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A B S T R A C T

Through experiments and numerical simulation, the dynamic mechanical behaviors and mechanical properties
of Nomex honeycomb sandwich panels under impact loads were investigated. On this basis, the effects of the
density of honeycomb cores, face-sheet thickness, punch diameter, and impact energy on impact loads and
failure modes were explored. The predicted contact time, impact load, and failure mode were consistent with the
test results. Results showed that face-sheet thickness exhibited an extremely significant influence on the impact
resistance of Nomex honeycomb sandwich panels; the density of honeycomb cores exerted a certain effect on the
structural stiffness; the punch diameter and impact energy also influenced the mechanical properties and failure
modes of sandwich panels.

1. Introduction

Honeycomb sandwich panels have various characteristics (including
high stiffness, high strength, and a low density) and other beneficial
mechanical properties [1,2]. They are generally formed by bonding
thin, hard-faced sheets and lightweight core materials [3]. The struc-
ture is always widely used in aerospace applications [4-6]. In recent
years, the cost of raw materials has decreased and honeycomb sandwich
panels are also extensively applied in high-speed trains which set an
increasingly high requirement for weight reduction [7,8]: in France,
Germany, the USA, Japan, and China, a large number of Nomex hon-
eycomb sandwich panels have been used in different structures (e.g.,
doors and panels) of trains [9]. Nomex honeycomb sandwich panels
offer excellent resiliency, low density, lower pricing, and high strength
to weight ratio. Aminanda et al. [10] carried out compression experi-
ments on two types of honeycomb panels and found that Nomex hon-
eycomb panels have more stable platform stress than aluminium(Al)
honeycomb panels and may have better energy absorption perfor-
mance; Amélie et al. [11] conducted an experimental study on sand-
wich structures subjected to medium-velocity impacts (120 m/s) as
armor for aeronautical applications and found that Nomex honeycomb
panels are lighter in weight and have higher impact resistance. How-
ever, due to their structural characteristics, honeycomb sandwich pa-
nels also show significant impact sensitivity and crashes with the other

objects during utilization and maintenance [12–15]. For example, hail
and bird strike during aircraft flight or impact of fragments on runways
during take-off and landing, the impact caused by falling of passengers’
luggage during operation of high-speed trains, dropping of tools during
related maintenance work, etc. all lead to a certain damage to the
sandwich structure [1,16,17]. This can further result in the reduction of
bearing capacity of the sandwich structures.[18,19] Therefore, further
exploring the mechanical properties, impact response, and impact da-
mage of sandwich structures under the effect of impact load is sig-
nificant for a more reliable application thereof.

As early as the 1950s and 1960s, some scholars started to in-
vestigate the honeycomb sandwich panels. The experimental research
in the early stage mainly focussed on the structural failure of sandwich
panels under the effects of quasi-static pressure and low-velocity im-
pact. At present, numerous related researches have been conducted on
impact properties and damages of honeycomb sandwich panels through
experiments, numerical simulation, and theoretical research.

In terms of low-velocity impact response, Zhang et al. [20] and Sun
et al. [21] respectively established simulation and theoretical models
that can predict the dent response better. Zhou [22] concluded that
surface indentation depends on the mass ratio of the specimen to the
impacting ball and impact energy in impact testing. Moreover, it can be
thought that force was approximately linearly related to the indentation
when the surface indentation was far lower than the core thickness. In
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the aspect of low-velocity impact damage, most of the current re-
searches focus on metal honeycombs with composite face sheets,
especially on the failure mechanism of composite face sheets. Aktay
et al. [23] and Meo et al. [24] explored the load distribution and failure
mechanism of honeycomb sandwich panels with composite face sheets
under different failure modes. Raju et al. [25,26] analyzed the damage
forms under different diameter punches, and concluded that a punch
with a low radius damages the composite face sheets in the forms of
incurring matrix cracking and fiber fracturing; a punch with a large
radius causes the core to first be crushed until the face sheets start to
fracture. Chen [27] focused on failure initiation criteria and evaluation
methods for damage used for predicting the intra-stratal damage and
inter-layer delamination. Some scholars have also carried out the in-
fluence of the structural parameters of the honeycomb sandwich panels
on the impact resistance, aiming to provide a reference for the design of
the honeycomb sandwich structure. Foo et al. [28] increased the alu-
minium honeycomb density by increasing the honeycomb wall thick-
ness and reducing the cell size in the simulation. It was found that in-
creasing the density can improve the impact resistance of the
honeycomb sandwich panels. Staal et al. [29] Zhou and Hill [30] ad-
vocated that changing skin thickness not only influences the flexural
rigidity but also changes the load transfer between the top skin/core,
thereby influencing the development of damage mechanisms, Crupi
et al. [31] investigated the static three-point bending and low-velocity
impact behaviors of aluminium honeycomb sandwich structures, con-
sidering the effects of honeycomb cell size. They found that the low-
velocity impact behaviors were strongly dependent on the cell size [32].

