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a b s t r a c t

Dual-phase mechanical metamaterials, fabricated as a hybrid of two architected lattice materials with
different mechanical properties and bioinspired patterning, have been shown to exhibit improved
combination of properties, such as enhanced reinforced strength and toughness. In this study, we
specifically examine the selection of the reinforcement phase, specifically involving the effects of its
structural architecture, in terms of connectivity and interfacial structure, on the resulting mechanical
properties and deformation mechanisms of such dual-phase lattice composites. The composites
are simply fabricated using selected laser melting based additive manufacturing. Using quasi-static
compression tests and simulation studies, we find that enhancing the role of the reinforcement phase
(RP), connection phase (CP) and their interfaces, by employing more trusses distributed along the
loading direction, can dramatically improve mechanical properties and energy absorption. By such
architectural design of the connection phase, the specific stiffness, specific strength, and specific
energy absorption of the dual-phase lattice composites can be optimized, respectively by 77%, 7%
and 51% compared to the unreinforced matrix phase lattices. This suggests that the design space of
mechanical metamaterials can be significantly expanded by architectural and phase selection together
with bioinspired phase patterning.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Mechanical metamaterials have been widely studied during
he past decade; they represent engineering materials with me-
hanical properties that can be manipulated through changing
he architecture and assembly of multiple structural elements,
ometimes fashioned from different materials. With the fast de-
elopment of 3D printing, metamaterials with complex architec-
ures engineered over varying length-scales have been designed
nd fabricated. For example, ceramic metamaterials consisting of
anoscale hollow tubes have been developed that are simulta-
eously ultralight, strong, and energy-absorbing; moreover, they
an recover their original shape after compression strains in ex-
ess of 50% [1]. Novel unit designs have also been reported such as
he elastically-isotropic metamaterials developed by Tancogne-
ejean et al. [2] which combine differing truss lattices, including
imple cubic (sc), body-centered cubic (bcc) and face-centered
ubic (fcc) lattices. In similar vein, Berger et al. [3] identified
he ‘‘plate lattice’’, which could achieve the Hashin–Shtrikman
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upper bounds on isotropic elastic stiffness. Novel metamaterials
with outstanding energy absorption have been designed, such as
‘‘Shellular’’, which displays a continuous shell structure [4,5]. Ad-
ditionally, Bonatti et al. [6] designed a series of octet truss lattice
structures including those with solid trusses, hollow trusses and
a spherical shell lattice; under quasi-static compression, these
shell-based lattices were found to exhibit twice the strength and
energy absorption of conventional octet truss lattices.

Additive manufacturing provides the enabling key to process-
ing these metamaterials, as demonstrated by Lei et al. [7] who
was able to investigate the effects of hybrid spatial arrangement
patterns and cell performance differences on the overall mechani-
cal performances of lattice structures. In addition, through unique
structural design, reusable mechanical materials, materials ex-
hibiting negative stiffness and those with controlled thermal ex-
pansion have been all fabricated as lattice metamaterials [8].

By comparison, biological materials are generally hybrid com-
posites typically consisting of a hard mineral phase within a
soft phase of organic molecules, which are architectured to dis-
play often exceptional structural capabilities [9]. As such, nu-
merous design motifs have been utilized in biological materi-
als [10], including the Bouligand architecture coupled with voids
to toughen the dactyl club of the mantis shrimp [11], the ‘‘brick-
and-mortar’’ architectures in conch shells and nacre [12], and
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he local reinforcement in pomelo peel to promote excellent
nergy absorption. Employing a bioinspired philosophy into the
esign of engineering materials can provide one way to enhance
echanical properties under extreme environmental conditions.
ioinspired composite systems with co-continuous phases have
een shown to exhibit excellent stiffness, strength, and energy
issipation [13–15]. Also, bioinspired dual-phase lattice (DPL)
omposites have been proposed, which are novel mechanical
etamaterials that employ an architectured lattice material as

heir constituent matrix phase (MP) coupled with a reinforcement
hase (RP); these dual-phase lattices appear to display excel-
ent mechanical properties with strength, toughness and energy
bsorption capabilities [16]. However, from the perspective of
omposite materials, the role of interfaces is invariably critical
or their mechanical properties, as has been demonstrated by
he various approaches used for carbon fiber composites that
mploy coatings and surface modification of the fibers to enhance
heir interfacial properties [17,18]. Additionally, as pointed out
y Liu et al., the effective Young’s modulus of composites may
ven surpass the upper Voigt estimate due to the Poisson’s ra-
io effect [19]. Nevertheless, optimizing the architecture of the
atrix (MP) and reinforcement phase (RP) and in particular the

