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ABSTRACT

The terminal ballistics is the study of science that deals with the interaction involved in two impacting bodies. Identifying the
optimum thickness ratio of layered composites that offers efficient resist to impending projectile is a great challenge in ballistics
engineering. This research focused on the high-impact resistance of layered composite comprising of alumina ceramic and armour
steel using numerical approach (Abaqus) in determining the composite thickness ratio. The composite was designed to have ceramic
as the facial plate with armour steel as its backing plate. From the numerical study, the ceramic thickness was varied (6, 8, 10, 12
mm) while keeping the thickness of backing steel constant (7 mm). The projectile, 7.62 mm armour-piercing (AP), was set with a
velocity of 838 m/s and made to impact the different ceramic—steel composite target configurations at zero obliquity. The study
captured fracture processes of the ceramic, the deformation of projectile, and backing steel. An effective optimum thickness ratio of
1.4 (ceramic:steel; 10/7) for the ceramic/steel components with less deformation of the backing steel was found. Thereafter, the
result of the numerical study was validated by experimental ballistic investigation of the determined optimum ceramic/steel ratio.
The experiment corroborated the simulation results as the alumina ceramic provided efficient protection to armour steel component
after a severe interaction with the impacting projectile.

Keywords: ceramics; steel; composites; armour; terminal ballistics

INTRODUCTION

Armour structure provides ballistic defeat to imminent projec-
tiles or blast fragments. Traditionally, ballistic protection is
primarily made of high hardness steel owing to its high
strength and rigidity. However, most systems requiring ballistic
protection are mobile (military vehicle, tank, aircraft and/or
military/security personnel). Thus, thickness of the protective
materials, related to weight, becomes a critical issue in armour
design. Two, it is becoming easy to defeat strong steel via
armour piecing (AP) projectile that causes a major setback for
conventional steel. Understanding this weakness, ammunition
designers are replacing standard metallic projectile nose with
toughened-ceramic nose in an attempt to increase projectile
penetration capability in protection targets [1]. These led to
search for high-performance but lightweight and low-cost
protective materials (for personnel and vehicles) to improve
manoeuvrability, survivability and reduce injury when subject
to threats including blast [2,3]. Thus, enhanced mobility, high
strength to weight ratio with the high impact resistance are the
primary concept of lightweight armour design [4].

Consequently, ceramic-steel composites have been introduced
to offer the solution for efficient lightweight armours [5-10].
Precisely, low density, high hardness, high rigidity and com-
pression strength of ceramics [1,5] makes it popular and

suitable for armour systems; including aircraft structures,
personal armour and military vehicles [11-15]. Several ceramic
materials are used for facial ballistic armours: alumina [16-18],
boron carbide (B4C) [19], silicon carbide (SiC) [20]. The
backing steel provides structural integrity as ceramics lack
strength under tension [21].

The experimental research requires many samples to be
prepared and evaluated ballistically against several projectiles
at varying conditions. This consumes much time, cost and
often lead to abandoning of quite a few scenarios. So, to
predict various cases of material behaviour, modelling and
simulation are adopted through discrete numerical methods
(e.g. finite element method, FEM or smoothed particle hydro-
dynamics, SPH) [22]. Besides, the high speed involved in
terminal ballistics makes it challenging to visualize and analyze
projectile-target interaction damage, but numerical simulation
permits such studies [23].

Fawaz et al. [24] used finite element code LS-DYNA in
simulating the normal and oblique ballistic impact of projectile
against alumina ceramic plate and carbon/epoxy composite at
low velocity (315 m/s). They found that the bullet erosion in
the oblique impact was slightly more than that of normal
impact, while the distributions of global kinetic, internal and
total energy versus time were similar for normal and oblique
impacts. Akella [7] studied the layering effect of ceramic
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armour in an effort to improving toughness property over
aluminium-alloy backing using numerical methods of Autodyn.
A monolithic ceramic or layers of ceramic at a given thickness
were studied over a constant thickness of the backing. The
simulated impact velocity was 800 m/s using 5 mm diameter
steel projectile. It was observed that increasing the layers
lowered the penetration resistance of ceramic but with better
multi-hit capacity when compared with monolithic ceramic of
the same strength. It was reported that the reduction in layer
thickness leads to increase in the system strength.