In the study, the dynamic mechanical behaviors and mechanical
properties of Nomex honeycomb sandwich panels under impact loads
were explored. By conducting impact tests and numerical simulation,
the influences of the density of honeycomb cores, face-sheet thickness,
punch diameter and impact energy on impact loads and failure modes
were analyzed. Additionally, a theoretical model was established to
analyze certain impact behaviors. In the following sections, the condi-
tions related to the theoretical model, experiment and numerical si-
mulation were discussed.

2. Theoretical model for indentation failure

Hertzian contact theory allows us to undertake contact analysis of
isotropic bodies [33]. The use of Hertzian contact law is well-estab-
lished for isotropic homogenous linear elastic bodies when the in-
dentation is much smaller than the thickness of the plate. However, for
a sandwich plate, where the face sheets are stiff and the core is flexible,
the local deformation consists of both transverse deflection of the top
face sheet and core crushing. Hence, the Hertzian contact law may not
be appropriate here. It has been shown that the traditional Hertzian
theory has to be modified to cater for sandwich structure with a
lightweight core: modified Hertzian theory has included the contact
characteristics of composites. Accordingly, the contact surface of a
hemispheric impactor with the face sheet is a round face (Fig. 1). The
distribution of the contact stress q is expressed as follows:

=q P r
R
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where P0 refers to the maximum contact pressure in the center of the
contact zone; r and Rc separately represent the radial coordinate and
contact radius of a point in the contact zone.

For the contact between the impactor and the sandwich panels, the
radius Rc of the contact surface is given by [34]:

=R Rc (2)

where R denotes the punch diameter.
The local indentation profile can be expressed as follows [3]:
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where 0 and a separately denote the lateral deflection in the center and
the radius of the region of local indentation of the top face sheet.

The elastic strain bending energy in the elastic face sheet can be
expressed as [35]:
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where Df denotes the flexural rigidity of a face sheet, which can be
expressed as follows:

=D E h [12(1 )]f f f
3 2 1 (5)

where Ef , hf , and are the Young’s modulus, thickness, and Poisson’s
ratio of the face sheet, respectively.

The radial displacement of the impact center and the edge of the
impact area are 0, so we construct an expression for radial displace-
ment:

= + + +u r a r C C r C r( )( )0 1 2
2 (6)

where C0, C1, C2 etc. are undetermined constants which determined
from the condition that the stretching energy of the plate arrives at a
minimum. We take only the first two constants; because C0 and C1 ap-
pear only in the expression of membrane stretching energy, instead of
the bending energy, they can be obtained by minimizing the stretching
energy with respect to C0 and C1. The corresponding strain energy due
to membrane stretching is:
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Thus, the values of C0 and C1 can be obtained:
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where, r and in Eq. (7) are the radial strain and circumferential
strain [32], respectively, which can be expressed as follows:
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The work required for crushing honeycomb cores can be calculated
as follows:

=U rdr2 ·
a

1 0 1 (10)

where, 1 is the yield stress of the honeycomb core [36]. The work done
by contact force P is given by:

=U Pd2 0 0
0

(11)

Therefore, the total potential energy can be expressed as follows:

= + + +V V U U1 2 1 2 (12)

