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Abstract

The experimental and numerical investigations on the dynamic responses and failure
mechanisms of honeycomb panels under low-velocity impact were carried out in the pre-
sent work. The carbon fiber composite hexagonal honeycomb panels were fabricated using
the hot press molding method. Then, low-velocity drop-weight impact tests on the compos-
ite honeycomb panels were conducted under impact energy levels of 5J, 10J, 30J, 50J, 60J,
70J, and 100]J to study the deformation mechanisms and damage modes. The VUMAT was
developed to model the behavior of sandwich panels, in which a progressive damage model
based on the strain-based failure criterion of composite fabric and Yeh delamination failure
criteria was implemented in ABAQUS/Explicit. Two-dimensional topological honeycomb
configurations with the same relative density were established. The energy absorption and
load-bearing capacity of hexagonal, square, triangular, Kagome, and two kinds of circu-
lar (CS and CH types) honeycombs under 100J impact energy were discussed. The results
showed that the circular honeycomb (CH type) had the largest first peak force of 6.714 kN,
while the hexagonal honeycomb had the smallest first peak force of 3.715 kN. Compared
with hexagonal honeycomb, the energy absorption of the triangle, Kagome, and circular
honeycombs (CH type) were increased by 37.15%, 38.18%, and 47.06%, respectively. This
study provided a series of experimental and numerical results, which could provide a refer-
ence for selecting suitable honeycomb configurations in the protection field.

Keywords Carbon fiber composite honeycomb - Low-velocity impact - Deformation
process - Damage modes - Finite element analysis

1 Introduction

Honeycomb, as a major lightweight structure, is widely used in the aerospace and transpor-

tation field due to its excellent mechanical properties and versatility [1]. In recent years, the
combination of composite materials and sandwich structures has opened up new ideas for
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lightweight design and multifunctional application [2-4]. All-composite sandwich struc-
tures have become a research hotspot [5, 6]. However, composite is often quite sensitive
to environment and impact damage [7-9]. In practice, it is vulnerable to various impacts
such as objects falling and collisions [10]. Under the action of lower impact energy, evident
internal damage will occur, resulting in a significant reduction in structural strength and
stiffness [11, 12]. Therefore, an in-depth understanding of low-velocity impact behavior
and failure mechanisms will be necessary for more reliable applications [13].

A series of studies on composite honeycomb panels have been carried out. Wei et al.
[5] summarized the preparation technology of composite honeycomb sandwich struc-
tures. Besides, a preliminary study on the static mechanical properties was carried out,
such as compression [14], bending [15], etc. However, the dynamic mechanical proper-
ties of composite honeycomb panels were still insufficient. Li et al. [16] studied the influ-
ence of the impactor nose shape on dynamic responses and failure mechanisms of carbon
fiber reinforced plastic (CFRP) Kagome lattice core sandwich panels subjected to low-
velocity impact. Zeng et al. [17] experimentally and numerically investigated the dynamic
responses of composite sandwich structures with reentrant honeycomb cores subjected to
impulsive loading. Yu et al. [18] conducted a series of ballistic impact tests on composite
sandwich structures with Y-shaped cores. The results showed that the impact resistance of
sandwich panels was better than that of laminates.

The most prominent feature of the honeycomb sandwich structure is the extreme des-
ignability of the cell geometry. Even though the cells have similar overall dimensions and
densities, the geometry of each cell can be very different. It results in unique mechanical
and other properties that reflect the unlimited potential of honeycomb sandwich structures
[19]. Due to the wide range of unit geometries, complex mechanical properties, and multi-
functional requirements can be accommodated by designing configurations and geometri-
cal parameters.

In many engineering applications, the impact resistance of sandwich structures is
still an important research topic. Changing the dimensional parameters or materials is
a common method to improve the strength of sandwich structures. Sun et al. systemati-
cally studied the effects of structural parameters (such as skin thickness, core height, cell
wall thickness, and cell size) of hexagonal honeycomb panels on the static [20, 21] and
dynamic [22, 23] mechanical properties. The results showed that reasonable adjustment
of cell geometric parameters can effectively improve the mechanical properties of honey-
comb sandwich structures.

