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Metallic sandwich structures with aluminium foam core are good energy absorbers for impact protec-
tion. To study their ballistic performance, quasi-static and impact perforation tests were carried out and
the results are reported and analysed in this paper. In the experiments, effects of several key parameters,
i.e. impact velocity, skin thickness, thickness and density of foam core and projectile shapes, on the
ballistic limit and energy absorption of the panels during perforation are identified and discussed in
detail.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

As a novel composite structure, a sandwich panel with cellular
core (frequently metallic foams) has excellent energy dissipating
performance and advantage in weight saving, and thus can be used
as an energy absorber in a wide range of applications under
extreme loading conditions such as ballistic impact. The cellular
microstructures offer themwith the ability to undergo large plastic
deformation at nearly constant nominal stress, and thus can absorb
a large amount of kinetic energy before collapsing to a more stable
configuration or fracture [1e3]. Investigations into the ballistic
loading on composite structures have been extensively conducted
on the polymer or glass/carbon fabric based laminates [4e13], and
comparably less attention has been paid on sandwich structures.

Most of the existing work on sandwich panels has focused on
structures with conventional honeycomb or PVC foam cores.
Goldsmith and Sackman [14] tested the effects of several parame-
ters, e.g. impact velocity, boundary conditions and bonding
and Aerospace Engineering,
Avenue, Singapore 639798,

State University, Detroit, MI
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strength between the honeycomb core and aluminium faces, on the
energy dissipation during perforation. Mines et al. [15] examined
the low velocity perforation behaviour of sandwich panels with
polymeric composite skins and honeycomb core. They suggested
that higher impact velocities tend to increase the energy absorp-
tion, which is attributed to an increase in the core crush stress and
skin failure stress at high strain rates. Similar experiments have
been carried out by Roach et al. [16,17] on PVC foam core panels,
where the role of core and the relationship between the energy
absorbed and delamination area were studied as well. Hoo Fatt and
co-workers [18,19] developed analytical solutions for the ballistic
limit of a honeycomb core sandwich plate subjected to normal
impact by projectiles with different shapes, in which the overall
bending and stretching of the plates were considered. Kepler
[20,21] experimentally and theoretically investigated the perfora-
tion performance of PVC foam core panels and three main damage
modes were identified and formulated mathematically. Wen et al.
[12] and Reid and Wen [13] developed analytical models to calcu-
late the ballistic limit and energy dissipation for the panels of this
type. More recently, Villanueva and Cantwell [22] conducted the
high velocity impact on the composite and fibre-metal laminate
sandwich structures with aluminium foam core. Three main failure
patterns were distinguished and it was found that the panels with
aluminium foam core offer considerably higher specific perforation
energy than their plain composite counterparts with similar
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Fig. 1. Preparation process of the specimens.
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Fig. 3. Uniaxial compression stressestrain curves of the CYMAT� aluminium foam
with different relative densities.
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composite volume fractions. Hanssen et al. [23] carried out exper-
imental tests and numerical simulations of the bird strike on
sandwich panels made from aluminium foam core with aluminium
faces. There is no perforation observed from the tests. Zhao et al.
[24] tested the perforation behaviour of aluminium foam core
sandwich panels with the aluminium alloy faces using a split
Hopkinson pressure bar, and recorded the piercing force-
edisplacement history. However, no detailed parametric studies
have been reported yet.

In this study, a large number of perforation tests were conducted
on the sandwich panels with aluminium foam core and two iden-
tical aluminium face-sheets, which were subjected to quasi-static
loading and impact at velocities ranging from 70 m/s to 250 m/s.
The experimental set-ups and procedure are presented in Section 2.
Then in Section 3, the specimen perforation process recorded and
the failure/damage patterns observed are described in detail. Based
on the impact and exit velocities measured in the tests, the effects
of face thickness, core thickness and relative density and the
projectile shapes on the ballistic limit and energy absorption are
analysed in Section 4. In addition, an empirical equation is derived
to describe the influence of impact velocity on the perforation
energy.

