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Numerical simulation of normal and oblique ballistic impact
on ceramic composite armours
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Abstract

This paper presents three-dimensional finite element models that investigate the performance of ceramic–composite armours

when subjected to normal and oblique impacts by 7.62 AP rounds. The finite element results are compared with experimental data

from different sources both for normal and oblique impact, respectively. Simulation of the penetration processes as well as the

evaluation of energy and stresses distributions within the impact zones highlight the difference between normal and oblique ballistic

impact phenomena. The findings show that the distributions of global kinetic, internal and total energy versus time are similar for

normal and oblique impact. However, the interlaminar stresses at the ceramic–composite interface and the forces at the projectile–

ceramic interface for oblique impact are found to be smaller than those for normal impact. Finally, it is observed that the projectile

erosion in oblique impact is slightly greater than that in normal impact.

� 2003 Published by Elsevier Ltd.
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1. Introduction

Traditionally, armours have been made monolithic,
usually of high hardness steel. However, the demands

for lightweight armours for personal protection led to

the investigation of alternative materials. In the last few

decades, non-metallic materials, such as ceramics and

composites, have been increasingly incorporated into

more efficient lightweight armours. In particular, due to

their low density, high hardness, high rigidity and

strength in compression, ceramics have become widely
used in armours. However, the low fracture toughness

of ceramics and, consequently, their predisposition to

fracture when subjected to high tensile stresses has led to

the development of composite armours in which a ce-

ramic-faced plate is backed by a more ductile material

such as a metal or a polymeric composite that can resist

failure due to tensile stresses. When armour-piercing

projectiles impact onto composite armours, the projec-
tiles are first shattered or blunted by the hard ceramic

and the load is then spread over a larger area. The

backing plate deforms to absorb the remaining kinetic

energy of the projectile, delays the initiation of tensile
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failure in the ceramic and backing plate interface, and

allows more projectile erosion. Since the pioneering

work of Wilkins et al. [1], which was on the development
of ceramic–aluminium armour systems, many research

studies have been carried out to investigate the perfor-

mance of composite armours. Accordingly, the use of

ceramic-faced armours backed by a low-density metal or

composite plate has become an accepted design ap-

proach for lightweight armours. Nevertheless, the per-

formance of such multilayered armours under various

ballistic impact scenarios has yet to be fully understood.
Lightweight armour design and analysis has been

approached from all three analysis angles, namely: em-

pirically, analytically, and numerically. Numerical

models, based on solving all the governing equations

over a spatial grid at successive time increments, have

proven to be valuable design tools since they can help

achieve a comprehensive understanding of the ballistic

impact process. A number of numerical models simu-
lating the ballistic impact process on two-component

ceramic–metal and ceramic–composite armours have

been published since the early 90s. Cortes et al. [2]

proposed a model that was based on a finite difference

Lagrangian formulation to simulate the normal impact

on a ceramic target backed by a thin metallic plate

without any front confinement. The macroscopic mate-

rial behaviour in the zone of finely pulverized ceramic
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ahead of the penetrator was modelled by means of a

constitutive relation taking into account internal friction

and volumetric expansion. Their simulation predicted

that once the ceramic is pulverized ahead of the pro-
jectile, the powder is pushed rather than penetrating.

Wang et al. [3] implemented a ceramic model [4] in the

explicit finite element code DYNA-2D and used the

model to simulate their experiment on alumina ceramic–

aluminium armour. They identified four different de-

formation mechanisms of the aluminium backing plate

(petalling, plugging, partial penetration and inden-

tation) as a function of backing plate thickness. Espin-
osa et al. [5] investigated the response of multilayered

ceramic–steel targets to high velocity impact and pene-

tration through finite element simulation. A multiple-

plane microcracking model to describe the inelastic

constitutive behaviour of ceramics in the presence of

damage was integrated into the finite element code

EPIC95. Their analyses showed that the penetration

process is less dependent on the ceramic materials. By
contrast, they found that the penetration process is

highly dependent on the multilayered configuration and

the target structural design (geometry and boundary

condition). Zaera et al. [6] analysed the effect of the

adhesive layer, used to bond ceramic tiles to a metallic

plate, on the ballistic behaviour of ceramic–metal ar-

mours. In their study, numerical simulations were made

of low calibre projectiles impacting on alumina tiles
backed by an aluminium plate, using a commercial finite

difference code AUTODYN-2D. Lee and Yoo [7] in-

vestigated numerically and experimentally the ballistic

performance of ceramic–metal composite armour sys-

tems by varying the thickness of tiles, while maintaining

equal areal density of the system. The cumulative

damage model with smoothed particle hydrodynamics

(SPH) scheme that had been implemented in to AU-
TODYN hydrocode was used in their simulation. The

major features of composite armour system such as,

projectile erosion, crack propagation, ceramic conoid

formation and failure of backing plate were captured.