The unit cell configuration has a notable effect on the overall mechanical properties
[24]. The design of core configuration is also a meaningful way to improve the strength of
honeycomb panels [25]. Pehlivan and Baykasoglu [26] carried out quasi-static compres-
sion experiments on carbon fiber reinforced polymer (CFRP) honeycombs with different
core configurations. The hexagonal honeycomb specimens generally showed superior com-
pressive performance compared to the square and circular specimens. In the out-of-plane
compression experiment, it was found that the average dynamic stress of the typical col-
lapse strength of the membrane-dominated honeycomb (such as square, triangular, and
Kagome structures) was higher than that of the bending-dominated honeycomb (such as
hexagonal and rhombic structures) [27].

Due to the diversity of cell substrates and filling materials, as well as the difference in
cell arrangement methods at all levels, the deformation mechanisms and energy absorp-
tion of various filled multi-cell impact protection structures under different velocities and
boundary conditions are different. Therefore, their dynamic responses characteristics may
also differ in significant way [28]. In the experimental study of ballistic penetration, Wang
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et al. [29] found that the anti-out-of-plane penetration ability of circular honeycomb was
better than that of triangular, square, hexagonal, and negative Poisson’s ratio honeycombs.
At the same time, in the study of blast resistance, it was found that the energy absorption of
AuxHex and Star-Reentrant honeycomb was better than that of other configurations [30].

In summary, research on the mechanisms of geometrical parameters on the mechanical
behavior of honeycombs has been extensive. However, the mechanical properties of hon-
eycomb sandwich panels with different cell configurations under different impact loading
conditions are different. Especially, the crushing mechanisms of the composite honeycomb
panels under low-velocity impact is still unclear. This paper intends to investigate the low-
velocity impact responses of carbon fiber composite honeycombs (CFCHs) with different
core configurations. Firstly, hexagonal honeycomb panels were prepared and subjected to
low-velocity impact experiments. The dynamic responses process was comprehensively
analyzed from force, displacement, and energy absorption. Besides, the damage modes
were obtained by microscope. A three-dimensional progressive damage model for com-
posite materials was also developed to assess the damage mechanisms of composite honey-
comb panels. The influence of unit cell configurations on low-velocity impact performance
was clarified, providing reliable design guidance for the design of honeycomb panels.

2 Fabrication and Experiments
2.1 Preparation Process of Composite Honeycomb Panels

The hexagonal honeycomb core and face sheets were prepared from plain woven carbon
fiber prepreg (CYCOM® 97714A/PWC T300 3K ST) produced by Solvay Co., Ltd., and
the thickness of single layer prepreg was 0.25 mm. The material properties of the prepreg
are shown in Table 1. The fiber areal weight was 193 g/m>. The stacking sequences of face
sheets and core were [0°/90°]; and [0°/90°], respectively. As illustrated in Fig. 1(b), each
hexagonal cell had a cell size L of 6 mm and a core height H,. of 20 mm. The thickness of
the face sheet Hyand cell wall 7 were Imm and 0.5mm, respectively. The relative density of
the composite honeycomb panels (120 mm X 120 mm X 22 mm) is 12.83%, which is similar
to the S-type foldcore [31], as shown in Fig. 1(c).

The preparation process of the CFCHs was divided into two main parts. The face
sheets were cured using the vacuum bag molding process. The prepreg was covered with
release film, metal board, electric heating blanket, insulation cotton, and vacuum bag,
as shown in Fig. 2(a). During the preparation process, the vacuum pump was opened
to keep the pressure constant at atmospheric pressure. At the same time, the thermal

Table 1 Material properties of E E E G G G
1 2 33 12 13 23

gy rbon ICrGPORY PIPIEE (Gpa)  Gpw) (Gp) Gpw) (Gp)  (Gpa)
49.9 53.6 8.5 32 2.9 29
XC YC ZC XI Y[ Zl
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
552.3 480.7 500 540.7 594.0 150
Sia Si3 Sy V12 V13 Va3
64.6 50 50 0.1 0.25 0.25
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Fig. 1 Preparation process: a Schematic diagram of the preparation process, b Preparation process of hon-
eycomb panels, ¢ Sample images of carbon fiber composite honeycomb panels

replenishment instrument was used to control the electric blanket to be heated. The cur-
ing curve was shown in Fig. 2(b). First, the temperature rose to 126 °C at the rate of 3
°C/min. When the temperature reached 126 °C, it was maintained for 90 min. Finally,
cooling to 30 °C at a rate of 2 °C/min.

