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ABSTRACT - This paper is_ aimgd to inves_tigate t.he crushing response of single square QGRJ:S:;E: I;IAI;TSOeErzmg
honeycomb panels under quasi-static compression loading. Two types of materials are used in this Revised: 27 Apr 2020
study, which refers to 100 % polylactic acid (PLA) and 70 % PLA filled 30 % carbon fibre (PLA/CF). Accepted: 14 May 2020
Single honeycomb panels were fabricated through additive manufacturing technique, and

assembled using slotting technique. The effect of boundary factor on the single square honeycomb KEYWORDS

panels have been studied, which refers to none, single-side, double-side boundary conditions. The Compressive strength;
effect of material properties on the crushing response has also involved. For the tensile test, it was crushing r esponse,
concluded that the PLA/CF specimen offered the higher young modulus with 428.75 MPa than gqoa‘gz:%g;fr;’y.

360.76 MPa of PLA specimen. For the quasi-static compression test, the compressive modulus
and strength of the single honeycomb sandwich panel showed 489.69 MPa and 18.32 MPa with
boundary type 1, which provided the highest value compared to other two boundary condition types.
Moreover, the square honeycomb sandwich panels with PLA/CF material and type 3 boundary
condition offered the better crushing performance on energy absorption (EA) with 66.42 kJ and
specific energy absorption (SEA) with 2282.47 kJ/kg. In addition, the crushing behaviour and failure
mode were also involved and discussed in this study.

honeycomb sandwich panel

INTRODUCTION

In recent years, composite material is increasingly used in numerous fields such as automotive, aerospace, military,
and construction applications [1-5], which is due to its light-weight, low density, high strength-to-weight ratio, and better
energy absorption properties [6, 7]. Sandwich panel generally consists of two high-stiffness thin sheets and a core
structural panel with low-density materials. Several types of core structure have been investigated such as foams, periodic
cellular, pyramidal truss and honeycomb structures used as structural applications [8-11]. Several geometric parameters
of sandwich structure have been studied on sandwich structural panels such as core geometry, foam-filled, thickness and
materials of skin sheet, and it obtains various mechanical properties and good energy-absorbing performance with high
strength-to-weight ratio [12-15]. Among various core structures of sandwich panel, aluminium honeycomb structure
offers great energy-absorbing performance under axial crushing conditions [16-18], which exhibits that sandwich
honeycomb structure has a great application prospect.

Honeycomb structure is typically used as shock-absorbent purposes in automotive areas due to its anti-shock and
higher energy-absorbing properties [19, 20]. Honeycomb structure is used as tailored solutions based on its design of
neighbour core-connected structure [21, 22]. There are various studies on the mechanical properties of sandwich
honeycomb panel. For example, Kobayash et al. studied the quasi-static and dynamic loading conditions on polyester
(PET) and polypropylene (PP) thermoplastic honeycomb core, which found that dynamic test obtained a greater energy
absorption compared to quasi-static test [23]. Yasui studied that the crushing behaviour of multi-layer honeycomb
sandwich panels as pyramid-type panels, which showed the most effective design concept [24]. Alia et al. [25]
investigated the compressive properties and energy-absorbing characteristics of carbon fibre reinforced honeycomb
structure using the resin transfer method.

The new Nomex honeycomb core has been reinforced with small diameter composite rods to advance its mechanical
properties, which has been studied by Alia et al. [26]. Like honeycomb structural materials, several researchers have
developed the different types of materials to study its relevant mechanical properties. For instance, the low-velocity
impact response of aluminium honeycomb sandwich structures has been investigated by conducting drop-weight impact
tests by Md. Akil Hazizan [27]. Haydn N. G et al. [8] researched the new structure with periodic metallic sandwich panels
by novel fabrication and topology design tools. Interestingly, S.A.H.Roslan et al. [28] conducted a triangular honeycomb
core structure based on bamboo-epoxy composites using the slotting technique, which indicated that the triangular
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honeycomb bamboo / epoxy structure offered about 10 % more energy absorption than the square honeycomb structure.
Z. Ansari reported the square honeycomb structure made out of sugar palm reinforced polylactic acid (PLA), which was
100 % bio-based material to improve its crushing response [29, 30]. The square and triangular honeycomb core materials
based on co-mingled flax fibre reinforced PP and PLA polymers [31]. Therefore, it has a great potential to study on the
lightweight and recycled materials on sandwich honeycomb such as polulactic acid, natural fibre reinforced composites
[32], and hybrid polymers [33, 34].

