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ABSTRACT

A single-layer and double-layer corrugated core sandwich structure consisting of carbon fibre—
reinforced polymer (CFRP) panels and aluminium alloy core layers was designed. Numerical
simulations were carried out in HyperMesh/LsDyna, and the simulation results of single-layer and
double-layer corrugated sandwich structure were compared with the experimental results to verify
the reliability of the proposed numerical model. Compared with the results of single-layer and
double-layer corrugated sandwich structure, the superiority of a double-layer corrugated sandwich
structure in anti-collision performance is verified. Considering the effects of impact energy and
impact position on impact force, energy absorption capacity, and failure mode, a series of low-
velocity impact finite element simulations was carried out. It was found that the main failure mode
of composite laminates included fibre damage, matrix damage and delamination, and core buckling.
At the same impact position, the higher the impact energy, the greater the initial slopes of the contact
force-time and absorbed energy-time curves, the higher the peak force, and the larger the energy
absorption capacity. Under the same impact energy, when the impactor hit the wave crest of the
sandwich structure, the damage to the structure was small; however, the maximum impact force on

the structure was large (~8 kN).

Keywords: Corrugated core sandwich structure, Impact behaviour, Impact force, Energy absorption,
Low-velocity impact

1.Introduction

Sandwich structures are prepared by placing a core layer between two panels [1,2,3,4]. These
panels mainly provide the tensile and bending resistances to sandwich structures [5,6,7,8], and the
core layer bears the transverse shear load [9,10]. The density of lightweight and multifunctional
sandwich structures is much lower than that of traditional homogeneous solid materials
[11,12,13,14]. The passive safety performance of vehicles can be guaranteed and the lightweight
design of vehicles can be realized at the same time through reasonable core layer design and panel
layer number optimization [15,16]. However, sandwich structures are vulnerable to low-velocity
impacts [17,18,19]. Therefore, extensive research on the low-velocity impact behaviour of sandwich
structures is carrying out in recent years [20,21,22].
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Current studies have mainly focused on metallic single-layer corrugated sandwich panels [23].
Some experimental and numerical investigations on single-layer corrugated structures (CF/S-CS)
under quasi-static or dynamic/impact loading have been performed [24,25]. He et al. [26]
investigated the low-velocity impact characteristics and damage behaviour of hybrid sandwich
structures consisting of carbon fibre-reinforced polymer (CFRP) face sheets and aluminium alloy
corrugated cores and reported that the slope and peak value of the impact load-time curves increased
with the increase in the core thickness and impact energy. Qi et al. [27] investigated the low-velocity
impact response of an origami-inspired honeycomb sandwich structure. The results show that the
energy absorption characteristics of the origami honeycomb are superior to those of the conventional
honeycomb. Bartolozzi et al. [28] performed some static and dynamic experiments to verify the
analytical homogenization models for corrugated core sandwich panels. St-Pierre et al. [29] studied
the low-velocity impact responses of sandwich beams with a corrugated core or a Y-framed core.
Moreover, the effects of panel materials, panel thickness, and core layers on the impact resistance
behaviour of sandwich structures have been also explored [30,31]. Zamanifar et al. [32] investigated
the mechanical behaviour of corrugated sandwich panels with different size parameters under static
and dynamic loading based on the classical finite strip method and propounded that with the increase
in the core width, the bending stiffness and shear stiffness of the panels were greatly improved and
reduced, respectively. Hou et al. [33] optimized two corrugated sandwich panels with trapezoidal
and triangular cores by the explicit finite element technique and reported a close relationship
between the deformation process and the crushing force vs time history curves. Wu et al. [34]
investigated the effects of core side length and height, impact velocity on the peak load and energy
absorption capacity of sandwich structures. The deformation mode, failure mechanism, energy
absorption criteria, and optimization design problems of CF/S-CS have been successfully explored.
However, single-layer sandwich structures also have some shortcomings. single-layer corrugated
structures are prone to the debonding failure of panel and core materials; thus, when such failures
occur, their load-bearing capacity gets greatly reduced. Moreover, as core materials generally
possess a loose and porous structure, external substances easily penetrate the core through the face
panel, leading to the failure of core materials.

To solve the above problems, double-layer sandwich structures (D-CS) consisting of inner and
face panels and upper and lower core layers have been designed [35]. An inner panel is used to
disperse the concentrated impact effect into the whole structure, resulting in better impact resistance
[36]. In addition, double-layer sandwich structures have better designability; thus, they greatly
expand the application range of sandwich structures. Hou et al. [37] investigated the mechanical
behaviour of multilayer corrugated sandwich panels under quasi-static loading by experiments and
numerical simulations and found that the sandwich structure configuration and the number of layers
played important roles in the failure mechanism and the energy absorption process. Kilicaslan et al.
[38] compared the mechanical responses of single-layer and multilayer corrugated structures with
and without aluminium interlayers and reported that multi-layering decreased the buckling stress
and increased the densification strain. Cao et al. [39] studied the impact behaviour of multilayer
sandwich structures with corrugated cores and revealed the interactions between adjacent layers.