Alumina ceramic had been previously prepared by sintering
process from purified corundum [25, 26]. This study strives to
determine the ballistic influence of the ceramic on ceram-
ic/steel composite as well as finding the optimum thickness of
the ceramic required to make an applied component of ceram-
ic/steel armour system for structural ballistic applications.

2. MODEL AND MATERIAL DESCRIPTION

The simulations models were developed and carried out using
the Abaqus/Explicit 6.12 simulation software in a computer
equipped with Intel core i5 CPU at 2.20 GHz [27].

2.1 Creation of the models
2.1.1 Projectile

The conical-point cylindrical projectile was modelled as 7.62
mm in diameter using the revolving tool after creating the 2D
profile with a length of 28.1 mm; following NIJ Standard
0108.01 (1985) [28]. The revolve command was set at 90° to
produce a quarter model of the projectile (symmetry) as shown
in Fig. 1(a).

(a) (b)
Alumina ceramic

s

Fig. 1 Model and finite element representation of impacted
alumina ceramic/steel composite amour target (a) projectile (b)
laminate (c) projectile-laminate finite element assembly.

2.1.2 Components (layers) of the armour system

The rectangular armour target has its frontal plate as alumina
ceramic with varying thickness (6, 8, 10 and 12 mm), and a 7
mm steel backing. These plates were created by extrusion tool
of ABAQUS after creating 2-D square profiles (50 X 50 mm),
Fig. 1b. Then the parts created separately were imported into
assembly environment of the software. Mates command were
applied to the components to create the parts assembly. The
assembled meshed model in the ABAQUS interface is as
shown in Fig. 1c.

2.2 Models definition and constraints

Two different material models were used for this simulation.
The Johnson-Cook (JC) constitutive model was used to predict
the material behaviour of the backing steel plate and projectile.
JC model is commonly used to predict the material response of
metals: armour steel, aluminium alloy and projectile material
[28]. The model is supported by most finite element code, and
the model constitutive dynamic flow stress (of) relation is
expressed in Eq. (1) [29-32].

o = {a+8(5)") [1 +Cin g—pf] [1 - (ﬂ)M] )

Tm - TO

Where, &, is the equivalent plastic strain rate, s‘ffis the effec-
tive plastic strain rate, sé’fis the effective plastic strain. T, and
T, are reference and melting temperature, respectively. A, B,
C, N, M are the material property constants required for the
material model.

The JC model is also incorporated with a failure model which
is related to von Mises stress (&), the three normal stresses
average (¢™), temperature, T and s‘ff. The expressions for the
damage, D is given in Equation 2 - 3, according to Lamberts
[32].
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Where Dy, D,, D3, D, and D5 are material parameters. Johnson
Holmquist (JH-2) material models was implemented into
ABAQUS as user-defined material model in predicting the
material behaviour of the alumina. JH-2 predicts mechanical
characteristics of brittle materials (e.g. rock, ceramics, con-
crete) subjected to excessive loading [29]. The key features of
the model comprise pressure-dependent strength, damage and
fracture, substantial strength after fracture, bulking and strain
rate effects [33, 34]. According to Kedzierski et al. and Ming
and Pantalé [29, 35], the normalized equivalent stress, a*, is
given in Eq (4),

o =0 —D(o; — 0';) @“)

Where, ] is the normalized intact equivalent stress; oy is the
normalized fracture strength stress and D is the damage varia-
ble; (0 < D <1). Egs (5) and (6) give the expressions for the
normalized intact equivalent stress and normalized fracture
equivalent stress, respectively given as

o7 = AP+ THN(1 + Cln(€")) 5)
af = B(PYM(1 + Cln(eM) 6)

A, B, C, M and N are material constants; P* is the normalized
pressure; €* is the normalized strain-rate; with energy conver-
sion factor (B) and equation of state parameters (K1, Kz, Ks).
The material property constants required for the models were
sourced from literature [7, 24, 29, 33, 34] and presented in
Tables 1 and 2. The constrained tied with Surface-To-Surface
Contact element was selected to connect the ceramic and
backing plate. The boundary or contact procedures between the
projectile and the armour system were defined with Contact-
Eroding-Surface-To-Surface. The nodes that make up the
projectiles mesh were allocated an initial velocity of 838m/s in
accordance to (NIJ Standard 0108.01, 1985). The projectile
was impacted normally on to the different ceramic—steel
composite target configurations.