Although some works have been carried out to investigate the crushing response of various sandwich panels with
novel cores, there is limited works study on the compressive properties of single square honeycomb panels. Therefore,
the aim of this paper has studied the effect of boundary factor and properties of single square honeycomb panels under
quasi-static compression loading. Three types of boundary conditions have been studied on the crushing response of
sandwich panel, which refers to none, single-side and double-side boundary types. Tensile tests are performed to obtain
the tensile properties of two types of renewable materials. The compressive properties of the single square honeycomb
sandwich panel are conducted under the quasi-static compression. Moreover, the crushing response of honeycomb panel
with three boundary conditions are involved in this study.

METHODS AND MATERIALS

Material Preparation

Two types of filaments were provided, which were PLA and PLA/carbon fibre spools. PLA filament spool was
supplied by Cixi Lanbo Printing Supplies Co., Ltd, China, which had a low shrinkage, thermoforming dimensional
stability. The PLA/carbon fibre filament spool was obtained from Fabbxible Co., Ltd, which combined 70 % PLA and
30 % carbon fibre. Table 1 presents specifications of two types of filament spools used in this study. For 3D printing
equipment [35], the Prusa i3 MK3 printing machine was used to manufacture tensile specimens, slot and skin plates.
Moreover, AB epoxy type adhesive glue was used to bond the single square honeycomb core structure with skin plate.

Table 1. Several specifications of PLA and PLA/CF materials

Specifications PLA PLA/CF
Color Yellow Black
Density 1.24 g/cm? 1.30 g/cm?®
Content ratio (%) 100 % 70 % PLA and 30 % carbon fibre
Diameter dimension (mm) 1.75 + 0.05 1.75+0.05
Extruder temperature 180-230 °C 210-230 °C
Bed temperature 20-60 °C 20-50 °C
Glass transition temperature 50 °C 50 °C

Note: PLA: Polylactic acid; PLA/CF: Polylactic acid mixed with carbon fibre

Fabrication Method

The Prusa i3 MK3 printing machine was used to manufacture all specimens in this study, which involved tensile
specimens, the single slot, and square sandwich plates. Several setting parameters in PrusaSlicer software were set, which
referred to the linear infill pattern and 50 % infill percentage. Tensile specimens with two types of materials were shown
in Figure 1, which followed the ASTM 638-14 standard. Detailed design geometrical structure of the single slot and skin
plates were illustrated in Figure 2. Three boundary condition types of honeycomb panels were fabricated, and the
schematic diagram of three types was mainly shown in Figure 3. Three boundary type conditions have been defined and
explained as follows. Type 1 is defined as the single honeycomb core structure unbonded without skin plates, which is
also named free boundary conditions. Type 2 is regarded as the core structure bonded with skin plate at single side. Type
3 is recognized as the core structure bonded at double-sides with 2 skin plates. In this study, the thickness of skin plate
was 3 mm, and it was exhibited the single-fixed and double-fixed boundary conditions on Type 2 and Type 3, respectively.
The deformation of sandwich panels were attributed to the boundary condition, which was identified in this work.
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Figure 1. Specimens with PLA and PLA/CF materials for tensile test

t: thickness

a W b=
NT =
3
30
15
20
10
Slot plate Skin plate

Figure 2. Detailed design of the single square sandwich panel: (a) slot plate and (b) skin plate

