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This paper gives an important contribution by investigating the effectiveness of core/facing interface per-
formance of aluminum honeycomb sandwich panels under low-velocity impact energy. Low-velocity drop
tests were conducted on five different panels under 50, 75, and 100 J impact energies (loads). The following
procedure is followed to evaluate the impact response of panels: the force—time histories are acquired; the
numerical integration method is applied, and force—displacement histories are obtained; and then the
damage mechanism and theoretical energy balance modeling are used to analyze the effectiveness of
core/facing interface performance on the impact behavior of the panels. Scanning electron microscopy is
used to examine the microstructural and the morphology of the core/face sheet interface of the aluminum
honeycomb sandwich panels. The effects of voids, interface, and cohesive cracks on the impact behavior of
the panels are analyzed. Energy balance modeling proved that energy absorbed in the bending and shear
deflections increased as the resistance at the core/facing interface is increased. In addition, changing the
initial impact energy from 50 to 100 J produced more than 120% increase in the effectiveness of the panels

in terms of energy absorbed in shear and bending deformations.

Keywords core/facing interface, energy balance model, failure
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1. Introduction

Honeycomb sandwich panel is a three-layer structure panel,
consisting of a top and bottom skin sheet with a honeycomb
core at the middle, which are bonded together by interface
adhesive layer. These structures are widely used in aerospace,
military, automotive, railway, and marine industries due to its
lightweight and high stiffness (Ref 1-7). During its entire life,
these structures are exposed to impact stresses due to various
factors. The localized impact load can cause damage to
sandwich panels, which results in reduction of load-carrying
capacity of the sandwich panel and reduced performance.
Because of this fact, investigation on the impact response of the
sandwich panels has been receiving much attention from many
researchers (Ref 8-11). Generally, theoretical, numerical, and
experimental approaches are used to investigate the low-
velocity impact response of the sandwich structures (Ref 12-
15). For instance, Foo et al. (Ref 16) numerically investigated
the effect of various geometric parameters on the low-velocity
impact response of aluminum honeycomb sandwich panels.
Zhang (Ref 17) experimentally investigated the energy absorp-
tion capacity of aluminum sandwich panels under low-velocity
impact loading using a spherical projectile. Moreover, there are
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some reported studies related to deflection, energy absorption,
and contact force of the impactor on the low-velocity impact
behavior of honeycomb sandwich panels (Ref 18-20). Wang
(Ref 21) conducted impact tests on sandwich panels with
various cores and proved that polypropylene honeycomb core
is the best choice with minimum deformation on the bottom
skin sheet. Apart from the above, the effects of other parameters
such as material (Ref 22-26), impactor shape (Ref 27),
geometric configuration (Ref 28-31), face sheet thickness
(Ref 32), foam-filled core (Ref 33), and failure mechanism
(Ref 34-37) are also investigated by researchers.

In honeycomb sandwich panels, the adhesive joins the edges
of a thin flexible cell wall with a stiff sheet (Ref 38). The
adhesive spreads the loads between layers, which increases the
stiffness and strength of the sandwich panel structure (Ref 39).
Although the strong joint between the core material and the
skin sheets is a vital element in sandwich panels, only fewer
studies (Ref 40-43) considered the effect of adhesive on the
impact response of honeycomb structures. For example, Zhang
et al. (Ref 41) simulated the impact behavior of honeycomb
sandwich panels with adhesive layer and without adhesive
(perfect bonding) and found that the results of model with
adhesive are better than the model without adhesive. Zarei
Mahmoudabadi (Ref 42) proved that the existence of adhesive
layer between top skin and honeycomb core increased the
specific energy by 12%. Liu et al. (Ref 43) experimentally
investigated the effect of adhesive surface thickness on critical
buckling load of honeycomb sandwich panels. All previous
studies have mainly focused on the comparison of impact
behavior of sandwich panels with and without bonded core/-
face, neglecting the core/facing interface performance. Moti-
vated by this fact, this literature experimentally investigates the
influence of core/facing interface performance on the various
parameters such as failure mechanism, initial threshold force,
peak force, structural stiffness, shear, bending, and contact
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energy absorption of honeycomb sandwich panels under three
different initial impact energies. Moreover, microstructure of
the face/core interfaces is also analyzed utilizing a SEM
images.