3. NUMERICAL SIMULATION RESULTS
3.1 Projectile/target interaction

For this simulation, the evaluating parameter was the optimum
thickness of the ceramic on armour system in order to avoid
any complete penetration of the target at the limit velocity of
the projectile, as well as saving both space and weight for a
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lightweight armour system. Therefore, various target configu-
rations are modelled and simulated by varying the ceramic
thickness (6, 8, 10, 12 mm) over a constant 7 mm backing
armour steel.

Table 1 JC model parameters for projectile core and armour
steel

N 0.6

C 0

M 0.6
Referential strain rate 1/s 1

JH-2 Failure:

D1 0.005

D2 1

EOS Constants:

Ki Pa 1.3095 E11
K2 Pa 0

Ks Pa 0

Beta, 1

Property Unit Projec- Backing
tile steel

Density glcm® 7.85 7.85

Young’s modulus GPa 202 202

Poisson ratio 0.3 0.3

JC Constants:

A GPa 1.576 0.849

B GPa 2.906 1.39

N 0.1172 0.0923

C 0.00541 0.00541

M 0.87 0.87

Melting temperature | K 1800 1800

Transition tempera- | K 293 293

ture

Referential ~ strain | 1/s 1 1

rate

Failure Constants:

D1 0.0356 -0.4

D2 0.0826 15

D3 -2.5 -0.5

D, 0 0.002

Ds 0 0.61

Table 2 JH-2 model parameters for alumina ceramic

Property Unit Alumina Ceramic

Density kg/m® | 3700

Shear modulus GPa 90.16

JH-2 Constants:

A 0.93

B 0.31

a

S, Mises

(Avg: 75%)
+3.851e+08
+3,530e+08
+3,2062+08
+2,8988e+08
+2.5672408
+2.246e+08

+6.4188+07
+3.200e+07
+2.0616-07

c

S, Mises

(avg: 75%)
+4,2740+08
+3.918e+08
+3,.5628+08
+3.206e+08
+2,849e+08

+1.7818+08
+1.4258+08
+1.06%e+08
+7.1249e+07
+3,562e+07
+6.481e+02

3.1.1 6mm-ceramic/7mm-backing steel (6-7 Armour
System)

The computational impact process for the 6-7 armour system at
different time interval is shown in Fig. 2(a-f). It illustrates the
position of the projectile in the impact process at different
times, according to the von Mises stress. By the impact of the
projectile, fractures are initiated instantaneously in the facial
ceramic plate around the region of projectile impact periphery.
The fractures occur in 2 ps of the total 40 ps of projectile-
armour target interaction which is ascribed to the extreme
compressive stress at that point. The ceramic plate is observed
to be fully eroded by the projectile in Fig. 2(f-h); all depict the
same final stage of erosion. Fig. 2(g) only carries the meshing
feature, while the worn projectile was hidden (removed) in Fig.
2(h), from the impact site, in order to vividly reveal the de-
struction state at 40 ps. A conical crushed ceramic region
remains in front of the deformed projectile while the fractures
reach the interface of ceramic-metal composite. The result is in
agreement with the literature [24]. At the interface, the projec-
tile is seen to be squashed, stopped but caused severe bulging
on the armour steel backing.