The cores were prepared by the hot press molding method. Through the regular array
discharge of the PTFE molds, the interval fitting parts of the prepreg were bonded to
each other. Then, it was placed in the autoclave for heating and pressing to form a hon-
eycomb core at one time. There were four main steps: laying, curing, removing, and
assembling, as shown in Fig. 1(b). Finally, the face sheets and the core were bonded
using the modified epoxy adhesive film (METLBOND® 1515-4 M) from Solvay. The
CFCHs were obtained by secondary curing [33].
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Fig. 2 Fabrication process of composite face sheets: a Face sheets preparation schematic, b Curing curve

2.2 Experimental Set-Up

Low-velocity impact experiments were carried out on an Instron CEAST 9350 drop weight test-
ing machine, as shown in Fig. 3. The facility was equipped with a crosshead, a tup holder, a
rebound brake, and an impactor instrumented with a force transducer. The force transducer had a
maximum range of 45 kN, and the data acquisition frequency was 10° Hz. The impactor used in
the experiments was a hemisphere with a diameter of 20 mm and a mass of 10.48 kg. The exper-
iments were carried out according to ASTM D7136 [34]. The size of the specimen was approxi-
mately 120 mmXx 120 mmXx22 mm, which was clamped by a pneumatic clamping fixture con-
sisting of two cylindrical rings with an opening diameter of 76 mm. The applied air pressure was
0.6 Mpa. In these experiments, seven levels of impact energy (57, 10J, 307,501, 607, 70 J, and
100J) were tested. The impact force, displacement, and energy absorption were obtained through
the supporting data acquisition system to study the dynamic responses of the CFCHs.

3 Result and Discussion
3.1 Force-Displacement Responses

Low-velocity impact experiments with different energies were conducted on CFCHs.
The results indicate that the dynamic responses of CFCHs under low-velocity impact
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Fig.3 Schematic of the low-velocity impact test setup

is consistent with that of aluminum honeycomb [35] and foam sandwich structures
[36]. Under different energy impacts, the force—displacement curves show three typical
modes, complete rebound (Type I), incomplete rebound (Type II), and partial or com-
plete penetration (Type III), as shown in Fig. 4.

When the impact energy is 5J and 10J, the force—displacement curves show a single
peak (Type I). As the displacement increases, the force grows linearly to the initial peak
(Fy). Subsequently, the force increases to the first peak force (F,,,,;). At this time, the
impactor reaches the maximum displacement. Finally, the impactor rebounds and the
force drops to 0. In addition, the initial peak (F,) and the first peak (F,,,,;) increase with
the increase of impact energy. The fluctuation growth stage also becomes longer.

When the impact energy is 30 J and 50 J, the force—displacement curves show a sin-
gle peak and a force platform (Type II). The force increases rapidly to the F,, ., and
then decreases. As the impactor continues to move downward, the core absorbs a sig-
nificant portion of the force, resulting in the curve entering a platform stage. The higher
the impact energy, the higher the first peak force (F,,,,;) and the longer the platform.

When the impact energy is 60 J, 70 J, and 100J, the curves show the double peak (Type
IIT). Once the impactor contacts the front face sheet, the force quickly rises, reaching the
first peak force (F,,, ;). The contact force keeps decreasing as the damage enlargement of
the front face sheet and the crushing of the honeycomb core by the impactor. Under the
support of the back face sheet and the core, the force gradually increases again. Then, the
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Fig.4 Force—displacement curves under different impact energies: a Type I, rebound, b Type II, incomplete
rebound, ¢ Type III, partial or complete penetration

second peak force (F,,,,,) appears. It is worth noting that, unlike the F,,, ; of the impact
responses of the metal honeycomb sandwich panel is slightly lower than the F,,,,, [35], the
F,, x> of the CFCHs is much smaller than the F,,,,;.

3.2 Deformation Mechanisms

In this section, three kinds of energies (10 J, 50 J, and 100J) are selected to analyze the three
typical deformation mechanisms in detail, focusing on displacement and energy absorption.
During impact, there is a significant vibration after contact, resulting in a violent oscillation
of the curves, which have been smoothed to show the changing trend more clearly.

