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In this study, a semi-reentrant structure (SR) filled with different tubular structures, includ-
ing tube, triangular and rectangle structures were designed. The tubular structures were
perfectly assembled into semi-reentrant cells to avoid swaying in the semi-reentrant cell.
The geometric relations and relative density for these structures were established. For the
out-of-plane and in-plane compressions, SR filled tubular structures exhibited different de-
formation patterns compared to those of SR or pure fillers. A constraint effect was found
between the filler tubular and container SR. With fillers contained inside the SR structures,
the plateau stresses for three conditions were all promoted compared to those of SR. The
best out-of-plane compression resistance occurred in the SR filled rectangle which might be
caused by larger interaction areas between the SR and rectangular structures. The (specific)
energy absorption of the SR filled tube compressed out-of-plane was the largest. The peak
and plateau stress of the SR filled triangle was the largest compared to other structures
when compressed in plane due to stability of the triangle. It was found that the plateau
stress, energy absorption and specific energy absorption of SR filled triangle was the largest,
while that of SR filled rectangle was the lowest.
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1. Introduction

Skeletal or cellular structures with lightweight advantages, such as honeycomb with a positive
Poisson’s ratio, have been widely applied in the industry because of its outperformed mechani-
cal properties and the perfect weight-to-cost ratio (Lu and Yu, 2003). Different from hexagonal
honeycomb structures, auxetic structures with negative Poisson’s ratios (Wang et al., 2018b),
such as Reentrant structures, exhibit synclastic curvature (Sevtsuk and Kalvo, 2014) and many
superior mechanical properties (Wang et al., 2018b). Another semi-reentrant structures are hy-
brids of hexagonal Honeycomb cells and Reentrant cells (see Fig. 1). A semi-reentrant structure
exhibits zero Poisson’s ratio in one in-plane direction and a higher elastic modulus in the other
direction. It shows monoclastic surfaces (Davini et al., 2017) when bending out-of-plane, thus
it is suitable for applications with cylindrical shapes (Grima et al., 2010). A lot of studies have
focused on mechanical properties of these basic skeletal structures (Dong et al., 2019). They have
been used to develop components with better properties in the aerospace or automotive indus-
tries (Novak et al., 2016). Although these structures have many advantages in applications, as
lightweight, with good impact resistance or other properties, there is still an increasing require-
ment for a more superior enhancement in mechanical properties, especially about safety in the
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aerospace or automotive industries. For safety reasons, in aerospace or automotive applications
the large impact energy is always unwelcome and needs to be minimized or even dissipated, and
crashworthiness is one of the most important properties to characterize this phenomenon. To
achieve this purpose, many investigations have been conducted to create new geometrical con-
figurations with excellent energy absorption capacity based on a honeycomb-shaped structure
(Wang and Liu, 2019). It is widely known that the energy absorption of honeycomb structures
depends on the non-linear plastic collapse of a unit cell with a thin wall (Wang and Liu, 2019).
Hence, promoting energy absorption capacity of the unit cell could be effective in improving the
energy absorption of the whole structure. For this aim, researchers have tried to fill foam mate-
rials into the spare space of honeycomb structures (Qin et al., 2018) or used a double sidewall
configuration. The latter method consists in filling skeletal structures into the unit cell (Wang
and Liu, 2019).

Many investigations have been focused on filling foam materials into the spare space of
outside container structures. The filled foam materials generally include polyurethane-foam (Yan
et al., 2014) or polyurethane closed-cell foam (Palanivelu et al., 2010). Besides, glass/polyester
composite, aluminum, lattice composite and CFRP tubes (Hussein et al., 2018) have been used
as the outside container materials. For geometrical configurations of the container structures,
most are about tubular structures, such as thin-walled squares, circular/cylindrical, conical
or hat sections tubes, and honeycomb or reentrant structures (Wang et al., 2019) as well as
grooved, tapered multi-cells (Wang et al., 2018a). By filling foam materials into the container
structure, the energy absorption ability of the structure would be substantially enlarged (Wang
and Liu, 2019). However, there are still some disadvantages for filling foam materials into tubular
structures, for example, to improve energy absorption, the structure should be fabricated into a
long strip shape which may cause a waste of the structural space, cause an obvious increase of
the structure weight and promote buckling rather than gradual folding deformation.