2. Experiments

2.1. Specimens, projectiles and material properties

The square sandwich panels tested consisted of two aluminium
face-sheets with identical thickness and an aluminium foam core.
The face-sheets were made of Al-5005H34 and had four thick-
nesses i.e. 0.6 mm, 1.0 mm, 1.5 mm and 2.0 mm, respectively. The
CYMAT� closed cell aluminium foam (AleSi(7e9%)eMg(0.5e1%))
cores had five relative densities, that is, 5%, 10%, 15%, 18% and 20%.
Fig. 2. Tensile stressestrain curves of the Al-5005H34 skins with different thicknesses.
The cores were machined into 120 mm� 120 mm plates with two
different thicknesses (25 mm and 50 mm). The face-sheets were
glued onto the surfaces of the foam core using an epoxy adhesive,
and then cured in room temperature for 36 h. Fig. 1 schematically
illustrates the preparation procedure of the sandwich panels. The
stressestrain relationships of face and foam core were determined
via standard tensile and compression tests and they are presented
in Figs. 2 and 3, respectively.

The stainless steel projectiles used in the tests had a similar
mass and three shapes: (1) flat ended; (2) hemispherical nosed and
(3) conical nosed. The geometries and dimensions are shown in
Fig. 4.

Main material properties of the face, core and projectile are
summarised in Table 1.

2.2. Quasi-static perforation set-up

A universal MTS system was used to perform the quasi-static
perforation. Fig. 5 shows the experimental set-up. Three indentors
with an identical diameter of 7.5 mm and different shapes were
used. Specimens were fully clamped at the edges using two steel
frames, which had a circular opening (diameter D¼ 100 mm) in the
centre. The indentor head speed was set at 0.02 mm/s to penetrate
sandwich structures. Forceedisplacement data were recorded
automatically by a computer connected to the MTS machine.

2.3. Impact perforation set-up

Impact perforation tests were carried out by a gas gun system
with the maximum allowable gas pressure of 15 MPa as shown in
Fig. 6. The internal diameter of the barrel is 12.5 mm, and a plastic
holder was used to hold the projectiles which all had a diameter of
7.5 mm. The impact velocity can be controlled by adjusting gas
pressure in the charge chamber. A laser velocimeter was placed
between the exit of the barrel and the fixed sample in order to
Fig. 4. Geometries and dimensions of the three types of projectiles: flat ended;
hemispherical nosed and conical nosed.



Table 1
Material properties of the face-sheets and foam cores.

Component part Material Mechanical properties

Density,
r (kg/m3)

Young’s modulus,
E (GPa)

Poisson’s
ratio, y

Tensile strength,
sY (MPa)

Plateau stress,
spl (MPa)

Tensile failure
strain, 3f

Densification
strain, 3D

0.6 mm face-sheet Al-5005H34 2700 65.04 0.33 123.47 e 2.7% e

1.0 mm face-sheet Al-5005H34 2700 62.57 0.33 130.51 e 8.9% e

1.5 mm face-sheet Al-5005H34 2700 77.09 0.33 139.55 e 7.6% e

2.0 mm face-sheet Al-5005H34 2700 66.69 0.33 129.43 e 7.8% e

20% foam core AleSi(7e9%)eMg(0.5e1%) 540 0.14 0.30 5.20 9.92 3.5% 0.60
18% foam core AleSi(7e9%)eMg(0.5e1%) 486 0.05 0.30 4.79 2.82 3.7% 0.35
15% foam core AleSi(7e9%)eMg(0.5e1%) 405 0.03 0.29 3.19 1.70 3.5% 0.42
10% foam core AleSi(7e9%)eMg(0.5e1%) 270 0.07 0.17 1.70 1.59 0.9% 0.41
5% foam core AleSi(7e9%)eMg(0.5e1%) 135 0.01 0.17 0.73 0.31 0.7% 0.39

Fig. 5. Experimental set-up of the quasi-static perforation.
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measure the impact/incident velocity. A high speed video camera
was set up at the rear of the fixed sample to measure the rear/exit
velocity. Calibrations were carried out before the tests.

The square specimens were fully clamped at the peripheral
regions, and the exposed circular area had a diameter of 100 mm,
whichwas the same as in the quasi-static case. The clamping device
is illustrated in Fig. 7.

3. Experimental observations

A high speed video camera was also used to record impact and
perforation process and response of the sandwich structures for six
samples. Fig. 8(a) and (b) shows typical photographic sequences of
the front face and back face, respectively, recorded at
20,000 frames/s during perforation by a hemispherical nosed
projectile at 187 m/s. The perforation process took approximately
0.45 ms.
Fig. 6. Experimental set-up of the impact perforation.

Fig. 7. Sketch of the clamping device of impact tests.