nterphase structure of their connections has remained largely
nexplored for dual-phase lattice (DPL) composites.
To provide a design rational for structural DPLs, this study is

ocused on experimental and simulation studies to aid the selec-
ion of such architectures for the MP, RP and connection phase
CP) structures to achieve exceptional mechanical properties. Our
pproach is to utilize bcc, fcc-type and fcc-based hybrids for each

of these RP and CP structures and the phase boundaries to gener-
ate DPLs with various truss topologies. Specific lattice materials
are tested with the objective of validating our simulation models.
Finally, effects of all variables on compressive performance are
examined and analyzed to generate guidelines for the design
of metamaterial dual-phase composites for optimal mechanical
performance.

2. Design and methods

2.1. Design

We designed our dual-phase lattices (DPLs) as mechanical
metamaterial composites consisting of architected truss materials
in the form of a matrix (MP) and reinforcement phase (RP), as
illustrated in Fig. 1. The design space of metamaterials can be
largely expanded by incorporating the second phase into archi-
tected materials with bioinspired phase patterning. However, the
selection of the second phase and design interface represents the
prevailing issue, as described below.

2.1.1. Variation in reinforcement phase architecture
To specifically examine how differing reinforcement phases

and the nature of the phase boundary affects mechanical prop-
erties, dual-phase mechanical metamaterials were first contem-
plated with various RP topologies and geometries. As a baseline,
face-centered cubic (fcc) lattice materials were selected for the
matrix phase with a specific C-fcc form pattern for the RP where
all the reinforcement grains were in contact (Fig. 1a). DPLs with
nine types of RP architectures were then considered; these in-
cluded a bcc type, fcc type, and fcc based hybrids which were
composed of fcc and three elementary architecture including
simple cubic (s), cross cubic (c) and edge center cubic (e). The
forming DPLs were respectively named as RP-bcc, RP-fcc, RP-fcc+c,
RP-fcc+s, RP-fcc+e, RP-fcc+s+c, RP-fcc+c+e, RP-fcc+s+e, RP-fcc+s+c+e,
as shown in Fig. 1c.
2

Additionally, effects of the geometries of the RP were also
examined in this study. Truss members in the fcc unit were
divided into two categories: trusses within the cubic surface
of diameter d1, which were connected with surrounding lattice
units, and those inside the cube of diameter d2 that could be
varied independently without affecting the architecture of the
phase boundaries. Five types of DPLs, which were termed RP-G1
to RP-G5 depending upon their slenderness ratios (d2/l), were also
designed (Table S1) and examined.

2.1.2. Variation in connection phase architecture
Architectures in the connection phase (CP) in the immedi-

ate vicinity of the connection points between the reinforcement
grains were also investigated; these in general determined the
pattern of the reinforcement grains. The green blocks in Fig. 1
from the matrix phase were adjusted to form different connection
phases. As such, five types of connection phase architectures were
designed and examined to discern their effects on the mechan-
ical performance of the DPLs. These architectures are termed
as CP-fcc, CP-fcc+s, CP-fcc+s+c, CP-fcc+s+c+e, CP-fcc+s+c+e+bcc, as
illustrated in Fig. 1d, with the RP-fcc+s+c type lattice fixed as the
reinforcement phase.

2.1.3. Variation in architecture at phase boundaries
Dual-phase metamaterials with a maximum slip area at the

phase boundaries, where every lattice unit in the matrix phase
is completely surrounded by reinforcement phase lattice and
designed with coherent phase boundaries, have been shown to
exhibit optimal energy absorption capability [16]. Such behavior
mimics the toughness of sea shells, such as the nacre layer in
abalone shells, where small micrometer-scale displacements be-
tween the mineral ‘‘bricks’’ in their ‘‘brick-and-mortar’’ structure
helps to dissipate the high stresses which would otherwise cause
the mineral to fracture [9]. In the present study, we further exam-
ine the distinct role of the interface (Fig. 1e) on the mechanical
properties of our DPLs by varying the architectural structure at
the phase boundary. Eight types of phase-boundary architectures
were designed, with the RP-G3 type lattice fixed as the reinforce-
ment phase. All geometrical parameters are summarized in Table
S1.

