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Dynamic response of sandwich plates with a metal honeycomb core under low-velocity impact has been inves-
tigated. Experiments of the fully clamped sandwich plates subjected to low-velocity impact of the drop-hammer
with a hemispherical nose have been conducted and plastic failure modes have been measured. Structural dam-
age mechanism of sandwich plates has been identified and explored. It is found that finite element simulations
of these experiments are in good agreement with the experimental measurements. Analytical solutions for per-
manent deflections and peak impact forces are derived and capture the experimental results with reasonable

accuracy. It is shown that the impact positions have important influence on the dynamic response of sandwich
plates subjected to low-velocity impact. The impact resistance of sandwich plate decreases from the central
position to the non-central positions.

1. Introduction

Metal honeycomb sandwich structure has been widely used in engi-
neering because of its lightweight and multifunctional characteristics.
During its service, it often suffers from low-velocity impact load,
which has a high randomness, that is, the impact position is uncertain,
and the impact energy is uncertain. Thus, it is important to study the
dynamic response of metal honeycomb sandwich plates under low-
velocity impact at non-center impact position.

Over the past decades, analytical investigations were devoted to
the low velocity impacts of sandwich structures. For example, Foo
et al. [1] proposed a modified energy-balance model coupled with
the law of conservation of momentum to predict the dynamic response
of sandwich plates under low-velocity impact. Plagianakos and Papa-
dopoulos [2] analytically predicted the global and through-thickness
local dynamic response of pristine simply-supported cross-ply compos-
ite and sandwich composite plates with piezoelectric sensory layers
subjected to low-energy impact. Fard et al. [3] analytically studied
the low velocity impact of a composite sandwich plate impacted by
a rigid blunted cylinder, and the results show that the stacking
sequence of the face sheet has an insignificant effect on both the
impact force and the contact duration. Mohammadi et al. [4] analyti-

cally studied the low velocity impact response on sandwich plates with
functionally graded face sheets based on high-order sandwich plate
theory, and the model is also checked by finite element simulation
for validation. Arachchige and Ghasemnejad [5] developed an exten-
sive analytical model to determine behaviour of curved sandwich
plates with variable stiffness cores and face-sheets under low velocity
impact, and numerical analysis was performed to validate with the
analytical models. Qin and Wang [6] developed an analytical model
to predict the dynamic response of fully clamped square sandwich
plates with metal foam core struck transversely by a heavy mass with
low-velocity.

In addition, the experimental and numerical methods are used to
study the low-velocity impact of sandwich structures. Herup and
Palazotto [7] conducted low-velocity impact tests on sandwich plates
composed of 4- to 48-ply graphite/epoxy cross-ply laminate face
sheets and Nomex honeycomb cores to characterize damage initia-
tion as a function of face sheet thickness and loading rate. Crupi
and Montanini [8] carried out static and dynamic three-point bend-
ing tests to investigate the structural response of two different
typologies of aluminium foam sandwich panels, and simplified theo-
retical collapse models were introduced to explain the observed
experimental behaviour, showing good agreement between analytical
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and experimental results. Yu et al. [9] carried out the quasi-static
and low-velocity impact bending tests to explore the response and
failure of sandwich beams with aluminum-foam core. Rajaneesh
et al. [10] numerically studied the low-velocity impact on open-
face sandwich plates using an impactor, and it is found that the sim-
ulated force versus time, and energy absorbed versus time responses
along with the predicted failure modes and analytically predicted
peak loads are in good agreement with that of the experimental
results. Ivanez et al. [11] experimentally studied low-velocity obli-
que impact on composite sandwich plates, and found that maximum
contact force decreases with increasing impact angles, whereas it
increases with impact energy until a certain value in which remains
almost constant. Kursun et al. [12] carried out experimental and
numerical analysis to study the influence of impactor shapes on
the low velocity impact performance of aluminium sandwich com-
posite plates. Abo Sabah and Kueh [13] numerically investigated
the effect of localized interface progressive delamination on the
behavior of two-layer laminated composite plates subjected to low
velocity impact loading for various fiber orientations. Liu et al.
[14] numerically studied the dynamic mechanical responses of alu-
minum honeycomb sandwich structures to study the effects of differ-
ent impact velocities, honeycomb side length and wall thickness on
the stress, strain and displacement of structures. Chen et al. [15]
numerically studied damage behaviours of composite sandwich
structures with a honeycomb core subjected to low-velocity perfora-
tion impact. Park [16] numerically investigated low-velocity impact
behaviors of monolithic laminate plate and sandwich composite
plate, and it is found that the sandwich plate has less displacement
than the composite laminate composed of only ply materials in the
low-velocity impact.

