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Abstract

In this paper, the effect of using Aluminium Foam (Alporas) on the ballistic resistance of multi layered target comprising two steel layers and Al foam in
between against rigid projectile of blunt nose impact at sub-ordnance velocities (320 : 400 m/s) is evaluated using finite element analysis using
ABAQUS/explicit. Rigid projectile of blunt nose is considered, it is manufactured from Arne tool steel with a nominal mass and diameter of 197 g and 20 mm.
The evaluation has been done by comparing the ballistic resistance of a single layer of steel plate to eleven different composite plate structure comprising two
layers of steel plates and Aluminium foam layer sandwiched between them. The study reveals that using Aluminium foam absorbs more kinetic energy from
the projectile during penetration and, hence, reduces the residual velocity of the projectile. Also it is found that the total mass of each structure is less than the

total mass of single layer target.
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1. Introduction

Armour design is an important feature into development of
more protective systems against the threat of projectiles.
Traditionally, armour has been made of monolithic steel of
high strength, although the rolled armor steel is remaining
the most widely used material. The need for obtaining
lightweight armor has led to the investigation of new
materials. Such materials are needed to improve the
ballistic resistance as well as reduce the weight of existing
armor. Recently cellular core materials like aluminium
foam have been investigated to achieve more energy
absorbent structure.

For example, aluminium foam is used in the front of
aircrafts to prevent accidental bird strikes [1], which can
cause major damage to planes and therefore affect their
safety. An important objective of this protection is to avoid
the perforation of panels, which can cause the
depressurization of aircrafts. Penetration/perforation
resistances at high impact velocity of sandwich panels are
then required to qualify different panels made of different
skin materials (aluminium, fire-reinforced polymer) and
cellular cores (honeycomb, foam, hollow sphere, etc.).

Common penetration tests for lower velocity (< 15 m/s)
could be performed using a drop hammer with a perforator
[2, 3]. The basic measurement in this case is the
deceleration of the impact mass, estimated by an
accelerometer. The force—displacement curves can be
derived even though they are sometimes not accurate
enough. However, the common testing technique at higher
velocity consists in launching with a gas gun a free flying
projectile against target [4-6]. Such a way is also used in
the case of sandwich targets [7, 8].

The main measures were velocities before and after
perforation of the panel and there was a lack of whole
perforating force-displacement history. One can only have
a global energy absorbed during penetration [8, 9] and this

makes understanding of what was happened during high-
speed perforation processes very difficult.

The aim of this paper is to evaluate the effectiveness of
using Aluminium foam in steel structure target on the
ballistic resistance of the whole target compare to single
steel layer targets at different impact velocity ranged
320:400 m/s achieved by rigid blunt projectile, the study has
been done using FEA using ABAQUS/explicit [10].

2. Problem Formulation

The aim of this paper is to assess the ballistic resistance of
an armour plate consisting of two steel layers and
aluminium foam layer sandwiched between them. The
performance of such a system will be compared to that of a
monolithic plate. For that reason, several impact scenarios
are considered by changing the impact velocity and the
thickness of steel layers. Figure 1 shows one of the eleven
scenarios of different combinations of steel and Al-foam
target and in Table 1. the whole composite plate
configurations are shown. Also, the impact velocity of the
projectiles varies from Vi = 320 to 400m/s. The perforation
resistance of the nine composite plates is evaluated by
comparing their residual velocities.
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Figure 1 proposed configuration of scenario with 2mm steel+8mm Al-foam+6mm steel

Table 1 Proposed Configuration for the eleven scenarios

Thickness Thickness Thickness
of Face of Al-Foam of back
Plate (mm) plate (mm) plate (mm)
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3. Plasticity Model
3.1 Steel Layer
The computational model of visco-plasticity used to
predict steel behavior under projectile impact loading has
earlier been presented by Borvik et al. [11]. Thus, only the
main equations will be given in the following. The model
is based on work by J. & C. [12] and Camacho and Ortiz
[13].
J. & C. hardening is a particular type of isotropic

hardening where the yield stress at nonzero strain rate, &
, Is assumed to be of the form

