ves! materials

Article

Compressive Property of Additively-Manufactured
Micro-Architectures with X-Type Lattice Unit Cell

Yong-jing Wang !, Chen-xin Feng 2, Zhi-jia Zhang >*, Dan Qian ! and Zhong-xiao Song 1"*

check for
updates

Citation: Wang, Y.-j.; Feng, C.-x.;
Zhang, Z.5j.; Qian, D.; Song, Z.-x.
Compressive Property of
Additively-Manufactured
Micro-Architectures with X-Type
Lattice Unit Cell. Materials 2022, 15,
3815. https://doi.org/10.3390/
mal5113815

Academic Editor: Lars Ehm

Received: 21 April 2022
Accepted: 20 May 2022
Published: 27 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China;
yongjing@xjtu.edu.cn (Y.5.W.); zhangzhil51@mail xjtu.edu.cn (D.Q.)

State Key Laboratory for Strength and Vibration of Mechanical Structures, Xi’an Jiaotong University,

Xi’an 710049, China; 3120302067@stu.xjtu.edu.cn

Correspondence: zhijiazhang187@xjtu.edu.cn (Z.-.Z.); zhongxiaosong@mail.xjtu.edu.cn (Z.-x.S.)

Abstract: In this paper, novel micro-architectures with X-type lattice unit cell (namely, face-centered
cubic (FCC), and X-type) are constructed and prepared by additive manufacturing technology. The
compression behaviors of micro-architectures are explored in detail by experimental measurement
and theoretical prediction. It is found that the strength of FCC micro-lattice structure is higher
than that of the X-type micro-lattice structure with the same relative density. The X-type micro-
lattice structure exhibits a zero Poisson’s ratio during compression deformation. In addition, the
compressive strength and energy absorption efficiency of proposed micro-architectures shows a
higher advantage over other previously cellular materials in a map for material selection.

Keywords:  micro-architectures; structural;

porous materials; additive manufacturing;

mechanical properties

1. Introduction

Lightweight cellular materials have received tremendous research attention in recent
decades owing to their remarkable mechanical performance and multi-functional charac-
teristics, which can inspire the development of structuring technologies for next-generation
construction, automotive, aerospace, bionic structures, and medical applications [1-5].
Motivated by the distinctive advantages of natural materials, much effort has been devoted
to creating advanced lightweight cellular structures.

Recent advancements in the technical capability for fabricating materials at multi-scale
scales (from nanometer to meter) have pushed toward the development of scientifically
conceived materials (also called ‘architectures’) with mechanical and multifunctionality
that cannot be found in nature [6-8]. These multifunctionalities not only depend on the
microstructure (unit cell) of the architectures under consideration, but also the physical
properties of the base materials. Due to their orthotropic and three-dimensionally open-
pored characteristics, architecture structures integrating structural and function features
are considered the most typical and promising constructions [9].

The current literature on lattice structure is focused on their structure design [10],
mechanical properties [11-13], fabrication technologies [14], etc. For structure design, tetra-
hedral [15], pyramidal [16], octet lattice [17], 3D-Kagome [18], metal textile [19], cuttlebone-
like lattice [20], and open-cell foam [21] are the main topologies used to construct the lattice
truss structures. Nevertheless, it is still unsatisfactory that the critical buckling loads of
lattice structures, categorized as either truss- or plate-based, are sensitive to manufactur-
ing defects [22,23]. The energy absorption performances of these lattice structures have
yet to be improved. Under quasi-static compression, for example, a pyramidal lattice is
deformed by the stretching of the lattice strut and collapse by buckling (Euler or plastic),
with the stress rapidly reducing once the peak stress is reached. The strut members in
pyramidal configurations are independent to a great extent. When the relative density
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of the core is small, the lattice strut is easy to rotate. Hence, it is of great significance to
explore lattice structures with a high bearing capacity and low defect sensitivity [24,25].
The two-dimensional constrained nodes introduced into the strut elements of novel lattice
configurations, called X-type, result in a change in the degree of freedom of the struts. The
results show that the plastic deformation stability of an X-type lattice under compression
and shear are better than that of a pyramid lattice [26,27]. Up to now, however, little
attention has been paid to using X-type lattice unit cells to construct architecture structures.