As mentioned above, a wealth of literature is mostly focused on the
dynamic response of the sandwich structures under low-velocity
impact at the central position, while little attention is paid on the
effect of impact position on structural damage of sandwich structures.
In this study, we employ the drop-hammer system to explore the
dynamic response of metal honeycomb sandwich plates under low-
velocity impact considering the effect of impact positions. Firstly,
the manufacturing route of metal honeycomb sandwich plates is
detailed and the experimental procedure is described for loading the
sandwich plates by the drop-hammer with a hemispherical nose. Next,
the finite element simulations are conducted to determine dynamic
failure mechanism. Finally, the finite element simulations and theoret-
ical predictions are compared with the experimental results and the
influence of various parameters is studied.
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2. Experimental
2.1. Specimen configuration and manufacture

The top and bottom face sheets of metal honeycomb core sandwich
plates are made of AL-2024 with the thickness hy = 0.7mm; The hon-
eycomb core is made of AL-5052 foil with the thickness
h, = 0.05mm. Circumscribed circle diameter of the honeycomb cell
isD = 4.76mm, the height of the core is ¢ = 5mm, as shown in Fig. 1.
The honeycomb is made by hot pressing and stretching according to
adhesive method. The quasi-static tensile and compressive tests are
carried out for the face sheet and honeycomb core. The material prop-
erties are listed in Tables 1 and 2.

In the preparation of metal honeycomb sandwich plate, the edge of
honeycomb core material needs to be filled with Styrofoam. Due to the
high compressive strength of the cured styrofoam, it can prevent the
core from crushing during the experiment. The plate and the honey-
comb core are bonded together through the adhesive film under high
temperature and high pressure. The size of the specimen is
L x L = 320mm x 320mm, the total thickness of the sandwich plate
is 2h; +c = 6.4mm (The adhesive film thickness is neglected after
hot pressing). The sandwich plate and the clamped plate are fixed with
M12 bolts, the experimental area is L' x L' = 276mm x 276mm, as
shown in Fig. 2.

2.2. Test protocol

Three typical impact positions are selected: impact point P1 at the
center, impact point P2 at 1/4 of the median line, and impact point P3
at 1/4 of the diagonal line of the sandwich plates, as shown in Fig. 3.
The initial impact energy of the hammer head is determined by setting
the height of the hammer head for the given weights of the hammer
head and counterweight, as listed in Table 3. 12 specimens are manu-
factured to test and divided into 3 cases.

2.3. Experimental setup

Impact tests were conducted on the drop-hammer impact systems
(DHR-1205), as shown in Fig. 4(a). Load cell and laser displacement
sensor are used to record the time history of impact force and displace-
ment of hammer head. The impact forces were measured by DEWE
high speed data system.

The setup consists of four parts: upper and lower splints, support
plate and test-bed. In the experiment, the boundary condition of the
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Fig. 1. Geometry of aluminum honeycomb.
Table 1
Material parameters of face sheets and matrix material of honeycomb.
Material Density/kg/m® Elastic Modulus/GPa Poisson's ratio Yield strength/MPa
Al-2024 2770 70 0.33 251
Al-5052-foil 2770 70 0.33 275
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Table 2

Properties of honeycomb core.
Density/ Yield strength/ Platform stress/ Densification
kg m~3 MPa MPa strain
70.4 4.82 2.20 0.81

Styrofoam

(b)

Fig. 2. Sandwich plate specimen. (a) Geometry, and (b) cross-section.

specimen is fully clamped by bolts at four sides, as shown in Fig. 4(b).
The hammer spherical head of diameter R = 40mm is made of the
Cr12MoV steel. The total mass of hammer head, counterweight and
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Fig. 3. Three impact positions of sandwich plate specimen.