Their simulation results of ballistic limit for selected

targets revealed that there exists an optimum value of

the front plate to back plate thickness ratio for a given

areal density. The optimum thickness ratio of the front
plate to back plate thickness for the configuration con-

sidered in their study was shown to be in the region

of 2.5. Ceramic–composite armour systems were

introduced in the 90s [8]. Chocron Benloulo and San-

chez-Galvez [9] developed a simple analytical model of

high-velocity impact onto ceramic–composite armours.

In order to verify the analytical model, they also nu-

merically simulated the impact process by AUTODYN-
2D commercial hydrocode. Sanchez-Galvez and Galvez

Diaz-Rubio [10] performed numerical simulations of

normal ballistic impact on ceramic–composite targets by

using AUTODYN-2D hydrocode, where special sub-
routines for modelling the dynamic behaviour of ce-

ramic and composite materials were implemented. The

dynamic constitutive equations of ceramic that were

proposed by Cortes et al. [11] were used in the simula-
tion. Composites dynamic behaviour was modelled by

assuming orthotropic elastic behaviour and the Tsai-Wu

failure criterion.

Up to now, most of the numerical models that have

been published on the subject of projectile perforation

are limited to the case of normal impact on armours.

Only a few analytical models on oblique ballistic impact

on ceramic–metal armours have been published.
Hetherington et al. [12,13] developed an analytical

model for two-component composite armours subjected

to an oblique impact. They observed that, circular

contours of constant deformation which occur in

backing plates under normal impact, tended to be el-

liptical for oblique impact. They assumed that the pro-

jectile tip deforms into an ellipse as it impacts the front

face of the ceramic under the oblique impact. It was
found that an inclined ceramic composite armour plate

was more effective, on a thickness basis, than one ar-

ranged perpendicular to the line of impact; and the

ballistic limit velocity increased with obliquity. Another

analytical model for simulating ballistic impact on ce-

ramic–metal armours has been proposed by Zaera and

Sanchez-Galvez [14]. The model was based on Tata�s
[15] and Alekseevskii�s [16] equation for projectile pen-
etration into ceramic tile, whilst the response of metallic

backing was modelled based on Woodward�s [17] and

den Reijer�s [18] models. The mode was checked with

date of residual mass and residual velocity of real fire

tests of medium calibre projectiles on ceramic–metal

armours.

In the current study, several sets of 3-D finite element

models have been developed to investigate the response
of a ceramic–composite integral armour system to nor-

mal and oblique penetrating projectiles. Comparison of

the energy histories as well as stress and force distri-

butions of armours subjected to normal and oblique

impacts have been conducted by using the finite element

code LS-DYNA3D.
2. Numerical models

2.1. Simulation tools

In the present study, the Hypermesh computer code
has been used as the pre-processing tool. The numerical

analysis of non-linear impact and penetration was per-

formed using the non-linear finite element code LS-

DYNA3D [19,20], which is dedicated to the analysis of

dynamic problems associated with large deformation,

low- and high-velocity impact, ballistic penetration and

wave propagation, etc. As with all dynamics codes, LS-



Table 1

Material properties used in the finite element model

Material q (kg/m3) E (GPa) m ry (Mpa) Et (GPa) G (Gpa)

Steel 7890 202 0.3 1069 2.0

Ceramic (AD-96) 3720 303 0.21 2108 0.0

Composite 1600 80 0.3 25

Strength properties of the composite layer (Mpa) XC ¼ 750, X T ¼ 1000, S ¼ 250
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DYNA3D seeks a solution to the momentum equation

satisfying the traction and displacement boundary con-

ditions on the exterior and interior boundaries respec-

tively. The energy equation is integrated in time and is

used for evaluating the equation of state and for a global

energy balance. The integration scheme is based on the

central difference method and the velocities and dis-

placements are updated accordingly. The principal lim-
itation during integration is the size of the time step,

which should be small enough so that a second wave

cannot travel across the smallest element during one

integration step. The LSPOST computer code was used

for post-processing.
Fig. 1. Finite element model and coordinates for normal impact.
2.2. Model development

