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A B S T R A C T

Metamaterials such as architected lattice structures have aroused broad interest in being applied as mechanical supports for their lightweight and custom-shaped
capabilities. Although various prior efforts have been devoted, a multiscale fabrication of micro-nano lattice structures without penalizing the mechanical proper-
ties is still a challenging but highly desirable task. Here we put forward a strategy to produce a mechanically enhanced micro-nano lattice structure by conformally
depositing a CoCrFeNiTi high-entropy alloy (HEA) coating layer onto a three-dimensional (3D) printed polymer skeleton. The template for the 3D printing employs a
six-membered tricapped trigonal prism (6M-TTP) structure derived from a medium-range order structure motif in amorphous alloys. The topological complexity of the
6M-TTP can substantially avoid the stress concentration by offering stress-release channels, while the HEA film incorporating with amorphous and nanocrystalline
constituents can further reinforce the lattice architecture through its size hardening effect. Benefitting from the above, the fabricated polymer/HEA-hybrid lattice
exhibits a high specific compressive strength (~0.055 MPa kg-1 m3 at a density below 500 kg m-3), a superior elastic recoverability (~70% recovery rate under >30%
compression), an enhanced plasticity (40% strain) and a high specific modulus (0.135 MPa kg-1 m3). Our strategy initiates a perspective way to fabricate multiscale
micro-nano lattice structures with improved mechanical properties, which could be extended to widespread metamaterial research.
1. Introduction

By virtue of multilevel micro-nano pores or topological cavities,
biomaterials such as diatom and spongia typically exhibit high me-
chanical properties that are far superior to conventionally manufactured
materials [1–3]. As a result, blooming bionic research works have been
inspired recently [4,5], aiming to develop mechanically enhanced met-
amaterials by introducing pores at various length scales. Over the past
few decades, a significant step forward in developing metamaterials has
been driven by incorporating rapid-advancing three-dimensional (3D)
printing technology [6]. The extremely high precision of the 3D printed
manufacturing has enabled periodically or topologically architected
micro-nano lattices fingerprinted by multiple length scale characteristics,
giving rise to unique properties including high strength, ultralow density,
high elastic recoverability, negative Poisson ratio, etc [7–9].

Typically, the fabrication process of the nano-micro lattice architec-
tures involves printing a 3D architected polymer framework, followed by
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depositing a coating layer via employing magnetron sputtering [10].
With this regard, the properties of the nano-micro lattice architectures
are primarily governed by the coupling between the composition and
topology of the structural templates and the “size effect” of nanoscale
characteristics such as nanopores or coating layers [11]. Apart from
combining the inherent properties of all components, the topological
framework structure is of critical importance, mostly extracted from
crystal structures of “FCC” or “BCC” metals [12,13]. However, when
subjected to loading stress, the joints in these simple structures are in-
clined to break as a result of stress concentration, calling for more
rational and artful ideas for structural design. Recently, our group has
revealed a six-membered tricapped trigonal prism (6M-TTP) cluster in
the medium-range order of amorphous alloys [14]. From the perspective
of topology, theoretically, this novel 6M-TTP structure can evenly
distribute the stress to the six interconnecting TTP branches, which
avoids the stress concentration and the deteriorative mechanical per-
formance. This motivates us to employ this topologically complex
erials Science and Engineering, Nanjing University of Science and Technology,
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Fig. 1. (a) The SEM and (b) AFM image of the surface morphology of the Si-supported HEA film. (c) The TEM image of the cross-section of the Si-supported HEA film.
The squares in yellow, green and red colors located at different depths correspond to the HRTEM images of (d), (e) and (f), respectively. The insets in (d–e) are the
SAED patterns. (g) The hardness and (h) the Young’s moduli of the Si-supported HEA films measured by nano-indentation [26].

Fig. 2. (a) The optical microscopy image of the photograph of the fabricated polymer/nano-HEA-hybrid lattice structure. (b) The optical microscopy image of the
central joint of the HEA-hybrid architecture. (c) The cross-section edge of the supporting rods determined by SEM.
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6M-TTP structure as the 3D printed templates for constructing mechan-
ically enhanced micro-nano lattices.

