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Abstract: Our previous work reported a novel lattice structure composed of modified face-centered
cubic (modified FCC) cells with crossing rods introduced at the center of each cell. In this work, the
proposed modified FCC lattice is further investigated to ascertain its compression behaviors under
different loading rates. For this purpose, numerical simulations were carried out for compressing the
two-dimensional and three-dimensional modified FCC lattice structures with different loading rates,
and to compare their deformation modes and energy absorption capacity under different loading
rates. In addition, lattice specimens were fabricated using selective laser melting technology and
quasi-static compression experiments were performed to validate the finite element simulations. The
results indicate that the proposed modified FCC lattices exhibit better load-bearing capacity and
energy absorption than the traditional FCC lattices under different loading rates. Under high-speed
loading, the modified FCC structure is less susceptible to buckling, and the length ratio of the central
cross-rod corresponding to maximum energy absorption capacity is larger.
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1. Introduction

The lattice structures have promising potential for applications in aerospace, automo-
tive, and navigation due to their high specific strength [1,2], large specific stiffness [3,4],
superior impact resistance [5,6], and excellent energy absorption capacity [7,8]. Existing
studies [9-12] mostly focused on the relationship between structural geometries and me-
chanical properties. Both the quasi-static and dynamic mechanical behaviors have been ex-
tensively investigated for the lattice structures, including honeycombs [13,14], face-centered
cubes (FCC) [15,16], and body-centered cubes (BCC) [17]. Although being lightweight,
the porous characteristics of the lattice structures usually compromise their mechanical
properties compared with their solid counterparts. In the past decade, the rapid progress of
additive manufacturing technologies has made it possible to precisely fabricate the lattice
structures with complex topologies, opening the door to the design and fabrication of lattice
structures with ultra-lightweight and ultra-strong mechanical properties.

A considerable number of lattice designs have been proposed and proved to possess
greater potential for energy absorption applications than the conventional simple cubic
(SC), FCC and BCC structures. Cao et al. [18] designed a modified rhombic dodecahedron
stainless steel lattice and the compression behaviors under quasi-static loading were inves-
tigated by experimental and simulation methods. Compared with conventional lattices, the
proposed lattice has better mechanical properties. Guo et al. [19] designed and fabricated a
composite mechanical metamaterial consisting of dual-phase architected truss lattices. The
specific energy absorption, specific strength and specific stiffness of the dual-phase lattice
material were investigated. Zhang et al. [20] proposed a novel re-entrant anti-tri-chiral
lattice to improve both the elastic modulus and the energy absorption capacity.
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As a typical lightweight structure, the dynamic compression behaviors and energy
absorption properties are extremely important in their applications. Previous studies of the
mechanical response of lattice structures were mainly conducted via quasi-static compres-
sive tests [21,22]. A few dynamic studies [23-25] were carried out recently. Zheng et al. [26]
studied the effects of cell irregularity and impact velocity on the plateau force and the
deformation modes for the 2D lattices. Ruan et al. [27] obtained an empirical formula of the
plateau force for the lattice structure at high-speed loading as a function of wall thickness
and the impact speed. Hu et al. [28] investigated the deformation modes of the hexagonal
honeycomb structure subjected to the impact loads along the two transversal directions,
taking into account the effects of the relative density, the impact velocity and the cell angle.
From the above review, it is found that a large part of existing research was focused on
the 2D lattice structures instead of the 3D lattice structures, which may be more important
for energy absorption application. In addition, the dynamic behaviors of lattice lattices
were not as thoroughly investigated as their quasi-static properties. Thus, an in-depth
investigation is deserved for the static and dynamic behaviors of the 3D lattice structures.

In our previous work, we proposed an innovative lattice called modified FCC lattice,
which was derived from the conventional FCC lattice by inserting crossing struts at the
center of the unit cell. We showed that the modified FCC lattice possesses enhanced energy
absorption capacity under quasi-static compression. In this work, the dynamic compression
response for the proposed modified FCC lattice is further investigated to ascertain the
influence of the loading rate on its mechanical behaviors. Numerical simulations are
performed using commercial software ABAQUS, to compare the deformation modes and
energy absorption performance of the two-dimensional (2D) and three-dimensional (3D)
modified FCC lattices with different geometric parameters under quasi-static and dynamic
impact loading conditions. The organization of this article is summarized as follows.
After this introduction, the design strategies and geometric configurations for the 2D and
3D models are shown in Section 2. The results of quasi-static and dynamic simulations,
including the deformation modes, the load-bearing and energy-absorbing capacity, and
the plateau stress, are provided in Section 3. Finally, some conclusions are summarized
in Section 4.