S, Mises
(Avg: 75%)

+4.05%+08
+3.721e+08
+3.383e+08
+3.044e+08
+2.706e+08
+2.36Be+08
+2.030e+08
+1.691e+08
+1.353e+08

+1.015e+08
+6.765e+07
+3.383e+07
+.'l 555e-03

5, Mises
(avg: 75%)

+4,358e+08
+4.004e+08
+3.640e+08
+3.276e+08
+2.912e+08
+2,548e+00
42,184e+08
+1.820e+08
+1.4568+08
+1.093e+08

+7.286e+07
+3.647e+07
+7.424e+04
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e

S, Mises

{Avg: 75%)
+4.423e+08
+4.061e+08
+3,696e+08

+2.612e+08
+2.2492+08
+1,837e+08
+1,525e+08
+1.163e+08
+8.005e+07
+4.383e+07
+7.608e+06

S, Mises

{Avg: 75%)
+4.548e+08
+4.176e+08
+3,803e+08
+3.431e+08
+3.058e+08
+2.686e+08
+2,313e+08
+1,941e+08
+1,568e+08
+1.195e+08
+8.2308+07

+4.504e+07
+7.78%e+06

5, Mises

{Avg: 75%)
+4.4982408
+4.1292+08
+3.761e+0E
+3.392e+08
+3.024e+08
+2.655e+08
+2,2878+08
+1.919e+08
+1,550e+08
+1.182e+08
+8,131e+07
+4.4468+07
+7.6148+06

S, Mises
(Avg: 75%)
+4.548e+08

+3,431e+08
+3.058e+08
+2.686e+08
+2.313e+08
+1.941e+08
+1.568e+08
+1.195e+08
+8.230e+07
+4.504e+07
+7.78%e+06

Fig. 2 Impact processes for 6mm ceramics/7mm backing steel composite

3.1.2 8 mm-ceramics/7Tmm-backing steel (8-7 Ar-
mour System)

A similar occurrence is observed when the configuration with
8mm-ceramics/7mm-backing steel plate was impacted with the

a

S, Mises

(Avg: 75%)
+3.851e+08
+3.530e+08
+3.2002+08
+2.988e+03
+2.567e+08
+2.246e+08
+1.925e+08
+1.605e+08
+1.2842+08
+3.6278+07
+5.416e+07
+3.209e+07
+1.304e-07

5, Mises

(Awg: 759%)
+4,3568+08
+3,993e+08
+3,630e+08
+3.267408

+3,633e+07
+2,5068+04

S, Mises

(avg: 75%)
+4.466e+08
+4,009e+08
+3.731e+08
+3.364e+08
+2.996e+08

same projectile; see Fig. 3. The gradual erosion of the projec-
tile and the ceramic commenced from Fig. 3(a-f), while tensile
deformation of the backing plate without complete perforation
was also observed but is less than 6-7 armour system.

S5, Mises

{Avg: 75%)
+4,186e+08
+3,837e+08
+3.48%e+08
+3.140e+08
+2.791e+08
+2.442e+08
+2.003e+08
+1.744e+08
+1.395e+08
+1.047e+08
+6.977e+07
+3.48%e+07
+E.540e+01

+6.0012+06

S, Mises

(Avg: 75%)
+4.411e+08
+4.0402+08
+3.6872+08
+3,3250+08
+2.963e+08
+2.602e+08
+2.240e+08
+1.E782+08
+1.5168+08
+1.154e+08
+7.926e+07
+4.308e+07

5, Mises

(Avg: 75%)
+4, 5348408
+4,163e+08
+3.793e+08
+3.422e+08
+3.052e+08
+2.681e+08
+2.310e+08
+1.940e+08
+1.5602+D8
+1,199e+08
+8.282e+07
+4,577e+07
+8.708e+06
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S, Mises
(Avg: 75%)

Fig. 3 Impact processes for 8mm ceramics/7mm backing steel composite

3.1.3 10 mm-ceramics/7mm-backing steel
Armour System)

(10-7

The gradual erosion of the projectile and the ceramic com-
menced from Fig. 4(a) through to Fig. 4(g), while tensile
deformation of the backing plate without perforation was
observed. The worn projectile was hidden (Fig. 4(f and g))
from the impact site in order to reveal the destruction level.
a

S, Mises

(Avg: 75%)
+3.854e+08
+3.533e+08
+3.211e+08

+2.080e-07

c

5, Mises
{Awg: 759%)

+4.421e+08
+4,060e+08
+3.609e+08
+3,238e+08
+2.077e+08
+2.6162+08
+2,255e+08
+1,594e+08
+1,533e+08
e