In addition to the structural templates, the nanoscale coating layers
801
can also act as mechanical enhancers exploiting the size effect [15,16].
Conventional coating materials include Ni-P [17], Al2O3 [18,19], TiN
[20], Au [21,22], metallic glasses [23], and so on, yet the critical barrier



Fig. 3. (a) The stress-strain curves of the polymer/HEA-hybrid lattice structure under uniaxial compression. Optical snapshots of the polymer/HEA-hybrid lattice
structure under different strains at the sputtering time (b–e) 0.5h, (f–i) 1h, (j–m) 2h, and (n–q) 4h. The yellow and red squares indicate the plastic deformations and
the fractures of the supporting rods.
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still remains, especially in terms of balancing strength and plasticity.
High-entropy alloys (HEAs) are one novel class of alloy materials con-
sisting of five or more elements with elemental contents between 5~35
mol% [24]. The multi-metallic cocktails of the HEAs have offered flexible
compositional design and endowed promising properties advantageous
over single-elemental metals, including high mechanical performance.
Furthermore, it is known that nanocrystalline HEA film [25] (i.e.,
nano-HEA) deposited by magnetron sputtering usually shows high me-
chanical properties combining strength and hardness. All these factors,
along with their high compatibility with the polymer frameworks, en-
ables the nano-HEAs as an ideal coating material for micro-nano lattice
architectures.

In this work, a CoCrFeNiTi0.1 nano-HEA thin film is deposited onto a
novel 6M-TTP polymer scaffold for fabricating a micro-nano lattice
structure, which is implemented by combining 3D printing with
magnetron sputtering. Comprehensive characterizations, including
scanning electron microscopy (SEM), high-resolution transmission elec-
tron microscopy (HRTEM) and atomic force microscopy (AFM), are
conducted to probe the morphology and structure of the nano-HEA
coating film and the HEA-hybrid architecture. The enhanced mechani-
cal properties are validated by combining uniaxial compression and
nano-indentation. This work reports a novel polymer/HEA-hybrid micro-
nano lattice structure with a mechanical performance superior to the vast
majority of the currently existing metamaterials.

2. Materials and methods

2.1. Preparation of the polymer/nano-HEA-hybrid lattice structure

Taking the 6M-TTP structure as the printing template, the polymer/
HEA-hybrid lattice structure was built by using the modeling software
of Solidworks. The photosensitive resin (Formlabs, Grey Resin), mainly
consisting of non-toxic polyester oligomer and monomer of methacrylic
acid, was used as the raw material of the 3D printed framework. The 3D
printing equipment used in the present study is Form 3, which employs
two-photon lithography technology.

After the polymer framework was printed, the framework was then
placed in an ethanol solution for ultrasonic cleaning until the ethanol
solution was clear. Afterward, the framework was beamed for 10 min on
both sides by the high-power ultraviolet lamp to shape the polymer.
Finally, magnetron sputtering was carried out to coat the HEA layer on
the polymer framework. We used high-temperature resistant tape to fix
the polymer lattice on the tray and then inserted it into the inverted tray
slot. CoCrFeNiTi0.1 was chosen as the target material because of their
excellent microhardness, wear resistance and ductility [26]. A clean and
polished HEA CoCrFeNiTi0.1 target was fixed on the sputtering target
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position, and the target position was adjusted at a 60-degree angle to the
ground. The preparation process of the HEA CoCrFeNiTi0.1 target in-
cludes three steps. First, each metal element particle is proportioned and
added to the ball mill jar to grind and mix for 12 h, and then the ground
powder is rinsed with alcohol and dried in the hot press mold, and finally
put into the hot press to press into the target material.
2.2. Characterizations

The HEA films were first deposited onto silicon wafers using RF
sputtering under the identical magnetron sputtering conditions as those
used for the polymer/nano-HEA-hybrid architecture. The structure and
composition of the Si-supported nano-HEA films were determined by the
SEM (FEI Quanta 250F) equipped with energy-dispersive X-ray spec-
troscopy (EDS). The TEM images were taken with a Titan G2 60–300
equipment. The AFM experiments were conducted with equipment of
Multimode 8.
2.3. Mechanical performance testing

The uniaxial compression tests at room temperature were performed
at a strain rate of 10-3 s-1 by a UTM4304GD equipment. The load-
displacement curves were recorded and calculated from the average di-
mensions of the lattice structure in three dimensions (x, y and z). A high-
speed camera was used during the compression process to catch the
deformation behavior of the micro-nano lattice.