Minimizing the total potential energy with respect to the central
deflection, that is, =/ 00 , the contact force P can be calculated as
follows:
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Minimizing the load P with respect to the radius of the region of
local indentation a, that is, =P a/ 0, the relationship between force
and indentation can be obtained:
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According to Eqs. (13) and (14), the radius of the region of local
indentation of the top face sheet can be attained:

=a P3
2 1 (15)

3. Experimental work

3.1. Specimen description

The test specimen was prepared by bonding two identical face
sheets on top and bottom of the Nomex honeycomb core. The total
height of the specimen is the sum of the height of the honeycomb core
and the thickness of the top and bottom Al face sheets, in which the
height tc of the honeycomb core is 12.7 mm. The type of Al face sheets
and face-sheet thickness and the density of honeycomb cores are listed
in Table 1. A single honeycomb cell of honeycomb core is a regular
hexagon with side length l of 2.75 mm.

By using 722 Nomex paper produced by Du Pont Company in the
USA as a raw material, Nomex honeycomb core was made through a
series of technologies including coating, superposition, swelling, and
dipping [37]. Two sides of each honeycomb cell were coated with a
binder to form a double wall with adjacent cells, therefore, the Nomex
honeycomb showed strong anisotropy. Ignoring the effect of binder, a
single honeycomb core was made of two honeycomb walls with the
thickness of 2t and four honeycomb walls with the thickness of t, in
which the included angle between honeycomb walls was 120°. Actually,
the honeycomb wall is a three-layer structure with phenolic resin,
Nomex paper, and phenolic resin. Therefore, the thickness of

honeycomb walls was slightly larger than that of the Nomex paper used.
Al sheets were bonded with honeycomb cores by using epoxy resin to
form the required sandwich panels. The structures of the sandwich
panels and honeycomb cells are displayed in Fig. 2.

3.2. Test methods

The specimens measuring 150 mm × 100 mm were prepared ac-
cording to ASTM-D7766 and the fixtures of the specimens were pro-
cessed according to codified requirements (Fig. 3) [38], which included
a support base plate with a rectangular opening of 125 mm × 75 mm,
and a set of clamping device. The impact test was conducted by ap-
plying a digital drop-hammer impact device. The test device was
equipped with a pneumatically controlled auxiliary device for pre-
venting the secondary impact of the punch on the specimen to guar-
antee that the test data were all generated during primary impact. In
the impact test, the total mass of the impactor was 8.30 kg and the
initial energy was obtained by automatically adjusting the height of the
drop-hammer. A dynamic force sensor with a maximum load of 10 kN
was installed between the punch and the impactor to attain the impact
load. After each impact, the required impact response parameters (such
as the impact load–time curve) were automatically recorded and ana-
lyzed through pulsed data acquisition software.

The dynamic mechanical behaviors (mechanical performance) and
failure modes of the sandwich panels under impact loads were experi-
mentally explored based on two structural parameters of honeycomb
sandwich panels and two impact parameters: (1) different equivalent
densities (D) (32, 48, and 80 kg/m3) of honeycomb cores; (2) different
face-sheet thicknesses (T): 0.6, 0.8, and 1.0 mm; (3) different punch
diameters (d): 12, 16, and 20 mm; (4) different impact energies (E): 20,
40, and 60 J. It should be noted that only 9 conditions were adopted to
test and analyze in this study since the second specimen in each group
was repetitive. Three times of experiments were repeatedly conducted
under each working condition, therefore, 27 specimens were required.
The detailed working conditions of impact tests are listed in Table 2.

4. Numerical model

4.1. Establishment of the model

Levent Aktay [39] and M. Giglio et al. [40] pointed out that the
finite element numerical simulation methods for honeycomb sandwich
panels are divided into two categories: an equivalent homogeneous

Fig. 1. Model for sandwich panel subjected to low-velocity impact.

Table 1
Specimens category.