In this work, micro-architectures with X-type lattice unit cells (namely, face-centered
cubic (FCC), and X-type) are designed and made with 3D printing technology. The com-
pression behaviors of micro-architectures are investigated by experimental measurement
and theoretical prediction.

2. Fabrication and Experiments
2.1. Structure Description

In this work, two typical unit cells, i.e., X-type lattice and face-centered cubic (FCC)
are proposed as shown in Figure 1. The X-type lattice unit cell can be obtained by rotat-
ing the FCC unit cell 45 degrees around axis 1 and then 90 degrees around axis 2. The
geometrical configurations and parameters of unit cells are shown in Figure 1a,b. The
micro-architectures with consistent the outline dimensions of W x L x H, the truss length /,
the angle of inclination B for FCC lattice and B and w for X-type lattice as well as various
truss diameter d. All samples are listed in Table 1.

2/sin®
O |

Figure 1. Geometric diagram and actual image of two designed architecture materials: (a) the unit
cell of FCC lattice; (b) the unit cell of X-type lattice.
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Table 1. Configuration parameters of different lattice structures (mm).
Sample w L H d 1 B° w’
FCC-A 17.6 17.6 17.6 0.16 2.2 35.2 30
FCC-B 17.6 17.6 17.6 0.3 2.2 35.2 30
FCC-C 17.6 17.6 17.6 0.5 2.2 35.2 30
FCC-D 17.6 17.6 17.6 0.84 2.2 35.2 30
X-lattice-A 17.6 18 17.6 0.16 4.4 45 -
X-lattice-B 17.6 18 17.6 0.3 4.4 45 -
X-lattice-C 17.6 18 17.6 0.5 4.4 45 -
X-lattice-D 17.6 18 17.6 0.84 4.4 45 -

2.2. Preparation Process and Materials

The proposed micro-architectures were prepared by using a AutodeskEmber (desktop
DLP) 3D printer (Autodesk Inc., San Rafael, CA, USA) as shown in Figure 2. Photopolymer
resin (PR) 48 was chosen for this study. The key process parameters are as follows: an
LED projector (Autodesk Inc., San Rafael, CA, USA) with 405 nm wavelength and 5 W
power, and a printing layer thickness of 20 pm. All samples were washed with solvent and
dried with compressed air. Subsequently, all the samples were solvent-cleaned (isopropyl
alcohol, IPA) and post-cured with ultraviolet light for 10 min to enhance the mechanical
properties of the samples. To understand the mesostructure of the as-prepared samples,
scanning electron microscopy (SEM) was performed using a Quanta FEG250 microscope
(FEI Inc., Hillsboro, OR, USA). Figure 3a illustrates the as-built micro-architectures with
high geometric accuracy. The microstructures of the as-built micro-architectures were
characterized by SEM as shown in Figure 3b. The uneven diameter of the struts can still
be observed. It may result from the creep induced by their own self-weight in the viscous
fluid during the complex solidification process. At the same time, due to the continuous
layer-by-layer manufacturing process, there are ripples on the struts surface. These defects
would affect the mechanical properties of the desired structure.

TZ—axis

CAD Model

Printed sample Substrate

)

Photo polymer Window

Elevater

¥ UV light

Figure 2. Schematic of a typical additive manufacturing process using an Autodesk Ember 3D printer.
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Figure 3. (a) Specimen A—C fabricated through 3D printing; (b) SEM of micro-architectures.

