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Abstract: The objective of the study is to investigate the strengthening mechanism of embedded
meta-precipitates in the design of architected metamaterials. Four precipitate-type architected
metamaterials are designed and prepared by fused deposition modelling (FDM). The difference of
mechanical properties and deformation mode of these structures is analyzed. The strengthening effect
of the introduced meta-precipitates is then compared with Orowan bypass strengthening mechanism.
The similarities and discrepancies of metallurgical hardening principles and that found in architected
metamaterials are established. It is found that due to the introduction of embedded meta-precipitates,
the deformation of the structure changes significantly from diagonal crushing to a meander route,
thus improves the mechanical properties and energy absorption abilities. The hindering effect and
the influence of volume fraction of meta-precipitates is similar to Orowan bypass mechanism.
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1. Introduction

Architected metamaterials represent a class of artificially-designed materials that consist of
periodically arranged microstructures [1]. Desirable properties can be implemented in architected
metamaterials that previously unachievable in conventional solids [2], such as ultra-lightweight [1,3],
excellent energy absorption [4], negative Poisson’s ratio [5] and heat dissipation [6]. Consequently,
this novel group of materials has been receiving considerable attention as structural materials for
a myriad of applications in the industry of aerospace [7] and medicine [8]. At present, the rapid
development of additive manufacturing (AM) technologies opens up the possibilities of fabricating
metamaterials with complex microstructures and unmatched capabilities [9,10].

The architecture of the unit cells (the thickness and configuration of struts, geometry, etc.) plays a
significant role in the mechanical performance of architected metamaterials [2]. Typical 2D and 3D unit
cell structures can be divided into stretching-dominated and bending-dominated lattices [11]. While
the former such as Octet and Octahedral lattices exhibits higher strength and stiffness, the latter is
suitable for energy absorption [12]. To meet the demand of various applications, a great deal of unit
cell structures has been designed and investigated.

Extensive attention has been recently paid to the prime properties of architected metamaterials
with periodic arrangement of struts (similar to atomic bonds) and nodes (equivalent to atoms),
which are constructed to mimic the microstructure of perfect metals/alloys. Typical examples are:
simple cubic structure (SC), face-centered cubic structure (FCC) and body-centered cubic structure
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(BCC) [13]. Ushijima et al. [14] have conducted a theoretical analysis to predict the initial stiffness
and plastic collapse strength of architected metamaterial with a BCC structure, which illustrated a
nonlinear relationship between plastic collapse strength and strut aspect ratio. Dejean and Mohr [15]
have designed elastically-isotropic truss lattices through a combination of SC, BCC and FCC structures,
and a theoretical limit of stiffness could be achieved at the cost of a 40% reduction of theoretical Young’s
modulus due to periodic homogenization. Jin et al. [16] have conducted both dynamic experiments
and numerical simulations on metallic BCC structures, and figured out that the strength and energy
absorption capability are proportional to the square of relative density.

Several unit-cell-based topology optimization methods for architected metamaterials are proposed
to help fabricate metamaterial structures with designed properties. Schaedler et al. [3] have fabricated
ultralightweight metallic metamaterial with nickel-plating thin film, thus improved mechanical
efficiency was obtained via optimizing dimensions of the architecture. Trifale et al. [17] have
presented a systematic unit cell design methodology to generate micro-architected structures and
a 12% higher thermal conductivity was achieved by optimizing the connectivity of struts while
maintaining the periodicity. Gu et al. [18] have proposed an optimization method with the combination
of structural topology and material chemistry for the Octet structure, and found the proper unit
cell size and relative density for attaining optimal strength of Cu micro-lattice. Although highly
unusual thermal or mechanical properties can be obtained by appropriate design and optimization
of the unit cell architecture [17], marginal improvement has been made on the connectivity among
the unit cells. In other word, research work has been limited to the architected metamaterials with
periodically-distributed lattices.