Previous studies have mainly focused on single-layer corrugated structures; therefore, limited
research has been performed on the mechanical properties and energy absorption capacity of double-
layer sandwich structures. The optimization theories and methods for D-CS are not perfect.

Moreover, in comparison to sandwich structures with ordinary metal panels, double-layer



corrugated sandwich structures with fibre-metal-laminated panels have more flexibility. The
advantages of fibre-metal-laminated face sheets and double-layer cores need to be exploited to
improve the impact resistance of D-CS [40].

The current work mainly investigated the low-velocity impact behaviour and failure mechanisms
of D-CS under different impact energies by considering the effects of impact energy and impact
position on impact force, energy absorption capacity, and failure mode. Numerical simulations were
carried out in HyperMesh/LsDyna software, and the numerical simulation results of CF/S-CS were
compared with the low-velocity impact experimental results to verify the reliability of the proposed
numerical model. Compared with the numerical simulation results of a double-layer corrugated core
sandwich structure, the superiority of CF/D-CS in anti-collision performance is verified.

2. Damage model

2.1 Damage models of intra- and inter-laminar

The main failure modes of composite materials include fibre tensile failure, fibre extrusion failure,
matrix cracking, and matrix breakage. The typical multi-mode failure criteria are the Hashin failure
criterion, the Chang—Chang failure criterion, and the Hou failure criterion. To simulate the damage
of CFRP face sheets under impact loading, a progressive damage model (Material 54/Enhanced
Composite Damage Model) based on the Chang—Chang failure criterion is implemented in LSPP.
This model points out that the failure of composite materials occurs under the combined action of
four different damage and failure forms [41].

In composite laminates, the initiation and propagation of delamination occur under mixed-mode
loading. The coupling effect among stress components under different crack modes plays an
important role in predicting the initiation and propagation of delamination. Therefore, in this work,
the bilinear constitutive model of interface damage initiation and expansion in the mixed-mode was

adopted. Fig. 1 displays the bilinear constitutive model of mixed-mode interface damage.
traction

Fig. 1. Mixed-mode traction-separation law
When a structure gets damaged, its elements fail in different forms; thus, a coupling effect occurs

between the elements. When the stress component of an element meets the failure criterion, the
macro-material properties of the element get weakened. Therefore, different stiffness or strength
reduction factors are selected according to different damage forms in the subsequent material
performance degradation scheme. However, in the Chang—Chang failure criterion, it is considered
that once an element fails, it can no longer bear any load; thus, its stiffness is reduced to zero. In
practice, composite materials still have a certain bearing capacity in damaged areas; thus, this model
underestimates the strength of composite structures. In the present work, according to different
failure modes, the partial degradation model was used to reduce a part of elemental strength to a
certain level. The damage evolution process predicted by the Chang—Chang failure model agrees
well with experimental results; however, the accuracy depends on the selection of the strength

reduction coefficient. According to previous research results [20], the damage models of intra- and
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inter-laminar are presented in Table 1. In addition, when an element has different failure modes, its
strength degrades continuously.

Table 1. The intra- and inter-laminar damage models

Intralaminar model

Failure modes Failure criterion Strength reduction
. . . 2 Oua ’ Ouw _
Tensile fibre failure =50t yij < X, =007X,
. . 2
Comprgsswe fibre o] G X, =0.14X,
failure X,
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Tensile matrix failure e = [Tj J{S_j Y, =0.2Y,
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Compregswe matrix = O | o[ X g | [P o] P X =04X,
failure 28, 28, Y, S, ’

Interlaminar and interface model

Mix-mode fracture
energy criterion
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Failure criterion Damage evolution criterion

wheree, e ,e, €, are damage factors corresponding to four failure modes. O
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the effective stress. X,, X_,Y,

to

Y, S, are fiber, matrix and shear strengths, respectively. E_,E, are
the longitudinal and transverse Young’s modulus, respectively. G, is the shear modulus ab. g is
adopted to control the nonlinear term of shear stress on fiber tension mode. For g =1, we get the
original criterion of Hashin [1980] in the tensile fiber mode. For g =0, we get the maximum stress

criterion which is found to compare better to experiments [41]. ( ) represents the Macaulay bracket
operator, which has the relation of (o) = (a + |a|)/2. G°, G, =G, +G, and G, =G, ++G, +G, are the

fracture energy parameters.