Fabrication procedure of the single honeycomb sandwich panels was also briefly exhibited in Figure 3, which was
assembled following the direction of red arrows through the slotting technique. Skin plate was bonded with the single
honeycomb core structure, and it was used AB epoxy type adhesive glue with epoxy resin (component A) and
polyfunctional hardener (component B) mixing with the ratio of 1 : 1. Specimens were cured under the vertical loading
of 5 kN for 12 hours curing stage, and overall specimens of honeycomb panels were summarized and shown in Figure 4,
which referred to two types of materials and three boundary condition types. The construction of the sandwich panel was
fabricated through the slots. Here, the mechanical responses were studied on the overall honeycomb structure, which was
attributed to the interaction of the slots. The slots were compressed as the single honeycomb core without using any
adhesive glues between two contact surfaces.

a

Figure 3. Three types of boundary conditions: (a) type 1, (b) type 2 and (c) type 3
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Figure 4. The single square honeycomb sandwich panels with three types of boundary conditions and two types of
materials

Tensile Test

The tensile test was performed using the Instron 3369 model universal testing machine, which provided a maximum
load capacity of 50 kN. Tensile specimens were followed by the ASTM D638 standard, which used 57 mm as the gage
length [35]. At least three samples were carried out for each type. The tensile loading speed was set a 5 mm/min, and
three specimens were prepared and carried out for two types of materials.

Quasi-static Compression Test

The quasi-static compression test was conducted using the Instron 3369 model universal testing machine, which
followed the ASTM D1621 standard [36]. The single square honeycomb sandwich panels were placed between the two
compression platens with a 2 mm/min crosshead speed. Three specimens of each material and boundary condition were
used and conducted in this study, which considered the average value for further discussion. The specimens were crushed
70 % displacement of the initial core height, which were 21 mm, 23.1 mm and 25.2 mm for Type 1, 2 and 3, respectively.
The crushing response was captured during the overall deformation stages, which recorded using the Nikon D3100
camera. At least three specimens were conducted for each condition. Figure 5 illustrates the schematic overview of
honeycomb sandwich panels with three boundary condition types under the quasi-static compression loading. The brief
summary of single square honeycomb sandwich panels is summarized in Table 2, which involves boundary type, material
type, height, width and average mass. Here, ST1PLA of specimen ID represented sandwich panel with boundary condition

type 1 used PLA material.
Load
l Load l Load l

Type 1 Type 2 Type 3

Figure 5. Schematic overview of the single honeycomb sandwich panel with three boundary condition types under
quasi-static compression loading
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Table 2. The summary of square honeycomb sandwich panels under quasi-static compression test

Speamen D B VA g e
STIPLA 1 30 46 16.2
ST2PLA 2 PLA 33 46 22.3
ST3PLA 3 36 46 28.4
STIPLACF 1 30 46 15.9
ST2PLACF 2 PLA/CF 33 46 22.4
ST3PLACF 3 36 46 29.1
RESULTS AND DISCUSSION

Result of Tensile Test

Graph of stress versus strain curves of PLA and PLA/CF materials were illustrated in Figure 6. PLA specimens
exhibited an almost linear response under the elastic deformation stage. However, tested specimens were broken into two
parts when started to undergo the initial plastic deformation stage. For PLA/CF materials, it showed a lower maximum
tensile stress value and 1.18 times higher tensile modulus compared to PLA materials. Therefore, it is highlighted that
PLAJ/CF specimens had a better plastic deformation response before it damaged. It was found that PLA/CF specimens

could show 1.54 times higher nominal strain values compared to PLA specimens. It was shown that the PLA/CF material
provided better stiffness comparing with PLA material.
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Figure 6. Typical stress versus strain curves of the PLA and PLA/CF specimens under tensile test

