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Abstract

Quasi-static indentation tests were carried out to investigate the mechanical responses of sandwich panels with com-
posite face sheets and aluminum foam core. The energy absorption, specific energy absorption and energy-absorbing
effectiveness factor of rigid-supported composite sandwich panels were evaluated and compared. The deformation of
upper face sheets, foam cores and lower face sheets was captured. The effects of several key parameters, including the
face sheet thickness, the core thickness and relative density, and the indenter nose shape, on the energy absorption
behavior of the rigid-supported sandwich panels were explored. The dependency of the load—displacement response of
sandwich panels on boundary conditions was also discussed. It was found that the rigid-supported sandwich panels
absorb the greatest energy and own the highest energy absorption efficiency, while fully fixed panels absorb the least

energy and own the lowest energy absorption efficiency.
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Introduction

Composite sandwich panels made of composite face
sheets and foam core have many advantages, such as
lightweight, high specific strength, and stiffness.'?
However, one of the main concerns in the application
of composite structures is the fact that composite sand-
wich panels are susceptible to indentation failure due to
localized 10ading,3 such as runway debris, hailstones,
and accidentally dropped heavy tools. The load-carry-
ing capacity of the sandwich panels may be significantly
reduced by the presence of such damages.* Hence, it is
of practical importance to make a good understanding
of the indentation responses of sandwich structures.
In recent years, a number of studies have shown that
localized impact loading on a sandwich structure can
result in the generation of local damage, which can lead
to significant reductions in its load-carrying capacity.”°
However, most of the previous researches on composite
sandwich panels were focused on structures with poly-
mer foam cores”® or honeycomb cores.”!? Recently,
some research attention has turned to replacing the

polymer foams with metal foams.""'* In engineering
practice, metal foams may replace polymer foams
where multi-functionality is important. For example,
it can act as a structural component in a sandwich
panel and also as a cooling system or acoustic
damper.'> Ruan et al.'’ conducted experimental studies
on sandwich panels with ALPORAS aluminum foam
core and aluminum face-sheets using an MTS universal
testing machine. Effects of face-sheet thickness, core
thickness, boundary conditions, adhesive, and surface
condition of face-sheets were discussed. Mohan et al.'?
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experimentally studied sandwich panels comprising alu-
minum foam cores and various types of face-sheets
(whose behavior represents elastic, elastic-ideally plas-
tic, and elastic-plastic strain hardening) under quasi-
static indentation. Results show that the indentation
behavior is strongly dependent on the type and thick-
ness of the face sheets used. In this study, experiments
are carried out to make a good understanding of the
indentation response of sandwich structures with com-
posite face sheets and aluminum foam cores.

For the reason that inertia and wave propagation
effects are negligible in the case of low-velocity
impact, several studies'®'” show a similarity between
quasi-static indentation and drop weight impact test-
ing. It was found that the resistance forces of the sand-
wich panels were very similar in both quasi-static
indentation and low-velocity impact indicating that
quasi-static indentation can be used to study low-velo-
city impact responses.'® In our previous work,'® a pre-
liminary research on the quasi-static perforation and
low-velocity impact behavior of sandwich panels with
aluminum foam core and woven fabric face sheets was
carried out. It was found that the resistance forces of
the sandwich panels showed a similarity between quasi-
static perforation and drop weight impact tests. The
same conclusion can be deduced for the indentation
cases,® indicating that it is applicable to use quasi-
static indentation to study the low-velocity impact
indentation responses.” Moreover, the need for quasi-
static indentation test method for modeling low-velo-
city impact events to sandwich composites has been
proved to be very beneficial.

Quasi-static indentation tests are conducted on the
sandwich panels with closed-cell aluminum foam cores
and composite face sheets in this study. The indentation
responses of the sandwich panels are investigated and
the deformation and failure modes observed during
indentation are described in detail. Three kinds of
boundary conditions are considered and indenters
with different nose shapes are used. An experimental
parametric study is carried out to investigate the effects
of various geometric parameters, such as the face sheet
thickness, the core thickness and relative density,
the indenter nose shape, as well as the boundary con-
ditions on the energy absorption performances of sand-
wich panels.