2.2 Damage model of aluminium alloys

According to Johnson and Cook(J-C) , the flow stress can be expressed as

pld . T-T,, "
Ol U el B

melt room

where A, B, ¢ ,and » areinput constants; £’ is the effective plastic strain;and 7, 7, ,and 7,

melt

are the current temperature, the reference temperature (generally room temperature = 293 K), and
the melting point, respectively. In the above formula, the first term on the right-hand side reflects
the quasi-static stress—strain relationship of aluminium alloys, the second term indicates the
enhancement effect of strain rate on alloy strength (strain rate effect), and the third term reflects the
softening effect of temperature on alloy strength (temperature effect).

In order to avoid mesh distortion caused by excessive material deformation under large impacts,
the J-K model uses a damage parameter ( D ) to measure the damage mode of aluminium alloys.
When the damage parameter is equal to 1, aluminium alloys fail.

Ae”
D:Z ;

2
! is the fracture strain.
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where &



where ¢ is the ratio of pressure and the effective stress.

where P is the hydrostatic pressure and o

3. Experimental study
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3.1 Specimen preparation

Two types of corrugated sandwich structures (CF/S-CS and CF/D-CS) with a size of 96 mm x 96
mm x 15.65 mm were prepared. Fig. 2 displays the schematic diagrams of the two structures. CF/S-
CS was made from an aluminium alloy corrugated core and two carbon fibre—reinforced polymer
(CFRP) face sheets, whereas CF/D-CS consisted of two aluminium alloy sheets and two carbon
fibre—laminated core layers. The CFRP face sheets (T700/3234) with an average thickness of 1 mm
were fabricated in a stacking sequence of [0°, 90°, 0°, 90°]. The aluminium alloy core (2A12-T4)
had three unit cells with a thickness of 0.8 mm. The Double-layer corrugated structure was
constructed by sequentially assembling aluminium trapezoidal cores (Fig. 2). The material
properties of the unidirectional laminates are listed in Table 2. The material properties of the
aluminium alloy sheets are presented in Table 3, and their plastic stress—strain curve is displayed in

Fig. 3.
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Fig. 2. Schematic diagrams of corrugated sandwich structures

Table 2. Material properties of unidirectional laminates (T700/3234) [26]

Symbol Property Value
P Mass density 1560kg/m3
E, Longitudinal stiffness 123GPa
E, Transverse stiffness 8.4 GPa
v, Poisson’s ratio 0.32

G,,G; Shear modulus 4 GPa
Gy Shear modulus 3 GPa
X’ Longitudinal tensile strength 2100 MPa
X¢ Longitudinal compressive strength 800 MPa
Yy’ Transverse compressive strength 25 MPa
Ye¢ Transverse tensile strength 120 MPa

st ST Shear strength 40 MPa
N Normal interface failure strength 56 MPa
S, T Shear interface failure strength 70 MPa
Gy Normal energy release rate 0.504 kJ/m?

Sy np——————
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Gye Shear energy release 1.1 kJ/m?

Table 3. Material properties of aluminium alloy sheets (2A12-T4)
Mass density  Young’s modulus  Poisson’s ratio  Yield strength
2700 kg/m? 70 GPa 0.3 464 MPa
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Fig. 3. Tensile stress—strain curve of 2A12-T4 aluminium alloy
3.2 Impact tests

In order to verify the feasibility of the numerical modelling method proposed in this work, a low-
velocity impact test was conducted on CF/S-CS and CF/D-CS by a drop hammer tester (Fig. 4). The
specimen was inserted between the impactor and a rigidly supported plate. There was a 34 mm width
long hole in the middle of the clamps base. The specimens were placed into the clamps, and the
degrees of freedom on both sides of the specimen are constrained through the bolt screw locking
mechanism of the clamps. The impactor had a hemisphere shape with a diameter of 12 mm, and a
counterweight of 13.2 kg was used. The impact energy was 10 J, and according to the law of energy
conservation, the corresponding initial impact velocity was 1.23 m/s. Corrugation peaks were
selected as impact positions to explore their influences on the impact behaviour of CF/S-CS and
CF/D-CS.