Table 3
Details of experiments.

Mass G = 34.45kg

Impact Vo Impact Vo Impact Vo
Position Position Position

P1 1.5m/s P2 1.5m/s P3 1.5m/s
P1 23m/s P2 2.0m/s P3 2.3m/s
P1 2.5m/s P2 23m/s P3 2.5m/s
P1 4.0m/s P2 40m/s P3 4.0m/s

release device isG = 34.45kg. The diameter of the spherical hammer
head is d = 25mm (Spherical radius R = 40mm), as shown in Fig. 4(c).

3. Finite element simulations

Using the commercial software ABAQUS/Explicit (Version 6.13)
commercial software, the dynamic response of the clamped metal hon-
eycomb sandwich plate under low-velocity impact is modelled numer-
ically. The hammer is modeled by a rigid body with a concentrated
mass, and the initial velocity of the hammer is defined by a predefined
field. The numerical models of the metal honeycomb sandwich plates
under the low-velocity impact have a same geometry to the experi-
mental specimens. Herein, the aluminum alloy was modelled by
employing Johnson-Cook rate-dependent hardening model [17] and
the damage law.

_ o\ & T—Tr\"

~[a B( ) ] 1+cm| 21— (—L 1
° [ + spl +Cn &o TMfTT ()
where ¢ is the equivalent stress, Epl is the equivalent plastic strain, nis a

strain hardening index, El is the equivalent plastic strain rate, &, is the
p

reference strain rate, Ty, and Tt are the melting and transitive temper-
atures respectively and A, B, C and m are material constants.

The Johnson-Cook damage law was employed to model failure of
the aluminum alloy. This model is then given by the following form
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Fig. 4. Experimental setup. (a) The drop-hammer impact system, (b) fully clamped jig, (c) upper splint (mm), (d) lower splint (mm), and (e) hammer head.
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Table 4
Johnson-Cook parameters of face sheets and honeycomb core.
Materials A B n m Tm Tr D, D, D3 D4 Ds &
MPa MPa K K 1/s
AL2024 251 200 0.5 1.0 893 293 0.116 0.211 —-2.172 0.012 0 1.11E-3
AL5052-foil 275 180 0.37 1.0 893 293 0.13 0.13 -15 0.011 0 4.17E—4
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Fig. 5. Peak value of the impact force and permanent deflection of the bottom
face sheet in the center point. (a) The impact force-time curve, and (b)
deflection-time curve.

. T-T
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)
where £'is the equivalent strain to fracture at the current conditions of

strain rate, temperature, pressure and equivalent stress, p is a pressure
stress, D1-Ds are damage parameters. The parameters A, B and n are

(b)

Fig. 6. Comparisons between experimental and numerical results for (a) the
peak values of the impact force, and (b) maximum deflections of the bottom
face sheet of the sandwich plates.

defined by fitting the experimental tensile stress—strain relationship of
the aluminum alloy. Johnson-Cook parameters are listed in Table 4.
The fully clamped boundary conditions are modelled by setting all
the displacements of each node on the boundary of the sandwich plate
as zero. The hammer is assumed to only move along the out-of-plane
direction of the sandwich plate. The general contact algorithm is
adopted in the model and effect of the friction is neglected. The perfect
bonding between the top, bottom face sheets and core is modelled by
setting “tie” constraint between the face sheet and core. Four-node
shell element (S4R) is used to mesh the face sheets and honeycomb
core. Mesh refinements have been performed at the contact zone
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(d) (d)

Fig. 7. Deformation and failure modes of the top face sheets of sandwich Fig. 8. Deformation and failure modes of the top face sheets of sandwich
plates at impact position P1. (a) Vo = 1.5m/s,Ej,, = 39J, (b) Vo = 2.3m/s, plates at impact position P2. (a) Vo = 1.5m/s,Eyp, = 39J, (b) Vo = 2.0m/s,
Eip = 91J, () Vo = 2.5m/s, Einp = 1087 and (d) Vo = 4m/s, Eqp, = 276J. Einp = 69J, () Vo = 2.3m/s, Eip = 91J and (d) Vo = 4m/s, Ey, = 276J.
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between the sandwich plate and the hammer head. The mesh sensitiv-
ity has been checked and it is shown that further mesh refinement can-
not improve the accuracy of the finite element simulations.