The Young's modulus and hardness of HEA films were measured by
the nano-indenter of Nano indenter G200. To prevent the edge effects,
the mechanical properties of the HEA films were measured by using a
nano-indention at five different locations and depths in the center of the
silicon wafer. The depths tested were 100 nm, 130 nm, 200 nm, and 700
nm for different thicknesses of films.

3. Results and discussion

3.1. Characterizations of the nano-HEA coating film

In order to precisely determine the structure, morphology, and me-
chanical properties of the HEA coating layer, we first prepared the HEA
thin film based on silicon wafer with magnetron sputtering conditions
precisely identical to those used for the nano-HEA-hybrid architecture.
From the SEM image (Fig. 1a), the surface of the HEA film composited on
the silicon wafer is very smooth without any particle agglomeration.
According to the AFM image (Fig. 1b), the surface fluctuation of the HEA
film is less than 40 nm, which firmly demonstrates the smoothness and
uniformity of the magnetron sputtering composition.



Fig. 4. (a) Summary of mechanical performance in terms of (a) specific strength and compressive strain, as well as in terms of (b) recoverability and strength for the
previously reported metamaterials [9–11,17,18,23,27–30,32,33].
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The microstructure of the Si-deposited HEA film is further probed by
the HRTEM (Fig. 1c), and the three boxes located from top to bottom in
Fig. 1c correspond to Fig. 1d to Fig. 1f, respectively. Indicated by the ring
patterns of selected area electron diffraction (SAED, see the insets in
Fig. 1d to Fig. 1f), the structure of the as-prepared HEA film is amor-
phously incorporated with nanocrystalline domains. The XRD pattern of
the Si-deposited HEA film is presented in Fig. S1, [31]. As the film
thickness increases, the number of nanocrystalline domains grows.
Meanwhile, the amorphous degree decreases gradually. It is known that
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the extension of sputtering time leads to a gradual increase in the tem-
perature of the sputtering chamber, thus promoting the crystallization of
the film. In other words, the crystallization degree of the HEA film can be
modified by controlling the sputtering time.

Fig. 1g and 1h show the mechanical performance evolution of the Si-
supported nano-HEA films as a function of sputtering time detected by
nano-indentation. Due to the size effect and the existence of the amor-
phous and nanocrystalline components, the hardness and Young’s
modulus are significantly increased compared with those of the bulk HEA
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with the same composition [26], validating the high mechanical per-
formance of the as-prepared HEA film. Note that the nano-HEA film ex-
hibits the best performance with 2 h' sputtering time. When the
sputtering time reaches 4 h, the thickness of the film exceeds 1 μm and
the size effect vanishes, which explains the slight performance degra-
dation of the HEA film.

3.2. Characterizations of the polymer/nano-HEA-hybrid lattice structure

The micro-nano lattice architecture is first printed by the 6M-TTP
structural template (see Fig. S2a), followed by depositing the CoCrFe-
NiTi0.1 HEA film with magnetron sputtering. The structure of the 6M-TTP
is composed of six edge-shared tricapped trigonal prisms (TTP) [16]. For
each TTP polyhedron, three pyramids and one trigonal prism are con-
nected by an edge-sharing scheme (Fig. S2b), as reported previously. The
overall size of the architecture is about 4 mm (Fig. 2a). The length of the
outer supporting rods is ~1.1 mm, while that of the inner interlacing rods
is ~0.94 mm. The diameter of all the rods in this architecture is ~200
μm. Considering the nanoscale HEA film and its inner nano-structures,
the current nano-HEA-hybrid lattice structure owns geometrical di-
mensions ranging from nanometers to millimeters, covering five orders
of magnitude in length scale.