E:10)
V:1.23m/s
C o q
{CF/D-CS: Peak of the Corrugation "
L / ‘3:-: ':‘f' P‘\ N "
1 CF/S-CS: :

Fig. 4. Experimental setup for the CF/S-CS and CF/D-CS impact test



3.3 Numerical investigation

3.3.1 Finite element model

The finite element model for low-velocity impact simulations is presented in Fig. 5. The CFRP
face sheets were modelled using MAT 54 material in LS-DYNA, and a progressive failure model
for solid elements was developed based on the modified Chang—Chang failure criterion to predict
tensile and compressive fibre failures and tensile and compressive matrix failures (Table 1). The
panel was meshed using hexahedral solid elements, and the impact area was meshed encrypted with
dimensions of 0.5mm % 0.5mm. The core was meshed using quadrilateral Belytschko—Tsay shell
elements, and the MAT JOHNSON_COOK material model (MAT 15) was used to model the
aluminium alloy (2A12-T4). An ‘AUTOMATIC_SURFACE_TO_SURFACE TIEBREAK’ contact
was used to bond the core layers and the panels. An ‘“AUTOMATIC SURFACE TO_SURFACE’
contact was defined between the indenter and the upper panel. An ‘“AUTOMATIC SINGLE
SURFACE’ contact was considered to simulate the self-contact of the core sheets during
deformation.

The lower clamps were made of ordinary steel. In order to keep consistency with the test boundary
conditions, the clamps with a long hole of 34 mm width in the middle was set at the lower ends of
the corrugated sandwich structure. The impactor was modelled as a rigid body with a mass of 13.2
kg. The material properties of solid elements were Young’s modulus (E) = 210 GPa, Poisson’s ratio
(v) = 0.3, and density (q) = 7800 kg/m?>. Four impact energies of 10 J, 20 J, 40 J, and 50 J with the
corresponding initial velocities of 1.23 m/s, 1.74 m/s, 2.46 m/s, and 2.75 m/s, respectively, were
adopted to conduct the low-velocity impact simulations of CF/D-CS. The coding process for the
low-velocity impact simulations is depicted in Fig. 6.
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Fig. 5. Finite element model for low-velocity impact simulations
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10J (For Model validation )
20J; 40; 50J

P: Peak of the Corrugation
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D-CS: Double corrugated Sandwich
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Fig. 6. Coding process of the finite element model



3.3.2 Model validation

In this paper, the drop hammer impact tests of short-span CF/D-CS and CF/S-CS specimens with
an impact energy of 10J are carried out, and the numerical results are compared with the
experimental results to verify the feasibility of the finite element model. Fig.7 and Fig.8 compares
the contact force and energy absorption curves extracted from both the testing and numerical
computation of CF/D-CS and CF/S-CS specimens under 10 J impact energies. It is shown that the
simulated force—time curves coincide well with the experiment, as evidenced by the agreement
between the simulation and experimental data of both peak force and response time. The impact
process can be divided into three stages.

Stagesl: Once the punch touches the upper panel, the impact force starts to increase
approximately linearly. The core material and the upper panel jointly bear the impact load until the
core web buckles and the impact force reaches the peak at t=2.7ms; Stages2: The core material and
the upper panel jointly bear the impact load, and the core material undergoes plastic deformation,
and the impact force enters a stable fluctuation period, at which the plastic deformation of the core
layer and the upper panel connection area increases, and the force does not continue to increase, and
the impact force basically remains the same at t=2.7~4.05ms. Stages3: When the impact force and
punch depth reach the maximum, the punch speed drops to zero and the punch starts to rebound
until the punch is completely disconnected from the specimen (t=4.05~8ms), and the impact process
ends. Eventually the upper panel showed less obvious fracture and delamination damage of the
Fibres (shown in Fig. 9), the core layer is pitted at the connection area with the upper panel, and the
core layer web is deformed by power flexure.
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Fig. 7. Force-time curves of CF/S-CS and CF/D-CS under 10-J impact energy

It is noticeable from the absorbed energy-time curves shown in Fig. 8 that during the low-speed
impact, the kinetic energy of the impactor was converted into the internal energy of the corrugated
sandwich structure at t=0~4 ms; hence, the curve rapidly reached the peak, and almost all the kinetic
energy of the impactor was absorbed. Subsequently, the impactor started to rebound, and the elastic
strain energy of the corrugated sandwich structure was converted into the kinetic energy of the
impactor at t=4~8 ms, in turn, the curve gradually decreased to a stable value. Therefore, the final
energy conversion was accompanied by the partial conversion of the kinetic energy of the impactor
into the internal energy (mainly plastic strain energy) of the corrugated sandwich structure. The
maximum energy is expressed as Emax, the absorbed energy is expressed as Eap, and the rebound



energy is expressed as Emax-Eab.
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Fig. 8. Absorbed energy-time curves of CF/S-CS and CF/D-CS under 10 J impact energy

