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We combine 3D printing technique, numerical analysis, and experiments to design a new class of sand-
wich composites that exhibit various bending behaviors. These programmed sandwich structures contain
3D printed core materials with truss, conventional honeycomb, and re-entrant honeycomb topologies.
Three-point bending tests are performed to investigate the bending behavior of these sandwich compos-
ites with two types of carbon fiber reinforced polymer face sheets. Under bending deformation, sandwich
composites with truss core materials provide highest flexural stiffness and strength that are desirable in
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mechanical response of sandwich structures, which can benefit a wide range of industries and

applications.
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1. Introduction

Sandwich composite structures are widely used in aerospace,
naval, sporting and automotive applications due to their high stiff-
ness/weight ratio, high strength/weight ratio, and energy absorp-
tion capacity [1]. Typical sandwich structures consist of two thin,
stiff and strong face sheets separated by a lightweight core that
is usually made of polymeric foam, honeycomb or corrugated core
etc. The core material keeps the face sheets in their relative posi-
tions in the sandwich with little increase in weight, to increase
bending and buckling resistance [2,3], as well as shear stiffness
and energy absorption ability [4]. The mechanical behavior of a
sandwich composite depends on the material used for construc-
tion, geometry of face sheets and especially the core topology
design. Among all sandwich core materials, foams core has been
firstly studied [5] while they exhibit poor scaling due to their
bending-dominated architecture [6]. Compared with the random
porous structures of foams, various ordered cellular architectures
with improved mechanical properties are applied to sandwich core
configurations. The most widely studied and used one is conven-
tional honeycomb cellular core [7-10]. Many analytical, numerical,
and experimental investigations have suggested that sandwich
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structures with conventional honeycomb cellular core are stiff,
strong, light and absorb much energy when crushed especially in
out-of-plane direction [3,11-14]. Another attractive sandwich core
is lattice truss materials [15-17]. Recent researchers have pro-
posed that the textile truss cores are superior to regular honey-
comb because of their superior buckling resistance at low
relative density [18-22], and these open-celled counterparts
would not trap moisture and possess multifunctional capabilities
[15].

More recently, auxetic structures have received considerable
attention because they exhibit unusual properties of becoming
thicker when stretched; that is, they have negative Poisson’s ratios.
Due to the auxetic effects, auxetic cellular materials have many
engineering advantages, such as increased indentation resistance
[23], shear resistance [24], plane strain fracture toughness [25-
27], and energy absorption [28-31]. Furthermore, auxetic struc-
tures exhibit synclastic bending [32-36], and have better acoustic
properties compared to their conventional counterparts [37].
Based on the classical continuum theory, the auxeticity of materi-
als can enhance certain mechanical properties, such as less deflec-
tion during bending [28] and increased shear modulus [24],
making the structures ideal for use as sandwich core topology.
Among various auxetic materials and structures discovered, re-
entrant honeycomb has been investigated frequently by many
researchers. The analytical studies on the re-entrant honeycomb
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have been reported on their mechanical properties under small
deformation [3,38-42] and large deformation [43,44]. Moreover,
it has been theoretically shown that the re-entrant honeycomb
has enhanced shear properties compared to conventional materials
[45,46]. Hou et al. [47,48] have studied the bending and failure of
sandwich structures with auxetic gradient honeycomb cores.
Imbalzano et al. [49,50] have numerically studied the performance
of impact resistance for the sandwich panels with auxetic lattice
cores. Yang et al. [51] have designed a sandwich structure with a
3D re-entrant auxetic core fabricated using electron beam melting
and selective laser sintering and bending behavior on these mate-
rials has been studied. However, systematical studies on bending
behavior of sandwich structures with auxetic core topology in
comparison with non-auxetic core topology have not been largely
explored. Conventionally, auxetic structures have been fabricated
through multiple steps where the control of the specific geometry
is quite difficult. Recently 3D printing, also known as additive man-
ufacturing, has been developed rapidly, which enables the fabrica-
tion of auxetic cellular materials with precise and complex cellular
geometries directly from the CAD models [52].

In the present study, re-entrant honeycomb, conventional hon-
eycomb, and truss cellular structures are designed using CAD soft-
ware and then fabricated using 3D printing technique. Uniaxial
compression tests are conducted to investigate the Poisson’s ratios
of these three designs as compared with theoretical prediction.
Three-point bending tests are performed to obtain the mechanical
properties, including bending stiffness, strength, and energy
absorption of the sandwich composites consisting these three
designed core materials. Two types of face sheets are selected: uni-
directional carbon fiber reinforced polymer (U-CFRP) and woven
carbon fiber reinforced polymer (W-CFRP). A finite element analy-
sis (FEA) is further carried out to compare the stress distributions
in these sandwich composites. Moreover, different failure mecha-
nisms are explored and indicate their potentials in structural
applications.