2. Materials and Methods
2.1. Design Strategies and Geometric Configurations

Figure 1 shows the geometric configurations of the 2D and 3D modified FCC lattices.
The modified FCC lattice is derived from the conventional FCC lattice by inserting crossing
struts at the center of the unit cell. Two mutually orthogonal 2D unit cells form a 3D unit
cell. The computationally efficient beam elements are used to discretize the structure. The
lattice is placed between the top and bottom rigid platens. The 2D lattices are formed
by 100-unit cells in a 10 x 10 array. To reduce computational costs, the 3D lattices are
formed by 125-unit cellsin a 5 x 5 x 5 array. The length and width of the cell and the
diameter of the struts are Hy = Ly = 40 mm, R = 3.2 mm, respectively. The length of
the cross-strut located at the center of the unit cell is L. To define the length coefficients
m = L/Ly, a series of modified FCC lattices with different m are generated by changing
the length L. Therefore, the geometry configurations of the modified FCC lattices can
be determined by the independent parameter m. When m = 0, the modified FCC lattice
becomes the conventional FCC lattice, and when m = 1, the modified FCC lattice becomes
the conventional simple cubic lattice. Therefore, the modified FCC lattice is considered to
be transitional from a simple cubic lattice to an FCC lattice.
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Figure 1. Design strategies of 2D and 3D modified FCC lattices with the enlarged view showing a
unit cell.

2.2. Material Tests and Simulation Parameters

The constitutive material of the lattice structures for the numerical simulations was
chosen as 316L steel (SimpNeed company, Hangzhou, China). Similar to our previous
study [29], the constitutive material parameters of 316L stainless steel material were ob-
tained by uniaxial tensile testing (Tinius Olsen 100ST, Tongji University, Shanghai, China)
of dog-bone specimens, as shown in Figure 2, with Young’s modulus E = 210 GPa, yield
stress 0ys = 279.8 Mpa, other parameters are density p = 7.98 g/cm? and Poisson’s ratio
isv=0.3.
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Figure 2. (a) Uniaxial tensile testing of dog-bone specimens (b) nominal stress versus nominal

strain curve [29].

For the mesh of the structure, a 2-node linear beam element B31 was adopted. Before
the parametric simulation, a mesh convergence analysis was performed to ensure the
accuracy and efficiency of the calculations, and the approximate size of 4 mm for the beam
element was selected. In the simulations, the lattice specimen is placed between the support
platen and the loading platen, where all degrees of freedom of the supporting platen are
fixed. The loading platen is compressed downward at a speed of 2 m/s, with the other
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degrees of freedom fixed. To ensure that the 2D lattice structure is deformed only in the
XY plane, the translational degrees of freedom along the Z direction are constrained for all
2D lattice specimens. The all-inclusive general contact algorithm with a friction coefficient
of 0.2 is used in the model. The compression stress—strain plots are for the true stress and
true (logarithmic) strain. The relations between the true strain—stress and the nominal
strain-stress are given in Equations (1) and (2), where ¢; and ¢, are true stress and nominal
stress, respectively, and ¢ and ¢, are true strain and nominal strain, respectively.

0 = o€t (1)

ey =In(1+e,) @)

The nominal strain is calculated from the compression displacement of the loading
platen S and the height of the specimen Hy as e = S/Hj. For 2D and 3D lattices, the nominal
stresses are calculated as o, = F/(LyD) and 0, = F/ L%, respectively, where F and D are the
reaction force for the loading platen and the cross-sectional diameter of the circular struts.

2.3. Quasi-Static Compression Experiments

Quasi-static compression experiments were carried out to investigate the influence
of m on the compression behaviors of modified FCC lattices. Four modified FCC lattices
of different m were fabricated using the SLM technique (SimpNeed company, Hangzhou,
China). The average particle size used for the SLM process is 30 um. The laser power
is 200 W, the thickness of the powder layer is 30 um and the scanning speed is set as
2000 mm/s. The size of spherical powder ranges from 15 to 45 um. All specimens were
printed in the same direction that aligns with the loading direction to eliminate the deviation
of material properties due to printing direction. Before the experiment, the lattice specimens
were annealed in the nitrogen environment at 490 °C for 6 h to avoid the influence of
residual stresses induced in the printing process. The lattice specimens were placed
between the supporting platen and the loading platen, which was moved down slowly at a
compression velocity of 2 mm/min. The displacement and reaction force were recorded by
the sensors mounted on the loading platen to obtain stress—strain curves. The deformation
modes of the lattice samples were captured by a camera (Canon 750D), as shown in Figure 3.