Various base materials are applied to prepare such architected metamaterials, such as polymers [19],
metals [3,18] or ceramics [20]. The mechanical response is to a large extent influenced by the base
material since different materials exhibits different strength or work-hardening behavior [21]. However,
it is commonly found in architected metamaterials with different materials and microstructures
that periodic arrangement of struts and nodes make them fail along the particular direction [22,23].
Consequently, they suffer an obvious reduction of strength under external loads due to the presence
of shear bands and deformation localization [23,24], which indicates the inefficiency and reduced
performance in energy absorption applications.

To solve this problem, two aspects of approaches have been recently proposed: (a), one is
to improve the manufacturing process, such as employing post-manufacture heat treatment [22],
or optimizing process parameters [23]; (b), the other is to modify the structural configuration, such as
orientation change [25] or beam shape modification [26]. However, the improvement of manufacturing
process is so far focused only on metallic materials, and at the cost of strength reduction [22].
Comparatively, structural modification is more effective in improving energy absorption capability at
the same time maintaining higher strength, while it is still restricted to the architected metamaterials
with perfect periodicity.

From another perspective, the failure along particular direction and the formation of shear band in
architected metamaterials with perfect periodicity is similar to the slip activity along defined directions
and to the rapid stress reduction in single crystals [27,28]. However, in polycrystals, other features (such
as grain boundaries or precipitates) serve as obstacles to strain localization and slip activity [29,30].
Due to the similarity of mechanical responses between single crystals and periodically-arranged lattice
structures, Pham et al. [31] have supposed that hardening principles that similar to those found in
polycrystals are applicable to architected metamaterials, and some of them (grain boundary hardening,
multi-phase hardening, etc.) have been verified.

However, research efforts have not yet been focused on the detailed comparison of the hardening
mechanism between metallurgy and architected metamaterials. The similarities and discrepancies
of the deformation behavior and the mechanical responses of crystalline materials and architected
metamaterials remain unknown. These problems hinder research efforts to solve the “rapid failure”
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problem by changing the periodic arrangements of unit cells, as well as establish a systematic
strengthening theory in architected metamaterials of such design.

Herein, we limit our attention to the precipitate-type architected metamaterials that mimic the
crystallographic microstructures of precipitation-hardened alloys. The architected metamaterials are
constructed by repeating a 2D geometry on the out-of-plane direction. In-plane mechanical properties
and deformation behavior of these structures under compression are investigated in detail to figure out
the effect of such design. The deformation mode and strengthening effect are then compared to those
of precipitation-hardened alloys. General disciplines of the similarities and discrepancies between
Orowan hardening mechanism and the strengthening effect found in architected metamaterials are
summarized, which validates our attempt to integrate metallurgical hardening principles into unit
cell design.

2. Materials and Methods

2.1. Design Methodology

In the present work four structures of the precipitate-type architected metamaterial are studied.
The structural modification is focused on 2D geometry, and the structure is constructed by repeating
the 2D lattice on the out-of-plane direction. The term “precipitate-type” is employed to describe the
particular design of architected metamaterial which uses for reference the precipitation hardening
mechanism found in crystalline materials. Precipitates are mimicked by embedding lattices
(meta-precipitates) into the original matrix. The structure which consists of completely periodic
arrangement of unit cells without any precipitates (P-0 structure) is created to be a baseline in the study,
and precipitate-type models are also generated with 1,2 and 4 embedded meta-precipitates (P-1, P-2
and P-4 structure, respectively), as shown in Figure 1d–g. The four structures we design have eight
repeated unit cells in both horizontal and transverse direction to avoid size effect [32]. The thickness
on the out-of-plane direction of each design is 20mm. The out-of-plane deformation is avoided under
the condition of the defined parameters.
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Figure 1. Unit cell designs: (a) unit cell for matrix (b) unit cell for lattice domains (meta-precipitates)
(c) natural view for P-0 structure (embedded with 1 meta-precipitate) (d–g) vertical view for P-0, P-1,
P-2 and P-4 structure, respectively.