_ _ g" .
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Where A, B, nand m are material parameters measured

at or below the transition temperature 6, ion »- 6 is the
nondimensional temperature defined as
0 for 6 < Htransition
0= (0 - gu'ansition )/(gmelt - Htransition ) for gtransition <0< gmelt (2)
1 for 6> 6,

melt

where @ is the current temperature, 6, is the melting
temperature, and 6.0, IS the transition temperature

defined as the one at or below which there is no
temperature dependence on the expression of the yield
stress.

Where " is the equivalent plastic strain rate

P =4, exp[é(R—l)} for & > o° ©)

Where &, and C are material parameters measured at or

below the transition temperature, 6, and where o’

transition
is the static yield stress
o =[A+BE")"]a-6m) @)

Weldox steel is of high strength and of outstanding
ductility. To study the mechanical properties of Weldox
460 E steel, a series of static and dynamic tensile
measurements were done by Borvik et al. [14, 15]. Table 3
gives the values of all of the material constants

In the fracture model, a damage initiation criterion for
fracture of metals has been used which used in combination
with the damage evolution models for ductile metals. The
model assumes that the equivalent plastic strain at the onset

of damage, ED‘" , is a function of stress triaxiality and strain

rate Eg'(n,?"), where =—-p/q, is the stress triaxiality,
p is the pressure stress, g is the Mises equivalent stress, and
" is the equivalent plastic strain rate. The criterion for

damage initiation is met when the following condition is
satisfied:

de®
@ =] =3 (5)

where wpis a state variable that increases

monotonically with plastic deformation. At each increment
during the analysis the incremental increase in is computed
as:
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3.2 Aluminium Foam Layer

The Mises vyield surface is used to define isotropic
yielding. It is defined by giving the value of the uniaxial
yield stress as a function of uniaxial equivalent plastic
strain. Although there is crushable foam model
implemented in ABAQUS/explicit but it still not
completely well defined specially at high strain rate
problem; so that an isotropic hardening is defined in
which the yield stress is given as a tabular function of
plastic strain Figure 2, Table 4 gives the values of all of
the material constants.

Also, it is assumed that the Al-Foam will fail as
aluminium failure, which will be defined as damage
initiation criteria for fracture of metals combined with
damage evolution models for ductile metals. The
triaxiality ratio versus fraction strain curve of aluminium
measured by [16] is used to define the Al-foam failure as
shown in Table 2.
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L
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Triaxiality ratio, o*

Figure 2 Calibration of material model

Table 2 Measured values of fracture strain as a function of

stress triaxiality ratio [16]

Fracture strain Triaxiality ratio
0.929 0.333
0.497 0.893
0.364 1.389
0.197 1.891

Table 3 Preliminary model constants for Weldox 460 E steel

[11]

Elastic constants and density
E (GPa) v p (Kg/md)
200 0.33 7850

Yield stress and strain hardening
A (MPa) B (MPa) n
490 807 0.73

Strain rate hardening ~ Damage evolution

E,(sh C D. Pd
5.107 0.012 0.30 0
Table 4 Model constant for Al-Foam (Alporas)
E (GPa) v p (Kg/md)
11 0.33 250

4. Computational Model

Most of the previous numerical studies of structural impact
have been performed using the code LS-DYNA. In the
present study the ABAQUS [10] has been used. The code
includes a general purpose finite element program
(ABAQUS/standard), and an explicit finite element program
(ABAQUS/explicit). The latter uses a central difference
time integration rule to efficiently analyze incremental
deformation. An explicit central difference operator satisfies
the dynamic equilibrium equations at the beginning of the
increment, t. The accelerations calculated at time t are used
to advance the velocity solution to time t+At/2 and the
displacement solution to time t+At.