m=0 m=0.25

m=0.85

Figure 3. Modified FCC lattice specimens printed by SLM technology and their deformation snap-
shots at strain 0.1.
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In our previous work, it was shown that the specific energy absorption of modified
FCC lattices is larger than those of the traditional FCC and SC lattice under the quasi-static
compression. In the current study, we show that the load-bearing capacity of modified FCC
lattices is also higher. In Figure 3, for m = 0, i.e., conventional FCC lattice, the structure
expands laterally during compression and presents the positive Poisson’s ratio (PPR). As
the length coefficient m increases, the Poisson’s ratio of the lattice gradually decreases.
When m = 0.25, the PPR changes to zero Poisson’s ratio (ZPR). From the stress—strain curve
in Figure 4, it can be seen the results of the experimental and finite element simulations
agree qualitatively, which can verify the accuracy of the numerical model. It also can
be observed that when m < 0.5, the peak stress representing the load-bearing capacity
increase with m. The weakening of the PPR effect causes the shrink of the space between
the struts, leading to the enhancement of the interaction between the struts and hence the
elevated stress. When the m is large, e.g., m = 0.85, the modified FCC lattice deforms in
an unstable buckling mode, leading to structural instability and a sharp drop of the peak
stress. It can be noted that the experimental stress—strain curve is very smooth, different
from the simulation curve, which exhibits evident oscillations. This phenomenon of stress
oscillations in the FE simulations has also been reported in the previous literature [30]
and is probably attributed to the idealization of the finite element models which do not
consider the defects that are usually introduced during the processing of specimens in
the real experiments. The defects act as triggers for the local deformation, and thus, can
smooth the undulating stress—strain curves. Therefore, the oscillation of the stress—strain
curve from the finite element simulations is usually larger than that from the experiments.
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Figure 4. The stress—strain curves from (a) numerical simulations and (b) experimental tests for four
modified FCC lattice specimens.

Usually, improving the energy absorption performance of lightweight structures
is usually at the expense of their load-bearing capacity. However, the modified FCC
lattice exhibits enhancements in both the energy absorption and the load-bearing capacity
compared with the conventional lattices. This provides a feasible way for the design of a
multifunctional energy absorber.

3. Results and Discussions

In order to investigate the dynamic compression behaviors and mechanical properties
of modified FCC lattice structures, the explicit dynamic numerical simulations of 2D and 3D
modified FCC lattice structures with different length coefficients m under different loading
rates were carried out. The compression behaviors of the modified FCC lattice under high
impact loading were compared with our previous results [29] under quasi-static loading.

3.1. 2D Modified FCC Lattices

The deformation modes of 2D modified FCC lattices with different m under the
quasi-static compression [29] and the high-speed loading at velocity of V = 60 m/s, were
compared in Figure 5. Under quasi-static loading conditions, it can be observed that
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the deformation mode of modified FCC lattices is particularly influenced by the length
coefficient m. When m is small, e.g., m = 0 or 0.25, the modified FCC lattices exhibit obvious
oblique deformation bands (X-shaped or V-shaped), with the deformation of struts highly
centralized in the shear band. The shear bands gradually extend to neighboring layers until
the densification of the full specimen. When m increases to 0.5, the shear bands gradually
change to be horizontal, leading to layer-by-layer crushing deformation, which causes
periodic peaks and valleys in the stress—strain curve, resulting in evident undulations of the
curve (see Figure 6). When m is large, e.g., m = 0.85 or m = 1, the lattice specimens exhibit a
deformation characteristic of global buckling. The buckling deformation mode causes the
structure to collapse unstably in one lateral direction, with the rapid decrease in the stress,
which is not conducive to energy absorption.

mormmm( \TECC Lattice Quasi-static loading High speed loading
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Figure 5. Comparison of deformation modes for 2D modified FCC lattice structures with different m
under quasi-static [29] and high-speed of V = 60 m/s loading conditions.