The unit cell (matrix) is designed to connect in a diagonal manner to mimic atomic bonds of
BCC structures in a 2D model, with the strut width of 0.5 mm and lattice parameter of 6 mm × 6
mm. The meta-precipitates exhibit different parameter in triangular shapes with a side-to-height



Appl. Sci. 2020, 10, 7525 4 of 17

ratio of approximately 1.5:1, which is accordance to microstructural configuration of precipitates [33].
The detailed parameter is shown in Figure 1a–c.

2.2. Relative Density

The relative density of the designed architected metamaterials can be controlled by the thickness
of cell walls. The relative density ρ

∗

ρs
, defined as the ratio of the actual density of the samples and that

of the base material, is controlled by the strut width-to-length ratio t/l, and can be summarized as [34]:

ρ∗

ρs
= m

( t
l

)
− n

( t
l

)2
(1)

where for the matrix, the cubic correction coefficient m = 4.83 and n = 5.83, and for the meta-precipitate,
m = 5.20 and n = 6.76, which are obtained by undetermined coefficient method, and fit well with
the computer aided design (CAD) calculations when different width-to-length ratio is applied.
By Equation (1), the relative density of hybrid structure (containing both matrix and meta-precipitate)
can be written as:

ρ∗

ρs
= (1− 8.2%n)

4.83
(

t
l1

)
− 5.83

(
t
l1

)2+ 8.2%n
[
5.20

( t
l2

)
− 6.76

( t
l2

)2]
(2)

where n represents the number of meta-precipitates. l1 and l2 represents the unit cell parameter of
matrix and meta-precipitate, respectively, as shown in Figure 1a,b. By Equation (2), the relative density
of the four structures are 0.34, 0.35, 0.36 and 0.38, respectively.

2.3. Sample Preparation

The specimens for each designed architected metamaterial are produced using fused deposition
modeling (FDM) process of additive manufacturing (3D printing) technology, due to its merits of
economy and efficiency. See Ref. [35,36] for more information about FDM process. The 3D printer
used to manufacture these samples is the I3 Mega printer (Anycubic Co, Ltd.) with the build material
poly lactic acid (PLA+) polymer. The printing resolution is set to be 0.2 mm and the thickness of
each strut for all samples is 0.5 mm. The nozzle temperature is set to be 200 ◦C and the bottom plate
60 ◦C. The CAD models of the samples are first created by Inventor 2019 and then input into the
3D printer software Simplify3D for printing path planning. Single filament is used for each strut to
avoid strength or stiffness reduction and poor connection of adjacent filaments, which is commonly
observed in traditional multi-filaments FDM process [37]. Single filament process can be guaranteed
by the reasonable settings of nozzle diameter and extrusion rate. The nozzle diameter is controlled to
be 0.08mm with the extrusion rate of 2 in experiments. The actual strut thickness of the 3D-printed
samples is then checked using microscopic image processing software. Due to the limitation of the
3D printer, a slight deviation of strut thickness and relative density is observed and shown in Table 1,
which is mainly caused by the printing process [38].

Table 1. Strut thickness deviation for samples.

Sample
Strut Thickness (mm) Average

Thickness (mm)
Theoretical

Thickness (mm) Error
1 2 3

P-0 0.482 0.467 0.511 0.487

0.500

2.6%
P-1 0.458 0.493 0.487 0.479 4.2%
P-2 0.497 0.476 0.465 0.479 4.2%
P-4 0.483 0.492 0.480 0.485 3.0%

Note: Error = |Theory − Average|/Theory × 100%.
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2.4. Quasi-Static Compression Experiment

The quasi-static compression experiment is carried out using an CMT5105 machine (100 KN)
at room temperature to study the mechanical property of architected metamaterial, according to
the national standard GB/T 31930-2015. The specimens are compressed along the Z direction with
the crosshead speed of 5mm/min. Force-displacement curve is generated and recorded during the
compression for further analysis. A video camera (Huawei) is utilized to capture the deformation
mode and corresponding failure of the samples during compression experiment. A total of 12 samples
(3 samples for each structure) are compressed to ensure the reproducibility of deformation behavior and
stress-strain curve. The energy absorption UV, Specific energy absorption UM and energy absorption
efficiency η are calculated with the equations proposed in Ref. [34,39].