Experiments
Materials and structures

The sandwich panels used here are similar to those
used in our previous study on perforation behavior.'®
Thus, materials and structures are briefly described
below.

The face sheets of all panels are made of woven-glass
fabric laminates, in which the fabric is E-glass fiber
7628 cloth with the filament diameter of about 10 um,
and the matrix is thermosetting phenolic resin. The face
sheets have a fiber volume ratio of 0.60 and a density of
2.31g/em® and comprise 0°/90°/0° configuration with
the fiber direction parallel to one side of the panel.
Three different thicknesses of the upper face sheet
(H,=12, 1.5, and 2.0mm) are considered while all
the lower face sheets have an identical thickness of
Hj=25mm. The face sheet material is found to be
linearly elastic till fracture with an ultimate stress of
330 MPa at an ultimate strain of 1.35%, regardless of
the thickness.'®

A closed-cell aluminum foam with an average cell
size of ~3mm produced by liquid state processing
using TiH, as a foaming agent is used as the core
material. Three different relative densities, namely,
p=14.1%, 19.6%, and 23.3%, are used in this study
and their plateau stress have been experimentally deter-
mined as 0,,=5.82, 7.31, and 8.98 MPa, respectively, as
done in Li et al.'®

Sandwich specimens were manufactured by utilizing
a two-component impact-resistant adhesive SA102 to
glue the face sheets and the foam core together.

The specimens are square plates 150 x 150 mm? in
dimensions, and are named as <upper face sheet thick-
ness in mm>-<core thickness in mm>-<lower face
sheet thickness in mm>-<repetition number> in the
present study.

Indentation tests

To investigate the mechanical behavior of sandwich
panels exposed to localized loads, an MTS809 material
test system was used to perform the quasi-static
indentation tests. Three different indenters, i.e. a con-
ical-nosed, a hemispherical-nosed, and a flat-ended
indenter, with an identical diameter are used for com-
parison. Figure 1 illustrates the geometry and dimen-
sions of the indenters.

Sandwich panels were placed on the top of a rigid
substrate without any clamping device (Figure 2(a)),
and the indentation load was applied at the center
mainly through a steel conical-nosed indenter. All the
tests were carried out under displacement control with a
constant loading rate of 0.02mm/s and the indentation
force—displacement histories were recorded.

Because of non-conduciveness of the adhesive, elec-
tron discharge machining (EDM) fails to machine the
indented specimens. Thus, the specimens after tests
were sectioned by a bench saw at low speeds for obser-
ving the damage zone.

An important issue in measuring the mechanical
properties of foams is the effect of the specimen size,
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relative to the cell size. The size effect is also particu-
larly important for foam core sandwich panels, as in
some components the foam core may have dimensions
of only a few cell diameters. The size effect of sandwich
beams has already been experimentally demonstrated
for shear failure of four-point bending.'” In the present
study, the ratio of the indenter diameter to the average
cell size is about 10; thus, no significant effect of cell size
on perforation response will be noticed according to
Andrews et al.?® The size effect can be avoided if the
foam plate has at least eight cell diameters in thickness
according to Tekoglu et al.?' However, the thin and
stiff face sheets will give a better distribution of load
throughout the area when subjected to loads, which
would lead to a lower localized mean load and diminish
the size effects. Moreover, in real sandwich compo-
nents, the foam cores may just have limited cell
diameters across the thickness of the panels despite
the foam core is only about five cell diameters in thick-
ness in this study.

(a) (b) ()

d38mm ®38mm ®38mm
—p —> —p
45° 19mm
\Jf2.5mm w

Figure 1. Geometry and dimensions of the indenters:
(2) conical-nosed (CNP); (b) hemispherical-nosed (SEP); and
(c) flat-ended (FEP).

