compression tests on all stress—strain curves, corresponding to the yielding of the

fabricated polymer—HEA composite nanolattices. Figure 2a composite nanolattices. Upon unloading, all the nanolattices
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Figure 3. Mechanical properties of HEA—polymer composite nanolattices. (a—d) Variations of modulus, specific modulus, strength, and specific
strength with thickness of the HEA coating. (e) Specific strength versus compressive strain for our composite nanolattices and other lattices
reported recently. For all materials in the brittle regime and copper nanolattices, the compressive strain in (e) corresponds to the strain at failure.
For the other lattices, the compressive strain in (e) reflects the maximum applied strain in the corresponding experiments. (f) Recoverability versus
strength for our composite nanolattices and other lattices reported recently. (g) Ashby map of energy absorption per unit volume versus density.
This chart compares our composite nanolattices against other architected lattices reported so far and against natural cellular materials.

almost completely recover. Figure 2b—e depicts a series of
SEM images of the deformed nanolattices during compression.
During the initial stage of yielding, the struts near the bottom
buckle first (Figure 2c). As the compressive strain increases,
the buckled struts undergo severe deformation. For example,
some struts are heavily distorted and even make partial contact
with other buckled struts (Figure 2d,h). Throughout
compression, severe buckling propagates from the bottom to
the top like a wave, leading to gradual densification of the
structure. The elastic buckling allows for extensive rotation/
distortion around the thin struts without introducing plastic
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strain, leading to nearly complete recovery even after a
compressive strain exceeds 50%. Similar phenomena are
observed in Figure 2f—i and Movies S1 and S2. Figure 2j
shows stress—strain curves of the composite nanolattices with a
= 8—15 ym and t = 94.3 nm. In contrast to the stress—strain
curves shown in Figure 2a, the stress in the curves shown in
Figure 2j apparently drops after the initial yielding. Such a
stress drop can be attributed to fracture in some of the struts.
As compression continues, more struts fracture, leading to
permanent damage of the nanolattice. While fracture is usually
initiated at the nodes due to stress concentration (insets in
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Figure 2m,n), it is typically localized in a certain region and
does not lead to catastrophic failure of the whole nanolattice.
During compression, some struts still undergo large
deformation via elastic buckling. Thus, the nanolattice can
partially recover after unloading. These phenomena are
observed in Movies S3 and S4. We summarized the variation
in the recovered strain of all the nanolattices with changing
HEA coating thicknesses in Figure S9a. The data show that for
a given unit cell size the recovered strain after unloading
generally decreases with increasing HEA coating thickness, as
exemplified by Figure S9b. The reason for this is that as the
coating thickness increases, the dominant deformation
mechanism transitions from local buckling to brittle fracture
of the struts. Our experimental observations show that when
the coating thickness rises above 50 nm, fracture around the
nodes becomes the controlling mechanism; otherwise, local
buckling dominates throughout compression. We also
observed from Figure S9a that, for a specific coating thickness,
nanolattices with larger unit cells exhibit larger recovered
strains and better recoverability. This may be attributed to the
fact that the local buckling of struts preferentially occurs in
nanolattices with large unit cells.

We further investigated the influence of two design
parameters in optimizing the mechanical properties (Young’s
modulus, yield strength, specific modulus, specific strength,
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recoverability, and energy absorption per unit volume) of the
composite nanolattice. We extracted both Young’s modulus E
and yield strength o, from the stress—strain curves from the in
situ uniaxial compression tests, E by fitting the linear elastic
portion of the stress—strain curve, and o, as the first stress peak
at the initial yield. Figure 3a—d shows the modulus, specific
modulus (i.e., the ratio of modulus over density), strength, and
specific strength (ie., the ratio of strength over density),
respectively, as functions of the HEA coating thickness, t. Each
data point in these figures is the average from experimental
measurements on 3—5 specimens. The error bars reflect the
standard deviation. The large error is primarily due to
structural imperfections introduced during fabrication and
the resultant localized deformation. The measured modulus
nearly monotonically increases with increasing coating thick-
ness, as shown in Figure 3a, improving up to an order of
magnitude over that of the pure polymer nanolattice (i.e., t =0
nm). As the coating thickness increases, the strength first
dramatically increases and then gradually saturates. The initial
increase is due to the introduction of the HEA film with a
much higher yield strength than that of the polymer, while the
subsequent saturation is attributed to the dominance of
localized deformation during compression and the size effect
on strength of the HEA film (i.e, its strength increases with
decreasing film thickness). The strength of the tested
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composite nanolattices is up to an order of magnitude higher
than that of the pure polymer nanolattice (i.e, + = 0 nm).
Because of the superior strength imparted by the nanoscale
HEA film, our composite nanolattices are superior to the
commercially available metallic foams with comparable
densities. At a density of approximately 690 kg/m? our
composite nanolattice has a compressive strength of
approximately 8.03 MPa, whereas a nickel foam with the
same density has a strength of 2.57 MPa.”> Notably, both the
specific modulus and specific strength of the composite
nanolattice increase once the thin HEA film is deposited, as
the modulus and strength of HEA are much higher than those
of the polymer. However, as the coating thickness increases,
both the specific modulus and specific strength slightly
decrease. This result indicates a nonmonotonic dependence
of these two properties on the coating thickness. As shown in
Figure 3b,d, for a given unit cell size, the composite
nanolattices with coating thicknesses of 14.2—50.0 nm have
the optimal specific modulus and specific strength.