A typical finite element model of ceramic–composite

amour system consists of the normal and oblique impact

of 60� conical–cylindrical steel projectiles on to ceramic–

composite target. The steel projectile is 7.62 mm in di-
ameter and 28.1 mm in length. Its performance is similar

to that of a 7.62 mm NATO armour-piercing (AP)

round. The target is AD96 alumina tile of 6.35 mm

thickness supported by a high strength carbon/epoxy

composite of 3.75 mm thickness. The thickness ratio is

decided based on work by Hetherington [21] where it

was concluded that the optimum thickness ratio of two-

component composite armour was:

h1=h2 � 4ðd2=d1Þ ð1Þ

where h1 is ceramic plate thickness (mm), h2 is backing

plate thickness (mm), d1 is the density of ceramic, and d2
is density of backing plate. In this study, d1 ¼ 3720

kg/m3, d2 ¼ 1600 kg/m3 and therefore h1 and h2 are

designed as 6.35 and 3.75 mm, respectively.

Two components, namely a ceramic plate and a

composite plate, are used in the armour system. These

two materials are defined with two material types of LS-

DYNA. The ceramic is modelled with material type 3

(MAT_PLASTIC_KINEMATIC). This is a bi-linear
elastic plastic model that contains formulations com-

bining isotropic and kinematic hardening. Five material

properties (Young�s modulus E, Poisson�s ratio m, Yield

stress ry, tangent modulus Et and hardening parameter

b) are required for this material model, where Et is the

slope of the bi-linear stress strain curve. In the present

analysis, hardening parameter is considered zero (kine-
matic hardening). The steel projectile is also modelled

with material type 3 (MAT_PLASTIC_KINEMATIC).

For the composite plate, material model type 59 (MAT_

COMPOSITE_FAILURE_SOLID) is used. This is an

orthotropic material model for solid element that uses a

maximum stress failure criterion. Detailed descriptions

of these material models can be found in LS-DYNA3D

theoretical manual [20]. The corresponding material
properties required for the models are taken from the

literature and shown in Table 1.

Both plates composing the armour system are mod-

elled with eight-noded uniform hexahedron solid ele-

ments whilst the projectile is modelled with six-noded

tetrahedron solid elements. Due to the axisymmetric

nature of the problem, only one half of the projectile-

armour system is modelled in the present research. The
nodes making up the projectile�s mesh were assigned an

initial velocity. The coordinate system and original mesh

for normal impact is shown in Fig. 1.

The CONTACT_TIED_SURFACE_TO_SURFACE

element was used to connect the ceramic and composite

layers. This element allows the application of two failure

criteria, namely a maximum normal tensile stress crite-

rion and a maximum shear stress criterion. The interface
between the projectile and armour material is defined

with CONTACT_ERODING_SURFACE_TO_SUR-

FACE. Projectile erosion is one of the major features of

an armour penetration process. An erosion algorithm is



0

(a)

100

200

300

400

500

600

700

0 2 4 6 8 10
Backing Plate Thickness (mm)

B
al

lis
tic

 L
im

it 
(m

/s
)

A2024 Experiment
A6061 Experiment
SAE4130 Experiment
A2024 Calculation 
A6061 Cauculation
SAE4130 Calculation

390 Z. Fawaz et al. / Composite Structures 63 (2004) 387–395
available in LS-DYNA3D code, which allows for pene-

tration and perforation by eroding elements from the

projectile surface as well as the target structure. The

erosion is modelled based on the criterion that elements
do not contribute to the physics of penetration if their

effective plastic strain reaches a critical value (which is

defined as erosion strain in LS-DYNA3D). If an element

shares nodes at the surface and satisfies the criterion,

then the stresses in it are brought to zero and the ele-

ment is eroded away or eliminated from the grid. Upon

erosion, the sliding interface between the projectile and

the target is re-defined dynamically due to total element
failure. In other words, computation can be carried out

without the need for re-zoning distorted regions of the

mesh during the penetration process.
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Fig. 2. Comparison between the experimental results for ballistic limit

and projectile erosion and the results of the numerical model presented

herein. (a) Ballistic limit and (b) projectile erosion.
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2.3. Verification of the models