Figure 3 Finite element model of composite structure target
(steel + Al-Foam + steel)

To achieve the objective, a 3D model was created by
using the pre-processing module of the ABAQUS code.
The target plates, both Steel and Al-Foam, were modelled
as deformable bodies and material properties were
assigned to it as discussed earlier. The projectile was
modelled as a rigid part. A single node reference point was
used to assign mass and initial velocity. Eight-node brick
elements with reduced integration, which are denoted by
C3D8R, were used in the analysis.

The mesh was refined in the penetration zone. The mesh
density was reduced as the distance from the impact area
increased. In this simulations, the radius of the circular
plate is 250mm, the thickness of monolithic target is 12
mm, and as shown in Figure 3 the total thickness of the
composite structure varies. Each structure consists of two
steel layers and 8mm thick of Al-Foam sandwiched
between them, the face layer thickness varies from 3mm to
6mm, and the back layer thickness varies from 4mm to
6mm. Clamped boundary condition are assumed at the
periphery of the plate.

General contact between the projectile and the plates
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was modelled by using a kinematic contact algorithm. The

effect of friction between projectile and target is

considered between the projectile and the target plates and

is assumed to be 0.1.

5. Computational Results

Simulations of impact of single steel layer target and nine
composite structures targets consist of steel and Al-foam by
blunt projectile were carried out at impact velocities 320 to
400 m/s. Figure 4 shows the effect of using different target
configuration on the projectile velocity profile during the
penetration process through the whole target.

Figure 4-a shows the predicted projectile velocity
profiles during the penetration process into the sandwich
panel targets at impact velocity of 400 m/s. The sandwich
panel are of different configurations of total thickness of
16 mm, the configurations of the targets are (2+8+6),
(3+8+5) and (4+8+4), where the first number denotes the
thickness of the face plate, the second number denotes the
thickness of the Al-foam layer and the third number
denotes the thickness of the back plate. They are
compared with the projectile velocity profiles for the
single layer targets to illustrate the effect of using
sandwich panel targets on the projectile velocity profile
and, hence, the projectile residual velocity. From the
figure, the sandwich panel target with configuration
(4+8+4) is the best because it has the lowest residual
velocity and, therefore, the projectile perforates the targets
with the lowest velocity than the other target
configurations

Figure 4-b shows the predicted projectile velocity
profiles during the penetration process into the sandwich
panel targets at impact velocity of 400 m/s. The sandwich
panel targets are of different configurations of total
thickness of 17 mm, the configurations of the targets are
(3+8+6), (4+8+5) and (6+8+3). They are compared with
the projectile velocity profiles for the single layer targets
to illustrate the effect of using sandwich panel targets on
the projectile velocity profile and, hence, the projectile
residual velocity. From the figure, the sandwich panel
target with configuration 4+8+5 is the best because it has
the lowest residual velocity and, therefore, the projectile
perforates the targets with the lowest velocity than the
other target configurations

Figure 4-c shows the predicted projectile velocity
profiles during the penetration process into the sandwich
panel targets at impact velocity of 400 m/s. The sandwich
panel targets are of different configurations of total
thickness of 18 mm, the configurations of the targets are
(4+8+6), (5+8+5) and (6+8+4). They are compared with
the projectile velocity profiles for the single layer targets
to illustrate the effect of using sandwich panel targets on
the projectile velocity profile and, hence, the projectile
residual velocity. From the figure, the sandwich panel
target with configuration 5+8+5 is the best because it has
the lowest residual velocity and, therefore, the projectile
perforates the targets with the lowest velocity than the
other target configurations

Figure 4-d shows the predicted projectile velocity
profiles during the penetration process into the sandwich

panel targets at impact velocity of 400 m/s. The sandwich
panel targets are of different configurations of total
thickness of 19 mm, the configurations of the targets are
5+8+6) and (6+8+5). They are compared with the
projectile velocity profiles for the single layer targets to
illustrate the effect of using sandwich panel targets on the
projectile velocity profile and, hence, the projectile
residual velocity. The figure shows that, for the impact
velocity of 400 m/s the target configuration (6+8+5) is
better than the configuration (5+8+6) as it has lower
residual velocity.