Label Type Face-sheet Thickness (T) Honeycomb Density(D)

1 5052 0.6 mm 48 kg/m3

2 5052 0.8 mm 32 kg/m3

3 5052 0.8 mm 48 kg/m3

4 5052 0.8 mm 80 kg/m3

5 5052 1.0 mm 48 kg/m3
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model and a micromechanics model. As for the former, the model was
established by directly applying homogeneous solid elements to endow
the model with parameters equivalent to those of the holistic me-
chanical properties. The model offers high computational efficiency
while ignores the influence of the failure mechanism of local cores; the
latter establishes the same model as the actual honeycomb panel
structure, which can simulate the true deformation behavior of the
honeycomb core. By using shell elements, a true geometric model for
honeycomb sandwich panels was established. The top and bottom face
sheets were connected with honeycomb cores through an equivalence
command to force them to share common nodes thus simulating

adhesive bonding. During simulation of a test of the bottom plate, a
rectangular opening measuring 125 mm× 75 mmwas set in the middle
part. The established model is displayed in Fig. 4.

4.2. Materials and attribute definition

The honeycomb core was modeled by MAT_22 (Composite_Damage)
material. An orthotropic material with optional brittle failure for
composites can be defined according to Chang-Chang failure criteria
and the material parameters are set according to the data listed in
Table 3 [41]. Ea, Eb, Ec represent Young’s modulus, ba, ca, cb represent

Fig. 2. Sandwich panel and honeycomb cells.

Fig. 3. Impact test device.
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Poisson ratio, Gab, Gbc, Gca represent Shear modulus. Sab, Xt, Yt, Yc are
parameters that control the failure of honeycomb materials. Sab re-
presents Shear strength, Xt represents Tension strain strengths along the
fiber direction Yt represents tensile strength perpendicular to the fiber
direction, Yc represents compressive strength perpendicular to the fiber
direction.

The geometric attributes of the honeycomb core are listed in
Table 4.

The thickness of a single-layer honeycomb wall was obtained by
adding the thickness of a single layer of Nomex paper and that of
double layers of phenolic resin. The thickness of double-layer honey-
comb walls was calculated by adding the thickness of double layers of
Nomex honeycomb paper (the adhesive layer between double-layer
Nomex papers was thin and set to 0.104 mm, consistent with that re-
ported in the literature[42]) and thickness of double layers of phenolic
resin. The data on thickness of Nomex paper were supplied by the
manufacturer; the thickness of phenolic resin can be calculated ac-
cording to the following formula on condition of ignoring the accu-
mulation of honeycomb triangular space:

The mass of a separate honeycomb with unit height can be calcu-
lated as follows:

= +m l h l2 cos ( sin )comb comb (16)

The masses of Nomex paper and phenolic resin are separately shown
as follows:

= +m t h l2 ( )N N N (17)

= +m t h l2 ( 2 )p p p (18)

where, l and h refer to the side lengths of honeycomb core with single-
and double-layer walls, respectively, and they are both 2.75 mm in the

materials used in this study; combrepresents the nominal density of
honeycomb core; N and p denote the densities of Nomex paper and
phenolic resin, respectively. Through calculation, the thickness tpof
phenolic resin in the specimen with a density of 48 kg/m3 was about
0.012 mm, which was consistent with equivalent value reported in the
literature [30].

The three-layer structure of the honeycomb core was prepared by
applying the multilayer resin coating method and simulated according
to user-defined integration [43–46]. By taking the specimen with a
density of 48 kg/m3 as an example, its true thicknesses of single and
double-layer walls of honeycomb core were 0.075 mm and 0.128 mm,
respectively [22]. A Belytschko-Tsay shell element was selected and
eight integration points distributed along the thickness direction were
separately used to characterize the distribution of phenolic resin and
Nomex paper (Table 5).

In the table, S denotes the position of the integration point in the
shell element, ranging from −1 to 1. WF refers to weight factor, that is,
the ratio dt t/i of the thickness of the part related to integration points to
the total thickness, and the schematic diagram is displayed in Fig. 5.
The detailed calculation method is provided in the explanation of
*INTEGRATION_SHELL in the LS-DYNA keyword handbook.