+1,172e+08
+8.107e+07
+4.4972+07
+5.862e+06

5, Mises
{avg: 759%)

+4,EC2a+08
+4,1872+08
+3.815a+08
+3.444a+08
+3.073e+08
+2,702e+08
+2,330e+08
+1.059e+08
+1.588a+08

+1,217a+08
+B8.453a+07
+4,7408+07
+1.028a+07

Interestingly, 10-7 armour system, in comparison with 6-7 and
8-7 armour systems (Table 3 and Fig. 6), is observed to leave
less deformation or stress on the backing after the projectile-
ceramic mass erosion. Residue thickness of the compressed
fractured ceramic layer is also visible after the impact phenom-
enon; Fig. 4(e and g).

S, Mises
(Avg: T5%)

+4.1792+08
+3.83le+038
+3.4832+08
+3.124@+08
+2.7862+08
+2.4382+08
+2.090e+03
+1.741e+03
+1.393e+08

+1.0452+08
+6.965e+07
+3.4830+07
+2.783e+01

d

=, Mises
(Ava: 75%)

+4. 475e+08
+4.107e+08
+3.740e+08
+3.273e+08
+32.005e+08
+2.6388+08
+2.270e+03
+1.503e+03
+1.535e+02

+1.1680+02
+8.005e+07
+4.331e+07
+6.563e+06

S, Mises
(Avg: 75%)

+4,558e+08
+4,187e+08
+3.815e+08
+3.444e+08
+3.073e+08
+2,702e+08
+2,330e+08
+1.959e+08
+1.588e+08

+1.217e+08
+8,453e+07
+4.740e+07
+1.028e+07

Fig. 4 Impact processes for 10mm ceramics/7mm backing steel composite

3.1.4 12 mm-ceramics/7mm-backing steel
Armour System)

(12-7

Similarly, on increasing the ceramic thickness to 12 mm over
the same thickness of metal backing, the projectile penetration
phenomenon was the same with low bulging of the backing
steel, Fig. 5. The erosion of the projectile and ceramic com-
menced from Fig. 5(a-f). The worn projectile was hidden
(removed), in Fig. 5(f). The 12-7 configuration, in comparison
with 10-7 armour systems (Table 3), is also observed to leave

less deformation or tensile stress on the backing after the
projectile-ceramic mass erosion. In comparing with 10-7
system, higher residue thickness of the fractured ceramic layer
is visible after the impact phenomenon, Fig. 5(F).

At various stages, Fig. 2 - 5 have revealed the resulting con-
tours of damage during the impact processes. The damages
were initiated at the instance of affecting points, followed with
the fracture front growing outwards, generally, in the radial
direction. It was also appreciated that the impact generated
compression on the armour laminate systems and this travelled
(across the laminates) considerably faster than the damage
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fronts. Usually, at the second stage of the penetration phase of
the projectile, the compression waves were always observed to
have travelled through the thickness of the ceramic and the
metal composite. The metallic backing experienced lesser
compression as it is seen from the simulation result that the
backing has the next deep blue colouration to the original deep
blue colour of the backing plate. As reported by Cronin et al.
[36] that used LS-DYNA tool for simulating impact on ceramic
material, the wave was reflected at the free surface bringing
about a tensile wave with sufficient pressure to initiate tensile
a

5, Mises
(Awg: 759)

+3.8622+08
+2,5402+08
+32.2182+08
+2.8968+08
+2,5742+08
+2,2538+03
+1,531e+08
+1,6092+08
+1.287a+08
+9.654a+407

+6.4368+07
+3.2182+07
+1,4008-11

c

S, Mises
(Avg: 75%)

+4 . 450e+08
+4.084e+08
+3.718e+08
+3.352e+08
+2,986e+08
+2.620e+08
+2.254e+08
+1.538e+08
+1,522e+08
+1,156e+08

+7.899e+07
+4.2392+07
+5 T88e+06

e

S, Mises
(hvg: 75%)

+4.558e+08
+4.187e+08
+3.815e+08
+3 444e+08
+3.072e+08
+2.701e+08
+2.330e+08
+1.05Ee+DE
+1.587a+08

+1.215e+08
+8.4398+07
+4.725e+07
+1.011e+07

b

d

or spall failure of the ceramic component. The penetration of
the projectile through the target materials led to erosion and
massive change of the projectile shape. In addition, the de-
formed bullet left crater of higher diameter than the projectile,
which is in agreement with the works of Hub and Kneys [37]
and Senyilmaz et al. [23]. The deformation on the backing
steel, as the ceramic get thicker, was observed to reduce,
probably due to energy released from the fractured ceramic
particles [38].