Results
Deformation features of face sheets and core

Localized deformation in the upper face sheet was
observed from the beginning of each test. For the
rigid-supported (RS) specimens loaded by different
indenters, i.e. conical-nosed, hemispherical-nosed, and
flat-ended indenters, differences could be found in the
damage patterns of the upper face sheets of the speci-
mens, as shown in Figure 3. It should be noted that the
surface of the laminates is covered by a layer of silver-
colored twill glass fabrics, so the visual patterns are not
the actual fiber orientations. The cross-sectional views
of the RS specimens after tests are shown in Figure 4.
The photographs of damaged specimens for other sup-
port conditions, such as fully clamped sandwich panels,
can be found in our previous paper.'® Damage mode-I
in Figure 3(a) and Figure 4(a) was observed in most
cases of sandwich panels with a thin upper face sheet
indented by the hemispherical indenter, while damage
mode-II in Figures 3(b) and Figure 4(b) was observed
in sandwich panels with a thick upper face sheet. For
damage mode-I, partial penetration through the thick-
ness of the face sheet happened over a larger area in a
circular manner after large deformation of the face
sheet. Cracks occurred aligned along the circumferen-
tial edge of the indenter. For damage mode-II, the
hemispherical indenter produced cracks over a much
large area under the indenter in a square manner that
is parallel and perpendicular to the fiber direction, and
the face sheet tore into four pieces, as can be seen in
Figure 3(b).

It is interesting to note that in Figure 3(c) and Figure
4(c) the flat-ended indenter punches through the face
sheet around the circumferential edge of the indenter
while crushing the foam core underneath. For the con-
ical indenter with a sharper nose, an initial perforation
of the face sheet without considerable crushing of foam
core was observed, followed by the formation of

Figure 2. Photographs of the boundary conditions: (a) placed on the top of a rigid substrate without any clamping device (RS);
(b) placed on a specially designed frame with panel edges SS; (c) fully clamped (FF).
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(a) - (b) | (©) )

Figure 3. Photographs of post-test RS sandwich specimens: (a) face-sheet damage by a hemispherical-nosed indenter (mode-l);
(b) face-sheet damage by a hemispherical-nosed indenter (mode-Il); (c) face-sheet damage by a flat-ended indenter (mode-lll); and
(d) face-sheet damage by a conical-nosed indenter (mode-IV).

(d

Figure 4. Cross-sections of post-test RS sandwich specimens: (a) face-sheet damage by a hemispherical-nosed indenter (mode-I);
(b) face-sheet damage by a hemispherical-nosed indenter (mode-ll); (c) face-sheet damage by a flat-ended indenter (mode-lll); and
(d) face-sheet damage by a conical-nosed indenter (mode-IV).

circular cracks which correspond to the striker diameter  of less than 5% for both the first peak load and the
and then the upper face sheets tore into several pieces, indentation displacement at failure (data not shown),
as seen in Figures 3(d) and Figure 4(d). which is sufficient to ensure the consistency of the tests.
Figure 5 shows a typical measured force—displacement
curve for indentation of RS sandwich panels under a
hemispherical-nosed indenter, which is similar to the
Two or more sandwich specimens were tested for every  stress—strain curve of closed-cell aluminum foams
selected case. The results are consistent with a variation under uniaxial loading. The load responses are different

Load response

Downloaded from jrp.sagepub.com at Univ of Science & Tech of China on August 29, 2014


http://jrp.sagepub.com/

1675

Li et al.
25
20
Z 154
5/ Plateau Force !
g ............................ !
o 101 ! !
_I 1 1
5 : Peak : Densification
71  Displacement  Displacement
| |
0 & . . :
0 4 8 12 16

Displacement (mm)

Figure 5. A typical indentation force—displacement curve of RS
sandwich panels.

for simply supported (SS) and fully fixed (FF) sandwich
panels, which will be discussed in the Effect of bound-
ary conditions section. The force—displacement curves
demonstrate the following key features. Load initially
increases almost linearly to a peak load. After initial
failure, at which the upper face sheet starts rupture,
the load drops by a small amount, and then remains
constant over a short flat plateau due to collapse of the
cells. Note that the plateau is of great importance for
energy absorption applications and the length of the
plateau depends on the core thickness. Subsequently,
the load increases again due to the back support
edge effect.