Aluminum alloy face sheets were prepared by using MAT_24 (bi-
linear strain-hardening model [28]) and the failure of aluminium alloy
panels was realized by the constant strain failure criterion of * MAT24
in LS-Dyna. When the strain value reached the pre-set limit, the ele-
ments failed and been deleted. The bottom plate of the fixture was
made by using shell elements and MAT_20 while the punch was pre-
pared by using solid elements and MAT_20. The material parameters
are listed in Table 6.

4.3. Contact and boundary conditions

A *CONTACT_AUTOMATIC_SINGLE_SURFACE was set for the

Table 2
Test conditions.

Variate Label Honeycomb
Density D/
(kg/m3)

Face-sheet
Thickness
T/mm

Impact
Energy

(velocity)
E/J(m/s)

Impactor
Diameter
d/mm

Honeycomb
Density

T0.8-D32 32 0.8 40(3.1046) 16.0
T0.8-D48 48 0.8 40(3.1046) 16.0
T0.8-D80 80 0.8 40(3.1046) 16.0

Al Thickness T0.6-D48 48 0.6 40(3.1046) 16.0
T0.8-D48 48 0.8 40(3.1046) 16.0
T1.0-D48 48 1.0 40(3.1046) 16.0

Impactor
Diameter

E40-d12 48 0.8 40(3.1046) 12.0
E40-d16 48 0.8 40(3.1046) 16.0
E40-d20 48 0.8 40(3.1046) 20.0

Impact
Energy

E20-d16 48 0.8 20(2.1953) 16.0
E40-d16 48 0.8 40(3.1046) 16.0
E60-d16 48 0.8 60(3.8023) 16.0

Fig. 4. Schematic of the finite element model.

Table 3
Honeycomb material parameters.

Symbol Property Value(Nomex paper) Value(Phenolic resin)

Rho 720 kg/mm3 1342 kg/m3

EA Ea 2500 MPa 4800 MPa
EB, EC/MPa Eb, Ec 1300 MPa 4800 MPa
PRBA, PRCA ba, ca 0.2 0.389
PRCB cb 0.3 0.389
GAB, GBC Gab, Gbc 700 MPa 1727.86 MPa
GCA Gca 600 MPa 1727.86 MPa
SC Sab 50Mpa 45Mpa
XT Xt 90Mpa 75Mpa
YT Yt 60Mpa 75Mpa
YC Yc 30Mpa 135Mpa
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punch and the whole sandwich panels. Moreover, the impact load in the
whole process was output based on the command:
*CONTACT_FORCE_TRANSDUCER_PENALTY.*CONTACT_AUTOMATIC
_SURFACE_TO_SURFAC was set for the bottom face sheet and rigid
sheet. The impact velocity, mass, and boundary conditions were pre-
scribed consistently with the experimental set-up.

5. Results and discussion

5.1. Failure mechanism

During the test, visible impact damage (VID) was generated under
low-velocity impact load. The occurrence of multiple failure modes was
considered as the main characteristic of VID of honeycomb sandwich

panels under the effect of dynamic impact load. The failure modes in-
clude buckling and crushing of the honeycomb core, delamination,
bending, penetration and permanent indentation of face sheets, and the
degumming of honeycomb–face sheet interface. The type of damage
and its severity depended on the shape of the impactor and impact
energy. According to the deformation and damages of the specimen, the
damage was approximately partitioned into three types, including type
A: only permanent indentation in the top face sheet (almost completely
rebounded); type B: large deformation of the top face sheet, crushing
and fracturing of honeycomb and degumming of the honeycomb–top
face sheet interface (incompletely rebounded); and type C: penetration
damage. The whole process was also approximately divided into three
stages:

Stage 1: Both the face sheet and the core are in the elastic region
without any visible damage. The response is essentially linear elastic
and ends at an initial threshold load P1 at displacement u1.

Stage 2: After the impact force exceeds P1, the curve becomes non-
linear with a sudden drop in structural stiffness indicating the onset of
initial damage that may include core bucking and localized damage to
the face sheet. The impact force increases significantly in this stage
mainly due to the membrane effect of the top face sheet. This stage ends
with a maximum force Pm at displacement uf . This maximum force Pm is
usually much greater than the initial threshold force.