2.2. Simulation and experimental methods

Finite element analysis (FEA) was performed as the primary
strategy to investigate the effects of critical design parameters
on the resulting mechanical properties, as designated above. An
explicit dynamics finite element analysis approach was employed
using LS-DYNA solutions (LS-DYNA, Livermore, USA). The dual-
phase lattice models were built up using solid elements, with
trusses of measured diameter and two stiff compression plates. To
select the appropriate element size, a mesh convergence analysis
was performed and an element size of 1.0 mm was employed
to ensure accurate results with a high calculation efficiency. The
material properties were set to be ideally elastoplastic in the
simulation model [16]. In this model, two types of contacts were
employed. An automatic general contact was adopted among lat-
tice trusses, whereas node-to-surface contact was set up between
the lattice trusses and compression plates.

However, to validate the above simulation model, experi-
mental studies were also performed on metallic dual-phase me-
chanical metamaterials that were fabricated by additive man-
ufacturing using stainless steel powders. Three types of DPLs
were tested, including matrix phase single-phase lattices, C-fcc
and Co-continuous fcc type DPLs termed (Co-fcc). These lattices
were tested in compression on a universal electro-mechanical
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Fig. 1. Variation in architecture of the dual-phase lattices (DPLs). (a) A specific C-fcc form pattern of the reinforcement phase (RP) for all the DPLs. (b) Face-centered
ubic (fcc) lattice materials were selected for the matrix phase (MP). (c) Nine types of RP architectures including bcc type, fcc type, and fcc based hybrids. (d) DPLs with
n enhanced connection phase (CP) including five type of architectures. (e) Architectural enhancement at the phase boundary.. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)
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esting machine (MTS Exceed E64, MTS Systems China) at a con-
tant cross-head strain rate of ∼10−3/s. Prior to testing, electron
ackscatter diffraction (EBSD) analysis was used to examine the
rystal structure of the printed austenitic stainless-steel sections.
heir meso-scale morphology was observed using a KEYENCE
HX-6000 optical microscope (Keyence, Osaka, Japan).

. Results and discussion

.1. Experimental results

The compressive engineering stress–strain curves and de-
ormation modes are compared with the simulation results in
ig. 2a–b. Similar to our previous study [16], the matrix phase
attice materials failed by progressive crushing layer by layer
hile the C-fcc type DPLs (RP-G3) failed with localized shear
ands that bypassed the interconnected reinforcement grains.
pecifically, for the Co-fcc type DPLs with fcc+s+c type RP and
P architectures, the deformation was dominated by the inter-
onnected reinforcement phase, such that the fcc type matrix
hase was induced to deform in unison with the reinforcement
hase, until densification of matrix phase occurred followed by
3

hat of the stronger RP. As shown in Fig. 2b, the simulated results
enerally agree well with experimentally measured stress–strain
urves; the discrepancy apparent at large strains, especially in the
o-fcc type DPLs, can mainly be attributed to the non-uniformity
f the trusses after printing (Fig. 2c), and the fact that nodal
olume effects [20] could not be neglected. Note that the incorpo-
ation of boundary conditions caused only minimal effects on the
echanical properties; this is shown in Figure S3 where we have
mployed simulations of the stress–strain curves for the C-fcc and
o-fcc type DPLs with symmetric versus free boundary conditions.
nverse Pole Figure (IPF) maps in Fig. 2d show the microstruc-
ure and grain orientation of the stainless-steel segments of the
russes. The grain structure shows an average grain size of 5 µm
ith adjacent grains generally displaying orientation differences
elow 10◦.

.2. Reinforcement phase

.2.1. Effects of reinforcement phase architecture
The compressive stress–strain curves and deformation modes

or DPLs with various RP architectures were simulated and are
ompared in Fig. 3a and c. Generally, the compression char-
cteristics of the dual-phase lattice materials with different RP
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Fig. 2. Compression tests and morphology for three types of DPLs fabricated by selective laser melting. (a) Deformation modes and (b) stress–strain curves for
hree types of DPLs validated by simulation. (c) Mesoscopic truss morphology and (d) EBSD characterization.
rchitectures was quite similar. With the specific fcc type matrix
hase lattice, when an fcc type lattice was also selected for the

reinforcement phase which possessed the same strength, i.e.,
the strength σ of the MP and RP are equal (σMP = σRP ), the
resulting single-phase lattice (SPL) materials displayed layer-by-
layer truss buckling before finally failing by localized shear bands.
As more elementary architectures were assembled in the RP, i.e.,
where σMP< σRP , the stress to deform the lattices increased as
a function of strain, especially above a strain of ∼0.2 (Fig. 3c);
this was concomitant with phase-boundary slip and localized
shear bands bypassing the reinforcement grains. Akin to sea shells
4