The numerical models were correlated with experi-

mental data reported by Mayseless et al. [22] and
Sadanandan and Hetherington [13] for normal and ob-

lique impact, respectively. The material types and sizes as

well as the conditions used in the computational models

were the same as those reported in the aforementioned

experimental studies. Material properties employed in

the analysis were gleaned from the literatures. The steel

and aluminium plates used in the ceramic–metal com-

posite armours considered were modelled with material
type 3 (MAT_PLASTIC_KINEMATIC) of LS-DYNA.

The experimental results obtained by Mayseless et al.

[22] have been quoted in several publications [17,23].

Fig. 2 shows the comparison of ballistic limit and pro-

jectile erosion calculated using the present models with

the experimental data reported in the aforementioned

study. The ballistic limits thus calculated were found to

be in reasonable agreement with the experimental re-
sults. The form of the curve depicting the erosion as a

function of the initial velocity is correct, however, the

actual size of erosion is overestimated by about 1–2 mm.

The preliminary computations of oblique impact by 7.62

mm AP rounds on ceramic–aluminium targets were

carried out to investigate the influence of oblique angle

on ballistic limit. The calculations were compared with

experimental results of Sadanandan and Hetherington
[13] in Fig. 3, and the fit of computations to experi-

mental data could be considered reasonable.
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Fig. 3. Comparison of the ballistic limit computation with the exper-

imental data of for oblique impact.
3. Results and discussion

Simulations of normal and 30� oblique impacts were

performed, and some computation results are presented

and discussed in this section. Initial velocities for both

normal and oblique impact are 315 m/s. Solutions are

terminated after 140 ls. The units for all calculations are
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grams for mass, millimeters for length and microseconds

for time.

After impact, the kinetic energy of the projectile is

transferred to the armour, and as the projectile pene-
trates the armour, the kinetic energy will be reduced

while the internal energy of the system will increase.

Distributions of global kinetic, internal and total energy

with respect to time are shown in Fig. 4. It should be

noted that only one half of the system energy is repre-

sented in Fig. 4 because only one half of the spatial do-

main is considered. In spite of the difference between the

normal impact process and the oblique one, their dis-
tributions of global energy are quite similar. It is ob-

served that, for both normal and oblique impacts, the

kinetic energy reduces at a faster pace than the rate at

which the internal energy increases. This causes the total

energy to decrease with the decrease of kinetic energy.

The internal energy increases until around 50 ls and the

kinetic energy decreases to zero within 70–80 ls. For
oblique impact, the reduction of kinetic and total energy
is about 10–20 ls slower than that for normal impact.

Accordingly, the total energy decreases within 80–100 ls,
and then stays at the same magnitude. The kinetic en-

ergy is computed by summation of 1
2
� nodal mass�

�

nodal velocity2� for all the nodes of the projectile and the

target. The node-velocity term includes the x, y, and z
components of the velocity. The kinetic energy dissipa-

tion is the result of the slowing down of projectile�s ve-
locity as well as the mass erosion of the projectile and

target as the projectile ploughs through the armour. The

kinetic energy reduces to zero when the node-velocity

reduces to zero and the projectile comes to a complete

stop. While the total energy in any physical system is

conserved, the reduction in the total energy shown in

Fig. 4 is due to the mass erosion of the system.
Fig. 4. Global energy (KJ) versus time (ls). (a
Fig. 5 depicts the projectile penetration processes in a

ceramic–composite armour system for normal impact

(Fig. 5(a)) and oblique impact (Fig. 5(b)). Once a pro-

jectile impacts the armour, fractures initiate immediately
in the ceramic plate in a region near the projectile pe-

riphery. These fractures occur within 2 ls of initial

contact and are attributed to the highly compressive

stress in that region. Fig. 5(a) shows that for normal

impact, at t ¼ 50 ls, a conical region of crushed ceramic

is found directly in front of the projectile and the frac-

tures reach the ceramic–composite interface. The tip of

the projectile reaches the end of the ceramic layer at
t ¼ 60 ls, then the projectile perforates the ceramic–

composite interface and stop in the composite layer with

7.5 mm penetration at t ¼ 80 ls. During the penetration

process, the projectile is squashed and undergoes large

lateral expansion. At the same time, the tip of the pro-

jectile is eroded. In this study, the total reduction in

length of the projectile was found to be 6.54 mm (2.86

mm squashed and 3.68 mm eroded). When the projectile
impacts the armour at 30� angle of obliquity with the

same initial velocity as the normal impact, it cannot

perforate the ceramic layer. Instead, the projectile is

trapped within the ceramic layer at t ¼ 90 ls, where it

also ricochets slightly. In this case, the total penetration

depth of the projectile is 4.54 mm and the cavity that

formed during the perforation is elliptical in shape.