For two types of materials, the damaged fracture occurred approximately in the middle of the gauge length. However,
the fracture characteristics of samples had the different fracture type and fracture location. For example, PLA specimens
showed the shear fracture type, which attributed to material property. Typical damaged specimens of two materials were
illustrated in Figure 7, which highlighted the damaged position and fracture type. Moreover, Table 3 summarizes the
relevant results of tensile tests with two types of materials. The PLA/CF specimens had a higher young modulus of
average value 428.75 MPa than the PLA specimens of average value 360.76 MPa, which provided the final nominal strain
value with 0.21 and 0.14 used PLA and PLA/CF materials, respectively.
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PLA specimens

Figure 7. Damaged specimens under tensile test: (a) PLA specimen and (b) PLA/CF specimen

Table 3. Results of the tensile test with PLA and PLA/CF specimens

. Tensile modulus  Elongation at break ~ Maximum tensile stress  Yield stress
Specimen ID

(MPa) (%) (MPa) (MPa)

PLA1 369.02 0.13 32.92 17.23
PLA2 354.62 0.12 29.87 17.05
PLA3 358.63 0.13 3151 17.12
PLACF1 429.02 0.20 28.23 12.21
PLACF2 430.91 0.21 28.98 12.02
PLACF3 426.32 0.20 29.05 12.07

Figure 8 presents the effect of the material property on young modulus and maximum stress under the tensile test,
which is further used to compare and analyze the tensile properties with two types of materials. Therefore, the PLA/CF
specimens offered a higher young modulus value and provided a lower maximum tensile stress compared to PLA
specimens. Moreover, it is concluded that it is a sufficient method to advance the tensile properties of pure PLA material
by adding the carbon fibre material [37].

500 . i 65
[ Tensile modulus _ 60
450 |- B Maximum tensile stress =
T -455 &
g : :
% 400 - 130 g
2 1 &
= T 445 2
C T 2
S350 ] =
z {40 5
& |
Z 300 |- day B
S i { E
- % {30 3
250 | =
<25
200 20
PLA PLA/CF

Figure 8. Effect of material property on tensile modulus and maximum stress

Result of Quasi-static Compression Test

The typical graph of load versus displacement curve of the single square honeycomb sandwich panel is shown in
Figure 9. The crushing response of the single square honeycomb sandwich panel is divided into two deformation stages,
which refer to the elastic and plastic stages. In the elastic deformation stage, the square honeycomb sandwich panel
initially underwent the elastic deformation until the load shapely reached the maximum compression load. The square
honeycomb sandwich panel presented the initial buckling at the slot plate closed to skin plate or in the middle of the slot
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plate. In the plastic deformation stage, the applied loading rapidly decreased around 0.25 mm displacement, and the square
honeycomb sandwich panel continued to buckle and deformed under continuous loading. With relative steady fluctuation
of the minimum load, the applied load continued to increase with a slight trend until the sandwich panel was crushed the
70 % displacement of the initial height.

30 T T T T T T T T

square honeycomb sandwich panel

Plastic deformation

Load (kN)

Crushing history

Elastic deformation |
e 1

1 " 1 M 11

0 5 10 15 20 25
Displacement (mm)

Figure 9. Graph of load versus displacement trace with crushing response under quasi-static compressive loading

The load versus displacement curves of the three boundary condition types were plotted in Figure 10. From the
comparison result, it was concluded that the single square honeycomb panel with PLA material offered approximately
1.14 times peak load value than PLA/CF material at three boundary condition types. In addition, it presented a relative
similar crushing response under the elastic and plastic deformation stages. Interestingly, it was highlighted that the single
square honeycomb sandwich panel with PLA/CF material provided the better energy absorption and specific absorption
energy under three different boundary condition types.

a T v T . T v T v b 30 - T - T v T - T

25 -
—PLA

mimm = PLACE
20

—
)

Load (kN)
Load (kN)

—
S

15 20 25 0 5 10 15 20 25

0 5 10 5
Displacement (mm) Displacement (mm)
C 30 v T v T . r v T v T
7 —PLA
=r - - - PLACF 1