To better compare the energy absorption of different
structures, it is useful to use the so-called efficiency par-
ameter to obtain indication for optimum usage of the
structures. Referred to Avalle et al.,** the energy
absorption efficiency is defined as

1 %)
"0 =75 /0 F81)ds, (1)

where F'is the indentation force and § the indentation
displacement. The densification displacement §,; of
sandwich panels under indentation is the displacement
value corresponding to the stationary point in the effi-
ciency—displacement curve where the efficiency is a
global maximum:

1n(84) = maxn(d) ()

The plateau indentation force F,, can be defined by

34
o f F(®)ds 3)

Bd - (Sy 8,

where §, is the yield displacement corresponding to the
displacement value at the first peak load. In this paper,
the total energy absorption for the RS structures is
defined as the area under the load—displacement curve
up to densification displacement §,. However, it should
be pointed out that this method can only be used for
the RS boundary condition and cannot be used for SS
and FF boundary conditions since there is no densifi-
cation strain for SS and FF boundary conditions.

Discussion
Effect of face sheet thickness

In total, 18 RS sandwich panels were tested under the
hemispherical indenter with three different face sheet
thicknesses and three different core thicknesses. The
specifications of the experiments and results are listed
in Table 1, in which the energy absorption E is calcu-
lated from the area under the force—displacement curve
up to the densification displacement and the specific
energy absorption (SEA) is defined as the energy
absorbed per unit mass. The energy-absorbing effective-
ness factor W is defined as the quotient of the total
energy which can be absorbed in a system to the max-
imum failure energy in a normal tensile specimen made
from the same volume of materials,”>** and it can be
estimated from the following relation'®

fyt A(8)ds

v =
Vl!ff(fr opde + Ve fOE' o.de + ngf(f" oyde ’

4)

where F denotes the indentation force, § the displace-
ment of the indenter, §, the densification displacement,
¢ the uniaxial tensile strain, ¢, the uniaxial tensile engin-
eering rupture strain of the composite face sheet (it is
assumed that the maximum strain reached in the foam
is equal to the uniaxial rupture strain of the face sheet
material to simplify the analysis™), oy the static
strength of the upper and lower face sheet material,
o, the plateau crushing stress of the foam core, V. the
volume of the foam core, and V,rand V), the volumes
of the upper and lower face sheets, respectively. It is
noted that the whole specimen was considered when
calculating the volume.

Figure 6 shows the effects of upper face sheet thick-
ness on the energy absorption performances of the RS
sandwich panels under quasi-static indentation. As
expected, the panels with thicker upper face sheets
result in a higher force level and thus in higher energy
absorption. For the range of thickness tested in this
study, the energy absorption as well as the SEA is
almost linearly proportional to the face sheet thickness.
Table 1 indicates that by increasing the upper face sheet
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Table I. Experimental detail of specimens indented by hemispherical-nosed indenter (rigid back support; p =23.3%).