2. Materials and methods
2.1. Structural design

The geometric features of the proposed sandwich core design of
truss, conventional honeycomb, and re-entrant honeycomb are
discussed here. Fig. 1 illustrates the schematic of three lattice
microstructures. The relative density for each configuration can
be calculated as

For truss
P d 1)

Ps ~ Lsinfcos 0
For conventional and re-entrant honeycombs

P t/L(H/L+2) 2)
ps 2cosO(H/L+ sin0)

Here the relative densities as 0.2, 0.3 and 0.4 are considered.
Therefore, the thickness of cell walls can be calculated from the
Egs. (1) and (2), respectively. Three types of cellular structures
are fixed to have the same dimension of the unit cell, as
9 mm x 9 mm. Details of the parameters for each design are listed
in Table 1. Under small deformation, the in-plane Poisson’s ratio
can be evaluated [3] asFor truss

V12 = cotl (3)
For conventional and re-entrant honeycombs

cos? 0

Y12 = (HJL+ sin0)sin 0" 4)

For re-entrant honeycomb, 0 is negative, then the Poisson’s ratio
of the cell becomes negative in values. Therefore, according to the
Egs. (3) and (4), the Poisson’s ratio of truss, conventional honey-
comb, and re-entrant honeycomb in current design are evaluated
as 1, 1.732 and —1.732, respectively. Here, the re-entrant honey-
combs are orthotropic and they also have a Poisson’s ratio, 7.
However, we specifically focus on the Poisson’s ratios, v1, in this
work due to the compressive and tensile deformation induced by
bending of the sandwich composites are both in the direction 1.

The sandwich beams are designed to have overall dimensions of
108 mm x 21 mm x 10 mm and be composed by 12 x 2 unit cells.
Two thin layers are also added to the top and bottom of the core
structures to improve the connection alignment with the sandwich
face sheets. Fig. 2(a) shows a sandwich beam for bend test. The
geometric parameters are listed in Table 2.

2.2. Sample preparation

The proposed sandwich core materials are fabricated using a 3D
printer (Objet Connex260, Stratasys) and VeroWhite (VW, an
acrylic-based photopolymer) is taken as the constitutive material
for the core structures. Considering the anisotropic nature of 3D
printing technology due to layer-by-layer fabrication process, the
layer orientation is found to influence the mechanical properties
of the material; therefore, all the specimens are printed along the
same orientation. The as-fabricated specimens are kept at room
temperature for 7 days to allow for the saturation of the curing.

Three types of sandwich specimens with VeroWhite, woven
carbon fiber reinforced polymer and unidirectional carbon fiber
reinforced polymer as the face sheets are made respectively. U-
CFRP is directly ordered from Graphtek LLC. W-CFRP is fabricated
in our lab, which is a 16 layers of carbon fiber ordered in (0°/90°)
4™ reinforced in Vinylester matrix. The fabrication process
includes the cold-bonded of CFRP in vacuum. The material proper-
ties of VW, W-CFRP and U-CFRP are obtained by uniaxial tensile
testing of each material following the ASTM D638 standard, as
shown in Table 3. After all the core material and face sheets are
completely manufactured, two face sheets are adhered to one core
structure together by epoxy adhesive (E-O0ONS). All specimens are
kept by attachment for one day to make sure they are bonded
adhesively then dried for 7 days to allow coherent between the
core and skins. After that, the surfaces of the sandwich skins are
cleaned to avoid the effect of remaining glue on the bending test.

2.3. Mechanical testing

The compression test and three-point bending test are per-
formed using a MTS mechanical tester (C43 frame) with a 10 kN
load cell. The quasi-static compression is carried out at a constant
strain rate of 0.005 s~!. Three-point bending test is carried out at a
loading rate of 0.008 mm/s and the span length is 72 mm (Fig. 2
(b)). Images of the specimens at various loading conditions are
taken at a rate of 1 FPS (VicSnap, Correlated Solution).