2. Materials and Methods

Five different aluminum honeycomb sandwich panels
(specimens) are used for impact tests in our experiment. The
dimensions of specimens are provided with uniform geometric
specifications shown in Fig. 1. The dimensions of honeycomb
core are 100 x 100 x 20 mm. The hexagonal core is fabri-
cated from Al 3003-H19 foil sheet with 0.05 mm thickness and
10.4 mm cell size as shown in Fig. 1. Five different bonding
elements are used on the core/facing interface. Table 1 shows
the interface resistances of the bonders in the order of
increasing resistance value.

A drop weight test machine is used to conduct low-velocity
impact tests as shown in Fig. 2. An appropriate fixture is used
to hold the specimen. This fixture provides symmetric bound-
ary condition, and so it eliminates the specimen’s size effect on
the experimental results. The test machine consists of many
components such as dropping mass, guiding rails, load sensor,
projectile with semi-spherical nose with diameter of 24 mm
with data acquisition and processing system. The data acqui-
sition system uses a National Instruments Signal Express data
acquisition software and a post processor. The dropping mass is
released from different heights to obtain axial impulsive
loading. Table 2 lists the various parameters such as height,
dropping mass, corresponding initial velocity, and impact
energy. The experiments are carried out with an impactor mass
of 20 kg and with 50, 75, and 100 J initial impact energies
according to ASTM D7136 standards energies. Load-time
histories are measured by a PCB Quartz ICP force sensor
(200B04). The force sensor with frequency range 0.0003—
75,000 Hz is specifically designed for impact force measure-
ments. During the experimental study, each test condition is
repeated three times to achieve the reliability of experimental
results. It is observed that the deviation between the results can
be neglected. Newton’s second law of motion and numerical
integration method are applied to obtain the acceleration,

Adhesive

—, AlI3003-H19
Honeycomb
Core

Cell Size 10.4 mm

Thickness of Core
Sheet 0.05 mm

Fig. 1 Schematic view of honeycomb sandwich panel specimen
with geometric and material specifications
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velocity, and displacement of the projectile according to the
ASTM D7136 standard.

3. Results and Discussion

This section presents the results of low-velocity impact tests
of panels with five various adhesives under three different
initial impact energies 50, 75, and 100 J, and results are
analyzed and discussed.

3.1 Failure Mechanism

Figure 3 shows the top and section views of specimens after
the impact tests with 50, 75, and 100 J initial impact energies.
Generally, indentation failure is the most effective failure mode
in impact loading (Ref 44). The analysis of specimens after
impact tests proves that the projectile penetrates the top skin
sheets of all sandwich panels and permanent indentation can be
seen right below the projectile. Moreover, wrinkling and local
plastic deformation appear on top surface. Global bending
occurs on the bottom skin sheet. The honeycomb core is
buckled, and progressive crushing is observed. When the initial
impact energy is increased, the wrinkling on top skin, bending
in bottom skin, and densification in honeycomb core are
increased. The typical cross section of the impacted specimen is
shown in Fig. 4. Debonding at the core/facing interface has
occurred in specimens fabricated using bonder with Adh-1 and
Adh-3 having 11.2 and 14.3 MPa interface resistance, respec-
tively. Because of debonding, the specimen loses the structural
integrity and the stiffness of the structure is decreased. It is
noted that when the initial impact energy is increased, the
debonding started to occur in large area of core/skin interface.
So, the impact damage resistance of the sandwich panels can be
improved by using high strength adhesives. The bonding
between the top skin and honeycomb core transmits shear
resistance of the honeycomb to the deformed region surround-
ing the projectile. This infers that debonding area in sandwich
panel is decreased by increasing the resistance of the bonder.
The debonding failure is not observed in specimens bonded
using Adh-4 and Adh-5 bonders having 16.2 MPa and
17.1 MPa, respectively.