It is evident that the impact forces on both CF/S-CS and CF/D-CS increased linearly at the
beginning of the impact process and decreased rapidly to zero after reaching the peak. However, the
force-displacement curve slope for CF/D-CS at the beginning of the impact process was smaller
than that of CF/S-CS, the time to reach the peak impact force for CF/D-CS was later than that of
CF/S-CS, the peak impact force of CF/D-CS was greater than that of CF/S-CS, and the plateau
stabilization zone of CF/D-CS was smaller than that of CF/S-CS (CF/D-CS had almost no plateau
stabilization zone). As the internal space of CF/S-CS was larger, the web of its core layer buckled
and lost the load-bearing capacity; hence, the impact was mainly resisted by the short edge of the
corrugated core and the upper carbon fibre panel. Now, changing CF/S-CS to CF/D-CS by keeping
the height between the upper and lower panels the same made the internal space of the structure
smaller and the stiffness larger. Hence, the flexural load-carrying capacity increased and could
withstand larger impact loads. At the impact energy of 10 J, both CF/S-CS and CF/D-CS could resist
the impact and the kinetic energy of the impactor was completely absorbed. However, the rebound
velocity of the impactor for CF/D-CS was higher than that for CF/S-CS. It happened because the
deformation energy absorption capacity of the upper panel mainly concentrated in the span of the
impacted single cell; thus, the difference in the span distance caused the difference in the energy
absorption capacity of the upper panel, whereas the difference in the deformation failure mode
caused the difference in the energy absorption capacity of the core layer. CF/D-CS had a larger
single span and a smaller internal space, and higher stiffness than CF/S-CS; thus, the rebound speed
of the impactor for CF/D-CS was higher.

3.3.3 Reinforcement and coupling deformation mechanisms

Fig. 9 compares the deformation and damage patterns of CF/S-CS and CF/D-CS obtained from
the numerical investigation under 10-J impact energy. It is noticeable that the indentation under the
impactor was almost invisible on the top panel of the specimens and the bottom panel of the
specimens was not damaged. The load-time curves of the specimens under 10-J impact energy were
relatively smooth, implying that the CFRP panels had less damage and the corrugated core
experienced less plastic deformation. No significant difference between the final damage patterns
of CF/S-CS and CF/D-CS was detected due to the small impact energy. The main failure modes for
both structures were the delamination failure between the panels and the core layer and the buckling

9



of the core. The aluminium alloy core web experienced flexural deformation and bulging, and the

corrugated core layers remained in the plastic deformation state.
Specimen| Top surface Cross-section

Experiment

CF/S-CS

Simulation

Experiment

CF/D-CS

Simulation

Fig. 9. Final failure modes of CF/S-CS and CF/D-CS under 10 J impact energy

Therefore, the simulation results of CF/S-CS and CF/D-CS (peak load and the damage and
deformation patterns of the panels and the core layers) were well consistent with the experimental
ones. The results implying that the proposed finite element model could be adopted to simulate the
mechanical behaviour of corrugated sandwich structures.

4. Numerical analysis of CF/D-CS under low-velocity impacts

The proposed numerical model was used to further explore the mechanical properties, energy
absorption capacity, and damage modes of CF/D-CS under different low-velocity impact energies.

4.1 Dynamic responses of CF/D-CS at the peak impact position
4.1.1 Contact force and energy absorption capacity

The contact force and energy absorption curves of CF/D-CS at the peak of the hemispherical
hammer shock wave are displayed in Figs. 10(a) and 10(b), respectively. With the increase in impact
energy, the slope and peak of both the contact force-time and absorbed energy-time curves increased;
thus, the contact time during the impact process was extended. When the corrugated sandwich
structure wave crest was subjected to a greater shock load, the contact time between the impactor
and the upper panel got longer, the impact displacement of the impactor was greater, and the
structure absorbed more energy and got severely damaged. The contact force-time curves of CF/D-
CS at 10 J and 20 J were flatter than those at 40 J and 50 J due to the relatively smaller impact
energies and the less damage to the structure. The contact force-time curves of CF/D-CS reached
the peak at about 4 ms for both the impact energies of 10 J and 20 J and then decreased linearly to
zero at around 8 ms. When the impact energies were 40 J and 50 J, the contact force reached the
peak at about 2 ms due to the higher impact energy, the faster impact speed, and the shorter time



required to reach the critical point of structural damage, then dropped for a short time, became
stabilized for a short time, and finally, continued to decrease. When the impact energy was 50 J, the
impactor penetrated the top panel and the upper corrugated core; thus, the lower corrugated core
became loaded, and the contact force dropped to zero after fluctuating at about 4.5 kN. When the
impact energies were 10 J, 20 J, 40 J, and 50 J, the corrugated sandwich structure resisted the impact
and completely absorbed the kinetic energy of the impactor, and subsequently, it rebounded (Fig.
10(b)). During the rebound process, a part of the elastic strain energy of the corrugated sandwich
structure was converted into the kinetic energy of the impactor, and subsequently, the absorbed

