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ABSTRACT

This paper presents the effects of reinforced magnesium alloy, AZ31B with
carbon-nanotube (CNT) and lead (Pb), in terms of ballistic resistance.
Magnesium alloys possess high energy absorption capability for impact
resistance. However, its capability is limited and needs to be enhanced to
resist ballistic impacts. The addition of a reinforcement material within the
magnesium alloy, such as CNT or Pb, can improve impact resistance. This
study is divided into two ballistic test methods, namely experiment and
simulation. The samples involved are the original AZ31B and reinforced
AZ31B with CNT and Pb. The projectile type used for ballistic testing was a
5.56 mm FMJ NATO at a velocity of 976 m/s and the thickness of the plate
was 25 mm. The aim is to study the ability of the plate against the ballistic
resistance. The ballistic experiment utilises a high speed camera, at 100,000
fps, to capture the impact occurring on the plate’s surface. A Cowper-
Symonds model is used for the ballistic simulation and indicates the ballistic
resistance of the reinforced AZ31B with increments of CNT and Pb. The
velocity of the projectile penetrating through the plate was reduced by over
45% compared to the original AZ31B alloy. Reinforcement using CNT and
Pb on AZ31B improved the ballistic resistance behaviour and therefore, this
material is suitable for use on ballistic panels

ISSN 1823- 5514, elSSN 2550-164X Received for review: 2017-05-05
© 2016 Faculty of Mechanical Engineering, Accepted for publication: 2017-08-15
Universiti Teknologi MARA (UiTM), Malaysia. Published: 2018-01-31


https://core.ac.uk/display/364708128?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

M.F. Abdullah et. al.

Keywords: Ballistic resistance, Carbon-nanotube, Lead, Cowper-Symonds
model, Magnesium alloy.

Introduction

Magnesium-based alloys are of current interest to the military industry
because they are the lightest of all structural metal alloys [1]. The density of
magnesium is approximately 35% lower than that of aluminium and
approximately 77% lower than that of steel [2,3]. Magnesium alloy is the
lightest metallic material that has a high potential for weight reduction;
thereby decreasing the amount of fuel required in automobile and aerospace
applications. However, compared to several conventional materials, such as
steel, fewer studies have been performed on the relationship between
magnesium alloys and impact loading [4]; particularly under ballistic
conditions.

Magnesium has a hexagonal close-packed (HCP) structure. In HCP
inorganic compounds, larger atoms (or ions) occupy positions corresponding
approximately to those of equal spheres in close packing, while smaller
atoms are distributed among the voids [5]. For example, a material that can
fill these voids is necessary to prevent structure collapse, such as carbon
nanotubes (CNTs) with a nano-material structure. CNTs have unique
properties that can produce strong materials and improve the energy
absorption of other materials [6-8]. The molecular nanotechnology of CNTs
can fill the spaces in a structure and produce van der Waals bonds therein
[9-11]. The high energy absorption efficiency of magnesium alloy confers
excellent anti-penetration performance of the material [4]. However, the most
efficient energy absorption is achieved by adding high-density elements, such
as lead (Pb), gold, rare-earth elements, and others [7]. Magnesium alloy
offers a unique combination of high tensile strength (up to 410 MPa), low
density (up to 1.8 g/cm3), and superior shock absorbency of 100 times
greater than aluminium alloys [8]. Magnesium also has the highest specific
damping capacity of the metals used in armour applications. Thus,
magnesium is an excellent choice for ballistic applications because of its
enhanced energy absorption and shock mitigation. Previous studies [4-6] on
magnesium alloy characterisation indicated the determined appropriate
properties for ballistic applications. This alloy is suitable for application in
armour plating to reduce armour weight whilst increasing the fuel
consumption efficiency of armoured vehicles, and providing ballistic
resistance.

Rolled homogeneous armour (RHA) is steel-based and is currently
used on armour plating. Replacing RHA with magnesium alloy offers a new
alternative that solves armour weight and fuel consumption problems whilst
providing the same penetration resistance. It is known that AZ31B is a
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material that can potentially replace RHA for armoured vehicles because of
its impact behaviour [7,8]. However, the composition of AZ31B has less
strength to support the impact deformation structure. A combination of CNT
and Pb on magnesium alloy may exhibit a high reduction of impact
resistance. Therefore, CNT and Pb could be added to AZ31B to obtain
increased ballistic resistance. The objective of this study is to observe the
behaviour of magnesium alloy reinforcement with CNT and Pb under
ballistic impact. The results demonstrate the deformation of magnesium alloy
under ballistic and stress distributions. The addition of CNT and Pb provide
the magnesium alloy material with good ballistic resistance.