As shown in Fig. 5, in the initial stage of loading, the force increases linearly with time
while the energy rises slowly. The initial force (F)) at #,, which is called critical damage
threshold load [37], is usually used to characterize the damage impedance capability of
the composite. As the loading continues, delamination occurs on the front face sheet and
spreads rapidly [38], causing a reduction in the stiffness of the specimen. Then, invisi-
ble fiber breakage and matrix cracking occur on the face sheet. The force increases to the
F,...;- With the increase of impact displacement, the face sheet/core interface is damaged.
During this process, the energy absorption increases rapidly. The maximum displacement
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(D,,,,) and the peak energy absorption (E,,,,) are reached at 73, which signifies the end of
the loading stage. Finally, the impactor begins to rebound. A part of the energy is con-
verted into the kinetic energy of the impactor through the elastic energy (E,,,-E,), while
the remaining energy (E,) is absorbed through different damage modes and friction.

The response curve of CFCHs at 50 J impact energy is shown in Fig. 6. In the ini-
tial stage, the force increases linearly, reaching the F, ,,; at t;. With the increase of the
impact process, the front face sheet cracks. The progressive folding deformation mecha-
nisms of the honeycomb cell wall causes the curve to take on a platform stage. At ¢;, the
displacement of the impactor is the largest. The CFCHs absorb almost all the energy.
The energy and displacement curves are parallel to the time axis. The impactor hardly
rebounds. In general, when the honeycomb panel is subjected to medium energy impact,
the face sheet and the core suffer apparent damage. Most of the energy is absorbed irre-
versibly, and only a small part is converted into the kinetic energy of the impactor during
the rebound process.

It can be found from Fig. 7 that when the impactor hits the panel with high energy,
the force increases rapidly and reaches the F,,,,; at ;. Then, the force drops to a trough
as a result of fiber breakage and crack propagation. At the same time, the core undergoes
buckling and crushing deformation. With the combined action of the friction between the
impactor and the panel, the force reaches the second peak force (F,,,,,) at t,. Finally, the
force drops to close to 0 and the honeycomb panel is completely penetrated. The difference
is that the displacement increases almost linearly at high energy impact. When the impact
energy is 100J, the energy absorption curve can be divided into two stages [35]. In each
stage, the energy-time curve first rises slowly. As the contact area between the impactor
and the face sheet increases, damage such as fiber breakage continues to occur and expand.
The curve rises rapidly. Finally, the material has suffered severe damage, resulting in a
slow increase in the curve.
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Fig.5 Response curves of CFCHs under 10J impact energy

@ Springer



Applied Composite Materials (2024) 31:535-559 543

5 60 40
Force (kN) Energy (J) Displacement (mm) )
— max1 max .| 1-
4l : 150 | 4
_ ! ! 140 1° E
Z3r] | - S48 3
3 : ! {303 {-10 &
=4 : | 2 8
S 2F : M 1-12 &
= | ' 420 &
! | 17144
' | : {10 116
| = 148
0 1 1 1 1 —_— —e= 290
0 o 3 6 9 12 515 18
Time (ms)

Fig.6 Response curves of CFCHs under 50J impact energy

3.3 Failure Modes

The damage morphology of the face sheets and the cores after different energy impacts is
shown in Fig. 8. When the impact energy is 5 J, the front face sheet produces a pit with a
width of about 11 mm. From the cross section, it is found that the front face sheet appears
delaminated. As the impact energy increases to 10 J, the width of the damaged area
expands to 14 mm, accompanied by significant fiber breakage and matrix cracking.

When the impact energy is medium (30J and 50J), a circular hole of approximately
20 mm diameter is formed on the front face sheet, with no visible damage to the back face
sheet. At an impact energy of 30J, the fiber undergoes tensile failure. Four fragments of
almost equal size are formed, which is the same as the failure modes of the carbon-fiber
foldcore sandwich structure under impact load in Ref. [31]. At an impact energy of 50 J, a
complete fragment is created in the hole. The cell wall shows significant buckling.
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Fig.7 Response curves of CFCHs under 100J impact energy
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Fig.8 The damage morphology of CFCHs under different impact energies

When the impact energy is high (60J, 70J, and 100J), the front face sheet produces a
circular punching hole with a diameter similar to that of the impactor. The damage of the
punching edge is similar to the shear fracture that occurred when a 3D printed part failed
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[39]. the back face sheet has significant damage. at an impact energy of 60 J, two cracks of
around 43 mm and 50 mm are produced on the back face sheet, developing along the weave
of the fiber [40]. at an impact energy of 70 J, the damaged area of the back face sheet can
be regarded as a square consisting of four triangles. Both cracks are about 45 mm. Besides,
the core undergoes crushing failure with a large number of fragments. At an impact energy
of 100 J, the panel is fully penetrated, with cracks extending up to 60 mm along the sides of
the triangle. From the cross section, it is found that the back face sheet is severely delami-
nated. The actual damage area is larger than the actual visible area [41].