energy-time curves gradually decreased to a stable value.
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Fig. 10. Contact force-time curve and absorbed energy-time curve of the corrugated sandwich
structure at the peak impact position
Fig. 11 presents the peak forces and energy absorption indexes of the sandwich structure under
different impact loads (calculated from the contact force and energy absorption curves shown in Fig.
10). When the hemispherical hammer shock wave reached the peak, the peak force increased by
22.4%, 28.2%, and 29.3%, respectively, as the impact energy increased from 10 J to 20 J, 40 J, and
50 J. Therefore, the higher the impact load, the greater the peak force; however, the difference in
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the peak forces was small because the corrugated sandwich structure wave crest was resisted by the
upper corrugated core under the impact load. When the impact energies were 10 J, 20 J, 40 J, and
50 J, the sandwich structure absorbed approximately 59%, 73.25%, 85.8%, and 95% of the impact
energy, respectively. According to the energy absorption index, the greater the impact energy, the
higher the absorbed energy by the interlayers of the sandwich structure. As the sandwich structure
was not damaged at the low-energy impact, more elastic strain energy of the structure was converted
into the kinetic energy of the impactor; thus, the final absorbed energy by CF/D-CS was smaller.
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Fig. 11. Peak forces and energy absorption indexes of CF/D-CS under different impact energies

4.1.2 Damage failure modes

The stress distributions in the top panel, core layer, and cross-section of CF/D-CS and the damage
pattern of the composite laminates are exhibited in Fig. 12, where the rainbow colour represents the
degree of damage to the composite panel, the white area indicates that the element that appeared to
be overly deformed was removed, the red area indicates that the material was severely damaged, the
blue area indicates no damage, and the other areas indicate different degrees of damage. Under the
10 J impact, no cracks appeared in the top panel and the core and only indentation deformation
occurred. In the cross-section, the core web experienced dynamic buckling deformation. The main
failure modes were fibre breakage and matrix damage. Under the 20 J impact, a small opening was
created in the top panel, the core layer web also experienced indentation deformation, and the
damaged area was significantly enlarged. Under the 40 J and 50 J impacts, perforations (circular
holes) were formed in the top panel. At the higher impact energy of 50 J, these holes were more
regular and the upper core layer failed with the extension of the metal crack. The main damage
patterns were still fibre fracture and matrix damage. As the impact energy increased, the damage got
more severe and the damaged area significantly increased. In all cases, no damage to the bottom

panel was noticed.
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Fig. 12. Stress and damage distributions in CF/D-CS at the peak impact position

4.2 Dynamic responses of CF/D-CS at the impact position on the trough

4.2.1 Contact force and energy absorption capacity

Figs. 13(a) and 13(b) display the contact force and energy absorption curves of CF/D-CS,

respectively, when the hemispherical hammer impacted the trough of the sandwich structure. With

the increase in impact energy, the slope and peak value of both the contact force-time and absorbed

energy-time curves increased. When the wave trough of the corrugated sandwich structure was

subjected to a large impact load, the impactor speed got faster and the structure absorbed more

energy and got severely damaged. The contact force-time curves at 10 J and 20 J were flatter than
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those at 40 J and 50 J because the impact energy was relatively smaller and the structure was less
damaged. It was found that the larger the impact energy, the higher the degree of damage. In addition,
the contact-time curves at 10 J, 20 J, and the other two impact energies, respectively, had one peak
point, two peak points, and three peak points. The first peak point of the contact force curves under
the four impact energies was detected around 3 kN. When the impactor hit the top panel, the contact
force rapidly increased; thus, the top panel experienced serious damage, and circular holes were
formed in it. The contact force-time curve at 10 J slowly decreased to zero after reaching the first
peak value, indicating that the impact energy was completely absorbed by the top panel. At the
impact energy of 20 J, the impactor continued to punch the upper core layer, in turn, the aluminium
alloy core layer buckled. Consequently, the contact force reached the second peak value, the punch
started to rebound, and the contact force linearly decreased to 0 kN. At the impact energies of 40 J
and 50 J, the impactor broke through the upper core layer and the contact force dropped significantly
until the impactor hit the lower core layer and then increased to the third peak.