We compared the compressive properties of our HEA—
polymer nanolattices with those of other recently reported
lightweight micro/ nanolattices, ¥ 7101 213:15:2224=28 A ¢ ohown
in Figure 3e, for both the specific strength and maximum
compressive strain, our composite nanolattices outperform all
the other reported lightweight micro/nanolattices. Figure 3f
shows the recoverability versus strength of our composite
nanolattices and the other lattices reported to date. For nearly
all the previous micro/nanolattices, the strength and
recoverability are mutually exclusive. However, our HEA—
polymer nanolattices exhibit a superior combination of good
recoverability and high strength (Figure 3f). This is partly
attributed to the fact that our nanolattice is made from the
HEA—polymer composite. The light and soft polymer core
enables the whole structure to recover after large deformation,
while the ultrastrong HEA coating improves both modulus and
strength. These results suggest that using a composite to
construct metamaterials provides an efficient route to over-
coming the strength—recoverability trade-off. As the HEA
coating thickness increases from 14.2 nm, the strength
enhancement nearly saturates due to the occurrence of local
buckling or fracture around the nodes during the initial stage of
deformation. This implies that improving the nodal strength
and suppressing local deformation will be critical for further
enhancing the strength of the composite nanolattices. Due to
their high strength and large compressive strain, our composite
nanolattices have an ultrahigh energy absorption per unit
volume of 4.0 MJ/m* (Figure 3g). The energy absorption per
unit volume was calculated by integrating the area under the
loading—unloading stress—strain curve. As shown in Figure 3g,
the energy absorption per unit volume of our composite
nanolattice is 1—3 orders of magnitude larger than that of
some natural porous materials with comparable densities. If the
relationship between the energy absorption and density follows
a scaling law, our HEA—polymer nanolattices have a larger
scaling exponent than most of the recoverable micro/
nanolattices reported recently.*®”'>'%?*23727 Thijs observa-
tion implies that our nanolattices have higher energy
absorptions than other micro/nanolattices with comparable
densities.

