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ABSTRACT

This study investigates the ballistic performance of aluminium alloy Al7075-
T6 and magnesium alloy AZ31B served as the intermediate layer in triple-
layered laminated panel using computational analysis. Aluminium and
magnesium alloys offer a considerably potential for reducing the weight of an
armoured vehicle body due to low densities and high energy absorption
capabilities. The poor ballistic performance of these materials can be
improved by layering with the high strength steel, Ar500. A commercial
explicit finite element code was implemented to develop triple-layered panels
impacted by a 7.62 mm armour piercing projectile at velocity range of 900 to
950 m/s. Two models were constructed where aluminium alloy and magnesium
alloy served as intermediate layer in the first model and the second model
respectively. The ballistic performance of each model in terms of ballistic limit
velocity and depth of penetration was evaluated. Considering the 25% existing
armour vehicle weight reduction, it was found that magnesium alloy has
equivalent ballistic limit to that of aluminium alloy which is at 1020 m/s. At the
standard projectile velocity, aluminium stopped the projectile at 24 mm depth
and magnesium stopped at 25 mm. Thus, lightweight materials can be suitable
combinations for designing lighter armoured vehicle panel without neglecting
its ballistic performance.
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Introduction

Steels have been generally preferred in armour applications for their
high strength, ductility, hardness, good formability and cheaper production.
The characteristics of high density steel has restricted the armour vehicle
manoeuvrability which has directed the researchers to find lighter materials to
be integrated with existing armour steel satisfying the same level of protection.
The main criterion in designing of a protective structure is to be able to
withstand the ballistic impact from the ammunitions. Ballistic impact
resistance is usually denoted by ballistic limit. Ballistic limit of a target panel
is defined as the maximum velocity of a projectile performed a complete
perforation with zero exit velocity. Aluminium alloys and magnesium alloys
are of current interest in military industry because of their high stiffness-to-
weight ratio, good formability, good corrosion resistance, and recycling
potential [1]. The density of magnesium is approximately 35% lower than
aluminium and approximately 77% lower than steel [2]. Both aluminium alloys
and magnesium alloys have the advantage in that their density is relatively low
compared to other armour materials and subsequently reduction of overall
armour vehicle weight can be achieved for a required level of protection [3].

Nevertheless, magnesium alloys has not been perceived to have
properties suitable for armour vehicle body application. It has relatively lower
impact toughness compared to steel and aluminium alloys as it possesses low
elastic modulus and ductility [4]. Impact toughness is an important dynamic
mechanical property affecting the performance of a structure under high
velocity impact. However, magnesium alloys exhibits better energy absorption
capability per areal density compared to steels and aluminium alloys under
dynamic compression tests making it possible to be integrated with existing
armour steels in designing a multi-layered protective structure [5]. It has been
observed in several investigations that both aluminium and magnesium alloys
have lower ballistic resistance compared to the armour steel [2, 6]. Previous
studies have reported that layering aluminium alloys with high strength steel
has become an interest in improving these alloys ballistic performance while
achieving the reduction of the overall armour vehicle body weight [2]-[6].

The computational approach on the other hand has been proven to be a
powerful and economical tool for penetration predictions of projectiles over all
ranges of striking velocities [7]. Recently, researchers focused on
implementing finite element method to study the behaviour of multi-layered
panels consisting of aluminium alloys and steels under high velocity impact.
Forrestal et al. reported the performance of laminated armour steel and
aluminium alloys of AI7075-T6 and AlI5083-H116 can be integrated with
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armour steel to serve as vehicle protective structures and demonstrated
relatively good performance as existing material [8]. Flores-Johnson et al.
performed finite element analysis of the impact of a 7.62 mm APM2 projectile
on multi-layered armour plates to investigate the effect of different layer
configurations, thicknesses and material properties on ballistic performance.
Ubeyli et al. investigated the effect of laminate configuration on the behaviour
of aluminium laminated composite against 7.62 AP projectiles and found that
using hard material on the first layer and aluminium alloy on the back layer
can improve the ballistic performance of an armour steel [9].