When the impact energies were 10 J, 20 J, 40 J, and 50 J, the corrugated sandwich structure
resisted the impact and the kinetic energy of the impactor was completely absorbed, in turn, the
structure started to rebound (Fig. 13(b)). The energy absorption curves at 10 J, 20 J, and the other
two impact energies had one stage, two stages, and three stages, respectively. In the first stage, the
top panel resisted the shock wave and absorbed a part of the kinetic energy. In the second stage, the
top panel fractured and lost its resistance to failure; thus, the aluminium alloy core became the main
impact load-bearing component. In the third stage, the first and second aluminium alloy cores jointly
absorbed the impact energy after buckling. In the rebound process, a part of the elastic strain energy
of the corrugated sandwich structure was converted into the kinetic energy of the impactor and the
remaining energy was absorbed by the corrugated sandwich structure. Consequently, the absorbed
energy-time curve gradually decreased to a stable value.
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Fig. 13. Contact force-time curve and absorbed energy-time curve of the corrugated sandwich
structure at the impact position on the trough

Fig. 14 presents the peak forces and energy absorption indexes of the sandwich structure under
different impact loads (calculated from the contact force and energy absorption curves shown in Fig.
13). When the hemispherical hammer impacted the trough, the peak force increased by 131.67%,
145.55%, and 181.85%, respectively, as the impact energy increased from 10 J to 20 J, 40 J, and 50
J. The higher the impact load, the greater the peak force. Under the 10-J impact, the impactor did
not touch the aluminium alloy core layer; hence, the contact force was very small. The difference in
contact forces under the other three impact loads was small. When the impact energies were 10 J,
20 J, 40 J, and 50 J, the sandwich structure absorbed about 94.6%, 79.1%, 92%, and 90.6% of the
impact energy, respectively. When the impact energy was 20 J, the deformation of the aluminium
alloy core was recovered and more elastic strain energy was converted into the kinetic energy of the
impactor; thus, the absorbed energy by the sandwich structure was lower than those under the other

three impact energies.
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4.2.2 Damage failure modes

The stress distribution and damage mode of CF/D-CS at the impact position on the trough under
different impact energies are displayed in Fig. 15. Under the 10 J and 20 J impacts, perforations
(circular holes) appeared in the top panel and the main failure modes were fibre fracture and matrix
damage. When the impactor hit the upper core layer at 20 J, the core layer got slightly depressed.
Under the 40 J and 50 J impacts, the impactor broke through the top panel and hit the upper core
layer. The failure of the upper core layer causes the crack to expand and formed an opening, and the
bottom panel had different degrees of bulging. The fibre fracture and matrix compression areas
remained the same under the 10 J and 20 J impacts; however, the matrix damage area increased at
20 J. The bulging of the bottom panel at 50 J was more severe than that at 40 J. under the four impact
energies, the fibre damage areas and stress distributions of CF/D-CS were similar. It because when
the CF/D-CS trough was impacted, top panel below the impact point and the short edge of the core
layer are not directly supported, forming a blank area, and top panel resists the impact under load,
so the top panel first appears round hole failure and absorbs impact energy. Under 10 J and 20 J

impacts, no damage or bulging noticed in the bottom panel.
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Fig. 15. Stress and damage distributions in CF/D-CS at the impact position on the trough

4.3 Dynamic responses of CF/D-CS at the impact position in the Middle of the
hypotenuse

4.3.1 Contact force and energy absorption capacity

The contact force and energy absorption curves of CF/D-CS are displayed in Figs. 16(a) and 16(b),
respectively, when the hemispherical hammer impacted at the middle of the peak and trough of the
corrugated sandwich structure. With the increase in impact energy, the slope and peak value of the
contact force-time and absorbed energy-time curves increased; thus, the contact time in the impact
process was prolonged. When a large impact load acted at the middle of the peak and trough of the
corrugated sandwich structure, the impactor broke through the top panel and got in contact with the
bevelled edge of the core layer; hence, the impact depth of the puncher became large, and the
structure absorbed more energy and got severely damaged. The contact force-time curves of the
structure at 10 J and 20 J were smooth because under the relatively smaller impact energies, only
the top panel was destroyed and the sandwich structure was not damaged.