2.5. Finite Element (FE) Simulation

The Explicit solver of commercial software ABAQUS 2019 is used for FE simulation of the
architected metamaterial under quasi-static compression. The dimension of the model is the same as
that of 3D-printed specimen. The model is placed between two rigid-body plates which are established
to simulate the top and bottom compression platforms during the experiment. The bottom plate is
completely fixed underneath the model with an encastre boundary condition, whereas the top plate is
set to move along the Z direction at the velocity of 5mm/min. The boundary conditions are illustrated
in Figure 2. The out-of-plane deformation is constrained. The General Contact algorithm is applied as
the interaction property of the model with both tangential and normal behavior. A penalty friction
coefficient of 0.2 as well as a hard pressure-overclosure contact are defined. The mesh of the model is
generated using eight-node linear reduced-integration element(C3D8R) with an average element size
of 0.25 mm. The model geometry is large when compared to the element size. The element quality
analysis tool is applied which indicates no errors or warning elements. The displacement and reaction
force of the top plate are recorded to generate stress-strain graphs. A combination of ductile damage
and shear damage is employed to simulate damage evolution of any element. The prime properties of
the selected material poly lactic acid (PLA+) are summarized in Table 2.
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Table 2. Material properties of PLA+ polymer.

Material Young’s Modulus, Es Poisson’s Ratio Density, ρs Yield Stress, σys

PLA+ 2.0 GPa 0.35 1.26 g/cm3 39 MPa

2.6. Verifications of FE Model

The stress-strain curve of the standard hexagonal honeycomb during the simulation is compared
with the experiment results and the theoretical calculations, in order to validate the accuracy of the FE
simulation. Figure 3 shows two experiment results and one FE prediction curve. There is negligible
difference between them. The horizontal dashed line in Figure 3 represents the theoretical value of
plateau stress for hexagonal honeycomb with the same size. The plateau stress of the experiment
results and the FE prediction is further measured by averaging stress value when the strain is in the
range of 0.2–0.4. The relative error is calculated as shown in Table 3, with the value of approximately
5.04%, demonstrating the effectiveness and accuracy of the FE simulation settings.

Appl. Sci. 2020, 10, x FOR PEER REVIEW  6  of  17 

2.6.Verifications of FE Model 

The stress‐strain curve of the standard hexagonal honeycomb during the simulation is compared 

with the experiment results and the theoretical calculations, in order to validate the accuracy of the 

FE  simulation.  Figure  3  shows  two  experiment  results  and  one  FE  prediction  curve.  There  is 

negligible difference between them. The horizontal dashed line in Figure 3 represents the theoretical 

value  of  plateau  stress  for  hexagonal  honeycomb with  the  same  size.  The  plateau  stress  of  the 

experiment results and  the FE prediction  is  further measured by averaging stress value when  the 

strain is in the range of 0.2–0.4. The relative error is calculated as shown in Table 3, with the value of 

approximately 5.04%, demonstrating the effectiveness and accuracy of the FE simulation settings. 

 

Figure 3. Stress‐strain curves of the hexagonal honeycomb under compression. 

Table 3. Numerical, experimental and theoretical calculation of plateau stress. 

FE Result (MPa)  Experiment Result (MPa)  Theoretical Result (MPa)  Error 

4.56  4.33  3.92  5.04% 

Error = (FE result − Experiment result)/FE result  ×  100%. 

3. Results 

3.1. Mechanical Properties and Energy Absorption 

Figure 4  illustrates quasi‐static compression  test results for all  four structures. Each structure 

demonstrates a highly reproducible stress‐strain response. By careful observation of all these stress‐

strain  curves,  it  can be  seen  that  an  elastic‐plastic  collapse behavior with  three distinct  stages of 

deformation  occurs, which  are,  linear‐elastic,  plateau  stress  and  densification.  Such mechanical 

response is analogous to that of traditional bending‐dominated lattice or foams [40]. In detail, all the 

structures show a uniform deformation in the initial elastic region until its elastic limit. Then the cell 

edges yield and collapse with a sharp drop of stress. Prior  to  the occurrence of densification,  the 

Figure 3. Stress-strain curves of the hexagonal honeycomb under compression.