2.3. Experimental Test

The quasi-static compressive tests were performed on the prepared specimens with a
hydraulic testing machine (Zwick/Roell, 2.5 KN, Ulm, Germany) at room temperature. A
compressive load was applied at a rate of 0.5 mm/min to ensure the implementation of
quasi-static compression with a nominal strain rate of 1073 s~1, according to the guidelines
of ASTM STP C365 [28]. The compressive load and compressive displacement were
obtained using a computer acquisition system with 10 data points per second. In order to
obtain the deformation history of the specimens, the compressive process of each specimen
was recorded by a video camera that was placed horizontally in front of the test specimen.
The tests were repeated three times, and the results were averaged with at least 70% of
the compressive strain. The constituents material of the PR48 employed in simulation
are shown in Table 2 (which are provided by Colorado Photopolymer Solutions, LLC,
Boulder, CO, USA).
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Table 2. Mechanical properties of PR48.

Specimens Fresh Print Post-Cured
Young’s modulus (MPa) 630 1380
Yield stress (MPa) 16 28
Elongation (%) 5 3

3. Theoretical Model

The geometric parameters of unit cell are shown in Figure 1, and the corresponding
relative density of micro-architectures can be written as

7(2+ cosw)
Prcc= 7% 1)
I coswsin2w

_ 27m(2+ cosw(sin B 4 cos B)

@)

X 2
I' sin2w cos wsin2p
Consider a quarter of architecture lattice, as shown in Figure 4, with an axial com-
pressive force F applied in the through thickness 3-direction. The resulting displacement
associated with the application of this force is 2d33. A free-body diagram for a rigid-jointed
angled strut is shown in Figure 4b, in which the axial, F4, and shear, Fs, forces occur in
each of the struts. For an imposed compression displacement, the axial and shear forces in
each of the angled struts are given using beam theory

_ Esnd?*$sinw
Fa = 4 3)
and 12E,16
cos w
Fs = 5173 4)

where I and E; are the second moment of area of the inclined strut and Young’s modulus
of the material, respectively.

F¥
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N
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Figure 4. Schematic showing (a) the deflection of core upon application of a uniaxial compressive

load; (b) the free-body diagram of a strut (half unit in (a)) subjected to compression and shear.
The total applied compression force on the unit cell of architecture lattice follows as

F = 4(F4sinw + Fs cosw)
2
= 7155”’; %3 (sin? w +3(§)2)

Q)

where 7 is the radius of lattice strut.
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The applied through-thickness stress 033 and strain €33 of the unit cell are then corre-
lated as

F
o3 = ———— (6)
? (21 cos w)?
and 5
33
= — 7
£33 [ sin w @

The initial modulus for the unit cell of architecture lattice Ez3 = 033/ €33 follows from
Equations (6) and (7) as

Ensinw (gin2 oy 4 3c0s’w) BCC yint cell

Fan — I" cos? w ’ 8
33 zEs& (sin? w + 12C°S 12005 W) X-type uint cell ®
I” cos? w cos Bsin B r

where the non-dimensional length [ = I/r. When ! = I/r of the member is large, the second
item can be ignored. The initial modulus for the FCC depends on the angle of inclination w,
however, and the initial modulus for the FCC depends on the angle of inclination § and w.

Equation (5) gives the compressive stress 033 applied to the unit cell in the 3-direction.
The peak stress o33 of unit cell is attained when trusses yield or buckle simultaneously and
can be obtained as

”51““’(1 +3 COtZ @)% BCC uint cell
o33 = ! (lcosaJ) ” ) . ©)
T 2ASn® (17 4 12 cot? w)oe, X-type uint cell

4 .
1" cos? w cos Bsin B

This compressive stress is set by either elastic buckling or yield of the struts, and may
be obtained as

212Eg I

op = A >, bulckling (10)
oy, yield

where I is the second moment of area of the strut, A; is the strut cross-sectional area

(As = md?/4). k relies on the strut end conditions (k = 2 for fixed truss or 1 for simple

support truss).