The contact force-time curves of the structure at 40 J and 50 J were similar. When the contact
force reached the first peak point, the contact force-time curve decreased slightly, then rapidly
reached the second peak, again decreased rapidly, and finally, increased slowly to the third peak.
The first peak represents the bearing capacity of the carbon fibre—laminated top panel before it got
seriously damaged. The second peak represents the contact force induced by the impactor when it
got in contact with the inclined edge of the upper core layer after the failure of the carbon fibre—
laminated top panel; thus, the corrugated sandwich structure became the main impact load-bearing
component. The third peak represents the maximum contact force produced by the oblique edge of
the lower core layer after the buckling of the upper core layer. Subsequently, the puncher started to
rebound, and the contact force was linearly reduced to 0 kN. When the impact energies were 10 J,
207,40 J, and 50 J, the corrugated sandwich structure resisted the impact and completely absorbed
the kinetic energy of the impactor, causing a springback phenomenon (Fig. 16(b)). In the rebound
process, a part of the elastic strain energy of the corrugated sandwich structure was converted into

the kinetic energy of the impactor and the curve gradually decreased to a stable value.
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Fig. 16. Contact force-time curve and absorbed energy-time curve of CF/D-CS at the impact
position in the middle of the peak and the trough

Fig. 17 presents the maximum contact forces and energy absorption indexes of the sandwich
structure under different impact loads (calculated from the contact force and energy absorption
curves shown in Fig. 16). When the hemispherical hammer hit the middle of the wave crest and
trough of the sandwich structure, the peak force increased by 5.15%, 20.62%, and 34.79%,
respectively, when the impact energy increased from 10 J to 20 J, 40 J, and 50 J. When the sandwich
structure was subjected to a high impact load, a large contact force was generated between the
puncher and the structure. When the impact energies were 10 J, 20 J, 40 J, and 50 J, the sandwich
structure absorbed about 79.1%, 88.5%, 95.08%, and 95.02% of the impact energy, respectively. It
was found that the greater the impact energy, the higher the absorbed energy of the sandwich
structure.
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4.3.2 Damage failure modes

The stress distribution and damage mode of CF/D-CS under different impact energies are
presented in Fig. 18, when the hemispherical hammer impacted at the middle of the peak and the
trough. Under the 10-J impact, the top panel had a small crack, the core web experienced a slight
sunken deformation, and the main failure modes were fibre fracture and matrix damage. Under the
20-J impact, a circular hole appeared in the top panel, the impactor broke through the panel and hit
the upper core, and the core web also collapsed. The failure modes under the 40-J and 50-J impacts
were similar. The impactor penetrated the top plate and formed a circular hole and then impacted
the upper core layer. The extension of the crack formed a petal-like opening in the upper core.
However, under the 40-J impact, the lower core layer only experienced a slight bending deformation,
and under the 50-J impact, the depression deformation of the lower core got more serious, generating
a crack opening at the joint between the oblique edge and the short edge. The fibre fracture and
matrix damage areas of the top panel under different impact energies were almost the same. Due to
the impact at the middle of the bevelled edge, the top panel was supported by the shorter side of the
upper core layer on the left side of the impact point; thus, the fibre fracture propagated vertically on
the left side of the circular hole and was extended diagonally on the right side. In all cases, no
damage to the bottom panel was noticed; thus, the stress distribution and damage mode of the bottom
panel are not presented in Fig. 18.
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Fig. 18. Stress and damage distributions in CF/D-CS at the impact position in the middle of the
peak and the trough

5. Conclusion

The low-velocity impact response and impact damage of single-layer and double-layer corrugated
core sandwich structure consisting of carbon fibre-reinforced polymer panels and aluminium alloy
core layers were experimentally and numerically investigated. In order to better explore the impact
resistance of the structure, considering the effects of impact energy and impact position on impact
force, energy absorption capacity, and failure mode, a series of low-velocity impact finite element
simulations was carried out. The main observations of this work are drawn below.

(1) Under low-velocity impacts, the double-layer corrugated sandwich structure manifested
excellent energy absorption performance by exploiting the tensile properties of fibre material. The
main failure modes included fibre tensile fracture, fibre delamination, and matrix damage. Circular
holes were formed in the carbon fibre-reinforced polymer panels, and crack propagation in the
aluminium alloy core caused a petal-opening failure.

(2) At the same impact position, the higher the impact energy, the greater the initial slopes of the

20



contact force-time and absorbed energy-time curves, the higher the peak force, and the larger the
energy absorption capacity.

(3) Under the same impact energy, when the hammer hit the peak of the corrugated sandwich
structure, the panels and the aluminium alloy core were slightly damaged because they jointly bore
the impact load. However, as the hammer did not break through the structure at lower energies, the
aluminium alloy core absorbed the impact energy through depression deformation and started to
rebound. In the rebound process, more elastic strain energy of the corrugated sandwich structure
was converted into the kinetic energy of the impactor; thus, the structure absorbed less energy at
low impact energies.

(4) Under the same impact energy, when the impact occurred on the trough of the structure, a
smaller peak force of about 2.8 kN was generated. When the impact occurred on the wave crest of
the structure, the largest peak force of about 8 kN was recorded. However, when the impact occurred
between the peak and trough of the corrugated sandwich structure, the peak force was the smallest

and the energy absorption capacity was the largest.
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