Most of studies performed regarding multi-layered panels involve
various types of aluminium alloys and steels. Currently, and to the best
authors’ knowledge, there are only a limited number of studies focused on the
multi-layered panels consisting of magnesium alloys like AZ31B and steels.
The aim of this study is to analyse the effect of different intermediate layer
materials on the ballistic performance of triple-layered metal-laminate panel
subjected to a 7.62 mm armour piercing projectile. Ballistic performance is
evaluated based on the ballistic limit velocity and depth of penetration. A series
of finite element analysis for different thickness of constituting materials at a
range of striking velocities was conducted to analyse the effects.

Methodology

Computational Modelling

The geometrical model of 7.62-mm armour piercing ammunition projectile and
the triple-layered target panel as in Figure 1 was modelled using a commercial
finite element software package suitable for high velocity impact. The 7.62-
mm armour piercing projectile was selected in order to satisfy the standard
requirement of ballistic resistant for a protective structure panel [5]. The
projectile used is made of a brass jacket, lead filler and ogive nose hardened
steel core, and the total mass of projectile is 10.04 g with 7.7 mm diameter
and 35 mm length. The target plate was modelled as 100 mm diameter
circular plate and fully clamped at the edge boundaries. Two models of triple-
layered configuration panels were constructed. First model consists of steel
Ar500 as the front and back layer, and Aluminium alloy (Al7075-T6) as the
intermediate layer. Second model is comprised of Ar500 as the front and back
layer and the magnesium alloy (AZ31B) as the intermediate layer. For each
model, two different layering configuration panels were chosen to study both
lightweight materials behaviour under ballistic impact. Layering configuration
differed in terms of thickness for each layer constituting the laminated panel.
Ubeyli et al. has reported in their research that layering thickness serves
important role in determining the ballistic resistant of laminated structure [9].
The layer thickness for each target panel was set according to Table 1. Each
panel has a same total thickness of 25 mm considering the thickness of existing
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armour vehicle panel which is about 25 mm [10]. The target panels were
subjected to an initial projectile velocity of 775-950 m/s which was chosen
according to NATO STANAG 4569 ballistic protection level 3 (93020 m/s)
[11]. Decreasing and increasing the initial impact velocities were executed in
order to obtain the ballistic limit of the target panels. Ballistic limit is an
important parameter in determining the ability of a projectile to cause full
penetration without any residual energy [6].

7.62-mmAPM2
projectile

Figure 1: Geometric model of target plate and cross-section of Armour
Piercing ammunition

Numerical simulation was carried out using an explicit nonlinear finite
element code. The problem was simplified as axisymmetric model because the
physical characteristics of the impact process such as bullet rotation are not
considered for this study [12]. This work on the other hand only focused
on the behaviour of impacted plate. The mesh comprised of four-node quad
elements and the element size for both projectile and impact region is 0.5 x 0.5
x 0.5 mm3. Although it was demonstrated in previous work [11] that numerical
simulations of penetration resistance of plates impacted with 7.62 mm
projectile using very fine element size of 0.33 x 0.33 x 0.33 mm3 produced
good result, computational effort has come into consideration for choosing
coarser meshing elements. Node-to-node connectivity was applied using pure
langrage algorithm with implementation of geometric erosion where geometric
erosion strain of two was chosen for Ar500 steel to remove the elements
experiencing large distortion and consequently, simulation failure can be
avoided.

Both projectile and target plates utilised the Johnson-Cook (JC)
material constitutive model which has been frequently used for ballistic impact
simulation [12, 13]. The JC model was chosen for its ability to determine the
strain rate for temperature dependence material models. This ability is
important in order to avoid the stresses transmitted to the steel core were
limited by the flow stress of the lead and brass jacket material. At a ballistic
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impact, the flow of stress is affected by the temperature. The JC material
constitutive model is expressed as in Equation 1 [14].