Fig. 8. A typical high speed photographic sequence of a specimen perforated by a hemispherical nosed projectile (Specimen No.: AF06182515; skin thickness hf: 0.6 mm; core
thickness Hc: 25 mm; relative density of core r: 18%).
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Fig. 9. A typical failure pattern of a fully perforated panel by a hemispherical nosed
projectile: (a) front face; (b) cross-section of core; and (c) back face (Specimen No.:
AF06182504; skin thickness hf: 0.6 mm; core thickness Hc: 25 mm; relative density of
core r: 18%).

Fig. 10. A typical failure pattern of a partially perforated panel by a hemispherical
nosed projectile: (a) front face; (b) cross-section of core; and (c) back face (Specimen
No.: AF06105001; skin thickness hf: 0.6 mm; core thickness Hc: 50 mm; relative
density of core r: 10%). Note the projectile was cut through during sectioning.
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Depending on the impact energy level, the specimens after tests
exhibit two damage modes: (1) full perforation and (2) partial
perforation. The latter means that the front face is penetrated, but
the projectile remains embedded in the foam core eventually. In
each mode, the panels show similar failure patterns. Fig. 9(a)e(c)
shows the typical failure pattern of a fully perforated panel for the
front face, core cross-section and back face, respectively, impacted
by a hemispherical nosed projectile. The front face exhibits
a circular crater without global deformation. A localised tunnel is
evident in the foam core directly below the point of impact and
through the thickness. A small amount of delamination can be
observed between the core and the two face-sheets. On the back
face, a round hole is visible with a number of petals.

Fig. 10 shows the typical failure pattern of a panel with partial
perforation by a hemispherical nosed projectile. The front face
(Fig. 10a) failed in the same way as the full perforation case. The
projectile was stuck in the core, as indicated in Fig. 10(b), and the
foam in front of the projectile nose was slightly crushed. No
significant global deformation took place in the panel, and the back
face (Fig. 10c) was almost undeformed.
Based on the experimental observations it can be concluded that
only a small amount of energy is absorbed in the global panel
deflection or slippage at the clamped edges.
4. Results and analysis

Two key quantitative results are analysed in detail in this
section, which are critical for evaluating the penetration resistant
behaviour and energy dissipating performance of the sandwich
structures: (1) ballistic limit (Vb), which is defined as the velocity
when the projectile is either stuck in the back face or exits with
a negligible velocity; and (2) perforation energy (Ep), which is
essentially the energy absorbed by the structure during perforation.



Table 2
Specifications and test results of a group of specimens, which have the identical configurations (hf¼ 0.6 mm; Hc¼ 25 mm; r ¼ 0:18), and loaded at various impact velocities,
so that the effect of perforation velocity can be studied.

Specimen name Face thickness,
hf (mm)

Core thickness,
Hc (mm)

Core relative
density, r

Impact velocity,
Vi (m/s)

Rear velocity,
Vr (m/s)

Ballistic limit,
Vb (m/s)

Perforation
energy, Ep (J)

Dynamic
enhancement factor, F

AF06182507-3 0.6 25 0.18 186.34 143.89 109.63 49.28 2.20
AF06182508-1 0.6 25 0.18 181.82 139.65 108.05 47.87 2.14
AF06182508-2 0.6 25 0.18 174.22 124.29 115.81 54.99 2.46
AF06182509-1 0.6 25 0.18 157.73 113.30 103.94 44.29 1.98
AF06182510-1 0.6 25 0.18 106.31 46.84 94.32 36.47 1.63
AF06182510-4 0.6 25 0.18 98.88 24.08 95.61 37.48 1.68
AF06182511-3 0.6 25 0.18 77.76 0 77.76

(Stuck in the back face)
24.79 1.11
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Fig. 11. A plot showing the linear relationship of impact velocity and the ratio of
dynamic and quasi-static perforation energy.
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If the mass of any small fragmentations is neglected and hence
so is its kinetic energy, the change of the kinetic energy of the
projectile is then equal to the energy dissipated by perforation,
with the elastic energy etc negligible. Therefore,

1
2
mpV2

i � 1
2
mpV2

r ¼ Ep (1)

Where mp is the mass of projectile. Assuming that the kinetic
energy loss of the projectile is all dissipated by the sandwich
structure, when Vr is ensured to be small, the corresponding
perforation energy is given by

Ep ¼ 1
2
mpV2

b (2)