Table 3. Numerical, experimental and theoretical calculation of plateau stress.

FE Result (MPa) Experiment Result (MPa) Theoretical Result (MPa) Error

4.56 4.33 3.92 5.04%

Error = (FE result − Experiment result)/FE result × 100%.

3. Results

3.1. Mechanical Properties and Energy Absorption

Figure 4 illustrates quasi-static compression test results for all four structures. Each structure
demonstrates a highly reproducible stress-strain response. By careful observation of all these
stress-strain curves, it can be seen that an elastic-plastic collapse behavior with three distinct stages
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of deformation occurs, which are, linear-elastic, plateau stress and densification. Such mechanical
response is analogous to that of traditional bending-dominated lattice or foams [40]. In detail, all the
structures show a uniform deformation in the initial elastic region until its elastic limit. Then the
cell edges yield and collapse with a sharp drop of stress. Prior to the occurrence of densification,
the plateau stress stage performs a sustained oscillation in stress values due to the sudden occurrence
of strut buckling and layer-to- layer collapse.

Figure 4. Constitutive stress-strain responses for (a) P-0 type, (b) P-1 type (c) P-2 type (d) P-4 type
(Each curve contains 3 experimental data and 1 numerical result. The numbers are corresponding to
the deformation behavior depicted in Figure 7).

Figure 5 illustrates the difference of the mechanical properties and energy absorption capabilities
for all four structures. Detailed information of experiment data is also summarized in Table 4. It can
be concluded that the overall performance of the samples with meta-precipitates outperforms those
without meta-precipitates. With the introduction of meta-precipitates during unit cell design, the yield
strength (compressive strength) and plateau stress increase. The favorable plateau response contributes
to an improvement in the energy absorption capabilities. This idea is similar to other research efforts
for energy absorber applications, while the solution to the unit cell design is different [39].

In addition, the values of the major properties are in positive correlation to the number
of precipitates that are introduced in the samples, at the same time the relative density of the
samples increases negligibly. Therefore, the P-4 structure that consists of 4 meta-precipitates exhibit
excellent energy absorption capability compared to other structures, with the total energy absorption
of 2.04 × 104 J/m3 (approximately 20% higher than initial P-0 structure with completely periodic
arrangement), and with specific energy absorption of 39.97 J/kg. It reveals that the architected
metamaterial can be significantly strengthened with the design of meta-precipitate, ensuring its
capability of carrying more load especially in large deformation.
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Figure 5. The comparison of mechanical responses for four structures: (a) stress-strain curves (b) yield
strength and plateau stress (c) specific energy absorption and energy absorption efficiency.

Table 4. Major mechanical properties of the different specimens under quasi-static compression test.

Sample Young’s Modulus
(GPa)

Yield Strength
(MPa)

Energy Absorption
(×104 J/m3)

Energy Absorption
Efficiency (%)

P-0 1 2.50 5.07 1.82 64.02
2 2.40 4.76 1.62 60.61
3 2.27 4.84 1.65 60.98

P-1 1 3.18 4.92 1.85 65.79
2 3.19 5.04 1.80 67.41
3 3.04 4.91 1.82 67.62

P-2 1 3.27 5.24 2.07 66.81
2 3.16 4.91 1.84 73.76
3 3.12 4.87 1.89 68.63

P-4 1 3.16 5.42 2.09 78.30
2 3.29 5.24 2.01 75.87
3 3.38 5.15 2.02 82.81

Perfect match between experimentally-measured stress-strain responses (thin curves) and
simulation results (thick blue curves) could be found in Figure 4. The comparison of deformation
behavior is illustrated in Figure 6. Prime property indexes obtained from experiments and simulations
are summarized in Table 5, which are in good agreement with each other. The maximum difference of



Appl. Sci. 2020, 10, 7525 9 of 17

approximately 13% between experiments and simulations is observed for the Young’s modulus of P-0
structure. The slight deviation is probably resulted from the inconsistency of strut thickness or thermal
stress caused by FDM process [41].