Therefore, to mostly utilize the hollow space of skeletal cells and to dissipate more plastic
energy, filling skeletal structures into the unit cell has been proposed without sacrifice to the
stability of the crash force or being lightweight. By now, there are some studies (Wang, 2019)
about honeycomb filled skeletal structures. Al Antali et al. (2017) studied the influence of CFRP
tubular-array density on specific energy absorption and characterized the dynamic response of
the honeycomb core containing CFRP tubes and the rate-sensitivity. The advantages like simple
preparation process and cost-effective energy absorption in dynamic applications were found.
Sun et al. (2016) found that by incorporating an aluminium honeycomb into circular CFRP
tubes, the composite structure outperformed pure aluminium honeycomb at quasi-static rates
of strain, but its specific energy absorption would slightly decrease compared to the pure CFRP
tubes. By filling aluminum honeycomb into square CFRP tubes, Hussein et al. (2016) also drew
a similar conclusion after conducting experiments for a wide range of strain rates. Wang et al.
(2019) and Wang and Liu (2019) studied out-of-plane compression performances of honeycomb
cells filled with circular aluminum tubes (Wang and Liu, 2019) or CFRP tubes (Wang and
Liu, 2018) (HFCT), and investigated the influence of tube fillers on deformation modes, energy
absorption and interaction effects between the internal and outside container. Liu et al. (2018)
also investigated the blast resistance performances of a sandwich panel filled with HFCT core,
in which a considerable mass efficiency improvement concerning deflection resistance could be
obtained.

In this study, a semi-reentrant structure filled with different skeletal structures, including
tube, triangular and rectangular tubular structures were designed. To ensure the skeletal tube
to be perfectly assembled into semi-reentrant cells and to avoid the oblique loadings or swaying
of the skeletal tube in the semi-reentrant cell, the geometric relations of these structures were
accurately calculated, and their relative density was also established. The out-of-plane and in-
-plane compression in two directions of these structures were investigated and compared. The
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deformation mechanisms, stress against strain variations, plateau stress, densification strain and
(specific) energy absorption were characterized and analyzed.

Table 1. Summary of geometrical details of different structures

Struc- Geometrical Parameters Relative density
tures illustration Pe/pa
[ — inclined arm length
h — vertical arm length
Semi- t, 2t f'cell wall thickness t(l I lCOS o n h)
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2. Out of plane compression of semi-reentrant filled tubular structures

For compression simulation in Abaqus, width and height of the rigid compression walls are
25 mm and 25 mm, respectively, and thickness of the compression wall is 2mm. A velocity of
50mm/s is used to compress the structures. The cell wall thickness of SR is ¢ = 0.08 mm, and
the wall thickness of tubular fillers is f = 0.008 mm. In the simulation, the material properties of
Al 3003 are used, as shown in Table 2, and the hardening of Al 3003 in quasi-static compression
are considered as typical isotropic hardening, which is very commonly used for metal plastic-
ity calculations, and it is simple and suitable for quasi-static compression conditions. Abaqus
provides an isotropic hardening model that is useful for cases involving gross plastic straining
or in cases where the straining at each point is essentially in the same direction in strain space
throughout the analysis. The SR structures and filled structures are both built as shell models.
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A specific velocity is applied in the reference point of the top grip, and the reference point of the
bottom rigid grip is totally fixed. Two rigid grips are meshed with C3D8R solid elements, and
the semi-reentrant structure are meshed by SR4 shell elements. The frictionless contact between
the rigid grips and cell structures was introduced into Abaqus.

The stresses are calculated by the reaction forces F' of the rigid grip section (S is the area
of grip section, so stress is o1 or o9 = F'/S). Strains ¢ = U/d are computed from the displace-
ments U of the top grip divided by thickness d of the structure (as shown in Fig. 1).

Fig. 1. Geometrical illustration of semi-reentrant structures filled with: (a) tube (SR-TU),
(b) triangular (SR-TR), (c) rectangle (SR-RE) skeletal structures

Table 2. Mechanical properties of Al 3003

Materials Elastic modulus | Yield strength | Ultimate strength | Poison’s | Mass density
[MPa)] [MPa)] [MPa)] ratio | pa [kg/m3
| Al3003 | 70000 \ 185 \ 267 | 033 | 2700 |

2.1. SR filled tube structure

Figure 2 depicts deformation contours of SR, SR filled tube, SR filled triangle and SR filled
rectangle compressed out-of-plane. For the SR structure, the deformation is focused on the cen-
tral position in the out-of-plane direction. There is nearly no expansion in the in-plane direction
of the cells. The SR filled tube exhibits a different deformation pattern compared to that of
SR because the constraint effect is verified between the inner tube and the outer SR. With the
influence of the filled tube, the SR filled tube deforms from the bottom section like the tube
itself rather than from the middle side. And with the restriction of SR, the expansion of cells
in the in-plane direction is not obvious. The SR filled triangle deforms from the top section,
which is different from that of SR (deforms from the middle section), and there is an unobvious
expansion of the cells in the in-plane direction due to the restriction of SR, and it could be
observed that for the filled triangle, its collapse mode is compelled by the outside SR structure.
The SR filled rectangle deforms both near the top and bottom sections, which is different from
that of SR (deforms from middle section), and there is an unobvious expansion of the cells in
the in-plane direction due to the restriction of SR, and a competitive collapse mode between the
filled rectangle and outside SR is also observed.