4 Finite Element Analysis
4.1 Material Model

The progressive damage behavior of honeycomb sandwich panels was simulated by
VUMAT. The strain-based failure criterion of composite fabric [42] and Yeh criterion [43]
were used to predict the damage and delamination failure, respectively. The progressive
damage model consists of the following failure modes:

Tensile failure in fiber direction:

Y12 Y13

= (P + G + (P € 20 )
Yz St Sis
Compressive failure in fiber direction:
€11
F.,= (X_é)z’ 150 )
c
Tensile failure in transverse direction:
22 Y12 713
Fyt (Yg)2+(S5 )2"‘(5,E )27 52220 (3)
Compressive failure in transverse direction:
€112
= (F) €5, <0 4)
Yeh delamination failure:
14 7
Fd,—(—) +( ”) +(ﬁ) £3320 )

where X; and Y; are the tensile failure strains in the longitudinal and latitudinal directions,
X¢ and Y, are the compressive failure strains in the longitudinal and latitudinal directions
respectively. Z7, is the out-of-plane tensile failure strain.

In this paper, the damage accumulation is defined by introducing damage variable d;
(i=xt, xc, yt, yc, dl), and a three-dimensional progressive damage model for composites is
established.
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d;=1—-exp [%(1—(1@)’%)], F;>1 ©)

where m; (i=xt, xc, yt, yc, dl) is the material softening parameter. The larger the value of
my;, the faster the rate of stiffness decay of the material. The material softening parameters
chosen in this paper are 0.01, 0.008, 0.01, 0.008, and 0.15. And the incremental damage
variables simulate the extension of the damage:

d; = max {0, dl’} (tr < ;i = xt,xc, yt, yc, dl) 7

where d is the damage variable at the current moment.
The stiffness decay of the material after unit failure is achieved with the damage param-
eter w; (j=1, 2...6), which can be calculated using the damage variable d;.

w,=max {0,d, }
w, = w, = max {0, dx,dy} (8)
W3 = W5 = Wg = Max {0, dX,dd,}

where d, = max {0, dy, dxc}, d, = max {O, dys dyc}.
The constitutive model of the composite after stiffness decay is:

e=§,00 ©)
T T
where e =gy, €2, €33, Y12, Y23, Y13] > 6=1[011, 622, 33, T12, T35 T13l
L m _wm g 0 0
E,,(l;(o”) lEzz 533
e L Vs 0 0 0
Eyn Ep(-w)  Ey
V3 Vs 0 0 0
S, = Ey By Exp(l-wy) . (10)
0 0 0 0 0
G (1-wy)
0 0 0 0 0
Goy(1-3) 1
| 0 0 0 0 Gricen |

4.2 Finite Element Model

Based on Abaqus/Explicit modeling and simulation software, the finite element model
of hemispherical impactor impacting CFCHs was established. The model consisted
of honeycomb panel, clamps, and impactor, as depicted in Fig. 9. The impactor was
meshed by R3D4 element, while the clamps and honeycomb panel were meshed by
three-dimensional solid element C3D8R with hourglass control.

The mesh convergence analysis of the impact responses and computing time of com-
posite honeycomb panels under the impact energy of 100J was carried out, as shown in
Fig. 10. Mesh sizes of 2 mm, 1 mm, 0.8 mm, 0.5 mm, and 0.3 mm were chosen. With
the refinement of the mesh, it could be found that the force and maximum displacement
converged to stable values, but the computing time increased. In summary, the simula-
tion results tended to converge when the mesh size of the square area of the impact
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Fig.9 Full-scale FE model of a honeycomb-core sandwich panel under impact loading

region was 0.5 mm X 0.5 mm. The results also matched the experimental results with
small relative error.