Different from the quasi-static compression, under the high-velocity loading, the modi-
fied FCC lattice does not exhibit any oblique shear bands during the entire crushing process.
The deformation modes are concentrated in the horizontal shear bands perpendicular to
the loading direction, similar to the form of layer-by-layer propagation of shock waves
from the loading end to the support end. Especially, for m = 1, i.e., the simple cubic lattice
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case, the high loading speed diminishes the possibility of buckling deformation. These
phenomena could be possibly explained by the wave theory. Under the high-velocity
impact, the plastic wave speed may be lower than the loading velocity, leading to the
localization of deformation near the loading platen.
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Figure 6. Comparison of stress—strain curves for 2D modified FCC lattice structures with different m
under (a) quasi-static [29] and (b) high-speed loading at V = 60 m/s loading conditions.

The stress—strain curves of the 2D lattices obtained from the quasi-static and the
high-speed loading simulations are shown in Figure 6. Compared with the quasi-static
cases, the stress oscillation becomes much more evident under high-speed loading. For
the high-speed loading condition, the two extreme cases of m = 0 and m = 1, i.e., the
conventional FCC and SC lattices, exhibit intensive oscillations in their stress—strain curves.
On the contrary, the modified FCC lattice with m = 0.85 shows a significantly smoother
stress response, indicating a more favorable energy absorption property. It can be also
observed in Figure 6b that the plateau stress of the modified FCC lattice takes the trend
of first increase and then decrease as the m increases, with the maximum plateau stress at
m = 0.85, which is larger than the value m = 0.5 corresponding to the maximum value for
the quasi-static case. This difference is because the stress wave effect effectively avoids the
buckling deformation mode. Figure 6 also shows that the initial peak stress is larger for the
modified FCC lattice than the conventional FCC or SC lattices under both the quasi-static
compression or high-velocity impact loading, which indicates the enhancement of the
load-bearing capacity for the proposed modified FCC structure.

3.2. 3D Modified FCC Lattices

Next, we switch our attention to the 3D modified FCC lattice structures to check
if the conclusions obtained from the 2D modified FCC lattices can be applied to the 3D
cases. The deformation modes and the stress—strain curves of 3D modified FCC lattice
structures with different m under both quasi-static and dynamic loading at the velocity
of V = 60 m/s are shown in Figures 7 and 8, respectively. The stress—strain curves also
exhibit typical stretch-dominated characteristics and can be classified into an elastic regime,
plateau regime and densification regime. For the high-speed loading condition, the results
are qualitatively consistent with those of the 2D modified FCC lattices, both showing that
the modified FCC lattice with the length coefficient m = 0.85 possesses the highest energy
absorption capacity with significantly larger plateau stress and comparable peak stress
compared to the other structures. The deformation modes of MFCC lattice structures with
different length coefficients under the medium-speed loading conditions are shown in
Figure 7, which can be regarded as a transition from quasi-static to high-speed loading
conditions. It can be seen that under medium-speed loading, the deformation modes of the
lattice structures without global buckling deformation (with a small length coefficient) are
similar to those under quasi-static conditions. However, the global buckling deformation
observed for the larger length coefficient under the quasi-static loading is significantly
diminished under the medium-speed loading, indicating that the loading rate significantly
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affects the deformation mode. The global buckling deformation mode of the simple cubic
lattice and MFCC lattice with a larger length coefficient can be effectively restrained by the
high-speed loading condition.

| mFcc Lattice

PEEQ Quasi-static loading Medium speed loading High speed loading
m=0
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m=0.25 A0S ) :0::0; 'f"f‘:
3 ey

m=0.5
m=0.85
m=1

Figure 7. Comparison of deformation modes for 3D modified FCC lattice structures with different m

under quasi-static [29], medium-speed of V = 30 m/s and high-speed of V = 60 m/s loading conditions.
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Figure 8. Comparison of stress—strain curves for 3D modified FCC lattice structures with different m

under (a) quasi-static [29] and (b) high-speed loading at V = 60 m/s loading conditions.

For the quasi-static compression, the 3D modified FCC lattice with m = 0.5 corresponds
to the maximum plateau stress, which is also in agreement with the results of the 2D lattices.
It is worth noting that the 3D modified FCC lattice with m = 0.5 possess the largest peak
stress, i.e., the highest load-bearing capacity, this result is different from the 2D lattices
(m =0.85 corresponding to the highest load-bearing capacity). This is because the 3D
modified FCC lattice with large m is vulnerable to buckling deformation under quasi-
static loading conditions, leading to severe instability and a significant decrease of the
stress response. However, the buckling behavior is inhibited under high-speed loading
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conditions, thus the lattice exhibits the same trend as the 2D lattice, i.e., the larger the
length coefficient, the higher the load-bearing capacity. In addition, it also shows that the
3D lattices have less stress oscillation, showing more beneficial energy absorption capacity,
since the peaks in the stress response are detrimental to the protected occupants.