4. Results and discussion
4.1. Comparison of numerical results with experimental results

Fig. 5 shows a set of typical impact force-time curve and deflection-
time curve at the center of the bottom face sheet. The maximum value
of the impact force-time curve is defined as the peak impact force P,,,,.
The average value of the oscillating part of the deflection-time curve at
the center of the bottom face sheet is defined as the maximum perma-
nent deflection Wy_,,. of the bottom face sheet. It should be noted that
the impact deflection-time curve at the center of the bottom face sheet
decreases obviously after attaining the peak value. Finally, it reaches
stability. This may be due to the elastic springback of sandwich plate
in the unloading process of hammer head rebounded.

Fig. 6 shows comparisons between experimental and numerical
results for the peak value of the impact force and the maximum perma-
nent deflection of the bottom face sheet. It is seen that both the numer-
ical results for peak impact force and the maximum permanent
deflection of the sandwich plate are in good agreement with the exper-
imental results.

4.2. Deformation and failure modes

Figs. 7-9 show the deformation and failure modes of the top face
sheets of sandwich plates at impact position P1, P2, and P3 under dif-
ferent impact energy. It is seen that the numerical deformation modes
are in good agreement with the experiments. When the impact energy
is lower, the top face sheet of the sandwich plate mainly shows the
local denting, as shown in Figs. 7(a), 8(a), and 9(a). When the impact
energy is higher, the top face sheet of the sandwich plate mainly shows
the local denting and overall deformation, as shown in Figs. 7(b), (c), 8
(b), (c), 9(b), and (c). In Fig. 7(b) and (c), there are plastic hinge lines
at the fixed boundary. At the boundary near the impact position, a
plastic hinge line is formed. However, there are no obvious plastic
hinge lines formed near the other boundaries, as shown in Figs. 8
(a)-(c), 9(a)-(c). The depth of local denting also increases with the
increase of impact energy. With the increase of impact energy, the
local deformations of the top face sheets increase until the face sheet
is perforated, as shown in Fig. 7(d), 8(d) and 9(d).

Fig. 10 shows cross-sections of deformation and failure modes of
the core in sandwich plates at impact positions P1, P2 and P3. The
sandwich plates are cut along the center lines for impact positions
P1, P2 and diagonal line for impact position P3, and then are put
together for the same specimens under different impact energy. In
Fig. 10(a), the core under the hammer head is collapsed by folding.
Moreover, shear deformation of the core were observed during the
bending process. The shear deformation zone increases with increas-
ing impact energy. There is no obvious deformation observed between
the shear deformation zone and the clamped ends of the core. The
deformation mode of the sandwich plate is symmetrical at the center
impact position. For higher impact energy, the sandwich plate is per-
forated by petal mode. In Fig. 10(b) and (c), the core under the ham-
mer head is collapsed by folding also. Due to the unsymmetrical
impact loadings, it can be found that only there are shear deformation
zones at one side.

Figs. 11-13 show the deformation and failure modes of the bottom
face sheets of sandwich plates at impact position P1, P2 and P3, respec-
tively. For lower impact energy, the bottom face sheets of sandwich
plates deforms plastically, as shown in Fig. 11(a), 12(a) and 13(a).
The plastic hinge lines of sandwich plates at impact position P1 are
not very obvious, as show in Fig. 11(a). The local deformation of the
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(d)

Fig. 9. Deformation and failure modes of the top face sheets of sandwich
plates at impact position P3. (a) Vo = 1.5m/s,Eynp, = 39J, (b) Vo, = 2.3m/s,
Einp = 91J, () Vo = 2.5m/s, Einp = 1087 and (d) Vo = 4m/s, Exp = 276J.
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Fig. 10. Cross-sections of deformation and failure modes of sandwich plates at impact positions (a) P1, (b) P2 and (c) P3. SZ denotes shear deformation zone, FZ
denotes folded deformation zone, UNZ denotes undeformation zone. Oblique lines denote shear deformation zone.