In the finite element model, the material properties of carbon fiber/epoxy prepreg are
shown in Table 1. The clamps were simulated with steel, and the material parameters are
shown in Table 2. Besides, the top clamp was only allowed to move in the 3-direction. The
bottom clamp was fully constrained in displacement and rotation. The “tie” constraint was
used between the clamp and honeycomb panel, ignoring the initial clamping pressure. The
motion of the impactor was controlled by a reference point created in the discrete rigid that
had only one translational degree of freedom along the 3-direction. The total mass and the
initial impact velocity were assigned to this reference point in the impactor.
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Fig. 10 Mesh convergence analysis: effect of element size on the impact response and computing time
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Table 2 Material properties of

the steel [17] Elastic modulus (E) Poisson ratio (v) Density (p)

210 Gpa 0.3 7.8%10~° t/mm’

Since debonding of the specimens did not occur after the experiments, the tie connec-
tion was used between the face sheet and the core. The general contact definition was used
to define the interaction between the impactor and each layer of the honeycomb panels. The
normal interaction was hard contact, and the tangential interaction was set with a friction coef-
ficient of 0.2. Self-contact algorithm was used to define possible contact among the cell walls
to prevent the interpenetration between the folds in the honeycomb walls during impact [44].

4.3 Finite Element Model Validation

Figure 11(a) shows a comparison of experiments and simulation results on force—displacement
curves for CFCHs under 100J impact energy. The simulation effectively predicts the double
peak of the curve. Features such as the slope of the linear part, the first peak force (F,,,, ),
and load fluctuations can be adequately captured. However, the predicted second peak force
(Fax2) 1s slightly higher than the actual. In addition, it can be found from Fig. 11(b) that the
simulated and experimental results are in good agreement with the failure modes. In Fig. 11(c)
and (d), the error in the simulation for the residual velocity and energy is 9.68% and 7.37%,
which is acceptable for a non-linear dynamic analysis. The results show that the numerical
model developed for the composite honeycomb panels is sufficiently accurate to be used for
analysis instead of the actual prototype.
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Fig. 11 The results of experiments and simulation (100J): a Histories of force and displacement, b Typical
predicted damage modes, ¢ Histories of velocity and time, d Histories of energy and time
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Fig. 12 Schematic diagram of different honeycomb structures, a hexagonal honeycomb, b square honey-
comb, ¢ triangular honeycomb, d Kagome honeycomb, e circular honeycomb in square arrangement (CS
type), f circular honeycomb in hexagonal arrangement (CH type)

5 Comparison of Different Honeycomb Configurations
5.1 Configuration Design

In this paper, the low-velocity impact performance of six different honeycomb configurations
under 100J is analyzed by the finite element model. Figure 12 shows the different honeycomb
configurations, where the red area represents a circular impact area with a diameter of 20 mm
(the same as the impactor diameter). Hexagonal, square, triangle, and Kagome are all regular
polygons. The two types of circle honeycombs can be divided into square arrangement (CS
type) and hexagonal arrangement (CH type) [45].

Before performing the finite element analysis, the parameter design is first completed so
that the relative densities of each honeycomb panel are equal. All unit cells have a stacking

Table 3 Parameters of different honeycomb configurations [29]

Core configuration Thickness ¢ (mm) Side length / (mm) Relative density p
Hexagonal honeycomb t=0.5 l[,=6 5=8_1_
g Y h p=3 RV
Square honeycomb ;=178 7= %
Triangular honeycomb [, =135 7= 2y/3e1
](
Kagome honeycomb I, =6.75 =13 i
Circular honeycomb I, =12.24 D= ”IL
(CS type) s
Circular honeycomb l,=14.14 7= 2y/37et
(CH type) 3l
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sequence of [0°/90°] with a wall thickness of 0.5 mm. By adjusting the side length, the
relative density of other honeycomb configurations is 12.83%, which is the same as that of
the hexagonal honeycomb. The specific parameters are shown in Table 3.