3.3. Dynamic Plateau Stress Prediction Model

A simplified theoretical model is proposed by Reid et al. [31] to characterize the
dynamic compression properties of honeycomb material based on the rigid perfectly-
plastic locking (R-PP-L) material law. In their model, the predicted dynamic plateau stress
is related to the impact speed V and the effective density py, as in the following empirical
formula Equation (3):

®)

where (Tg is defined as the plateau stress under quasi-static loading. Gibson and Ashby [32]

expressed 02 and ¢p as functions of the relative density o and the yield stress 0y as below
(Equations (4) and (5)):

op = Coypr’? @
ep =1—7pr ®)
where, pr = Z—S, ps is the base material density, C and -y are dimensionless constants.
Thus, Equation (3) can be transformed to Equation (6):

_ 2, poV? 2 a2
op = Coypr +—€D = Coypr” + AV (6)

Fitting the data from the numerical simulation, the empirical expressions of dynamic
plateau stress for the five investigated lattices, i.e., m = 0, 0.25, 0.5, 0.85, and 1 can be
obtained (Equations (7)-(11)):

op, = 0.4505pR,* + 0.204V?2 7)
op, = 0.530y5pR,” + 0.229V? 8)
op, = 0.620y5pR,> + 0.228V? ©)
op, = 0.700spR,* + 0.326V2 (10)
op, = 0.640y5pry> + 0.182V72 (11)

Figure 9 compares the plateau stress from the simulations with that predicted by the
theoretical model of Equation (6). It can be noted that the theoretical predictions agree well
with the finite element simulation results. It also indicates that the length coefficient m
has a significant influence on the dynamic plateau stress, which first increases and then
decreases as m increases, with the maximum value occurring at m = 0.85. Equations (7)-(11)
provides a guide for evaluating the energy absorption capacity of 3D modified FCC lattices
under dynamic loading conditions.

3.4. Energy Absorption Properties

The energy absorber is designed to achieve several objectives, such as maximizing
energy absorption and specific energy absorption, a long and smooth plateau stage, and
developing a stable deformation mode. Correspondingly, several indicators have been
proposed to evaluate the energy-absorbing properties. Among them, the most commonly
used are energy absorption (EA), plateau stress, crushing force efficiency (CFE), and specific
energy absorption (SEA).
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Figure 9. Dynamic plateau stress from numerical simulations and theoretical predictions.

EA can be obtained by integrating stress o across the strain ranging from 0 to ¢ [33,34]
(Equation (12)):

EA — /0 “o(e)de (12)

SEA is another indicator defined by dividing EA with the effective density and is more
frequently used for the evaluation of energy absorption capacity since the relative density
has a great influence. It can be expressed as Equation (13):

SEA — Jo o(e)de

13
oRPs (13)

where oy, is the relative densities, o5 is the constitutive material density.

The SEAs of 3D modified FCC lattices with different m under quasi-static and high-
speed loading conditions are compared with each other in Figure 10. It can be seen that SEA
strongly depends on the m. The SEA shows a trend of first increasing and then decreasing
as m increases under the quasi-static compression, taking the maximum at m = 0.5, with a
31.1% increase over the conventional FCC lattice. However, under the high-speed loading
condition, the maximum value of SEA takes place at m = 0.85, with a 49.3% increase over the
conventional FCC lattice. Since the buckling deformation mode can be effectively avoided
for the large length coefficient, the energy-absorbing properties of the FCC lattice can be
further improved under the high-speed loading condition.

In conclusion, the proposed modified FCC lattice reveals tremendous potential for
applications in energy absorption and load-bearing under both quasi-static compression
and dynamic impact loading.
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Figure 10. Specific energy absorption of 3D modified FCC lattices with different m under (a) quasi-

static loading and (b) high-speed loading at velocity V = 60 m/s.

4. Discussion

In this paper, the mechanical properties and compression behaviors for 2D and 3D
modified FCC lattice with different length coefficients under high-speed loading are com-
pared with the results under quasi-static compression. Further, an analytical model for
predicting the plateau stresses under different crushing velocities is developed based on
the empirical expression in the literature. Some conclusions can be drawn as follows:

1. Under high-speed loading, the global buckling deformation mode of the simple
cubic lattice structure and MFCC lattice structure with a larger length coefficient
is restrained.