2.4. Numerical simulation

The finite element analysis is conducted using commercial soft-
ware ABAQUS (Dassault Systemes Simulia Corp., Providence, RI).
Plane stress condition is assumed during the simulations. The
models are meshed with 6-node triangular elements and 6 ele-
ments are generated along the width of the cell walls after a con-
vergence test. The true stress-strain relation of VeroWhite
observed from uniaxial tension is directly exported to ABAQUS
and implemented as the constitutive equation for the core mate-
rial. W-CFRP and U-CFRP are modeled as elastic-perfectly plastic
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Conventional Re-entrant
Honeycomb Honeycomb

Fig. 1. Design of unit cell of the truss, conventional honeycomb, and re-entrant honeycomb structure. Here, L is the length of the inclined cell walls of truss structures; t is the
thickness of the cell walls; and 0 is the angle between the inclined cell walls. The shapes of regular and re-entrant honeycomb structures are described as the length of the
vertical cell walls, H; the length of the inclined cell walls, L; the thickness of the cell walls, t, and the angle between the vertical and inclined cell walls, 6.

Table 1
Design parameters of truss, conventional honeycomb, and re-entrant honeycomb (Unit: mm).
Truss Conventional Honeycomb Re-entrant Honeycomb
PE/Ps L t 0 L H t 0 L H t 0
0.2 6.37 0.67 45° 52 1.9 0.71 30° 5.2 71 0.50 -30°
0.3 6.37 1.04 45° 5.2 1.9 1.11 30° 5.2 71 0.76 -30°
0.4 6.37 1.44 45° 52 1.9 1.56 30° 52 7.1 1.04 -30°
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Fig. 2. (a) Sandwich structures for bending test. The subscript f’ refers to the face sheets. Here, a is the length of the beam; b is the width; c is the core thickness; t; is the face
sheet thickness; d is the distance between centroids of faces. (b) Set-up of the three-point bending test.
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Table 2

Design geometric parameters of sandwich composite structures for bending test (Unit: mm).

Core Sandwich panel
VeroWhite VeroWhite W-CFRP U-CFRP
a b c ty d ty d ty d
108 10 19 1 20 2.3 213 15 205
3.2.1. Effect of face sheets
Table 3 Fig. 4(a) shows the load-deflection relations of the sandwich
able . N . .
Material properties composite specimens with different face sheets: VW, W-CFRP,
' and U-CFRP. Here the core of sandwich specimens is a re-entrant
VeroWhite ~ W-CFRP  U-CFRP honeycomb with a relative density of 0.2. It is clear that the face
Young's modulus (GPa) 1.6 26 94 (longitudinal) sheet material will affect the bending behavior significantly. As
Yield Strength (MPa) 66 390 1400 (longitudinal)

materials. In addition, geometric nonlinearity is considered to rep-
resent the large deformation of the structure.

3. Results and discussion
3.1. Poisson’s ratio of core design

Fig. 3 shows the mechanical response of re-entrant honeycomb,
conventional honeycomb, and truss cellular specimens under uni-
axial compression, respectively. The nominal stress-strain curves
indicate these structures exhibit linear stress-strain relations up
to 8% macroscopic strain. The Poisson’s ratio for each specimens
is determined in this linear-elastic deformation region. Fig. 3(c-
e) shows the images of re-entrant honeycomb, conventional hon-
eycomb and truss specimens under compression at ¢ = 0, —0.04,
and —0.08, respectively. It is seen that the lateral boundaries of
the re-entrant honeycomb sample shrink continuously under
compression, indicating a negative Poisson’s ratio of this material.
While the conventional honeycomb and truss specimens exhibit
lateral expansion during the uniaxial compression, which shows
a positive Poisson’s ratio. To quantify the deformation in the spec-
imens during the experiments, an image processing software
(Image]) is used to determine the position of intersection points
in the specimens. Because the deformation near the four edges
of the specimen is affected by boundary conditions, we focus on
the behavior of unit cells in the central region of the specimens.
The relations between the average horizontal strain and the aver-
age vertical strain of the unit cells are plotted in Fig. 3(b). The local
values of Poisson’s ratio can be calculated by estimating the slope
of the horizontal strain and vertical strain curves. Over the linear
elastic deformation region, the experimental determined Poisson’s
ratio is approximately a constant at w»;, =1.070 for truss,
v12 = 1.730 for conventional honeycomb and »;, = —1.732 for
re-entrant honeycomb, respectively, which shows an excellent
agreement with the analytical estimates 1.000, 1.732 and
—1.732, respectively. Here, for the purpose of ensuring a fair com-
parison, we design that the conventional honeycomb and the re-
entrant honeycomb have the same absolute value of Poisson’s
ratio, vy, .