Besides, it is concluded that the SR structure initially deforms from the middle section, and
the SR filled tube deforms from the bottom side, the SR filled triangle deforms from topside,
while the SR filled rectangle deforms both near the top and bottom sections, and there is no
obvious expansion of the cells in the in-plane direction due to the restriction of SR.

Figure 3 compares the nominal stress versus strain curves for different structures. With fillers
contained inside the SR structures, the plateau stresses for the three conditions are all promoted
compared to those of SR. The plateau stress could be sorted as SR filled rectangle > SR filled
tube > SR filled triangle > SR. Moreover, the densification strain could be ordered as: SR filled
triangle > SR filled rectangle > SR filled tube > SR. A better compression resistance or larger
plateau stress of the SR filled rectangle may be caused by larger interaction areas between the
SR and rectangle structures, which will enhance the resistance of compressed deformation.
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Fig. 3. Comparison of stress-strain curves among semi-reentrant structures with different fillers

Table 3 compares mechanical properties of SR filled different tubular structures. It is found
that the energy absorption of SR filled tube is the largest, so is the specific energy absorption.
The energy absorption and specific energy absorption have a similar order: SR filled tube > SR
filled rectangle > SR filled triangular > SR.

Table 3. Mechanical properties of SR filled different tubular structures

| SR | SR-TU | SR-TR | SR-RE |
Plateau stress o, [MPa] 2.06 2.43 2.4 2.5
Densification strain 0.54 0.866667 | 0.833333 | 0.833333
Energy absorption E [mJ] | 1.1124 2.106 2 2.083333
Mass [Kg] 6.50E-04 | 7.31E-04 | 7.24E-04 | 7.24E-04
Specific energy
absorption E,, [mJ /Ke] 1711.39 | 2880.99 | 2762.431 | 2877.53

3. In-plane compression of semi-reentrant filled tubular structures

For the in-plane compression of the structure, the rigid compression wall is similar to that for
the out-of-plane compression. The structure is compressed along the x- or y-direction in the
plane.
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Fig. 4. Geometrical illustration of semi-reentrant structures compressed along z- or y-directions

The stresses are also calculated by the reaction forces I’ of the connection area between the
rigid grip and structure S (so stress is o1 or o9 = F/S). Strains e = U/width are computed
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from the displacements U of the top grip divided by width (compressed in z-direction) or height
(compressed in y-direction) of structure (as shown in Fig. 4).

Figure 5 compares deformation contours for different structures compressed in the
z-direction. For the SR structure, the deformation initially occurrs among the middle section,
and with the compression distance increasing the middle and bottom sections fail and get stacked
up together like a wave shape. The top section of SR keeps a good shape until the final defor-
mation.

For the SR filled tube, the main deformation is accumulated on the top section layer by
layer, and the bottom part keeps stable with few distortions. For the SR filled triangle, the
major distortions are focused below the top layers, and the top layer shows a triangular shape in
a long compression distance. Due to stability of the triangle, the bottom layers are very stable
with nearly no deformation for the early compression process. In the SR filled rectangle, most
of the deformation is located near the top layers, and the other layer is generally deformed into
a rectangular shape as the compression process goes.

Figure 6 compares the nominal stress versus strain curves for different structures compressed
in the x-direction. It could be found that SR with fillers will have a larger peak stress and plateau
stress compared to those of the SR structures, especially for the SR filled triangle, which has
better stability in the in-plane direction. The stability of the rectangular structure is also worse
than that of the tube. Thus, the peak and plateau stress of these structures could be sorted as:
SR-TR > SR-TU > SR-RE > SR.

|
ol - )
| \ A — 7%

0.03 \?DY/—\/
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Fig. 6. Comparison of stress-strain curves among SR structures with different fillers in the z-direction

Table 4 compares the mechanical properties of SR filled different tubular structures when
compressed in the z-direction. It is found that the plateau stress, energy absorption and specific
energy absorption of the SR filled triangle are the largest, while these of SR filled rectangle are
the lowest.