4. Results and Discussion
4.1. Compressive Responses

The measured compressive stress—strain responses for micro-architectures with FCC
lattice unit cell and X-type lattice unit cell are shown in Figure 5a. Under continuous
loading, the curves exhibit three distinct regions: initial elastic stage, inelastic stage, and
stress platform stage (except for specimen D, where the brittle fracture of the specimen
occurred). When the compressive strain is less than 0.05, the lattice struts are in the elastic
deformation region. As the compressive strain increases further, the stress—strain curve of
the micro-architectures slowly transits from the elastic region to the platform region, and
then the platform region maintains itself in the range of strain 0.1 to 0.5. In addition, the
critical strain of the densification zone decreases with the increase in the slender ratio of the
lattice struts. The stress of FCC lattice has a certain degree of decrease after reaching the
peak value. However, the X-type lattice does not appear this phenomenon, which is similar
to that of foam material. Clearly, the FCC lattice micro-architectures outperform the X-type
ones, which are revealed in the normalized stress—strain curve as displayed in Figure 5b.
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Figure 5. (a) Stress—strain curves of micro-architectures with variable relative density; (b) the normal-
ized stress—strain curves of micro-architectures.

Figure 6 displays the deformation history of two kinds of micro-architectures with
different slenderness ratios during compression. The results show that Euler buckling
occurs first when the slenderness ratio of lattice truss is small. For FCC lattice, as the
slenderness ratio of lattice truss increases, the brittle fracture failure first occurs in the end
of sample, and gradually extends to the other end, accompanied by obvious lateral expan-
sion. For X-type lattice, during the initial failure stage, the lattice truss near the bottom
end buckles firstly. With the increase in compressive strain, the buckling lattice trusses
undergo serious deformation. For example, some lattice trusses are severely distorted and
are even in contact with other buckled lattice trusses. In the whole compression process,
severe buckling propagates from the bottom end to the top end like waves, resulting in the
gradual densification of micro-architectures. The elastic buckling allows extensive rota-
tion/deformation around thin lattice trusses without introducing plastic strain, resulting in
almost complete recovery even after compressive strain exceeds 70%. Unlike BBC lattice,
with the increase in compressive strain, there is no obvious transverse expansion of the
X-type lattice, the Poisson’s ratio of the X-type lattice is almost zero, and there is no fracture
during the whole compression process. When the compression strain reaches 70% and
the compression load is unloaded and the X-type lattice can recover to more than 90% of
the original structure height, which shows that this type of micro-architecture has good
compressibility and has great application value in vibration damping components.

Figure 7 shows the variation trend of the peak stress of micro-architectures with the
relative density. It can be seen, with the increase in the relative density, the peak strength of
micro-architectures increases. The relative density exceeds 0.15, the peak strength increases
approximately linearly. At the same time, it can be found that in the low-density region, the
peak strength of the two micro-architectures has little difference under the same density,
but with the increase in relative density, the strength value of the FCC lattice is significantly
higher than that of X-type lattice. When the relative density is 0.45, the strength value of
FCC lattice is 1.5 times that of X-type lattice.
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Figure 6. The typical deformation of micro-architectures (Sample A-D).
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Figure 7. The variation in peak stress of structure with relative density.
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4.2. Failure Mode

The function relationship between the relative strength and the slenderness ratio of
FCC lattice and X-type lattice predicted theoretically is shown in Figure 8. It is found that
when the slenderness ratio of the strut is small, the failure mode of micro-architectures
is dominated by Euler buckling, and the end constraint is closer to the simply supported
constraint. The potential reason is that samples obtained by 3D printing have certain
manufacturing defects. With the increase in slenderness ratio, the failure mode transition
from Euler buckling to material yield and the end constraint is closer to the fixed supported
constraint. Combined with the results in Table 3 and Figure 8, it can be found that the
theoretical prediction is reliable.