Ooq = (A+Bel)(1+£,) (1 —T"™)

ks .
geq - seq/so

T™m = (T - Tr)(Tm - Tr)

@)
O]
©)

where g, is the equivalent stress, &, is the equivalent plastic strain, 4, B, n,
C and m are the material constants and &;, is the dimensionless strain rate
where it is a ratio of the strain rate and a user-defined strain rate as in Equation
2. The T*™ is the homologous temperature and is defined in Equation 3, where
T, and T, represent the room temperature and the melting temperature,
respectively. This JC material model has been successfully implemented to
model impact on steel [15] and aluminium targets [6]. The JC parameters used

in this study are shown in Table 2.

Table 1: Target plate configuration

Target _ Mass _ Front Intermediate  Back Initial_
Plate Material Reduction Layer layer layer  velocity,
(%) (mm)  (mm) (mm)  Vi(mls)
Plate A Ar500 + 20 9 8 8
Al7075-T6
Plate C Ar500 + 45 8 10 7
AZ31B +

Table 2: Material Properties and Modified Johnson-Cook model parameters

Material Properties Ar500 [16] AI7075[6] AZ31B[17]
Density, p (kg/m3) 7860 2804 1770
Poisson's ratio, v 0.33 0.3 0.3

Yield Strength, A (MPa) 1250 480 100

Strain Hardening, B (MPa) 362 477 380

Strain Hardening exponent,n 1 0.52 0.28

Strain rate constant, ¢ 0.0108 0.001 0.04
Thermal softening constant, m 1 1 1.04
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Ballistic Limit Analysis

The ballistic limit is defined as the highest possible impact velocity to
cause perforation. When the projectile residual velocity is zero, then the initial
velocity of the projectile that causes the perforation is the ballistic limit of the
target panel. It can be determined experimentally or calculated analytically.
Ballistic limit determined through experiment normally utilises the Vs, method
while analytically calculated using the Recht-Ipson Model. Vsg is defined as
the velocity at which the plate are penetrated by the projectile at the estimated
probability of penetration is 0.5. Vso gives a single velocity value and can be
recognised as the ballistic limit for a panel. Recht-Ipson Model on the other
hand determines the ballistic limit using the conservation of energy principle.
For validation purpose, Vso was used to validate the ballistic limit of 1 x 12 mm
of Ar500, 1 x 20 mm Al7075-T651 and 1 x 31.5 mm AZ31B. However, Recht-
Ipson Model was used to study the effect of different configuration panels on
the ballistic impact.

The solid lines represent the Recht-Ipson model used to predict the
residual velocity, V, as in Equation 4 [18].
V= a(v.P v P)l/P

r | bl (4)

Where a and P are empirical constants which best fit the data and Vj,
is the ballistic limit. The original Recht-lpson model indicates that
a =m,/(m, —m,) and P = 2, where m,, and m,,, denote the mass of the
projectile and plug, respectively, and is applicable only if the plastic
deformation of the projectile is negligible. Observations of experimental data
from the literatures show that the penetration process of 7.62-mm APM2
projectile does not involve any significant plugging. Therefore, a was set as 1
and P was fitted to the data trend line. The method of least squares was used
to obtain the best fit for P and Vy.

Results and discussion

Validation of Finite Element Model

Finite element models were validated against the experiment data of Weldox
700E [16], AlI7075-T651 [6] and AZ31B [2]. Weldox 700E was chosen to be
compared with Ar500 used in this study because of their equivalent material
properties in terms of density, the Young’s modulus and Poisson’s ratio. The
ballistic limits of Ar500, AlI7075-T6 and AZ31B were numerically obtained
and compared to the ballistic limits obtained from the related literatures. The
simulation data established overestimation of ballistic limit with percentage
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differences about 0.3%, 3.5% and 7.6% for Ar500, AI7075-T6 and AZ31B,
respectively. The overestimation of ballistic limit from numerical results as in
Table 3 is attributed by the absence of dislocation effect in JC constitutive
model because at high velocity, during the deformation process, the
dislocations interaction becomes intense and large amount of energy rises up,
generating the strain hardening effect as the mechanical response [19].
However, the differences between ballistic limit of simulation and
experimental result are acceptable considering the complexity of the problem
and the limitation of the material constitutive model criterion and also the
meshing size [20-21].