Figure 6. A comparison of experimental and numerical results of the four structures under different strain.
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Table 5. Comparison of experimental (Exp) and numerical (FEA) results under quasi-static compression test.

Sample Young’s Modulus
(GPa)

Yield Strength
(MPa)

Energy Absorption
(×104 J/m3)

Energy Absorption
Efficiency (%)

P-0 Exp 2.39 4.89 1.70 61.87
FEA 2.71 4.84 1.64 60.43
Error 13.39% 9.20% 3.53% 2.33%

P-1 Exp 3.14 4.96 1.82 66.67
FEA 3.38 4.96 1.83 64.04
Error 7.64% 0.00% 0.01% 3.94%

P-2 Exp 3.18 5.01 1.93 69.73
FEA 3.36 5.07 1.86 68.51
Error 5.66% 1.20% 3.63% 1.75%

P-4 Exp 3.27 5.27 2.04 78.99
FEA 3.48 5.25 1.94 73.90
Error 6.42% 0.00% 4.90% 6.44%

Note: Error = |Exp − FEA|/Exp × 100%.

3.2. Deformation Mode

The deformation process of the four structures under quasi-static compression is presented
in Figure 7 to understand the difference of deformation mode. All four structures show uniform
deformation at the linear-static stage. Elastic or plastic strut buckling occurs beyond the first stress
peak, which gradually results in deformation localization. Due to the introduction of meta-precipitates,
there is obvious difference in the elastic limit and the initial location for deformation localization,
leading to the entire difference for the deformation mode, which will be discussed respectively.

The P-0 structure exhibits a conventional diagonal crushing, which is a typical failure mode usually
observed in other periodically-arranged cellular solid [42]. The localized deformation results in the
formation of plastic hinge at the nodes adjacent to the diagonal. The nodes located along the diagonal
is easy to concentrate more plastic deformation when the compression continues. Consequently,
the strain at the nodes attains the failure strain [43], and they undergo rigid body rotations at the same
time the unit cell is twisted. Once the first diagonal of twisting cells come into contact with the next
row caused by this “twist mode”, additional stress is required to continue the deformation, leading to
the increase of stress value. The twist behavior is then repeated, resulting in an irregular oscillation of
the stress-strain curves before the densification occurs.

The deformation of P-1, P-2 and P-4 structure is different from that of the P-0 structure. For P-1
structure, the buckling of the struts initially occurs at the first two layers of the matrix, followed by a
progressive crushing of the first two layers when the strain increases. Once the structure is further
compressed, a diagonal crushing comes into existence. It is to some extent analogous to the deformation
of P-0 structure with one distinct difference. The crushing meanders and deviates from the diagonal
line when it approaches the meta-precipitate. The meta-precipitate remains almost undeformed during
this process. In other word, the deformation localization changes its initial direction to bypass the
meta-precipitates. This phenomenon illustrates that the meta-precipitate is stronger and can hinder
the progress of deformation localization and the subsequent failure.

The P-2 structure exhibits a progressive crushing more obvious than the P-1 structure. No sign
of diagonal crushing is observed before the strain comes to 0.25. The progressive crushing leads to
layer-by-layer collapse. At the strain of 0.25, the diagonal crushing is also hindered or even stopped at the
location adjacent to the meta-precipitate, followed by progressive crushing at the upper layers. The P-4
structure exhibits a diagonal crushing at the gaps among four meta-precipitates. The meta-precipitates
remain undeformed prior to the strain of 0.31. However, it eventually rotates for further compression,
leading to a stress peak and a relatively higher plateau stress in the stress-strain curve.
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By comparing the deformation behavior of the four structures, it could be found that the
meta-precipitates act as obstacles to the shear deformation (diagonal crushing). The deformation
localization deviates from its initial direction due to the existence of meta-precipitates. It demonstrates
that the meta-precipitates with different lattice parameters in our design exhibits higher strength than
the matrix, thus have the ability to significantly change the deformation mode and consequently
strengthen the overall architected metamaterials.
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4. Discussion