From this the value of Vb may be obtained. Strictly speaking, the
ballistic limit would need to be obtained by conducting a series of
Table 3
Specifications and test results of two groups of specimens, each of which has identical core
different face thicknesses (hf¼ 0.6 mm, 1.0 mm, 1.5 mm and 2.0 mm, respectively), so th

Specimen name Face thickness,
hf (mm)

Core thickness,
Hc (mm)

Core relative
density, r

Im
Vi (

AF20182502 2.0 25 0.18 212
AF15182502 1.5 25 0.18 192
AF10182501 1.0 25 0.18 147
AF06182514 0.6 25 0.18 100

AF20185001 2.0 50 0.18 245
AF15185001 1.5 50 0.18 187
AF10185001 1.0 50 0.18 192
AF06185001 0.6 50 0.18 182
experiments, gradually changing the velocity until the projectile
has just perforated the target. This would be time consuming and
costly. In the present study, the energy dissipated Ep is first calcu-
lated from Eq. (1), and then is assumed to be close to the value
when Vr is zero. The ballistic limit is then estimated from Eq. (2). As
will be seen later, Ep is indeed affected by the projectile velocity.
Nevertheless, with the exception of two cases, the value of calcu-
lated ballistic limit is close to the initial impact velocity and hence
the error such introduced should be small.

If the structure is not fully perforated, i.e. the projectile is
embedded in the panel, then Vr vanishes and Vb¼ Vi. Then the
energy absorption by the structure would be equal to the initial
kinetic energy of the projectile, i.e. (1/2)mpVi

2.
In the subsequent sections, the effects of several parameters on

the ballistic limit and perforation energy are examined. They are
the impact velocity, skin thickness, core thickness and density and
the projectile shape. In addition, a comparison is made between the
monolithic and sandwich panels.
4.1. Effect of impact velocity

Velocity effect on the composite laminates or sandwich panels
with laminate skins has been extensively studied over the last
twenty years [9,12e17]. It has been found that the energy dissipa-
tion by the structures during perforation can be significantly
enhanced by increasing the impact velocity. However, few analyt-
ical models have been reported. Wen et al. [12] and Reid and Wen
[13] performed perforation tests on FRP laminates and twin FRP
skinned sandwich panels. Dimensionless analysis was used to
derive empirical equations to predict the ballistic limit and perfo-
ration energy of these structures. The approach was based on the
assumption that the deformation is localised and the mean pres-
sure provided by FRP laminate targets to resist the projectile can be
decomposed into two parts. One part is the cohesive quasi-static
resistive pressure due to the elastoeplastic deformations of the
target materials, and the other is the dynamic resistive pressure
arising from the velocity effects.
thickness (Hc¼ 25 mm and 50 mm respectively) and relative density ðr ¼ 0:18Þ, but
at the effect of core and face thickness can be studied.

pact velocity,
m/s)

Rear velocity,
Vr (m/s)

Ballistic limit,
Vb (m/s)

Perforation
energy, Ep (J)

.16 90.16 192.05 151.23

.80 113.14 156.11 99.92

.78 62.49 133.92 73.53

.54 0 100.54
(Stuck in the back face)

41.44

.90 93.60 227.39 211.99

.50 42.93 182.52 136.59

.31 70.33 178.99 131.36

.93 72.78 167.83 115.49



Fig. 12. A plot showing the linear relationship of face thickness and ballistic limit
ðr ¼ 18%Þ.

Fig. 13. Photographs showing that thicker skins lead to larger delamination areas of
back faces.
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In the impact tests by Zhao et al. [24] on the sandwich panels
with aluminium foam core and aluminium alloy faces, evident
energy enhancement with impact velocity was observed, although
the skin sheet as well as foam cores are nearly rate insensitive. They
suggested that a possible reason is the difference of compressive
strain level of foam core reached before the perforation of top skin
under static and impact loading because of different face-foam core
interaction mechanism. Such localised foam core strength
enhancement leads to the increase of the top skin peak loads.
However, no detailed quantitative analysis has been presented.

In this research, seven nominally identical sandwich panels (hf:
0.6 mm; Hc: 25 mm; r: 18%) were impacted by the hemispherical
projectiles at various impact velocities. Based on the impact and
exit velocities recorded, the ballistic limit and energy dissipation
were obtained. The average ballistic limit is approximately equal to
105 m/s. The panels’ specifications and results are list in Table 2.