Peak Densification

displacement Peak loads displacement Plateau loads Damage
Specimen no. (mm) (kN) (mm) (kN) E() SEA (J/kg) v mode
1.2-10-2.5-01 3.37 11.22 6.11 12.66 44.61 143.89 0.20 Mode-|
1.2-10-2.5-02 3.25 10.89 6.28 12.73 35.47 114.43 0.16 Mode-|
1.2-15-2.5-01 4.19 11.19 8.18 11.51 70.65 185.93 0.32 Mode-|
1.2-15-2.5-02 3.64 10.35 7.64 11.20 65.00 171.04 0.29 Mode-|
1.2-20-2.5-01 3.83 11.05 10.19 13.07 109.53 243.41 0.48 Mode-I
1.2-20-2.5-02 3.88 11.65 10.25 12.66 109.18 242.63 0.48 Mode-|
1.5-10-2.5-01 3.74 12.68 6.45 11.20 54.47 170.20 0.23 Mode-II
1.5-10-2.5-02 3.98 12.13 6.43 12.22 55.65 17391 0.24 Mode-I
1.5-15-2.5-01 3.94 12.23 8.83 14.33 97.61 250.27 041 Mode-I
1.5-15-2.5-02 3.97 13.20 8.61 14.81 96.38 247.12 0.40 Mode-II
1.5-20-2.5-01 3.85 13.57 12.73 16.26 153.64 333.99 0.63 Mode-I
1.5-20-2.5-02 395 13.10 12.45 16.43 158.70 345.01 0.65 Mode-I
2.0-10-2.5-01 4.16 1551 6.90 16.38 81.39 232.53 0.31 Mode-II
2.0-10-2.5-02 498 16.68 7.15 17.48 85.14 243.27 0.32 Mode-II
2.0-15-2.5-01 3.73 15.34 9.67 17.61 137.43 327.21 0.51 Mode-II
2.0-15-2.5-02 4.08 17.43 9.43 18.13 135.51 322.65 0.50 Mode-II
2.0-20-2.5-01 4.82 16.86 13.87 17.81 209.05 418.10 0.77 Mode-Il
2.0-20-2.5-02 5.01 17.33 13.89 17.52 207.63 415.26 0.76 Mode-Il

(@) o250 (b) 500 -

= Core Thickness = 10 mm ’Eu‘ = Core Thickness = 10 mm

= ® Core Thickness = 15 mm por S ® Core Thickness = 15 mm po
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Figure 6. Effect of upper face sheet thickness on (a) energy absorption and (b) SEA (RS; hemispherical indenter; p =23.3%).

thickness the energy absorption efficiency of the sand-
wich panels with the same foam core thicknesses
increases.

Effect of core thickness and core density

Figure 7 shows the effects of foam core thickness on the
energy absorption performances of RS sandwich panels
under quasi-static hemispherical indentation. The spe-
cifications of the panels and results are summarized in
Table 2. As the indenter goes deeper, the aluminum

foam core acts as an elastic-plastic foundation for the
composite face sheets and it may affect the indentation
responses of sandwich panels. Thus, foam core thick-
ness shows a clear effect on the energy absorption of
sandwich panels before failure. After upper face sheet
failure, the foam core is crushed and densified as the
indenter perforating into the foam core. The core thick-
ness affects the plateau length of the force—displacement
curve, which is also referred to as the densification dis-
placement as mentioned above. Therefore, the core
thickness is important especially in practical
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Figure 7. Effect of core thickness on (a) energy absorption and (b) SEA (RS; hemispherical indenter; p =23.3%).
Table 2. Experimental detail of specimens with different core densities indented by hemispherical-nosed indenter (rigid back
support; Hye= 1.5 mm; Hr=2.5mm; H.= |5 mm).
Relative  Peak Densification
density  displacement  Peak loads displacement Plateau loads Damage
Specimen no. (%) (mm) (kN) (mm) (kN) E () SEA (Jlkg) W mode
1.5-15-2.5-p1-01  14.1 4.40 12.38 8.28 11.84 76.22 24586 0.32  Mode-l
1.5-15-2.5-p1-02  14.1 4.34 11.68 9.97 12.52 99.03 31945 041 Mode-l
1.5-15-2.5-p1-03  14.1 4.08 11.30 9.44 12.14 91.87 296.35 0.38 Mode-l
1.5-15-2.5-p2-01  19.6 4.16 15.54 7.83 15.23 90.01 250.03 0.38 Mode-l
1.5-15-2.5-p2-02  19.6 4.37 14.38 8.73 16.38 10745 29846 0.45 Mode-I
1.5-15-2.5-p2-03  19.6 4.10 15.27 851 16.12 10441  290.03 0.44 Mode-l
1.5-15-2.5-p3-01 233 4.09 16.49 8.00 18.75 11046 283.24 0.46 Mode-ll
1.5-15-2.5-p3-02 233 4.18 15.76 7.83 17.75 102.87  263.77 043 Mode-ll
1.5-15-2.5-p3-03 233 3.92 17.49 833 19.32 12232 313.65 051  Mode-ll
applications such as sacrificial cladding structures, in
which the foam core thickness will greatly affect the
energy absorption. As can be seen in Figure 7, for sand- 200 400
wich panels with different face sheet thickness used in . —a— Energy Absorption @
the present study, the energy absorption, SEA and ?E —o— Specific Energy Absorption 8
energy absorption efficiency increase linearly as the S 1504 + 4% 300 E"
foam core thickness increases. s é
Nine specimens with three different foam core rela- § 100+ f‘/{/i -200 »
tive densities (p=14.1%, 19.6% and 23.3%) were = g
tested to study the effect of foam core density. All the E 504 1100 &
w <