4.1. Feature of Shear Band in Architected Metamaterials

When it comes to the deformation pattern, shear band found in P-0 structure has much in common
with slip band in single crystals. For P-0 structure, the localized plastic deformation at the nodes
adjacent to the diagonal results in the formation of shear band and the subsequent rotation of unit
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cells (see Section 3.2), which leads to the highly localized deformation along the diagonal when the
structure is loaded beyond the elastic limit. This sort of shear band has also been observed in samples
with a variety of lattice structures such as BCC, BCC-Z and FCC-Z (similar to BCC, FCC micro-lattice
but with vertical pillars), in which the deformation localization was found to be accorded with internal
node movement [44]. The phenomenon is similar to the slip band along particular direction as shown
in Figure 8, when single crystals are loaded beyond the yield point and undergo strain localization [27].
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In addition, the plastic deformation in single crystals is generated by a dominant slip mode of
dislocations, and a step with the width of a Burgers vector is formed [27]. During the process the
strain becomes localized and stress for further deformation starts to decrease. Similarly, as the strain
increases when the architected metamaterial is compressed, a diagonal deformation pattern occurs
which can be regarded as the result of node movement along the same direction, with the width of a
strut length. The movements of node also result in repeated decrease and increase of the stress.

However, shear band (in architected metamaterial) and slip band (in single crystals) differ
in the way of translating macroscopic shear. In single crystals, strong interactions exist between
neighboring atoms which are deemed rigid, hence atomic bonds form plastic hinges which simply
allow axial compression at the atoms, resulting in continuous zones of plastic deformation. In contrast,
when external stress is loaded on architected metamaterials, the highly concentrated strains around
the nodes could generate new plastic hinges near the center of the struts, which lead to the rigid body
rotations of strut intersections, corresponding to the localized deformation and collapse behaviors
of materials.

The analysis demonstrates that the P-0 structure with completely periodic arrangement of
microstructures is roughly similar to single crystals in its deformation mode, however it is still distinct
because of the attempt to mimic crystallographic microstructures at a macroscale level.

4.2. Orowan Bypass-Like Strengthening Mechanism in Architected Metamaterials

A significant strengthening effect has been found in architected metamaterials by the introduction
of meta-precipitates (see Section 3.1). Here we discuss the reason for the strengthening and compare
the strengthening mechanism of architected metamaterials (at a macroscale level) with the Orowan
bypass strengthening mechanism (at a microscale level).

4.2.1. Hindering Effect of Meta-Precipitates

The strengthening mechanism in architected metamaterials is largely dependent on the hindering
effect of meta-precipitates on the shear band formation. In the experimental and numerical results, the
initial deformation localization deviates from its diagonal direction to a meander path. When such
path approaches the interface between the matrix and meta-precipitates, the shear band bows or even
stops to bypass the meta-precipitates, which is commonly observed in experiments and FE predictions
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in P-1, P-2 and P-4 structure, as is shown in Figure 9. As the consequence, the overall performance of
the architected metamaterials is substantially enhanced due to the control of shear band propagation.
This phenomenon illustrates the hindering effect of meta-precipitates.
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The reinforcement of the structure is similar to the Orowan bypass strengthening mechanism [45].
In Orowan effect, precipitations serve as the obstacles of dislocation movement in precipitation-hardened
alloys [30], and the slip plane bows under the interaction between dislocation and precipitates [46]. In
precipitate-type architected metamaterials, the embedded meta-precipitates also hinder the shear band
propagation during compression, and the meander fracture route substantially improves the strength.
This similarity between precipitation-hardened alloys and precipitate-type architected metamaterials
demonstrates the applicability of combining metallurgical hardening principles with structural design.