0 3 10 15 20 25 30
Displacement (mm)

Figure 10. Load versus displacement traces of three boundary condition types with PLA and PLA/CF materials: (a)
type 1, (b) type 2 and (c) type 3
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Graphs of load versus displacement of the two materials under three different boundary condition types were plotted
in Figure 11, which used to study the effect of boundary type used the same material. From Figure 11 (a) and (b), it was
revealed that three boundary condition types offered a similar peak load under the same material type. Here, it was
mentioned that the boundary factor of the single honeycomb sandwich panel had little effect under the elastic deformation
stage.

a 3o . Y . T — . . - T b 30 — ’ —

Load (kN)
Load (kN)

0 5 10 15 20 25
Displacement (mm) Displacement (mm)

Figure 11. Graphs of load versus displacement with three boundary conditions: (a) PLA material and (b) PLA/CF
material

With regard to its plastic deformation stage, it was mainly found that boundary type 3 offered better crushing
performance compared to the other two types, which indicated the highest energy absorption and specific energy
absorption values. The summary of compressive properties of the single square honeycomb sandwich panel with three
boundary types were shown in Table 4, which involved compressive modulus and strength, yield strength, peak load
(Fpeax), energy absorption (EA) and specific energy absorption (SEA). The related parameters of the single square
honeycomb sandwich panel were further discussed in detail.

Table 4. Summary of compressive properties of single square sandwich panel with three boundary conditions and two
types of materials

Specimen ID Compressive Compressive Yield strength Fpeak EA SEA
modulus (MPa) strength (MPa) (MPa) (kN) (kJ) (kJ/kg)
ST1PLA 489.69 18.32 4.08 25.14 17.13 1057.40
ST2PLA 378.55 16.78 4.72 25.48 37.89  1699.12
ST3PLA 398.78 15.59 5.11 2581 56.21  1979.22
ST1PLACF 461.56 15.93 2.88 2198 3047  1916.35
ST2PLACF 356.83 14.48 3.06 2224  50.27  2244.19
ST3PLACF 364.23 13.10 4.36 22.69 66.42 228247

Figure 12 presented the effect of the boundary factor of the single square honeycomb sandwich panel on compressive
modulus and strength with two types of materials. The compressive modulus and strength of the single honeycomb
sandwich panel showed 489.69 MPa and 18.32 MPa on boundary type 1, which provided the highest value compared to
the other two boundary condition types. Figure 12 (a) and (b) provided the same relationship trend with three boundary
condition types. With three boundary condition types ranges from 1, 2 to 3 type, compressive strength exhibited the
decreasing trend. Moreover, the compressive modulus value was minimum at the boundary type 2, which may due to the
non-uniform boundary condition and friction between the structural cross-section wall and crosshead.
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Figure 12. Effect of boundary factor on compressive strength and modulus: (a) PLA material and (b) PLA/CF material

Figure 13 (a) and (b) present the effect of the boundary type of the single square honeycomb sandwich panel on the
peak load and yield strength. From Figure 13 (a) and (b), the highest average peak load was 25.81 MPa and 22.69 MPa
for PLA and PLA/CF materials, which occurred at the boundary condition type 3. For yield strength, boundary condition
type 3 showed the highest yield strength, which was 5.11 MPa and 4.36 MPa for PLA and PLA/CF materials. It was
found that the boundary factor had a small effect on the peak load and yield strength of the single honeycomb sandwich
panel. With the boundary condition type ranges from type 1, 2 and 3, it showed the slight increasing trend, and the
maximum yield strength and yield strength at boundary condition type 3 of the single honeycomb sandwich panel.
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Figure 13. Effect of boundary condition type on peak load and yield strength: (a) PLA material and (b) PLA/CF
material