core thickness (H,=1.5mm; Hy=2.5mm;
H.=15mm) as well as the RS boundary condition.
The results are listed in Table 2. A plot of the energy
absorption performances of sandwich panels against
their relative densities is shown in Figure 8.

Figure 8 reveals an approximate linear relationship
between energy absorption, SEA of the sandwich

0.14 016 0.18 020 0.22 0.24
Relative Density

Figure 8. Effect of core density on energy absorption per-
formances of RS sandwich panels (H,s=1.5mm; H.= |5 mm;
hemispherical indenter).
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panels, and the relative density of the foam core,
respectively. These phenomena are because that
higher density foam would result in a wider area to
bear the indentation load, leading to a lower localized
mean load. Higher density foams also show a higher
load-carrying capacity and permit less deformation on
the upper face sheets, which is favorable to energy
absorption. It can also be found from Table 2 that
the energy absorption efficiency of sandwich panels
increases gradually as the relative density of the foam
core increases.

Effect of indenter nose shape

The geometry of the indenter is a vital parameter that
governs the indentation responses of sandwich panels.

Three indenters with different nose shapes, i.e. a con-
ical-nosed punch (CNP), a hemispherical-ended punch
(SEP) and a flat-ended punch (FEP), have been used in
this study. Thirteen identical RS specimens were
indented under quasi-static loading and the specifica-
tions of the panels and experimental results are listed in
Table 3.

The photographs of the upper face sheets of the
sandwich panels after tests are shown in Figure 3. It
is obvious that the damage patterns of the upper face
sheets depend on the geometry of the indenter. Blunt-
nosed (hemispherical-nosed and flat-ended) indenters
result in large damage areas.

The energy absorption performances of the sand-
wich panels indented quasi-statically are shown in
Figure 9. The results indicate that sandwich panels

Table 3. Experimental details of specimens of identical configurations (H,r= .2 mm; Hjr=2.5 mm; p =23.3%) indented by indenters

of different nose shapes.