A quasi-static perforation was performed on a panel with the
same configuration as described above (AF061825S-01HS) test, and
the resultant perforation energy (22.37 J) is used as a benchmark
for comparison with the dynamic impact cases. The ratio of
dynamic and quasi-static perforation energy (Ed/Es) (defined as
a dynamic enhancement factor F) is plotted against the impact
velocity (Vi) in Fig. 11.

Fitting the data points using a linear relationship between F and
Vi gives

F ¼ Ed
Es

¼ 1þ 0:0065Vi (3)
Table 4
Specifications and test results of two groups of specimens, each of which has identical co
but different core relative densities (r ¼ 0:05, 0.1, 0.15, 0.18 and 0.20 respectively), so th

Specimen name Face thickness,
hf (mm)

Core thickness,
Hc (mm)

Core relative
density, r

Imp
Vi (

AF06202501 0.6 25 0.20 121
AF06202502 0.6 25 0.20 109
AF06182514 0.6 25 0.18 100

AF06152502 0.6 25 0.15 113
AF06052502 0.6 25 0.05 116
AF06185001 0.6 50 0.18 182
AF06155001 0.6 50 0.15 151
AF06105002 0.6 50 0.10 113
AF06055001 0.6 50 0.05 106
AF06055002 0.6 50 0.05 100
The enhancement factors calculated from the results by Zhao et al.
[24] are also included in Fig. 11. They display a similar trend to the
current experimental data but with slightly higher values. This may
be due to the fact that different materials and test protocols were
used in their experiments.
4.2. Effect of face and core thickness

A total of eight sandwich panels with four different face thick-
nesses and two different core thicknesses were tested. The speci-
mens were designed into two groups, and in each group, the four
panels had the identical core thickness. The specifications of the
panels and results are listed in Table 3.
re thickness (Hc¼ 25 mm and 50 mm respectively) and face thickness (hf¼ 0.6 mm),
at the effect of face thickness and core density can be studied.

act velocity,
m/s)

Rear velocity,
Vr (m/s)

Ballistic limit,
Vb (m/s)

Perforation
energy, Ep (J)

.95 45.24 113.25 52.58

.09 20.01 107.24 47.15

.54 0 100.54
(Stuck in the back face)

41.44

.04 55.03 98.74 39.97

.46 92.75 70.43 20.34

.93 72.78 167.83 115.49

.15 81.16 127.51 66.66

.55 45.99 103.82 44.19

.08 80.04 69.62 19.87

.00 60.65 79.51 25.92



Fig. 14. A plot showing the relationship of core density and ballistic limit.
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The ballistic limit versus face thickness is plotted graphically in
Fig. 12. The figure indicates that, as expected, the panels with
a thicker core result in higher ballistic limit. For the range of
thickness tested, the ballistic limit is almost linearly proportional to
the face thickness. Increasing the face thickness, the ballistic limits
of the sandwich panels with 25 mm and 50 mm cores tend to
converge. This suggested that for panels with thicker skins, the
relative contribution from the core decreases. Using the ballistic
limits of the panels with 0.6 mm skins as the benchmark, for
Hc¼ 25 mm, the ballistic limit of the panels with 1.0 mm, 1.5 mm
and 2.0 mm skins increases by 33.2%, 55.3% and 91.0%, respectively;
while for Hc¼ 50 mm, the increases are 6.7%, 8.8% and 35.5%,
respectively.

Thicker skins also lead to larger delamination zone of back faces,
as shown in Fig.13. A large cavity can be observed between the back
face and core in the case of hf¼ 2.0 mm, which indicates a signifi-
cant delamination of over 50% area of the back face. For the spec-
imen with hf¼ 0.6 mm, in contrast, no evident delamination has
shown.

4.3. Effect of core density and thickness

In this section, ten specimens were designed into two groups
and in each of group the foam cores had an identical thickness
(25 mm and 50 mm, respectively), but different relative densities
(20%, 18%, 15%, 10% and 5%), as listed in Table 4, together with the
test results. A plot of ballistic limit against relative density is shown
in Fig. 14 together with the ballistic limit of a core-absent structure
(two identical faces with an air core). The figure reveals the
approximate linear relationship between ballistic limit and relative
density. It can be seen that the ballistic limit of the specimens with
Table 5
Specifications and test results of two groups of specimens, which have the identical confi
The first group was perforated quasi-statically and the second group was perforated dyn

Loading
condition

Specimen
name

Projectile
shape

Face thickness,
hf (mm)