2. The energy absorption and load-bearing capacity of modified FCC lattice is partic-
ularly influenced by the length coefficient m. At appropriate m, the specific energy
absorption of MFCC lattice can be improved 49.3% over the conventional FCC lattice
under high-speed impact loading.

3. The empirical formula was provided, which can accurately predict the plateau stress
for the 3D modified FCC lattice under dynamic loading.

Author Contributions: PW.: Methodology, formal analysis, software, validation, experiment setup,
writing—original draft preparation; FY.: conceptualization, supervision, writing—review & editing,
funding acquisition; J.Z.: supervision, writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 117722317, and the State Key Laboratory of Mechanics and Control of Mechanical Structures,
grant number MCMS-E-0221G02".

Institutional Review Board Statement: No applicable.
Informed Consent Statement: No applicable.
Data Availability Statement: No applicable.

Acknowledgments: This work is supported by the National Natural Science Foundation of China
(11772231), the State Key Laboratory of Mechanics and Control of Mechanical Structures (MCMS-E-
0221G02) and the Shanghai Supercomputer Center.

Conflicts of Interest: We declared that there is no professional or personal interest of any nature or
kind involved in the process of the creation of our article. In addition, our article will not be related
to any kind of commercial use but is for purely academic purposes.



Materials 2022, 15, 1949 12 of 13

References

1.  Momeni, K.; Mofidian, S.M.M.; Bardaweel, H. Systematic Design of High-Strength Multicomponent Metamaterials. Mater. Des.
2019, 183, 1-10. [CrossRef]

2. Xiao, R; Li, X;; Jia, H.; Surjadi, ].U.; Li, J.; Lin, W.; Gao, L.; Chirarattananon, P; Lu, Y. 3D Printing of Dual Phase-Strengthened
Microlattices for Lightweight Micro Aerial Vehicles. Mater. Des. 2021, 206, 109767. [CrossRef]

3. Yu, X, Zhou, J; Liang, H.; Jiang, Z.; Wu, L. Mechanical Metamaterials Associated with Stiffness, Rigidity and Compressibility: A
Brief Review. Prog. Mater. Sci. 2018, 94, 114-173. [CrossRef]

4. Niknam, H.; Akbarzadeh, A.H. Graded Lattice Structures: Simultaneous Enhancement in Stiffness and Energy Absorption. Mater.
Des. 2020, 196, 109129. [CrossRef]

5. Zhang, W.; Yin, S.; Yu, T.X,; Xu, J. Crushing Resistance and Energy Absorption of Pomelo Peel Inspired Hierarchical Honeycomb.
Int. J. Impact Eng. 2019, 125, 163-172. [CrossRef]

6. Qiu, X.M.; Zhang;, J.; Yu, T.X. Collapse of Periodic Planar Lattices under Uniaxial Compression, Part II: Dynamic Crushing Based
on Finite Element Simulation. Int. J. Impact Eng. 2009, 36, 1231-1241. [CrossRef]

7. Yuan, S.; Chua, C.K,; Zhou, K. 3D-Printed Mechanical Metamaterials with High Energy Absorption. Adv. Mater. Technol. 2019,
4,1-9. [CrossRef]

8.  Zhang, H.; Zhou, H.; Zhou, Z.; Zeng, H.; Zhang, X.; Yang, J.; Lei, H.; Han, F. Energy Absorption Diagram Characteristic of
Metallic Self-Supporting 3D Lattices Fabricated by Additive Manufacturing and Design Method of Energy Absorption Structure.
Int. . Solids. Struct. 2021, 226-227,111082. [CrossRef]

9.  Wang, Z. Recent Advances in Novel Metallic Honeycomb Structure. Compos. Part B-Eng. 2019, 166, 731-741. [CrossRef]

10. Li, X,; Gao, L.; Zhou, W.; Wang, Y.; Lu, Y. Novel 2D Metamaterials with Negative Poisson’s Ratio and Negative Thermal Expansion.
Extreme. Mech. Lett. 2019, 30, 100498. [CrossRef]

11.  Qi, C; Jiang, F; Remennikov, A.; Pei, L.Z,; Liu, J.; Wang, ].S.; Liao, X.W.; Yang, S. Quasi-Static Crushing Behavior of Novel
Re-Entrant Circular Auxetic Honeycombs. Compos. Part B-Eng. 2020, 197, 108117. [CrossRef]