The crushing response of the single square honeycomb sandwich panel was carried out, which referred to energy
absorption and specific energy absorption. The specific energy absorption was calculated from the area under the load
versus displacement over the mass of the specimen. Figure 14 illustrated the effect of boundary condition type of
honeycomb sandwich panel on EA and SEA. With the boundary condition type number increased, EA and SEA exhibited
slightly increasing trend as shown in Figure 14 (a) and (b), which refers to PLA and PLA/CF materials, respectively. The
EA and SEA values were obtained the maximum values at boundary condition type 3. It was obtained that PLA/CF
material offered a better crushing response on EA and SEA, which showed 1.18 times and 1.15 times value on EA and
SEA compared to the single honeycomb sandwich panel with PLA material.
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Figure 14. Effect of boundary type on energy absorption and specific energy absorption: (a) PLA material and
(b) PLA/CF material

The crushing response of the single square honeycomb sandwich panel with three boundary conditions and two types
of materials were shown in Figure 15. Three boundary condition types have three different interactive effects of the single
honeycomb sandwich panel under quasi-static compression loading. It was found that the crushing deformation was
briefly divided into two types, which were buckling and shear deformation modes. For boundary condition type 1 and 2,
buckling mode mainly occurred. For boundary condition type 3, buckling mode occurred, and the core structure showed
the shear deformation mode due to the interactive effect of two skin plates. Few small corner parts of the single slot plate
were buckled and separated from the main core structure. For boundary condition type 2 and 3, a series of folds were
observed in the middle part of the single slot plate between the two skin plates. Several debonding modes occurred at the
bonding point between the core structure and skin plate.

Moreover, boundary condition type 2 and 3 of the single square honeycomb sandwich panels were stable in
comparison with the boundary type 1, which referred to Figure 15 and 16. In addition, it was noted that all specimens
exhibited the progressive deformation and gradually crushed into several folds. In this study, the crushing mechanisms
were mainly attributable to buckling, folds, delamination, shear deformation, debonding, and failure cracks, which agreed
with similar studies on honeycomb sandwich panels from the previous literatures [28-30].

The damaged specimens with three boundary types of square honeycomb sandwich panels were shown in Figure 16.
Evidently, the boundary condition type of the square honeycomb sandwich panel largely affected the failure behaviour
and plastic deformation mode, which appeared to be more significant than the effect of the material property. It was
observed that the buckling and folds spread outward due to the restriction from the internal slot intervals. Subsequently,
failure cracks were caused by the local stress concentration on the square honeycomb sandwich panel. In this study, the
damaged single square honeycomb sandwich panels provided the similar failure deformation compared to the previous
studies [28-30].

Type 2

Material type Type 3

Type 1

~
" %’
\
L
Buckling Delamination ~ Buckling Debonding Folds Buckling Breakage
o] Basese) | .—\i‘.- = Z
PLAICF = ' i
A v

Delamination

Folds

Figure 16. Damaged the single square honeycomb sandwich panels with three boundary types and two types of
materials
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Figure 15. Photographs of crushing response of the single square honeycomb sandwich panels with three boundary
types and two types of materials

CONCLUSIONS

The mechanical properties of the single square honeycomb sandwich panels with PLA and PLA/CF materials were
carried out, which conducted under tensile test and quasi-static compressive test. The crushing response, load versus
displacement curves, the effect of material and boundary factor were explored in this study. The conclusions are
summarized as follows:

1) For the tensile test, it is concluded that the PLA/CF material provides 1.18 times tensile modulus compared to PLA
material. In addition, it is showed that PLA/CF material offers 1.54 times higher nominal strain values compared to
PLA material.

2)  For the quasi-static compression test, it is obtained that the single square honeycomb with PLA material provides
around 1.14 times higher value on peak load value than PLA/CF material with three boundary condition types.
Furthermore, it is found that PLA/CF material of the single square honeycomb sandwich panel could offer a better
crushing response on EA and SEA, which is 1.18 times and 1.15 times compared to PLA material.

3) The crushing response of the single square honeycomb sandwich panels is mainly observed the buckling, folds,
delamination, breakage, and debonding in the plastic deformation stage.
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