We further performed a series of cyclic loadings on our
nanolattices with a = 8—15 ym and ¢t = 0—50.0 nm. During
compression, the nanolattices exhibit good recoverability after
compression to above 50% strain. Figure 4a shows two typical
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cyclic stress—strain curves of the composite nanolattices with a
= 10 and 15 pm and t = 14.2 nm. In the first cycle of both
stress—strain curves, the linear elastic stage is followed by a
yield plateau due to local buckling or fracture around the
nodes. For the nanolattices with smaller unit cells, hardening
occurs due to densification near the end of the compression
stage. However, the yield plateau is absent in the second cycle,
and the maximum stress is always achieved at the end of
compression. The stress—strain curves in the subsequent cycles
are nearly identical to that in the second cycle. We summarized
the evolution of the energy loss coeflicient and maximum stress
with increasing cycle number. The energy loss coefficient is the
ratio of dissipated energy over the work done during
compression and reflects the hysteresis of the material during
cyclic deformation. The energy loss coefficient first decreases
with increasing of cycle number, and then nearly converges to
a constant after three cycles (Figure 4b). For all the tested
samples, the converged energy loss coeflicient is as high as
0.5—0.6, which is higher than those (highest value of 0.4) of
recently reported micro/nanolattices””'** at compressive
strains beyond 50%. Recent experimental studies on the
fabrication of polymer and polymer—ceramic microlattices and
their behaviors under cyclic loading™ reported their energy
loss coefficients in the ranges of 0.52—0.55 and 0.38—0.44,
respectively,” which are comparable to those found in our
composite nanolattices. However, previous reported values
were obtained at a maximum compressive strain of only 28%,’
which is smaller than that of 50% for our composite
nanolattices. The maximum stress level remains almost
constant throughout cyclic deformation. In terms of both the
energy loss coefficient and the maximum stress, nearly all the
composite nanolattices with HEA coatings are superior to the
pure polymer nanolattice, indicating that the HEA coating
plays a very important role in improving the stress and
hysteresis (energy absorption) during cyclic deformation.
Figure S10a,b shows the variations of energy absorption per
unit volume and recoverability with the cycle number in
composite nanolattices with a = 8—15 ym and ¢t = 0.0-50.0
nm, respectively. In each cycle, the composite nanolattices with
t = 142 nm always exhibit higher energy absorption per unit
volume than the corresponding pure polymer nanolattices
(Figure S10a). However, the composite nanolattices have
lower recoverability than the polymer nanolattices, implying
that the HEA coating improves energy dissipation at a sacrifice
of recoverability. It is noted that, as the unit cell size increases,
the recoverability of all nanolattices during cyclic loading
increases. When the unit cell size is up to 13—15 um, the
recoverability of the composite nanolattices is close to those of
the polymer nanolattices. Figure 4d—k shows a series of SEM
snapshots of the composite nanolattice with a = 15 ym and t =
14.2 nm during cyclic compression. We observed that, after the
first cycle, the nanolattice recovers 93% of its original height
(Figure 4f). In the second cycle, discrete localized fracture
events lead to gradual damage of the structure. As the cycle
number increases, the damage accumulation causes the
residual strain of the nanolattice to gradually increase. After
the sixth cycle, the nanolattice still recovers 85% of its original
height (Figure 4k). Notably, the whole nanolattice does not
exhibit catastrophic failure throughout cyclic compression,
showing substantial damage tolerance of the structure.
Recent experimental studies®* > reported the deposition of
various metals and alloys to polymer micro/nanolattices via
magnetron sputtering. These experimental studies showed that
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the coating thickness viewed from the cross-sections of struts
pronouncedly varies from the top to bottom or from the
outermost to innermost regions of micro/nanolattice samples.
In contrast to the previously studies,’® >’ our nanolattices
exhibit more uniform coating thickness (Figures S1—S3). The
reason can be partially attributed to different processing
conditions and parameters of magnetron sputtering, including
the relative location between the tar%ets and samples and the
sputtering rate. In previous studies,” > only one target was
used and placed vertically relative to the samples, the
sputtering rate was up to about 10 nm min~’, and the sample
was stationary or rotated relatively to the target with frequency
up to about one round per min. The base pressure was about
1—4.5 X 107® Torr, and the processing pressure was 3—4
mTorr with pure Ar gas. In contrast, in our sputtering process,
we used two targets: one was the Al target with a diameter of
5.08 cm, and the other was the FeNiCoCr target with a
diameter of 5.08 cm. The relative location between the targets
and the sample, as shown in Figure S11, differs from that in
previous experiments. Our sputtering rate of less than S nm
min~" was also lower than those used in previous experiments.
The sample rotated at a frequency of 10 rounds min~', which
is faster than those used in previous experiments. The base
pressure was about 0.75 X 1077 Torr, and the processing
pressure was 2.25 mTorr in pure Ar gas. These conditions and
parameters led to more uniform coating thickness in our
nanolattices compared to previous studies.” 9733 Moreover, the
micro/nanolattices from previous studies®® ™ have circular or
rounded square cross-sections, while our nanolattices have an
elliptical cross-section. When metals or alloys are sputtered
from the targets down to the samples, the coating near the top
is somewhat thicker than that near the bottom, as shown from
a cross-section view in Figure S12. For the elliptical cross-
section, the nonuniformity in coating thickness seems less
pronounced, compared with the circular or rounded square
cross-sections. In this sense, the elliptical cross-section may
have also facilitated the uniformity in coating thickness to
some extent.