—&— Circular(CH)

—— Cir.cular((.?S)

s0p Vs

30F
1.5

00 - " 1 " 1 " 1 X 1 M 1 " - 1 L
45| —A— Triangular

Force (kN)

30 F
15k

0 0 ! L 1 " 1 L 1 M 1 1 1 " 1 L
4' 5 [ —m— Square

30
1.5

OO e L 1 M 1 M 1 " 1 M 1 M 1 L
45l —e— Hexagonal

30F
15 F

0.0. M 1 M 1 M 1 " " 1 " 1 M
0 5 10 15 20 25 30 35

Displacement (mm)

Fig. 13 Force—displacement curves of different honeycomb configurations
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Fig. 14 Mechanical properties response curve: a Velocity—time curve, b Impact energy absorptivity of dif-
ferent honeycomb configurations

5.2 Low-Velocity Impact Properties

The force—displacement curves of all different honeycomb panels show the double peak
(Type III), as shown in Fig. 13. The F,,,,; and F,,, ., of the circular honeycomb (CH type)
are the largest. This is because the number of circular honeycomb edges is large. The axial
cracks generate during the impact process increase, resulting in higher crushing strength
[46]. The F,,,,; of the Kagome honeycomb is second only to that of the circular honey-
comb (CH type), while the hexagonal honeycomb has the smallest F,,,.;. For other honey-
combs, the F,,,,; is roughly equal.

From the velocity—time curve in Fig. 14(a), it can be seen that the velocity of impactor
begins to decrease from 4.3685 m/s at the first 1 ms. However, the Kagome and circle hon-
eycombs (CH type) decrease faster. In 2-6 ms, the impactor contacts the core. The velocity
decreases slowly. After 6 ms, the back face sheet is broken down. The residual velocities
of the circular (CS type), hexagonal, and square honeycombs are 2.966 m/s, 2.646 m/s,
and 2.630 m/s, respectively. They are all higher than the residual velocity of the Kagome
and triangular honeycombs, which are 1.544 m/s and 1.583 m/s. The circular honeycomb
(CH type) has the smallest residual velocity at 1.442 m/s, which can be attributed to its
unique honeycomb configuration and the particular properties of arrangement. This high
peak force and low residual velocity are allowed for practical applications in aerospace and
engineering, where high impact resistance and energy absorption are crucial.

To compare the energy absorption capacity of panels with different configurations, the
calculation formula of energy absorption (EA) is as follows:

Table 4 Parameters of different

honeycomb configurations Core configuration Fonast GN) - Frp (RN) fl;lse(ffgtion
)
Hexagonal honeycomb 3.715 2.792 63.335
Square honeycomb 4.063 2.115 63.744
Triangular honeycomb 4.320 4.025 86.865
Kagome honeycomb 4.721 3.725 87.514
Circular honeycomb (CS type) 4.183 2.437 53.899
Circular honeycomb (CH type) 6.714 4.404 93.139

@ Springer



552 Applied Composite Materials (2024) 31:535-559

1
EA = EM(vg -2

where M is the mass of impactor, v, is the initial velocity, and v, is the residual velocity after
impact. The results of EA are listed in Table 4. It is evident that the circular honeycomb (CH
type) exhibits the highestenergy absorption capacity. Compared with otherhoneycomb config-
urations, the circular unitcell has no sharp edges and corners, which avoids stress concentration
[47]. Besides, the unit cell of CH type has more constraints than the unit cell of CS type, result-
ing in a shorter length of cell wall buckling folds and increased energy absorption [45].
The energy absorptivity is also compared, as shown in Fig. 14(b). The energy absorptiv-
ity is the ratio of EA to the kinetic energy before impact. Different from the conclusion that
the energy absorption increases with the increase of the number of unit cell edges in quasi-
static compression [48], the energy absorption of triangular honeycomb is greater than that

Configuration Deformation process

llexagonal
honeycomb

Square
honeycomb

Triangular
honeycomb

+1.8 3
+1.395e+03
+0.208e+02
+4.649+02

- +5.789e-02
S, Mises
(Avg: 75%)

+2.0500+03
+1.879e+03
+1.708e+03
+1.538e+03
+1.3670+03

Kagome
honcycomb

Circular
honeycomb
(CS type)

Circular
honeycomb
(CH type)

+1.011e-01

Fig. 15 The deformation process of honeycomb cross section view during the simulation: impact energy
100J
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Hexagonal
honeycomb

Square
honeycomb

Triangular
honeycomb

Kagome
honeycomb

Circular honeycomb
(CS type)

Circular honeycomb
(CH type)

Front
face sheet

Back
face sheet

Cross
section

Fig. 16 Numerical simulated damage of different honeycomb configurations after low-velocity impact

of square honeycomb and hexagonal honeycomb in low-velocity impact experiments. This
phenomenon also appears in Ref. [49].