12. Xue, R,; Cui, X,; Zhang, P,; Liu, K; Li, Y.; Wu, W,; Liao, H. Mechanical Design and Energy Absorption Performances of Novel
Dual Scale Hybrid Plate-Lattice Mechanical Metamaterials. Extreme. Mech. Lett. 2020, 40, 100918. [CrossRef]

13. Hu, L.L;; Wu, Z].; Fu, M.H. Mechanical Behavior of Anti-Trichiral Honeycombs under Lateral Crushing. Int. . Mech. Sci. 2018,
140, 537-546. [CrossRef]

14. Fu,M.H.; Xu, O.T,; Hu, L.L.; Yu, T.X. Nonlinear Shear Modulus of Re-Entrant Hexagonal Honeycombs under Large Deformation.
Int. . Solids. Struct. 2016, 80, 284-296. [CrossRef]

15. Wang, P; Bian, Y.; Yang, F; Fan, H.; Zheng, B. Mechanical Properties and Energy Absorption of FCC Lattice Structures with
Different Orientation Angles. Acta Mech. 2020, 231, 3129-3144. [CrossRef]

16. Bonatti, C.; Mohr, D. Large Deformation Response of Additively-Manufactured FCC Metamaterials: From Octet Truss Lattices
towards Continuous Shell Mesostructures. Int. ]. Plasticity 2017, 92, 122-147. [CrossRef]

17.  Al-Saedi, D.S.J.; Masood, S.H.; Faizan-Ur-Rab, M.; Alomarah, A.; Ponnusamy, P. Mechanical Properties and Energy Absorption
Capability of Functionally Graded F2BCC Lattice Fabricated by SLM. Mater. Des. 2018, 144, 32—-44. [CrossRef]

18. Cao, X.; Duan, S,; Liang, ].; Wen, W.; Fang, D. Mechanical Properties of an Improved 3D-Printed Rhombic Dodecahedron Stainless
Steel Lattice Structure of Variable Cross Section. Int. J. Mech. Sci. 2018, 145, 53-63. [CrossRef]

19. Guo, W,; Huang, Y,; Ritchie, R.O.; Yin, S. Dissipative Dual-Phase Mechanical Metamaterial Composites via Architectural Design.
Extreme. Mech. Lett. 2021, 48, 101442. [CrossRef]

20. Zhang, E.T; Liu, H.; Ng, B.F. Novel Arc-Shaped Ligaments to Enhance Energy Absorption Capabilities of Re-Entrant Anti-Trichiral
Structures. Compos. Part B-Eng. 2021, 227, 109366. [CrossRef]

21. Tancogne-Dejean, T.; Spierings, A.B.; Mohr, D. Additively-Manufactured Metallic Micro-Lattice Materials for High Specific
Energy Absorption under Static and Dynamic Loading. Acta Mater. 2016, 116, 14-28. [CrossRef]

22. Lei, H,; Li, C; Meng, J.; Zhou, H; Liu, Y;; Zhang, X.; Wang, P.; Fang, D. Evaluation of Compressive Properties of SLM-Fabricated
Multi-Layer Lattice Structures by Experimental Test and u-CT-Based Finite Element Analysis. Mater. Des. 2019, 169, 107685. [CrossRef]

23.  Zhao, X.; Gao, Q.; Wang, L.; Yu, Q.; Ma, Z.D. Dynamic Crushing of Double-Arrowed Auxetic Structure under Impact Loading.
Mater. Des. 2018, 160, 527-537. [CrossRef]

24. Wang, P; Yang, F; Ru, D.; Zheng, B.; Fan, H. Additive-manufactured hierarchical multi-circular lattice structures for energy
absorption application. Mater. Des. 2021, 210, 110116. [CrossRef]

25. Cao, X,; Xiao, D.; Li, Y.; Wen, W.; Zhao, T.; Chen, Z; Jiang, Y.; Fang, D. Dynamic Compressive Behavior of a Modified Additively
Manufactured Rhombic Dodecahedron 316L Stainless Steel Lattice Structure. Thin-Walled Struct. 2020, 148, 106586. [CrossRef]

26. Zheng, Z.; Yu, ].; Li, ]. Dynamic Crushing of 2D Cellular Structures: A Finite Element Study. Int. |. Impact Eng. 2005, 32, 650-664. [CrossRef]