bottom face sheet becomes larger with the increase of impact energy,
and the plastic hinge lines were formed, as show in Fig. 11(b)-(d).
The plastic hinge line at the boundary near the impact position was also
found while no obvious deformation was observed at the three bound-
ary areas far away from the impact position, as show in Fig. 12(a). With
the increase of impact energy, the local deformation of the bottom face
sheet under the impact point becomes larger and the plastic hinge lines
were formed at other three boundaries, as shown in Fig. 12(b)-(d). The
plastic hinge lines at the boundary near the impact position were also
found, as show in Fig. 13(a). The local deformation of the bottom face
sheet under the impact point becomes larger with the increase of
impact energy, and the plastic hinge lines at the boundary near the
impact position were evident. Also, no obvious deformation was
observed at the two boundary areas far away from the impact position,
as shown in Fig. 13(b)-(d). Finally, the bottom face sheets of the sand-
wich plates are perforated, as shown in Fig. 11(d), 12(d) and 13(d).

4.3. Dynamic response

Fig. 14 shows impact force-displacement curves of sandwich plates
at impact positions P1, P2 and P3. It is seen that the impact force—dis-
placement curve of the sandwich plate increases with the similar slope
under different impact energy at the same impact position. With the
increase of impact energy, all the peak impact force, the maximum
deflection and the permanent deflection after unloading increase.
The impact force fluctuates at the initial rising stage, since the honey-
comb core material is compressed under the hammer head. When the

compression of the core material attains densification, the fluctuation
of the impact force-displacement curve is weakened. When the impact
position is close to the boundary, the above fluctuations are decreased
by the boundary constraints.

Fig. 15 shows impact force-displacement curves of sandwich plates
at different positions under impact energy E;,, = 91J. The three curves
have the similar slopes at the initial stage. However, with increasing
the deflections, the slopes of response curves increase and the peak
values of impact loading increase from impact positions P1 to P3,
while the permanent deflections after unloading decrease. It is possible
that the boundary constraint have gradually increasing effects on
dynamic response from impact positions P1 to P3.

Fig. 16(a) and (b) show the maximum impact force versus impact
position and maximum permanent deflection versus impact position
of sandwich plates, respectively. For the low impact energy, the impact
positions have small effect on the peak impact force and the perma-
nent deflections of bottom face sheet, while for the high impact
energy, the impact positions have significant effects. The peak impact
forces increase from impact positions P1 to P3, while the permanent
deflections decline. It may be the reason that the closer the impact
position is to the boundary, the bigger the boundary effect is.

Analytical solutions for dynamic response of fully clamped sand-
wich plates are presented in Appendix A. Fig. 17(a) and (b) show com-
parisons between analytical predictions and experimental results for
permanent deflections and peak impact forces. The analytical solutions
based on the circumscribing yield locus underestimate the experimen-
tal results for permanent deflections, while the analytical solutions
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(b) (b)

(d) (d)

Fig. 12. The deformation and failure modes of the bottom face sheets of
sandwich plates at impact position P2. (a) Vo = 1.5m/s,Ey, = 39J, (b)
Vo =2.0m/s,Epnp = 69J, (c) Vo =2.3m/s,Epp =91J and (d) Vo, =4m/s,
Einp = 276.

Fig. 11. Deformation and failure modes of the bottom face sheets of sandwich
plates at impact position P1. (a) Vo = 1.5m/s,Ej,, = 39J, (b) Vo = 2.3m/s,
Einp = 91J, (c) Vo = 2.5m/s,Eyp, = 108J and (d) Vo = 4m/s, Ey,, = 276J.
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Fig. 13. Deformation and failure modes of the bottom face sheets of sandwich ( )
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Fig. 17. Comparison between analytical and experimental results for (a)
maximum deflection and (b) maximum peak impact force of sandwich plates.

based on the circumscribing yield locus overestimate the experimental
results for peak impact forces. It is seen that the analytical predications
based on the inscribing yield locus capture the experimental results
reasonably.