5.3 Deformation Modes

Figure 15 shows the deformation process of different honeycomb panels when the force
is between the F,,,.; and F,, ., during the simulation. The cell walls of hexagonal, square,
and circular honeycombs (CS type) have high stress during the impact progress. They are
eventually crushed into fragments and do not completely fail, either remaining within the
unit cell or flying out with the impactor. As a result, these three configurations exhibit
poor effectiveness in energy absorption. However, the stress of other honeycombs is con-
centrated more specifically at the contact position between the impactor and the honey-
comb core. The core exhibits characteristics of progressive crushing failure. Due to the
serious damage of carbon fiber, some failure units are removed and pits are formed in
the core. Subsequently, the damage expands in the direction of impact. When the force

Type Back face sheet Type Back face sheet Core

Hexagonal Square
honeycomb honeycomb
Triangular Kagome
honeycomb honeycomb

Circular Circular
honeycomb honeycomb

(CS type) (CH type)

Fig. 17 Numerical simulated damage of honeycomb core and back face sheets at F,, ,
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Fig. 18 Typical predicted damage modes of composite face sheets under the impact energy of 100J
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Fig. 19 Typical predicted damage modes of composite honeycomb cores under the impact energy of 100J

reaches the F,,, ,, the Kagome and triangular honeycombs exhibit more significant local
deformation on their back face sheet than other honeycombs.

The damage morphology of the six honeycomb configurations after low-velocity
impact is shown in Fig. 16. It is found that the back face sheet of the square honeycomb
produces square fragments. In contrast, the Kagome honeycomb undergoes fiber tensile
tearing damage. Other honeycombs produce circular holes on the back face sheet.

By analyzing the damage modes of the core and back face sheets at F,,,,,, the
mechanical properties of different configurations are compared, as shown in Fig. 17.
The back face sheets of square honeycomb, Kagome honeycomb, and circular honey-
comb (CS type) show a rectangular damage profile, with the damage expanding mainly
in the direction of the long side parallel to the rectangle. In contrast, the back face sheets
of other honeycombs deforms approximately to a circular bulge.

Figure 18 shows typical predicted damage modes of face sheets under the impact
energy of 100J, respectively. A circular damaged area is exhibited on the front face
sheets. The size of the compression damage area is similar to the diameter of the
impactor. Besides, the damaged scope of fiber and transverse tension failure is greater
than that of fiber and transverse compression failure. It is worth noting that the area
of compression failure and delamination of the back face sheets is significantly larger
than that of the front face sheets.

Typical predicted damage modes of composite honeycomb cores are shown in
Fig. 19. Compared with other honeycomb configurations, the degree of fragmentation
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is higher for triangular and circular honeycomb cores, which results in more energy
absorption. Different from the core damage of other honeycomb configurations limited
to the impact area, the damage at the contact position between the Kagome honeycomb
core and the back face sheet extends to several nearby cells.

6 Conclusion

In this paper, the low-velocity impact behavior of carbon fiber composite honeycombs was
studied experimentally and numerically. The following conclusions can be drawn.

The force-displacement curves of carbon fiber composite honeycombs under low-velocity
impact shows three typical modes, single peak, single peak followed by a platform, and dou-
ble peak. They correspond to the three deformation modes of impactor rebound, incomplete
rebound, and complete penetration of the composite honeycomb panels, respectively.

Under 100J impact, the first peak force and second peak force of circular honeycomb
(CH type) are greater than other honeycomb configurations, absorbing the most energy.
The energy absorption of the Kagome honeycomb and triangular honeycomb is close,
which is about 40% more than that of hexagonal honeycomb and square honeycomb.
The energy absorption of the circular honeycomb (CS type) is only 68% of that of the
circular honeycomb (CH type), which proves that different arrangement layouts have
different performances.

After impact, the back face sheet of the square honeycomb produces square fragments.
The Kagome honeycomb forms tensile tearing damage, and the back face sheets of the
hexagonal, triangular, and circular honeycombs (CS and CH types) appear circular holes.

Considering the labor and cost, only hexagonal honeycomb panels are prepared in
this paper. Other honeycomb panels are modeled and studied by simulation. In addition,
the responses of honeycomb sandwich panels with different cell configurations under
different impact conditions, such as impactor shape and impactor diameter, deserves
further discussion.
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