Table 3: Percentage difference of residual velocity between simulation results
and experimental results from literature

Plate Ballistic limit Percentage
Material Thickness  ~Experimental . difference

(mm) from literatures Numerical (o)

(mfs)
(m/s)

Ar500 12 798 800 0.3
Al7075-T6 20 628 650 35
AZ31B 315 511 550 7.6

Effects of Lightweight Materials on Ballistic Limits

In order to assess the performance of the different configurations, further
simulations were carried out for a wider range of velocities. The trend of
ballistic performances for each target plate configuration set in Table 1 can be
observed in Figure 2. The solid lines of Recht-Ipson model as in Equation 2
are fitted to the at least six numerical data from finite element analysis. The
ballistic limit and Recht-1pson parameters of Equation 2 for all panels obtained
using the least square method were tabulated in Table 4. Statistically, the
ballistic limit of Recht-lpson model obtained are very convincing with R2
value of 0.96 to 0.98. The Recht-Ipson equation obtained for each laminated
panel seems to have a very high relation with the simulation data and thus, the
equation can be used to predict the residual velocity of projectile at different
initial velocity. The strength of projectile greatly influences the ballistic limit
velocity of a plate [22]. Meanwhile, the initial velocity of a projectile directly
affects the residual velocity of the projectile as it surpasses the ballistic limit.
Plate A with 8-mm AI7075-T6 as the intermediate layer holds the highest
ballistic limit which is 1.9% higher than Plate D with 8-mm AZ31B. However,
Plate D attains higher weight reduction. Change in AZ31B thickness gave
marginal change about 0.9% in ballistic limit but change in Al7075-T6
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thickness offered 2.8% increment in ballistic limit which is quite high
considering high velocity range.

900
800
700
600
500
400
300
200
100
0
1000 1050 1100 1150 1200 1250 1300

Initial Velocity (m/s)

Residual Velocity (m/s)

®Plate A EPlate B APlate C #Plate D

Figure 2: Predicted residual velocity using Recht-Ipson model

Table 4: Ballistic limit and Recht-Ipson parameters for each plate

Recht-1pson

Parameters Plate A Plate B Plate C Plate D
a 1 1 1 1

Vi 1050 1020 1020 1030

P 2.2 1.92 1.88 1.9

All plates experienced decrement in ballistic limits as the thickness of
intermediate layer was decreased. The effect of the lightweight material is not
significant in determining the ballistic limit. However, its capability of
absorbing the kinetic energy and prevent further projectile penetration can be
seen in Figure 3. Figure 3 shows the perforation and interaction of triple-
layered panels at initial velocity of 950 m/s at t = 70 ps. It can be seen that
Plate A with AI7075-T6 as the intermediate layer and attributing 20% weight
reduction exhibit the best ballistic resistance in terms of penetration depth. At
the maximum standard velocity of 7.62-mm APM2 projectile, increasing the
thickness of AZ31B as in Plate C seems to stop the projectile better than that
in Plate D. AZ31B has a relatively low Young’s modulus, compared to
Al7075-T6, which translates into a relatively high specific stiffness. Higher
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stiffness typically contributes to higher energy absorption capability upon
ballistic impact [23]. Different energy absorption patterns for the lightweight
materials of Al7075-T6 and AZ31B serving as the intermediate layer can be
observed in Figure 4 and Figure 5 for projectile initial velocity of 400 m/s and
900 m/s, respectively. The intermediate layer is still having the ability to
absorb energy at lower impact velocity of 400 m/s, reflecting such behaviour
through fluctuating energy that is being absorbed. Whilst at higher velocity of
900 m/s, the energy has been absorbed completely and stalling behaviour is
reflected through constant energy after 0.05-0.07 ms. However, these triple-
layered plates penetration depth are still 22-38% larger than that of existing
armour steel [7].