4.2.2. Influence of Volume Fraction of Meta-Precipitates

There are several factors that affect the strengthening of precipitation, such as volume fraction
of the precipitates, strain rate, temperature, and the coherency between precipitates and matrix [47].
Here we discuss the influence of volume fraction of meta-precipitates on the strength of architected
metamaterials, to further illustrates that the strengthening mechanism similar to precipitation hardening
is applicable to architected metamaterials.

In precipitation hardening, the relationship between the increase of yield stress ∆τy and the
particle spacing of precipitates L can be expressed by the Orowan Equation (3) [48]:

∆τy = Gb/L (3)

where G is the shear modulus of the matrix and b is the Burgers vector.
The relationship illustrates that a higher volume fraction of the precipitates leads to a reduced

spacing and a significant increase in yield stress. In architected metamaterials embedded with
meta-precipitates, the yield stress (compressive strength) is also in a positive correlation to the volume
fraction of the meta-precipitates. The increase of volume fraction also leads to a higher plateau stress
and an improved energy absorption ability.

4.2.3. Difference in Deformation Evolution

While atomic bonds are mimicked by the struts in architected metamaterials, several differences
are noteworthy.
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First, compared with the continuous deformation zones of crystalline materials in which only
axial compression or collapse may occur, the shear bands contain strut intersections which render rigid
body rotation as mentioned above. Such twist inevitably depletes extra energy and may contribute to
the hindering mechanism in architected meta-materials.

Second, in crystalline materials, the slip plane bows out under the influence of the applied stress
into an arc when the dislocation encounters the precipitates [46]. Such arc-shaped dislocation may
further expand and interact with other obstacles before it could no longer endure the force acting
upon it and break free, which drains additional expansion energy and impedes the dilation of slip
band. On the contrary, the radian of the shear band in architected materials after plastic deformation is
restrained, since the printed struts could only bend to a limited extent due to its shear strength.

Third, unlike the slip band of crystalline materials in which Orowan loops are formed to let
through the dislocation, the shear band of architected metamaterials is incapable of bypassing the
embedded lattices entirely, due to the limitation of edges and boundaries. Instead, the shear front
ceases to proceed after it reaches the buckling limit. When the structure is further compressed, a new
shear plane is generated, which is derived from the side edge of the structure. The new shear plane is in
a mirror symmetry relationship with the previous plane to transfer further deformation. The evolution
of the new plane is still along the diagonal but hindered by the meta-precipitates.

The main cause of the difference is possibly related to the connectivity of the nodes and
struts in our work which is unable to completely simulate the atomic bonds in crystallographic
microstructures, the boundaries of architected metamaterial we design and the limited meta-precipitates
that are introduced.

5. Conclusions

In the present work, four precipitate-type architected metamaterials are designed and investigated.
We mimic the crystallographic configurations of precipitation-hardened materials by embedding
lattice domains (meta-precipitates) into the periodic unit cells (matrix). The structures exhibit
in-plane performance improvement as the introduction of meta-precipitates. The P-4 structure with 4
meta-precipitates shows total energy absorption of 2.04 × 104 J/m3, 20% higher than the P-0 structure
without any precipitates.

The precipitate-type architected metamaterials demonstrate a particular evolution of deformation.
The meta-precipitates act as obstacles to compression, changing the deformation mode from original
diagonal crushing to a meander failure route bypassing the precipitates, which is the main cause of the
enhanced mechanical properties. The hindering effect of meta-precipitates and the positive relationship
between yield stress and the volume fraction of the meta-precipitates are similar to Orowan bypass
strengthening mechanism in crystalline materials. The difference is mainly caused by the uncomplete
simulation of atomic bonds through struts and nodes in architected metamaterials.

The particular way of deformation found in these structures helps us understand how unit
cells collapse when the meta-precipitates are introduced. The functionality and performance of the
architected metamaterials that we can tailor can be used in various applications where the location
of collapse should be controlled. In addition, by establishing the similarities and discrepancies of
metallurgical hardening principles and that found in architected metamaterials, we open up the
possibilities of studying complex metallurgical phenomenon at a macroscale level.
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