The microstructural and the morphology of core/face sheet
interface of the aluminum honeycomb sandwich panels are
analyzed using scanning electron microscopy (SEM) (Hitachi-
SU 1510). SEM images of the adhesive core/face joints are
photographed at 15 and 20 kV accelerating voltages for
achieving the low and medium-high (100-1500x) magnifica-
tions. The test specimens after the impact tests under the impact
energy 75 J are prepared for microstructural characterization.
The SEM images of impact damage area of panels bonded with
five different adhesives are given in Fig. 5(a), (b), (c), (d), and
(e). The images reveal the reason of the improvement of the
impact behavior of the panels with the increase in interface
resistance. In addition, they explicitly explain the relationship
between adhesive interface resistance and failure mechanisms.
Interfacial areas of specimen with Adh-1in in Fig. 5(a) display
severe interface and cohesive cracks, separation in adhesive
fillets, and greater number of large voids. The presence of these
types of defects results in the large deflections of the sheets
leading to failures. It is concluded that these defects play an
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Table 1 The core/facing interface resistance

No. Specimen index Adhesive commercial name Density, kg/L Interface resistance, MPa
1 Adh-1 Denlax 1.35 112+ 03
2 Adh-2 Bostik 1.57 121 £0.2
3 Adh-3 Fabro 1.2 143+ 04
4 Adh-4 Sege 1.47 162 £0.2
5 Adh-5 KIb75 1.35 17.1 £ 0.3
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Fig. 2 Low-velocity drop test setup and schematic description

Table 2 The initial condition and mass of striker for three impact energies

Mass, kg Drop height, mm Impact velocity, m/s Impact energy, J
20 255 2.24 50
20 382 2.74 75
20 510 3.16 100

important role in the impact failure of aluminum sandwich
structures.

When the interface resistance value is increased, the voids
and interface and cohesive cracks decreased as shown in
Fig. 5(a), (b), and (c). Large increase in interface resistance
reduces microdamages substantially, thus improving the impact
performance of sandwich panels. But in specimen Adh-3,
microcracks in transverse direction are observed as shown in
Fig. 5(c), and it is not observed in others. Since the adhesives
with high interface resistance values have improved adhesion
and cohesion efficiency of the face/core bonding, hence there
are no microcracks. Careful observation of damage area in
specimen Adh-4 shows that the adhesive contains only small
and less voids. Contrarily, voids, transverse adhesive cracks,
and interface cracks are not formed in specimen adh-5. This
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shows that better adhesion between core and face has occurred
in specimen Adh-5 compared to Adh-4. Lack of the voids and
cracks inhibits failure formation and propagation. Finally,
fractography shows great differences in core/face interface
microstructures of specimens, which demonstrated that bonding
has different amplification effects on impact failure behavior.

3.2 Load-Time and Load-Deflection Histories

The impact load curves help to quantify structural responses
and demonstrate the failure mechanisms under impact loads.
Figure 6, 7, and 8 exhibit load—time and load—defection
histories for each experiment. Typically, all the curves consist
of an elastic linear stage, the plateau stage, and the densification
stage. The first stage of curve represents the occurrence of
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Fig. 3 The top and cross-sectional views of damaged specimens bonded with adhesives: (a) Adh-1, (b) Adh-2, (c) Adh-3, (d) Adh-4, (e) Adh-5
with initial impact energies (I) 50, (II) 75, and (III) 100 J, respectively
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Debonding

Fig. 4 The typical cross section of the impacted specimen with
failure mechanisms

global bending after the projectile impact of the sandwich
panel. The slope of the linear region represents the stiffness of
the sandwich panel. As illustrated in Fig. 6, 7, and 8, the
increase in the interface resistance leads to increase in the slope
of the load—deflection curves. Due to the plastic deformation in
top skin sheet, a sudden drop in contact load follows the linear
regime. Then, local buckling and progressive crushing occur on
the honeycomb core. When there is continuous compression
(crushing) of the panels, the load—deflection curves continue to
display in plateau stage. After that, the impact force reaches up
the peak load due to densification in honeycomb core. Finally,
the projectile loses its kinetic energy and the impact force
drops. The analysis of load—time and load—deflection curves
proves that an increase in the interface resistance improves the
initial impact energy and the load-carrying capacity of the
sandwich panels. Moreover, the increase of interface resistance
increases the contact duration and reduces the deflection of
sandwich panels.

The peak force values and error bars of specimens with
different initial impact energies are plotted in Fig. 9. It can be
observed that the peak force of sandwich panel bonded with
Adh-5 is about 50% higher than the one bonded with Adh-1
under 50 J impact energy category. It is observed that by
increasing the impact velocity the effectiveness of interface
resistance on the peak force increases.