Core thickness,
Hc (mm)

Core r
densit

Quasi-static
perforation

AF061825S-02HS Hemispherical 0.6 25 0.18
AF061825S-03CH Conical 0.6 25 0.18
AF061825S-04FH Flat 0.6 25 0.18

Impact
perforation

AF06182510-1 Hemispherical 0.6 25 0.18
AF061825S-07CH Conical 0.6 25 0.18
AF061825S-08FH Flat 0.6 25 0.18
a thicker core has a rapid increase pace with the relative density
more rapidly than their counterparts with a thinner core. When the
density of core is low, the ballistic limits of the two groups are
approaching. When r < 10%, the effect of core thickness can be
neglected. However, the energy absorption is still higher than that
of the core-absent structure. This may be due to the extra energy
dissipation caused by the core/faces interaction during the
perforation.
4.4. Effect of projectile nose shape

Effect of projectile shape is an important topic in ballistic
mechanics, and a large amount of work has been conducted for the
composite laminates [25e29] and sandwich structures with such
composite skins and polymeric cores [12,13,20,21]. In this research,
a study is carried out on the sandwich specimens with an
aluminium foam core and faces of aluminium alloy. Six identical
specimens were perforated by quasi-static and impact loading,
using three different projectiles, i.e. hemispherical nosed, conical
nosed and flat ended. The panels’ specifications and experimental
results are given in Table 5. Analyses of the projectile shape effect
are made in terms of (1) damage of the back face; (2) piercing
forceedisplacement history recorded in the quasi-static perfora-
tion tests; and (3) ballistic limit and perforation energy.

4.4.1. Damage of back face
The back faces of the six panels after tests are separated into

three groups and shown in Fig. 15. In each group, the two panels
were loaded by the identical projectiles. The figure shows the
damage pattern of back face dependence on the projectile type and
velocity. Blunter projectiles result in larger petal areas. Compared
with the impact case, quasi-static perforations produced larger area
of tearing damage on the back face.

4.4.2. Piercing forceedisplacement history
The piercing forceedisplacement histories of the three panels

perforated quasi-statically were recorded using a PC connected to
the MTS system, and shown in Fig. 16. It can be seen that the curves
of the three panels have a similar trend, and the perforation
processes may be divided into three stages:

(1) Front face failure e the contact force between the indentor and
specimen sharply increases from zero to the first peak, then
drops quickly, implying the sudden failure of the front face;

(2) Core failuree the piercing force reachesminimum and exhibits
a short time, indicating the core failure due to shear and a small
amount of compression; and

(3) Back face failure e the force goes up again to the second peak,
where the core becomes densified and then the back face fails.
When the indentor penetrates the back face, the force drops to
zero gradually, due to the friction effect.
gurations (hf¼ 0.6 mm; Hc¼ 25 mm;r ¼ 0:18), and loaded by different projectiles.
amically.

elative
y, r

Impact velocity,
Vi (m/s)

Rear velocity,
Vr (m/s)

Ballistic limit,
Vb (m/s)

Perforation
energy, Ep (J)

Dynamic
enhancement
factor, F

0 0 e 23.26 e

0 0 e 21.33 e

0 0 e 25.03 e

106.31 46.84 94.32 36.47 1.57
109.49 73.86 80.83 26.78 1.26
112.78 37.74 106.28 46.32 1.85



Fig. 15. Damage patterns of back faces perforated quasi-statically and dynamically by the projectiles with different shapes.
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The first peak loads of the flat ended, hemispherical nosed and
conical-nosed projectiles are 882 N, 984 N and 1249 N respectively.
The largest initial slope (the slope formed between the original
point and first peak) was produced by the flat ended indenter,
followed by hemispherical nosed and conical nosed ones. In the
case of flat ended indentor, penetration of the faces did not occur
until the force almost reached the maximum level, and the initial
slope would be close to the elastic stiffness of the panel. For conical
projectile, due to its sharp tip, penetration of the front face is much
smoother. The hemispherical projectile is in-between the two
cases. For the flat and hemispherical projectiles, their second peaks
are 98% and 50% higher than their first ones, respectively, which
Fig. 16. Piercing force histories of the three types of projectiles in quasi-static
perforation.
indicates the densification of the foam core in front of the projectile
head, which leads to a sudden jump of the stress [2]. For the case of
conical indentor, as very little foam is densified, the two peaks are
almost identical.