Vi =400 m/s

R\ |

.

~—

&

2

=

=
T

— Single 12am 1
= Steelt Al foam+Stecl 2846 |
== Steelt Al foamr*Steel 148+5

4 Steclt Al foam Stecl 454 |

Projectile Velocity [m/s]
g

s
T

=
T

1 I
TIT TS TI0[LES]

E

Time [sec]
Vi =400 m/s
T
350, b
= 00,
= iy
20250,
o]
=
20
-
% 150
s — Single 12mm
& 100 "= Steck+Al founrtSted 348+
[P+ StecltAl foanyt Stel 448+3
30, [~ Steel+Al foam+Steel 6+8+3
o L .
[k L TIT LAK] T.20[x1.E-3]
Time [sec|
Vi =400 m/s
T
350, C
::Juu
)
2250,
Z ——
£
20,
>
=
150
2 — Single 12mm
2 = Secleal foam Steel 464
A 4 Steclt Al foan+Stecl 54845
o = Stecl+Al fonm+Steel G+6+4
0 L L
[k T~ (21 LAE T.20[x1.E-3]

Time [sec|

Vi = 400 m/s

Projectile Velocity [m/s]

0 4 L
0.7 T TIT 1T T20(xl E3]
Time [sec|

Figure 4 Effect of using different target configurations on
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projectile velocity profile for impact velocity of 400 m/s

Figure 5a shows the predicted residual velocities for
different impact velocities for 12 mm thick single steel
targets and sandwich panel targets of total thickness of 16
mm. The sandwich panel targets are designated (2+8+6),
(3+8+5) and (4+8+4) where, as stated previously the first
number denotes the thickness of the front face plate of the
target which is first impacted by the projectile, and the
third number denotes the back face plate of the target.

It is observed that using sandwich panel targets with
different configurations resulted in decrease in the
residual velocity. Hence, the sandwich panel targets have
better penetration resistance than the single layer target.
Figure 5-a shows that the sandwich panel target of
configuration (4+8+4) reduced the residual velocity
compared with the 12 mm single layer steel targets by
about 9.5 % at impact velocity of 400 m/s and by about
14.9 % at impact velocity of 340 m/s. Also, the weight
saving, one of the important factors in target design, when
the single 12 mm steel target is substituted by the (4+8+4)
sandwich panel is about 31.2%.

Figure 5-b shows the predicted residual velocities for
different impact velocities for 12 mm thick single steel
targets and sandwich panel targets of total thickness of 17
mm. The sandwich panel targets are designated (3+8+6),
(4+8+5) and (6+8+3). It is found that the sandwich panel
targets have lower residual velocities than those of the
single layer targets. In addition, the figure shows that the
sandwich panel target of configuration (4+8+5) has the
best penetration resistance as it reduced the residual
velocity compared with the 12 mm single layer steel
targets by about 11.6 % at impact velocity of 400 m/s and
by about 314 % at impact velocity of 320 m/s.
Furthermore, the weight saving is about 22.9 %.

Also, Figure 5-c compares the predicted residual
velocities for different impact velocities for 12 mm thick
single steel targets to those for the sandwich panel targets
of total thickness of 18 mm. The sandwich panel targets
are designated (4+8+6), (5+8+5) and (6+8+4). The figure
shows that all configurations have better effect on the
residual velocities than the single layer target, and at the
impact velocity of 400 m/s the sandwich panel targets of
configuration (5+8+5) is the best and at the impact
velocity of 340 m/s the projectile is embedded inside each
target. Figure 5-c shows that the sandwich panel target of
configuration (5+8+5) reduced the residual velocity
compared with the 12 mm single layer steel targets by
about 23 % at impact velocity of 400 m/s and the weight
saving is about 14.5 %.