3.2. Bending performance of sandwich composites

Having demonstrated that the re-entrant honeycomb lattice
material exhibit auxetic behavior and conventional honeycomb
and truss lattice material exhibit non-auxetic behavior under uni-
axial compression, we now systematically investigate the bending
behavior of the sandwich composite specimens with different
cores and face sheets.

expected, the load-deflection relation of the sandwich specimen
with VW face sheets shows the lowest force level because VW is
softer and weaker than a CFRP. While for the sandwich specimen
with W-CFRP face sheets, load significantly increases to the yield
point ~190 N at 4 mm and maintains a plateau up to 20 mm before
a complete failure. For the sandwich specimen with U-CFRP face
sheets, the load-deflection curve exhibits the highest force level
to a maximum of 500N and two enhanced load stages are
observed. Therefore, compared to W-CFRP, U-CFRP will signifi-
cantly enhance the energy absorption behavior of the sandwich
composite structures. These different mechanical responses are
intrinsically controlled by the stiffness and strength of the face
sheets, which is shown in Table 3. Another phenomenon could
be noticed that for specimens with U-CFRP face sheets, the load-
deflection curve indicates negative bending stiffness behavior
due to the snap-through instabilities of the re-entrant core under
loading and the details will be discussed later. The images of three
sandwich specimens at a deflection of 15 mm are shown in Fig. 4
(b). At the final stage of bending the sandwich specimen with
VW face sheets shows less deformation in core ligaments while
the sandwich specimen with U-CFRP face sheets exhibit the largest
deformation in core ligaments. Therefore, the deformation mecha-
nism of these sandwich composite structures with the same core
material is strongly dominated by the mechanical properties of
sandwich face sheets that are carrying loads by mainly tension/-
compression during sandwich beam bending.

3.2.2. Effect of core topology

The effect of the core topology on the bending behavior are
examined experimentally and numerically. Here we use U-CFRP
as the face sheets and the relative density of sandwich cores is
0.2 for each core topology. Fig. 5(a) shows that the specific core
topology has a significant impact on the load-deflection curves.
The truss core sandwich composite structure has the largest flexu-
ral stiffness and maximum loading forces, while the re-entrant
honeycomb core sandwich composite structure has the lowest
flexural stiffness and largest bending deflection. It can be easily
understood as the re-entrant honeycomb has much lower Young’s
modulus and stress lever at the same deformation lever, as seen in
Fig. 3(a), as compared with the other two core structures, leading
to weaker mechanical response of the re-entrant honeycomb sand-
wich composite structure. Fig. 5(b) shows the images of three
sandwich specimens at a deflection of 8 mm. Core fractures occur
in the truss and the conventional honeycomb sandwich composite
structures, as also evident from the drops in the load-deflection
curves, which indicates that these sandwich structures will fail
locally. It is noticed that the shear of the core materials causes
the failure of the truss and the conventional honeycomb sandwich
composite structures. The shear resistance or shear strength of the
core materials plays an important role during the bending of sand-
wich structures. Based on Gibson’s model [3], we estimate the
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Fig. 3. Three cellular core materials under uniaxial compression test (the volume fraction is 20%): re-entrant honeycomb (Specimen 1), conventional honeycomb (Specimen
2), and truss (Specimen 3), respectively. (a) Nominal stress-strain curves; (b) The horizontal strain as a function of the vertical strain, where Poisson’s ratio is calculated; (c-e)

each specimen under compression at strains of ¢ = 0, ¢ = —0.04, and ¢ = —0.08.

shear strength of the conventional honeycomb as:

ot :%(%)Zm, which reduces to 0‘10548*({)2. For the shear

Tys
strength of the truss, we estimate the shear strength as:

(Tpi") 1y

e =114 Using our design parameters, the estimation of the

effective shear resistance of these core materials, % is listed

in Table 4. We could notice that the truss structures exhibit higher
shear strength than that of the conventional honeycomb, which is
consistent with the experiment results. Moreover, using the scaling

* n
law (T‘;‘;% =C (f%) , we could calculate that the scaling exponent
s C

equals to 2.267 for the conventional honeycomb and 1.103 for
the truss structure, which indicates that the deformation mecha-
nism is bending-dominated for the conventional honeycomb and
stretching-dominated for the truss structure. Interestingly, no frac-
tures are observed in the re-entrant honeycomb sandwich compos-
ite structure up to a large deflection (16 mm in this case). Instead,