Previous experiments” reported the fabrication of micro-
lattices with polymer cores and ceramic coatings using direct
laser writing and atomic layer deposition. The ceramic—
polymer microlattices have a maximum strength of approx-
imately 30 MPa (which is comparable to the strength of our
nanolattice of approximately 10 MPa), but they always fail via
brittle fracture at a compressive strain of only 4%. The reason
is that the ceramic coating is intrinsically brittle. The size of the
struts in the ceramic—polymer microlattice is approximately 1
um, which is about twice that (approximately 520 nm) of our
HEA—polymer nanolattices. In addition to the difference in
the feature size, our nanolattice utilizes ductile HEA, which can
undergo much larger plastic deformation than the brittle
ceramics. Due to the nanoscale feature size and the metallic
composite, our HEA—polymer nanolattices have a better
recoverability and damage tolerance at larger compressive
strains than the ceramic—polymer microlattices but without
substantial degradation of the strength. Recent experiments
demonstrated the fabrication of hollow microlattices with a
sandwich wall architecture containing an elastomeric core and
metallic skins via a scalable additive manufacturing process.”’
Such hybrid hollow microlattices exhibited a combination of
high damping, high stiffness, and good recoverability under
large compressive strain.”’ The underlying deformation
mechanism is dominated by local buckling of hollow struts,
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which is similar to that observed in our composite nanolattices
with thinner HEA coatings. In these hybrid microlattices, the
elastomeric cores contribute to the damping and recoverabilitzf,
while the metallic skins provide the stiffness and strength.”’
Our current results, together with those on ceramic—polymer””
or metallic—polymer microlattices,”” indicate that the
fabricated composite micro/nanolattices is an effective strategy
to achieve a combination of good mechanical properties and
performances.

In summary, we have fabricated novel HEA—polymer
composite octet-truss nanolattices with a unit cell size of a =
8—15 ym and an HEA coating thickness of t = 14.2—126.1 nm.
In situ compression tests revealed that such composite
nanolattices exhibit a combination of high specific strength,
ultrahigh energy absorption per unit volume, high energy loss
coeflicient, and excellent recoverability under compression to
strains exceeding 50%, overcoming the strength—recoverability
trade-off exhibited by the mechanical metamaterials reported
previously. Our experimental results also provided an
optimized design for the composite nanolattice; i.e, for a
given unit cell size, the nanolattices with ¢ = 14.2—50.0 nm
achieved the optimal properties. This optimized design is
associated with the dependence of the local deformation mode
(buckling or fracture around the nodes) during compression
on the coating thickness. Our results create an avenue for
fabricating and designing composite mechanical metamaterials
with unique mechanical properties that are probably
inaccessible to metamaterials made of a single-constituent
material and provide a fundamental understanding of the
relationships between the geometry, mechanical properties,
and deformation mechanisms in composite metamaterials.

Methods. Fabrication of Composite Nanolattice. We
fabricated HEA—polymer composite nanolattices by using two-
photon lithography direct laser writing (Nanoscribe) and
magnetron sputtering deposition. Frist, the polymer octet-truss
nanolattice was printed through direct laser writing process via
IP-L photoresist with laser power of 112.5 mW and writing
speed of 24 um s'. Then these polymer nanolattices were
conformally coated by HEA films via magnetron sputtering
deposition. HEA films were deposited on the polymer
nanolattice structures in an ultrahigh-vacuum deposition
system via cosputtering of elemental Al target (99.999%
purity) and equi-atomic FeNiCoCer alloy target (99.9% purity).
Figure S11 shows a schematic illustration of deposition HEA
to polymer nanolattices via magnetron sputtering. For the Al
target, a radiofrequency generator was employed, while for the
FeNiCoCr target, a direct current magnetron was utilized. The
base pressure was lower than 0.75 X 1077 Torr, and the
processing pressure was 2.25 mTorr using pure Ar gas. The
power densities were 1.1 and 0.9 W/cm? for the Al and
FeNiCoCr target, respectively. The substrate rotated at a
frequency of 10 rounds min~" to guarantee homogeneous film
distribution. The film grew at a rate of 5 nm min~". During
sputtering, a real-time temperature monitoring system was
placed in the sputtering chamber to track the variation of
temperature. The measured temperature during sputtering was
around 30 °C, which does not significantly induce cross-linking
of the polymer.

In Situ SEM Compressive Testing. We performed in situ
SEM uniaxial compression tests on all fabricated nanolattices
using a plat punch diamond tip with a diameter of 100 ym (PI
8S, Hysitron). During loading, the nanolattice was compressed
at a constant strain rate of 107> s™'. Engineering stress—strain
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curves were obtained by using recorded load—displacement
data to separately divide by the nominal cross-sectional area
and the height of the whole nanolattice.