From Fig. 5(b), it can be observed that the projectile
does not penetrate the ceramic in the same straight path.

Instead, the projectile turns away from the normal to the

target as its oblique angle changes from an initial value

of 30� to around 45� at rest. The projectile gets also

eroded and blunted during the penetration process and

its length is reduced to 6.9 mm (2.4 mm of which is the

eroded length). The projectile erosion in oblique impact
) Normal impact and (b) oblique impact.



Fig. 5. Impact processes (V ¼ 315 m/s). (a) Normal impact and (b) oblique impact.
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is greater than that in normal impact because the pene-

tration path in this case is longer than that in normal

impact.
The distribution of effective stresses is shown in

Fig. 6. The large stresses occur in front of the projectile

and reduce in magnitude when the projectile is stopped.



Fig. 6. Distribution of effective stresses (103 GPa). (a) Normal impact and (b) oblique impact.
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The distribution of rx, rz, syz, and szx for the ceramic

element 342 514, which is located at the ceramic–

composite interface, 0.25 mm in the x-direction and 3.7

mm in the y-direction away from the centre, are shown

in Fig. 7. It is seen that all of these stresses can be
positive and negative at different stages. During impact,

the interlaminar stresses rz, syz, and szx cause delamin-

ation between the ceramic and composite while the

normal stress rx causes local bending and fibre fracture.

That maximum rz for normal impact was found to be



Fig. 7. rx, rz, syz, szx (GPa) versus time (ls) at ceramic–composite interface. (a) Normal impact and (b) oblique impact.

Fig. 8. X - and Z-force (103 KN) versus time (ls) at projectile–ceramic interface. (a) Normal impact and (b) oblique impact.
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around 400 MPa. If the interface or the bonding be-

tween the ceramic and composite is not strong enough

to withstand this tensile stress, delamination failure will

take place. For both normal and oblique impacts, rx was

found to be much greater than the other stresses.
However, stresses for oblique impact, especially rz, syz,
and szx are much lower than that for normal impact. So

the possibility of delamination failure for oblique impact

is much lower than that for normal impact.

Fig. 8 gives the distribution of the X -force and the Z-
force at projectile–ceramic interface for normal impact

(Fig. 8(a)) and oblique impact (Fig. 8(b)). For both the

normal and oblique impacts, the Z-force is the most
dominant, and it reaches the peak value at around 18 ls,
albeit lasting a longer time for normal impact. For ob-

lique impact, the X and Z forces have separate peak
values. In particular, the X -force increases gradually

until t ¼ 50 ls, where it starts decreasing gradually from

that point on.
4. Conclusion

Finite element models of the normal and oblique
impacts of 7.62 AP round onto ceramic–composite ar-

mours were developed. Developed models had the

ability to capture projectile erosion, ceramic conoid

formation, as well as the failure of the ceramic and

composite plates. The preliminary computations dem-

onstrated reasonable correlation with existing experi-

mental data, which allow us to conclude that the
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numerical models can be used for an improved design of

lightweight armours.

The various numerical simulations presented the de-

tails of penetration processes, distributions of energy,
stresses etc. of normal and oblique impact at a velocity of

315 m/s. In particular, it was found that the distributions

of global kinetic, internal and total energy versus time

are similar for normal and oblique impact. However, the

interlaminar stresses at the ceramic–composite interface

and the forces at the projectile-ceramic interface for

oblique impact were found to be smaller than those for

normal impact. Furthermore, it was found that when a
projectile impacts obliquely on the armour, it changes its

angle during the perforation, forming an elliptical cavity

at the tip of projectile. Finally, it was observed that the

projectile erosion in oblique impact is slightly greater

than that in normal impact.
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