Figure 5-d shows the comparison between the predicted
residual velocities for different impact velocities for 12
mm thick single steel targets and those for the sandwich
panel targets of total thickness of 19 mm. The sandwich
panel targets are designated (5+8+6), and (6+8+5). The
figure shows that both configurations have better effect on
the residual velocities than the single layer target, and at
the impact velocity of 400 m/s the sandwich panel targets

projectile is embedded inside both targets. Furthermore,
the weight saving, when the sandwich panel target of total
thickness of 19 mm is used instead of a single layer steel
target is 6.2 %.
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of configuration (6+8+5) is the best, while for impact
velocities of 380 and 360 m/s the target of configuration
(5+8+6) is the best. At impact velocity of 340 m/s the

Figure 5 Comparison between the Projectile Residual velocities
at Different Impact velocities of Single Steel Target of 12 mm
thickness and Targets of different Configurations
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Figure 6 Predicted von Mises Stress Contours for Target Configuration of total thickness of 16mm compared with the 12 mm single steel target
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Figure 7 Predicted von Mises Stress Contours for Target Configuration of total thickness of 17mm compared with the 12 mm single steel target



Error! Reference source not found. and Error!
Reference source not found. show the predicted von-
Mises stress contours during projectile penetration into the
sandwich panel targets of total thickness of 16 and 17 mm
at impact velocity of 400 m/s, respectively. Also, the
predicted von-Mises stress contours during projectile
penetration into the 12 mm thick single steel target are
shown in each figure in order to show the difference
through the penetration process at different time.

Error! Reference source not found. shows the
predicted von-Mises stress contours during projectile
penetration into the sandwich panel targets of total
thickness of 16 compared with that of 12mm thick single
steel target. The figure shows that shear plugging is the
predominant failure mode in the single steel target. Crack
formation and propagation is often induced by the blunt
corner of the flat-ended projectile. Also, the targets
undergo insignificant global deformation and the plastic
deformation is localized in the impacted zone.
Furthermore, the figure shows that the stress contours for
the Al-foam layers are always low because of the lower
stiffness of the Al-foam material compared to the stiffness
of the steel as it is clear from comparing the modulus of
elasticity of both materials.).

It is clear that, at the initial stage of penetration (10
usec), the first layer is greatly deformed, while the back
plate is still un-deformed, although there are stresses
induced in the back plate due to the wave propagation
through the Al-foam. Also, it is clear that at 30 usec time
interval, the projectile and the mass segments sheared off
from the first layer and from the compressed Al-foam layer
began to penetrate the back plate.

Error! Reference source not found. shows the
predicted von-Mises stress contours at different time
intervals during the penetration process through different
sandwich panel targets of different configurations of total
thickness of 17 mm at impact velocity of 400 m/s.
Following the same trend as the previous figure, the figure
shows that the stress contours for the Al-foam layers are
always low. In addition, the effect of face and back plate
arrangement is shown. Furthermore, the figure shows that,
when the thin plate is put in the back the penetration
resistance is worse than when the thick plate is put in the
back plate.

6. Conclusion
Using of Aluminium foam in multilayered structure
improves the ballistic resistance of the structure compared
to the single layer of the same face and back material of the
structure. For different impact velocity of 20mm diameter
rigid projectile with mass of 197 g, ranged from 320 :400
m/s into eleven composite structure targets comprising two
steel layers and Al-Foam (Alporas) in between steel layers,
it is found that the residual velocity of all nine structures is
less than that for the single steel layer. Also it is found that
the total mass of each structure is less than the total mass of
single layer target by from 6% for 5mm steel+8mm Al-

Foam+6mm steel target to 39.5% for 3mm steel+8mm Al-
Foam+4mm steel target.
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