27. Ruan, D,; Lu, G.; Wang, B.; Yu, T.X. In-Plane Dynamic Crushing of Honeycombs-a Finite Element Study. Int. |. Impact Eng 2003,
28,161-182. [CrossRef]

28. Hu, L; You, E; Yu, T. Effect of Cell-Wall Angle on the in-Plane Crushing Behaviour of Hexagonal Honeycombs. Mater. Des. 2013,
46, 511-523. [CrossRef]

29. Wang, P; Yang, F; Li, P; Zheng, B.; Fan, H. Design and Additive Manufacturing of a Modified Face-Centered Cubic Lattice with

Enhanced Energy Absorption Capability. Extreme. Mech. Lett. 2021, 47, 101358. [CrossRef]


http://doi.org/10.1016/j.matdes.2019.108124
http://doi.org/10.1016/j.matdes.2021.109767
http://doi.org/10.1016/j.pmatsci.2017.12.003
http://doi.org/10.1016/j.matdes.2020.109129
http://doi.org/10.1016/j.ijimpeng.2018.11.014
http://doi.org/10.1016/j.ijimpeng.2009.05.010
http://doi.org/10.1002/admt.201800419
http://doi.org/10.1016/j.ijsolstr.2021.111082
http://doi.org/10.1016/j.compositesb.2019.02.011
http://doi.org/10.1016/j.eml.2019.100498
http://doi.org/10.1016/j.compositesb.2020.108117
http://doi.org/10.1016/j.eml.2020.100918
http://doi.org/10.1016/j.ijmecsci.2018.03.039
http://doi.org/10.1016/j.ijsolstr.2015.11.015
http://doi.org/10.1007/s00707-020-02710-x
http://doi.org/10.1016/j.ijplas.2017.02.003
http://doi.org/10.1016/j.matdes.2018.01.059
http://doi.org/10.1016/j.ijmecsci.2018.07.006
http://doi.org/10.1016/j.eml.2021.101442
http://doi.org/10.1016/j.compositesb.2021.109366
http://doi.org/10.1016/j.actamat.2016.05.054
http://doi.org/10.1016/j.matdes.2019.107685
http://doi.org/10.1016/j.matdes.2018.09.041
http://doi.org/10.1016/j.matdes.2021.110116
http://doi.org/10.1016/j.tws.2019.106586
http://doi.org/10.1016/j.ijimpeng.2005.05.007
http://doi.org/10.1016/S0734-743X(02)00056-8
http://doi.org/10.1016/j.matdes.2012.10.050
http://doi.org/10.1016/j.eml.2021.101358

Materials 2022, 15, 1949 13 of 13

30.
31.
32.
33.

34.

Novak, N.; Vesenjak, M.; Tanaka, S.; Hokamoto, K.; Ren, Z. Compressive behaviour of chiral auxetic cellular structures at different
strain rates. Int. |. Impact Eng. 2020, 141, 103566. [CrossRef]

Reid, S.R.; Peng, C. Dynamic uniaxial crushing of wood. Int. J. Impact Eng. 1997, 19, 531-570. [CrossRef]

Gibson, L.J.; Ashby, M.E. Cellular Solids: Structure & Properties; Cambridge University Press: Cambridge, UK, 1997.

Wang, P; Yang, E; Lu, G.; Bian, Y.; Zhang, S.; Zheng, B.; Fan, H. Anisotropic compression behaviors of bio-inspired modified
body-centered cubic lattices validated by additive manufacturing. Compos. Part B-Eng. 2022, 234, 109724. [CrossRef]

Zhang, J.; Lu, G.; You, Z. Large deformation and energy absorption of additively manufactured auxetic materials and structures:
A review. Compos. Part B-Eng. 2020, 201, 108340. [CrossRef]


http://doi.org/10.1016/j.ijimpeng.2020.103566
http://doi.org/10.1016/S0734-743X(97)00016-X
http://doi.org/10.1016/j.compositesb.2022.109724
http://doi.org/10.1016/j.compositesb.2020.108340

	Introduction 
	Materials and Methods 
	Design Strategies and Geometric Configurations 
	Material Tests and Simulation Parameters 
	Quasi-Static Compression Experiments 

	Results and Discussions 
	2D Modified FCC Lattices 
	3D Modified FCC Lattices 
	Dynamic Plateau Stress Prediction Model 
	Energy Absorption Properties 

	Discussion 
	References