buckling of ligaments is seen in each layer. The buckling phe-
nomenon does not result in the catastrophic failure but the peri-
odic re-entrant honeycomb structures contain the buckling
deformation and enable the sandwich composite structure to pro-
vide energy absorption to a larger deformation. Therefore, global
failure mode controls the re-entrant honeycomb sandwich com-
posite structures. Furthermore, the core deformation in truss and
conventional honeycomb sandwich specimens are irreversible
after unloading due to fractures of ligaments. On the contrary, at
the same level of global deformation for the re-entrant honeycomb
sandwich specimen with low density (20%), the deformation of
core structures is mostly buckling of ligaments instead of fractures,
which provides the possibility for these types of sandwich compos-
ite structures with strong potentials of reusable abilities. More-
over, the 3D-printed material for fabricating the core structures
is a glassy polymer with shape memory effect. It is possible to
use the temperature for the shape recovery after the plastic defor-
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Fig. 4. Bending characteristic of sandwich composite specimens with face sheets of different materials. The core is re-entrant honeycomb with an effective density of 0.2. (a)
Load-deflection curves; (b) the images of deformed configuration of each sandwich specimen at a deflection of 15 mm.
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Fig. 5. Bending characteristic of sandwich composite specimens with different core structures and U-CFRP face sheets. The effective density of core material is 0.2 for all
specimens. (a) Load-deflection curves; (b) the images of deformed configuration of each sandwich specimen at a deflection of 8 mm.

Table 4
The normalized shear strength of truss and conventional honeycomb with various
relative densities.

Relative density 0.2 0.3 0.4
Truss 0.0131 0.0204 0.0282
Conventional honeycomb 0.00197 0.0048 0.0095

mation, which may lower the repair costs. For the re-entrant hon-
eycomb sandwich specimen with core density higher than 0.2, it
exhibits fractures of ligaments instead of the buckling due to the
low slenderness ratio of the ligaments.

Fig. 6 shows the comparison of the experiments and FEA predic-
tion, indicating good agreement between the numerical and exper-
imental results. Excellent agreement can be observed in the force
displacement curves between the numerical and experimental
results at displacement up to the yield of the sandwich specimens,
as shown in Fig. 6(a). As larger displacement, the experiments
show failures of ligaments, leading to significant drops in the force
displacement curves, which is not captured by the FEA simulation
since no fracture criteria is taken into consideration in the simula-

tions. Fig. 6(b) shows the deformed specimens in the experiments
and Fig. 6(c) exhibits the corresponding specimens in the simula-
tions. For re-entrant honeycomb sandwich composite structure,
simulation confirms the buckling of vertical ligaments observed
in the experimental test. Moreover, the simulated von Mises stres-
ses show that re-entrant honeycomb sandwich composite struc-
ture exhibits relatively homogeneous stress distribution in both
face sheets and core material. Especially the stress level in the liga-
ments is lower than those in the truss and conventional honey-
comb cores. Therefore, local failure does not occur due to the less
localized stress concentration. For conventional honeycomb and
truss sandwich structures, it is apparent that the stress distribution
is largely concentrated in the area near loading point and some cer-
tain struts where local failure would be expected. The results of the
FEA simulation and the average experimental measurement calcu-
lated from Fig. 6(a) are listed in Table 5. Again, one can notice an
excellent agreement on the flexural strength between the simula-
tion and the experiment. The simulated flexural stiffness is slightly
higher than the experimentally observed value, which is attributed
to the base material constitutive behavior. Specifically, we use a
stress-strain relation measured from uniaxial tension experiment
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Fig. 6. Comparison of the experiments and FEA predications for mechanical response of sandwich composites under bending deformation. (a) The force-displacement curves.
(b) The experimentally deformed specimens and (c) the corresponding simulated FEA results of the three sandwich composite structures with truss composite at a deflection
of 1.5 mm, conventional honeycomb composite at a deflection of 2.5 mm, and re-entrant honeycomb composite at a deflection of 3.8 mm.

Table 5

Comparison of FEA and experimental results of the sandwich composite specimens with W-CFRP face sheets.

Core design Measured Strength (MPa) FEA simulated Strength (MPa) Measured Modulus (GPa) (GPa) FEA simulated Modulus (GPa)
Re-entrant honeycomb 3.76 3.98 35.74 35.61

Conventional honeycomb 8.39 8.31 109.65 136.48

Truss 12.72 12.94 292.98 343.39

of VW. However, during bending tests, the ligaments could be sub-
jected to tension, compression, or bending. This complex stress
state is not well captured in a simple elastic-plastic material
model. Moreover, the fidelity of the 3D printed process will also
affect the materials properties. Although Objet 260 has a stated
resolution of ~16 pm, the accuracy can still affect the volume frac-
tion and distribution of printed materials. Anisotropy, porosity, and
imperfections introduced during 3D printing also play a role. These
specific aspects are not taken into consideration in our model.
Compared to conventional honeycomb and truss core, the re-
entrant honeycomb sandwich composites exhibit relative low flex-
ural strength and stiffness, therefore, a larger bending deflection
could be expected. These results suggest good ability to tailor the
core topology to achieve different bending behaviors for certain
mechanical applications.