S, Mises
(Avg: 75%)

+4.290e+08
+3.933e+08
+3.575e+08
+3.21Be+D8
+2.860e+08
+2.503e+08
+2.145e+08
+1.78Be+08
+1.430e+08
+1.073e+08

+7.151e+07
+3.575e+07
+1.322e+03

) Mises
(Avg 759

+4.475a+408
+4,1102+08
+3.7442+08
+3.3792+08
+2.013e+08
+2.6482+08
+2.283a+08
+1.917e+08
+1.552e+08

+1,1862+08
+B.2072+07
+4.5528+407
+8.972e+06

f

S, Mises
(Avg: 75%)

+4.558e+08
+4.187e+08
+3.815e+08
+3.444e+08
+3.072e+08
+2,701e+08
+2,330e+08
+1,958e+08
+1.587e+08

+1,215e+08
+8.,439e+07
+4,725e+07
+1.011e+07

Fig. 5 Impact processes for 12mm ceramics/7mm backing steel composite

50
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B
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Ceramic/steel target
Fig. 6 Bulging left on the backing armour steel after the
fracture of the facial ceramic on the different ceramic/steel
composite configurations

Table 3 shows the final stages of the different simulated
configurations in order to compare the deformation levels. Fig.
6 depicts that the level of bulging left on the backing steel
reduced with increase in ceramic thickness until an optimal

ceramic thickness 10 mm is attained. Beyond this thickness
(ceramic:steel = 10:7), increase in the ceramic thickness
insignificantly influenced the ballistic resistance of the target
system against 7.62 mm AP projectile. Therefore, the 10/7
armour assembly was considered to be the optimum system
which could save space and weight in the composite armour
assembly. Hence, the composite was selected and processed for
experimental validation in section 4. From the numerical
simulation result, it is concluded that the optimum erosion of
7.62 mm projectile could be achieved with a composite armour
system comprising of 10 mm thick alumina ceramic on the
steel plate.

3.2 Deformation energy history

The global energy history plots generated during the impact
process for 107 armour system is presented in Fig. 7. It was
observed that the kinetic energy (Fig. 7a) gradually reduced as
the projectile penetrated the armour. In contrast, the system
internal energy was observed to have increased, which agrees
with literature [24, 39]. The dissipation of kinetic energy from
1.4 x 10® KJ to approximately zero in 40 ps resulted from
deceleration on the velocity of the projectile, mass erosion of
both the projectile and the armour system and the heat
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losses associated with the impact phenomenon. The projectile ~ (0)
kinetic energy is transferred to the armour composite system a0
after impact. Hence, the internal energy, at a lower rate,
increased from zero to its peak of about 900 KJ at 40 us, Fig.
7b. The difference in the energy rate caused the total energy of
the system to increase with decrease in kinetic energy, Fig. 7c.
KE is computed by summation of 0.5 (nodal mass X nodal
velocity?) for both the nodes of projectile and the target. When
this node-velocity comes to zero, the projectile comes to a
complete rest.
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Fig. 7 Computed global energy (kJ) against time (us) (a)
kinetic energy (b) internal energy (c) total energy

Table 3 Comparison of last stages of impact simulation in armour assembly configurations

Armour Free edge laminate Meshed laminate
configuration with projectile without projectile
6-7

8-7

<P
%
<
@
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4. EXPERIMENTAL BALLISTIC STUDY