Peak Densification  Plateau
Indenter  displacement  Peak loads  displacement loads Damage
Specimen no. shape (mm) (kN) (mm) (kN) E () SEA (/kg) W mode
1.2-10-2.5-01CN  CNP 237 222 4.62 1.99 824 26.58 0.04 Mode-VI
1.2-10-2.5-02CN  CNP 233 2.21 5.62 201 10.12 32.65 0.05 Mode-VI
1.2-10-2.5-01FE FEP 1.66 26.19 4.55 20.78 90.61  292.28 041  Mode-lll
1.2-10-2.5-02FE FEP 1.39 25.79 4.84 21.37 9828 317.03 0.45  Mode-lll
1.2-10-2.5-03FE FEP 1.05 26.11 5.16 23.34 112.37  362.48 051  Mode-lll
1.2-10-2.5-01 SEP 3.37 11.22 6.11 12.66 54.61 176.15 0.25 Mode-l
1.2-10-2.5-02 SEP 3.25 10.89 6.28 12.73 57.47 185.40 026  Mode-l
1.2-20-2.5-01CN  CNP 2.29 2.68 5.12 2.53 11.47 25.48 0.05 Mode-VI
1.2-20-2.5-02CN  CNP 222 2.77 4.82 2.45 10.78 23.95 0.05 Mode-VI
1.2-20-2.5-01 FE FEP 1.73 25.93 9.86 22.65 21693  482.07 0.96  Mode-lll
1.2-20-2.5-02FE FEP 1.65 26.55 9.31 22.66 206.33 45852 091  Mode-lll
1.2-20-2.5-01 SEP 3.83 I1.05 10.19 13.07 10553  234.52 047  Mode-l
1.2-20-2.5-02 SEP 3.88 I1.65 10.25 12.66 105.18  233.74 046  Mode-l
a) 200 b
L) Rigid Supported; H, = 1.2 mm; H, = 2.5 mm (3,) 400 P Core Thickness = 10 mm
\Z/ Core Thickness = 10 mm 3 B Core Thickness = 20 mm
S 150- EEN Core Thickness = 20 mm S 3004 G
g 2 7
[oR o
o 100+ < 200+ /
(<] c
& 50 o % /
3 ¢ 1007 % /
o4 2 @ W W, %
SEP CNP FEP SEP CNP FEP

Figure 9. Effect of indenter nose shape on (a) energy absorption and (b) SEA of RS sandwich panels (H,s= 1.2 mm; Hjr=2.5 mm;

p=23.3%).
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perforated by the flat indenter (FEP) absorbed the most
energy, followed by the hemispherical indenter (SEP)
and then the conical indenter (CNP). So are the cases
for SEA and energy-absorbing effectiveness factor. A
possible explanation for this is that the damage mode-
III resulted in an extremely high force level for the flat
indenter cases, and more energy was absorbed. For the
hemispherical indenter cases, much aluminum foam
was compressed due to its relative large displacement
before failure (Table 3), which caused more energy dis-
sipation, while the conical indenter produced lower
contact force and smaller deformation area, and less
energy is dissipated during indentation.

Effect of boundary conditions

Boundary conditions can significantly affect the
deformation behavior of structural members made
from monolithic materials.”> However, effects of
boundary conditions on the responses of composite
sandwich structures have been less documented. It is
aimed in this section to obtain some information con-
cerning the effect of boundary condition on the mech-
anical responses of composite sandwich panels. This
was done with a hemispherical indenter by carrying
out series tests on sandwich panels under three kinds
of boundary conditions: placed on top of a rigid sub-
strate support covering the entire area of the specimen
without any clamping device (RS, Figure 2(a)), and
placed on a specially designed frame with the edges of
the specimen SS (Figure 2(b)) or with the edges of the
specimen FF by eight bolts (FF, Figure 2(c)). The
frame is made of steel and has a span of

150 x 150 mm? with an exposed square (90 x 90 mm?)
in the center and the fiber directions of the face sheets
are parallel/perpendicular to the edges of the frame in
the present experiments. Table 4 summarizes the test
results and the force—displacement responses and
energy absorption performances of the sandwich
panels under different boundary conditions are shown
in Figure 10.