Fig. 2b presents the optical microscope image of the central joint of
the HEA-hybrid architecture. A uniform HEA coating layer without
dendritic growth could be observed. In addition, the energy dispersive
spectroscopy (EDS) mapping also proves the uniform distribution of all
the HEA elements (Fig. S3). Fig. 2c shows the cross-section edge of the
supporting rods determined by SEM. Due to the three-dimensional
structure, the distance and the angle inevitably differ between the
target and each part of the lattice during magnetron sputtering, so the
thickness of the film slightly varies over the entire architecture. With this
regard, we calculated the medians of the film thicknesses after 30 min, 1
h, 2 h and 4 h, which are 367 nm, 428 nm, 648 nm, and 2.31 μm,
respectively. So, a conclusion could be drawn that the growth of the film
thickness is accelerated with the extension of sputtering time.

3.3. Enhanced mechanical performance of the polymer/nano-HEA-hybrid
lattice structure

Fig. 3a presents the stress-strain curves of the polymer/HEA-hybrid
lattice structure under uniaxial compression. The results demonstrate
that the HEA-coated architecture exhibits much higher compressive
strength than the pure polymer lattice. This can be derived from the
higher hardness of the HEA film, which significantly enhances the load-
carrying capability of the entire architecture. Fig. 3b to 3q show the
optical snapshots of the sputtering-time-dependent films that are sub-
jected to different strains. Combining the stress-strain curves (Fig. 3a),
the fluctuations that emerged at 0.05, 0.1, and 0.28 strains correspond to
the plastic deformation, the fracture of the TTP edge, and the fracture of
the supporting rods, respectively. Unlike the peak-like stress-strain curve
of the FCC lattice, the 6M-TTP lattice exhibits a stepwise deformation
behavior under compression, so the plasticity of the 6M-TTP lattice is
enhanced.

On the other hand, the plasticity of the 6M-TTP lattice shows a
gradual decrease with the increase of the sputtering time (i.e., film
thickness). The optimal compressive strength of 26.3 MPa is reachable
when the film thickness is 648 nm. For a reason, the size effect of the HEA
film vanishes when its thickness reaches to micron level, which explains
the slight mechanical degradation of the 6M-TTP lattice coated with 4h-
sputtered HEA. This result is also consistent with the nano-indentation
results shown in Fig. 1g-1h. The degradation of the mechanical proper-
ties will lead to microcracks spreading over the entire architecture, giv-
ing rise to the fluctuations observed in the stress-strain curve. However,
when the strain is below 0.05 (i.e., before the plastic deformation), the
Young’s modulus of the lattice increase with increasing the film
thickness.
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Note that the mass of the HEA film could be negligible when calcu-
lating the specific strength and the Young's modulus, which could also be
validated by similar results with or without counting the HEA film mass
(Figs. S4a–S4d). As depicted in Fig. 4a-4b, the performance of the present
polymer/HEA-hybrid 6M-TTP lattice is among the best ever reported
when coupling the specific strength, the recoverability, and the density.
The contributors to this superior performance include the topologically
complex 6M-TTP lattice, the mechanically enhanced nano-HEA film, as
well as the size effect derived from the multiscale length levels.

4. Conclusions

To summarize, we have designed and successfully fabricated a
polymer/HEA-hybrid lattice based on a novel 6M-TTP structural tem-
plate. This architected lattice structure can not only avoid the stress
concentration and the deteriorative mechanical performance but also
owns multiscale geometrical dimensions that maximize the size effect for
enhancing mechanical properties. Moreover, the nano-HEA coating layer
can also act as a mechanical enhancer taking advantage of the size effect.
Given the above, the presented polymer/HEA-hybrid lattice structure
exhibits a high specific compressive strength, a superior elastic recov-
erability, an enhanced plasticity (40% strain), and a high specific
modulus, all of which are superior to the vast majority of the currently
existing metamaterials.
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