Stage 3: If the top face sheet is perforated, the stiffness and load-
carrying capacity of the impacted sandwich panels will drop sig-
nificantly: if there is no penetration, the impactor will rebound and the
panel will undergo barely visible damage or it merely leaves a small
dent.

5.1.1. The effect of the density of the honeycomb core
The honeycomb core sandwich panels with a density of 32 kg/m3

contained a small amount of phenolic resin, so the honeycomb core was
relatively soft. Its damage and failure conformed to type B: a dent ap-
peared at the top face sheet impacted by the punch and fold was found
around the zone pressed by the punch of the drop-hammer, with sig-
nificant symmetry. The honeycomb core below the zone adjacent to
impact zone was buckled and the buckle propagated to the direction of
the bottom face sheet. Thus, the bottom face sheet was bent outwards.
By contrast, the honeycomb core further from the impact zone was
undamaged. In this case, the impact load increased relatively slowly
until the honeycomb core was gradually compacted. On this condition,
the impact load reached its maximum. The damage and failure condi-
tions of honeycomb sandwich panels with densities of 48 and 80 kg/m3

conformed to type C: the punch penetrated into the top face sheet; the
core was crushed and squeezed all around, which also caused different
degrees of damages on the bottom face sheet. In this case, the impact
load reached its peak when the punch made contact with the top and
bottom face sheets (Figs. 6 and 7). The peak and average load in
Fig. 7(d) revealed that the honeycomb core with a small density showed
a better buffering effect and this diminished when the density increased
to a certain limit.

5.1.2. The effect of face-sheet thickness
The damage and failure of sandwich panels with face-sheet thick-

ness of 0.6 and 0.8 mm conformed to type C: the impact load reached a
peak when the punch separately penetrated or was contacted with top
and bottom face sheets. Except for a small zone around the penetration
point that was slightly concave or convex, no significant deformation
was found in the other zones. The honeycomb core in the penetrated

Table 4
Geometric parameters of honeycomb.

Core side length Single layer Nomex paper thickness(tsingle) Double layer Nomex paper thickness (tdouble) Phenolic resin thickness (tp)

2.75 mm 0.051 mm 0.104 mm 0.012 mm

Table 5
Shell element integral point setting.

S WF PID S WF PID

tsingle −0.92 0.08 Resin-S −0.953125 0.046875 Resin -D
−0.76 0.08 Resin -S −0.859375 0.046875 Resin -D
−0.51 0.17 Nomex-S −0.609375 0.203125 Nomex-D
−0.17 0.17 Nomex-S tdouble −0.203125 0.203125 Nomex-D
0.17 0.17 Nomex-S 0.203125 0.203125 Nomex-D
0.51 0.17 Nomex-S 0.609375 0.203125 Nomex-D
0.76 0.08 Resin -S 0.859375 0.046875 Resin -D
0.92 0.08 Resin -S 0.953125 0.046875 Resin -D

Fig. 5. Schematic of integral point location.

Table 6
Component material parameters.

Component (kg/m3) E/MPa Et/MPa NU y/MPa u/MPa

5052 Al 2680 70,000 7759 0.33 195 253
Impactor 7850 206,000 — 0.3 — —
Rigid plate 7850 206,000 — 0.3 — —

S. Xie, et al. Composite Structures 235 (2020) 111814
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zone was crushed and squeezed all around while that outside the zone
was unaffected. The damage and failure of the sandwich panels with the
face-sheet thickness of 1.0 mm were consistent with type A: dents ap-
peared in the zone impacted by the punch and its surrounding structure
was slightly concave (Fig. 8). The time history curve of the impact load

was similar to a half-period sinusoid (Fig. 9(c)). Fig. 9(d) shows that
face-sheet thickness affected the impact resistance of the specimens: the
thicker the face sheets, the stronger the impact resistance and the
higher the peak and average load borne by the specimens.

Fig. 6. Impact damage morphology of the specimens with different honeycomb density.