As-Deposited HEA Film and Measurement of HEA
Coating Thickness. During sputtering of the nanolattice, we
simultaneously sputter-deposited HEA films on silicon and
sapphire wafers in the same vacuum chamber. These as-
deposited HEA films were used to measure the HEA coating
thickness and further characterize the microstructures, phase,
and mechanical properties of the HEA coating. To further
verify the dependence of hardness of HEA films on the
thickness, we also deposited the HEA films with thickness of
208.5 nm using the same method with the same processing
parameters. We measured the thickness of the as-deposited
HEA film using a step profiler and took the average over
multiple measurements as thickness of the corresponding HEA
coating of composite nanolattice. All composite nanolattices
have four types of HEA coating thicknesses, including 14.2 +
2.4, 50.0 + 4.6, 94.3 + 6.6, and 126.1 + 6.8 nm.

Microstructural Characterization. The microstructural
characterization of composite nanolattice was conducted
using a SUPERA S5 scanning electron microscopy (SEM,
LEO, Oberkochen, Germany) equipped with Oxford EDX and
a 300 kV Tecnai G* F30 (FEI, Netherland) transmission
electron microscope (TEM). Cross-sectional SEM and TEM
analysis was extracted using a focused ion beam (FIB)
workstation (Nova 200 NanoLab UHR FEG-SEM/FIB,
Netherland). The chemical composition and structure of the
simultaneously as-deposited thin films on the silicon and
sapphire substrates were further determined with a Shimadzu
EPMA-1610 equipped with a wavelength dispersive X-ray
spectrometer (WDS) and a Rigaku D/max 2400 diffractometer
with monochromated Cu Ka radiation (k = 0.1542 nm).

Nanoindentation Testing on HEA Films. To measure the
modulus and hardness of HEA film, we performed a series on
nanoindentation tests (TI 950 TriboIndenter, Hysitron) on
HEA films with different thicknesses (94.3, 126.1, and 208.5
nm) sputtered on both silicon and sapphire substrates. During
nanoindentation, a Berkovich indenter was used to measure
the hardness of as-deposited HEA films. For each film, we
tested four different indentation depths ranging from 20% to
80% of the film thickness. For each given depth, the hardnesses
H of the as-deposited HEA films were obtained by averaging
six measurement results. Figure S8 shows the average hardness
of HEA films with different thicknesses on silicon and sapphire
as a function of indentation depth normalized by the film
thickness. For HEA films with thickness of 126.1 and 208.5
nm, their average hardness is nearly constant on both
substrates under different indentation depths. However, for
the HEA film with thickness of 94.3 nm, its average hardness
first increases with increasing depth and then saturates to a
constant. These results are consistent with previous exper-
imental results reported in the literature.”® It is noted that for a
given indentation depth normalized by the film thickness, the
hardness of the HEA film increases as the film thickness is
reduced, indicative of an apparent size dependence in hardness
and strength.

Estimation of Density of Nanolattices. The composition of
HEA film was determined through WDS as
AljysCrigoFe 5 1C0,3,Niy o According to the mixture of rule
and the densities of individual elements (Table S1), the density
p. of the sputtered HEA film was estimated as 7200 kg/m”.
The density of liquid IP-L photoresist is 1170 kg/m?. During
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the solidification of the liquid photoresist, its volume shrinkage
is 1.40—15.83%. Considering such volume shrinkage, we
estimated the density p,, of solid IP-L photoresist (i.e., polymer
core in composite nanolattice) as 1280 kg/m3. Using SEM
measured dimensions of fabricated nanolattices, we con-
structed three-dimensional (3D) finite element models to
investigate the effects of nodes, then estimated the total
volume fractions of the polymer core and the HEA coating
based on the models, and finally used their volume fractions
and densities (i.e., pp and p, estimated above) to determine the
density of the composite nanolattice via the following
expression:
AL

Lt (1)
where V,, and V, are the volumes of the polymer core and the
HEA coating, respectively. The relative density is defined as
the volume fraction of solid materials in the nanolattice and
can be estimated based on the models. The absolute density p
and relative density p of composite nanolattice vary from 87.14
to 865.13 kg/m® and from 0.056 to 0.234, respectively.
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