Normally, the ability of armour to stop bullets, ballistics
effectiveness, is not determined by visual inspection but must
be inferred from the results of live-firing test [40]. Sintered
alumina ceramic (10 x120 x120 mm) prepared by sintering
process [26] was used as the facial plate; and Table 4 gives the
physical properties of the sintered alumina (AC-86.6). The
ceramic was laminated onto 7x120x120 mm armour steel
(donated by Defence Industries Corporation of Nigeria), Fig.
8a, using synthetic Araldlte® epoxy adhesive and then left to
dry for 24 hr under 26 MPa. Thereafter, the glued plates were
wrapped with transparent polypropylene to enhance the firm-
ness, Fig. 8b. The prepared samples were first conditioned at
23 °C for 24 h [27,41,42]. Test was taken at normal obliquity,
15 m from the weapon muzzle with projectile velocity main-
tained at 838 + 15 m/s. Light automatic rifle was used for firing
7.62x51 armour piercing projectile (AP).

Table 4 Mechanical properties of sintered ceramic

p cs FS E Kic

glem® MPa | MPa GPa MPa.m'2 BHN
AC-
6.6 345 | 1912 | 295 270 3.75 75
Note: CS-compressive strength, FS-flexural strength, E-

Young’s modulus, Kic-Fracture toughness and BHN-hardness
4.1 Evaluating armour steel

The as-received armour steel was first solely hit with 7.62x51
mm AP. The result of the impact against the armour steel plate
at 0 obliquity is depicted in Fig. 9. The plate was penetrated
completely through rearward petalling mode of perforation
failure. This was expected as the strongest steel could easily be
defeated by AP projectile [3]. The plate slightly bent inward at
the impact of the projectile, which induced high circumferen-
tial stress at the impact point, and the compressive wave
propagated inward leading to the failure of the armour steel
[43]. The reverse side of the armour plate showed minute
ductile-hole enlargement deformation, which is comparable to
literature [44]. This failure mode is typically observed in a high
ductile metal in which the nose of the conical bullet concen-
trates stresses at the contact point and results in intense defor-
mation of the crater axis [45, 46].

4.2 Composite: Laminate of alumina ceramic and
armour steel

Fig. 10(a) depicts laminate of ceramic and armour steel after
impact process. The compression at the point of impact caused
the debonding of ceramic and failed by pulverization into
several pieces, while the backing armour steel was intact after
the projectile impact. The pulverization of the ceramic oc-
curred after the formation of microcracks, which developed
into comminuted zone, also referred to as Mescall zone [9].
The ceramic, supported by high strength armour steel, signifi-
cantly interacted with the projectile and lowered its energy,
which resulted in the protection of armour steel with less bulge
on it, Fig. 10(b). As similarly observed by Guo et al. [8], bi-
layered structure of ceramic/metal showed better ballistic
performance because the ceramic eroded the bullet through
cracking while the metal absorbed the remnant projectile
kinetic energy by its deformation. Thus, the experimental
results agree with the numerical simulation that predicted the
wearing of the projectile by the ceramic, while the backing
steel was ultimately protected.

Ceramic Armour steel

Fig. 8 (a) Sintered ceramic (left) and backing steel (right); (b)
assembled composite

Fig. 9 Armour steel penetrated by 7.62 AP projectile (a) Front
view (b) back view

Fig. 10 (a) Fractured ceramic (b) Impression of the bullet
impact on armour backing plate (red circle) after impact test

5. CONCLUSION

The numerical investigation of alumina ceramic/steel armour
composite impacted by 7.62 mm AP projectile was studied to
determine the optimal ceramic thickness required for providing
high ballistic protection. The study captured the deformation of
projectile, backing steel and fracture processes of the ceramic.
The projectile was set with an initial velocity of 838m/s as per
NIJ Standard and impacted on different ceramic—steel compo-
site target configurations at zero obliquity. An optimum
thickness ratio of 10:7 (ceramic/steel ratio) was found to offer
the most effective composite armour system with the least
trauma on the target steel. The simulation results depicted
severe interaction of the projectile and the composite, wherein
gradual erosion and retardation of the projectile by the ceramic
component was achieved leaving armour steel plate protected.
Finally, the experimental result corroborated the simulation
result as the alumina ceramic provided efficient protection to
armour steel component despite its failure. Therefore, the result
of the finite element model was found useful in the improve-
ment of lightweight armour laminate system design.
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