Fig. 7. Comparison of load - time curve and characteristic load of sandwich with different honeycomb density.
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Fig. 8. Impact damage morphology of the specimens with different thick face sheet.

Fig. 9. Comparison of load - time curve and characteristic load of sandwich with different thick face sheet.
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5.1.3. The effect of punch diameter
The damage and failure of the sandwich panels under the impact of

the punch with diameters of 12 and 16 mm were consistent with type C:
except for a small range within the penetrated zone of the top face sheet
which was slightly collapsed, there was no significant deformation in
other zones. In this case, the two peaks of impact load appeared when
the punch separately penetrated and was contacted with the top and
bottom face sheets. The damage and failure of the specimen under
conditions with the punch diameter of 20 mm conformed to type B: the
first peak of impact load occurred when the punch struck the top face
sheet to cause the buckling; afterward, the honeycomb core below the
top face sheet was compressed and the buckling and fracturing failure
of honeycomb core led to the reduction in impact load. When the core
became gradually compacted, the impact load was maintained at a
relatively constant level. After the core was completely compacted, the
impact load increased as the bottom face sheet was compressed
(Figs. 10 and 11). Fig. 11(d) shows that the global damage caused by
the large-diameter punch resulted in a reduction of the peak load and
an increase in average load, therefore, the sandwich panels exhibited
better buffering performance.

5.1.4. The effect of impact energy
The damage and failure of the sandwich panels under an impact

energy of 20 J were consistent with type A: deep dents were generated
on the zone which was in direct contact with the punch and a small
region around the zone was concave. There was no significant de-
formation in the other zones. The bottom face sheet was not deformed
and there was only a peak impact load, which was similar to a half-
period sinusoid; the damage and failure of the sandwich panels under
an impact energy of 40 J conformed to type C: the punch penetrated the
top face sheet and the core and also led to slight deformation of the
bottom face sheet. The impact load reached its peak when the punch
separately made contact with the top and bottom face sheets. The da-
mage and failure of the sandwich panels under an impact energy of 60 J
conformed to a hybrid damage failure where type B with type C were
superimposed: the punch first applied load to the top face sheet causing
wrinkling thereof, and buckling and fracturing of the core below the
impact zone, thus leading to the constant growth in impact force. After
the top face sheet had been penetrated, the impact force decreased
significantly. The punch deformed the bottom face sheet after contact
therewith so that the impact force increased again (Figs. 12 and 13).
Fig. 13(d) shows that the impact energy affected the damage, failure

mode, and impact load on the sandwich panels: the greater the impact
energy, the more severe the damage to the specimens and the more
varied the failure modes. Moreover, the impact load also increased
within a certain range.

5.2. Prediction of indentation model

Section 2 introduces the theoretical relationship between indenta-
tion and impact load under type-A damage. Thus, according to the
maximum depth of dents measured through tests on specimens, the
peak impact load can be predicted.

Eq. (13) shows the contact behavior of a local zone on these sand-
wich panels and reveals that the contact force was not positively pro-
portional to the deflection. Moreover, the first term on the right-hand
side of the equation is related to the bending of face sheets while the
second term is correlated with the stretching of the membrane. In the
case that Poisson’s ratio is 0.33 (the Poisson’s ratio of Al face sheets in
the test), the contact force can be expressed as follows:

= +P D
h

16
3

(1 0.488 )f
f

1 0
0
2

2
(19)

By using correction coefficient (set to 0.076 here), the result ob-
tained through Hertzian analysis is simply corrected. It is assumed that

= D(16 /3) f 1 and = h0.488/ f
2. Therefore, Eq. (19) can be re-

written as follows:

= +P 0 0
3 (20)

The prediction results are listed in Table 7.
As shown in Table 7, the maximum true deviation was not greater

than 5.20% and the maximum deviation of the average value was not
greater than 3.00%: these were within acceptable ranges. It indicated
that the proposed theory can predict the relationship between the
maximum dent depth and the maximum impact load under type-A
damage. It was feasible to calculate the theoretical solution of the peak
impact load according to the measured dents. On this basis, the load on
a structure under a certain working condition can be judged in practical
applications to determine whether to adjust the structural strength or
not. The indentation and impact force obtained by simulation are
slightly larger than those obtained by experiments. The reason for this
phenomenon may be that the phenolic resin in the finite element model
is uniformly distributed, while in practice Nomex Phenolic resin was