~ 0.40

= L}

FCC lattice (Experiment)
re X-type lattice (Experiment)

FCC lattice

o
L
o

rElastic buckling

0.24F

Yielding

X-type lattice

/
0.08 ’‘, Elastic buckling

XA I _

r // /q/, k*l
0.00 Ze= 1 N i 1 1
0.00 0.08 0.16 0.24 0.32
The strut slenderness ratio d//

Normalized stress o,/ (Po
<
2

0.40

Figure 8. The analytical predictions of normalized failure stresses with experimental measurements.

Table 3. Comparison of measured and predicted mechanical properties of micro-architectures.

FCC Lattice X-Type Lattice
A B C D A B C D
d/l 0.07 0.13 0.22 0.37 0.04 0.07 0.11 0.19
Relative density 0.02 0.06 0.19 0.50 0.016 0.056 0.15 0.44
Theoretical prediction stress 0.002 0.130 0.89 2.70 0.001 0.021 0.23 1.41
Experimental test Stress 0.004 0.091 0.81 2.40 0.002 0.025 0.24 1.51
Experimental value error +0.0004 +0.005 +0.03 +0.2 +0.0003 +0.004 +0.02 +0.1

4.3. Comparison with Competitive Cellular Materials

Figure 9 gives the compressive strength versus density in a map for material selection
in the current literature [29]. Compared to simple nickel foam, composite foam and com-
posite lattice materials, the as-designed micro-architectures demonstrate a higher strength.
The strength of as-designed polymer micro-architectures in this work can nearly match
that of nickel foams and composite foam materials in the density range of 10-500 kg/m?3.
The superior property in the micro-architectures is mainly due to the coupling of polymer
and the X-type unit cell, which alter the strut end conditions and suppress strut buckling
during large compressive deformation.

Energy can be dissipated by elastic-plastic buckling and fracture of lattice trusses,
so it is an index of energy absorption efficiency. The energy can be dissipated through
elastic-plastic buckling and fracture at the nodes, which therefore gives an indicator of the
high-efficient energy absorption. In order to evaluate the energy absorption performance
of two micro-architectures, the absorbed energy efficiency (AEE), #, can be quantitatively
givenasy = fog * o(e)de/ope,, where ¢ is compressive stress, 0, is the peak stress, and ¢ is
compressive strain (up to = 0.3 in this work).
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Figure 9. The strength versus density for micro-architectures compared with competing core topologies.

In order to compare the energy absorption capability of micro-architectures, Figure 10
compares the energy absorption efficiency of different cellular material in the current
literature [30-34], including honeycombs with different materials, octet lattices, and foam
material. It is found that the polymer FCC and X-type micro-architectures have a high
energy absorption coefficient in different density regions, which shows excellent energy
absorption performance.

& "7 In this work
.* I

* FCC lattice

X X-type lattice

A OTC Cellular Materials

w HR OTC Cellular Materials

€ Open Honeycomb OTC Cellular Materials
4 Aluminum Honeycomb Cellular Materials
P Twin Hemisphere Cellular Materials

@ Cubic Cellular Materials

X VHR OTC Cellular Materials

@ BVHR OTC Cellular Materials

+ FCC Cellular Materials

® EPS Foams

m Aluminum Foams

200 300
Density (kg/m’)

500

Figure 10. The energy absorption efficiency versus density for micro-architectures compared with
competing core topologies.

5. Conclusions

The FCC lattice and X-type lattice micro-architectures were proposed and prepared by
3D printing technology while the failure mode and strength were studied by theoretical
analysis and experimental test methods. It was found that the strength of FCC lattice is
higher than that of X-type lattice under the same relative density, and the X-type lattice
exhibits zero Poisson’s ratio during compression deformation. At low relative density,
Euler buckling occurs in both of the two kinds of micro-architectures. By comparing the
porous materials with different topological structures, it was found that the compressive
strength and energy absorption efficiency of polymer X-type lattice and FCC lattice micro-
architectures have higher advantages in a map for material selection.
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