5. Concluding remarks

Structural impact damage of the fully clamped metal honeycomb
sandwich plates under low-velocity impact was investigated experi-
mentally, numerically and theoretically. The failure modes, permanent
deflections and impact forces have been measured and the measured
dynamic response are compared with the finite element simulations.
It is found that the impact position affects the deformation failure
mode of sandwich plates. With the change of the impact position,
the deformation areas of the top and bottom face sheets of the sand-
wich plates and the distribution of the plastic hinge lines change obvi-
ously due to effect of the boundary condition. The finite element
simulations are in good agreement with the observed experimental
response. Analytical solutions for the maximum permanent deflections
and peak impact force are derived and capture the experimental
results with reasonable accuracy. The observed response and finite ele-
ment simulations reveal that the stiffness of sandwich plate changes in
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the process of dynamic response. Furthermore, it is shown that the
impact resistance of sandwich plate decreases from the central position
to the non-central positions.
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Appendix A. Analytical solutions for dynamic response of fully
clamped sandwich plates

Qin et al. [6] obtained the dynamic response solution of large
deflection and the upper and lower bounds of metal square sandwich
plate under the low-velocity impact. The deflections of the sandwich
plate versus response time at the impact point are given by [6,18]

GVysin(at)  p2 Vs
Wo(t) = ————— += t) -5 Al
o(t) (G+4”L2/3)a+azcos(a) pe (A1)
and
GVosin(vdat) P V&
Wo(t) = ———"""2 1= cos(vPat) - = A2
o(t) (G + 4ul2/3)v/da azcos( at) pe (A2)
where
o { occ+ 205h
“V26+2u1%/3
5 £0C62+46fh(6+h)
V2 G+2u?/3
VBl -~ %<0
9 =
SRR (141 -F >0

for the circumscribing and inscribing yield loci, where o and o, are
yield strengths of the face sheet and the foam, L is the length of the
sandwich plate, c is the height of the core, h is the thickness of the face
sheet, G is the mass of the striker, u(= p.c + 2p;h) is the mass per unit
area, p; and p, are densities of the face sheet and core, t is response

()G s, :5)
. Cc
time, ko = ki =1+2\T / and k, =1 +—2~.
> RO )
o ih(1+h)+ﬂ oc 2h o c
o | ¢ ¢/ of L,er c ’f

The accelerated speed of the striker is
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_ dWo(t) _ GVgViasin(v/at)

Wo(t) =G a3 + pPcos(vVDat) (A3)
or
Wo(t) = da? - W(t) + >0 (A4)

The reaction force between the hammer head and the sandwich
plate is

F(t) = G- Wo(t) = Gla® - Wo(t) + GIp? (A5)

Zhang et al. [19] obtained the bounds for the reaction force
between the striker and the sandwich plate of the multilayer sandwich
plate for the inscribing locus.

For simplify, the following parameters are defined by

GlY  o6cc+ 207h _ Gy 6.¢* + 4osh(c + h)

Ki=Goa? =—=— "1 K,=Gup* =
1= G = 23 e T =y T s

According to the law of conservation of energy, we have

W0 max 1 ) 1 )
FdWO = —Kl . W +K2 N WO—max = —G . VO (A6)

o 2 0—max 2

The expressions of the maximum deflection and the maximum

impact peak force of sandwich plate at different impact positions are
given by

Woma = ) (K2/K1)* + GV2 /K1 — Ko /Ky (A7)
and
Fuu = /K2 + K1GV3 (A8)

for the inscribing yield locus, respectively.

Similarly, based on the circumscribing yield locus, the expressions
of the maximum deflection and the maximum impact peak force of
sandwich plate at different impact positions can be expressed as

Woomx = \/ (K'3/K1)? + GV2/K'y — K} /K (A9)
and
Fou = /K7 +K'1GV} (A10)
where

Ki = Ga? =§- 50 and K, = Gp° = § - Sl
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