Key features of the force—displacement responses as
well as deformation and failure characteristics of the
fully clamped sandwich panels have been studied pre-
viously. Two force peaks were found in the force—dis-
placement curve corresponding to the upper and lower
face sheet failure respectively. For more details, the
reader is referred to our previous paper.'® The values
of E for the SS and FF cases are calculated from the
area under the load—displacement curve up to the
second peak load, which indicates the full failure of
the sandwich panels. It is interesting to note that a
much lower failure load is achieved for FF boundary
condition due to the high degree of constraint. The
upper face sheets of the FF sandwich panels were
punched through around the circumferential edge of
the indenter and cracks were produced in the lower
face sheets along the edge of the frame over a larger
area in a square manner that is parallel and perpendicu-
lar to the fiber direction under the indenter.'® In con-
trast, the magnitude of the peak loads for SS sandwich
panels is almost as large as that for RS panels. After the
peak load, there is a long flat plateau, which allows
large energy absorption at a constant load until a
steep drop in force, indicating that the lower face
sheet fails. Thus, RS panels absorb the greatest

Table 4. Experimental details of specimens of identical configurations (H,r=2.0 mm, H;=2.5 mm; p =23.3%) indented under

different boundary conditions.

Peak Densification

Boundary displacement Peak loads displacement Plateau loads Damage
Specimen no. condition  (mm) (kN) (mm) (kN) E () SEA (/kg) v mode
2.0-15-2.5-01 RS 3.73 15.34 9.67 104.61 13743  327.21 0.51  Mode-Il
2.0-15-2.5-02 RS 4.08 17.43 9.43 97.00 13551  322.65 0.50 Mode-ll
2.0-15-2.5-01SS  SS 8.66 17.56 - - 109.56 260.86 0.41  Mode-ll
2.0-15-2.5-02SS  SS 7.81 18.44 - - 105.13  250.31 0.39 Mode-ll
2.0-15-2.5-01FF FF 26.28 5.59 - - 97.16  231.33 0.36 Mode-ll
2.0-15-2.5-02FF FF 27.96 5.21 - - 99.67 23731 0.37 Mode-ll
2.0-20-2.5-01 RS 4.82 16.86 13.87 161.19 209.05 418.10 0.77 Mode-ll
2.0-20-2.5-02 RS 5.01 17.33 13.89 155.57 207.63 415.26 0.76  Mode-ll
2.0-20-2.5-01SS  SS 10.27 15.87 - - 130.86 261.72 0.48 Mode-ll
2.0-20-2.5-02SS  SS 10.49 16.66 - - 13536 270.72 0.50 Mode-ll
2.0-20-2.5-01FF FF 32.20 4.92 - - 117.41 23482 0.43  Mode-ll
2.0-20-2.5-02FF FF 34.75 5.17 - - 126.33  252.66 0.46  Mode-ll
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Figure 10. Effect of boundary conditions on energy absorption performances of RS sandwich panels (hemispherical indenter;

Hy=2.0mm; H.=20mm; p =23.3%).

energy, own the highest SEA and energy absorption
efficiency as well, while FF panels absorb the least
energy and own the lowest SEA and energy absorption
efficiency, as shown in Table 4 and Figure 10.

Conclusions

Quasi-static indentation tests are carried out to study
the structural responses and energy absorption per-
formances of sandwich panels with aluminum foam
cores and composite face sheets. Most sandwich
panels are indented by a hemispherical-nosed indenter,
and two indenters with different nose shapes are also
used for comparison purpose. The deformation and
failure behaviors of sandwich panels are explored,
and the energy absorption, SEA, and energy absorption
efficiency of different structures are investigated and
compared.

Based on the quantitative results obtained, the
effects of several key parameters, including the face
sheet thickness, the foam core thickness and relative
density, and the indenter nose shapes, on the energy
absorption performances of the sandwich panels
under indentation are discussed. Thicker face-sheet,
thicker or denser foam core are prone to producing
higher energy absorption and resulting in higher
energy absorption efficiency. The sandwich panels per-
forated by a flat indenter absorb the most energy with
the highest energy-absorbing efficiency, while a conical
indenter gives the lowest penetration load, the lowest
energy absorption, and the lowest energy absorption
efficiency. A dependency of the indentation response
on the boundary conditions is also observed. The RS
sandwich panels absorb the greatest energy and own
the highest energy absorption efficiency, while FF
panels absorb the least energy and own the lowest
energy absorption efficiency.
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