Fig. 7 shows the load-deflection curves and the corresponding
images of deformed re-entrant honeycomb sandwich specimens
at different level of deflections. Interestingly, the deformation pro-
cess of the sandwich beams with re-entrant honeycomb core exhi-
bit a snap-through instability during three-point bending tests.
Three re-entrant honeycomb sandwich specimens with core rela-
tive density of 0.2 are tested and show good repeatability (Fig. 7
(a)). The load-deflection response is characterized by three peaks
and drops; the first and second drops correspond to the sequential
buckling of ligament layers and the third drop corresponds to the
catastrophic failure of the whole structure, as shown in Fig. 7(b).
During the bending, the vertical ligaments in the mid row of core
structures will buckle first due to the core shear concentration
during bending. The instability leads to a drop in the load-

deflection curve, which makes the slope become negative, where
negative incremental bending stiffness is observed. After the buck-
led vertical ligaments become in contact with the inclined liga-
ments in the middle row, the load increases again. The instability
occurs through row-by-row, with simultaneously increasing the
load level until the whole specimen is fully deflected. Furthermore,
at larger deformation, the plasticity affects the behavior of instabil-
ity for the re-entrant honeycomb sandwich structures [53]. The
composite sandwich structure can absorb energy through bending
plastic hinges which connect to two inclined ligaments and one
vertical ligament. Because of the core shear, the vertical ligaments
first buckle and then incline to one side with the rotation of neigh-
boring plastic hinges leading to the resistance of these plastic
hinges to the external force. With increasing bending deformation,
the rotation of plastic hinges induces the contact of vertical liga-
ments and the inclined ligaments, which will ensure the structure
to continue to carry more load.

The relative density of re-entrant honeycomb core is found to
significantly affect the snap-through instability. For the core with
relative density above 0.3, the instability behavior vanishes. With
the increase of the relative density, the slenderness ratio of liga-
ments will increase, which will make the core structure more brit-
tle. Therefore, continuous loading will lead to the local catastrophic
failure instead of buckling and the resulting load-deflection curves
drop dramatically. Also, the material of face sheets will affect this
phenomenon which could be seen in Fig. 4. The stiffer and stronger
face sheets will be more beneficial to the instability behaviors. For
the sandwich beams with conventional honeycomb core and truss
core, the instability phenomenon could not be observed during
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three-point bending tests. Recently, the snap-through instabilities
have been employed for material design in bi-stable periodic struc-
tures under compression [54-56] and tension [57]. The nonlinear
mechanical response of these new classes of architected materials
will significantly enhance the energy absorption ability whether
via low rate quasi-static loading or via impact tests. Our sandwich
structures with re-entrant honeycomb cores also exhibit the snap-
through instability especially during the bending deformation.
Note that, due to this deformation mechanism, the specific energy
absorption of current sandwich structures is not as large as several
recently developed architectured materials, such as hollow micro-
truss structures [58], bicontinuous structures[59], buckyball [60]
and honeytube structures [61], which are shown to exhibit signif-
icantly enhanced specific energy absorption. The combination of
nonlinear deformation mechanism, the open-cell nature, as well
as the tunability of the sandwich structures can provide better
opportunities to integrate with new functionalities.

3.2.3. Effect of relative density

Fig. 8 depicts the experimental results of the maximum force,
maximum deflection, flexural stiffness, and maximum energy
absorption (which we compute as the work before catastrophic
failure occurs) of sandwich composite structures with three core
designs and relative density from 0.2 to 0.4. With increasing the
relative density, the maximum force and flexural stiffness will
increase significantly and the maximum deflection will decrease.
This is as expected since sandwich composite structures with
higher relative density of cores will become stiffer, stronger but
brittle. At any given relative density of cores, the truss and conven-
tional honeycomb sandwich composite structures provide a larger
maximum force and a larger flexural stiffness than the re-entrant
honeycomb sandwich composites. The re-entrant honeycomb
sandwich composite structures possess a larger deflection and
slightly smaller energy absorption. For many energy absorption
applications, it is required that the structure exhibit a response
force just below the injury criterion and a limited densification
deflection [1]. Comparing the bending properties of three compos-
ite structures, we find that the re-entrant sandwich composites
exhibit significant advantages over the truss or conventional hon-