3.3 Initial Threshold Force

The initial threshold force values are considered to analyze
the relation between the interface resistance and the impact
response of sandwich panels in elastic stage. The initial
threshold force shows physically the end of the linear-elastic
response of the sandwich panel (Ref 40). After this stage,
permanent damage of top skin sheet, the core/facing interface
layer damage, and crushing of honeycomb core occur. Initial
threshold force values are determined from the load—deflection
curves. It can be seen from Fig. 10 that the impact force
increases linearly with deflection in the first stage until the force
reaches the initial threshold force. Then, the impact force
increases slightly in nonlinear manner to reach the maximum
force. Finally, the impact force decreases slightly with deflec-
tion. Figure 11 exhibits the average initial threshold force
values and error bars under different initial impact energies. It is
observed that increasing the resistance of interface increases the
initial threshold force. Specimen Adh-5 with high interface
resistance produces an initial threshold force approximately
50% higher than that of the specimen Adh-1.
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3.4 Structural Stiffness

The slope of linear section in initial stage of load—deflection
curve represents structural stiffness (Ref 40). The structural
stiffness values of specimens under various initial impact
velocities are plotted in Fig. 12. It is observed that high strength
adhesive (Adh-5) creates structural stiffness about 26% higher
than the low strength adhesive (Adh-1). These results are
similar to and agree with earlier research work (Ref 40)
conducted on specimens with and without adhesive. In
sandwich panels, the core/facing interface layer contributes
significantly in transferring of load from skin sheet to the
honeycomb core. The obtained high value of structural stiffness
proves the effectiveness of high interface resistance in trans-
forming load from skin sheet to the core.

3.5 Energy Balance Model

The honeycomb sandwich panels absorb and dissipate the
energy by means of various formations occurred in the panels
such as bending of structure, permanent damage of top skin
sheet, and honeycomb core crushing. Small deformation in the
bottom skin sheet shows that there is only negligible energy
absorption by the bottom sheet. In the first stage, the global
bending occurs on the structure due to impact. Then, the energy
is absorbed by the skin resulting in initiation of damage of top
skin. Finally, the energy is absorbed leading to the crushing of
honeycomb core.

In low-velocity impact analysis of sandwich structures,
contact laws with spring-mass model are generally applied by
researchers. The sandwich structure is modeled as a combina-
tion of a linear spring and a nonlinear spring in spring-mass
model (Ref 34, 45). The linear and nonlinear springs represent
the global deflection and the local indentions effects, respec-
tively. The global deflection occurs in specimens due to the
shear and the bending of the entire sandwich panel, whereas the
local deflection occurs as a result of indentation of the top sheet
and core crushing. Under the low-velocity impacts, since the
impact damage is restricted around the impactor, the local and
global deflection of the sandwich panel can be computed
separately. To investigate the relationship between the core/fac-
ing interface performance and the low-velocity impact response
of honeycomb sandwich panels, a theoretical approach accord-
ing to the energy balance model has been applied. The energy
balance model had been employed by researchers (Ref 34, 46)
to predict the impact response of sandwich panels with
honeycomb and foam cores with 50-200 kg/m® density. The
density of the honeycomb cores tested in this study is 160 kg/
m?; thus, this model can predict the energy absorption of the
investigated honeycomb sandwiches with adequate accuracy.
Based on the energy balance model, total initial kinetic energy
of the impactor absorbed by the sandwich panel due to the
shear, bending, and contact effects can be presented mathe-
matically by the following equation.

1
—m? =E; +E, +E. =

1
F? +E
2 2K, it he

(Eq 1)
where E,, Ey,, and E, are energies which absorbed in shear,
bending, and contact processes, respectively. Forasmuch as the
shear and bending effects are appeared on the linear portion of
the force—deflection curves, to compute the energy absorbed in
the shear and bending, the linear stiffness (Kps) and initial
threshold force (F)) values are used in Eq 2.
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Fig. 5 SEM images of the damage area of core/face interface in sandwich panel tested at 75 J impact energy (a) Adh-1, (b) Adh-2, (c) Adh-3,
(d) Adh-4, and (e) Adh-5
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Fig. 8 Load-time and load—deflection histories for 100 J initial impact energies