Methodology

Figure 1 shows the process flow for this study. The study is divided into two
main sections that address ballistic simulation and experiment. The target
plates tested were magnesium alloy, AZ31B and reinforced AZ31B with
CNT and Pb. The percentage of CNT and Pb used as reinforcement on
AZ31B were approximately 0.2 and 0.5 %, respectively. This percentage
range gave good van der Waals bonding of the material and reinforced the
material by filling the nano voids in the AZ31B [4,6].

Geometric model Penetration
for projectile projectile

Specimen
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Ballistic test

Analysis

~
Comparison

work
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Figure 1 A simplified process flow for this research procedure

The ballistic experiments were performed using Level Ill, according to the
NIJ standard [12]. These experiments used a sample size of 100 mm (L),
100 mm (W) and 25 mm (t) as shown in Figure 2. The ballistic test on Level
Il used a projectile type of 5.56 mm FMJ NATO (as shown in Figure 3).
Figure 4 shows a schematic sketch and position caused by the ballistic
experiments. The sample, positioned 5 metres from the gun barrel, was
placed near to the velocity measuring device to determine the velocity of the
projectile hitting the sample. In addition, a high-speed camera was used (at
100,000 frames per second) to view the projectile’s penetration process on
the sample. The velocity of the projectile was 976 m/s, which meets NIJ
standard Level I11.

Figure 2 The sample size used for ballistic testing was L= 100 mm,
W=100 mm, t=25 mm

dorifie i eet s I
Figure 3 The type of projectile used was 5.56 mm FMJ NATO

From the simulation, two models were used, Johnson-Cook and Cowper-
Symonds. The projectile materials, which were copper and lead, used the
Johnson-Cook model because many researchers completed impact simulation
using the same projectile materials and established good parameters [13,14].
On the plate samples, the Cowper-Symonds model was utilised. The
parameters of the Cowper-Symonds model were determined from tensile and
Split Hopkinson Pressure tests. However, Tan (2015) concluded that ballistic
impact simulation conducted using the Johnson-Cook and Cowper-Symonds
models did not give a significant difference [14]. Table 1 shows the materials
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used in the ballistic simulations for the 5.56 mm FMJ NATO and the plate.
Figure 5 shows a simulated ballistic use of the projectile 5.56 mm FMJ

NATO.
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Figure 4 The experiment of ballistic (a) Schematic diagram (b) ballistic
testing equipment.

The Johnson-Cook model is represented by the following eq. (1):

0=(A+Bs;)(l+Clns'*)(l—T*’”)
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where o, 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 as a ratio of the strain rate and user-defined strain rate. T*™ is the
homologous temperature and is given as T*™ = (T — T,.)(T,, — T,-), where T,
and T,, represent the room temperature and the melting temperature,
respectively [14]. In addition, the Cowper-Symonds model is represented by
the following eq. (2):

o =0, 1+(£)q 2
7 C

where C and q are the Cowper-Symonds coefficients, ¢ is the strain-rate, oy is
the dynamic stress or strength, and oo is the quasi-static stress or strength
[14]. The coefficients obtained for Egs. 1 and 2 are presented in Table 1.

Table 1 Parameter for Cook-Johnson and Cowper-Symonds model for
material properties.

Johnson-Cook
[13]
Materials AZ31B +
Copper  Lead AZ31B % CNT +
% Pb

Cowper-Symonds

Strain Hardening, B (MPa) 303.40  413.00

Strain hardening exponent, 0.150 0.210

n

Constant rate of strain, C 1.030 1.030 1.599 3.469
Thermal softening constant, 0.003 0.003

m

Melting temperature, T (K)  1358.05 596.05

Strain rate exponent, q - - 7124556 3574.729
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Figure 5 Geometrical modelling using the projectile types 5.56 mm FMJ
NATO under different shape: (a) 2-dimensional, (b) 3-dimensional

Results and Discussion

Figure 6 shows the effect of the ballistic impact on the reinforced AZ31B +
CNT + Pb plates using ballistic experiment and simulation. It has been
shown that the front and back plate conditions, obtained from the experiment,
are similar to those of the simulation. It has been shown that the front plate
has a smaller diameter than the back plate. This is because early impact
projectiles gave small deformations, and the deformation of the projectile
was expended through the plate’s thickness.