wdwdwine

DOP =22 mm DOP =24 mm DOP =23mm  DOP =25 mm
(a) (b) () (d)

Figure 3: Depth of penetration at initial velocity of 950 m/s for: (a) Plate A,
(b) Pate B, (c) Plate C, and (d) Plate D.
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Figure 4: Energy absorbed by intermediate layer for each plate at
initial velocity of 400 m/s.
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Figure 5: Energy absorbed by intermediate layer for each plate at
initial velocity of 900 m/s.

In evaluating ballistic performance of a panel, the most important result
besides ballistic limit is the depth of penetration. Usually the depth of
penetration depth which determines whether the plate is perforated or not, is
taken as the main reference point in comparing the ballistic performance of
various target plates. On an equivalent weight basis, triple-layered plate of
aluminium alloy AI7075-T6 (Plate B) has allowed less penetration depth
compared to the laminated plate of magnesium alloy AZ31B (Plate D) as
shown in Figure 3. Nevertheless, the depth of penetration for each plate in
Figure 6 exhibits a similar trend and trend line drawn is described as
exponential function. The function described is quite similar to penetration
depth model of Rosenberg and Dekel which has presented penetration depth,
H as a function of initial velocity, v in Equation (5) where A, B, C and D are
constants depending on the material properties and dimension [24].

H= DV( A+B+C) (5)
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Figure 6: Depth of penetration of each plate at initial velocity ranging from
400 m/s to 900 m/s and its penetration prediction equation.

Figure 7 and 8 present the projectile velocity as a function of time for
each plate for an initial velocity of 400 m/s and 900 m/s, respectively which
indicates the decrement in projectile velocity until it stopped. The penetration
process can be divided into three phases. Phase 1 indicated the phase which
the kinetic energy is being absorbed to penetrate the first layer of the laminated
panel. Penetration started to go deeper at phase 2 and the rate of energy
absorbed increased as the projectile velocity was rapidly decreased. The
projectile stopped the penetration process at phase 3 where the projectile was
bounced backward at certain velocity. At lower velocity of 400 m/s, the trend
of projectile velocity decrement is similar for each plate and the penetration
process ended at a smaller range between 48 us and 50us which is about 5%
maximum difference between each plate. Meanwhile, at a higher velocity of
900 m/s, the projectile penetration completed at a wider duration range which
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is between 62 ps to 72 ys. Plate A (Al7075-T6 as intermediate layer with 20%
weight reduction) required the shortest time to stop the 900 m/s projectile at
62 ps and Plate B (AI7075-T6 as intermediate layer with 25% weight
reduction) allowed penetration at the longest time for 72 ps. The variation of
the penetration time can be explained with the depth of penetration trend for
different projectile initial velocities as in Figure 6. As the projectile initial
velocity increases, the variation of the penetration depth becomes more
significant.

Phase 1 Phase 2 ‘ Phase 3
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300 A
200 H
100 A
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Projectile Velocity (m/s)
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Figure 7: Projectile velocity as a function of time for each plate at initial
velocity of 400 m/s.
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Figure 8: Projectile velocity as a function of time for each plate at initial
velocity of 900 m/s.
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Conclusion

The work demonstrated the capability of the FEA model developed to predict
the ballistic behaviour of Ar500 and Al7075-T6, and Ar500 and AZ31B
laminated panels which could be used for the design of experimental testing
which might lead to reduction of the number of necessary tests needed for this
study later on. The smallest depth of penetration was 22% higher than the
existing armour steel material with ballistic limit of 2050 m/s. Considering the
20-45% of weight reduction held, it is observed that these triple-layered metal-
laminate panels made of a combination of Ar500 and Al7075-T6, and Ar500
and AZ31B are interesting options for designing a protective structure as they
potentially would lead to weight saving while improving the ballistic
performance of the structure.
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