Fig. 10. Impact damage morphology of the specimens with different punch diameter.
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normally accumulated in the corners of the honeycomb cells [42],
which strengthens the local strength of the honeycomb core, causing
the maximum indentation of the experiment to be smaller than that of
the simulation; and larger deformation of the simulated aluminium
alloy panel causes greater impact.

6. Conclusion

Through experiments and numerical simulation, the response and
mechanical properties of Nomex honeycomb sandwich panels under
low-velocity impact were explored. Through low-velocity impact tests,
the effects of various parameters (including the density (D) of

Fig. 11. Comparison of load - time curve and characteristic load of sandwich with different punch diameter.

Fig. 12. Impact damage morphology of the specimens with different impact energy.
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honeycomb core, face-sheet thickness (T), punch diameter (d), and
impact energy (E)) on impact load and failure mode were investigated.
To illustrate the impact behaviors, the impact test was simulated by
applying numerical simulation. The predicted impact load, contact
time, and deformation mode were consistent with the measured results.
According to the results obtained through experiments and numerical
simulation, the following main conclusions are drawn:

(1) Under type-A deformation, the plastic buckling of face sheets and
the folding of cores were the main failure modes; under type-B
deformation, face sheets were subjected to significant plastic de-
formation. As the indentation and bending were further aggravated,
the main failure mode appeared as plastic buckling or fracturing of
cores. The softening effect during the buckling of honeycomb core
led to the slow growth or rapid reduction of impact load. Until the

honeycomb core was compacted, the impact load increased again;
under type-C deformation, the penetration of face sheets and plastic
failure of the honeycomb cores were regarded as the main failure
modes. In this case, the face sheets of sandwich panels bore the
greater impact resistance.

(2) According to the test result, it can be seen that honeycomb core
with a low density was found to have low strength and stiffness, and
thereby decreased the impact resistance, showing significant
overall deformation; however, it could better resist penetration or
decrease the peak impact load. Beyond a certain limit, the effect of
the density was lowered; with the growth of face-sheet thickness,
the impact-induced deformation mode was changed and the impact
load increased significantly. The increase of face-sheet thickness
can remarkably improve the impact resistance of honeycomb
structures.

(3) With increasing punch diameter, the deformation of the specimens
changed significantly. The result showed that the diameter of im-
pactor affected the damage mode of the specimens: the sharper the
impactor, the more likely the honeycomb structure was to be pe-
netrated; under low impact energy, the impact-induced deforma-
tion and damage of the specimens only appeared in local zones.
With increasing impact energy, the specimens were subjected to
hybrid damage, showing significant global deformation.

(4) Honeycomb sandwich panels showed favorable flexural behaviors
due to their unique three-layer structure: however, the sandwich
structure was sensitive to impact load, and changes in the structural
parameters of the sandwich structure and its impact parameters
both exhibited a significant influence on the dynamic mechanical

Fig. 13. Comparison of load - time curve and characteristic load of sandwich with different impact energy.

Table 7
Deviation analysis of peak load.

Label hf/mm α0/mm Theoretical
values/N

Measured
values/N

Deviation /%

1 0.8 6.56 908.425 955.255 4.90
2 0.8 6.87 972.307 983.331 1.12

Average 0.8 6.72 941.203 969.293 2.90
Simulation 0.8 7.19 — 998.863 3.05

1 1.0 8.06 1383.930 1316.160 5.15
2 1.0 8.20 1416.232 1460.250 3.01

Average 1.0 8.13 1401.630 1388.205 0.97
Simulation 1.0 9.65 — 1496.753 7.82
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properties of the structure. Therefore, it is necessary to perform
corresponding adjustments to such structures considering their
service environment to avoid the occurrence of severe damage or
failure, which influences the performance of the sandwich struc-
ture.
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