[9], such phase-boundary displacements serve to dissipate the
effect of high local stresses; they represent a desired deformation
mode in DPLs as the slip of reinforcement grains along the phase
boundaries tends to accompany the twisting of the trusses, which
additionally contributes to strain hardening and additional energy
absorption. With the bending-dominated bcc type lattice em-
ployed as the reinforcement, where σMP> σRP , under compression
the resulting DPLs first exhibited deformation in the reinforce-
ment grains with plastic buckling of the trusses taking place
around the phase boundaries; subsequently, X-shaped localized
shear banding occurred which tended to bypass the stronger
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Fig. 3. Numerical simulation results for DPLs with various types of RP architectures and geometry. Compressive stress–strain curves for the DPLs with different
a) RP architectures and (b) geometries; typical deformation modes for the DPLs with different (c) RP architectures and (d) geometries.
Fig. 4. Comparison of the simulations of the mechanical properties, namely specific stiffness, compressive strength, energy absorption per unit mass (SEA), of
all types of the single-phase (SPLs) and dual-phase (DPLs) lattice structures. (a–d) DPLs with various (a) RP architectures, (b) RP geometries, (c) CP architectures,
d) phase-boundary architectures.
atrix phase lattice. More information about these deformation

odes in DPLs with various RP architectures is shown in Figure

1.
5

The simulated specific stiffness, specific strength and energy

absorption per unit mass (specific energy absorption, SEA) of all

the SPLs and DPLs are compared and summarized in Fig. 4:
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• The specific stiffness of the DPLs varied with architecture;
specifically those with RP-fcc+s+c type reinforcements dis-
played superior specific stiffness to those with the more
complex RP-fcc+s+c+e type reinforcements. Elementary ar-
chitectures s and c in particular exhibited outstanding spe-
cific stiffness, as shown by simulation results in Figure S2,
because their trusses were distributed along the compres-
sion direction. Designing more trusses into the RP archi-
tecture along the loading direction clearly represents an
effective way to increase the specific stiffness of DPLs.

• With respect to strength, from our previous study [16] the
strength of the DPLs was primarily controlled by that of the
MP and the nature of its connections with the reinforcement
phase; accordingly, the nature of the RP architecture had
little effect on strength properties (Fig. 4a).

• The energy absorption properties of the lattice structures,
conversely, were enhanced when the difference in the den-
sification stress of the MP and RP was made as large as
possible [16]. Accordingly, the specific energy absorption
(SEA) increased as more elementary architectures were in-
corporated into the DPLs. This can be readily seen in Fig. 4a
where the SEA of the RP-fcc+s+c+e type DPLs was 55% larger
than that of fcc type single phase lattice.

3.2.2. Effects of reinforcement phase geometry
In addition to architecture, the relative density of the RP can

also affect the mechanical properties of DPLs. Using numerical
simulations, this was considered with fcc type RPs, where the
slenderness ratio of trusses inside the lattice cubic (with diameter
d2 and length l (Fig. 1c)) was varied. The simulation results
revealed that the structures needed a higher stress to sustain
a specific level of strain with the increase of relative density
when the dimensions d2 increased or l decreased. When the
slenderness ratio of the inside trusses was decreased to d2/l
∼0.09 (RP-G1), the strength of the matrix phase exceeded that of
the reinforcement phase (σMP> σRP ), such that the reinforcement
grains deformed first with X-shaped localized shear bands sub-
sequently bypassing the matrix phase lattice. In contrast, when
the slenderness ratio of the trusses increased to d2/l ∼0.28 (RP-
G5), the RP hardly deformed at all (σMP< σRP ) even if the MP was
completely deformed; in this case, compressive failure occurred
via rectangular-shape shear bands (Fig. 3d). However, as shown
in Fig. 4b, the specific stiffness and energy absorption of the
DPLs increased slightly with increasing diameter d2, which can be
attributed to the fact that the trusses were no longer effectively
arranged along the compressive loading direction. At the same
time, the specific strength decreased in comparison to that of the
fcc type single phase lattice (RP-G2), because the strength of the
DPLs was primarily controlled by the connections between the
reinforcement grains. Similarly, as the truss length l was reduced
from 4.24 mm to 2.12 mm (RP-G5 in Table S1), the specific
stiffness and energy absorption were both enhanced with the SEA
for this architecture being the highest; indeed, it was as much as
11% larger than that of the fcc type single phase lattice (RP-G2).

3.3. Connection phase

The connections among the reinforcement grains have been
shown to have a marked effect on the strength of DPLs [16].
Here, numerical simulations were performed for DPLs with five
types of architectures for the connection phase; results are pre-
sented in Fig. 4c, 5a and c. These structures needed a higher
stress to sustain a specific level of strain as more elementary
architectures were incorporated into the CP. When the stiffness
and strength of the CP (fcc+s+c type) was increased to match that

of the RP, torsional distortion occurred at the connection point

6

nodes that link the reinforcement grains, which in turn induced
more severe deformation resulting in an additional contribu-
tion to the energy absorption. Essentially, as the CP was made
stiffer and stronger than the RP, both the MP and RP deformed
simultaneously followed by the CP until failure.