4.4.3. Ballistic limit and perforation energy
Based on the experimental results presented in Table 5, the

ballistic limits and perforation energy of the six panels were
calculated. The results indicate that blunter impactor can raise the
ballistic limit and energy dissipation. Fig. 17 shows the perforation
Fig. 17. Comparison of the energy dissipations of the identical specimens perforated
quasi-statically and dynamically by the projectiles with different shapes (Vi¼ 110 m/s).



Table 6
Specifications and test results of two groups of specimens, in each of which a 0.6 mmmonolithic skin, an aluminium foam panel with 25 mm thickness and 18% relative density,
and a corresponding sandwich panel with such skins and core were perforated. The first group was loaded quasi-statically and the second group was loaded dynamically.

Loading condition Specimen
name

Face thickness,
hf (mm)

Core thickness,
Hc (mm)

Core relative
density, r

Impact velocity,
Vi (m/s)

Rear velocity,
Vr (m/s)

Ballistic limit,
Vb (m/s)

Perforation
energy, Ep (J)

Quasi-static
perforation

Face0601 0.6 e e 0 0 e 3.37
Core0201 e 25 0.18 0 0 e 22.14
AF061825S-01HS 0.6 25 0.18 0 0 e 22.37

Impact
perforation

Face0602 0.6 e e 105.93 102.23 27.76 3.20
Core0202 e 25 0.18 103.45 65.85 79.79 26.42
AF061825S-06HS 0.6 25 0.18 102.74 0 102.74 (Stuck in the back face) 43.28
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energy by the six projectiles. The specimen impacted by flat ended
projectile has the maximum perforation energy, in both quasi-
static and impact loading conditions. In the quasi-static case,
compared with the flat impactor, the hemispherical nosed projec-
tile leads to 7.87% less energy dissipation. Minimum results are
produced by conical-nosed projectile, with a 14.78% reduction. In
the impact perforation, again using the flat ended projectile as
a benchmark, the energy absorptions by hemispherical and conical
impactors reduce by 21.27% and 42.19%, respectively. A possible
explanation for this is that the flat ended projectile has more foam
material compressed inwards due to its blunter tip, which causes
more energy consumption, while the conical tip tends to push the
material sideways and less energy is dissipated during compres-
sion. The detailed mechanism in this process is complex and open
to further investigations.

4.5. Comparison of monolithic panels and sandwich panels

In this part of the study, a 0.6 mm monolithic skin and an
aluminium foam panel with 25 mm thickness and 18% relative
densitywere separatelyperforatedby thehemispherical projectile in
quasi-static and impact loading conditions and the test results were
comparedwith those of the corresponding sandwichpanelswith the
same skins and core. Specifications of the specimens and test results
are listed inTable 6. It is clear that both the face-sheets and foam core
do not exhibit dynamic effect, but the dynamic perforation energy of
the sandwich structure is almost twice of its quasi-static dissipation,
which agrees with the observations by Zhao et al. [24].

5. Conclusions

Quasi-static and impact perforation testswere carried out to test
the ballistic performance and energy absorption of metallic sand-
wich panels. The sandwich specimens consisted of two aluminium
alloy skins and a coremade from aluminium foam, and impacted by
three projectiles with different shapes: flat ended, hemispherical
nosed and conical nosed. The perforated specimens showed similar
damage patterns: the front face exhibits a circular crater without
global deformation. A localised tunnel is evident in the foam core
directly below the point of impact and through the thickness. A
small amount of delamination can be observed between the core
and two face-sheets. On the back face, a round hole is visible with
a number of petals, but without significant global deflection.

Based on the quantitative results obtained, the effects of several
key parameters, i.e. impact velocity, skin thickness, thickness and
density of foam core and projectile nose shapes, on the ballistic limit
and energy absorption of the panels during perforation are dis-
cussed. It has been found that the dynamic perforation can signifi-
cantly raise the perforation energy, which has a linear relationship
with the impact velocity. Thicker skins and the cores with higher
thickness and density are prone to producing higher ballistic limit,
and thicker skins also result in a larger delamination area between
the core and back face. Blunter projectiles result in a larger petalling
area and tend to increase the ballistic limit and energy dissipation.
Comparedwith the impact cases, quasi-static perforations produced
larger tearing damage on the back face. Dynamic energy enhance-
ment has been observed for all the three types of projectiles,
although neither the face nor the core materials do not exhibit
evident dynamic effect.
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