eycomb sandwich composites. The re-entrant honeycomb sand-
wich has the same level of energy absorption ability but with
smaller response forces and much larger densification deflections
compared to the truss and conventional honeycomb sandwiches.
For example, for the sandwich composites with W-CFRP face
sheets and relative density of 0.4, at the force level of 400 N, the
re-entrant sandwich composites absorb about 100% energy (about
6]) the same as the other two sandwich composites. While at the
same energy absorption level, the conventional honeycomb and
truss sandwich composite structures have a response force level
around 800N and 1300 N, respectively, which is significantly
higher than those in the re-entrant honeycomb sandwich compos-
ite structure. Moreover, the failure mechanism of re-entrant hon-
eycomb sandwich is global dominant, which provides less local
deformation and failure. While the non-auxetic sandwiches’ defor-
mation are irreversible after failure because of the local fractures of
cores. Therefore, the re-entrant honeycomb sandwich composites
are better potential candidates for energy absorption applications.
Meanwhile the truss sandwich composites and conventional hon-
eycomb sandwich composites are ideal candidates for the applica-
tions where high specific stiffness and strength are required. These
results suggest we could combine numerical calculation and 3D
printing technique to tailor the microstructures of sandwich com-
posites to achieve different bending properties for certain mechan-
ical applications.

3.3. Discussion

We have shown that the flexural stiffness and flexural strength
increase as the relative density of core material increases for the
sandwich beams. Generally, for the cellular materials, such as
metal foams and lattice structures, the relation between the effec-
tive elastic modulus E and the relative density pg/ps can be
described by a power law E = C (pg/ps)" [3,62,63]. Therefore, these
scaling laws could be used to describe the relation between the
flexural stiffness and flexural strength and the relative density of
cores for the sandwich composite structures. The flexural stiffness
of sandwich composite structures [3,4] is calculated from the

equivalent flexural rigidity, (El),,, and the equivalent shear rigidity,
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Fig. 8. Bending properties of the sandwich structures. (a-d) Maximum force, maximum deflection, flexural stiffness and maximum energy dissipation.

(AG),,, of the beam. Found from the parallel axis theorem, the

equivalent flexural rigidity of the rectangular beam, as shown in
Fig. 2(a), gives

Esbt® Ebc®  Esbtd
(EDeg =T +"13+ 75

()

These three terms describe the bending stiffness of the faces,
the bending stiffness of the faces and of the core about the cen-
troid, and the bending stiffness of the faces about the centroid of
the beam itself, respectively. In optimal sandwich design, the first
two terms are small compared to the third term. As an
approximation,

Ebtd”
eq — 2
The equivalent shear rigidity is
bd*G;
=—=. (7)
Here the shear modulus of the core, G, can be described as a

function of solid polymer modulus, Es, and the relative density of
the core structure, p;/ps, via

(ED) (6)

(AG)¢g

«\ N
G: = CiEs <p C) 8)
Ps
where C; and n can be obtained by fits to experimental data.
When the load, P, is applied, the deflection é of the sandwich
beam is the sum of the bending and shear components:
PP Pl

5:5b+65:m+

4(AG),,” ©)

Using Eqs. (6)-(9), the flexural stiffness of the sandwich beam is

2
B:L. (10)

3 n
* ek ()

Furthermore, the failure modes of a sandwich beam include face
yielding, face wrinkling, core failure, failure of the adhesive bond
and core indentation. However, we notice the dominant failure
mechanism of our sandwich specimens is the core shear. In this
study, the face thickness to span ratio, t/l, are 0.014 for U-CFRP
and 0.032 for W-CFRP. Our experimental results indicate that the
face sheets do not fail, instead the core shears. If decreasing the
thickness of the face sheets, the failure mode may transform from
core shear to face yield, which will affect the deformation mode of
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Table 6

The relations of the flexural stiffness and strength to the relative density of core designs for the sandwich composite structures.

Sandwich structures

Flexural stiffness FEA Strength

Flexural strength FEA Modulus

Core Face sheets C; n C m
Re-entrant Honeycomb W-CFRP 0.0126 1.17 0.0547 1.23
U-CFRP 0.0128 1.08 0.1019 1.46
Conventional Honeycomb W-CFRP 0.1209 2.00 0.1076 1.98
U-CFRP 0.1526 1.93 0.1443 1.80
Truss W-CFRP 0.0609 1.00 0.1491 1.13
U-CFRP 0.0672 0.92 0.2231 1.08

the composite sandwich structures. In this way, the fractures of
core materials will not happen and the total energy absorption of
the re-entrant honeycomb will more rely on the strength of the
face sheets. Moreover, the snap-through instability may disappear
and the advantage of re-entrant honeycomb sandwich compared
with the truss and conventional honeycomb sandwiches may not
exist. On the other hand, while increasing the thickness of the face
sheets, the strength and stiffness will increase which will keep the
failure mode as core shear. In this case, the deformation mode and
the capability of energy absorption of the re-entrant honeycomb
sandwich structures will be well maintained. Moreover, the shear
stresses in the composite material change rapidly between the core
and the skin, the adhesive layer also takes some degree of shear
force. For our sandwich composites, the adhesive bond between
the two layers is strong so that no delamination or de-bonding is
observed. The failure load [3], which is the maximum force during
the three-point bending test, can be described as a function of the
yield stress of solid polymer, g, and the relative density of the core
structure, p*/p, via

Prax — 2C3bc0,s (%) (11)

S
where C, and m can be obtained by fits to experimental data.