The incorporation of elementary architectures into the CP
significantly increased the specific stiffness, strength and energy
absorption of the DPLs, as shown in Fig. 4c. The CP-fcc+s+c+e
type DPLs displayed the best combination of properties, with
specific stiffness, strength, and energy absorption values, respec-
tively, 77%, 7% and 51% larger than the fcc type MP. Also, with
these complex architectures, the specific stiffness and energy
absorption of the Co-fcc DPL (CP-fcc+s) can be markedly higher
than the reinforcement phase, namely respectively ∼50% and
15% higher than that of RP-fcc+s. Accordingly, we can conclude
that it is important to incorporate trusses that are oriented along
the loading direction in order to generate DPLs with significantly
improved mechanical properties compared to the original C-fcc
type DPLs.

3.4. Phase boundary

As noted above, maximizing the phase-boundary slip area
can definitively enhance the energy absorption capability of the
lattice structures. In light of this, the architectures of the in-
terface structures at the phase boundary were examined, and
DPLs with various truss topologies at the phase boundary were
correspondingly simulated and compared; this is shown in Fig. 4
and 5b. For the specific C-fcc type DPLs, the reinforcement grains
were arranged to be in contact with an interface network created
among the phase boundaries; this was further consolidated by
systematically incorporating more elementary architectures at
the interface, as illustrated in Fig. 1e. Numerical simulations were
then employed to model the modes of deformation and resulting
mechanical properties of these DPLs under compressive loading.
The simulation results showed that torsional deformation oc-
curred at the connection points linking the reinforcement grains,
accompanied by marked deformation and further plastic buckling
of the trusses near the phase boundaries, as shown in Fig. 5d. Also,
a higher stress was needed to sustain a specific level of strain with
these reinforced interface architectures, as shown in Fig. 5b. The
specific stiffness and SEA values of these DPLs with reinforced
phase boundaries were, respectively, 59% and 39% larger than
those of the fcc type MP SPLs; however, although stronger, the
specific strength of the DPLs was rarely increased due to the
increase in relative density associated with the additional weight
of the reinforced phase boundaries.

4. Conclusions

Strong and tough dual-phase mechanical metamaterials have
been designed through bioinspired lattice phase patterning. In
this study, we examined a selection of mesoscale architectures for
each lattice phase and their interfaces using both simulation and
experiment to guide the design of dual-phase lattices (DPLs) with
enhanced energy absorption capability under uniaxial compres-
sion loading. Based on our experimental results and simulations,
the following conclusions can be made:

(1) Enlarging the difference in strength between the matrix
(MP) and reinforcement (RP) phases serves to increase the
plastic deformation of the trusses at the phase bound-
aries. By ensuring that more trusses in the reinforcement
phase (RP) are distributed along the loading direction, this
markedly improves the specific stiffness and energy ab-

sorption of the lattice structure.
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(2) When the connection phase (CP) is both stiffer and stronger
than the RP, the sequence of deformation of the DPLs
occurs primarily in the MP, followed by the RP and ul-
timately the CP before failure. With reinforced connec-
tions, torsional distortion of the nodes is observed instead
of phase-boundary slip. Such enhanced CPs can optimize
the mechanical properties of the DPLs, including specific
stiffness and strength, and specific energy absorption.

(3) The interface network can be enhanced by the variation
in truss topologies, which can slightly increase the specific
stiffness and specific energy absorption of the DPLs.

n summary, based on the above analysis, in addition to the
uidelines given in our previous study, we can conclude that
tiffness is mainly determined by the orientation of the trusses,
ith trusses distributed along the loading direction being the
ost efficient. Strength, conversely, is primarily controlled by

he connections between the reinforcement grains. Additionally,
he toughness or specific energy absorption is determined by the
hase-boundary area [16], the densification of stress and strain,
nd the strength difference between the two phases. Accordingly,
autious architecture selection of the constituent phases, i.e., the
einforcement phase, connection phase and phase boundaries,
ogether with bioinspired phase patterning, can further increase
he energy absorption capability and expand the design space of
ual-phase lattice metamaterials. However, these guidelines are
till not complete as the optimal bounds may also be affected by
he deformation mode and Poisson’s ratio effect of each phase,
hich still requires further investigation.
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