Figure 7 shows the effect of the ballistics on the AZ31B plate from
both experiment and simulation. It has been shown that the back AZ31B +
CNT + Pb plate from the experiment had a formation of material deformation
identical to the simulation’s results. However, the back AZ31B plate
indicated fragments that were not seen in the simulation. This condition
occurred because the AZ31B + CNT + Pb plate had a mixed structure that
could provide additional ductile properties to the material. Therefore, even
the back area of the plate still experienced high stress, and the materials still
had bonds with each other. Compared to the magnesium alloy plate, AZ31B
on the backside was slightly plugged off, which resulted from the high stress
and less ductility behaviour than the AZ31B + CNT + Pb. As this
phenomenon occurred on the back of the plate, it had the tendency to cause
injury to anyone nearby, with debris thrown at quite a high velocity.
Therefore, the ductility of a material is also taken into account in the
selection of ballistic protection materials. These behaviours show that the
AZ31B alloy material, with a mixture of CNT and Pb, had better ballistic
impact resistance.

Table 2 shows the simulation and experimental data for AZ31B and
AZ31B + CNT + Pb from performing ballistic impact tests using projectile
type 5.56 mm FMJ NATO. The results show that the penetration effect on
AZ31B was greater than on the AZ31B + CNT + Ph. Figure 8 shows the
correlation graph between the front diameter and back diameter of the plates
resulting from experiments and simulations. Correlation between experiment
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and simulation is important to determine the accuracy of the simulation by
taking the experimental data as a reference. It was found that the front and
back diameters of the AZ31B + CNT + Pb and AZ31B plates fitted well with
R? of 0.9989. A slight difference occurred for the back of the AZ31B plate,
because the stress on the back of the plate is more than the yield stress of the
material, and failure occurs in the vicinity of the back end. This causes the
penetration diameter to be unchanged compared to the simulation result. This
phenomenon is clearly visible on the back of the AZ31B plate.

Table 2 Diameter penetration of AZ31B + CNT + Pb and AZ31B for ballistic
using 5.56 mm NATO FMJ projectile.

ol Front diameter (mm) Back diameter (mm)
Materia Simulation  Experiments  Simulation  Experiments
AZ31B 6.50 7.00 15.00 17.00
AZ31B+CNT+Pb 6.40 6.80 10.00 11.40

plate

Nt |

“ ack plate
(a) (b)
Figure 6 Deformation effect of ballistic impact on AZ31B + CNT + Pb plate
for; (a) experiments (b) simulation.
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front plate

~ back plate
() (b)
Figure 7 Deformation effect of ballistic on AZ31B plate for (a) experiments
(b) simulation
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Figure 8 Correlation diameter penetration between simulation and
experiment on front and back plate for AZ31B + CNT + Pb and AZ31B.

Figure 9 shows the movement during the test projectiles penetrating the
AZ31B + CNT + Pb and AZ31B plates captured by high-speed camera.
These images were taken at an oblique angle of 30 degrees to protect the
camera from any plat shrapnel or projectile reflection (as shown in Figure 4
(b). During the experiment, a small explosion took place when the projectile
hit the plate. This phenomenon, known as early burning, also affected the
experiment’s results, but was not observed in the simulation.
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Figure 10 shows the reduction of velocity when the projectile
penetrated the AZ31B + CNT + Pb and AZ31B plates. The minimum
penetration velocity of the projectile through the AZ31B + CNT + Pb plate
was 182.48 m/s, while the minimum penetration velocity of the projectile
through the AZ31B plate was 354.67 m/s. The percentage of reduction in
projectile velocity through the AZ31B + CNT + Pb material was 48.55%
compared to the original material. This was because the CNT affected the
material bonding to reduce the deformation on impact, and Pb affected the
ductility to absorb the velocity of the projectile.

AZ31B + CNT + Pb AZ31B
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Figure 9 Projectile penetration on AZ31B + CNT + Pb and AZ31B plates,
captured by the high-speed camera.
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Figure 10 Comparison of projectile penetration through AZ31B + CNT + Pb
and AZ31B plate.

The ballistic experiment, for plates consisting of magnesium alloy, AZ31B
and magnesium alloy AZ31B mixed with CNT and Pb, showed that
reinforced magnesium alloy had higher ballistic impact resistance than the
original magnesium alloy. This proves that the reinforcement materials of
CNT and Pb in AZ31B magnesium alloy are suitable to improve the ballistic
impact resistance of the original alloy.

Conclusion

The effect of CNT and Pb, added to the behaviour of AZ31B alloy, on
ballistic impact resistance was investigated. The addition of CNT and Pb in
AZ31B improved ballistic resistance using the projectile type 5.56 mm FMJ
NATO, and reduced the speed outlet at the plate by approaching 50%. This
situation is based on the valuation simulation. However, for correlation
between simulation and experiment, not much difference was observed,
where the R? obtained was above 0.9500. Our results show that magnesium
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alloy is a suitable material for ballistics and military applications.
Furthermore, the addition of an element into the original alloy composition
enhances the behaviour of the material in terms of ballistic impact.
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