1 2
Ey =Es+Ey, = F;

Eq 2
T (Eq 2)

The absorbed energy due to the contact effects is obtained
(top sheet indentation and core crushing), subtracting the Eg,
values from the total absorbed energy. The Eg, and E. values
for each specimen are plotted in Fig. 13 and 14 in three initial
impact energies.
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The values of resistance and Eg, of specimen Adh-1 are
taken as reference value to analyze and understand the
effectiveness of core/facing interface performance. The per-
centage of increase of the resistance and Eg, values of other
specimens are calculated and plotted in Fig. 15. It is observed
that increasing the percentage (value) of the core/facing
interface resistance increases effectiveness percentage. Mean-
while as the initial impact energy increases from 50 to 100 J,
the Eg, values and effectiveness percentage also increased. As
given in Fig. 15, changing the initial impact energy from 50 to

Journal of Materials Engineering and Performance
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Fig. 10 A typical curve of the failure for specimen Adh-5 with 100 J impact energy

100 J produced more than 120% increase in the effectiveness of
the sandwich panels in terms of energy absorbed in shear and
bending deformations. The dynamic response of polymeric
material is highly affected by the loading rate (Ref 47), whereas
the dynamic behavior of aluminum is not so sensitive to
loading rate. So, it can be concluded that total increment on the
bending and shear energy absorption is due to the core/facing
interface bonding material. In Fig. 12, 13, and 14, the curves of
three energy levels are nonlinear with respect to the interface
resistance values. It may be caused by nonlinear nature of
core/face interface polymeric material. On the other hand, the
total energy is shared between bending and shear stresses by
increasing the interface resistance.

Journal of Materials Engineering and Performance

4. Conclusion

This study is focused on analyzing the effect of core/facing
interface performance on the impact response of the aluminum
honeycomb sandwich panels. The panels are fabricated using
five different adhesives resulting in panels with five different
core/facing interface resistance, and they are subjected to low-
velocity impact loading under three different impact energy
levels. Special impact force sensor and data acquisition system
are used to measure the load—time histories. Newton’s second
law of motion and numerical integration methods are employed
to obtain the load—deflection histories. In addition, the param-
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eters or factors such as failure mechanism, the initial threshold
force, peak load, maximum deflection, structural stiffness, and
energy absorption are considered to assess the effect of
interface resistance on the low-velocity impact response of
the panels.

The experimental results show that the interface resistance is
highly related to the failure mechanism. The impact damage
performance of the sandwich panels is improved by using high
resistance interface bonding. Debonding at the core/facing
interface has occurred in specimens where the interface
resistance is lower than 14.3 MPa. However, as the interface
resistance is increased, the debonding area in sandwich panel is

7416—Volume 29(11) November 2020

decreased. When the initial impact energy is increased, the
debonding occurs in large area of core/skin interface. But in
specimens with interface resistance of 16.2 MPa, debonding
failure is not observed. The microstructural analysis and the
morphology of core/face sheet interface of the aluminum
honeycomb sandwich panels show that more voids, interface,
and cohesive cracks formed in specimens with low interface
resistance. When the interface resistance is increased, there is a
reduction in the formation of voids, interface, and cohesive
cracks. It can be concluded that the presence of these types of
defects plays an important role in the impact failure of
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aluminum sandwich structures, which occurs due to large
deflection of panel sheets.

The peak force of sandwich panels with 17.1 MPa interface
resistance is 50% higher than the specimens with 11.2 MPa
interface resistance. Meanwhile, it is observed that when there
is an increase in the impact velocity, the effectiveness of
interface resistance on the peak force increases. In addition, less
deflection and short contact duration are observed in the
sandwich panels with high interface resistance in comparison
with specimens with low interface resistance.
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When the initial impact velocity is increased, the panels with
high interface resistance absorb more energy compared to low
resistance panels. The damage mechanism and theoretical
energy balance modeling are used to analyze the effectiveness
of core/facing interface performance on the impact behavior of
the panels. Energy balance modeling demonstrated that the
energy absorbed in the bending and shear deflections increases
with the increase in resistance at the core/facing interface.
Changing the initial impact energy from 50 to 100 J produced
more than 120% increase in the performance of the sandwich
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panels in terms of energy absorbed in shear and bending
deformations.
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