For sandwich composite beams with truss, conventional honey-
comb, and re-entrant honeycomb cores, these parameters are
given in Table 6. The scaling exponent n equal to 1 indicates
stretch-dominated deformation behavior of the ligaments whereas
an exponent of 2 typically indicates bending-dominated deforma-
tion. For the flexural stiffness, the power indexes n for the re-
entrant honeycomb sandwich and the truss sandwich are around
1, so that the bending deformation for these two types of sandwich
structures are almost stretch-dominated. In contrast, the power
indexes n for the conventional honeycomb sandwich structures
are around 2, indicating the contribution from the bending of the
interconnected ligaments. Furthermore, for the flexural strength,
the power indexes m are 1.98 and 1.80 for the conventional honey-
comb sandwich and 1.13 and 1.08 for the truss sandwich. Com-
pared with the scaling law of shear strength for the honeycomb
and truss structures in Table 4, the power index from the model
is 2.267 for honeycomb and 1.103 for truss, respectively, which
shows a good agreement with experiment results. Moreover, the
power indexes m for the re-entrant honeycomb sandwich are
1.23 and 1.46 which are larger than the n fitted from flexural stiff-
ness. This is because the snap-through instability behavior appears
in the sandwich structures with low relative density cores. For the
conventional honeycomb and the truss honeycomb sandwich
structures, the power indexes of the flexural stiffness and flexural
strength are almost identical for each structure which means the
flexural stiffness and flexural strength are mostly determined by
the deformation mechanism resulting from the topology of sand-
wich cores.

In practical applications, the sandwich composites are increas-
ingly considered to be used in aircrafts, marine structures, portable

structures, special vehicles, and some sport equipment. For exam-
ple, there is a wide range of naval structures being developed using
fiber reinforced polymer composites, including patrol boats built
completely of composites, super structures, decks, and masts in fri-
gates and destroyer and even internal equipment and fittings [64].
These sandwich composites are usually exposed to severe static
and dynamic loads which are related to the penetrating/impact
loading. Therefore, we investigate the mechanical behaviors under
three-point bending test instead of four-point bending test with
consideration of penetration resistance. Recently, 3D porous archi-
tectures composed of a continuous surface including the triply
periodic minimal surfaces [65-67] exhibit enhanced strength and
stiffness at relative low density and they can also serve as potential
core materials for sandwich composites with better mechanical
performance. Interestingly, additional fillers, such as sand, polymer
foam, liquid, and silicon rubber [68-71] in the cellular structures
can decrease the stress concentration and enhance the stiffness,
strength and energy absorption of the cellular structures in the
sandwich structures. Future work will explore more geometrical
and topological structures to combine the deformation of co-
continuous phases to achieve higher mechanical performance.

4. Conclusion

We have manufactured a novel class of sandwich composite
structures with 3D-printed core materials and CFRP face sheets.
Truss, conventional honeycomb, and re-entrant honeycomb are
designed as the core material topologies. Under uniaxial compres-
sion, the truss and conventional honeycomb structures provide a
non-auxetic behavior while the re-entrant honeycomb structure
provides an auxetic behavior as expected. The evaluated Poisson’s
ratio for each structure consists well with the theoretical predic-
tion. Three-point bending tests are conducted and the flexural stiff-
ness, flexural strength, and energy absorption are evaluated on
these sandwich composite structures. Our experimental and
numerical results show a very good agreement in terms of the
deformation pattern, flexural stiffness, and flexural strength. Under
bending, the re-entrant honeycomb sandwich structures show an
interesting global failure mode because of the relatively homoge-
neous stress distribution. Moreover, the re-entrant honeycomb
sandwich structures exhibit sequential snap-through instabilities
which significantly increases the energy absorption capacity. In
contrast, the truss and conventional honeycomb sandwich struc-
tures show catastrophic failure earlier due to the localized stress
concentration. The findings presented here provide new insights
into the development of sandwich composite structures with
unique mechanical properties for a wide range of mechanical and
structural applications.
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