Table 4. Mechanical properties of SR filled different tubular structures compressed in x-direction

\ | SR | SRTU | SR-TR | SR-RE |
Plateau stress o, [MPa] 0.022 0.031 0.05 0.028
Densification strain 0.8 0.81 0.8 0.79
Energy absorption E [mlJ] 0.0176 0.02511 0.04 0.02212
Mass [Kg] 6.50E-04 | 7.31E-04 | 7.24E-04 | 7.24E-04
:gsg;izigie;gg /Ky | 2TUEFOL | 34E40L | 552E+01 | 3.06E+01
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Figure 7 compares deformation contours of different structures compressed in the y-direction.
For the SR structure, the deformation occurs on the top and bottom sections, and the middle
section is stable. The top section of SR keeps a good shape until the final deformation.

For the SR filled tube, the main deformation is accumulated on the top section layer by
layer, and the bottom layer may deform a little as the compression increases. For the SR filled
triangle, the major distortions are focused on the bottom layers, and a part of the top layer
deforms above some compression strain load. The middle layers are very stable with nearly no
deformation due to stability of the triangle. For the SR filled rectangle, most of the deformation
is located near the top and bottom layers, and the other layers are already deformed into a
rectangular shape.

Figure 8 compares the nominal stress versus strain curves for different structures compressed
in the y-direction. It is also indicated that SR with fillers will have larger peak and plateau
stressed compared to those of the SR structures, especially for the SR filled triangle. Hence, the
peak and plateau stresses of these structures could be also sorted as: SR-TR > SR-TU > SR-RE

> SR.
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Fig. 8. Comparison of stress-strain curves among SR with different fillers in the y-direction

Table 5 compares mechanical properties of SR filled different tubular structures when com-
pressed in the y-direction. It is found that the plateau stress, energy absorption and specific
energy absorption of the SR filled triangle are the largest, while these of the SR filled rectangle
are the lowest.

Table 5. Mechanical properties of SR filled different tubular structures compressed in y-direction

| SR | SR-TU | SR-TR | SRRE |
Plateau stress o,,, [MPa)] 0.021 0.028 0.03 0.026
Densification strain 0.85 0.87 0.88 0.86
Energy absorption E [mJ] | 0.01785 0.02436 0.0264 0.02236
Mass [Kg] 6.50E-04 | 7.31E-04 | 7.24E-04 | 7.24E-04
iggg;i;gie;gj /K | 27OEFOL | 333E40L | 365E401 | 3.09E+01

4. Conclusion

In this study, semi-reentrant structures filled with different skeletal structures, including a tube,
triangle and rectangle were designed. The out-of-plane and in-plane compression in two directions



Numerical study on compression properties... 243

of these structures were investigated and compared. The main conclusions are summarized as
follows.

e For the out-of-plane compression, SR-TU exhibited a different deformation pattern com-
pared to that of SR. SR initially deformed from the middle section, and SR-TU from the
bottom side, SR-TR from topside, while SR-RE deformed both near the top and bottom
sections, and there was no obvious expansion of the cells in the in-plane direction, meaning
that a constraint effect appeared between the tubular filler and SR container. With the
fillers contained, the plateau stresses for three conditions were all promoted compared to
those of SR. The plateau stress were sorted as: SR-RE > SR-TU > SR-TR > SR. The
densification strain was ordered as: SR-TR > SR-RE > SR-TU > SR. A better compres-
sion resistance or larger plateau stress of SR-RE may be caused by larger interaction areas
between the SR and rectangular structures. The (specific) energy absorption of SR-TU
was the largest.

e For the in-plane compression in the z-direction, SR initially deformed around the middle
section and then the bottom failed in a wave-way. For SR-TU, the main deformation was
accumulated on the top section layer by layer, while the bottom part kept stable. For
SR-TR, major distortions were focused below the top layers and the top layer was com-
pressed into a triangular shape after a large loading. Due to triangular stability, the bottom
layers were quite stable at the initial stage. For SR-RE, deformation was located around
the top layers and other layers were generally deformed into a rectangular shape. For the
in-plane compression in the y-direction, SR deformed on the top and bottom sections,
and its middle section was stable. For SR-TU, deformation was similar to that in the x-
direction. For SR-TR, major distortions were focused on the bottom layers, and some top
layers deformed after some compression strain, while the middle layers were stable. For
SR-RE, deformation was located near the top and bottom layers. SR with fillers would
have larger peak and plateau stresses compared to those of SR structures, especially for
SR-TR. The peak and plateau stress of these structures could be sorted as: SR-TR > SR-
TU > SR-RE > SR. The plateau stress, energy absorption and specific energy absorption
of SR-TR were the largest, while that of SR-RE were the lowest.
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